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BACKGROUND: The prognostic significance of germline variants in homologous recombination repair genes in advanced prostate
cancer (PCa), especially with regard to hormonal therapy, remains controversial.

METHODS: Germline DNA from 549 Japanese men with metastatic and/or castration-resistant PCa was sequenced for 27 cancer-
predisposing genes. The associations between pathogenic variants and clinical outcomes were examined. Further, for comparison,
DNA from prostate biopsy tissue samples from 80 independent patients with metastatic PCa were analysed.

RESULTS: Forty-four (8%) patients carried germline pathogenic variants in one of the analysed genes. BRCA2 was most frequently
altered (n = 19), followed by HOXB13 (n =9), PALB2 (n =5) and ATM (n =5). Further, the BRCAT, BRCA2, PALB2 and ATM variants
showed significant association with a short time to castration resistance and overall survival (hazard ratio = 1.99 and 2.36; 95% Cl,
1.15-3.44 and 1.23-4.51, respectively), independent of other clinical variables. Based on log-rank tests, the time to castration
resistance was also significantly short in patients with BRCA1, BRCA2, PALB2 or ATM somatic mutations and TP53 mutations.
CONCLUSIONS: Germline variants in BRCAT, BRCA2, PALB2 or ATM are independent prognostic factors of the short duration of

response to hormonal therapy in advanced PCa.

British Journal of Cancer (2022) 127:1680-1690; https://doi.org/10.1038/s41416-022-01915-2

BACKGROUND

Inhibition of the androgen receptor (AR) pathway has been the
mainstay of treatment for advanced prostate cancer (PCa). The
addition of next-generation androgen pathway inhibitors (ARPIs)
such as abiraterone, enzalutamide or apalutamide, to androgen
deprivation has been established as the standard therapy for
metastatic hormone-sensitive PCa [1-3]. Recently, it has also been
reported that intensification of AR pathway inhibition by the
addition of ARPIs to radiation therapy prolongs metastasis-free
survival of high-risk non-metastatic PCa [4]. However, recent
genomic studies revealed that there are multiple biological
pathways other than the AR pathway that are also important in
metastatic PCa progression [5]. One of the key pathways that has
received considerable attention is the DNA repair pathway
represented by the homologous recombination repair (HRR) and
mismatch repair (MMR) pathways. HRR is the major pathway
utilised for repair of DNA double-strand break and BRCA genes are

the most frequently mutated HRR genes in PCa. Importantly,
susceptibility to poly (ADP-ribose) polymerase (PARP) inhibitors is
increased in tumours with BRCA gene alterations by the
mechanism of synthetic lethality [6]. There are also non-BRCA
alterations in the HRR pathway that lead to “BRCAness”, a
molecular phenotype shared between tumours with germline or
somatic mutations in BRCAT or BRCA2 genes; PARP inhibitor are
expected to be effective in these cases as well [7]. On the other
hand, those with mutations in MLH1, MSH2, MSH6 and PSM2 genes
have defects in MMR, which results in microsatellite instability;
immune-checkpoint inhibitors are expected to be effective in
these cases. Importantly, not only are these genes associated with
HRR and MMR druggable but rare germline variants in many of
these genes are also reported to be highly penetrant PCa-
associated mutations [8].

As up to 15% of patients with metastatic PCa harbour germline
pathogenic variants in one of the DNA repair pathway-associated
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genes that are potentially druggable [8], many guidelines,
including the NCCN guideline (Version 2. 2022) and the ESMO
guideline [9], recommend germline genetic testing for patients
with metastatic PCa. The recommendation to test all metastatic
PCa patients is also supported by the Philadelphia Prostate Cancer
Consensus Conference 2019 [10]. However, in practice, the
implementation of genetic tests is still suboptimal around the
world, even in the case of metastatic castration-resistant prostate
cancer (CRPC), due to factors such as accessibility and cost
[11-13]; therefore, subjecting all patients with metastatic PCa to
genetic tests is uncommon. Even though a younger age at
diagnosis and the presence of family members with Hereditary
Breast and Ovarian Cancer (HBOC) Syndrome or Lynch Syndrome
are strong predictors of positive genetic tests, no other clinical
parameter can be considered by clinicians when making a shared
decision to conduct a genetic test on a particular patient. Thus,
investigating the clinical characteristics of PCa in patients
harbouring germline pathogenic variants is important.

Conflicting reports exist regarding the prognostic value of
germline variants in the HRR-associated genes, especially con-
cerning hormonal therapy for metastatic CRPC [13-18]. However,
many of these studies used small sample sizes and lacked
sufficient data to show a clinical association between the variants
and clinical outcomes in multivariable analysis. In addition,
different HRR-associated genes were included in each study,
which may have confounded the results. Therefore, to add to the
existing literature, we conducted a multiple hospital-based
retrospective cohort study using a large cohort and explored
the clinical implications of germline genetic variants. Specifically,
leukocyte DNA was subjected to target sequencing analysis for 27
known cancer-predisposing genes, including HRR and MMR
pathway-associated genes. The association between the identified
variants and basic clinical factors as well as the duration of
response to hormonal therapy and overall survival (OS) were
evaluated.

METHODS

Study population

Archived blood samples from 549 patients with metastatic PCa or CRPC
treated at Akita University, Kyusyu University, University of Occupational
and Environmental Health, Miyazaki University, and Kyoto University were
used for germline analysis. The samples were randomly collected and
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archived at each institution from the patients who consented to research
use of their blood samples for genetic studies. No exclusion criterion was
defined. Therefore, the samples were mostly collected unbiasedly in a
consecutive manner from the patients who presented with either
metastatic PCa at diagnosis or those who initially presented with localised
PCa that had progressed to CRPC. The median follow-up period was 4.7
years (interquartile range (IQR), 2.6-8.9 years) after diagnosis. In terms of
hormonal therapy, all patients received androgen deprivation alone or
combined androgen blockade with either bicalutamide or flutamide until
castration resistance. None of the patients had been treated with docetaxel
or ARPIs before becoming castration-resistant. For somatic mutation
analysis, diagnostic prostate needle biopsy tissue samples from 80 patients
with metastatic hormone-sensitive PCa, who were diagnosed between
September 1, 2006 and September 1, 2016, at Otsu Red Cross Hospital,
were used. Patients who presented with bulky local tumours were
preferentially selected to ensure adequate tumour content; otherwise, the
patients were selected consecutively. Given that the tissue samples were
not collected for use in a large-scale genomic analysis, matched germline
samples were not available for this cohort.

Sample collection and DNA extraction

Germline DNA was extracted from blood samples using a DNeasy Blood &
Tissue kit (Qiagen, Venlo, The Netherlands) according to the manufac-
turer’s instructions, and DNA concentration was determined using a Qubit
fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). For mutation
analysis using the tissue samples, an additional tissue core was biopsied
when performing a standard systemic prostate needle biopsy for the initial
diagnosis of PCa. After the confirmation of the presence of cancer cells via
rapid cytology, the tissue samples were embedded in the optimal cutting
temperature (OCT) compound (Tissue-Tek; Sakura Finetek, Torrance, CA,
USA), and thereafter, stored at —80°C until DNA extraction. The OCT
compound was later removed from the samples using phosphate-buffered
saline, and DNA was extracted using the DNeasy Blood & Tissue kit.

Target sequencing of 27 cancer-predisposing genes

We selected 27 genes based on the 25-gene hereditary cancer panel
(Myriad Genetics Laboratories, Salt Lake City, UT, USA) [19]. In addition, NF1
and HOXB13, known to be associated with predisposition to breast cancer
and PCa, respectively, were also included (Fig. 1). We analysed the
complete coding regions and 2-bp flanking intronic sequences of the
genes, except for the exons 10-15 of PMS2 (84,822 bp), using multiplex
polymerase chain reaction-based target sequencing, as previously
described [20]. Sequencing reads were aligned to the GRCh37 human
reference genome assembly. We investigated single nucleotide variants
and insertions or deletions using the UnifiedGenotyper and Haplotype-
Caller tools of GATK, as previously described [21]. The Best Practice of GATK

Clinical status
at initial diagnosis

Status at collecting gDNA
(mPC or CRPC)

[l Without CRPC progression
distant metastasis
N=142
N=142
P With Without

distant metastasis CRPC progression

N =407 N=282

CRPC progression

N =261

NA

N=264

gDNA sequences:
List of 27 cancer-predisposing genes
Category Name Category Name
Homologous ATM Other known CDKN2A
recombination BARD1 |cancer PTEN
repair BRCA1 predisposing TP53
BRCA2 |genes APC
BRIP1 BMPR1A
CHEK2 CDH1
NBN CDK4
PALB2 EPCAM
RAD51C HOXB13
RAD51D NF1
SMAD4
Mismatch repair MLH1 STK11
MSH2
MSH6
MUTYH
PMS2

Fig. 1
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mPC: patients with distant metastasis

Schema describing the patient cohort analysed in the germline study as well as the 27 sequenced genes.
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proposes the use of joint calling for the purpose of discovering germline
short variants; however, the method did not work for our sequencing data
in previous studies, likely due to very high sequencing depth. Therefore,
we developed a custom pipeline in which we individually call all variants
from each sample by HaplotypeCaller and UnifiedGenotyper of the GATK
software. Next, we calculated alternative allele frequencies for each variant
using Samtools to determine the genotype. All custom scripts have been
deposited at GitHub (https://github.com/Laboratory-for-Genotyping-
Development/TargetSequence.git). The variants with call rates <98%,
<20 sequencing reads, and those with strand bias were excluded. After a
quality check, 467 genetic variants were identified. Overall, 299% of the
target region was covered with depth >20. The average depth of the
samples was 776. The genotype for each individual was determined as
described previously [20]. Briefly, when the alternative allele frequency was
between 0% and 15%, we assigned “homozygote” to the reference allele.
Similarly, when the alternative allele frequency was between 25% and
75%, and between 85% and 100%, we assigned “heterozygote” and
“homozygote” to the alternative allele, respectively. If the alternative allele
frequency was outside these ranges or a variant position was covered with
<20 sequencing reads, “missing genotype” was assigned. The sequencing
and variant-calling methods were extensively validated in our previous
studies [20-24].

Annotation of germline variants

Variants were assessed for pathogenicity against the ClinVar [25] and
SnpEff [26] databases. First, the variants with “pathogenic” or “likely
pathogenic” annotations by ClinVar were selected as pathogenic variants.
ClinVar version 20210302 was referenced. In our previous study that
examined the prevalence of PCa predisposing gene variants in a large
cohort of unselected PCa patients and healthy controls, clinical significance
was determined using the ACMG/AMP guidelines [21]. In this study, in
addition to the annotations using ClinVar, variants were screened using
SnpEff and referenced against the previous study. The variants that were
determined to be pathogenic in the previous study were also considered
to be pathogenic in this study.

Annotation of variants in tissue samples

Given that no paired germline samples were available for this cohort, we
applied a conservative mutation call method to identify somatic variants.
First, we identified variants with a variant allele frequency >10% and a
Phred quality score >20. Subsequently, these variants were annotated
using ANNOVAR [27]. Next, variants registered in the dbSNP or 1000
Genomes Project database were removed [28]. Further, variants suspected
to contain sequencing errors were removed by comparing the sequencing
data with that obtained for our germline analysis, which were processed
similarly after DNA extraction and sequencing. For each variant candidate,
we assumed that its allele frequency in the germline mutation study
corresponded to the sequence error rate at a specific position. We
regarded a variant as a somatic mutation only when its allele frequency in
tissues was significantly higher than the sequence error rate at that
position (P < 0.05, using a one-sided binomial test). In addition, the variants
that were identified in more than three of the 80 patients were also
excluded, unless the locus was a mutation hotspot. Furthermore, to ensure
the exclusion of potential germline variants, we removed variants with
allele frequencies in the range of 40-60% or >99%. Finally, we removed
variants in regions with high homology, which could be false-positive calls.
The somatic mutation call method was further validated using an
independent set of 16 PCa tissue samples in which the presence of at
least one somatic mutation in the 27 genes that were studied has been
confirmed by whole-exome sequencing with a standard mutation calling
method referencing matched germline data (Supplementary Method,
Supplementary Table 1).

Acquisition of clinical data

We collected the following clinical data from patient charts: family history
of breast, ovary, pancreatic, or prostate cancer; history of breast, colon, or
pancreatic cancer; age; prostate-specific antigen (PSA) value; biopsy grade
group (GG); Whitmore-Jewett stage; location of metastasis; extent of
disease (EOD) score [29], CHAARTED volume [30] at diagnosis for those
initially diagnosed with metastatic PCa; duration of ARPI use; CRPC-free
time; and OS. The CHAARTED tumour volume categorises patients with
metastasis at diagnosis as having high-volume disease and low-volume
disease based on metastatic tumour burden and is commonly used to
clinically define metastatic PCa with poor outcomes [30]. In this study,

CHAARTED volume was determined by the investigators at each institution
via retrospective chart review. CRPC was defined according to the criteria
established by the Prostate Cancer Working Group 2 [31]. Time to
castration resistance was defined as the time from the start of androgen
deprivation therapy (ADT) to the date of CRPC. Both OS from initial
diagnosis and OS from the commencement of ADT were evaluated.
Further, we examined whether the patients showed any signs of
neuroendocrine prostate cancer (NEPC) trans-differentiation, and in
addition to pathologically confirmed NEPC, we considered the patient as
possibly having neuroendocrine changes if the patient had elevated serum
NSE or proGRP levels or was diagnosed with NEPC by the investigating
physicians based on the discrepancy between PSA and radiographic
imaging data.

Ethics statement

The study, which was conducted in accordance with the Declaration of
Helsinki, was approved by the ethics committees of RIKEN, Akita University,
Kyusyu University, University of Occupational and Environmental Health,
Miyazaki University, Kyoto University (approval number G1154), and the
Japanese Red Cross Otsu Hospital. All participants at Akita University,
Kyusyu University, University of Occupational and Environmental Health,
Miyazaki University, and Kyoto University provided written informed
consent for the genomic analysis of their blood samples. Regarding the
archived biopsy samples obtained from patients at the Japanese Red Cross
Otsu Hospital, even though the patients provided informed consent for the
use of their material, genomic analysis was not specified in the consent
form. Therefore, to prevent patient re-identification, under the guidance of
the ethics committee of Kyoto University, all biopsy samples and clinical
data were completely anonymized before the study was conducted.

Statistical analyses

Continuous variables were analysed statistically via Student’s t tests,
whereas categorical variables were analysed via Fisher's exact tests or
Cochran-Armitage tests. Log-rank tests were performed for survival
curve analysis, and the association between clinical and genomic
variables and survival outcomes was examined using univariate and
multivariable Cox proportional hazards models. The factors that showed
significant association with an outcome in the univariate analysis
were included in the multivariable analysis. The statistical tests were
two-sided, and P values <0.05 were considered statistically significant. All
statistical analyses were performed using R package version 3.6.1.

RESULTS

Genetic profile of germline variants and their association with
clinical parameters

A summarised description of the patient cohort included in this
study and the genes examined is shown in Fig. 1; patient and
tumour characteristics of the germline variant study are sum-
marised in Table 1. Of the 486 patients for whom data on
castration resistance acquisition were available, 404 (83.1%) had
become castration-resistant at the time of clinical data collection
(Supplementary Table 2). Among the 549 patients, 45 germline
pathogenic variants were identified in 44 (8.0%) patients
(Supplementary Table 2), and BRCA2 was found to be most
frequently mutated (n =19, 42.2%), followed by HOXB13 (n=29,
20.0%), PALB2 (n =5, 11.1%) and ATM (n =5, 11.1%) (Supplemen-
tary Fig. 1). Beside HBOC syndrome-associated genes and HOXB13,
one case each of MLHT and CDKN2A mutations was observed. The
genetic and clinical profiles of patients with pathogenic variants
are summarised in Fig. 2. Among those diagnosed with metastatic
disease, a greater proportion of patients with the BRCAT or BRCA2
variants had CHAARTED high-volume disease as compared with
the patients with the HOXB13 variant; however, this difference was
not statistically significant (P = 0.07, two-sided Fischer's exact test).

Clinical features of cases with germline HBOC-associated gene
variants

Thirty-four cases with germline variants in the HBOC-associated genes
(BRCA1, BRCA2, PALB2, ATM, BRIP1 and NBN) were detected. To
precisely examine the features of PCa with germline variants in the
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Table 1. Patient and tumour characteristics at initial diagnosis in the germline variant study (n = 549).

Factor

Age (median [IQR]) (year old)
Initial PSA (median [IQR]) (ng/mL)
Albumin (median [IQR]) (g/dL) at diagnosis
LDH (median [IQR]) (U/L) at diagnosis
Family history of cancer

Prostate cancer (%)

Breast cancer (%)

Ovarian cancer (%)

Pancreatic cancer (%)

Any of the above (%)

Past history of cancer
Breast cancer (%)

Colon cancer (%)

Pancreatic cancer (%)

Any of the above (%)

Biopsy Grade group (%)

Jewett stage (%)

*CHAARTED volume (%)

British Journal of Cancer (2022) 127:1680 - 1690

Group

No
Yes
NA
No
Yes
NA
No
Yes
NA
No
Yes
NA
No
Yes
NA

No
Yes
NA
No
Yes
NA
No
Yes

N w

D1
D2
NA
Low
High
NA

All patients

n=>549

69.7 [64.0, 75.5]
111 [29.8, 469.3]
4.2 [3.9, 44]
192 [169, 237]

382 (96.0)
16 (4.0)
151

386 (97.0)
12 (3.0)
151

396 (99.5)
2 (0.5)
151

387 (97.2)
11 (2.8)
151

360 (90.1)
38 (9.5)
151

485 (99.8)
1(0.2)

63

467 (96.1)
19 (3.9)
63

482 (99.2)
4 (0.8)

63

463 (95.3)
23 (4.7)
63

8 (1.8)

23 (5.1)
33 (7.3)
133 (293)
257 (56.7)
95

4(0.7)

38 (7.0)
56 (10.3)
39 (7.2)
406 (74.8)
6

153 (43.6)
198 (56.4)
100

Pathogenic germline BRCA1/2, PALB2 or ATM

variants

Yes

n=29

67.1 [58.5, 72.0]
255.5 [60.1, 867.0]
4.0 [3.9, 4.3]

212 [172, 251]

14 (82.4)
3(17.6)
12

15 (88.2)
2(11.8)
12

17 (100.0)
0 (0.0)
12

15 (88.2)
2(11.8)
12

11 (64.7)
6 (35.3)
12

25 (100.0)
0 (0.0)

4

24 (96.0)
1(4.0)

4

25 (100.0)
0 (0.0)

4

24 (96.0)
1 (4.0)

0 (0.0)
0 (0.0)
1(4.3)
8 (34.8)
14 (60.9)
6
0
1
1

4 (13.8)
23 (79.3)
0

9 (39.1)
14 (60.9)
4

No

n=520

69.9 [64.1, 75.6]
108.5 [29.1, 432.8]
4.2 [3.9, 4.4]

191 [169, 237]

368 (96.6)
13 (3.4)
139

371 (97.4)
10 (2.6)
139

379 (99.5)
2 (0.5)
139

372 (97.6)
9 (2.4)
139

349 (91.6)
32 (84)
139

460 (100.0)
1(0.2)

59

443 (96.1)
18 (3.9)
59

457 (99.1)
4 (0.9)

59

439 (95.2)
22 (4.8)
59

8 (1.9)

23 (5.3)
32 (7.4)
125 (29.0)
243 (56.3)
89

4 (0.8)

37 (7.2)
55 (10.7)
35 (6.8)
383 (74.5)
6

144 (43.9)
184 (56.1)
96
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Table 1. continued
Factor Group All patients Pathogenic germline BRCA1/2, PALB2 or ATM
variants
Yes No
n =549 n=29 n=520
Bone metastasis (%) No 165 (34.6) 7 (28.0) 158 (34.6)
Yes 317 (65.8) 18 (72.0) 299 (65.4)
NA 67 4 63
Extent of disease (EOD) (%) 0 165 (36.8) 7 (29.2) 158 (37.2)
1 117 (26.1) 5 (20.8) 112 (26.4)
2 83 (18.5) 6 (25.0) 77 (18.1)
3 59 (13.1) 4 (16.7) 55 (12.9)
4 25 (5.6) 2 (8.3) 23 (5.4)
NA 100 5 95
Lung metastasis (%) No 439 (91.7) 23 (92.0) 416 (91.6)
Yes 40 (8.4) 2 (8.0) 38 (8.4)
NA 70 4 66
Liver metastasis (%) No 471 (98.3) 25 (100.0) 446 (98.2)
Yes 8 (1.7) 0 (0.0) 8 (1.8)
NA 70 4 66

PS performance status by Common Toxicity Criteria, Version 2.0; Grade group by ISUP 2014, NA not available.

*CHAARTED volume was assigned only in the metastatic cases.

& A l

RCA

PALB2

A

HOXB13

BRIP1

NBN

MLH1

CDKN2A

Distant metastasis at initial diagnosis

CHAARTED vol. a *

Grade group b

Familiy history

NE change ¢

a CHAARTED volume (tumour burden)

Missense l INDEL | | Splice-site | *Not listed in ClinVar.

b Grade group by ISUP 2014
(ranges from 1 to 5)

Low |%| Without distant metastasis at initial diagnosis

¢ NE: neuroendocrine

Grade group 32 |1 | Variants/ family history/NE change: coloured cells indicate “positive”.

Fig. 2 Summary of the genetic and clinical profiles of patients with germline variants in the 27 analysed genes.

HBOC-associated genes, we exclusively focused on cases with variants
that have a clear pathogenicity annotation (pathogenic or likely
pathogenic) based on the ClinVar database (BRCA2, 18 cases; BRCAT1,
two cases; PALB2, five cases; and ATM, four cases). All the variants
were a frameshift deletion, a stop-gain variant, or a splice-site variant,
and no missense variant was found. The patient and tumour
characteristics of patients with and without known pathogenic
variants in the above four HBOC-associated genes are summarised in
Table 1. The age at diagnosis was significantly lower in the variant-
positive group (median = 67.1 years; IQR, 58.5-72.0 years) than in the
variant-negative group (median =699 years; IQR, 64.4-756 years;
P =10.04). The PSA level at diagnosis was also significantly higher in
the variant-positive  group (median=255. 5ng/mL; IQR,
60.1-867.0 ng/mL) than in the variant-negative group (median =
1085 ng/mL; IQR, 29.1-4328 ng/mL; P=0.04). Furthermore, the

variant-positive group also had a significantly higher number of
patients with a family history of HBOC-associated cancers and PCa
(P=10.001 and 0.03, respectively). In all, 92% and 82.6% of the variant-
positive and negative groups, respectively, were castration-resistant at
the time of the study (Supplementary Table 2). A higher proportion of
patients in the variant-positive group were treated with the following
agents than that in the variant-negative group: ARPI (72.0% vs 56.9%),
docetaxel (64.0% vs 42.9%), or platinum chemotherapy (32.0% vs
14.3%), reflecting the aggressive nature of the cases with HBOC-
associated gene mutations.

Germline HBOC-associated gene variants and duration of
response to hormonal therapy

Next, we examined the existence of any association between
germline HBOC-associated gene variants and the duration of

British Journal of Cancer (2022) 127:1680 - 1690
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a Time to CRPC from the beginning of ADT b Overall survival from diagnosis
10 Germline HBOC gene variant 10 J Germline HBOC gene variant
' — N — No
— Vgs — Yes
o 081 Median (95% Cl)(year) 0.8 1
o -
E:) No 2.2((1.87 2.69)) gw
1.0 (0.57-1.58) s
5 064 g 0619
2 @
z 5
c £
S 4 S 04 4
-g 0.4 g
g a Median (95% Cl)(year)
o 02 | 02 - [No |NA (9.48-NA)
Yes |4.6 (3.06-9.11)
- P=0.048
00 | P=0.001 00 |
T T T T T T T T T T T T
0 1 2 3 4 5 0 2 4 6 8 10
Period (year) Period (year)
Number at risk Number at risk
No 440 321 210 151 118 90 No 460 378 263 182 132 95
Yes 23 11 7 4 2 2 Yes 25 21 13 9 7 4
(o] 24 12 0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 192 (months)
SAN-27  BRCA2
AKT-175  BRCA2
KYT-152  BRCA2
KYT-047 ATM
AKT-124  BRCA2
KYT-071  ATM
KYT-082 BRCA2 -— .
AKT-075  BRCA1 —
KYT-002 BRCA2 ——
SAN-09  PALB2 -—
KYT-067 ATM ——X
AKT-041  BRCA1 S
AKT-053 BRCA2 ——
AKT-084 BRCA2 ——> @ PCa diagnosis
QDU-012  ATM ——X
AKT-118  BRCA2 O——x &) Castration resistance
MIU-30 PALB2 ——
AKT-057  BRCA2 o—x X Deatn
KYT-110  BRCA2 —0—x =+ Alive with disease
AKT-016  PALB2 —0—x
AKT-133  BRCA2 -~
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response to hormonal therapy. At the time of analysis, 16 (55.2%)
and 172 (33.1%) patients with and without germline HBOC-
associated gene variants were deceased, respectively. We
identified that patients with germline HBOC-associated gene
variants had a significantly shorter time to CRPC and a shorter OS
(Fig. 3a, b and Supplementary Fig. 2). The time to CRPC and the OS
for each case with germline HBOC-associated gene variants are
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shown as a swimmer plot in Fig. 3c. Importantly, HBOC-associated
gene variants were found to be independently associated with a
shorter time to CRPC and a shorter OS from diagnosis based on
multivariable analysis after adjusting for major clinical variables
(Fig. 3d, e). Conversely, no difference in time to CRPC or OS in the
presence of the HOXB13 variant was detected (Supplementary
Fig. 3A, B). Further, among the patients treated with ARPIs, the
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Fig. 3 Prognostic value of pathogenic germline variants in HBOC-associated genes in patients treated with hormonal therapy.
a Kaplan-Meier curve showing time to castration resistance from the initiation of androgen deprivation therapy (ADT) for patients with and
without known pathogenic germline variants in HBOC-associated genes (BRCA1, BRCA2, ATM and PALB2). Group differences were tested by
performing log-rank tests. b Kaplan-Meier curve showing overall survival (OS) from the time of diagnosis for patients with and without
pathogenic germline variants in HBOC-associated genes. ¢ Swimmer plot of the cases with known pathogenic germline variants in HBOC-
associated genes. Cases with insufficient data on time to castration resistance and OS were excluded. d Multivariable Cox regression analysis
for the evaluation of the association between clinical and genetic variables and time to castration resistance from the initiation of ADT. Clinical
factors that showed significant association with time to castration resistance based on the univariate analysis were included in the
multivariable analysis. e Multivariable Cox regression analysis for the evaluation of the association between clinical and genetic variables and
OS from initial diagnosis. Clinical factors that showed significant association with OS in the univariate analysis were included in the
multivariable analysis. f Kaplan-Meier curve showing progression-free survival (PFS) for androgen receptor pathway inhibitors (ARPIs,
abiraterone, or enzalutamide) for patients with and without known pathogenic germline variants in HBOC-associated genes. g Univariate Cox
regression analysis for the evaluation of the association between clinical and genetic variables and PFS based on ARPIs. Multivariable analysis

was not performed due to the limited number of events.

time to progression was significantly shorter for cases with
germline HBOC-associated gene variants (Fig. 3f, g). Considering
that BRCAT may have a weaker association with the aggressive
phenotype of PCa [32], we also conducted a sensitivity analysis
excluding BRCAT from HBOC-associated gene variants; however,
due to the small number of BRCAT carriers, the results were
unchanged (Supplementary Fig. 4). Taken together, these findings
indicated that the presence of HBOC-associated gene variants is a
significant prognostic factor of the duration of response to
hormonal therapy.

Clinical features of cases with somatic mutations in HBOC-
associated genes

Reportedly, in PCa, somatic and germline variants in HBOC-
associated genes exert a similar clinical impact in terms of
response to PARP inhibitors [6]. Therefore, to further confirm the
association between HBOC-associated gene variants and the
duration of response to hormonal therapy, we also sequenced PCa
tissues from an independent cohort of patients with metastatic
prostate cancer and examined the somatic aberrations of these
genes. The patient and tumour characteristics in the somatic
mutation study are summarised in Table 2. The proportion of
patients with pathogenic somatic mutations was 23% (18 patients)
(Supplementary Fig. 5 and Supplementary Table 4). The most
frequently mutated gene was TP53 (n=28), followed by APC
(n=3), and ATM (n=3). The genetic and clinical profiles of
patients with somatic mutations are summarised in Fig. 4a. Six
patients had somatic mutations in BRCA1, BRCA2, ATM, or PALB2.
No difference in age and PSA levels at diagnosis between the
groups with and without was noted. The two groups also showed
a similar percentage of patients with GG4 or higher-grade cancer
(83.3% vs. 89.0%). However, all cases with mutations had
CHAARTED high-volume disease, whereas a quarter of the patients
in the non-mutated group had CHAARTED low-volume disease. In
addition, the time to CRPC in the mutated group was significantly
shorter than that in the non-mutated group (Fig. 4b). The mutated
group also tended to show shorter OS than the non-mutated
group (2.2 years vs. 5.3 years, P = 0.048) (Fig. 4c). Reportedly, TP53
aberrations are associated with poor outcomes in metastatic PCa
[33, 34]. Similar to previous studies, cases with TP53 mutations had
a significantly shorter time to CRPC; however, the difference in
OS did not show statistical significance, possibly owing to the
small number of cases involved in the analysis (Supplementary
Fig. 6A, B).

DISCUSSION

With the availability of PARP inhibitors as well as immune-
checkpoint inhibitors, growing attention is given to the role of
DNA repair-associated genes in PCa. However, even though genetic
testing is recommended in several guidelines for patients with
metastatic PCa [9, 10], in real-world settings, the test criteria (who,

when and what) are still not standardised globally. For example, in
the USA, several clinical germline multigene panels specifically
designed for PCa are available, and all panels include BRCAT and
BRCA2 genes; however, in Japan, BRACAnalysis (Myriad Genetics,
Salt Lake City, UT, USA) is the only approved germline panel for PCa
patients, and the test is only available to CRPC patients. Under these
circumstances, in addition to known risk factors such as age at
diagnosis and family history, information on the prognostic and
predictive significance of the variants tested is also important when
making a shared decision to conduct genetic testing.

In localised prostate cancer, it has been reported that patients
harbouring germline BRCA1 or BRCA2 variants tend to present
with higher-grade, higher-stage disease, increased rates of lymph
node involvement, and also show shorter cancer-specific survival
[35-37]. Conversely, conflicting reports exist regarding the
prognostic value of germline variants in HRR-associated genes in
metastatic PCa [13, 18]. These contradictory results are primarily
due to the sample sizes of these studies and the different genes
included. In the PROREPAIR-B study [16], the impact of BRCAT,
BRCA2, ATM and PALB2 germline variants on cause-specific survival
(CSS) from the diagnosis of CRPC was evaluated. Even though
there was no association between genetic variants and CSS when
all genes were included, BRCA2 carriers had a significantly shorter
CSS (17.4 vs. 33.2 months; P =0.027). Another retrospective study
analysed 319 patients with mCRPC and reported that patients with
deleterious germline variants in BRCA1, BRCA2, ATM, PALB2 or
CDK12 have a significantly shorter time from ADT initiation to
CRPC (11.8 vs. 19.0 months, P=0.031) and also shorter
progression-free survival (PFS) on first-line AR-targeted therapy
(3.3 vs. 6.2 months, P=0.01) by log-rank test [14]. Conversely,
pooled data from international studies in which the association
between germline DNA repair gene variants and OS after CRPC as
well as the duration of response to ARPI were tested showed no
difference between patients with and without variants (3.2 vs. 3.0
years, P=0.37 and 8.3 vs. 8.3 months, P = 0.94, respectively) [17].
However, the study included genes other than the four genes
focused on in the present study, such as CHEK2, MSH1, and NBN,
for which the clinical implications are less clear. Another study
analysed the association between pathogenic BRCA/ATM variants
and response to ARPI, revealing superior outcomes in those with
BRCA/ATM variants (hazard ratio (HR) 0.52 (95% Cl 0.28-0.98) for
PFS and HR 0.34 (95% Cl 0.12-0.99) for OS, respectively); however,
only nine patients with pathogenic variants were included, and
therefore, the study may be underpowered [15]. This study
focused on cases with HRR-associated gene variants whose
pathogenicity was confirmed based on the ClinVar database,
and the presence of these variants evidently represented an
independent prognostic factor of a shorter time to CRPC after
adjusting for major clinical variables and also a shorter duration of
response to ARPI based on univariate analysis.

Further, in this study, we investigated the prevalence of a set of
known highly penetrant cancer-predisposing genes in lethal PCa

British Journal of Cancer (2022) 127:1680 - 1690



H. Kimura et al.

1687
Table 2. Patient and tumour characteristics in the somatic mutation study (n = 80).
Factor Group All patients Somatic BRCA1/2, PALB2 or ATM mutations
Yes No
n=80 n==6 n=74

Age (median [IQR]) (year old) 73.5 [66.0, 80.0] 73.5 [66.0, 81.8] 73.5 [66.3, 79.8]
Initial PSA (median [IQR]) (ng/mL) 505.1 [133.3, 1912.0] 309.0 [222.5, 620.5] 507.6 [129.5, 1944.0]
Albumin (median [IQR]) (g/dL) 4.1 [3.7, 44] 4.2 [4.1,4.2] 4.1 [3.7, 44]
LDH (median [IQR]) (U/L) 207 [174, 262] 258 [224, 301] 207 [172, 261]
Biopsy Grade Group (%) 1 1(1.3) 0 (0.0) 1(1.4)

2 3 (3.8) 0 (0.0) 3 (4.1)

3 5 (6.3) 1(16.7) 4 (5.5)

4 21 (26.6) 2 (33.3) 19 (26.0)

5 49 (62.0) 3 (50.0) 46 (63.0)

NA 1 0 1
Jewett stage (%) A-C 0 (0.0) 0 (0.0) 0 (0.0)

D1 8 (10.1) 0 (0.0) 8 (11.0)

D2 71 (88.8) 6 (100.0) 65 (89.0)

NA 1 0 1
Metastasis at initial diagnosis (%) No 0 (0.0) 0 (0.0) 0 (0.0)

Yes 80 (100.0) 6 (100.0) 74 (100.0)
CHAARTED volume (%) Low 18 (22.8) 0 (0.0) 18 (24.7)

High 61 (77.2) 6 (100.0) 55 (75.3)

NA 1 0 1
Bone metastasis (%) No 24 (30.0) 2 (33.3) 22 (29.7)

Yes 56 (70.0) 4 (66.7) 52 (70.3)
Extent of disease (EOD) (%) 0 18 (22.5) 2 (33.3) 16 (21.6)

1 14 (17.5) 0 (0.0) 14 (18.9)

2 20 (25.0) 3 (50.0) 17 (23.0)

3 15 (18.8) 0 (0.0) 15 (20.3)

4 13 (16.3) 1(16.7) 12 (16.2)
Lung metastasis (%) No 72 (90.0) 4 (66.7) 68 (91.9)

Yes 8 (10.0) 2 (33.3) 6 (8.1)
Liver metastasis (%) No 77 (96.3) 5 (83.3) 72 (97.3)

Yes 3 (3.8) 1(16.7) 2 (2.7)
Acquisition of castration resistance (%) No 32 (42.1) 0 (0.0) 32 (45.7)

Yes 44 (57.9) 6 (100.0) 38 (54.3)

NA 4 0 4
Possible NE change (%) No 77 (96.3) 6 (100.0) 71 (95.9)

Yes 3 (3.8) 0 (0.0) 3 (4.1)

NE neuroendocrine, NA not available.

among Japanese patients. The prevalence of BRCA2, BRCAT and ATM
mutations were 3.4, 0.4 and 0.9%, respectively. In a previous study
that included 7636 unselected Japanese PCa patients and 12,366
healthy males, the observed prevalence of BRCA2, BRCAT and ATM
mutations were 1.1, 0.2 and 0.5% in patients with PCa and 0.2, 0.1
and 02% in the healthy males, respectively [21]. Similar to
observations in Caucasians [8], our data revealed that the prevalence
of mutations in genes mediating DNA repair increases as PCa
progresses from a localised to a metastatic state. Additionally, these
data also showed that the prevalence of these mutations in
Japanese males at all disease states, from healthy controls to cases
with lethal PCa, is lower than that in Caucasians [8, 16], except for
the PALB2 gene (0.9%), whose prevalence has never been previously
reported as higher than 0.5% in Caucasians. Differences in the
locations of mutations between different ethnic groups have also
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been reported. In the present study, nine of the 19 BRCA2 variants
were either p.lle1859fs or p.Arg2318* variants, which reportedly, are
frequently mutated in Japanese patients with breast cancer;
however, they have not been identified in a large cohort study
involving Caucasians [38, 39]. In addition, all HOXB13 variants
identified in this study were either p.Gly132Glu or p.Gly17Val
variants, which reportedly, are novel subpopulation-specific PCa-
associated variants among Japanese [21]. There were no patients
with p.Gly84Glu and p.Gly135Glu variants that have been reported
from European and Chinese patients, respectively [40, 41].

We also investigated the mutational landscapes of the same
genes in tissue samples from patients with metastatic PCa. The
most frequently mutated gene was TP53 (n = 8, 10.0%) followed by
APC (n =3, 3.8%), and ATM (n = 3, 3.8%). Large-scale comprehen-
sive profiling of advanced PCa reported that mutations (excluding
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Fig. 4 Summary of the genetic and clinical profiles of patients with somatic variants in the 27 analysed genes. a Summary of the genetic
and clinical profiles of patients with somatic mutations in the 27 analysed genes. b Kaplan-Meier curve showing time to castration resistance
from initiation of androgen deprivation therapy (ADT) for patients with or without somatic mutations in HBOC-associated genes (BRCA1,
BRCA2, PALB2 or ATM). Group differences were tested by performing log-rank tests. ¢ Kaplan-Meier curve showing overall survival from the
time of diagnosis for patients with and without somatic mutations in HBOC-associated genes.

copy number changes and fusions) of these three genes to be
present in 46.7, 80 and 7.3% of the cases, respectively [5].
Although the prevalence of TP53 and PTEN mutations recorded in
the present study were significantly lower than the previously
reported values, a ctDNA analysis involving Japanese patients with
CRPC also showed that the prevalence of alterations in the two
genes were significantly lower (17.5% and 4.9%, respectively) [42];
this might be one of the characteristics of advanced PCa in
Japanese patients. Similar to the results of germline analysis,
somatic mutations in BRCA1, BRCA2, ATM and PALB2 were also
found to be significantly associated with time to CRPC, and they
showed nominal association with OS. A study exploring the
genomic correlates of response to ARPI using ctDNA identified
BRCA2 and ATM mutations to be significantly associated with a
shorter duration of therapy [33]. We have also similarly shown in
another study that BRCA2 and ATM mutations in ctDNA constitute
an independent prognostic factor of PFS in patients treated with
ARPIs for mCRPC even after adjusting for other clinical and
genomic factors, including TP53, RB1 and AR aberrations [42].
Conversely, a study that involved the use of tissues showed a

longer duration of response to abiraterone in patients with DNA
repair gene defects [43]. However, the study included genes other
than those investigated in this study, such as FANCA, RAD51B and
RAD51C. The technical difficulty associated with detecting low-
frequency and sub-clonal mutations in this study without matched
germline samples as well as the small sample size possibly affected
our results. Therefore, a large-scale somatic variant study to obtain
more accurate and reliable results is necessary in the future.
Several potential clinical implications for the findings of the
present study exist, depending on the timing of genetic tests. First,
if a patient has not undergone a genetic test by the time of
castration resistance, the association between short time to CRPC
and HRR gene alterations can be important information to prompt
a patient to undergo a genetic test because those with a short
time to CRPC are more likely to test positive and could be treated
by PARP inhibitors. Second, if a genetic test is performed at the
time of initial diagnosis, even though HRR alterations are not
predictive markers of AR pathway inhibition, those with HRR gene
alterations may benefit from a new co-targeting strategy
combining AR-targeted agents and PARP inhibitors as the first-
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line therapy for metastatic hormone-sensitive PCa. Several clinical
trials are ongoing to test this hypothesis.

This study had some notable limitations. First, it was a hospital-
based retrospective study, and the samples were randomly
collected, which may raise selection bias. However, there were no
exclusion criteria upon sample collection; primarily, the samples
were collected consecutively. Second, samples were collected at
different periods at each institution. Therefore, large heterogeneity
in the therapeutic management, which possibly affected the clinical
outcomes, especially OS, is present. However, given that all the
samples were collected during the period when the use of ARPI or
docetaxel for castration-sensitive PCa was not reimbursed in Japan,
all patients were treated with either combined androgen blockade
by bicalutamide/flutamide or by ADT alone. Therefore, until the
time of CRPC, all the patients received a similar treatment. Another
limitation is the lack of copy number analysis of the tissue samples.
Homozygous loss of BRCA2 is an important genomic alteration
reported in some cases of PCa. We attempted to examine copy
number loss of several PCa-associated tumour suppressors includ-
ing PTEN, TP53, RB1, and BRCA2 by digital PCR. However, as copy
number loss is often focal, we could not reliably detect copy
number loss by this approach. Finally, owing to the small number of
cases with HBOC-associated gene variants, we could not analyse
each gene separately. ATM is a signalling kinase that is activated by
DNA double-strand break and activates downstream signalling
proteins such as CHEK2. Since ATM is located at the upper stream of
the HRR pathway compared to BRCAT and BRCA2, impact of ATM
variants in the HRR pathway may be different compared to BRCAT
or BRCA2 variants [44-47]. In addition, unlike ovarian cancer, the
association between BRCAT variants and PCa or its aggressiveness
might be weaker compared to that seen with BRCA2 variants
[32, 48]. However, in this study, limited by sample size, we could not
detect any apparent difference clinically between the genes. In the
future, examination of the association between the pathogenic
variants in each gene and the clinical outcomes is necessary.

In summary, we have shown that germline and somatic variants
in BRCAI, BRCA2, ATM and PALB2 genes have prognostic
significance in Japanese individuals. This information could affect
the patient’s decision to undergo a genetic test and should be
shared with patients when recommending a genetic test to those
with metastatic PCa.
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