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Abstract 
Background: the homologous recombination deficiency signature (HRDsig) is emerging as a novel potential predictor of 
PARP-inhibitor (PARPi) response. We compared genomic alterations (GA) across BRCA2-loss, BRCA2 short variant–mutated 
(svmut), and BRCA2–wild type (wt) clinically advanced prostate carcinoma (CAPC) samples, combined with an assessment 
of HRDsig status to gain a better understanding of these biomarkers.

Methods: Comprehensive genomic profiling (CGP) was performed on 22 061 CAPC cases to evaluate all classes of GA. 
Microsatellite instability (MSI) status, tumor mutational burden (TMB), genomic ancestry, were derived from sequencing 
data. HRDsig status was calculated using genome-wide copy number features. PD-L1 expression was assessed by IHC. 
Comparisons were performed using Fisher’s exact test with Benjamini–Hochberg correction for false discovery.

Results: Among 22 061 CAPC cases, 10.2% were HRDsig+. HRDsig+ and were enriched for BRCA2, RB1, MYC, RAD21, and 
AR alterations, while SPOP, MSI-high, high TMB, and MMR signatures were more frequent in HRDsig− cases. Across 
BRCA2-defined subgroups, 597 (2.7%) were BRCA2-loss, 1085 (4.9%) BRCA2-svmut, and 20 379 (92.4%) BRCA2-wt. Both 
BRCA2-loss and BRCA2-svmut were associated with higher GA burden and enrichment for RB1 alterations. BRCA2-loss 
cases displayed lower TMB-high incidence, while BRCA2-svmut showed higher MSI-high and TMB-high incidence. Most 
BRCA2 alterations were bi-allelic, with concurrent alterations in other HRR genes being rare.

Conclusions: BRCA2-loss CAPC displays a distinct genomic landscape, marked by robust HRD features, suggesting the 
potential of higher sensitivity to PARPi. These findings highlight the relevance of HRDsig, and routinely use of CGP in refining 
patient selection for PARPi and guiding the design of future clinical trials.
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1. Introduction
Clinically advanced prostate carcinoma (CAPC) is a complex and 
heterogeneous malignancy, frequently associated with poor 
prognosis and limited therapeutic options, particularly in the 
castration-resistant stages.1,2 Efforts to improve outcomes re
cently have focused on identifying useful biomarkers to guide 
more precise and personalized approaches.

Homologous recombination deficiency (HRD) is an estab
lished biomarker in many tumor types including CAPC, resulting 
from the dysfunction of homologous recombination repair 
(HRR) system, a crucial pathway for double-strand DNA breaks 
(DSBs) repair. Alterations in this pathway have become particu
larly significant in several malignancies including CAPC, since 
that poly (ADP-ribose) polymerase inhibitors (PARPi) demon
strated their efficacy in patients with alterations in HRR-related 
genes.3 HRR impairment in prostate cancer can be associated 
with biallelic BRCA2 loss, which has been linked to prolonged 
sensitivity to PARPi, as it reduces the likelihood of resistance 
through BRCA2 reversion mutations.4 Notably, BRCA alterations 
have also been consistently associated with worse prognosis, in
cluding higher tumor aggressiveness, earlier progression, and 
shorter overall survival in patients with CAPC.5

However, focusing only on BRCA1/2 mutations can be limiting, 
because patients with other or no known HRR gene alterations 
may also benefit from PARPi, and many CAPC tumors with de
tectable HRR gene mutations may still have functional HRR sys
tem, highlighting the need for a comprehensive pan-tumor 
biomarker that better captures HRD status.

HRD signature (HRDsig) is a promising genomic biomarker aiming 
to identify tumors with HRD.6 Unlike traditional approaches that fo
cus on specific gene mutations, HRDsig is based on a machine 
learning algorithm that analyses genome-wide patterns of copy 
number variations, including loss of heterozygosity, large-scale tran
sitions, and telomeric allelic imbalances. This approach can detect 
the inability of HRR system to properly repair DSBs, identifying spe
cific “genomic scars” associated with HRD phenotype.

In the present study, we applied comprehensive genomic pro
filing (CGP) to over 22 000 CAPC tumor samples to analyze a 
wide range of molecular features, including, but not limited to, 
HRR genomic alterations, microsatellite instability (MSI), tumor 
mutation burden (TMB), genomic ancestry, and PD-L1 expres
sion, and to evaluate their associations with HRDsig status.

Our aim was to provide greater insight into the role of HRDsig 
in CAPC and evaluate its potential as a valuable tool in personal
ized therapeutic decision making.

2. Methods
2.1 Comprehensive genomic profiling
Hybrid capture-based next-generation sequencing (NGS) assays 
were performed on ≥50 ng of DNA extracted from 40 µm of 
formalin-fixed, paraffin-embedded (FFPE) clinically stage IV pros
tate cancer tumor samples in a Clinical Laboratory Improvement 
Amendments (CLIA)-certified and College of American Pathologists 
(CAP)-accredited laboratory (FMI, Cambridge, MA).

The FoundationOne and FoundationOne CDx assays were uti
lized to conduct CGP, allowing for the detection of diverse classes 
of genomic alterations.7 These include single-nucleotide variants 
(SNVs), insertions/deletions, genomic rearrangements, copy num
ber amplifications, and homozygous deletions. The assays analyze 
324 cancer-related genes and the intronic regions of 28 genes fre
quently involved in genomic rearrangements in cancer. Tumor 
Mutational Burden (TMB) was calculated from 0.80 Mb of se
quenced DNA as the number of non-driver somatic coding muta
tions per megabase (mut/Mb) of the genome and categorized as 
“very high” if ≥20 mut/Mb, “high” if between 10 and 19 mut/Mb, 
and “low” if <10 mut/Mb.8 MSI was determined on at least 1500 
loci.9 Tumor cell PD-L1 expression was determined by immunohis
tochemistry (Dako 22C3) and defined as tumor proportion score 
(TPS) positive if ≥1% and highly positive if ≥50%.

Genomic ancestry for each patient sample was determined 
using a SNP-based classifier to assign ancestral population 
groups (African, Admixed American, East Asian, European, and 
South Asian), as previously described.10 Germline status was 
predicted through a validated somatic-germline computational 
approach (somatic-germline-zygosity [SGZ]), applied exclusively 
to substitution and indel variant types. This method predicted 
the somatic or germline origin of variants, as well as their homo
zygous, heterozygous, or sub clonal state, based on deep mas
sively parallel sequencing of cancer specimens without matched 
normal tissues.11 Additionally, genomic signature assignment was 
performed using trinucleotide signatures from the Catalogue of 
Somatic Mutations in Cancer (COSMIC) and attributed according 
to established computational methodologies.12

HRDsig is a machine learning algorithm designed to predict ge
nomic scarring indicative of HRD.6 It leverages a comprehensive 
set of copy number features, including absolute modeled copy 
number, segment size, oscillation patterns, and the number of 
breakpoints per chromosome arm. These features are analyzed 
across the genome, with specific attention to the telomeric and 
centromeric regions of chromosome arms. HRDsig is expressed as 

Implications for Practice

This study highlights the clinical relevance of HRDsignature (HRDsig) and BRCA2-loss as complementary biomarkers in clinically 
advanced prostate cancer (CAPC).

HRDsig identifies a distinct subgroup of tumors with robust homologous recombination deficiency, beyond BRCA status alone, 
and may improve selection of patients most likely to benefit from PARP inhibitors. Moreover, the genomic differences observed 
between BRCA2-loss and other types of BRCA2 alterations underscore the biological heterogeneity within BRCA2-mutated 
tumors and reinforce the importance of comprehensive genomic profiling to refine treatment selection and guide future 
biomarker-driven clinical trials.
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a continuous score ranging from 0 to 1, with a predefined thresh
old of 0.7 used to classify a sample as HRDsig positive (HRDsig+). 
This cutoff was established to achieve 90% sensitivity in detecting 
biallelic BRCA1/2 alterations in cancers often driven by BRCA muta
tions, such as ovarian, prostate, pancreatic, and breast cancers.

2.2 Statistical analysis
Statistical analyses were conducted using R software version 4.2.2. 
The Fisher’s exact test was used to compare proportions of categori
cal variables, while differences in continuous variables were assessed 
using the Wilcoxon rank-sum test. All P-values were two-sided, and 
multiple hypothesis testing was adjusted using the Benjamini- 
Hochberg procedure to determine the false discovery rate.13

3. Results
3.1 HRDsig status and genomic 
alterations
DNA was extracted and analyzed from a total of 22 061 CAPC 
samples, comprising 19 817 (89.8%) HRDsig− and 2244 (10.2%) 
HRDsig+ cases.

HRDsig+ patients were only slightly older than HRDsig− (me
dian age 70 vs. 68; P < .0001; Table 1). Similarly, the median 
number of genomic alterations (GA) per tumor was higher in 
HRDsig+ cases (4 vs. 3, P < .0001). Genomic ancestry distribution 
was similar for European ancestry (76.6% in HRDsig+ vs. 74.8% 
in HRDsig−), while African ancestry was more frequent in the 
HRDsig− group (15.4% vs. 13.1%; P = .01).

Pathogenic GA differed significantly between the two groups 
(Figure 1). While BRCA1 GA were extremely rare in both groups, 
BRCA2 alterations were substantially more frequent in HRDsig+ 
cases (52.3% vs. 3.3%, P < .0001). Higher rates of MYC (19.2% vs. 
9.1%, P < .0001), RAD21 (16.3% vs. 7.2%, P < .0001), RB1 (9.1% 
vs. 4.5%, P < .0001), and AR (17.3% vs. 10.8%, P < .0001) were 
also observed in HRDsig+ group. Conversely, APC (9.3% vs. 6.6%, 
P < .0001) and SPOP (11.1% vs. 5.9%, P < .0001) alterations 
were more frequent in HRDsig− cases. No significant differences 
were observed for ATM, PTEN, or TMPRSS2 alterations.

Bi-allelic homozygous copy number deletions were enriched 
in HRDsig+ cases for BRCA2 (21.4% vs. 0.6%, P < .0001), while 
PTEN deletions were slightly more frequent in HRDsig− cases 
(22.2% vs. 19.2%, P = .0009). In the HRDsig− group, 89.9% of 
BRCA1 and 48.9% of BRCA2 mutated CAPC were mono-allelic.

In regards to immune-related biomarkers, MSI-high and TMB 
≥ 20 mut/Mb were significantly more frequent in HRDsig− cases 
(3.3% vs. 0.5%, P < .0001, and 3.1% vs. 0.5%, P < .0001, respec
tively). PD-L1 expression (1%-49% TPS) showed no significant dif
ference between groups (11.2% in HRDsig− vs. 9.7% in HRDsig+, 
NS). Finally, mismatch repair (MMR) signatures were slightly more 
prevalent in HRDsig− cases (4.0% vs. 2.0%, P < .0001).

3.2 Biomarker and genomic alteration 
(GA) findings in BRCA2-loss CAPC
A comparative analysis of clinical and genomic features was 
conducted across three groups within a cohort of 22 061 CAPC 

samples: (1) 597 patients (2.71%) with a homozygous deletion of 
BRCA2 (hereafter referred to as BRCA2-loss), (2) 1085 (4.92%) 
with short variant sequence mutated (BRCA2-svmut), and (3) 
20 379 (92.37%) with wild type BRCA2 (BRCA2-wt).

Most BRCA1/2 alterations identified were biallelic, primarily 
driven by high rates of homozygous deletions and biallelic 
BRCA2 coding mutations. Bi-allelic inactivation was significantly 
more frequent in BRCA2 compared to BRCA1 (82% vs. 27%, 
P< .001). Additionally, co-occurring alterations in other HRR 
genes were rare in tumors with biallelic inactivation.

Median age was similar across the three groups (Table 2). The 
genomic ancestry distribution was comparable among the groups, 
with European ancestry consistently predominant (74%-76%). 
Both BRCA2-loss and BRCA2-svmut CAPC exhibited a higher fre
quency of GA per tumor compared to BRCA2-wt CAPC (P < .0001 
for both comparisons).

BRCA2-loss tumors were enriched for TMPRSS2–ERG fusions 
compared with BRCA2-wt (36.6% vs. 32.1%, P = .047), whereas 
SPOP mutations were less frequent (7.9% vs. 10.8%, P = .047). In 

Table 1. Clinical and genomic characteristics of CAPC stratified by HRD 
signature status.

CAPC HRDsig− CAPC HRDsig+ P-Valuea

Number of cases 19 817 2244 /
Median age 68 70 <.0001
Median GA/tumor 3 4 <.0001
AFR ancestry 15.4% 13.1% .0110
EAS ancestry 1.6% 2.2% .0605
EUR ancestry 74.8% 76.6% NS
Pathogenic genomic alterationsb

APC 9.3% 6.6% <.0001
AR 10.8% 17.3% <.0001
ATM 5.9% 4.9% .0648
BRCA2 3.3% 52.3% <.0001
CDK12 5.5% 1.2% <.0001
MYC 9.1% 19.2% <.0001
PIK3CA 6.6% 5.4% .0473
PTEN 32.0% 29.9% .0648
RAD21 7.2% 16.3% <.0001
RB1 4.5% 9.1% <.0001
SPOP 11.1% 5.9% <.0001
TMPRSS2 31.9% 30.0% .0848
Homozygous copy number deletionb

BRCA2 0.6% 21.4% <.0001
PTEN 22.2% 19.2% .0009
IO drug biomarkers
MSI-high 3.3% 0.5% <.0001
TMB ≥ 20 mut/Mb 3.1% 0.5% <.0001
PD-L1 1-49% TPS 11.2% 9.7% NS
MMRsig 4.0% 2.0% <.0001

This table compares the clinical, genomic, and biomarker features of CAPC 
cases stratified by HRD signature (HRDsig).
Abbreviations: GA = genomic alterations; AFR = African; EAS = East Asian; 
EUR = European; IO = Immuno-Oncology; MSI = Micro-satellite instability; 
TMB = tumor mutational burden; MMR = mismatch repair.

a False discovery rate (FDR) corrected using Benjamini/Hochberg  
adjustment.

b Genes only included if seen at >5% in any population.
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addition, alterations in key DNA repair and tumor suppressor 
genes, such as CDK12 (0.2% vs. 5.4%), ATM (1.6% vs. 5.9%), and 
PTEN (26.5% vs. 31.8%) were significantly less frequent in BRCA2- 
loss compared with BRCA2-wt (P < .0001, P < .001, P = .015, 
respectively). By contrast, RB1 alterations were more common 
(7.7% vs. 4.6%, P < .001), potentially reflecting enrichment for 
neuroendocrine features in this subgroup.

In the BRCA2-svmut group, TMPRSS2–ERG fusions were less 
frequent compared with BRCA2-wt (22.9% vs. 32.1%, P < .0001). 
Similarly, SPOP mutations (6.8% vs. 10.8%, P < .0001), CDK12 
(2.4% vs. 5.4%, P < .001), and ATM (4.3% vs. 5.9%, P = .011) were 
less common compared to BRCA2-wt, while RB1 mutations were 
enriched (10.0% vs. 4.6%, P < .001).

Although MSI-high status was rare across all groups, it was 
more frequent in BRCA2-svmut cases (7.8%) compared to 
BRCA2-loss (0.2%) and BRCA2-wt (2.8%). Similarly, tumors with 
TMB high were significantly more frequent in BRCA2-svmut cases 
(13.1% with ≥10 mut/Mb; 8.0% with ≥20 mut/Mb), whereas 
BRCA2-loss samples demonstrated usually low TMB (2.1% ≥10 
mut/Mb; 0.1% ≥20 mut/Mb). PD-L1 expression showed no major 
differences across groups. Low-PD-L1 expression (TPS 1%-49%) 
ranged between 8.1% and 13.3%, while high PD-L1 expression 
(TPS ≥50%) was rare, observed in 0.6%-2.0% of cases.

The frequency of MMR-associated genomic signatures was sig
nificantly higher in both BRCA2-loss and BRCA2-svmut cases 
compared to BRCA2-wt. APOBEC- and POLE-associated signa
tures were extremely rare in all groups.

Figure 2 compares the distribution of genomic alterations in 
CAPC cases with BRCA2-loss and BRCA2-svmut groups.

Computational somatic/germline 
predictions for pathogenic mutations
In the BRCA2-mut cohort, a total of 2582 pathogenic short variants 
were identified. Among these, 66.5% were classified as somatic 
and 21.3% as germline (Figure S1—see online supplementary 
material for a color version of this figure). The remaining 12.1% 
of the variants were of unknown origin. Regarding BRCA2-wt 
group, a total of 23 341 pathogenic short variants were identified. 
Of these, the majority—85.1%—were somatic, while only 5.7% of 
the variants were germline; an additional 10.2% of the variants 
remained unclassified.

4. Discussion
To our knowledge, this is one of the largest studies that evalu
ated the genomic landscape of CAPC in relation to HRDsig sta
tus, integrating comprehensive molecular data from over 22 000 
tumor samples. Given the growing number of published and on
going trials assessing the role of PARPi in biomarker-selected 
patients,14–18 our findings gain further importance as they dem
onstrate the importance of HRDsig as a potential predictor of 
PARPi efficacy, identifying a specific subgroup of patients with 
distinct genomic features and co-alterations that could possibly 
further guide personalized treatment strategies. Nevertheless, it 
should be emphasized that the predictive role of HRDsig in this 
setting has not yet been clinically validated, and its use for thera
peutic decision-making cannot be recommended outside pro
spective studies.

Figure 1. Bar chart showing the frequency of pathogenic gene mutation by HRD status in n = 220 061 prostate acinar adenocarcinoma specimens.
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PARP inhibitors exhibit their antitumor effects through 
a mechanism of synthetic lethality, which selectively affects 
cancer cells with impaired HRR mechanisms.19 In fact, under 
normal conditions, PARP enzymes play a key role in repairing 
single-strand DNA breaks (SSBs). However, when PARP is sup
pressed, these SSBs persist and eventually lead to the 

formation of more lethal double-strand breaks (DSBs) during 
DNA replication. In cells with a functional HRR pathway, DSBs 
can be efficiently repaired. By contrast, in cells lacking func
tional HRR key components, this repair process fails, resulting 
in accumulation of DNA damage that becomes lethal to the 
cancer cell.

Table 2. Clinical and genomic characteristics of CAPC by BRCA2 status.

BRCA2 loss BRCA2 SVmut BRCA2 wt BRCA2 loss vs. wt 
(P-Valuea)

BRCA2 svmut vs. 
wt (P-Valuea)

Number of cases 569 1071 20181 / /
Median age 68 68 68 1 .0682
Median GA/tumor 4 4 3 <.001 <.001
Genomic ancestry
AFR 14.9% 14.4% 15.4% 1 .473
AMR 6.7% 6.6% 7.5% .996 .441
EAS 2.8% 1.4% 1.6% .109 .826
EUR 75.4% 76.4% 74.6% 1 1
SAS 0.2% 1.2% 0.9% .206 .333
Pathogenic genomic alterations
AR 9.7% 9.9% 11.7% .201 .100
ASXL1 2.6% 7.6% 4.0% .135 <.001
ATM 1.6% 4.3% 5.9% <.001 .044
BRAF 1.6% 5.2% 4.1% .003 .100
BRCA2 100.0% 100.0% 0.0% 0 0
CDK12 0.2% 2.4% 5.4% <.001 <.001
CTNNB1 7.0% 6.1% 5.4% .128 .349
KMT2D 5.6% 9.4% 5.1% .589 <.001
LYN 3.5% 2.3% 5.% .0482 <.001
MSH2 0.5% 5.4% 2.2% .009 <.001
MYC 17.4% 15.6% 9.5% <.001 <.001
PIK3CA 5.3% 8.3% 6.6% .254 .050
PTEN 26.5% 22.1% 31.8% .015 <.001
RAD21 26.0% 24.5% 12.3% <.001 <.001
RB1 7.7% 10.0% 4.6% .003 <.001
SPEN 1.1% 5.5% 1.9% .237 <.001
SPOP 7.9% 6.8% 10.8% .047 <.001
TMPRSS2 36.6% 22.9% 32.1% .047 <.001
TP53 29.0% 28.7% 39.2% <.001 <.001
MSI-high 0.2% 7.8% 2.8% <.001 <.001
Median TMB 3.6 3.6 1.3 <.001 <.001
TMB ≥ 10 mut/Mb 2.1% 13.1% 3.9% .079 <.001
TMB ≥ 20 mut/Mb 0.1% 8.0% 2.6% <.001 <.001
HRDsig positive 87.4% 71.6% 8.2% <.001 0
COSMIC trinuclotide signature
Alkylating 0.0% 0.0% 0.0% 1 1
APOBEC 0.0% 0.1% 0.1% 1 1
MMR 1.9% 8.5% 3.5% .109 <.001
POLE 0.0% 0.7% 0.0% 1 <.001
Tobacco 0.5% 0.4% 0.1% .021 .013
UV 0.0% 0.2% 0.0% 1 .048
PD-L1 DAKO 22C3 IHC
PD-L1 low + 8.1% 13.3% 11.1% .51 .328
PD-L1 high + 0.6% 2.0% 0.8% 1 .067

This table provides a comprehensive comparison of clinical, genomic, and pathological features across three prostate cancer groups: BRCA2-loss (n = 569), 
BRCA2-svmut (n = 1071), and BRCA2 wt (n = 20 181).

a False discovery rate (FDR) corrected using Benjamini/Hochberg adjustment.
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As demonstrated in the TRITON2 trial, further supported by a 
large pan-cancer BRCA1/2 analysis conducted by Sokol et al., bi- 
allelic inactivation seems to be more frequent in BRCA2 than in 

BRCA1 in prostate cancer.20,21 It is widely theorized that tumors 
harboring bi-allelic BRCA1/2 loss exhibit particular sensitivity to 
PARPi, since the profound impairment of HRR pathways makes 

Figure 2. Bar chart showing the distribution of genomic alterations in clically-advanced Prostate Cancer (CAPC) cases with BRCA2-loss (2A) and 
BRCA2-short variant–mutated (svmut) (2B). Each graph shows the frequency of various types of genomic alterations, categorized as: short variant 
mutations, genomic copy number alterations, genomic rearrangements/fusions and multiple alterations per sample.
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cancer cells highly dependent on alternative, error-prone DNA 
repair mechanisms. Supporting this hypothesis, recent evidence 
from Triner D. et al. demonstrated that among a cohort of 445 
patients carrying HRR alterations, those harboring BRCA 1/2 ho
mozygous loss experienced more favorable clinical outcomes 
following treatment with PARPi compared to those with other 
deleterious BRCA 1/2 alterations.4

In our study, HRDsig+ tumors were strongly enriched for 
BRCA2 alterations, particularly bi-allelic deletions, further con
firming the central role of BRCA2 in driving HRD in CAPC. In con
trast, consistent with previous reports,21 BRCA1 alterations were 
extremely rare in our cohort, both in HRDsig+ and HRDsig− 
patients. It is important to highlight that nearly half of HRDsig+ 
tumors in our cohort did not harbor BRCA2 mutations, suggest
ing that HRDsig captures a broader range of genomic instability 
mechanisms beyond single-gene alterations. This finding rein
forces the potential clinical value of HRDsig as a complementary 
biomarker, possibly useful for selecting patients who may 
benefit from PARPi even in the absence of BRCA mutations. This 
hypothesis is particularly important when considering the current 
approval status of PARP inhibitors across different countries: in 
several regions, including parts of Europe and the United States, 
PARPi are currently approved primarily for patients with docu
mented BRCA1 or BRCA2 mutation.22

Genomic ancestry distribution was overall comparable be
tween groups. Although differences in ancestry distribution 
reached statistical significance, the absolute magnitude was 
small, and their biological relevance remains uncertain.

Another essential DDR mechanism for cell survival distinct 
from HRR is the MMR, that primarily corrects base-base mis
matches and small insertion-deletion loops that occur during 
DNA replication.23 MSI is a molecular hallmark of defects in the 
MMR system, a condition that leads to genomic instability, ulti
mately contributing to an increased mutational burden and tu
morigenesis. This provides a rationale for the clinical benefit 
observed with immune checkpoint inhibitors in patients with 
MSI-high or MMR-deficient tumors across several cancer types, 
including prostate cancer in selected cases.24

The genomic instability associated with both HRD and other 
DDR deficiencies, such as MMR-deficiency provides a strong ra
tionale for evaluating PARPi plus ICI combinations.25 However, 
while preclinical evidence supports their potential synergistic ef
fect, several clinical trials demonstrated that such combinations 
may not be effective in unselected patient populations.26 Despite 
interesting phase II trial results,27 in the phase III Keylink-010 
randomized trial, the combination of pembrolizumab plus ola
parib didn’t show a significant survival benefit in biomarker- 
unselected patients with mCRPC compared to androgen receptor 
pathway-inhibitors (ARPI), leading to a premature interruption of 
the trial.28

In our analysis, although MSI-high status was rare across all 
groups, it was significantly more frequent in BRCA2-svmut 
tumors (7.8%) compared to BRCA2-loss (0.2%) or BRCA2-wt 
(2.8%), suggesting that a subset of these tumors may harbor 
concurrent MMR deficiency. Similarly, TMB ≥ 20 mut/Mb was ob
served in 13.1% of BRCA2-svmut tumors vs. only 2.1% in BRCA2- 
loss and 3.9% in BRCA2-wt cases. Interestingly, MSI-high and 
TMB ≥ 20 mut/Mb were significantly more frequent in HRDsig− 
cases (P < .0001), as were MMR signatures (P < .0001).

These findings could suggest that BRCA2-svmut CAPC may 
harbor a broader range of genomic instability features beyond 
HRD alone, potentially identifying a subset of patients who 
could potentially benefit from PARPi + ICI combination strate
gies. In contrast, tumors with BRCA2 loss or with HRDsig+ appear 
to be a more genomically defined subgroup, characterized by 
notable HRR impairment and lower rates of additional DNA repair 
defects, with a marked sensitivity to PARPi, but likely limited po
tential benefit from ICI. This might also reflect an evolutionary 
need: in tumors with such profound HRR deficiency, the acquisi
tion of additional repair defects—such as MSI—could result in 
unsustainable levels of genomic instability, ultimately leading to 
cell death. In this context, the absence of additional repair path
way impairments may be necessary for tumor cell survival.

Beyond DDR mechanisms, our analysis revealed intricate co- 
occurrence patterns involving key tumor suppressors and onco
genic drivers, including TP53, RB1, PTEN, as well as alterations 
in MYC, RAD21, and SPOP. These findings align with mounting 
evidence that CAPC progression is shaped by complex molecular 
networks rather than isolated genomic events.29

In our cohort, SPOP mutated tumors appeared to be less fre
quent in HRDsig+ and in BRCA-loss cases compared to HRDsig− 
(P < .0001) and BRCA-wt (P = .047), respectively. SPOP-mutant 
CAPC have been previously associated with distinct molecular 
features, as well as enhanced sensitivity to ARPI.30 Interestingly, 
preclinical evidence suggests that SPOP inactivation could pro
mote increased PARPi sensitivity.31–33 The low prevalence of 
SPOP mutations among HRDsig+ and BRCA-loss tumors observed 
in our analysis may possibly reflect a degree of mutual exclusiv
ity between these two mechanisms, both of which appear to 
confer PARPi sensitivity through distinct molecular routes. This 
apparent mutual exclusivity raises important questions about 
the underlying biology: whether SPOP mutations and BRCA2 de
ficiency represent alternative evolutionary paths toward geno
mic instability, and whether their distinct mechanisms of PARPi 
sensitization could inform different therapeutic approaches or 
combination strategies.

Although a possible association between ERG and various 
components of DDR pathways has been partially investigated, 
its correlation with BRCA status remains less well defined.34

Poulsen et al. hypothesized that TMPRSS2-ERG fusions might 
represent a potential mechanism of resistance to PARPi, which 
is particularly intriguing considering that, in our study, this fu
sion was observed predominantly in the BRCA2-loss subgroup— 
patients who would theoretically be the most likely to benefit 
from PARPi inhibition. From a clinical point of view, these find
ings raise the possibility that co-occurring TMPRSS2–ERG fusions 
may potentially attenuate the efficacy of PARP inhibition, even 
in the presence of BRCA2 loss. These findings further emphasize 
the importance of CGP beyond HRR genes to capture co-occurring 
alterations that may potentially influence treatment response. It 
should be further noted that TMPRSS2-ERG fusions in prostate can
cer tend to be generally mutually exclusive with SPOP mutations.30

Our data also highlight important patterns involving RB1 and 
TP53 alterations, which carry critical implications for lineage 
plasticity and treatment resistance. Several studies have reported 
an association between TP53/RB1 co-loss and the emergence of 
neuroendocrine prostate cancer (NEPC), a phenotype character
ized by lineage plasticity, poor prognosis, and resistance to AR- 
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targeted therapies.35 The combined inactivation of RB1 and TP53 
has been shown to be sufficient to drive transdifferentiation to
ward a neuroendocrine phenotype in preclinical models, even in 
the absence of classical small-cell histology.36,37 This suggests that 
molecular profiling for RB1 and TP53 status may serve as a surro
gate marker for neuroendocrine features and help identify patients 
at high risk of developing aggressive, AR-independent disease.

The relationship between HRD genes and NEPC biology, how
ever, appears complex. Aggarwal et al. conducted a large multi- 
institutional prospective study in which metastatic biopsies 
were obtained from patients with progressive mCRPC after 
ARPI.38 In their cohort of 249 metastatic tumor samples, 27 were 
classified as treatment-emergent small-cell/neuroendocrine 
prostate cancer (t-SCNC). Interestingly, in these tumors, delete
rious mutations and/or copy number losses in DDR pathway 
genes were found to be almost entirely mutually exclusive with 
the presence of t-SCNC.

Conversely, a recent systematic review reported that the 
pooled prevalence of deleterious ATM/BRCA mutations in NEPC 
was 16.8%, further suggesting a complex relationship between 
NEPC biology and HRD gene status.35 Moreover, when compar
ing genomic profiles, de novo NEPC showed a significantly 
higher frequency of concurrent RB1/TP53 alterations, together 
with a numerically greater prevalence of PTEN loss and ATM/ 
BRCA mutations, in contrast to what was observed in t-SCNC.

In our cohort, RB1 alterations were more frequent in both 
BRCA2-loss (7.7%) and BRCA2-svmut (10.0%) tumors compared 
with BRCA2-wt (4.6%), supporting the hypothesis that BRCA2 de
ficiency may predispose to neuroendocrine features (P = .003 
and P< .001, respectively). In contrast, TP53 alterations were 
less frequent in BRCA2-deficient tumors (29.0%) than in BRCA2- 
wt (39.2%; P< .001). HRDsig+ tumors also carried higher rates of 
RB1 alterations, reinforcing the possible connection between 
HRD and neuroendocrine features.

In the context of BRCA2-altered tumors, it would be particu
larly informative to investigate whether the co-occurrence of 
RB1 and TP53 loss is associated with a higher incidence of 
NEPC. This has important therapeutic implications: patients 
with dual RB1/TP53 loss may derive limited benefit from PARPi 
monotherapy and could instead require platinum-based che
motherapy, which has demonstrated efficacy in NEPC.39

Unfortunately, it should be noted that patients classified as 
NEPC within the FMI database were not included in the present 
analysis, which limits the possibility of directly correlating our 
genomic findings with histologically confirmed NEPC. Despite 
this limitation, the molecular identification of combined RB1/ 
TP53 alterations in CAPC may indicate biologically neuroendo
crine behavior, making the interpretation of our findings in the 
context of the existing literature more challenging.

The enrichment of MYC amplifications in HRDsig+ tumors also 
is particularly interesting, as MYC overexpression has been impli
cated in driving aggressive disease phenotypes.40 When strati
fied by BRCA2 status, MYC alterations were significantly more 
frequent in both BRCA2-loss and BRCA2-svmut compared to 
BRCA2-wt tumors (P < .001 for both comparisons), suggesting a 
specific co-occurrence pattern between BRCA2 deficiency and 
MYC amplification. MYC may cooperate with BRCA2 deficiency to 
accelerate tumor progression through enhanced replication 
stress and chromosomal instability.

Similarly, the higher frequency of RAD21 alterations in HRDsig 
+ cases, as well as in BRCA2-loss and BRCA2-svmut compared 
with BRCA2-wt, suggests a convergence of defects affecting 
both homologous recombination and chromatin structural in
tegrity. RAD21, a core component of the cohesin complex, plays 
essential roles in sister chromatid cohesion, DNA repair, and 
transcriptional regulation.41 Its alteration in the context of pre- 
existing HRD may further compound genomic instability and po
tentially influence therapeutic responses.

Several limitations need to be considered. First, the retrospec
tive nature of the study may have introduced selection and con
founding biases, while the absence of treatment and clinical 
outcomes data restricted our ability to directly correlate GA with 
treatment response and survival. In addition, we did not have 
adequate information on the extent (eg, stage, tumor sites) of 
disease at the time of tissue sampling and whether or not there 
was castration resistance present. Furthermore, Gleason score 
and PSA values were not available in the FMI CGP dataset, which 
primarily contains molecular and limited demographic informa
tion, precluding integration of these important clinical–patho
logical parameters with our genomic findings. Moreover, our 
study was focused on tissue CGP, while future work should also 
include plasma ctDNA, also integrating detailed clinicopatho
logic information, treatment history, disease burden, and sur
vival outcomes to better define the relationship between HRD 
and outcomes for patients with CAPC.

A further limitation concerns the HRDsig cutoff of ≥0.7, which 
was originally derived from a pan-cancer training set to achieve 
high sensitivity for detecting biallelic BRCA1/2 alterations.6 The 
foundational study by Moore et al. did not report prostate- 
specific optimization of this threshold, and alternative cutoffs 
were not explored in that analysis. Consequently, it remains un
certain whether ≥0.7 represents the optimal discriminator in 
clinically advanced prostate cancer, where the genomic context 
of HRD may differ from that of breast or ovarian malignancies. In 
the present study we applied the predefined cutoff without re- 
calibration, and no sensitivity analyses using alternative thresh
olds were performed. Prospective studies specifically focused on 
prostate cancer will be required to refine HRDsig thresholds and 
to validate their predictive value for PARPi response in CAPC.

5. Conclusions
Our hypothesis-generating results support the need for CGP en
abling more inclusive biomarker criteria exploration. Incorporating 
HRD signatures as companion diagnostics may possibly allow 
more precise patient selection and better trial designs.
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