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Clinicopathologic and molecular predictors
of survival in BRCA-deficient tubo-ovarian
high-grade serous carcinoma
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BRCA-associated homologous recombination deficiency (HRD) is present in
~50% of high-grade serous carcinomas (HGSC) and predicts sensitivity to
platinum-based therapy. However, there is little understanding of why some
patients with BRCA-deficient tumors experience poor outcomes. In a large
HGSC cohort (n = 1389) including 282 individuals with pathogenic germline
BRCA variants (gBRCApv), residual disease after primary surgery has limited
prognostic effect in gBRCApv-carriers compared to non-carriers, and prog-
nostic outcomes differ based on the mutation location within functional
domains of the BRCA genes. Multi-omic profiling is performed on 154 tumors,
enriched for patients with BRCA-deficient tumors that experienced short
overall survival ( ≤ 3 years, n = 42). PatientswithBRCA2-deficientHGSCand loss
of NF1 survive twice as long as those without NF1 loss, whereas PIK3CA, RAD21
and MYC amplification define BRCA2-deficient HGSC with exceptionally short
survival. Patients with BRCA1-deficient HGSC and a more elevated HRD score
survive significantly longer. BRCA1-deficient tumors in short survivors have
evidence of immunosuppressive c-kit signaling and EMT. Our findings confirm
that outcome is not determined by BRCA status alone, but rather a combina-
tion of co-occurring genomic alterations, the extent of DNA repair deficiency,
and the tumor-immune microenvironment.

The identification of clinical and molecular determinants of survival in
patients with cancer has the dual benefit of finding biomarkers that
may guide patient management or provide novel therapeutic oppor-
tunities. Until relatively recently, the identification of prognostic bio-
markers in ovarian cancer has been confounded by a lack of
appreciation of the distinctly different molecular characteristics of the
various histologic subtypes that make up epithelial ovarian cancer1.
Evaluating histologically homogenous sets of ovarian tumors has been
critical in deciphering the prognostic importance of proteins such as
p532,3 and WT14, and identifying genetic risk loci5–12.

High-grade serous carcinoma (HGSC) is the most common his-
totype, accounting for approximately 70% of ovarian cancer deaths in
Western countries13–16. Homologous recombination-mediated DNA
repair deficiency (HRD) is frequent in HGSC and is most often

associatedwithmutations inBRCA1 andBRCA217–19. Approximately fifty
percent of HGSC are regarded to have HRD, a feature that can be
inferred through specific patterns of genomic scarring in tumor
cells13,20–25. HRD leads to genomic instability and tumorigenesis, pro-
viding a vulnerability in tumor cells with increased sensitivity to
double-strandDNAbreaks that canbe exploited therapeutically26–28. As
a result, platinum-based chemotherapy and poly (ADP-ribose) poly-
merase inhibitor (PARPi) maintenance therapy are generally more
effective in patients with HRD tumors28–34.

While HRD status is informative, accurate prediction of treatment
response and survival in HGSC cannot be simply determined by the
presence or absence of mutations in genes associated with HR DNA
repair26,35. The initial survival advantage for carriers of pathogenic
germline BRCA1 variants (gBRCA1pv) diminishes over time, with fewer
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gBRCA1pv-carriers surviving 10 years after diagnosis than either
gBRCA2pv-carriers or non-carriers33,36,37. Factors associated with sur-
vival outcome in HGSC include residual disease following cytor-
eductive surgery16,38–40, the molecular subtype of the tumor41, age at
diagnosis42, and the extent of T- and B-cell infiltration into tumors43,44.
In germline pathogenic variant carriers, the location of mutations
within BRCA1 or BRCA2, or the retention of the wildtype allele in the
tumor can result in a hypomorphic phenotype associated with resis-
tance to platinum-based therapy45–49. Furthermore, revertant muta-
tions restoring BRCA1 and BRCA2 function contribute to acquired
resistance to platinum-based therapy andPARPis, impacting treatment
response and patient outcomes50–52.

Comparing patients who represent the extremes of survival out-
comes may provide increased sensitivity to identify prognostic bio-
markers that are relevant to a wider patient population53. Using this
approach, we have recently shown that plasma cell infiltration and
other molecular changes, including co-loss of BRCA and the tumor
suppressor RB1, are associated with especially long-term survival in
HGSC22,54,55.

The current study evaluatesBRCA-deficientHGSCbyfirst focusing
ongBRCApv-carriers and then expanding to include somaticmutations
and promotermethylation in BRCA1/2, and other key HR genes, as well
as evaluating tumorHRD status. We focus on patients with either poor
or favorable survival outcomes, harnessing the value of analyzing
patients with exceptional survival outcomes while comparing cohorts
that are as similar as possible in other respects.

Results
Association of residual disease with prognosis is attenuated in
gBRCApv-carriers
Pathogenic germline BRCA variants (gBRCApv) were identified in 20%
of patients in the Australian Ovarian Cancer Study (AOCS) cohort
(n = 282/1389) (Table 1, Supplementary Data 1 and 2). In applying a
survival model, there was evidence that the proportional hazards
assumption did not hold (P < 0.001), thus an Accelerated Failure Time
(AFT) model56 was used with results reported as Time Ratios (TR; see
Methods), where TR > 1 indicates longer time to progression or death,
and a TR < 1 indicates shorter survival or time to progression. Patients
with gBRCApvs exhibited improved overall survival (OS; TR: 1.53, 95%
CI: 1.33–1.76, P < 0.001) and progression-free survival (PFS; TR: 1.34
95% CI: 1.28–1.53, P <0.001) compared with non-carriers (Supple-
mentary Tables 1 and 2).

We considered whether clinical characteristics differed by germ-
line BRCA status and found a statistically significant interaction with
residual disease status (P-interaction = 0.011; Supplementary Table 3).
Using this interaction term, we found that the negative effect of resi-
dual disease after cytoreductive surgery on OSwas less pronounced in
gBRCApv-carriers (TR: 0.87, 95% CI: 0.72–1.06, P =0.162) than in non-
carriers (TR: 0.51, 95% CI: 0.44–0.59, P < 0.001; Fig. 1A, Table 2). The
importance of residual disease for survival in non-carriers was con-
firmed in the independent OTTA cohort (n = 1004, gBRCApv-car-
riers = 221, 22%; Fig. 1B, Supplementary Figs. 1 and 2a). A subanalysis
excluding patients who received PARPi treatment in the first-line set-
ting showed consistent results (Supplementary Table 3).

Because the violation of proportional hazards suggested time-
dependency, we examined the shape of the survival curves. Both OS
curves (Fig. 1A, B) showed that the steepest decline among gBRCApv-
carriers with no residual disease was between years 2–3. Examination
of the PFS curve (only available for the AOCS cohort, Supplementary
Fig. 2b), similarly demonstrated early separation between gBRCApv-
carriers and non-carriers that began to narrow after approximately
two years.

We next assessed the relationship of residual disease and BRCA
status to known immune and molecular features associated with sur-
vival, including tumor-infiltrating lymphocytes (TIL)44,57, RB1 loss22,54,58,

and transcriptional molecular subtypes41. Non-carriers with residual
disease had an inverse association with high CD8 +TIL density
(P = 0.016), with 38.3% of tumors classified as having low or no TIL
(Supplementary Fig. 3, Supplementary Table 4). This group also
showed an inverse association with the C4/differentiated (C4.DIF)
molecular subtype (P =0.010; Supplementary Fig. 3). We observed an
association between the C1/mesenchymal (C1.MES)molecular subtype
and residual disease as previously reported59, but this was only statis-
tically significant among non-carriers (P = 0.005). RB1 loss was asso-
ciated with gBRCApv-carriers without residual disease (P < 0.001;
Supplementary Fig. 3).

Although no statistically significant interaction between neoad-
juvant chemotherapy (NACT) and BRCA status was observed (P-inter-
action=0.12; Supplementary Table 1), there was evidence of
heterogeneity of effect in these subgroups. Among participants who
did not receive NACT, gBRCApv-carriers showed a survival benefit
compared to non-carriers (TR: 1.60, 95% CI: 1.37–1.87, P < 0.001; Sup-
plementary Table 5, Supplementary Fig. 4). In contrast, the OS benefit
in gBRCApv-carriers versus non-carriers was not statistically significant
in the NACT group (TR: 1.39 and 1.17, 95% CI: 0.75–2.60 and 0.62–2.21,
P =0.298 and P = 0.634 respectively, compared to non-carriers who
did not receive NACT).

gBRCApv location and type are associated with survival and
therapy response
Mutations located in various functional domains of BRCA1 and BRCA2
have been associated with differences in survival and responses to
PARPi in ovarian cancer45,46,60. The mutation type and location of
gBRCApvs was ascertained for 240 of the patients in the AOCS cohort
from their clinical records and/or previous sequencing analyses22,58,61,62

(Supplementary Fig. 5a, b and Supplementary Data 2). Following
adjustment for FIGO stage, residual disease status, primary site, age,
and first-line treatment, patients with gBRCA1pvs in exon 10 had a
statistically significant improvedOS and PFS (TR: 1.54 and 1.49, 95% CI:
1.19–2.00 and 1.16–1.91, P < 0.001 and P =0.002, respectively), but the
associationwas attenuated for thosewith variants outside exon 10 (TR:
1.21 and 1.18, 95% CI: 0.97–1.51 and 0.96–1.46, P =0.09 and P = 0.12,
respectively) compared to non-carriers (Table 3). More specifically,
pathogenic variants in the DNA binding domain (DBD) of BRCA1,
located in exon 10, were associated with an OS and PFS benefit com-
pared to non-carriers (TR: 1.60 and 1.58, 95%CI: 1.14–2.25 and 1.15–2.18,
P =0.005 and P =0.006, respectively; Table 3). In contrast, the OS and
PFSbenefit was not statistically significant for patientswith pathogenic
variants in the Really Interesting New Gene (RING) (TR: 1.28 and 1.15,
95% CI: 0.87–1.90 and 0.82–1.61, P = 0.216 and P = 0.419, respectively)
and C-terminal domains of BRCA1 (BRCT) (TR: 1.35 and 1.43, 95% CI:
0.83–2.20 and0.90-2.26, P =0.222 and P =0.126, respectively), located
outside of exon 10. Notably, founder variants were enriched in the
BRCA1 RING domain (59.3%, P <0.0001), whereas no such enrichment
was observed for BRCA2 domains (Supplementary Fig. 5c, d and Sup-
plementary Data 2).

Patients with BRCA1 variants in exon 10 have been reported to
have poorer outcomes48 due to expression of an alternative splice
isoform called BRCA1-delta11q (Δ11q) that bypasses almost all of exon
10ofBRCA1 (historically referred to as exon 11). To explore this further,
we assessed BRCA1 isoform expression in our multi-omics cohort
(n = 154) using the bulk RNA sequencing reads spanning the exon 10 to
exon 11 junction (Fig. 2A, Supplementary Data 3 and 4, Supplementary
Notes). The Δ11q isoform was widely expressed regardless of BRCA-
status, but patients with BRCA1 variants in exon 10 had significantly
higher proportions of Δ11q transcripts relative to canonical transcripts
(P = 0.011; Fig. 2B). Patients with BRCA1 variants in exon 10 were clas-
sified as having high (n = 10) or low (n = 9) BRCA1 Δ11q expres-
sion following a median split. Patients with high Δ11q expression had a
shorter survival (median OS 2.74 years) compared to those with low
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Δ11q expression (median OS not reached), although this was not sta-
tistically significant (P = 0.083) andwasnot associatedwith differences
in the HRD sum score (Fig. 2C, D and Supplementary Data 5).

Overall, patients with gBRCA2pv had an improved OS compared
to non-carriers, regardless of mutation location (Table 3). The only
exception was the small group (n = 13) with pathogenic variants in the
DNA binding domain (DBD) of BRCA2, located outside of exon 11, who
did not show a statistically significant OS or PFS benefit compared to
non-carriers (TR: 0.79 and 0.81, 95% CI: 0.39–1.63 and 0.43–1.51,
P =0.528 and P =0.506, respectively).

The type of mutation in BRCA1 and BRCA2 also plays a predictive
role in response to PARPi therapy in ovarian cancer45,60. In our analysis,
pathogenic variants in BRCA1 exon 10 and BRCA2 exon 11 were more
likely to be truncating (98.6% and 92.3%) than those outside these
exons (60% and 76.3%, P < 0.001 and P =0.032 respectively; Fig. 2E, F).
BRCA1 and BRCA2 domains associated with prolonged survival were
more likely to have truncating variants than missense or splice site
variants (P <0.001 and P =0.067, respectively; Supplementary Fig. 5e,
f). Consistent with these findings, analysis of mutation type

Fig. 1 | BRCA status and residual disease as predictors of overall survival in
HGSC (AOCS and OTTA cohort). Kaplan–Meier survival curve for the interaction
term BRCA and Residual status from patients of A the Australian Ovarian Cancer
Study (AOCS) cohort (n = 1284 patients) and B the Ovarian Tumor Tissue Con-
sortium (OTTA) cohort (n = 835 patients). P values calculated by log-rank test.
Source data are provided as a SourceData file. R=Residual disease, R0=No residual
disease, gBRCApv=pathogenic germline BRCA variant, n=Number of patients,
OS=Overall survival.

Table 1 | Baseline characteristics of the clinicopathological
features from patients with HGSC of the Australian Ovarian
Cancer Study (AOCS) cohort

Characteristics n = 1389 n (%)

Age at diagnosis (years)

Median 61

Range 24–87

Unknown 7 (0.5)

Germline BRCA status

Wildtype 1107 (79.7)

gBRCA1pv 175 (12.6)

gBRCA2pv 107 (7.7)

Grade

G3 1100 (79.2)

G2 237 (17.1)

Unknown 52 (3.7)

FIGO stage

III–IV 1193 (85.9)

I–II 134 (9.6)

Unknown 62 (4.5)

Primary site

Ovary 1008 (72.6)

Peritoneum 215 (15.5)

Fallopian tube 140 (10.1)

Unknown 26 (1.9)

Surgery

Primary cytoreductive surgery 991 (71.3)

Interval cytoreductive surgery 299 (21.5)

Other 70 (5)

Unknown 29 (2.1)

Residual disease status

Residual disease 829 (59.7)

No residual disease 467 (33.6)

Unknown 93 (6.7)

Neoadjuvant chemotherapy

No 1060 (76.3)

Yes 322 (23.2)

Unknown 7 (0.5)

PARP inhibitor 1st line

No 1350 (97.2)

Yes 39 (2.8)

Progression-free survival (months)

Median 15

Range 0–285

Unknown 11 (0.8)

Overall survival (months)

Median 38

Range 1–290

Unknown 11 (0.8)

Status

Deceased 984 (70.8)

Alive 393 (28.3)

Unknown 12 (0.9)

G2 Grade 2, G3 Grade 3, OS Overall survival, gBRCApv pathogenic germline BRCA variant.
Source data are provided as a Source Data file.
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demonstrated that truncating gBRCApv were associated with longer
PFS andOS comparedwith non-carriers (PFS TR:1.48, 95%CI: 1.27–1.73,
P <0.001; OS TR:1.58, 95%CI: 1.35–1.86, P <0.001; Table 3), whereas
missense, splice site, or structural variants did not show a significant
survival advantage. Additionally, founder mutation status showed no
association with mutation type in either BRCA1 or BRCA2 (Supple-
mentary Fig. 5g, h and Supplementary Data 2).

NF1 gene alterations are associated with improved survival in
BRCA2-deficient HGSC
To identify genomic features associated with short survival in HRD
tumors, we compared tumor genomes and transcriptomes between
short (OS ≤ 3 years, STS) and long-term (OS > 3 years, LTS) survival
groups (Fig. 3A). Tumor genomes were classified as either BRCA1-
deficient, BRCA2-deficient or BRCA-proficient, which incorporated
germline and somatic alterations in BRCA1 and BRCA2, as well as other
well-defined HR genes, and tumor HRD status as determined by a
mutational signature-based classifier (CHORD, Classifier of HOmo-
logous Recombination Deficiency)63 (Supplementary Notes and Sup-
plementary Data 6–8). Consistent with previous reports22,61,64,65, CCNE1
amplifications (gene level copy number ≥7) were associated with
BRCA-proficiency, and particularly the short-survival BRCA-proficient
group (50%, Padj < 0.001; Fig. 3B, Supplementary Table 6). Similarly, as
previously described22,61, BRCA-proficient tumors had less genomic
scarring and were associated with an older age at diagnosis compared
to BRCA1-deficient and BRCA2-deficient tumors (Supplementary
Fig. 6a, b). Genemethylation has been identified as a prognostic factor

in HGSC66, but no significantly differentially methylated genes with
corresponding up- or down-regulated gene expression were observed
between STS and LTS groups in BRCA1- and BRCA2-deficient tumors
(Supplementary Table 7 and Supplementary Notes).

Alterations in NF1 were most common in BRCA-deficient tumors,
regardless of survival group (BRCA1 STS 43.8%, BRCA1 LTS 33.3%,
BRCA2 STS 30%, BRCA2 LTS 37.5%, BRCA-P STS 21.4%, BRCA-P LTS
14.3%, Padj = 0.061; Fig. 3C and Supplementary Table 6, Supplementary
Data 9). Notably, gene breakage caused by large-scale deletions was
enriched inBRCA2-deficient tumors in the LTSgroup.Wehypothesized
that not all alteration types equivalently disrupt gene function. Indeed,
only 54.2% (26/48) of NF1 alterations showed a locus-specific loss of
heterozygosity (LOH) suggesting a loss-of-function (Supplementary
Data 9 and Supplementary Notes). Concordantly, NF1 mRNA expres-
sion varied in tumors according to the type of NF1 alteration and was
particularly depleted in those with locus-specific LOH (P <0.0001;
Supplementary Fig. 7a). Patients with tumors that harbored loss-of-
function NF1 alterations showed an improved survival compared to
non-loss-of-function NF1 alterations (median OS 11.92 years vs 3.84
years,P = 0.032; Supplementary Fig. 7b). In particular, the combination
of both BRCA2-deficiency and loss-of-function NF1 alteration (n = 11)
was associated with the best survival outcome (median OS 16.96
years), almost twice as long as those with BRCA2-deficient tumors with
no loss-of-function NF1 alteration (median OS 8.84 years; Supple-
mentary Fig. 7c and Supplementary Data 6).

NF1 protein expression was assessed by IHC in a larger cohort
enriched for long-term survivors (n = 658; Supplementary Fig. 1). NF1

Table 2 | Multivariable Accelerated Failure Time (AFT) model of BRCA and residual disease status and clinicopathological
predictive features on overall survival in patients (n = 1377) from the Australian Ovarian Cancer Study (AOCS) cohort

Univariable Multivariable

95%CI 95%CI

Feature Factor Number TR lower upper P-value TR lower upper P-value

gBRCApv & Residual
status

Non carriers & R0 356 - - - - - - - -

Non carriers & R 649 0.42 0.37 0.48 <0.001 0.51 0.44 0.59 <0.001

gBRCApv carriers
& R0

105 1.31 1.03 1.66 0.028 1.18 0.92 1.50 0.191

gBRCApv carriers
& R

174 0.82 0.68 0.98 0.028 0.87 0.72 1.06 0.162

FIGO stage I + II 134 - - - - - - - -

III + IV 1183 0.34 0.28 0.42 <0.001 0.59 0.47 0.74 <0.001

Primary site Ovary 1002 - - - - - - - -

FT 135 1.28 1.04 1.58 0.023 1.10 0.89 1.36 0.364

Peritoneum 215 0.66 0.57 0.77 <0.001 0.82 0.71 0.94 0.005

Age at diagnosis Years Spline 1 1370 0.99 0.98 1.00 0.069 1.00 0.99 1.01 0.669

Years Spline 2 0.99 0.97 1.00 0.142 0.98 0.97 1.00 0.029

Surgery Primary CS 980 - - - - - - - -

Interval CS 299 0.83 0.72 0.95 0.007 0.89 0.48 1.64 0.703

Other 69 1.27 0.99 1.63 0.065 1.13 0.84 1.53 0.418

Neoadjuvant CHT No 1048 - - - - - - - -

Yes 322 0.83 0.72 0.95 0.006 0.96 0.53 1.75 0.897

Grade G2 237 - - - - - - - -

G3 1088 1.22 1.05 1.41 0.009 1.07 0.93 1.22 0.347

PARP inhibitor 1st line No 1338 - - - - - - - -

Yes 39 1.40 0.90 2.12 0.119 1.25 0.81 1.92 0.321

Themodelwasfittedusinga log-logistic distribution. Results are expressed as TimeRatios (TR)with corresponding95%confidence intervals (CI). Two-sided P-valueswerederived fromWald tests. A
TR > 1 indicates a longer survival time,whereas a TR < 1 indicates a shorter survival time. Age at diagnosiswasmodeled using restrictedcubic splineswith3 knots and is presentedas twospline terms.
Source data are provided as a Source Data file.
R Residual disease, R0No residual disease,G2Grade 2,G3Grade 3,OSOverall survival, gBRCApv pathogenic germline BRCA variant, TR Time ratio, CI confidence interval,CHT chemotherapy,CS
cytoreductive surgery, FT fallopian tube.
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protein loss was observed in 13.37% (n = 88/658) of patients and was
associated with improved survival compared to retained NF1 expres-
sion (medianOS 4.70 vs. 3.58 years, P =0.028; Supplementary Fig. 8a).
Although there were few patients with NF1 protein loss and germline
BRCA1 (n = 21) or BRCA2 (n = 6) pathogenic variants, NF1 loss was
associated with better survival in gBRCA2pv-carriers (median OS 8.05
years NF1 loss vs. 5.72 years NF1 retained) but not in gBRCA1pv-carriers
(median OS 4.74 years NF1 loss vs. 4.69 years NF1 retained; Supple-
mentary Fig. 8b). NF1 loss also was associated with a longer survival
among non-carriers (median OS 5.01 years NF1 loss vs. 3.36 years NF1
retained; Supplementary Fig. 8b).

In the independent OTTA cohort with NF1 mRNA expression and
survival data available (n = 5666), low NF1 expression (lowest quantile)
was associated with improved survival compared to high expression
(2nd to 5th quantiles) (median OS 4.18 vs. 3.56 years, P <0.0001;
Supplementary Figs. 1 and 8c). Consistent with the other cohorts,
gBRCA2pv-carriers with low NF1 expression (n = 36) showed an
improved survival (median OS 6.42 years NF1 low vs. 5.66 years NF1
high), while there was no effect in gBRCA1pv-carriers (median OS 5.41
years NF1 low vs. 5.65 years NF1 high, Supplementary Fig. 8 d).

PIK3CA, RAD21, and MYC amplifications are associated with
short survival in BRCA2-deficient HGSC
We found an enrichment of PIK3CA, RAD21, and MYC gene amplifica-
tions in BRCA2-deficient tumors in patients with short compared to
long survival (PIK3CA: 5/10, 50% vs 4/24, 16.7%, Padj = 0.232; RAD21: 5/
10, 50% vs 4/24, 16.7%, Padj = 0.105; MYC: 5/10, 50% vs 3/24, 12.5%,

Padj = 0.126, respectively; Fig. 3D, E; Supplementary Notes). Mutual
exclusivity analysis showed a co-occurrence of RAD21 and MYC
alterations (23/28, Padj < 0.001; Supplementary Data 10). Co-
amplification of RAD21 with MYC or PIK3CA was observed in 20.6%
(7/34) and 8.8% (3/34) patients with BRCA2-deficiency, respectively
(Supplementary Data 10 and 11). PIK3CA and RAD21 mRNA expression
was highly correlatedwith copy number (P < 0.0001), and tumors with
gene amplification ( ≥ 7 copies) had a significantly higher expression
(P < 0.001 and P =0.02, respectively) (Supplementary Fig. 9a, b and
Supplementary Data 12 and 13). In contrast, MYC mRNA expression
showed a weaker correlation with copy number (P =0.011), and MYC
gene amplification ( ≥ 7 copies) was not associated with significantly
higher expression (P =0.13; Supplementary Notes, Supplementary
Data 14). Patients with combined BRCA2-deficiency and PIK3CA
amplification (n = 9, median OS 2.89 years) or RAD21 amplification
(n = 9, median OS 2.89 years) had a significantly worse prognosis
compared to patients with BRCA2-deficient tumors without PIK3CA
amplification (n = 25, median OS 11.92 years) or RAD21 amplification
(n = 25, median OS 11.53 years; Supplementary Fig. 9c, d and Supple-
mentary Data 6).

PI-3 kinase pathway activity is thought to contribute to tolerance
to genome doubling and PIK3CA amplification in whole-genome
duplicated tumors is a frequent event in HRD end-stage HGSC51,67.
The STS BRCA2-deficient group was characterized by high ploidy
(Padj = 0.0073) and whole-genome duplication (Padj = 0.0404), in con-
trast to BRCA1-deficient and BRCA-proficient tumors where the LTS
groups tended to have higher ploidy (Supplementary Fig. 6a). The

Table 3 | Multivariable Accelerated Failure Time (AFT) model analysis of germline BRCA pathogenic variant (gBRCApv)
location and type with progression-free survival and overall survival in patients (n = 1377) from the Australian Ovarian Cancer
Study (AOCS) cohort

Progression-free survival Overall survival

95%CI 95%CI

Feature Factor Number TR lower upper P-value TR lower upper P-value

gBRCApv exon Non carriers 1096 - - - - - - - -

gBRCA1pv Exon 10 68 1.49 1.16 1.91 0.002 1.54 1.19 2.00 <0.001

gBRCA1pv outside
Exon 10

81 1.18 0.96 1.46 0.12 1.21 0.97 1.51 0.093

gBRCA2pv Exon 11 52 1.52 1.16 2.00 0.002 1.67 1.26 2.23 <0.001

gBRCA2pv outside
Exon 11

38 1.66 1.15 2.42 0.007 1.90 1.31 2.76 <0.001

gBRCApv domain Non carriers 1096 - - - - - - - -

gBRCA1pv BRCT 17 1.43 0.90 2.26 0.126 1.35 0.83 2.20 0.222

gBRCA1pv DBD 40 1.58 1.15 2.18 0.005 1.60 1.14 2.25 0.006

gBRCA1pv outside
domain

54 1.41 1.09 1.81 0.007 1.38 1.06 1.79 0.017

gBRCA1pv RING 27 1.15 0.82 1.61 0.419 1.28 0.87 1.90 0.216

gBRCA2pv DBD 13 0.81 0.43 1.51 0.506 0.79 0.39 1.63 0.528

gBRCA2pv outside
domain

35 2.10 1.46 3.00 <0.001 2.03 1.44 2.87 <0.001

gBRCA2pv RAD51-BD 39 1.37 1.01 1.85 0.04 1.58 1.14 2.21 0.006

gBRCApv muta-
tion type

Non carriers 1096 - - - - - - - -

Missense 27 1.20 0.85 1.71 0.297 1.20 0.80 1.79 0.372

Truncating 192 1.48 1.27 1.73 <0.001 1.58 1.35 1.86 <0.001

SV 13 0.83 0.49 1.42 0.501 1.30 0.75 2.28 0.354

Splice 6 1.24 0.64 2.43 0.521 0.87 0.45 1.67 0.670

Modelswere adjusted for FIGO stage, residual disease status, primary tumor site, type of surgery, ageat diagnosis (modeledwith restrictedcubic splines, 3 knots), use ofneoadjuvant chemotherapy,
tumor grade, and PARP inhibitor use in first-line treatment. AFTmodelswere fitted using a log-logistic distribution. Results are presented as Time Ratios (TR)with 95% confidence intervals (CI). Two-
sided P-valueswere derived fromWald tests. A TR> 1 indicates an associationwith longer time to progression or death,while a TR< 1 reflects shorter survival. The reference group for all comparisons
is non-carriers of gBRCApv. Source data are provided as a Source Data file.
DBD DNA Binding Domain, RING Really Interesting New Gene, RAD51-BD = RAD51 Binding Domain, BRCT = BRCA1 C-Terminal.
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Fig. 2 | Analysis of pathogenic germlineBRCA1 and BRCA2 variants and isoform
expression on survival in HGSC (MOCOG cohort). A Illustrates the RNA-seq
coverage and splice junction reads across the BRCA1 gene for two samples (BRCA-7
and BRCA-14). The top and middle panels show the expression levels, with BRCA-7
and BRCA-14 indicating overall expression coverage. The bottom panel depicts the
structure of the BRCA1 isoforms, where the canonical isoform includes exon 10,
while theΔ11q isoformexcludes it. Gray arcs in the top andmiddlepanels represent
splice junction reads supporting the canonical isoform, while red arcs indicate
reads supporting the Δ11q isoform. The higher expression of the Δ11q isoform in
BRCA-14 compared to BRCA-7 highlights differential splicing events between these
samples. B Illustrates a comparison of BRCA1 Δ11q expression among patients
(n = 123) with mutations in BRCA1 exon 10 and outside exon 10, BRCA2 exon 11 and
outside exon 11, and patients with BRCA wildtype. Box plots display the median
(centre line), interquartile range (IQR; 25th–75th percentiles, box bounds), and
whiskers extending to the minimum and maximum values within 1.5×IQR. Indivi-
dual points represent individual patients. P-values were calculated using a two-
sided Kruskal-Wallis test, with two-sided pairwise Wilcoxon rank-sum tests

performed for post hoc comparisons. C Shows HRD sum score distribution among
patients (n = 123) with mutations in BRCA1 exon 10 (high and low Δ11q expression)
and outside exon 10,BRCA2 exon 11 and outside exon 11 and BRCAwildtype tumors.
Box plots display the median (centre line), interquartile range (IQR; 25th–75th
percentiles, box bounds), and whiskers extending to the minimum and maximum
valueswithin 1.5×IQR. Individual points represent individual patients. P-valueswere
calculated using a two-sided Kruskal-Wallis test, with two-sided pairwise Wilcoxon
rank-sum tests performed for post hoc comparisons. D Kaplan–Meier analysis of
overall survival comparing high vs low Δ11q expression (divided by median) in
patients (n = 19) with a BRCA1mutation on Exon 10. P-value calculated using a two-
sided log-rank test. The distribution of mutation types within BRCA1 outside exon
10 vs. on exon 10 (n = 149 patients) and for BRCA2 outside exon 11 vs. on exon 11
(n = 90 patients) is presented in E, F, respectively. Group differences were assessed
using a two-sided Fisher’s exact test. Source data are provided as a Source Data file.
BRCAwt = BRCA wildtype, HR Hazard ratio, n Number of patients, SV Structural
variants, LST Large scale transitions, LOH Loss of heterozygosity, AI Allelic
imbalance.
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Fig. 3 | Genetic landscape of HGSC stratified by BRCA status and survival
(MOCOG cohort). A Oncoprint showing germline and somatic alterations of
homologous recombination (HR) genes and other genes of interest stratified by
BRCA-status and survival group (n = 154 patients). The distribution of the mutation
type within the BRCA survival group (n = 154 patients) is shown for B CCNE1, C NF1,
D PIK3CA, and E RAD21. P-values were calculated by a two-sided Fisher’s exact test,
and P-values were adjusted using the Benjamini-Hochberg (BH) procedure (Padj).

Source data are provided as a Source Data file. BRCA status group: Long-term
survivor (LTS) =OS > 3 years, Short-term survivor (STS) =OS ≤ 3 years, BRCA-P =
BRCA-proficient, HRD score High = ≥ 63 HRD Sum, Moderate = 42–62, Low= ≤41
HRD Sum, HRD Homologous recombination deficiency, CHORD Classifier of
HOmologous RecombinationDeficiency, SVStructural variant,WGWhole gene, BH
Benjamini-Hochberg.
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association between PIK3CA and survival by BRCA status was further
corroborated in the OTTA cohort, where gBRCA2pv carriers with high
PIK3CA RNA expression (highest quantile) had shorter survival relative
to their counterparts with low expression (median OS 3.83 vs 7.43
years, P <0.0001; Supplementary Fig. 9e), whereas gBRCA1pv carriers
with high PIK3CA RNA expression showed improved survival (median
OS 7.67 vs 5.23 years). In contrast to PIK3CA, there were more modest
differences between high and lowMYC expression groups in gBRCA1pv
andgBRCA2pv carriers (medianOS7.18 vs 5.41 years for gBRCA1pv; 5.13
vs 6.41 years for gBRCA2pv, respectively). In BRCA wildtype tumors,
MYC expression demonstrated a stronger correlation with outcome
(median OS high 4.14 vs low 3.08 years; Supplementary Notes) com-
pared to PIK3CA expression (median OS high 3.21 vs low 3.22 years;
Supplementary Fig. 9e).

Elevated HRD scarring is prognostic for survival in BRCA-
deficient HGSC
High tumor mutation burden has been shown to be associated with
long-term survival in ovarian cancer22. However, we found that
tumor mutation burden and predicted neoantigen counts were
equivalent in BRCA1-deficient and BRCA2-deficient tumors between
STS and LTS groups (Fig. 4A–C, Supplementary Fig. 6a, and Sup-
plementary Data 15). Among various genomic features that were
compared between these groups (Supplementary Fig. 6a), the HRD
score27 was elevated in BRCA1-deficient tumors with long survival
times compared to those with short survival times (P = 0.017;
Fig. 4D). HRD score is ameasure of genomic scarring associated with
impaired HR repair, suggesting a more profound inactivation of the
HR pathway in patients with good outcome. Retention of the wild-
type allele with absence of locus specific LOH has been reported to
influence outcomes in gBRCApv-carriers in ovarian and breast
cancer68–71. However, in our cohort there was only one gBRCA2pv
carrier without loss of the wildtype allele (patient BRCA_9; Supple-
mentary Data 7 and Supplementary Notes). Concordantly this tumor
was HR-proficient with anHRD score of 27 (HRP ≤ 42HRD sum score)
andCHORD score of 0 (HRP ≤ 0.5 CHORD score), and the patient had
short OS (<3 years).

We observed a dynamic range in HRD scores, even among tumors
with pathogenic BRCA mutations, suggesting a non-equivalence of
alterations. The cutoff of the HRD score has been debated, with 42
mainly used in recent clinical trials72–76, and amore stringent threshold
of 63 has been proposed for ovarian cancer77. Indeed, patients whose
tumors had a high HRD score (≥63) had longer OS (median OS 10
years) compared to those with HRD scores of 42-62 (median OS 2.66
years) and ≤41 (median OS 2.5 years), regardless of BRCA-status
(P = 0.039; Fig. 4E and Supplementary Data 6). Upon applying a
threshold of 63 to divide samples into high and low HRD, all BRCA-
proficient tumors had a low HRD score. Furthermore, patients with
BRCA1- andBRCA2-deficient tumors andHRD scores ≥63 had longerOS
compared to patients with lower HRD scores (median OS 6.76 vs. 2.01
years and 11.88 vs. 6.73 years, respectively; Fig. 4F and Supplementary
Data 6). Notably, patients with BRCA1-deficient tumors with HRD
scores <63 had similar OS to patients with BRCA-proficient tumors
(median OS 2.01 years vs 2.21 years).

Gene Set Enrichment Analysis78 (GSEA;Methods) revealed distinct
patterns of pathway regulation based on HRD scores and BRCA status
in patients with HGSC. Specifically, pathway activation in BRCA1- and
BRCA2-deficient patients with low HRD (<63) closely resembled those
of BRCA-proficient patients (Fig. 4G). In contrast, BRCA1-deficient
patients with high (≥63)HRD scores showed anupregulation of several
pathways, including interferon-gamma and inflammatory response.
These pathways are primarily involved in host defense and immune
surveillance79, underscoring their potential role in modulating the
tumor microenvironment and influencing immune response in
patients with BRCA1-deficient tumors.

CD8+PD-1+T cells are prognostic for survival in gBRCApv-
carriers
We considered whether BRCA-deficient cases with shorter survival
would have fewer mutation-associated neoantigens to drive anti-
tumor responses, but there was no difference in neoantigen counts
between the STS and LTS groups for both BRCA1 and BRCA2 (P =0.51
and P = 0.39, respectively; Fig. 4C). Tumor samples from 143 HGSC
gBRCApv-carriers were analyzed by multi-color immunofluorescence
todetermine the epithelial and stromal immune cell densities and their
associations with survival groups (Supplementary Fig. 1). Aside from
intraepithelial B cells andCD4 +Tcells (OR = 1.0), all other immune cell
subsets had a positive association with survival (OR < 1.0; Supple-
mentary Table 8). Only intrastromal and intraepithelial CD8+ PD-
1 + T cells were significantly more abundant in gBRCApv-carriers with
LTS compared to thosewith STS (P =0.043 andP =0.029, respectively;
Supplementary Table 8).

The mesenchymal features c-KIT and mast cells are associated
with poor outcome in HGSC
Immune cell abundance was estimated in 154 HGSC tumor samples
using CIBERSORTx80. Unsupervised clustering of the inferred immune
cell densities identified six groups of patients (Fig. 5A, and Supple-
mentary Data 16) associated with differential survival outcomes
(P = 0.0053; Fig. 5B). The IMMB.1 (n = 30) and IMMB.6 (n = 25) clusters
had exceptionally long survival (median OS 14.87 and 10.45 years,
respectively; Supplementary Data 6). The group with the shortest
survival (cluster IMMB.5, n = 24, median OS 2.03 years) was enriched
with activated dendritic cells and resting mast cells, a feature asso-
ciated with the C1.MES subtype (P = 0.0021; Fig. 5C). Although acti-
vated dendritic cells were elevated in the IMMB.5 cluster, their
association with survival did not remain significant in multivariable
Cox regression analysis (Supplementary Fig. 10a). In contrast, resting
mast cells emerged as the immune cell type most strongly associated
with poor outcome (HR: 1.26, 95% CI 1.06–1.5, P =0.009, Supplemen-
tary Fig. 10a). BRCA1-deficient tumors in patients with STS had
increased expression of the mast cell growth factor receptor c-KIT
(CD117) compared to those with LTS (P =0.003, Padj = 0.101; Supple-
mentary Fig. 10b). Patients with high c-KIT tumor expression had sig-
nificantly shorter OS than those with low c-KIT tumor expression,
regardless of BRCA and HRD status (HR: 1.71, 95% CI 1.16–2.53,
P =0.0071; Supplementary Fig. 10c). The C1.MES subtype showed
higher expression of c-KIT, together with an upregulation of the epi-
thelial mesenchymal transition (EMT) pathway, compared to the
C2.IMM subtype (Padj < 0.001) (Supplementary Fig. 10d, e).

Discussion
Our study highlights the complexity of survival determinants in
patients with HGSC, demonstrating that it is the intersection of mul-
tiple factors, including surgical residual disease, immune response,
and somatic gene alterations, which may influence outcome rather
than BRCA mutation status alone. This interplay was particularly
apparent in the diminished adverse impact of surgical residual disease
in gBRCApv-carriers compared to non-carriers. Previous reports have
suggested that surgery in a BRCA-deficient setting may have a lesser
impact on survival in both first-line and platinum-sensitive
setting33,49,81, indicating that it may be particularly important to
achieve complete resection of BRCA-proficient tumors. In addition, an
exploratory analysis of the PAOLA-1/ENGOT-ov25 trial82 showed that
patients with BRCA-proficient tumors classified as higher risk (FIGO
stage III with primary cytoreductive surgery and residual disease, or
NACT; FIGO stage IV) had notably worse PFS compared to lower-risk
patients, while this difference was less pronounced in patients with
BRCA-deficient tumors. These results emphasize the importance of
primary cytoreductive surgery with complete resection for non-car-
riers, who may also benefit more from secondary cytoreductive
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surgery in contrast to gBRCApv-carriers83. Equally, it may be that the
positive effect of optimal cytoreduction is not as apparent in BRCA
carriers, due to the chemotherapy (platinum) sensitivity associated
with BRCA-deficiency.

In the current study, the association between NACT and survival
appeared to differ by gBRCApv status, with a potential attenuation of
survival benefit among gBRCApv-carriers who received NACT.

However, the subgroup analyses by gBRCApv status and treatment
type were likely underpowered, limiting definitive conclusions
regarding potential interactions.Given the rapid increase in the uptake
of NACT in recent years84, it will be important to determine if patients
with BRCA-deficient tumors may be negatively impacted by NACT85.
Although relapse biopsies were unavailable to assess the emergenceof
resistance mutations in this study, the acquisition of BRCA reversion
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mutations is frequent50–52, and it is plausible that reversion events may
be more common where chemotherapy commences with a large
tumor volume from which resistant clones could emerge under
selection61. This is especially important in the PARPi era, where the
early development of platinum resistance could negatively impact on
the potential benefit gained fromPARPi treatment.While the impactof
NACT on outcomes according to BRCA status is not yet known, it is
becoming increasingly important to more rapidly determine the BRCA
and broader HR status of a patient’s tumor at diagnosis to make the
most informed decisions at primary treatment.

Our study highlights the spectrum of HRD scores seen in patients
with BRCA-deficient tumors. While all but two exceeded a threshold
(>42) required for classification as HRD, the improvedOS and PFS seen
with amore stringent threshold (≥63) supports thatHRD shouldnot be
considered a binary classification but rather a continuous variable26,35.
This finding is consistent with a previous analysis of 537 HGSC cases
from The Cancer Genome Atlas which showed that patients with HRD
scores ≥63 were associated with better survival outcomes, while those
with intermediate (42–62) and low (≤42) HRD scores had overlapping
survival curves77. It is important to mention that in our study, samples
were collected over nearly 20 years, a timeframe that encompasses
changes in treatment practices, making it challenging to determine
how evolving therapies, particularly the introduction of PARPi, may
have influenced outcomes. It is notable that the HRD score threshold
of 42 was originally established to predict response to neoadjuvant
platinum-containing chemotherapy in patients with breast cancer86,
which tends to have less genomic scarring compared to ovarian
cancer27,77. As HRD scores ≥63 strongly predicted better outcomes in
BRCA-deficient HGSC, our findings support the prognostic value of
HRD score thresholds. However, it is premature to conclude that a
higher threshold should alter therapy selection. To establish this, a
comprehensive analysis of maintenance PARPi trials, incorporating
HRD scores, would be necessary to confirm their predictive role in
guiding treatment decisions. Furthermore, it would be ideal to extend
this investigation to include other relevant genomic alterations iden-
tified in trial samples to refine patient stratification further. This
refinement would help identify patients for whom no maintenance
therapyor additional targeted therapymaybemore appropriate,while
avoiding potentially ineffective treatments for those with lower HRD
scores, thereby personalizing therapy to maximize efficacy and mini-
mize unnecessary side effects.

Our analyses corroborated Labidi-Galy et al.‘s findings that
pathogenic variants in the RAD51-BD of BRCA246 and the DBD of
BRCA145 are associated with improved outcomes in HGSC. By contrast,
alterations outside BRCA1 exon 10, particularly in the BRCT and RING
regions, are not associated with a significantly improved survival
compared to non-carriers and in some cases may confer platinum and
PARPi resistance47. While BRCA1 exon 10 mutations have been

associated with improved outcomes in multiple studies, including
ours, there is evidence that tumorsmay express the BRCA1-Δ11q splice
isoform,whichbypasses exon 10mutations and results in a shorter but
partially functional protein that is permissive of treatment
resistance45,48. In our study, patientswith a pathogenicBRCA1 variant in
exon 10 and highΔ11q expression had a shorter survival. However, this
did not reach statistical significance due to the relatively small sample
size for which we had RNA-seq data (n = 19 BRCA1 exon 10 mutated
tumors) and we were unable to measure Δ11q expression during or
following treatment. This is important because Δ11q expression may
increase or fluctuate under the selective pressure of treatment, which
would influence treatment response and survival outcomes87. Further
characterization of whether specific BRCAmutations relate to variable
expression of BRCA splice isoforms in primary tumors is also war-
ranted, as studies have shown that certain splice site mutations are
associated with a reduced cancer penetrance phenotype88, and these
could plausibly be associated with a lower HRD score and/or a
diminished response to therapy.

CD8 + PD1 + T cells are associated with improved outcomes in
ovarian cancer89, contributing to enhanced anti-tumor immunity. In
our analysis, the presence of these cells in tumors was prognostic for
survival in gBRCApv-carriers, although to a lesser extent. This suggests
thatwhile cytotoxic T-cell activity remains important inBRCA-deficient
tumors, additional factors may influence survival. Kraya et al.90 also
reported substantial heterogeneity in immune infiltration among
BRCA-deficient ovarian cancers, identifying immune-high and immune-
low subsets characterized by co-occurring genomic alterations such as
PTEN loss and BRCA1 promoter hypermethylation. Their findings
complement our observations by reinforcing that BRCA deficiency
alone does not guarantee robust T-cell responses and that tumor-
intrinsic immune resistance mechanisms may blunt immunogenicity.
Given the established association between BRCA and HR status and
increased TMB22, it is possible that immune exhaustion, suppressive
signaling or tumor-intrinsic immune resistance pathways may coun-
teract the expected immunogenicity. Intriguingly, BRCA1-deficient
tumors with high HRD scores had evidence of enhanced immune-
related gene transcription. In addition, while our study did not include
cigarette smoking in the survival models, smoking has been identified
as a potential factor influencing survival in gBRCApv-carriers91, which
may also influence the immune response. Further research into mar-
kers of T-cell exhaustion and other immune regulators is needed to
better understand the differential immune responses in thesepatients.

NF1 gene loss-of-function emerged as a good prognostic factor in
BRCA2-deficient HGSC. Loss-of-function ofNF1 is common in epithelial
ovarian cancer with a prevalence of 12–31%13,20,22,61,92,93. NF1 inactivation
by gene breakage or mutations may contribute to initial good prog-
nosis but later chemoresistance in patients with HGSC and BRCA-
deficiency84. This is consistentwith recentfindings thatdeleteriousNF1

Fig. 4 | Influence of homologous recombination deficiency in HGSC indepen-
dent of BRCA status (MOCOG cohort). Comparison of A SV total counts, B SNV
counts per megabase, C neoantigen counts, and D HRD sum score between BRCA
survival groups (BRCA1 = BRCA1-deficient; BRCA2 = BRCA2-deficient; BRCA-
P =BRCA-proficient; Long term survivor (LTS) =OS> 3 years; Short term survivor
(STS) =OS ≤ 3 years). For A–D (n = 154 patients), box plots represent the median
(centre line), with the lower and upper bounds of the box indicating the 25th and
75th percentiles (interquartile range, IQR). Whiskers extend to the minimum and
maximum values within 1.5× the IQR. Individual dots correspond to individual
tumors. P values were calculated using the Kruskal–Wallis test and adjusted for
multiple comparisons using the Benjamini–Hochberg (BH) method (Padj).
E Kaplan–Meier analysis of overall survival stratified by different thresholds of the
HRD sum score (High ≥63, Moderate 42–62, Low ≤ 42) in 154 patients with BRCA-
deficient and BRCA-proficient HGSC. P value calculated by log-rank test.
F Kaplan–Meier analysis of overall survival in patients (n = 153) with HGSC stratified
by BRCA-status and high (High≥ 63) or low (Low < 63) HRD sum score. P value

calculated by log-rank test. G Clustered heatmap summarizing Gene Set Enrich-
ment Analysis (GSEA) using Hallmark Molecular Signatures Database (MSigDB)
gene sets (n = 154 patients). Enrichment analysis was performed using FGSEA, and
normalized enrichment scores (NES) are shown. Two-sidedP valueswere calculated
using the FGSEA default permutation-based Monte Carlo method and adjusted for
multiple testing using the Benjamini–Hochberg (BH) procedure. Triangle direction
and color indicate the direction and magnitude of the NES, while triangle size
corresponds to the negative log10 BH-adjusted P value (Padj). Columns are grouped
by BRCA status and HRD score category (BRCA1; BRCA2; BRCA-P, BRCA-proficient,
High ≥ 63; Low < 63), with enrichment direction defined by the first group listed in
each x-axis label. Source data are provided as a Source Data file. SV Structural
variants, SNV Single nucleotide variant, MB Megabase, HRD Homologous recom-
bination deficiency, HRP Homologous recombination proficiency, BRCA-P = BRCA-
proficient, LST Large scale transitions, LOH Loss of heterozygosity, AI Allelic
imbalance.
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mutations are associated with improved PFS in ovarian cancer20 and
low mRNA expression of NF1 predicts longer overall survival22. In
contrast, PIK3CA amplification and high mRNA expression were asso-
ciatedwith shorter survival in patientswithBRCA2-deficientHGSC. As a
major regulator of the phosphoinositide 3-kinase (PI3K) pathway,
PIK3CA activationpromotes cell proliferation and survival, especially in
genomically unstable cancers51,67. Its amplification may enhance tol-
erance to genome doubling and contribute to the aggressive nature of
BRCA2-deficient tumors. The contrasting survival outcomes between
PIK3CA amplification and NF1 loss-of-function underscore the hetero-
geneity of HGSC tumors, highlighting the need for personalized ther-
apeutic strategies, even within the BRCA2-deficient subgroup.

Our study has limitations that should be considered when inter-
preting the findings. First, the cohorts span nearly two decades, during
which treatment practices evolved substantially; althoughwe adjusted
for treatment factors and performed sensitivity analyses excluding
PARPi exposure, changes in clinical management may influence out-
come estimates. Second, multi-omics profiling was performed on a
survival-enriched subset (extreme STS and LTS), which strengthens
signal detection but may limit generalizability to the broader HGSC
population. Third, several molecular subgroups, such as BRCA1 exon
10 tumors with high Δ11q expression or BRCA2-deficient tumors with
RAD21 amplification, were small, and larger datasets will be required to
validate these associations. Finally, while our integrative analyses

Fig. 5 | Integration of immune cell profiling by CIBERSORTx and survival ana-
lysis in HGSC (MOCOG cohort). A Summary of the immune cell types arising from
theCIBERSORTx analysis fromBRCA-deficient andBRCA-proficient samples (n = 153
patients). Tumors fell into 6 major clusters (IMM.1-IMM.6) of immune cell types
associatedwith survival. Eachpatient is annotatedwith survival group, status at last
follow-up, CIBERSORTx absolute immune scores, molecular subtype, HRD score,
BRCA status andCHORD score.BKaplan–Meier analysis of overall survival stratified
by immune clusters (n = 153 patients). P value calculated by log-rank test.
C Box plots summarize the absolute cell enrichment score of mast cells resting
markers across the molecular subtype (C1.MES; C2.IMM; C4.DIF; C5.PRO) (n = 153
patients); points represent each sample, boxes show the interquartile range
(25–75th percentiles), central lines indicate the median, and whiskers show the

smallest/largest values within 1.5 times the interquartile range. Group differences
were assessedusinga two-sidedKruskal–Wallis test, followedby two-sidedpairwise
Wilcoxon rank-sum test comparing molecular subtypes (C2.IMM; C4.DIF; C5.PRO)
to C1.MES (**P <0.01, ***P <0.001). Source data are provided as a Source Data file.
Survival group: Long term survivor (LTS) =OS> 3 years, Short term survivor
(STS) =OS ≤ 3 years, HRD=Homologous recombination deficiency, HRD score:
High = ≥ 63 HRD Sum, Moderate = 42-62, Low = ≤41 HRD Sum, Molecular subtypes:
C1.MES =C1 mesenchymal subtype, C2.IMM=C2 immunoreactive subtype,
C4.DIF = C4 differentiated subtype, C5.PRO=C5 proliferative subtype, Status: D
Dead, PF Progression-free, P Progression, IMMB Immune cluster BadBRCA
(IMMB.1-IMMB.6).
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identify putative biological mechanisms and candidate modifiers of
outcome, functional validation studies are essential to clarify the
mechanistic basis and therapeutic relevance of these observations.

In summary, our study demonstrates that survival in BRCA-defi-
cient HGSC is determined not by BRCA status alone but by the com-
bined influence ofHRDseverity, co-occurring genomic alterations, and
the immune microenvironment. Integrating these features, including
an HRD gradient, NF1 loss-of-function, CD8 + PD1 + T-cell activity, and
adverse modifiers such as PIK3CA and RAD21 amplification, provides a
framework for more refined risk stratification and identifies potential
therapeutic targets that may warrant exploration in future clinical
trials. These findings support the design of prospective studies
incorporating multi-layered genomic and immune profiling to perso-
nalize therapy and develop targeted interventions for biologically
defined BRCA-deficient subgroups.

Method
Ethics statement
Written informed consent or an approved waiver of consent was
obtained at each participating study site for patient recruitment and
the use of samples and linked clinical information (Supplementary
Data 17). A waiver of consent applied to cases from five of the 34OTTA
study sites (i.e., the Alberta Ovarian Tumor Types Study, the Brazil
Gynecologic Tumor Bank study, the Kliniken Essen-Mitte Department
for Gynecology and Gynecologic Oncology, The Netherlands Cancer
Institute, and the Vancouver Ovarian Cancer Study) and was granted
approval because the studies used anonymized data, had a retro-
spective design with no active subject recruitment, clinical interven-
tions or impact on patient care, and used archival pathology
specimens. Investigations were performed after approval by local
human research ethics/institutional review board committees at each
site, including the Bioethical Committee of Pomeranian Medical Uni-
versity, the Bioethics and Animal Welfare Committee of the Carlos III
Health Institute, the Cambridgeshire 4 Research EthicsCommittee, the
City of Hope Institutional Review Board (IRB), the Conjoint Health
Research Ethics Board, the Duke University Health System IRB, the
Landesärztekammer Nordrhein Ethical Review Board, the South East
Multi-Centre Research Ethics Committee, the Ethics Committee of the
Friedrich-Alexander-University Erlangen-Nuremberg, the Ethics Com-
mittee of theHeidelberg University Clinic, the Ethics Committee of the
University Hospitals Leuven, the Ethics Committee at the Medical
Faculty and at the University Hospital of Tübingen, the Ethics Com-
mittee of the Medical Faculty at the University of Heidelberg, the Fred
Hutchinson Cancer Research Center IRB, the Health Research Ethics
Board of Alberta, the IRB of Cedars-Sinai Medical Center, the IRB
Health Research Association and IRB University of Southern California
School of Medicine, the Mayo Clinic IRB, the IRB of the Netherlands
cancer registry and the IRB of the Netherlands cancer institute, the
National Health Service Central Office for Research Ethics Committees
and The Joint University College London/University College London
Hospital Committee on the Ethics of Human Research, the Peter
MacCallumCancer CentreHuman Research Ethics Committee (HREC),
the Research Ethics Committee of Hospital das Clínicas of the Ribeirão
Preto Medical School, the South Eastern Sydney Local Health District
HREC, the St John of God Healthcare HREC and the Women and
Newborn HREC, the Swedish Ethical Review Authority, The Duke Uni-
versity Health System IRB for Clinical Investigations, the UCLA IRB, the
UK ethics committee, the University of British Columbia - British
Columbia Cancer Agency Research Ethics Board, the University of
Hawaii Committee on Human Studies, the University of Pittsburgh IRB
and Roswell ParkCancer Institute IRB, the USNational Cancer Institute
special studies IRB, the Western IRB, and the Western Sydney Local
HealthDistrictHREC. This studywas conducted in accordancewith the
principles of Good Clinical Practice, the Declaration of Helsinki and
local regulations.

Study population
This retrospective, multi-center study included patients diagnosed
with HGSC between 2002 and 2019. The Australian Ovarian Cancer
Study (AOCS) cohort (n = 1389) included all stages (FIGO I-IV), and the
Multidisciplinary Ovarian Cancer Outcomes Group (MOCOG) cohort
(n = 154) was restricted to advanced stage disease (FIGO III and IV;
Table 1, Supplementary Fig. 1, and Supplementary Data 17). Patients
were categorized based onOS into short (<3 years) and long (≥3 years)
OS groups (Supplementary Notes). For multi-omics analysis, 154
patients had fresh-frozen tumor obtained during primary cytor-
eductive surgery and matched blood samples, or were previously
analyzed22,61. Findings were validated in an independent HGSC cohort
(n = 5875) from theOvarian TumorTissueAnalysis Consortium (OTTA)
for which gBRCApv status was available.

Molecular data
Single-nucleotide polymorphism (SNP) arrays. Tumor and matched
normal DNAwas analyzedwith the InfiniumOmniExpress-24 BeadChip
arrays as described previously22. The concordance of normal and
tumor DNA was assessed using HYSYS94. Tumor DNA samples with
estimated tumor cellularity >40% (determined by qPure95 and
ASCAT96) were considered appropriate for whole genome sequencing
and methylation arrays.

Whole genome sequencing (WGS). For WGS, libraries were gener-
ated from tumor and matched normal genomic DNA from peripheral
blood mononuclear cells with a minimum base coverage of 60x and
30x, respectively. FASTQ files were assessed for sequencing quality
using FASTQC (v0.11.8) and, for contaminants using FastQ Screen97

(v0.11.4). Adapters, N-content and low-quality bases were trimmed
using fastq-mcf (v1.05). Sequenced data was mapped to the human
genome reference GRCh37 b37 using the aligner BWAmem98 (v.0.7.17-
r1188). Aligned BAM files per lane were then sorted, merged and
duplicates marked using Picard Tools (v.2.17.3). Further processing of
the aligned files included base recalibration using GATK Base-
Recalibrator (v4.0.10.1). Coverage calculation was performed using
GATK DepthOfCoverage (v3.8-1-0-gf15c1c3ef). GATK HaplotypeCaller
(v.4.0.10.1) was used on germline BAMs to generate Genomic Variant
Call Format (GVCF)fileswhichwere used as the Panel ofNormals (PoN)
in the Mutect2 somatic variant calling workflow. Tumor purity and
ploidy were estimated using FACETS99.

RNA-sequencing (RNA-seq). Extracted RNA from tumor tissue sam-
ples underwent RNA-seq, with initial quality control checks on raw
FASTQ files performed using FastQC97 (v0.11.8). Adapter, poly (A) tails,
N content and low quality base trimming was done using fastq-mcf
(v1.05), and contamination was assessed using FastQ Screen97

(v(0.11.4). Reads were then mapped to the human reference
GRCh37.92 using the STAR100 (v2.6.0b) two-passmethod. Themapped
reads were then sorted using Picard Tools (v2.17.3). Counts were
generated using HTSeq101 (v0.10.0) on the GRCh37.92 Ensembl release
gene annotation. Rawcount datawas then subsetted to protein coding
genes and lowly expressed genes were removed using the following
strategy. First, raw counts were converted to CPM (counts per million)
andonlyprotein coding geneswith a CPMof greater than0.5 in at least
10 samples were retained. The resulting raw count matrix was then
normalized using the trimmedmean ofM values (TMM)method using
edgeR102 (v3.28.1). Batch effects were removed using limma’s103

(v3.48.2) removeBatchEffect function. Batch effect removal was done
by applying batch correction on the library type (stranded/unstran-
ded) while preserving the survival group (long/short).

Methylation arrays. The generation and processing of methylation
array data was performed as previously described by Garsed et al.22.
Briefly, initial quality control was performed by QuantiFluor
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(Promega). Subsequently, 500 ng tumor DNA was converted using the
EZ DNA Methylation kit (Zymo Research) and analyzed using the Infi-
nium MethylationEPIC BeadChip arrays. The R package minfi104

(v1.32.0) was then used for quality control assessment and processing
of the methylation data as previously described22.

Immunofluorescence (IF) data. Tissue microarrays (TMAs) were
constructed from formalin-fixed paraffin-embedded (FFPE) blocks of
tumor tissue and stained by IF with two panels of antibodies against
immunemarkers of interest. Panel 1 detected CD3, CD8, CD20, FOXP3
and CD79; panel 2 detected CD3, CD8, PD-1, PD-L1 and CD68. Both
panels also detected pan-cytokeratin to identify tumor epithelium.
Detailed antibody information is provided in the Supplementary
Data 18. Automated cell scoring, including separation of epithelial and
stromal regions, wasperformedusingQuPath (v0.2m2),with extensive
manual training and validation. CD4 +T cells were defined as CD3 +
CD8- cells, as previously105.

Immunohistochemistry (IHC). Sections of 4 µm thickness were cut
from previously constructed TMAs of FFPE tumor samples. Depar-
affinized sectionswere stainedwith theC-terminal NF1 antibody (clone
NFC, SIGMA #MABE1820; St. Louis, MO, USA) using our previously
described protocol on a DAKO Omnis platform: 30min of pre-
treatment heat-induced antigen retrieval in Tris-EDTA buffer, pH =
9.0; primary antibody incubation for 1 h at dilution 1/50, 10min of a
mouse linker, and 30min for the peroxidase labeled Dako EnVision
+polymer-based detection system (Dako protocol 1 h-10M-30, Agilent,
Santa Clara, CA, USA)93. Samples were scored as follows: inactivated
(loss of expression with retained internal control), normal retained
expression, subclonal loss, uninterpretable (loss of tumor expression
but no internal control present), and exclude (no tumor in core)
(Supplementary Notes).

mRNAexpressiondatabyNanoString. TumormRNAexpressiondata
for genes of interest (NF1, PIK3CA, c-KIT, and RB1) and transcriptional
molecular subtypes in the OTTA cohort were determined using
NanoString, as previously described106,107.

Measurements
Variant detection and annotation. Variant calling was performed for:
1) germline base substitution and INDEL variants by VarDictJava108

(v1.5.7 with –r = 2 –Q= 10 –f = 0.1).
2) somatic base substitution and INDEL variants using four separate

variant callers as follows: by Mutect2109 (v4.0.11.0 with defaults),
VarDictJava108 (v1.5.7 with –r = 2 –Q= 10 –V =0.05 –f = 0.01),
Strelka2110 (v2.9.9with defaults), and VarScan2111 (SAMtools112) v1.9
for mpileup and VarScan2 v2.4.3 with -min-coverage 7 -min-var-
freq = 0.05 -min-freq-for-hom = 0.75 -p -value = 0.99 -somatic-p-
value = 0.05 -strand-filter =0). Variant calls were decomposed and
normalized using vt113 GATKs ReadBackPhasing tool (v3.8-1-0-
gf15c1c3ef with -phaseQualityThresh = 10 – enable-
MergePhasedSegregatingPolymorphismsToMNP -min_base_qua-
lity_score =10 -min_mapping_quality_score = 10
-maxGenomicDistanceForMNP = 2) was applied on the passing
variants per tool to combine contiguous SNVs to MNVs (multi-
nucleotide variants). GATK’s CombineVariants (v3.8-1-0-
gf15c1c3ef with -genotypeMergeOptions UNIQUIFY -priority
Strelka2, Mutect2, VarScan2, VarDictJava) was used to merge the
variant calls from all four callers into a consensus variant call set.
The resulting variant call format (VCF) file was once again
decomposed and normalized using vt. Forward and reverse
strand counts for the reference and alternate alleles were calcu-
lated using bam-readcount (v0.8.0). Finally, all variants were
annotated forDuke andDACblacklisted regions. Any variants that
were passed in at least two callers, had at least one variant read in

each strand, and were not in the database of FrequentLymutAted
GeneS (FLAGS)114 or the Duke and DAC blacklist regions were
deemed high-confidence.

3) structural variants (SV) using four separate callers Manta115 +
BreakPointInspector (v1.5.0), GRIDSS116 (v2.0.1), Smoove (v0.2.2)
and SvABA117 (v134). The SV calls were split into germline and
somatic VCFs per caller. The findBreakpointsOverlaps method of
the R library StructuralVariantAnnotation (v1.3.1) with a value of
10 for the ‘maxgap’ parameter was used to intersect common
breakpoints between the callers. SVs were annotated to con-
stituent types (duplication, deletion, inversion or translocation)
using a simple annotation script provided by the GRIDSS tool.
High-confidence SVs were categorized as those called by two or
more callers.

4) copy number variations (CNV) detection by FACETS99 and
cnv_facets (v0.13.0) as described previously22.

The detected variants were filtered for variants with a high
probability of pathogenicity as described in detail before22.

Mutation burden and downsampling. We downsampled the higher
coverage tumor BAM files using Picard DownsampleSam (v2.17.3) to
achieve balanced median coverage sequencing batches, to compare
mutation burden across samples with inconsistent coverage22. The
median coverage of the International Cancer Genome Consortium
(ICGC) tumors was 52.15x, the MOCOG tumors was 77.81x and the
short survival BRCA dataset tumors was 64.98x. So, to get the same
median coverage across the three batches we downsampled the
MOCOG and short survival BRCA dataset tumors to the ICGC median
by specifying downsampling fractions of0.67 and0.8 respectively. See
Supplementary Table 19 for details on the tumor sample coverage
before and after downsampling and the number of SNVs,MNVs, indels
and SVs called after downsampling.

Neoantigen prediction. Neoantigen prediction was performed as
previously reported by Garsed et al.22. Briefly, HLA-VBSeq118

(v11_22_2018) was used to generate HLA types whichwere then used to
identify and construct neoantigen usingpVACtools119 pVACseq (v1.3.5).

Homologous recombination deficiency (HRD). HRD status was
determined using (1) scarHRD120, which uses loss of heterozygosity
(LOH), telomeric allelic imbalance (TAI), and large scale state transition
(LST) in tumor genomes to generate a HRD sum score, and (2) CHORD
(Classifier of Homologous Recombination Deficiency)63, which uses
specific base substitution, indel and structural rearrangement sig-
natures detected in tumor genomes to generate BRCA1-type and
BRCA2-type HRD scores.

RNA-seq data analysis. Raw count data was subsetted to protein
coding genes and lowly expressed genes were removed using the
following strategy. First, raw counts were converted to CPM (counts
per million) and only protein coding genes with a CPM of greater than
0.5 in at least 10 sampleswere retained. The resulting rawcountmatrix
was then normalized using the trimmed mean of M values (TMM)
method using edgeR102 (v3.28.1). Batch effects were removed using
limma’s103 (v3.48.2) removeBatchEffect function. Batch effect removal
was done by applying batch correction on the library type (stranded/
unstranded) while preserving the survival group (long-term/
short-term).

RNA differential expression and pathway analysis by grouping.
Groupings: For differential expression and pathway analysis, various
groupings were used alone or in combination, namely (1) BRCA-defi-
ciency status, (2) HRD groups, survival groups, and (3) molecular
subtypes (Supplementary Notes).
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Differential expression analysis: To identify differentially expres-
sed protein-coding genes between the comparison groups of interest,
DESeq2 (v1.26.0)121 was applied. Raw counts were filtered to remove
low expressed genes prior to analysis and batch effects were accoun-
ted for in the model22.

Gene Set Enrichment Analysis (GSEA): FGSEA v1.15.1 was used to
calculate gene set enrichment across the comparison groups. P-values
obtained from DESeq2 were transformed to signed P-values and then
sorted and fed into FGSEA to generate enrichment scores and FDR-
adjusted P-values across the Hallmark gene sets in the MSigDB data-
base49 (v7.4) via its function fgseaMultilevel (minSize=15, maxSize =
500, gseaParam = 0, eps = 0)22.

CIBERSORTx. CIBERSORTx analysis was performed as previously
described22. Briefly, CIBERSORTx80 with the LM22 matrix was used on
RNA-seq data for immune cell deconvolution. Immune clusters were
then defined using the pam clustering algorithm and pearson distance
metric on the absolute cell abundances using ConsensusClusterPlus122

(Supplementary Notes).

Immunofluorescence. Data were categorized based on epithelial
content, measured directly by pan-cytokeratin positivity and cell
morphology (assessed by automated image analysis). Epithelium-
negative, cellular (i.e., non-necrotic) tumor regions were defined as
stroma. Immunomarker density (D; cells/mm2) for a given marker was
calculated separately for epithelial and stromal compartments. For
caseswithmultiple cores, the epithelial areawas taken as the sumof all
their individual TMA epithelial areas and similarly for the stromal area.
We categorizedmarkerD values into quartiles (separately for epithelial
and stromal markers) to provide categorical comparisons for ease of
interpretation of the odds ratios (ORs). Conditional logistic regression
models were fitted for the long survival group vs short survival group.
Logistic regression analyses were performed with the quartile values
(scored as 1, 2, 3, 4). Immune clusters were then defined using the pam
algorithm and pearson distance metric on the immune cell type
densities using ConsensusClusterPlus122.

Statistical analyses. Continuous variables were compared between
groups using the Kruskal-Wallis test and the difference between pro-
portions of categorical data were assessed using the Chi-squared or
Fisher’s exact test. Correlations between continuous variables were
assessed using Spearman correlation. Benjamini-Hochberg adjusted P-
values are reported as Padj to account for multiple testing. Median PFS
and OS were estimated using the Kaplan–Meier method and survival
distribution were compared using the log-rank (Mantel-Cox) test.

For the AOCS cohort, univariable and multivariable survival ana-
lyses were performed using Accelerated Failure Time (AFT) models56

with a log-logistic distribution to evaluate associations between clin-
ical andmolecular variables and time-to-event outcomes. Results were
reported as Time Ratios (TR) with 95% confidence intervals (CI), where
a TR > 1 indicates longer time to progression or death, and a TR < 1
indicates shorter survival. Wald tests were used to compute P-values
for individual covariates and interaction terms. Age at diagnosis was
modeled using restricted cubic splines with three knots to allow for
potential non-linear effects. Model assumptions were assessed using
quantile-quantile plots of deviance residuals andCox-Snell residuals to
evaluate overall model fit. The Akaike Information Criterion (AIC) was
used to compare alternative parametric distributions and confirm the
suitability of the log-logistic model123.

For survival analyses of the OTTA cohort, Cox proportional
hazards models were applied. Left truncation was used to account for
delayed study enrollment at some sites, and follow-up time was right-
censored at 10 years from diagnosis to minimize the influence of non-
ovarian cancer-related deaths. P-values from Cox models correspond
to Wald and log-rank tests. The proportional hazards assumption was

assessed using the Grambsch-Therneau test based on scaled Schoen-
feld residuals and further evaluated through graphical inspection of
Schoenfeld residual plots123,124.

All statistical testswere two sidedandconsidered significantwhen
P < 0.05 or Padj < 0.1. All analyses were performed using the statistical
software R version 4.1.3125.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Short survival BRCA dataset: WGS, RNA-seq and SNP array data from
short-term survivors generated as part of the current study have been
deposited in the European Genome-phenome Archive (EGA) reposi-
tory (https://ega-archive.org) under accession code
EGAS00001008059. WGS and RNA-seq data are available as raw
FASTQ files for each sample type (tumor/normal) and SNP array data
are available as raw signal intensity files in text format for each sample
type (tumor/normal). Controlled access to patient sequence data can
be gained for academic use via the EGA, typically for a period of five
years from the date the data transfer agreement is fully executed.
Information on how to apply for access is available at the EGA under
accession code EGAS00001008059. Responses to data requests will
be provided within ten business days. The raw methylation data sets
have been submitted to the Gene Expression Omnibus (GEO; https://
www.ncbi.nlm.nih.gov/geo/) under accession codeGSE292140with no
access restrictions. ICGC dataset: Previously published WGS and RNA-
seq data generated as part of the ICGC Ovarian Cancer project61 are
available from the EGA repository as a single bam file for each sample
type (tumor/normal), under the accession code EGAD00001000877.
Due to the sensitive nature of these patient datasets, access is subject
to approval from the ICGC Data Access Compliance Office, an inde-
pendent body who authorizes controlled access to ICGC sequencing
data. ICGC SNP array and methylation data sets have been deposited
into GEO under accession code GSE65821, without access restrictions.
ICGC gene count level transcriptomic data has been deposited into the
GEO under accession code GSE209964. MOCOG dataset: WGS, RNA-
seq and SNP array data from long-term survivors generated as part of
the MOCOG study22 have been deposited in the EGA repository under
accession code EGAS00001005984. WGS and RNA-seq data are avail-
able as raw FASTQ files for each sample type (tumor/normal) and SNP
array data are available as raw signal intensity files in text format for
each sample type (tumor/normal). Controlled access to patient
sequencedata canbegained for academic use via the EGA, typically for
a period of five years from the date the data transfer agreement is fully
executed. Information on how to apply for access is available at the
EGA under accession code EGAS00001005984. Responses to data
requestswill beprovidedwithin tenbusinessdays.TheMOCOGcohort
raw methylation data sets have been submitted to the GEO under
accession code GSE211687, with no access restrictions. Uniformly
processed somatic variant data from the ICGC, MOCOG, and short
survival BRCA cohorts is deposited in Synapse under accession code
syn65463502 and processedmethylation and expression data from all
cohorts has been submitted into the GEO under accession codes
GSE292140 and GSE292142, without access restrictions. OTTA dataset:
The data underlying the figures and tables are provided in the Source
Data file. Population frequencies of genetic variants can be accessed
via the Genome Aggregation Database (gnomAD) at https://gnomad.
broadinstitute.org/. Supporting evidence for pathogenicity of geno-
mic alterations can be accessed via ClinVar (https://www.ncbi.nlm.nih.
gov/clinvar/), BRCA Exchange (https://brcaexchange.org/) and the
TP53Database (https://tp53.cancer.gov/). The Ensembl rankedorderof
severity of variant consequences is available at: https://www.ensembl.
org/info/genome/variation/prediction/predicted_data.html.
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Mutational signature reference databases can be accessed via COSMIC
(https://cancer.sanger.ac.uk/signatures/) and Signal (https://signal.
mutationalsignatures.com/). The LM22 signature matrix used for
immune cell deconvolution can be downloaded here: https://
cibersortx.stanford.edu/. MSigDB hallmark gene sets can be accessed
here: https://www.gsea-msigdb.org/gsea/msigdb/. Illumina methyla-
tion probes that were filtered out due to poor performance (e.g., cross
reactive or non-specific probes) can be found here: https://github.
com/sirselim/illumina450k_filtering. Germline polymorphic sites for
reference and variant allele readcounts used in FACETS analysis can be
found at https://ftp.ncbi.nih.gov/snp/organisms/human_9606_b151_
GRCh37p13/VCF/common_all_20180423.vcf.gz. The GTF used for
annotation and RNA-seq counts is available here: https://ftp.ensembl.
org/pub/grch37/release-92/. All other data are available within the
article and its Supplementary and Source Data files. Source data are
provided with this paper.
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