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• HRD related single based substitution
signature 3 (Sig3) can be used as a prog-
nostic marker for HGSC.

• Sig3 was consistent between multiple
samples from the same individuals and
status remained after neoadjuvant che-
motherapy.

• Sig3 agreed with an HR scar test in 87%
of patients, and the worst prognosis
was seen in patients without HRD in
both tests.
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Objectives. We evaluated usability of single base substitution signature 3 (Sig3) as a biomarker for homolo-
gous recombination deficiency (HRD) in tubo-ovarian high-grade serous carcinoma (HGSC).

Materials and methods. This prospective observational trial includes 165 patients with advanced HGSC. Fresh
tissue samples (n=456) frommultiple intra-abdominal areas at diagnosis and after neoadjuvant chemotherapy
(NACT) were collected for whole-genome sequencing. Sig3 was assessed by fitting samples independently with
COSMIC v3.2 reference signatures. An HR scar assay was applied for comparison. Progression-free survival (PFS)
and overall survival (OS) were studied using Kaplan–Meier and Cox regression analysis.

Results. Sig3 has a bimodal distribution, eliminating the need for an arbitrary cutoff typical in HR scar tests.
Sig3 could be assessed from sampleswith low (10%) cancer cell proportion andwas consistent betweenmultiple
samples and stable during NACT. At diagnosis, 74 (45%) patients were HRD (Sig3+), while 91 (55%) were HR
proficient (HRP, Sig3-). Sig3+ patients had longer PFS and OS than Sig3- patients (22 vs. 13 months and 51 vs.
34 months respectively, both p < 0.001). Sig3 successfully distinguished the poor prognostic HRP group
among BRCAwt patients (PFS 19 months for Sig3+ and 13 months for Sig3- patients, p < 0.001). However,
Sig3 at diagnosis did not predict chemoresponse anymore in the first relapse. The patient-level concordance
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between Sig3 and HR scar assay was 87%, and patients with HRD according to both tests had the longest median
PFS.

Conclusions. Sig3 is a prognostic marker in advanced HGSC and useful tool in patient stratification for HRD.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
Table 1
Clinicopathological characteristics of patients included in the study.

Sig3+ Sig3- p-value

N % N %

All patients 74 44.8 91 55.2

Age <0.001

Median (range) years
65.5
(38.0–83.0)

71.0
(52.0–86.0)

BMI 0.821

Median (range)
26.2
(18.7–39.3)

25.9
(17.0–45.3)

Treatment strategy 0.024
PDS 44 59.5 38 41.8
NACT 30 40.5 53 58.2

Stage 0.770
Stage III 48 64.9 61 67.0
Stage IV 26 35.1 30 33.0

Residual tumor 0.797
No macroscopic 25 34.7 32 40.0
<1 cm 35 48.6 36 45.0
>1 cm 12 16.7 12 15.0
No data* 2 11

Number of cycles of chemotherapy 0.019
1–4 cycles 3 4.1 8 8.8
5–6 cycles 59 79.7 54 59.3
7–12 cycles 12 16.2 29 31.9

Bevacizumab maintenance therapy** 37 50.0 37 40.7 0.230

Abbreviations: Sig3, single base substitution signature 3; BMI, body mass index; PDS, pri-
mary debulking surgery; NACT, neoadjuvant chemotherapy.
⁎ Thirteen NACT patients had no interval surgery.
⁎⁎ In the first-line treatment.
1. Introduction

Tubo-ovarian high-grade serous carcinoma (HGSC) is themost com-
mon and aggressive type of ovarian cancer that represents thefifthmost
common cause of cancer mortality in women [1]. The current first-line
treatment for HGSC patients consists of cytoreductive surgery and
platinum/taxane-based chemotherapy. In recent years, poly (ADP-ri-
bose) polymerase (PARP) inhibitors have transformed the treatment
of ovarian cancer [2,3].

Homologous recombination (HR) has an essential role for maintain-
ing genome stability. HR provides a mechanism for the accurate repair
of DNA double-strand breaks and interstrand crosslinks. Homologous
recombination deficiency (HRD) is an important therapeutic target as
tumor cells with HRD are more susceptible to the DNA cross-linking ef-
fect of platinum compounds inducing extensive DNA damage and
tumor cell death. PARP proteins are enzymes involved in the DNA repair
pathway of single strand breaks. In HR-deficient cells, PARP inhibition
induces the simultaneous loss of two critical DNA repair mechanisms,
resulting in cell death. Consistently, HGSC patients with HRD have bet-
ter responses to platinum-based chemotherapy [4] and PARP inhibitors
[2,3]. However, accurate identification of HRD status is still amajor chal-
lenge.

Approximately 50% of HGSCs are HR-deficient [5]. The current ESMO
guidelines recommend HRD testing to identify the patients most likely
to benefit from a PARPi [6]. HRD testing methodologies are diverse
and clinical application remains controversial [6]. Germline deleterious
BRCA1/2mutations are the best described etiology of HRD [7]. However,
HRD can occur due to somatic mutations or epigenetic alterations in
BRCA1/2 or other HR pathway genes. Most commonly used HRD assays
today are copy-number-based “scar”-analyses, as there are two pro-
spectively validated commercial tests available and new genomic scar
assays are increasingly used and tested for clinical utility [8].

HRD tests that are based on mutational signatures require high-
throughput sequencing and computational resources. These signatures
reflect the error-prone DNA repair mechanisms employed when HR is
compromised, resulting in substitutions, small insertions and deletions
(indel), and genomic rearrangements, thus leading to the accumulation
of genomic alterations and increased genome instability [9,10]. Specific
patterns or mutation types can be decomposed from catalogs of muta-
tions asmutational signatures [11]. Mutational signatures that correlate
with prognosis and platinum response in HGSC have been identified
[12–14].

Signature 3 (Sig3), also known as SBS3 in COSMIC, is a single base
substitution signature. Initially, Sig3 was strongly associated with
BRCA1/2 mutations in breast cancer [15,16]. Furthermore, Sig3 was
also found in ovarian and pancreatic cancer [11] and has been proposed
as a biomarker for HRD [13] Sig3-basedHRD testing is not in clinical use,
and it has been criticized to lack specificity [6]. This is mostly due to the
fact that the signature has a uniform-like profile without clear prefer-
ence to characteristic mutation types.

Herein, we evaluated whether HRD status determinedwith Sig3 can
predict clinical outcome in our prospective cohort of HGSCpatientswith
comprehensive clinical data. We utilized whole-genome sequencing in
a multisampling setting to determine the Sig3 status and to compare
it to a scar assay. In addition, we evaluated whether Sig3 status at diag-
nosis predicts response to chemotherapy in disease relapse.
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2. Methods

2.1. Patient characteristics

We collected data from 165 HGSC patients recruited at Turku Uni-
versity Hospital from the DECIDER cohort with FIGO 2014 stages III to
IV between 2009 and 2021. DECIDER is a prospective, longitudinal,
multi-region observational trial (clinicaltrials.gov ID: NCT04846933)
and is approved by the Ethics Committee in the Hospital District of
Southwest Finland (ETMK 145/1801/2015). The clinical characteristics
of the cohort is described in Table 1.

Patients were treated either with primary debulking surgery (PDS)
followed by platinum/taxane-based adjuvant chemotherapy, or with
neoadjuvant chemotherapy (NACT) prior to interval debulking surgery
(IDS) and adjuvant chemotherapy. A laparoscopic evaluationwith diag-
nostic tumor sampling was performed before NACT. In all, 82 patients
were treated with PDS and 83 patients with NACT. Follow-up data
were collected until September 2022. The median time of follow-up
was 32.9 months, with a range of 1.6 to 153.3 months.

Primary treatment outcome and disease progression were defined
with RECIST 1.1 criteria [17]. Progression-free survival (PFS) was de-
fined as the time from diagnosis until first progression. Overall survival
(OS) was the time from diagnosis to death. Platinum-free interval (PFI)
was calculated from the last dose of platinum-based chemotherapy to
first disease progression and was used for patient stratification in
second-line treatment analysis. Progression-free survival of second-
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line treatment after disease progression (PFSr) was defined as the time
from the start of second-line treatment until disease progression or
death.

2.2. Sample collection and sequencing

We collected 456 fresh tumor samples from multiple intra-
abdominal areas at diagnosis (n = 385) or after NACT (n = 71) for
whole-genome sequencing (WGS). Each patient had amatching normal
control derived from a blood sample. Sequencing and data processing
were performed usingAnduril [18]workflows as detailed for the valida-
tion cohort in [19] with a tumor cross-sample contamination threshold
of 10%. WGS (median 46.9× coverage, range 22.3×–117.4×) was per-
formed using BGISEQ-500, MGISEQ-2000, or HiSeq X Ten (BGI Europe
A/S, Denmark), or NovaSeq 6000 (Novogene (UK) Company Limited,
United Kingdom).

We dropped tumor samples with cancer cell proportion (purity)
below 10% as estimated by ASCAT [20]. Consequently, we excluded
12.3% of pre-treatment and 49.7% interval samples resulting in the 456
samples. Due to multisampling protocol, we dropped only 3.5% of the
patients. Among NACT patients, 65% had interval samples with suffi-
cient purity (38.1% for those with only one interval sample sequenced).
Each patient had 1–7 (median 2) treatment-naïve samples, with multi-
ple available for 123 patients. Additionally, 39 patients had 1–8 (median
2) samples from IDS. Most common sampling sites were tubo-ovarian
mass (n = 134), omentum (n = 132), and peritoneum (n = 93).
Types of samples available in each patient are detailed in Supplemen-
tary Table 1.

2.3. Signature analysis

COSMIC single base substitution reference signatures v3.2 [21] were
corrected for GRCh38 trinucleotide frequencies excluding chromo-
somes Y and M. Samples were independently fitted with the reference
signatures using anR implementation of SigProfilerAttribution [11]. Sig-
natures reported in at least 20% of ovarian cancer samples in COSMIC
were selected as starting signatures.

Sampleswithpositive Sig3 contributionwere consideredHRD. Strat-
ification on ID6, which is an indel signature characterized by
microhomology deletions associated with HRD, uses a threshold based
on a previously described clustering approach [22]. The ID6 threshold
0.2796 with the optimal F1-score of 0.970 was selected. Samples with
ID6 contribution no less than the threshold were considered HRD. Pa-
tients with multiple samples were considered HRD only if all the diag-
nostic samples reported HRD.

Aswe used three different sequencing platforms, we tested if the se-
quencing platform influenced HRD prediction. We observed no HRD
status discrepancy among samples (n = 14) from five patients se-
quenced with multiple platforms. There was also no significant differ-
ence between patients sequenced with a single platform (χ2 test, p =
0.322) or between samples (χ2 test, p = 0.390).

2.4. Mutation analysis

We curated pathogenic germline variants and somatic driver mu-
tations in the core HR genes, including BRCA1, BRCA2, RAD51C,
RAD51D, PALB2, BRIP2, BARD1, ATM, and CHEK2. We considered a ge-
netic change pathogenic, if its consequence in the canonical tran-
script was premature protein truncation, or if the mutation was
annotated pathogenic or likely pathogenic in the ClinVar [23] data-
base. Additionally, the analysis included estimation of loss-of-
heterozygosity (LOH) probability and mutation homogeneity in the
tumor, integrating mutation allele frequency, the locus copy-
number in the tumor samples, and the sample purity. Germline allele
frequencies in tumor samples were queried using GATK 4.1.9.0 [24]
Mutect2 forced calling.
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2.5. OvaHRDscar analysis

We estimated HRD scar levels using somatic copy-number alter-
ations from a Nextflow [25] pipeline that integrates structural variants.
The structural variants were jointly called using GRIDSS 2.13.2 [26]
while segmentation and allele-specific copy-number inference were
performed using PURPLE 3.7.2 [27]. We used WGS samples with
cross-sample contamination below 3%, and obtained the results from
all available samples included in the signature analysis. The scar levels
and corresponding HRD classifications were computed using
ovaHRDscar [8]. Patient was considered HRD if all samples were HRD,
similarly to mutational signatures.

2.6. Statistical analysis

Descriptive statistics were used to summarize the clinical character-
istics of the study population. Associations were assessed by the χ2 test
and the Mann–Whitney test. Survival analyses were performed with
the Kaplan–Meier method and with multivariable Cox regression anal-
yses, and differences in survival were analyzed with a log-rank test.
For all statistical analyses, significant differences were set as p < 0.05.
Statistical analyses were performed using IBM SPSS Statistics 27 (IBM
Corp., Armonk, N.Y., USA).

3. Results

3.1. HRD stratification with Sig3

We stratified patients to HRD and HR proficient (HRP) groups based
on Sig3 (Fig. 1). As Sig3 was clearly bimodally distributed without over-
lap, either zero or within 0.275–0.721 (Fig. 2A), Sig3-positive (Sig3+)
samples were considered HRD and no further threshold optimization
was needed. Totally, 45% of patients (74/165) had only Sig3+ samples
and were considered HRD (Fig. 1).

Though we set the cancer cell proportion (purity) threshold to
10%, we observed that including samples with purity as low as 5%,
i.e., minimum amount detectable by ASCAT [20], did not increase
the number of patients with discordant HRD status. Similarly, in-
creasing the threshold did not decrease the proportion of discrepant
patients.

We compared Sig3with ID6-based classification, observing 86% con-
cordance among patients and 85% among samples (Fig. 1, 2A). Due to
the limited power to analyze indel signatures outside ofWGS [28], espe-
cially at low purity samples, and a more complex threshold determina-
tion of ID6, we focused on Sig3 in subsequent analyses.

3.2. Sig3 and mutations within HR pathway in the WGS data

We have previously analyzed the DECIDER cohort (n=131 patients
described herein) for somatic variants and copy-number aberrations,
including those affecting HR pathway driver genes [19]. Herein, these
gene mutations were expert curated and included germline and struc-
tural variants related to HRD. This analysis revealed 31 (19%) patients
with 32 loss-of-function mutations accompanied with loss-of-
heterozygosity (LOH). The mutations were found in BRCA1, BRCA2,
RAD51C, RAD51D, and BRIP1 (Fig. 1, Supplementary Table 2). Notably,
no carriers of the Finnish founder mutations in PALB2, CHEK2, or ATM
were detected in this patient cohort. These mutations except for
RAD51C:p.R312Q were protein truncating mutations, 17 originating
from patient germline, 15 as somatic events. The most commonly af-
fected gene was BRCA1, with five germline carriers and nine patients
with somatic mutations. The tumor samples from patients with com-
plete loss of the function of BRCA1/2 or RAD51C/Dwere all concordantly
Sig3+ (29 out of 74 Sig3+patients). The samples from the two patients
with loss of BRIP1 function in the tumor were Sig3-, but positive for the
ID6 signature.



Fig. 1. Cohort HR status and clinical data. Patients are stratified by treatment strategy with A. PDS in the top panel and B.NACT in the bottom panel. Dots on HR genemutations represent
copy-number loss-of-heterozygosity and are only shownwhen accompanying amutation, indicating homogeneous biallelic loss of the gene. Genemutation frequencies on the left include
cases without loss-of-heterozygosity. NACT patients with NA for residual tumor did not undergo debulking surgery. Patients whose primary treatment was stopped are considered NA in
primary outcome. See Supplementary Fig. 1 for heterogeneity indications. Sig3, single base substitution signature 3; Scar, ovaHRDscar; HRD, homologous recombination deficiency; PFS,
progression-free survival; OS, overall survival; LOH, loss-of-heterozygosity; PDS, primary debulking surgery; NACT, neoadjuvant chemotherapy; NA, not available.

Fig. 2. Distribution of sample ID6 contributions and ovaHRDscar levels against Sig3 contributions. Sample Sig3 is compared against A. ID6 contribution and B. ovaHRDscar levels. All di-
agnostic and interval samples analyzed in respective quantities are shown in the scatter plots and marginal histograms. The histograms use left-closed intervals. Sig3, single base substi-
tution signature 3; Scar, ovaHRDscar.
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3.3. Sig3 is consistent between intra-abdominal sampling sites and during
NACT

Multi-sampling design of the DECIDER cohort enables quantifying
HRD heterogeneity within patients. Sig3 was highly consistent in the
majority of 123 patients, with only five (4%) patients having heteroge-
neous Sig3 at diagnosis. Four of these had tubo-ovarian samples
available for analysis. These allegedly primary site samples were all
Sig3-positive (Sig3+), while the metastatic intra-peritoneal samples
were all the Sig3-negative (Sig3-). This indicates that residual disease
after surgery can be HRP and these patients were considered HRP
(Supplementary Fig. 1).

Only two patients (5%, n= 39) had discordant HRD status between
diagnostic and interval samples (Supplementary Fig. 1B). For one pa-
tient, Sig3 was likely missed in one interval ascites sample due to its
low purity of 11%. For the other patient, the sole adnexal sample,
taken during IDS, was Sig3-. The other four pre-treatment and interval
samples were Sig3+. The adnexal sample shared only around half of
the mutations with the other four samples, indicating HRD being
subclonal.

3.4. HRP (Sig3-) patients were older and more often scheduled for NACT

HRP patients were significantly older (p < 0.001, Fig. 3, Table 1)
and more often treated with NACT (p = 0.024). Younger age of
Sig3+ patients at diagnosis were not explained by germline HR
gene mutations associated with earlier disease onset. No difference
was found in FIGO 2014 stage, patients' body mass index (BMI), resid-
ual tumor in surgery, or the number of patients treated with bevaciz-
umab maintenance therapy in the first-line treatment, between the
Sig3 groups (Table 1).

3.5. Sig3 predicts PFS and OS

At the end of the follow-up period, 62 patients were alive and 103
were dead. PFS and OS were significantly longer in patients with
Sig3+ cancer (Fig. 4A and B). The median PFS in Sig3+ group was
22.1 months compared to Sig3- group where it was 12.7 months
(p < 0.001). Concordantly, the median OS was 50.5 and 33.6 months
in Sig3+ and Sig3- groups, respectively (p < 0.001). Additionally, pri-
mary therapy outcomes differed significantly (p = 0.039, Table 2). Ten
(11.0%) patients with Sig3- cancer but only three (4.1%) patients with
Sig3+ cancer had progressive disease during primary therapy.
Fig. 3. Distribution of age at diagnosis stratified by HR status. Patients are HR-de
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Negative status for Sig3 predictedworse PFS in thewhole cohort (HR
2.36, CI 1.61–3.46, p < 0.001) in multivariable Cox regression analysis
(Supplementary Table 3). Additionally, patients treated with NACT
had worse PFS compared to patients treated with PDS (HR 3.10, CI
2.15–4.50, p < 0.001). There was no significant effect of FIGO 2014
stage (stage IV vs. stage III), age at diagnosis, residual tumor (R2 or no
debulking surgery vs. R0–R1), bevacizumab treatment, or first-line
PARPi treatment.

Sig3+patients with detectedmutation in HRpathway genes BRCA1/
2 or RAD51C/D had 5.1 months longer median PFS than Sig3+ patients
with wild-type BRCA/RAD51 (24.2 months vs. 19.1 months, Fig. 4C),
but the difference was not statistically significant (p = 0.314). Impor-
tantly, Sig3+patientswithwild-typeBRCA/RAD51had significantly lon-
ger median PFS than Sig3- patients (19.1 vs. 12.7 months, p < 0.001).

3.6. Response to second-line chemotherapy depends on PFI, not HRD status

We then evaluated whether Sig3 status at diagnosis predicts re-
sponse to platinum-based chemotherapy in the second line. A majority,
142 of 155 patients (91.6%) developed recurrent cancer within two
years of follow-up. In addition, ten patients without disease progression
had a follow-up period of less than two years. Because of a higher pro-
portion of PFI > 6 months in Sig3+ patients (Table 2), they were
more often treated with platinum-based chemotherapy at the first pro-
gression (48/59, 81.4%) than Sig3- patients (54/82, 65.9%). Median
progression-free survival of second-line treatment (PFSr) was only
1.5 months longer in Sig3+ patients and the difference was not statisti-
cally significant.

As PFI is a major prognostic factor [28], we performed a subgroup
analysis including three subgroups: patients with PFI < 6 months, pa-
tients with Sig3+ and PFI > 6 months, and patients with Sig3- and
PFI > 6 months. Patients with PFI < 6 months were combined into
one subgroup, because they had similar survival despite the Sig3 status:
the patients with PFI < 6 months had the shortest median PFSr in the
2nd line (p < 0.001). Similarly, there was no statistically significant dif-
ference between Sig3+ and Sig3- patients in PFSr in patients with
PFI > 6 months (Fig. 4D). In conclusion, Sig3 status had no predictive
power on treatment response in the first progression.

3.7. Sig3+ patients benefited from PARP inhibitors

During the study period, PARPis were entering clinical use. In total,
40 patients were treated with PARPi therapy: 14 patients as
ficient if all diagnostic samples are Sig3+. HR, homologous recombination.



Fig. 4. Kaplan–Meier survival curves of progression-free survival and overall survival. A. OS in the whole cohort (p< 0.001). B. PFS of first-line treatment stratified by treatment strategy.
Patientswith Sig3+and treatedwith PDShad the longest PFS (p<0.001). In all, NACTpatients had shorter PFS compared toPDSpatients. C.PFS offirst-line treatment stratifiedby BRCA1/2
or RAD51C/Dmutation status and Sig3.D. PFSr of second-line treatment stratified by PFI < or> 6months before first disease progression. As patients with PFI < 6months had similar PFSr
despite the Sig3 status, they were combined into one subgroup, and had the shortest PFSr (p < 0.001). No statistically significant difference was found in the PFSr in the second line, if a
patient had PFI> 6months. E. PFSr of second-line treatment in patients with orwithout PARPi therapy started in the second line. In survival analysis, all patients had PFI> 6months. F. PFS
of first-line treatment jointly stratifiedby Sig3 and ovaHRDscar. Sixty patientswere positive for both tests, 14 and sevenonly for Sig3 and ovaHRDscar respectively, and 84were considered
HRP by b. OS, overall survival; PFS, progression-free survival; Sig3, single base substitution signature 3; PDS, primary debulking surgery; NACT, neoadjuvant chemotherapy; PFSr, progres-
sion-free survival of second-line treatment; PFI, platinum-free interval; PARPi, poly (ADP-ribose) polymerase inhibitor; HRP, homologous recombination proficient.
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maintenance in the first line and 27 after first disease progression. A
total of 20 patients (74.1%) treated with PARPis after first disease pro-
gression had stopped the therapy during the follow-up due to progres-
sion or adverse effects. The median duration of treatment was
6.8 months (range 0.7–19.1 months). Seven patients had on-going
PARPi treatment at the time the follow-up data was collected.

Sig3+ patients with PFI > 6 months before first progression had
4.6 months longer median PFSr if they were treated with PARPi therapy
in the second line (p= 0.049, Fig. 4E). Also, in the Sig3- group, the me-
dian PFSr was 2.1 months longer in patients treated with PARPi therapy
but that was not statistically significant (p = 0.372, Fig. 4E).
Table 2
Responses to first-line treatment.

Sig3+ Sig3- p-value

N % N %

All patients 74 44.8 91 55.2

Primary therapy outcome

0.039
Complete response 51 68.9 43 47.3
Partial response 18 24.3 30 33.0
Stable disease 2 2.7 5 5.5
Progressive disease 3 4.1 10 11.0
Chemotherapy stopped due to side effects 3 3.3

PFI*

<0.001
<6 months 13 21.7 42 51.2
6–12 months 12 20.0 26 31.7
>12 months 35 58.3 14 17.1

Abbreviations: Sig3, single base substitution signature 3; PFI, platinum-free interval.
⁎ PFI of patients (n = 142) with first progression.
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3.8. Combination of Sig3 and HR-scar assay improves PFS prediction

Scar-based HRD-assays are increasingly used in the clinic. We re-
cently published a scar assay optimized for HGSC called ovaHRDscar,
featuring an analysis that includes 30 patients from the cohort pre-
sented herein [8]. SNP-array-based ovaHRDscar (HUSLAB laboratory)
has received clinical approval in Finland and serves as the foundation
for the reimbursement of PARP inhibitors. For comparison with Sig3,
we now applied ovaHRDscar to the full cohort. With ovaHRDscar, 67
(41%) patients were HRD and 98 (59%) HRP. Concordance between
Sig3 and ovaHRDscar was 87% among patients and 84% among samples
(Fig. 1, 2B). Furthermore, eleven patients in our cohort were also tested
with Myriad MyChoiceⓇ CDx which was successful in ten patients. Of
these, nine (90%) had concordant results with Sig3, which despite the
low sample size was not dissimilar from the concordance of Sig3 with
ovaHRDscar.

Next, we focused on patients with heterogeneous ovaHRDscar-
statuses. Their scar levels were proximal to the threshold (54), with
most having exclusively Sig3- samples (Supplementary Fig. 2). Further-
more, seven Sig3- and ovaHRDscar-positive (Scar+) patients had lower
scar levels compared to patientswith concordantHRD statuses. Notably,
a patient with biallelic loss of RAD51Cwas HRP due to scar levels being
just under the cutoff value. These results likely reflect the spectrum of
genomic scarring due to HRD in these patients instead of HRD being a
strictly binary trait (Fig. 2B). In all, 60 (36%) patients were HRD and 84
(51%) were HRP with both methods. Twenty-one (13%) patients had
discrepant results.

Moreover, we performed survival analysis between Sig3 and
ovaHRDscar-based HR status (Fig. 4F). Patients positive for both Sig3
and ovaHRDscar had the longest median PFS (23.4 months). The
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median PFS of patients with Sig3- and ovaHRDscar-negative (Scar-) tu-
mors was only 12.7 months (p < 0.001). Interestingly, those patients
with discrepancy between aforementioned HRD tests, either Sig3-/
Scar+ or Sig3+/Scar-, had median PFS notably shorter than patients
with both tests positive (14.0 and 15.8 months, respectively).

4. Discussion

Newpersonalized treatments are urgently needed for HGSC patients
and WGS is increasingly used to search for druggable genomic alter-
ations. As HRD is amajor prognostic factor and predicts PARPi response,
HRD status has to be determined before exploring alternative treatment
options. HRD-related mutational signature 3 (Sig3) is used in research
projects that involve WGS to stratify patients by their HRD status [29],
but its clinical usefulness has not been established. Here, we have
shown that Sig3 predicts PFS and OS in advanced HGSC and can be
assessed from samples with low purity.

Our method to estimate HRDwith Sig3 fromWGS data was adapted
from Alexandrov et al. [11], who extracted >50 distinct mutational sig-
natures in large pan-cancer cohortswithout studying prognostic associ-
ations. Herein, we report that median PFS and OS were significantly
longer in HRD (Sig3+) patients than HRP patients (PFS 22.1 vs.
12.7 months, OS 51 vs. 34 months). Consistently, Sig3+ has been asso-
ciated with better survival in the Ovarian cancer TCGA WES dataset
when estimatedwith the computational tool SigMA [13], and in a Cana-
dian cancer registry-based study [30].

Our Sig3- patients were more often directed to NACT, but this was
not explained by their older age or FIGO stage. The decision to start
NACT is based on multiple factors like age, comorbidities and disease
spread. It is possible that intra-abdominal spread pattern in HRP pa-
tients may favor NACT, and this should be evaluated in future trials.

HRD is typically analyzed in tubo-ovarian primary tumors in the
clinic, as aremutational signatures in large studies [11,15,31]. In the cur-
rent studywith up to 123multisampled patients, we were able to show
that HRD variation between anatomical sites is rare. Before treatment,
11% of patients had discrepant scar-based statuses and only 4% in
terms of Sig3. In linewith our results, Sig3 heterogeneitywas infrequent
in two small cohorts [32,33]. Sig3 status remained also consistent before
and after NACT in 95% of our patients. Taken together, HRD status can be
determined with Sig3 from a single sample, irrespective of anatomical
site. IDS samples can also be utilized in the absence of diagnostic sam-
ples, although multiple samples are needed to address detection chal-
lenge caused by small amount of surviving cells. Notably, we were
able to define Sig3 from samples with a purity of 10%, while HRD tests
typically need 20%–30% tumor content.

Interestingly, Sig3 determined at the time of diagnosis predicted re-
sponse tofirst-line platinum treatment in our cohort, but not the second
line. Given that response to platinum rechallenge in thefirst relapsewas
similar in all patients with PFI > 6months, they should be offered active
treatment regardless of their HRD status. Sig3's limited predictive value
for relapse treatment can be explained by the limitation of both muta-
tional signature and scar based HRD analyses as they both rely on his-
toric events. Changes from HRD to HRP cannot be detected, even
though novel reversion mutations or promoter demethylation would
restore the HR activity in the tumor cells [34]. In the future, timely HR
status for disease relapse may be determined with functional HRD test-
ing, such as RAD51 immunostaining [22].

Currently, the most important clinical purpose of the HRD testing is
patient selection to PARPi therapy. Existing prospective clinical trials
have primarily relied on HR scar tests with varying cutoff values and
methodologies for patient stratification. There is a clear need for im-
proved biomarkers, especially in BRCAwt patients, as tests fail to consis-
tently identify a BRCAwt subgroup that derives no benefit from PARPi
[3,35]. Studies correlating Sig3 and response to PARPi are sparse, al-
though phase I/II trials [36,37] and a preclinical study [38] have shown
97
promise. In the present study, Sig3+ patients benefited from PARPi
therapy after platinum sensitive relapse. Further studies are needed to
evaluate clinical validity of Sig3-based assay for predicting PARPi benefit
in HGSC.

Our results indicate that Sig3 offers additional value to HR scar tests.
Sig3 successfully distinguished the poor prognostic HRP group among
BRCAwt patients. Sig3 exhibited robust and binary signature fits
(Fig. 2), eliminating the need for threshold optimization. This finding
is important as mutational signature-based HRD assays have faced crit-
icism for the difficulty in determining proper thresholds [6]. In our
study, Sig3 and ovaHRDscar exhibited strong agreement, but interest-
ingly the patients classified as HRPwith both tests had the shortest me-
dian PFS. Evaluating Sig3 in combination with established biomarkers
could provide additional insights and enhance predictive accuracy.

The strengths of the current study are prospectively collected clinical
data and a meticulous multisampling protocol. Diverse chemotherapy
regimens used in relapse treatments and PARPi therapy entering the
clinic during study period can be seen as limitations. This reflects the
real-life situation where the study is conducted. WGS analyses are con-
sidered relatively expensive and time-consuming and thus WGS data
are not widely available in clinics. However, turnaround time for WGS
can be optimized to <10 days [39], and the cost is comparable to com-
mercial HRD assays [40–42]. Furthermore, sequence data availability is
increasing which warrants new methods to widen usability of such
data in personalized treatment of HGSC.

In conclusion, our results indicate that WGS-based single base sub-
stitution signature 3 can reliably identify cancers with HRD and serves
as a prognostic marker in advanced HGSC. Additionally, it can be mea-
sured from samples with low cancer cell proportion and from various
metastatic sites. When sequencing data is available, patient stratifica-
tionwith Sig3 at diagnosis enables to select patients for further genomic
analyses and individual treatment approaches.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygyno.2023.11.027.
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