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abstract

PURPOSE The PAOLA-1/ENGOT-ov25 trial of maintenance olaparib plus bevacizumab for newly diagnosed
advanced high-grade ovarian cancer demonstrated a significant progression-free survival (PFS) benefit over
placebo plus bevacizumab, particularly in patients with homologous recombination deficiency (HRD)–positive
tumors. We explored whether mutations in non-BRCA1 or BRCA2 homologous recombination repair
(non–BRCA HRRm) genes predicted benefit from olaparib plus bevacizumab in PAOLA-1.

METHODS Eight hundred and six patients were randomly assigned (2:1). Tumors were analyzed using theMyriad
MyChoice HRD Plus assay to assess non–BRCA HRRm and HRD status; HRD was based on a genomic
instability score (GIS) of ≥ 42. In this exploratory analysis, PFS was assessed in patients harboring deleterious
mutations using six non–BRCAHRR gene panels, three devised for this analysis and three previously published.

RESULTS The non–BRCA HRRm prevalence ranged from 30 of 806 (3.7%) to 79 of 806 (9.8%) depending on
the gene panel used, whereas 152 of 806 (18.9%) had non-BRCA1 or BRCA2 mutation HRD-positive tumors.
The majority of tumors harboring non–BRCA HRRm had a low median GIS; however, a GIS of . 42 was
observed for tumors with mutations in five HRR genes (BLM, BRIP1, RAD51C, PALB2, and RAD51D). Rates of
gene-specific biallelic loss were variable (0% to 100%) in non–BRCA HRRm tumors relative to BRCA1-mutated
(99%) or BRCA2-mutated (86%) tumors. Across all gene panels tested, hazard ratios for PFS (95% CI) ranged
from 0.92 (0.51 to 1.73) to 1.83 (0.76 to 5.43).

CONCLUSION Acknowledging limitations of small subgroup sizes, non–BRCA HRRm gene panels were not
predictive of PFS benefit with maintenance olaparib plus bevacizumab versus placebo plus bevacizumab in
PAOLA-1, irrespective of the gene panel tested. Current gene panels exploring HRRm should not be considered
a substitute for HRD determined by BRCA mutation status and genomic instability testing in first-line high-grade
ovarian cancer.
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INTRODUCTION

Approximately 70% of patients with newly diagnosed
ovarian cancer (OC) will experience relapse in the first
three years,1 and OC is the eighth most common cause
of cancer-related mortality among women worldwide.2

Therapeutic advances, including poly (ADP-ribose)
polymerase (PARP) inhibitors, alone or in combination
with bevacizumab, have improved patient outcomes
significantly.

PARP inhibitors prevent repair of single-stranded breaks
in DNA, generating double-stranded breaks that cannot

be repaired accurately in tumors with homologous re-
combination deficiency (HRD),3 which is an important
biomarker associated with maintenance PARP inhibitor
efficacy in newly diagnosed advanced OC. Three first-
line phase III studies have demonstrated the benefit of
PARP inhibition beyond patients with a BRCA1 or
BRCA2 mutation (BRCAm).4-6 In patients with HRD-
positive tumors (including BRCAm or with a genomic
instability score [GIS] of ≥ 42) in the PAOLA-1 study of
maintenance olaparib plus bevacizumab versus pla-
cebo plus bevacizumab, the hazard ratio (HR; 95% CI)
for progression-free survival (PFS) was 0.33 (0.25 to
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0.45), with a median PFS of 37.2 versus 17.7 months. By
contrast, the HR among patients with HRD-negative or HRD-
unknown tumors was 0.92 (0.72 to 1.17).4 A PFS benefit was
also seen in patients with HRD-positive tumors in the other
two phase III trials that evaluated the PARP inhibitors nir-
aparib and veliparib.5,6

HRD testing may include testing for a BRCAm and for
genomic instability to evaluate the consequence of HRD
beyond BRCAm. Different HRD tests use different
methodologies and different genomic markers such as
genome-wide loss of heterozygosity (LOH), telomeric allelic
imbalance, and large-scale state transitions. It has been
hypothesized that tumor mutations in genes beyond
BRCA1/BRCA2 that are implicated in homologous re-
combination repair (HRR) may also be predictive of PARP
inhibitor benefit in OC7 and could be detected using gene
panel–based assays. However, clinical data clarifying the
role of non-BRCA homologous recombination repair gene
mutations (HRRm) in newly diagnosed OC are lacking;
furthermore, multiple genes are implicated in HRR, with no
consensus regarding the optimal HRR gene panel to
identify PARP inhibitor sensitivity in OC.

We analyzed data from the PAOLA-1 study to explore
mutations in non-BRCA genes involved in homologous
recombination repair (non–BRCA HRRm) as a predictive
biomarker of benefit from maintenance olaparib plus
bevacizumab for patients with newly diagnosed advanced
high-grade OC.

METHODS

Study Design

PAOLA-1 (ClinicalTrials.gov identifier: NCT02477644) was a
phase III, randomized, double-blind, international trial (pri-
mary data cutoff: March 22, 2019); the study design, patient
inclusion criteria, and HRD testing methodology have been

previously described in detail.4 Briefly, adults with newly
diagnosed advanced (stage III-IV) high-grade serous or
endometrioid OC, primary peritoneal cancer, or fallopian
tube cancer who had no evidence of disease or clinical
complete or partial response after first-line treatment with
platinum-based chemotherapy plus bevacizumab were
randomly assigned (2:1) to receive either maintenance
olaparib (300 mg twice a day) plus bevacizumab (15 mg/kg
every 3 weeks) or maintenance placebo plus bevacizumab.

Definitions and Assays

This analysis used targeted next-generation sequencing on
tumor samples to assess six panels of genes with direct or
indirect roles in HRR (three designed for this analysis and
three previously published). Tumor mutations may be
germline or somatic in origin. Details on the methodology
are provided in the Data Supplement.

Tumor BRCAm (tBRCAm) was defined as a deleterious or
suspected deleterious tumor mutation in the BRCA1 and/or
BRCA2 genes, irrespective of non–BRCAHRRm.Non–BRCA
HRRm was defined as the presence of a deleterious or
suspected deleterious tumor mutation in one or more other
genes involved in HRR and the absence of a deleterious or
suspected deleterious mutation in BRCA1 and/or BRCA2.
The criteria for definition of deleterious or suspected del-
eterious alterations are provided in the Data Supplement.
Before primary data cutoff, a subgroup of patients with a
non–BRCA HRRm was determined using a predefined
panel of 13 genes involved in HRR. To investigate whet-
her expanding the gene panel to a larger number of
genes involved in HRR improved the predictive value of
non–BRCA HRRm, an expanded panel, including five
additional genes involved in HRR, was formed. Further post
hoc analyses using a restricted panel of five selected HRR
genes with the highest median GIS and additional pub-
lished gene panels (those used in Study 19,8 NOVA,9 and

CONTEXT

Key Objective
The phase III randomized PAOLA-1 trial established maintenance olaparib plus bevacizumab as a standard of care for newly

diagnosed advanced ovarian cancer (OC), particularly in patients with homologous recombination deficiency (HRD)–
positive tumors. However, current understanding of how mutations in non-BRCA genes involved in homologous re-
combination repair (non–BRCA HRRm) affect sensitivity to poly (ADP-ribose) polymerase inhibition is incomplete. To our
knowledge, we report the first data exploring the clinical relevance of non–BRCA HRRm to predict benefit from poly (ADP-
ribose) polymerase inhibition plus bevacizumab in newly diagnosed advanced OC.

Knowledge Generated
In PAOLA-1, non–BRCAHRRm captured a small proportion of HRD-positive tumors. Non–BRCAHRRm gene panels were not

predictive of progression-free survival benefit with maintenance olaparib plus bevacizumab versus placebo plus bev-
acizumab, irrespective of the gene panel tested.

Relevance
Current gene panels exploring non–BRCA HRRm should not be considered a substitute for HRD determined by BRCA

mutation status and genomic instability testing in newly diagnosed advanced OC.

2 © 2023 by American Society of Clinical Oncology

Pujade-Lauraine et al

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 V
ar

si
na

is
-S

uo
m

en
 s

ai
ra

an
ho

ito
pi

ir
i o

n 
Fe

br
ua

ry
 1

3,
 2

02
4 

fr
om

 1
30

.2
32

.2
00

.0
55

C
op

yr
ig

ht
 ©

 2
02

4 
A

m
er

ic
an

 S
oc

ie
ty

 o
f 

C
lin

ic
al

 O
nc

ol
og

y.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 

https://www.clinicaltrials.gov/ct2/show/NCT02477644


ARIEL310 trials) were also conducted. Where published
gene panels were assessed, analysis was limited to genes
also included in the 108-gene panel defined by Myriad: this
gene panel, and the HRR genes included in each panel are
shown in the Data Supplement. Mutation prevalence was
evaluated for individual genes; patients with mutations in
more than one HRR gene were classified as having co-
occurring HRR gene mutations.

For the analyses in non–BRCA HRRm subgroups reported
herein, tumors were analyzed using the MyChoice HRD Plus
assay (Myriad Genetic Laboratories Inc, Salt Lake City, UT).
HRD-positive status was defined as a GIS of≥ 42 on the basis
of this assay. HRD-negative status was defined as a GIS
of, 42 and the absence of a tumor mutation in BRCA1/2 on
the basis of this assay. HRD-unknown were cases where a
GIS could not be determined. This GIS encompasses LOH,
telomeric allelic imbalance, and large-scale state transitions.
Detailed methods specific to the MyChoice HRD Plus assay,
including Myriad genetic variant classification and gene-
specific zygosity assessment, are shown in the Data
Supplement.

PFS was defined as the time from random assignment until
investigator-assessed disease progression (modified
RECIST version 1.1) or death.

Statistical Considerations

This was an exploratory post hoc analysis of the PAOLA-1
trial. PFS was evaluated using the Kaplan-Meier method.
HRs and 95% CIs for PFS subgroup analyses were cal-
culated using a Cox proportional hazards model that in-
cluded treatment, subgroup, and the subgroup by
treatment interaction. HRs for PFS were only calculated if
there were at least 20 events per subgroup.

RESULTS

HRR Mutation Prevalence and HRD Status

In total, 806 patients were randomly assigned in PAOLA-1.
As previously published,4 387 (48.0%) had HRD-positive
tumors by GIS ≥ 42 and/or tBRCAm; 235 (29.2%) had a
tBRCAm according to Myriad testing, and 152 (18.9%)
had non-BRCAm HRD-positive tumors. Two hundred and
seventy-seven patients (34.4%) had HRD-negative tumors
(GIS , 42), and 142 (17.6%) had tumors with unknown
GIS. The overall patient disposition is shown in the Data
Supplement.

Across the six gene panels used in this analysis, the number
of patients harboring a non–BRCA HRRm was 54 (6.7%) in
the predefined gene panel (comprised of 13 non–BRCA
HRR genes, 11 of which were found to be mutated), 72
(8.9%) in the expanded gene panel that included five ad-
ditional genes reported to be involved inHRR, and 30 (3.7%)
in the restricted gene panel (comprised of 5 of 16 mutated
genes with the highest GIS in the expanded gene panel).
Among the previously published panels, the number of
patients harboring a non–BRCA HRRm was 44 (5.5%) with

the gene panel used in NOVA, 61 (7.6%) with the gene panel
used in ARIEL3, and 79 (9.8%) with the gene panel used in
Study 19 (Table 1). The gene prevalence and mutually
exclusive nature of BRCA1 and BRCA2 mutations and the
detected non–BRCA HRRm across the six gene panels are
shown in Figure 1A.

Of the non-BRCAm HRD-positive (GIS ≥ 42) population in
PAOLA-1, using the expanded gene panel, only 25 of
152 (16.4%) had a non–BRCA HRRm. Patients with a
non–BRCA HRRm were not particularly enriched in HRD-
positive tumors (n = 25 of 806; 3.1%) versus HRD-negative
tumors (n = 33 of 806; 4.1%) or unknown HRD status
(n = 14 of 806; 1.7%; Fig 1B). These patterns were
generally consistent regardless of the HRR gene panel
analyzed (Data Supplement).

Biallelic inactivation of HRR genes is more likely to ensure
loss of function of HRR proteins, as shown by pan-tumor
studies examining BRCA1/BRCA2.11 The distributions of
GIS and proportion of biallelic loss relative to heterozygous
alterations (ie, loss of both alleles relative to one allele) for
the expanded panel are shown in Figure 2. The five highest
median GISs of the 16 genes were for BLM (median
[interquartile range (IQR)] GIS, 75.5 [74.8-76.3]), BRIP1
(median [IQR] GIS, 56.0 [46.5-62.8]), RAD51C (median
[IQR] GIS, 55.0 [45.0-59.0]), PALB2 (median [IQR] GIS,
53.0 [39.0-65.0]), and RAD51D (median [IQR] GIS, 51.5
[46.0-56.5]; Fig 2A).

Where gene-/locus-specific zygosity could be assessed,
biallelic loss was observed in the majority of patients with a
tBRCAm: in 128 of 129 (99.2%) with a tumor BRCA1
mutation and 55 of 64 (85.9%) with a tumor BRCA2
mutation. However, the prevalence of biallelic loss in other
genes among patients with a non–BRCA HRRm ranged
from 0% to 100% (Fig 2B).

Progression-Free Survival

Investigator-assessed PFS using the six different gene panels
is shown among patients with a non–BRCA HRRm in
Figure 3. The HR (95% CI) for PFS (olaparib plus bev-
acizumab v placebo plus bevacizumab) using the prede-
fined 13-gene panel was 0.95 (0.49 to 1.94; Fig 3A). In the
expanded panel, the HR for PFS was 1.01 (0.55 to 1.95;
Fig 3B). In the restricted panel, the HR for PFS was not
calculated, as there were fewer than 20 events per subgroup
(11 and six events in the olaparib plus bevacizumab and
placebo plus bevacizumab arms, respectively); 2-year PFS
rates (on the basis of Kaplan-Meier estimates) were 47.7%
and 45.0% in each arm, respectively (Fig 3C). When inter-
rogating the gene panel used in Study 19,8 the HR for PFS
was 0.92 (0.51 to 1.73; Fig 3D); when interrogating the panel
used in the NOVA study,9 the HR was 1.83 (0.76 to 5.43;
Fig 3E); when interrogating the gene panel used in the
ARIEL3 study,10 the HR was 1.35 (0.65 to 3.14; Fig 3F). Per-
patient PFS using the predefined panel varied by individual
gene mutation, as shown in the Data Supplement.

JCO Precision Oncology 3

HRRm to Predict Maintenance Olaparib Plus Bevacizumab Efficacy

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 V
ar

si
na

is
-S

uo
m

en
 s

ai
ra

an
ho

ito
pi

ir
i o

n 
Fe

br
ua

ry
 1

3,
 2

02
4 

fr
om

 1
30

.2
32

.2
00

.0
55

C
op

yr
ig

ht
 ©

 2
02

4 
A

m
er

ic
an

 S
oc

ie
ty

 o
f 

C
lin

ic
al

 O
nc

ol
og

y.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 



PFS by HRD status among patients with a non–BRCA
HRRm as defined by the expanded panel, which includes
the largest number of patients, is shown in Figure 4. Among
patients with HRD-positive tumors (GIS ≥ 42), the median
PFS was 28.1 months with olaparib plus bevacizumab
versus 17.7 months with placebo plus bevacizumab; among
patients with HRD-negative or unknown tumors, the median

PFS was 16.1 months with olaparib plus bevacizumab
versus 16.6 months with placebo plus bevacizumab.

DISCUSSION

In this exploratory subgroup analysis of PAOLA-1, our data
suggest that non–BRCA HRRm status does not appear to be
a useful biomarker of PFS benefit frommaintenance olaparib

TABLE 1. Mutation Prevalence and HRD Status in Patients With Non–BRCA HRRm by Gene Panel in PAOLA-1

Mutation Prevalence and HRD Status

Gene Panel

Predefined Expanded Restricted Study 198 NOVA9 ARIEL310

Non–BRCA HRRm, No. (%)a 54 (6.7) 72 (8.9) 30 (3.7) 79 (9.8) 44 (5.5) 61 (7.6)

Olaparib plus bevacizumab (n = 537) 34 (6.3) 51 (9.5) 20 (3.7) 57 (10.6) 34 (6.3) 47 (8.8)

Placebo plus bevacizumab (n = 269) 20 (7.4) 21 (7.8) 10 (3.7) 22 (8.2) 10 (3.7) 14 (5.2)

HRD status among patients with a non–BRCA HRRm, No. (%)

HRD-positiveb 20 (37.0) 25 (34.7) 18 (60.0) 29 (36.7) 18 (40.9) 23 (37.7)

HRD-negativec 23 (42.6) 33 (45.8) 5 (16.7) 35 (44.3) 17 (38.6) 26 (42.6)

HRD-unknown 11 (20.4) 14 (19.4) 7 (23.3) 15 (19.0) 9 (20.5) 12 (19.7)

Gene-by-gene mutation prevalence,d No. (%)

ATM 5 (0.6) 5 (0.6) 4 (0.5) 5 (0.6) 5 (0.6)

ATR 1 (0.1) 2 (0.2) 1 (0.1)

BARD1 1 (0.1) 1 (0.1) 1 (0.1) 1 (0.1) 1 (0.1)

BLM 3 (0.4) 4 (0.5) 2 (0.2) 2 (0.2)

BRIP1 7 (0.9) 7 (0.9) 7 (0.9) 7 (0.9) 7 (0.9) 7 (0.9)

CDK12 13 (1.6) 12 (1.5) 12 (1.5)

CHEK2 4 (0.5) 4 (0.5) 4 (0.5) 4 (0.5)

EMSY 1 (0.1)

FANCA 2 (0.2) 2 (0.2) 2 (0.2)

FANCI 3 (0.4) 3 (0.4) 3 (0.3)

FANCL 2 (0.2) 2 (0.2) 2 (0.2) 2 (0.2)

FANCM 4 (0.5) 4 (0.5) 4 (0.5)

MSH2 2 (0.2)

MSH6 2 (0.2)

NBN 5 (0.6) 5 (0.6) 7 (0.9) 6 (0.7)

PALB2 4 (0.5) 4 (0.5) 5 (0.6) 3 (0.4) 4 (0.5) 3 (0.4)

PMS2 1 (0.1)

RAD51B 2 (0.2) 2 (0.2) 2 (0.2) 2 (0.2) 2 (0.2)

RAD51C 9 (1.1) 9 (1.1) 9 (1.1) 9 (1.1) 9 (1.1) 9 (1.1)

RAD51D 5 (0.6) 4 (0.5) 5 (0.6) 3 (0.4) 5 (0.6) 4 (0.5)

RAD54L 1 (0.1) 1 (0.5) 1 (0.1) 1 (0.1) 1 (0.1)

Co-occurring genes 1 (0.1) 4 (0.5) 8 (1.0) 1 (0.1) 5 (0.6)

NOTE. Two additional genes (CHEK1 and PPP2R2A) are not listed, as no individual mutations were detected in them with any panel. Patients
with mutations in more than one non–BRCA HRR gene are counted in the co-occurring genes category for the applicable gene panel.

Abbreviations: GIS, genomic instability score; HRD, homologous recombination deficiency; HRRm, homologous recombination repair
mutation.

aPercentages in the row calculated from total randomly assigned (n = 806).
bDefined as a GIS of ≥ 42.
cDefined as a GIS of , 42.
dMutations in noted genes only without co-occurrence unless stated.
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HRD or tBRCAm status Positive Negative Unknown

Genetic alteration Inframe mutation (putative driver) Missense mutation (putative driver) Truncating mutation (putative driver) Fusion Amplification Deep deletion

Alteration not detected

FANCM 0.8%

RAD54L 0.3%
BRIP1 0.9%

NBN 1%

RAD51D 0.6%

FANCA 0.9%

FANCL 0.3%

CDK12 1.7%
ATR 0.5%

BLM 0.8%

BARD1 0.1%
EMSY 0.1%

MSH6 0.4%
PALB2 0.8%

RAD51C 1.2%

MSH2 0.4%

CHEK2 0.9%

RAD51B 0.4%

PMS2 0.3%

HRD Status
tBRCAm Status

FANCI 0.4%
ATM 1.3%

BRCA1 21%
BRCA2 10%

A

tBRCAm
235 (29.2%)

Non-tBRCAm
127 (15.8%)

HRD-positiveHRD-negative/unknown

HRD-negative
244 (30.3%)

HRD-unknown
128 (15.9%)

25 (3.1%)

33 (4.1%)

14 (1.7%)

Non–BRCA HRRm

B

FIG 1. Prevalence of HRRmwithin HRD-positive, HRD-negative, and HRD-unknown tumors. (A) OncoPrint of mutated HRR genes with annotated
positive, negative, and unknown status for HRD and tBRCAm. Percentages on the basis of the total number of enrolled patients in PAOLA-1
(n = 806). Genes are arranged in descending order of median GIS. HRD-positive was defined as a GIS of≥ 42, and HRD-negative as a GIS of, 42.
(B) Expanded panel. The expanded panel included mutated genes in the predefined panel plus five additional selected genes involved in
homologous recombination repair. HRD-positive was defined as a GIS of ≥ 42, and HRD-negative as a GIS of , 42. BRCAm, BRCA1, and/or
BRCA2 mutation; GIS, genomic instability score; HRD, homologous recombination deficiency; HRRm, homologous recombination repair mu-
tation; tBRCAm, tumor BRCAm.
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A

FIG 2. Distribution of GISs and proportion of biallelic loss and heterozygous alterations. (A) Distribution of GISs and gene-specific zygosity per HRR gene in
BRCA1, BRCA2, and the expanded panel. Of non-BRCA genes analyzed in the expanded gene panel, the genes with the highest median GISs were BLM,
BRIP1, RAD51C, PALB2, and RAD51D, forming the basis of the restricted gene panel. Patients with mutations in more than one gene (ie, co-occurring
genes) are excluded from this analysis. (B) Proportion of biallelic loss and heterozygous alterations per gene where gene-specific zygosity could be
assessed for BRCA1, BRCA2, and the expanded panel. Patients with mutations in more than one gene (ie, co-occurring genes) are excluded from this
analysis. BRCAm, BRCA1, and/or BRCA2mutation; GIS, genomic instability score; HRRm, homologous recombination repair mutation; tBRCAm, tumor
BRCAm.
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plus bevacizumab compared with placebo plus bev-
acizumab in patients with newly diagnosed advanced OC.

As there is no consensus definition of non–BRCA HRRm
among trials in OC and gene panels vary, non–BRCA
HRRm was defined using six different gene panels in this
analysis of PAOLA-1. Each of these non–BRCA HRR gene
panels captured a smaller proportion of patients with newly

diagnosed advanced OC (3.7% to 9.8%) than HRD testing
by genomic instability excluding BRCAm (18.9%). Im-
portantly, non–BRCA HRRm was not predictive of PFS
benefit using any of the six gene panels, with HRs (95% CI)
for PFS ranging from 0.92 (0.51 to 1.73) to 1.83 (0.76 to
5.43) depending on the gene panel used. The lack of
predictive power of non–BRCA HRRm observed in this
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FIG 3. PFS for patients with non-BRCA homologous recombination repair gene mutation detected using six different gene panels: (A) predefined
panel, (B) expanded panel, (C) restricted panel, (D) panel used in Study 19, (E) panel used in the NOVA study, and (F) panel used in the ARIEL3
study. The expanded panel included five additional genes involved in homologous recombination repair; the restricted panel used the five genes
with the highest genomic instability scores. bev, bevacizumab; HR, hazard ratio; NC, not calculated (, 20 events); PFS, progression-free survival.
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analysis might not have been an expected result, given
clinical data in platinum-sensitive relapsed (PSR) OC that
suggest a benefit can still be observed with PARP inhibition
in patients with a non–BRCA HRRm. The HR (95% CI) for
PFS among patients with a non–BRCA HRRm in Study 19
was 0.21 (0.04 to 0.86; n = 21),8 in NOVA was 0.31 (0.13 to
0.77; n = 41),9 and in ARIEL3 was 0.21 (0.09 to 0.50;
n = 43).13 This difference between the predictive value in
recurrent disease and first-line therapy might be caused by
the selection of patients with response to at least two prior
lines of platinum-based chemotherapy beforemaintenance
PARP inhibition in the recurrent setting.8,10,12

It is possible that HRR mechanisms beyond the established
BRCA-mediated HRR, or beyond HRRm detected by the
gene panels tested, are present in first-line OC. For example,
BRCA1 hypermethylation and RAD51C hypermethylation
are present in approximately 11% and 3% of OC,
respectively,14,15 BRCA1 hypermethylation is also associa-
ted with high levels of genomic instability,8,16 and BRCA1
hypermethylation and RAD51C hypermethylation have been
reported to be associated with PARP inhibitor response.17,18

However, epigenetic changes may be more easily reversed
than genetic mutations; a recent analysis found that 24%
of ovarian tumors lost BRCA1 hypermethylation during
treatment.19 Therefore, it is possible that hypermethylation
may account for a meaningful proportion of tumors with high
genomic instability and that these tumors are sensitive to
PARP inhibition in the first-line setting; however, reversion of
hypermethylation with treatment may lead to PARP inhibitor
resistance in subsequent lines of therapy.

The functional significance of somatic gene mutations in
HRR may also differ in patients with newly diagnosed OC
who have received only one prior line of systemic therapy
and whose true platinum sensitivity is unknown, compared
with patients who have known late PSR disease and who

might have received multiple lines of therapy. Although
some available data suggest that the levels of genomic
instability in a tumor do not appear to undergo notable
changes between the archival and baseline samples,20

using an LOH cutoff of 14% (since refined to 16%),10 17
of 50 patients (34%) in ARIEL2 who had low levels (, 14%)
of LOH in their archival biopsy had high levels of LOH in
their pretreatment (within 28 days before first dose of
rucaparib) biopsy, and of those 17 patients, five had a
response to PARP inhibition.21

The challenge of interpreting somatic alterations in genes
related to homologous recombination is compounded by
the wide range of genes reported to be involved in HRR. For
example, loss-of-function mutations in PTEN have been
reported to be associated with PARP inhibitor sensitivity in
endometrial carcinomas and glioblastomas,22-24 but the
precise role of PTEN in OC is controversial25-27 and data
regarding its role in newly diagnosed OC are lacking. The
heterogeneity underlying genome maintenance mecha-
nisms in OC necessitates context-specific clinical evalua-
tion and validation of specific biomarkers. Furthermore, the
low frequency and indeterminate functional relevance of
specific mutations in non–BRCA HRR genes add to the
challenges of a single-gene approach. Interestingly, of the
non–BRCA HRR genes analyzed here, loss of function of
RAD51C and RAD51D has been suggested to confer
sensitivity to PARP inhibition in PSR OC; preclinical work
has suggested that loss of RAD51C methylation or sec-
ondary RAD51C/RAD51D reversion mutations may induce
PARP inhibitor resistance.28,29 Among the 12 patients in
our analysis with RAD51C/RAD51D mutations in the ola-
parib arm, there was a wide range of observed PFS, and no
clear pattern was seen between RAD51C/RAD51D muta-
tions and PFS in PAOLA-1. Further investigation of the role
of specific biomarkers in the context of PARP inhibition in
newly diagnosed OC is required; efforts are ongoing to
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FIG 4. PFS for patients with mutations in non-BRCA genes involved in homologous recombination repair using the expanded panel by HRD status: (A)
HRD-positive (GIS of ≥ 42) tumors and (B) HRD-negative (GIS of , 42) or unknown tumors. bev, bevacizumab; GIS, genomic instability score; HRD,
homologous recombination deficiency; PFS, progression-free survival.
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identify further potential markers of underlying tumor HRD
in OC.

HRD as determined by genomic instability testing is an
important predictive biomarker of PARP inhibitor treatment
benefit, including in non-BRCAm patients. Among patients
with HRD-positive tumors (with a GIS ≥ 42 and/or BRCAm)
in PAOLA-1, the HR for PFS with maintenance olaparib plus
bevacizumab versus placebo plus bevacizumab was 0.33
(95% CI, 0.25 to 0.45), and for patients with HRD-positive
tumors (with a GIS≥ 42 excluding BRCAm), theHRwas 0.43
(95% CI, 0.28 to 0.66).4 Across all phase III studies in the
first-line OC setting, the greatest benefit from maintenance
PARP inhibition was seen in patients with HRD-positive tu-
mors (with or without a BRCAm).4-6,30 In this study, even
among a small population of patients with a non–BRCA
HRRm, median PFS was longer among patients with HRD-
positive tumors (GIS ≥ 42) after the addition of maintenance
olaparib to bevacizumab (median PFS 28.1 v 17.7 months)
although small subgroup sizes limit interpretation.

It is notable that in this study, there was a wide range of GIS
observed in patients with non–BRCAHRRm, and only 6 of 16
genes involved in HRR analyzed had a median GIS ≥ 42
(BLM, BRIP1, RAD51C, PALB2, RAD51D, and RAD51B
in descending order of GIS). This is consistent with
recent pan-tumor analyses that suggest that biallelic loss of
BRCA1/BRCA2 greatly distinguishes tumors in terms of HRD,
with biallelic loss of other HRR genes having less of an
impact.16 The European experts consensus statement on
HRD testing in first-line OC noted a high level of agreement
that if non-BRCA tumor mutation status is examined,
RAD51C, RAD51D, BRIP1, PALB2, and BARD1 could be
considered.31 The utility of testing for ATM, CHEK1, CHEK2,
ATR, BLM, and CDK12 mutations in OC is yet to be
established.31,32 It should also be noted that although biallelic
loss was observed in the majority of patients with a tBRCAm
(99.2% of those with a BRCA1mutation and 85.9% of those
with a BRCA2 mutation), this trend was not consistent be-
tween genes among patients with a non–BRCA HRRm.

Limitations of this post hoc analysis include small subgroup
sizes and imbalances between treatment arms on an indi-
vidual gene level, which limit precision on point estimates of
HRs for evaluation of HRRm as a predictive biomarker for
PFS in the subgroups analyzed. In analyses of PFS among
patients with a non–BRCAHRRm irrespective of GIS reported

here, subgroup sizes ranged from 30 to 79, depending on the
gene panel used. Although small, this is comparable with
prior reports in the PSR setting: subgroups of patients with a
non–BRCA HRRm in Study 19,8 NOVA,9 and ARIEL313 were
21, 41, and 43, respectively. Furthermore, owing to small
subgroup sizes, these data do not exclude a predictive effect
with the addition of olaparib to bevacizumab, which may be
associated with mutations in particular individual genes, for
example, BRIP1, RAD51C, or RAD51D.33 Furthermore,
prospective research is needed to evaluate individual
non–BRCA HRR gene mutations as predictors of PARP
inhibitor response, in particular, those genes that are
strongly correlated with high GIS and biallelic loss.

Mutations in non–BRCA HRR genes account for a small
proportion of HRD-positive tumors overall (GIS ≥ 42; 6.5%
[n = 25 of 387] and 4.7% [n = 18 of 387] using the ex-
panded and restricted panels, respectively), and for a large
proportion of tumors, the mechanism of HRD has not been
determined. Further research is needed, including full
evaluation of the range of methodologies used to delineate
the mechanisms of HRD in these cases and to reduce the
number of HRD-unknown tumors.

Finally, patients in PAOLA-1 received bevacizumab along
with initial platinum-based chemotherapy. It is unclear if
use of bevacizumab as part of initial therapy affects re-
sponse to maintenance PARP inhibition, and caution must
be taken when extrapolating these results to PARP inhibitor
monotherapy settings.

In conclusion, to our knowledge, these are the first data
exploring the clinical relevance of non–BRCA HRRm as a
predictive biomarker of benefit from PARP inhibition in
combination with bevacizumab in newly diagnosed ad-
vanced OC. This exploratory subgroup analysis of the
PAOLA-1 study suggests that non–BRCA HRRm detected
using the gene panels in this analysis is not predictive of
PFS benefit with maintenance olaparib plus bevacizumab
versus placebo plus bevacizumab in patients with newly
diagnosed advanced OC. Mutation analysis using current
HRRm gene panels did not have utility beyond tBRCAm for
selecting patients who may benefit from maintenance
olaparib plus bevacizumab in PAOLA-1 and should not be
considered a substitute for genomic instability testing to
determine HRD beyond tBRCAm.
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Saint Herblain and GINECO, France
16Jena University Hospital, Universitaets-Frauenklinik Jena and AGO,
Germany
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