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Abstract

Background: PAOLA1 is a phase III study assessing olaparib maintenance therapy in advanced high-grade ovarian carcinoma
patients responding to first-line platinum-taxane-based chemotherapy plus bevacizumab as standard of care.
Randomization was stratified by treatment outcome and tumor BRCA1/2 status (tBRCA) at screening. Methods: tBRCA was
tested on formalin-fixed, paraffin-embedded tumor blocks on 5 French platforms using 2 next-generation sequencing meth-
ods based either on hybrid capture or amplicon technology. One of the exploratory objectives was to assess the concordance
between germline (gBRCA) and tBRCA testing in French patients. gBRCA testing was performed on blood samples on the same
platforms. Results: From May 2015 to July 2017, tBRCA tests were performed for 1176 screened patients. Only 52 (4.4%) tumor
samples were noncontributive. The median interval between reception of the tumor sample and availability of the tBRCA
status result was 37 days (range = 8-260). A pathogenic variant was reported in 27.1% tumor samples (319 of 1176 screened
patients). tBRCA and gBRCA testing were performed for 451 French patients with negative results for both tests in 306 patients
(67.8%) and positive results for both tests in 85 patients (18.8%). Only 1 large genomic rearrangement of BRCA1 was detected,
exclusively in the blood sample. Interestingly, tBRCA testing revealed 6.4% of pathogenic variant (29 of 451) not detected by gBRCA
testing. Conclusions: tBRCA testing is an appropriate tool with an acceptable turnaround time for clinical practice and a low
failure rate, ensuring reliable identification of patients likely to benefit from poly(ADP-ribose) polymerase inhibitor therapy.

Epithelial ovarian cancer (EOC) is the sixth most common can- due to gynecologic malignancies (1). Approximately 13%-31% of
cer among women worldwide and the leading cause of death patients with early EOC and 75%-80% of those with advanced
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disease relapse after a median of 11-29months and 18-
24 months, respectively (2). For several decades, systemic ther-
apy of ovarian cancer has consisted of chemotherapy, with the
relatively recent addition of antiangiogenic strategies in combi-
nation with chemotherapy and in the maintenance setting (3).
The benefit of bevacizumab, a humanized antivascular endo-
thelial growth factor monoclonal antibody, has been demon-
strated for advanced disease in combination with
chemotherapy added to a maintenance phase (4,5). Recently, a
major breakthrough was made with the approval of poly(ADP-
ribose) polymerase inhibitors (PARPi) for the treatment of re-
lapsing high-grade serous carcinoma patients responding to
platinum-based chemotherapy in the SOLO2, ARIEL3, and
NOVA trials (6-8) and as first-line treatment for mBRCA patients
in the SOLO1 trial (9). Data from these clinical trials
identified BRCA1 and/or BRCA2mutations, genome-wide loss of
heterozygosity, and homologous repair deficiency as predictive
biomarkers for PARPi therapy.

PAOLA1 (ENGOT-ov25) is a phase III, randomized, double-
blind, placebo-controlled multicenter trial designed to assess
the efficacy and safety of olaparib (tablet formulation) as main-
tenance therapy in patients with advanced high-grade serous or
endometrioid ovarian cancer (HGOC) who have responded to
first-line platinum-taxane-based chemotherapy plus bevacizu-
mab concomitant with maintenance chemotherapy for up to
15months. Stratification was performed on treatment outcome
and tumor BRCA1/2 status (tBRCA) at screening (NCT02477644)
(10). Of the 806 patients randomly assigned in the PAOLA1 study,
537 were assigned to receive olaparib plus bevacizumab, and 269
were assigned to receive placebo plus bevacizumab. Olaparib
maintenance therapy improved median progression-free sur-
vival (hazard ratio [HR] for disease progression or death = 0.59,
95% confidence interval [CI] = 0.49 to 0.72; P <.001), which was
more pronounced in patients with BRCA-mutated tumors
(HR=0.31, 95% CI=0.20 to 0.47) compared with patients with
wild-type BRCA tumors (HR =0.71, 95% CI = 0.58 to 0.88) (10).

Determination of BRCA status at first-line treatment, the fea-
sibility of tumor BRCA testing, and the concordance between
germline and tumor BRCA status are therefore of interest with
this type of clinical trial (11). Although BRCA1/2 gene sequencing
has been performed routinely on blood samples for many years
to detect hereditary predisposition, the search for theranostic
BRCA1/2 tumor variants emerged with the arrival of PARPi and
is far from trivial, as genetic tests on tumor blocks can encoun-
ter several pitfalls because of the small sample sizes, low tumor
cell infiltration, and DNA degradation because of formalin fixa-
tion. DNA extraction and sequencing methods must therefore
be adapted to ensure reliable tumor testing (12,13).

We report the experience of institutional platforms that per-
formed prospective tBRCA testing for patients from all partici-
pating centers in the PAOLA1 trial, in parallel with germline
BRCA (gBRCA) testing for French patients, particularly to deter-
mine the feasibility of tumor testing on formalin-fixed, paraf-
fin-embedded (FFPE) samples, the compatibility with clinical
practice, and the concordance between tBRCA and gBRCA test-
ing for the subgroup of French patients.

Methods

Study Population

The randomized, double-blind, placebo-controlled PAOLA-1
trial was conducted in 11 countries (France, Germany, Italy,

Austria, Spain, Belgium, Finland, Denmark, Monaco, Sweden,
and Japan) according to the declaration of Helsinki guidelines.
The trial was approved by the authorities of all participating
countries, and signed informed consent was obtained from all
patients.

A total of 1176 patients were potentially candidates for inclu-
sion in the PAOLA1 trial, and tumor samples from all patients
were tested for BRCA1/2 variants. However, 370 patients were
screen failures (31%) because of the presence of clinical exclu-
sion criteria (no response or progression during chemotherapy,
toxic events, no bevacizumab therapy, abnormal laboratory test
results, time frames, patient’s decision). Finally, 806 patients
were randomly assigned between May 2015 and August 2017
(EudraCT No.: 2014-004027-52).

Tumor BRCA Testing

Tumor BRCA testing was centralized in 5 French national aca-
demic platforms based in Paris (Institut Curie and Assistance
Publique-Hopitaux de Paris-APHP), Villejuif (Institut Gustave
Roussy), Caen (Centre Frangois Baclesse), and Bordeaux (Institut
Bergonié) selected by a national call for tenders from the French
National Institute of Cancer (INCa) to which 10 platforms ap-
plied. Platforms were selected after examination of the manda-
tory technical document submitted by each platform
(confidential documents) to ensure that all selected platforms
provided a similar level of performance. All 5 platforms comply
with the ISO15189 standard and have reached the requirements
of the same external quality assessment. These platforms also
included positive and negative controls in each run. Material
and methods are detailed in Supplementary Table 1 (available
online). The Institut Curie platform centralized analyses from
parts of France and Germany. The APHP platform centralized
analysis from parts of France, Finland, Denmark, and Sweden.
The Institut Gustave Roussy platform centralized analysis from
parts of France and Italy. The Institut Bergonié platform central-
ized analysis from parts of France, Monaco, and Spain. The
Frangois Baclesse platform centralized analysis from parts of
France, Austria, Belgium, and Japan. Tumor samples were col-
lected from local pathologists during the screening period. An
adequately sized (minimum: 2mm x 2mm) archival paraffin-
embedded tumor block, representative of the tumor obtained by
surgical resection or core biopsy of the primary tumor or perito-
neal carcinomatosis, was provided. Each participating center
had to send either a tumor block or twenty 6 um slides contain-
ing at least 30% of tumor cells. Participating centers were asked
to send tumor samples about 2 months (at least 1 month) prior
to random assignment to allow sufficient time to perform the
analysis and to request another tumor block if the first block
was unsuitable for analysis. DNA was extracted from FFPE tu-
mor blocks according to local procedures at each of the 5 plat-
forms. Tumor BRCA testing was performed on FFPE samples
obtained from all centers. The 5 platforms met several times
prior to initiation of inclusions to standardize their process of
validation of pathogenic variants and variants of unknown sig-
nificance. All loss-of-function variants (frameshift, nonsense,
canonical splice site), as well as large genomic rearrangement
or missense variants already classified as pathogenic in public
databases (BRCA share, BRCA-UMD, ClinVar, COSMIC, Galaxy,
ALAMUT) were considered to be pathogenic (class 5). These
same public databases, sometimes completed by home-made
databases (for 3 platforms), were used to classify missense var-
iants as neutral variants or variants of unknown significance
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| 1,176 tumor tests initiated

1,124 informative tumor tests |

Tumor BRCA1/2 status not determined for 52
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Figure 1. Graphic summary of tumor testing results. PV = pathogenic variant; VUS = variant of unknown significance.

(VUS; class 3). Pathogenic variants (PV) were reported on a spe-
cific form that was sent to the study site and to the sponsor
(ARCAGY Research). Variants of unknown significance were
reported on a specific form that was sent only to ARCAGY
Research and were classified as wild-type tBRCA status. Neutral
and likely neutral variants were not reported.

Germline BRCA Testing

In compliance with European Union regulations for germline
testing, blood BRCA tests were performed only on French
patients. gBRCA testing was performed in parallel to tBRCA test-
ingin French patients by the 5 same platforms selected by INCa.
DNA was extracted from blood samples according to local pro-
cedures in each of the 5 platforms. All of the French platforms
belong to the Groupe Génétique et Cancer French consortium,
which have a national BRCA database, which helps to have a
common approach in variants classifications. Material and
methods are detailed in Supplementary Table 2 (available
online).

Statistical Methods

Statistical analyses were performed using GraphPad Prism (ver-
sion 5.01) software (GraphPad Software, Inc. California, USA).
The lower and upper limits of the 95% confidence interval (CI)
were calculated for each proportion, according to Robert
Newcombe’s method. All statistical tests were two-sided and a
P value of less than .05 was considered statistically signficant.

Results

Tumor BRCA Analysis

From May 2015 to July 2017, 1176 tests were performed. tBRCA
status was assessed in 1124 samples with a median turnaround

time of 37 days (range = 8-260; first quartile = 25; fourth quartile
= 55) between reception of the tumor sample and availability of
the BRCA result. The median turnaround time was reduced to
31days (range = 8-109) during the second recruitment period
(2016-2017), when tumor testing had been fully implemented on
all platforms.

In this set of 1176 tests, results were reported as inconclusive
for 52 samples (4.4%): 20 were considered to be noncontributive
because of the insufficient quality or quantity of the extracted
DNA to perform next-generation sequencing (NGS) analysis. For
another 30 samples, the tumor cell content was insufficient
(<10%) to initiate NGS analysis. Another 2 patients were not
tested because of the presence of ineligibility criteria (an inter-
val of less than 2 weeks between shipment of the tumor sample
and randomization) prior to testing (Figure 1).

A PV was reported in 319 tumor samples (27.1% of the 1176
patients screened): 215 (67.3%) in BRCA1, 103 (32.2%) in BRCA2,
and 1 in both genes. Two samples had a double PV in the BRCA2
gene, and 1 sample had a double PV in the BRCAI gene (see
Supplementary Table 3, available online, for details of tumor
PV). The proportions of mutated tumor samples per country
and per platform are detailed in Tables 1 and 2, respectively.
The proportion of mutated tumors was statistically significantly
higher for samples from Belgium (P=.004) than for the overall
cohort (53%, 95% CI = 35% to 70%). The proportion of inconclu-
sive results was lower for samples from Germany (P <.001) than
for the overall cohort (0.5%, 95% CI = 0.1% to 1%) (Table 1). We
did not detect any statistically significant difference in the pro-
portion of mutated tumor samples reported by each platform
according to the use of a hybrid capture or amplicon technique.
The proportion of inconclusive tumor BRCA results was statisti-
cally significantly lower on the Institut Curie platform (P <.001)
and higher on the Gustave Roussy platform (P <.001) than in the
overall cohort (Table 2).

A VUS was reported for 113 tumor samples (9.6% of the 1176
patients screened): in the BRCA1 gene in 43 (38.1%) cases, in the
BRCA2 gene in 67 (59.2%) cases, and in both genes in 3 cases.
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Table 1. Tumor BRCA results per country (restricted to pathogenic variants only)®

Center No. of BRCA tests No. of tMut No. of tNeg No. of tBRCA Screening failure for
location performed on tumor (%, 95% CI) (%, 95% CI) unknown (%, 95% CI)  randomization No. (%, 95% CI)
France/Monaco 498 126 (25.3,21 to 29) 338 (67.9,63 to 71) 34 (6.8,5t09) 169 (33.9, 30 to 38)
Belgium 28 15(53.6,35t070) 13 (46.4, 29 to 64) 0(0,0 to 12) 8 (28.5, 15 to 47)
Germany 382 109 (28.5, 24 to 33) 271 (70.9, 66 to 75) 2(05,0.1t01) 131 (34.2,29 to 39)
Austria 42 16 (38.1,25t053) 24 (57.1, 42 to 70) 2(47,1t015) 14 (33.3, 21 to 48)
Italy 108 24(22.2,15t030) 76 (70.4, 61 to 78) 8(7.4,3t013) 23 (21.2, 14 to 30)
Spain 73 23(315,22t042) 45 (61.6, 50 to 72) 5(6.8,3 to0 15) 18 (24.6, 16 to 35)
Denmark 6 0(0,0to 39) 6 (100, 61 to 100) 0(0, 0 to 39) 0 (0, 0 to 39)
Finland 12 1(8.3,1 to 35) 11 (91.6, 64 to 98) 0(0, 0 to 24) 5 (41.6, 19 to 68)
Sweden 1 0(0,0to79) 1 (100, 20 to 100) 0(0,0to79) 0(0,0to79)
Japan 26 5(19.2, 8 to 37) 20 (76.9, 58 to 89) 1(3.8,0.7 to 19) 2(7.6,2 to 24)
Total 1176 319 (27.1,25t030) 805 (68.4, 66 to 71) 52 (44,310 6) 370 (31.4, 29 to 34)

@ CI = confidence interval; tBCRA/2 = tumor BRCA1/2; tmut = tumor mutation; tNeg = tumor negative mutation.

Table 2. Results per screening platform

BRCA tests performed on tumor BRCA tests performed among French patients

Samples in which a

No. of samples in mutation was detected

No. tests performed

%
=
a
a
tm

No. of No. of unknown which a mutation
tBRCA tests tBRCA tests was detected No. in tumor No. in blood
Screening center performed (%, 95% CI) (%, 95% CI) On tumor On blood (%, 95% CI) (%, 95% CI)
Institut Curie, Paris 485 5(1.1,04t02) 143 (29.4, 25 to 33) 103 98 4(33.0,241042) 24 (24.4,17 to 33)
Centre Baclesse, Caen 196 10(5.1,2t09) 2 (31.6, 25 to 38) 100 90 6 (26.0,18 to 35) 15 (16.6, 10 to 25)
APHP, Paris 124 3(2.4,0.8t07) 23 (18.5, 12 to 26) 105 104 22(20.9,14t029)  16(15.3,9to 23)
Institut Bergonié, Bordeaux 174 10(5.7,3t010) 49 (28.1, 22 to 35) 98 91 6(26.5,18t036) 21 (23.1, 15 to 32)
Gustave Roussy, Villejuif 197 24 (12.1,8to 17) 2(21.3,16 to 27) 89 71 8(20.2,13t029) 12(16.9, 10 to 27)
Total 1176 52(4.4,3to6) 319(27.1,26to 31) 495 4542 126 (25.4,22t0 29) 88(19.3, 16 to 23)

“Including 3 patients without tBRCA testing. CI = confidence interval; tBRCA = tumor BRCA1/2.

Three samples had a double VUS in the BRCAI gene (see
Supplementary Table 4, available online, for details of tumor
VUS). For 81 samples, the VUS reported were the only variant
detected in BRCA1/2 genes. VUS were associated with a PV in
the BRCA1 gene for 22 samples or a PV in the BRCA2 gene for 10
samples. The 6 samples in which 2 VUS were reported did not
harbor a PV in the BRCA1/2 genes.

Germline BRCA Analysis

Between May 2015 and November 2017, 454 tests were performed
exclusively on samples from French patients. All blood samples
were contributive, and results were available after a median of
45 days (range = 10-456; first quartile = 32; fourth quartile = 64).

A germline PV was reported for 88 of 454 patients (19.3%)
with 53 (60.2%) PV in the BRCAI gene and 36 (40.9%) PV in the
BRCA2 gene. One patient had 2 PV: 1 in the BRCA1 gene and the
other in the BRCA2 gene (see Supplementary Table 5, available
online, for details of germline PV). The proportions of germline
PV on the 5 platforms ranged from 15.3% to 24.4%. Germline VUS
were detected in 24 samples (5.2% of the patients screened). VUS
were the only variant detected for 18 samples, whereas VUS
were associated with a PV in 6 samples (see Supplementary
Table 6, available online, for details of germline VUS).

Global results for gBRCA testing on each platform are pre-
sented in Table 2. No inconclusive results were observed for

germline BRCA tests, and a similar proportion of mutated germ-
line samples was reported on all platforms.

Concordance Between Tumor and Germline BRCA
Testing in the Subgroup of French Patients

Tumor BRCA and germline BRCA testing were both performed
for 451 French patients. gBRCA test results were available for 3
patients, in whom tBRCA testing was not performed (Table 3). In
this group of 451 patients, tBRCA testing was inconclusive for 30
patients because of the inadequate DNA quantity/quality or tu-
mor cell content. tBRCA and gBRCA results were consistent with
negative results for both tests for 306 (67.8%) patients and posi-
tive results for both tests for 85 (18.8%) patients. For 1 patient,
gBRCA testing was positive, whereas tBRCA testing was nega-
tive. The PV detected for this patient was a large genomic rear-
rangement (LGR) consisting of deletion of exons 1 and 2 of the
BRCA1 gene. Interestingly, tBRCA testing revealed 29 of 451 PV
(6.4%) not detected by gBRCA testing. The list of these variants,
exclusively detected in the tumor, is presented in
Supplementary Table 7 (available online). In 1 patient, a de novo
BRCA1 PV was associated with a germline BRCA2 VUS
(c.8958A>G, p. Ile2986Met). For 2 patients, de novo BRCA1 PV
were associated with a tumor BRCA1 VUS (c.5194-8dup, p.? or
€.2129 C> G, p. Thr710Ser).
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Table 3. Concordance between tBRCA and gBRCA testing in the French cohort®

Testing result gBRCA negative No. (%)
tBRCA negative 306 (67.8)

tBRCA positive 29 (6.4)
Inconclusive tumor testing 29 (6.4)

Total 364 (80.7)

gBRCA positive No. (%) Total No. (%)

1(0.2) 307 (68.1)
85 (18.8) 114 (25.2)
1(0.2) 30 (6.6)
87 (19.2) 451 (100)

# gBRCA = germline BRCA; tBRCA = tumor BRCA1/2.

Discussion

During PAOLA-1 trial enrollment, 1176 tBRCA tests were per-
formed on FFPE samples with a median turnaround time of
37 days and 4.4% of inconclusive results. The tBRCA testing fail-
ure rate was low and not different from that observed for other
tests, such as KRAS or EGFR hotspot detection (mean failure
rates of 5% and 8%, respectively, in 2013 for the 28 platforms
certified by the French National Institute of Cancer; see the
www.e-cancer.fr website for more details). Sequencing of the
entire coding sequence of large suppressor genes such a BRCA1/
2 is therefore feasible on fragmented DNA extracted from FFPE
samples. However, we observed a difference in terms of the in-
conclusive result rate according to whether the comparison was
based on platform or country. Between-country differences in
sample formalin fixation technique cannot be excluded. The re-
spective rates of neoadjuvant chemotherapy vs primary debulk-
ing surgery, which differ from one country to another, may also
have influenced the percentage of tumor cells in the sample,
the quality of DNA extracted, and the proportion of inconclusive
results. As laboratories may have adapted their workflow to
meet the randomization deadline (communicated at the time of
reception of the tumor block), the turnaround time may there-
fore have been extended. All platforms routinely observed a
turnaround time of less than 6 weeks, as recommended by INCa
(see the www.e-cancer.fr website for more details). These per-
formances demonstrate that tBRCA testing on FFPE samples is a
reliable tool for routine clinical practice.

The proportion of mutated tumor samples in the PAOLA1
trial differed from one country to another, but no differences
were observed between platforms. Between-country differences
could be potentially related to differences in patient characteris-
tics in recruitment groups, which may have been influenced by
the different bevacizumab reimbursement policies in the partic-
ipating countries.

The incidence of tBRCA PV in PAOLA1 (27.1%, 95% CI = 25%
to 30%) was not statistically different from that observed in The
Cancer Genome Atlas study (22.4%, 95% CI = 18% to 27%) (14).
The phase III PRIMA trial exploring the benefit of niraparib
maintenance therapy after first-line platinum-based chemo-
therapy reported a similar incidence of tBRCA mutation (30.4%,
95% CI = 27% to 34%) (15). Platinum-based chemotherapy sensi-
tivity is known to be correlated with BRCA mutation and may
have induced a bias. However, the phase III VELIA trial exploring
the benefit of first-line veliparib without patient selection prior
to inclusion also reported a 26.1% (95% CI = 24% to 29%) tBRCA
mutation rate, suggesting that 25%-30% may represent the true
tBRCA mutation rate in stage III-IV high-grade serous and
endometrioid ovarian or fallopian tube or primaryperitoneal
cancers (16).

In the subgroup of French patients, a high level of concor-
dance was observed between tumor and germline BRCA test
results. The only tBRCA- and gBRCA+ discordant case highlights
the difficulty of detecting LGR in FFPE tumor samples but was

responsible for failure in less than 1% of tumor BRCA tests. LGR
are rare events, because the mutation profile for high-risk
patients was 90.1% sequencing mutations vs 9.9% large rear-
rangements in the study by Judkins et al. (17). Moreover, im-
provement in the material quality, progress in bioinformatics
tools, and NGS technologies should soon overcome this diffi-
culty. We are therefore confident that a first tumor test will
soon be able to rapidly provide a reliable result to initiate PARPi
therapy and to refer patients for genetic counseling with no risk
of false-negative results. This approach could facilitate focused
germline testing and an overall reduction in genetic testing.

Although BRCA1 and BRCA2 gene mutations are the altera-
tions most commonly observed, HGOC is also characterized by
frequent genetic and epigenetic alterations of hazard ratio path-
way genes (18). In the future, detection of homologous recombi-
nation deficiency (HRD) may predict those individuals most
likely to derive a benefit from PARPi therapy in addition to tu-
mor BRCA mutation (tBRCAm) (7,10,15). However, the limitations
of the HRD tests used in the PAOLA1 trial are the proportion of
samples with “unknown” status, the possibility of false-
negatives, cost, and unavailability or lack of access to testing. In
PAOLA1, the addition of maintenance olaparib provided a statis-
tically significant progression-free survival benefit, which was
substantial in patients with HRD-positive tumors, including
those without BRCA mutation (10). Further studies are ongoing
to identify the most reliable HRD biomarkers to predict sensitiv-
ity to PARPi. An ENGOT-led project is designed to explore new
HRD tests [genotypic or phenotypic tests such as rad51 foci (19)]
using tumor samples from the PAOLA1 trial.

In the French subgroup, PV were detected in tumors in 25.2%
(114 of 451) of patients and in blood in 19.2% (87 of 451) of
patients. Tumor BRCA testing therefore allowed the detection of
29 of 451 (6.4%) de novo somatic PV in this cohort. As a result of
tumor BRCA testing instead of germline BRCA testing, an addi-
tional 25% (29 of [87 + 29]) of patients would be able to benefit
from olaparib therapy in routine clinical practice. Jorge et al. (20)
reported 20.9% (9 of 43) of somatic variants. Vos et al. (21)
showed that the universal tumor BRCA1/2 workflow identified
twice as many patients for PARPi therapy than conventional ge-
netic predisposition testing of DNA from blood. These various
studies therefore show that tumor testing can identify more
patients likely to benefit from PARPi therapy. However, tumor
testing should not overshadow germline testing for variant de-
tection in other genes than BRCA1/2 (eg, RCA51C, RAD51D, MMR
genes) and genetic counseling, which are essential for the pre-
vention of second cancers and the surveillance of relatives.

In conclusion, tBRCA testing is a reliable tool for clinical trials
with acceptable time frame and is now also useful to guide
PARPI prescription in clinical practice. Knowledge of both tumor
and germline BRCA1/2 status is essential at diagnosis and to en-
sure optimal care of EOC patients. Rapid and common statement
between oncologists and geneticists for patients is essential to
optimize therapeutic management and genetic counseling.
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