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ABSTRACT

PURPOSE The efficiency of the Myriad Homologous Recombination Deficiency (HRD) test
to guide the use of poly (ADP-ribose) polymerase (PARP) inhibitors has been
demonstrated in several phase III trials. However, a need exists for alternative
clinically validated tests.

METHODS A novel biomarker for HRD was developed using The Cancer Genome Atlas
database and, as part of the ENGOT HRD European Initiative, applied to 469
samples from the PAOLA-1/ENGOT-ov25 trial. Results were compared with the
MyriadmyChoice Genomic Instability Score (GIS) with respect to the progression-
free survival in the olaparib 1 bevacizumab and placebo 1 bevacizumab arms.

RESULTS Analysis of the TCGA cohort revealed that a normalization of the number of
large-scale state transitions by the number of whole-genome doubling events
allows a better separation and classification of HRD samples than the GIS.
Analysis of the PAOLA-1 samples, using the Geneva test (OncoScan 1 nLST),
yielded a lower failure rate (27 of 469 v 59 of 469) and a hazard ratio of 0.40
(95% CI, 0.28 to 0.57) compared with 0.37 for Myriad myChoice (BRCAm or
GIS1) in the nLST-positive samples. In patients with BRCAwt, the Geneva test
identified a novel subpopulation of patients, with a favorable 1-year PFS (85%)
but a poor 2-year PFS (30%) on olaparib 1 bevacizumab treatment.

CONCLUSION The proposed test efficiently separates HRD-positive from HRD-negative
patients, predicts response to PARP inhibition, and can be easily deployed in
a clinical laboratory for routine practice. The performance is similar to the
available commercial test, but its lower failure rate allows an increase in the
number of patients who will receive a conclusive laboratory result.

INTRODUCTION

Ovarian cancer is the eighth most common cancer af-
fecting women worldwide,1 and the majority of patients
present with advanced disease.2 Numerous clinical studies
have shown that patients whose tumors have a deficiency
in the homologous recombination pathway (HR), with or
without germline or somatic breast cancer type 1 and 2
susceptibility protein mutations (gBRCA and sBRCA),
have improved survival if treated with inhibitors of poly
(ADP-ribose) polymerase (PARPi), particularly as main-
tenance therapy (reviewed by Foo et al).3,4 There is an
unmet need for an academic assay to detect HR deficiency
(HRD) in high-grade serous ovarian and perhaps in other
cancers. The available approaches have shortcomings
with respect to their technical characteristics and cost.

Prediction of a response to PARPi is currently based on two
strategies—detection of mutations in genes involved in HRD
(particularly BRCA1/2) and identification of a HRD phenotype.
HRD is a frequent alteration identified in a wide range of
tumors but particularly those with a genetic predisposition
associated with gBRCAmutations. The advantage ofmutation
testing is that it provides a simple readout (presence or ab-
sence of a pathogenic or probably pathogenic mutation in the
tested genes), but other mechanisms of gene silencing are
overlooked. This was highlighted in the PAOLA-1 study where
19% of patients were considered to be BRCA wild-type but
HR-deficient. These patients showed a response to olaparib1

bevacizumab, and more extensive mutation testing failed to
reduce this percentage significantly.5,6 The benefits of HRD
phenotype testing over mutation testing were confirmed
in the PRIMA7 and VELIA8 studies. To our knowledge, the
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PAOLA-1 trial is the only trial to show no benefits of PARPi
maintenance treatment in the HRD-negative population.
However, the effect of the combination of olaparib and
bevacizumab is yet to be assessed. Several techniques have
been developed to identify HRD; the quantification of large-
scale genomic alterations,9-11 specificmutational signatures,12

and the absence of RAD51 foci,13,14 certain of which alone or in
combination are the basis of current assays. Of note, only
large-scale genomic alterations have been clinically validated
in phase II/III trials.

Whole-genome doubling (WGD) is a common genomic
phenotype, found in advanced neoplasms, and is particularly
prevalent in high-grade serous ovarian cancers.15 It is
thought to promote tumorigenesis by facilitating genomic
instability and helping to buffer against the negative effects
of deleterious mutations. It is self-evident that a near
doubling of genetic material in a tumor is a confounding
factor for HRD analyses that depend on quantification of
genomic alterations.

We report an academic laboratory–developed, clinically
validated test to detect HRD. The algorithm is publicly
availablewithin anR package onGitHub16 andR/Bioconductor
to allow wide dissemination of this essential diagnostic
modality.

METHODS

TCGA Cohorts

The Cancer Genome Atlas (TCGA) pan-cancer cohort
(pancan12) contains 457 high-grade serous ovarian carci-
nomas (264 with an associated BRCA1/2mutation status) and
112 triple-negative breast carcinomas. Copy number variation
(CNV) segments and the number of WGD events computed

using the ABSOLUTE software were downloaded from
Synapse.17,18 Mutational status for BRCA1 and BRCA2 was
obtained from the TCGA article.19 Estrogen receptor status,
progesterone receptor status, and human epidermal growth
factor receptor 2 status for the breast cancer samples were
downloaded from cBioPortal on May 18, 2020.20

PAOLA-1 Cohort Patient Samples

The PAOLA-1 study is part of the European ENGOT (Euro-
pean Network of Gynecological Oncology Trial) HRD ini-
tiative led by the French group GINECO (Groupe des
Investigateurs Nationaux pour l’Etude des Cancers de
l’Ovaire).21 The Ethic Committee Comite de Protection des
Personnes SUD-EST IV of Centre Leon Berard, Lyon, gave
ethical approval for this work. To allow the ten initial par-
ticipant laboratories to analyze the same samples from the
PAOLA-1 trial,5 samples with the highest content of DNA
were prioritized (ARCAGY-GINECO tumor bank, Institut
Curie, Paris). DNA was extracted from FFPE tumor slides,
preferentially frompatients untreated before surgery (76.5%
[359] were taken prechemotherapy, and 21.5% [101] post-
chemotherapy). 100 ng of tumor DNA samples from each
patient was transferred to 96-well plates that were sent to
Geneva at –80°C, after agreement from the French au-
thority. The clinical database was locked on August 2019
(maximum follow-up of 51months). BRCAwild-type tumors
were selected for the first phase of 85 samples that was
designed to test the correlation with the MYRIAD test,
specifically for those BRCA wild-type tumors where the
Genomic Instability Score (GIS) score has been shown to
detect HRD-positive cases. The second phase involved
testing 384 additional samples with high DNA content. Care
was taken that this selection was representative of the global
PAOLA-1 population in terms of BRCA and HRD status
distribution and that the benefit of olaparib 1 bevacizumab

CONTEXT

Key Objective
Ovarian carcinoma is the deadliest gynecologic cancer, and the advance of poly (ADP-ribose) polymerase (PARP) inhibitors,
such as olaparib, has greatly improved the survival of patients. However, tests that predict response to PARP inhibitors are
in the commercial sector with limited accessibility. To answer the need for clinically validated academic tests, we aim to
evaluate the performance of our homologous recombination deficiency (HRD) test on 469 patients from the PAOLA-1/
ENGOT-ov25 phase III trial.

Knowledge Generated
The hazard ratios between the olaparib and placebo arms and the low failure rate of the Geneva HRD test demonstrate that
the test can predict response to olaparib and is well adapted for clinical routine. In addition, the algorithm for HRD scoring is
freely available to the community.

Relevance
The test, already in clinical routine at the Geneva University Hospitals, can be easily implemented in a pathology laboratory,
which should facilitate the availability of HRD testing and thus improve patient well-being.

2 | © 2023 by American Society of Clinical Oncology

Christinat et al

Downloaded from ascopubs.org by Universite de Genve on August 7, 2023 from 129.195.253.018
Copyright © 2023 American Society of Clinical Oncology. All rights reserved. 



maintenance versus bevacizumab among the 469 selected
cases was in the same range as that of the global PAOLA-1
population of 806 cases. These 469 samples (female patients
with a high-grade ovarian adenocarcinoma; median age:
60 years) were analyzed using the OncoScan assay (see the
Methods section in the Data Supplement for details).

Statistical Analysis and HRD Scores Computation

All statistical analysesandgraphswereperformedusingR3.5.122

and the packages forestplot, survival, and survminer. For the
TCGA cohort, the HRD score (LOH1 LST1 TAI) was computed
using the scarHRDv0.1.1 package.23 TheWGD-based nLST score
and other OncoScan-related analyseswere performed using the
OncoScanR v1.0.0 package16 and are described in the Methods
section in the Data Supplement. A schema of the analyses on
both cohorts is described in the Data Supplement (Figure S1).

Data Availability

All data in the present study produced from the TCGA cohort
are available upon reasonable request to the authors. All data
in the present study produced from the PAOLA-1 trial data
are unavailable.

RESULTS

The Number of LSTs Depends of the Number of
WGD Events

Using the public data sets from the TCGA, we observe that the
distributions of the three components of the HRD score from
the study by Telli et al (as used in theMyriadmyChoice test; see
the Methods section in the Data Supplement)24 shift with the
number of WGD events (Fig 1). The number of large-scale state
transitions (LST) and the number of telomeric allelic imbalance
(TAI) events increase with the number ofWGD events, whereas
the number of loss of heterozygosity events (LOH) diminishes.
Interestingly, the sumof the threemarkers does not seem to be
affected by the number of WGD events as the peaks of the
bimodal distributions are aligned. However, the percentage of
HRD-positive cases (defined as LST 1 LOH 1 TAI ≥42) de-
creases as the number of WGD events increases: 67% (170 of
255), 49% (120 of 245), and 54% (37 of 69) for no WGD, one
WGD, and twoWGDevents, respectively. Therefore, a test based
solely on the presence or absence of WGD events will have a
positive predictive value of 67% (170 of 255) and a negative
predictive valueof 50%(157of 314)wherewewouldexpect 57%
and43%by chance (Cohen’sKappaof 0.162;minor agreement).
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FIG 1. Distribution of (A) LST, (B) TAI, and (C) LOH scores and (D) their sum for The Cancer
Genome Atlas cohort with respect to the number of WGD events as obtained using
the ABSOLUTE software. LOH, loss of heterozygosity events; LST, large-scale state transitions;
TAI, telomeric allelic imbalance events; WGD, whole genome doubling.
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The Number of LSTs Normalized by the Number of WGD
Events is an Efficient Biomarker for HR-Deficient Tumors

Since the number of LSTs is the only value to have a bimodal
distribution, as expected for a biomarker identifying two
distinct populations, we postulated that the numbers of LOH
andTAI events in theHRD score from the study by Telli et al24

act as surrogates to normalize the ploidy or the number of
WGD events, but do not in themselves add value to a nor-
malized LST score (nLST). To test this hypothesis, we in-
vestigated three normalization methods for the LSTs (see
the Methods section in the Data Supplement):

1. A ploidy-based method, as suggested by Timms et al,25

that shifts the LST values as a function of the ploidy of the
sample.

2. A method on the basis of the average copy number that,
instead of shifting the values by a discrete number, nor-
malizes the LST directly by the amount of DNA in the cell.

3. A WGD-based method, similar to that in the study by
Timms et al, but that uses the estimated number of WGD
events (none, one, or two) instead of the ploidy.

The HRD-negative LST peak of the no-WGD-events samples
has a value of 7 (Fig 1A) and was chosen as the baseline pa-
rameter for theploidy-andWGD-basednormalizationmethods
(k5 7/2). Ofnote, thevalueofk515.5 suggestedbyTimmset al25

for the ploidy-based normalization method shifts all polyploid
samples into thefirst peak andwasnot further considered (Data
Supplement Fig S2).

These methods were compared using two performance
metrics:

1. The BRCA detection rate, that is, the percentage of
samples with a homozygousmutation on BRCA1 or BRCA2
within the positive cluster. A good test would be expected
to classify all BRCA-mutated samples as positive. (Of
note, this measure was only computed using the 264
ovarian cases that had been characterized for BRCA
mutations.)

2. The between-clusters sum of squares (BCSS), which
measures the average distance between two clusters. A
good test is expected to have a clear separation and thus a
large BCSS.

Figure 2A shows that a normalization by the number of WGD
events provides the highest cluster separation (BCSS) and
the highest BRCA detection rate for any given BCSS. The
number of normalized LSTs, irrespective of the normali-
zation method, also allows a better classification of BRCA-
mutated samples and a better cluster separation than the
HRD score from the study by Telli et al as computed using
scarHRD.

For the number of LSTs normalized by the WGD events, a
cutoff point of 15 yields the highest BCSS and was chosen for
the test. Figure 2B shows that the nLST method using the
cutoff of 15 results in a lower BRCA detection rate but a better
cluster separation than the tripartite score from the study by
Telli et al at the recommended cutoff of 42.

The OncoScan 1 nLST Test Yields a Lower Failure Rate
Than Myriad on PAOLA-1 Samples

The OncoScan assay yielded a technical failure rate of 2%
(10 of 469), and in 17 samples, the ChAS software (Thermo
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Fisher) failed to correctly detect the copy number alter-
ations. Combining these categories resulted in an incon-
clusive rate of 6% for the Geneva test. Of note, a further 14
samples displayed no copy number alterations nor any sign
of CNV calling errors and were classified as HRD-negative.
In the Myriad myChoice assay, the percentage of incon-
clusive tests for the GIS score stands at 13% (59 of 469),
which is reduced to 9%when the BRCAmutational status is
included. Among the 59 Myriad GIS–inconclusive samples,
12 samples were found to be HRD-positive by the Geneva
test, 16 were HRD-negative, 20 were inconclusive, and 11
showed no CNV alterations.

The Myriad myChoice assay requires samples with at least
30% tumor, whereas the OncoScan can detect CNVs down to
a 15% tumor content, according to Thermo Fisher. An
analysis of the nLST value distribution with respect to the
tumor content (inferred from the OncoScan data) showed no
statistically significant bias in samples with a 15%-30%
tumor content (t-test P value of .0861 for 15%-30% v ≥30%;
Data Supplement Fig S3A).

The nLST Score is Highly CorrelatedWith theMyriad GIS

On the 403 patients from the PAOLA-1 trial with a conclusive
result from both tests, we observe a tight correlation be-
tween the nLST score and the Myriad instability score
(Pearson’s correlation coefficient of 0.88, P value <2.2 3

10216; Data Supplement Fig S4). Furthermore, in the 19
samples with 15%-30% tumor, the distribution of the dif-
ference between the GIS and nLST scores was similar to the
other samples (Data Supplement Fig S3B), indicating a good
concordance between the assays even at low tumoral DNA
content.

With the default nLST threshold of 15, the Geneva test
yielded a Cohen’s Kappa of 0.80 and positive and negative
agreement values of 98% (204 of 209) and 81% (158 of 194),
respectively, with the GIS (Table 1). The Geneva test
with the nLST threshold of 15 thus identifies almost all
GIS-positive samples but adds an extra set of 36 patients
who are Myriad GIS–negative. However, the selected
thresholds for each test are not equivalent. Through a linear
regression, we could deduce that a GIS threshold of 42 is
equivalent to a nLST threshold of 18 and, reciprocally, a
nLST threshold of 15 is equivalent to a GIS threshold of 38.

With a nLST threshold of 18, Cohen’s Kappa reaches 0.83,
which indicates an almost perfect agreement (Data Sup-
plement Table S1).

The Geneva Test is Predictive of the Response to
Olaparib 1 Bevacizumab

The Myriad myChoice test includes a genomic instability
score and the BRCA mutation status. The Geneva test
(OncoScan 1 nLST), in contrast, is not designed to identify
BRCA mutations, but, in practice, the BRCA mutational
status is already known or is assessed via sequencing.
The PFS hazard ratio with respect to the treatment arm
(olaparib1 bevacizumab or placebo1 bevacizumab) and the
test status (HRD-positive, negative, or unknown) was
compared in relation to the BRCA mutation status provided
by theMyriad test (Fig 3). In the 151 BRCA-mutated samples,
the hazard ratio was 0.36 (95% CI, 0.22 to 0.57), which is
similar but slightly higher than the hazard ratio reported in
the full PAOLA-1 cohort (0.31; 95%CI, 0.20 to 0.47). In the 311
BRCAwild-type samples (Fig 3B), the nLST test classified 119
samples as HRD-positive, which yielded a hazard ratio of
0.56 (95% CI, 0.35 to 0.89). In the same subpopulation, the
Myriad GIS with a threshold of 42 produced a hazard ratio of
0.41 (95% CI, 0.24 to 0.70) but classified only 91 samples as
HRD-positive. With a threshold of 18 in the nLST test, the
equivalent to a GIS of 42, the Geneva test resulted in a
hazard ratio of 0.47 (95% CI, 0.28 to 0.81; 94 patients) in the
HRD-positive population. When considering the tests as a
whole, irrespective of the BRCA status, the two tests yielded
very similar hazard ratios on the PFS when olaparib is added
to the bevacizumab maintenance treatment (Fig 3A). The
addition of the BRCA status to the nLST score adds 22 pa-
tients to the HRD-positive population, but does not improve
the hazard ratio (from 0.40 [95% CI, 0.28 to 0.56] to 0.43
[95% CI, 0.31 to 0.60]). A similar effect is seen for theMyriad
GIS. Interestingly, three BRCA-mutated but nLST-negative
patients received olaparib and all had a lowMyriad GIS and a
low PFS (7.9, 13.9 and 18.7months). In particular, the patient
with the lowest PFS had a heterozygous mutation, which
concurs with the negative HRD evaluations, indicating that
there may be no deficiency in the HR pathway.

BRCA Wild-Type Patients With an Intermediate nLST
Score Derive a Short-Term Benefit From Olaparib 1

Bevacizumab

The nLST test yielded more HRD-positive samples in the
BRCA wild-type population than the Myriad test, which is
mostly due to the use of different thresholds. These nLST-
positive but Myriad GIS–negative patients display a poorer
PFS with olaparib 1 bevacizumab treatment than nLST-
positive and Myriad GIS–positive patients (hazard ratio,
0.71; 95% CI, 0.26 to 1.90; 28 samples; Data Supplement Fig
S5). Asmost nLST-positive but GIS-negative samples have an
nLST score below 20 (third quartile at 19), we investigated the
characteristics of these patients using a three-way classifi-
cation: nLST <15 (negative), 15 ≤nLST <20 (positive-mid),

TABLE 1. Homologous Recombination Deficiency Calls Comparison
(nLST v Myriad GIS) of 469 Patients From the PAOLA-1 Trial

nLST ≥15

Positive Negative Inconclusive

GIS ≥42 Positive 204 5 4

Negative 36 158 3

Inconclusive 12 27 20

Abbreviation: GIS, Genomic Instability Score; nLST, normalized LST.
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and nLST ≥20 (positive-high). Of note, two thirds of the
positive-mid patients were GIS-negative (23 of 33). We
observe that the nLST positive-mid population is enriched
in patients with tumor recurrence during their second year
of treatment (Fig 4A). No such difference was observed in
the BRCA-mutated population (Fig 4B) nor in the placebo
arm (Data Supplement Fig S6). Patients with positive-mid
and positive-high values show a similar 1-year PFS (85%
and 89%, respectively), but these two groups show a dif-
ferent 2-year PFS (30% and 66%), significant with a
Fisher’s exact test (P value of .00457, and Table 2). Patients
with negative nLST values showed a lower 1-year PFS
(66%) compared with those with positive-mid values
(Fisher’s exact test P value of .0246) but a 2-year PFS close
to the positive-mid samples (23% v 30%; Fisher’s exact test
P value .3).

DISCUSSION

Many studies have shown that inhibition of PARP is an ef-
fective treatment that prolongs PFS for high-grade serous
carcinoma of the ovary.3 The efficacy of this treatment is in

great part dependent on the loss of the homologous re-
combination pathway for DNA repair.3,4 However, the ad-
verse effects of PARPi can be serious, and thus, careful
selection of patients is important.26 We report here the
development and technical and clinical validation of a
novel assay for HRD, which is available to the academic
community. This test has been integrated into our routine
laboratoryworkflow and represents a low-cost alternative to
commercial assays. The algorithm on which it is based could
be applied to other data sources as long as confident calling
of copy number can be assured. The OncoScan technology is
particularly well adapted to calculating the HRD value using
FFPE tissues and circumvents one of the main barriers to
genomic testing, DNA quality, as no enzymatic reactions is
performed on the tumor DNA,27 in contrast to the capture-
based next-generation sequencing assays. Low tumor cell
percentage remains a barrier to accurate genomic analysis,
and the OncoScan CNV assay is theoretically more sensitive
than the Myriad myChoice. Further investigations with a
ground truth for tumoral content (eg, the TP53 mutation
allele frequency) are required to truly assess the limit of
detection of the Geneva HRD test.
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FIG 3. Hazard ratio for theMyriad test (GIS1BRCAmutation status) and the GenevaHRD test: (A) full EHEI cohort (469 patients) and (B) BRCA
wild-type patients (according to the Myriad myChoice test; 311 patients). GIS, Genomic Instability Score; HRD, homologous recombination
deficiency.
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We find that normalizing the LST using genomic doubling
events is an efficient method to identify the genomic scars
induced by the loss of HR and predicts response to olaparib
therapy, in addition to bevacizumab, as well as the Myriad
myChoice test in 469 samples fromPAOLA-1 study, classifying
more patients as HRD-positive than the Myriad test. However,
the higher positivity rate also increases the risk for false
positive,which is partly reflected in thehazard ratios. The set of
BRCA wild-type patients that has an intermediate nLST score
(between 15 and 20 nLSTs) represents an interesting subgroup.
They displayed a better response to olaparib 1 bevacizumab
than patients who are negative, but a worse long-term re-
sponse than the patients with a high nLST score. One expla-
nation was that this group represents a mixture of responders
and nonresponders who were not efficiently separated by the
test. However, these patients display an initial response to
PARP inhibitors that is not sustained, suggesting both a bio-
logic basis for this observation and the existence of partial
responders despite a low number of patients in this group.
Indeed, it raises the question of whether a 3-class systemhas a

clinical utility, a suggestion supported by the existence of
hypomorphic BRCA mutations28 and the fact that different
thresholds for the Myriad test have been used in clinical
studies.29,30 The inclusion of these patients in theHRD-positive
categorywould have anegative effect on the global hazard ratio
of the test, as observed in our case, but it still translates into a
12-month benefit for patients who receive treatment.

The addition of the BRCA mutation status to the nLST
score or the Myriad GIS score, as performed in the Myriad
myChoice test, did not improve the performance of these
tests. In ovarian cancer, more than 90% of the BRCA-
mutated tumors show a genetic alteration of the second
allele and mutations are thus homozygous. This leaves a
small group of patients who have a BRCA mutation pos-
sibly without a HR deficiency. In the PAOLA-1 subcohort,
we observed two cases with heterozygous mutations and
low GIS and nLST scores that did not respond well to
the olaparib treatment. The BRCA status, which is, in
general, derived in parallel with the HRD score, is, how-
ever, beneficial in samples with a low tumor cell content as
it eliminates some false negatives. It might also remove
some false positives if a reversion mutation is detected. In
our opinion, the BRCA status should be considered as a
complement to HRD testing and the zygosity of the mu-
tation should be taken into account in cases with a low
HRD score.

We have developed andmade available an academic assay for
HRD detection that complements available assays and
identifies a new group of patients with ovarian cancer who
seem to respond to PARP inhibition but relapse earlier. We
expect this assay to facilitate the availability of HRD testing
and thus improve patient well-being.
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FIG 4. Kaplan-Meier plot of a three-way classification of the nLST score in the olaparib 1 bevacizumab arm: (A) BRCA wild-type
subpopulation and (B) BRCA-mutated subpopulation. nLST, normalized LST.

TABLE 2. 1-Year and 2-Year PFS in the BRCA Wild-Type Subpopulation
With Respect to the Three-Way Classification Scheme With Olaparib 1

Bevacizumab Treatment

HRD Class 1-Year PFS, % (95%CI) 2-Year PFS, % (95%CI)

Negative 66 (57 to 75) 23 (16 to 32)

Positive-mid 85 (73 to 100) 30 (17 to 53)

Positive-high 89 (81 to 98) 66 (54 to 80)

Abbreviation: HRD, homologous recombination deficiency; PFS,
progression-free survival.
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