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The aim of this study was to determine the prevalence of somatic and
germline pathogenic variants (PVs) in high-grade serous cancer (HGSC)
and to demonstrate the technical feasibility and effectiveness of a large-
scale, population-based tumor testing program. It involved a retrospective
review of genetic test results in 600 consecutive HGSC tumor samples and
a subsequent comparison of germline and tumor results in a subset of 200
individuals. Tumor testing was successful in 95% of samples (570/600) with
at least one BRCAI1/2 PV identified in 16% (93/570) of cases. Among the
200 paired cases, BRCAI/2 PVs were detected in 38 tumors (19%); 58%
were somatic (22/38); and 42% were germline (16/38). There was 100%
concordance between germline and tumor test results. This is the largest
series of BRCAI/2 testing in HGSC (tumor-only and paired cohorts),
reported to date, and our data show that an effectively designed and vali-
dated population-based tumor testing program can be used to determine
both treatment eligibility and hereditary cancer risk.

1. Introduction

treatment with poly (ADP-ribose) polymerase inhibi-
tors (PARPI) results in increased progression-free and
overall survival rates in women with HGSC associated

High-grade serous cancers (HGSCs) of ovarian, fallop-
ian tube, or primary peritoneal origin affect approxi-
mately 1 in 78 women over their lifetime and are the
fifth leading cause of cancer deaths in women [1].
Large phase III clinical trials have demonstrated that

Abbreviations

with either inherited (germline) or acquired (somatic)
BRCAI or BRCA2 (BRCAI/2) pathogenic variants
(PVs) [2-6]. Given these results, PARPi therapy is now
recommended for women with platinum-sensitive

CNVs, copy number variants; FFPE, formalin-fixed paraffin-embedded; HGSC, high-grade serous cancer; NGS, next-generation sequencing;
PARPI, poly (ADP-ribose) polymerase inhibitors; PV, pathogenic variant; VAF, variant allele fraction; VUS, variant of uncertain significance.

80 Molecular Oncology 15 (2021) 80-90 © 2020 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-4476-9722
https://orcid.org/0000-0002-4476-9722
https://orcid.org/0000-0002-4476-9722
mailto:

M. Care et al.

HGSC with either germline or somatic BRCAI/2 PV
[7-9].

Genetic testing of BRCAI/2 has become the stan-
dard of care for all women with HGSC, with the pri-
mary goal of identifying hereditary cancer families to
provide accurate risk assessment, surveillance, and risk
reduction options for at-risk individuals. [7,10,11]
However, the introduction of PARPi in the treatment
of HGSC is rapidly changing the landscape of
BRCAI)2 testing. While the prevalence of germline
BRCAI)2 PV is reported to be 10-20% in women with
HGSC [12,13], BRCA1/2 PVs are identified in 15-30%
of tumor samples [14-19]. The difference, representing
individuals with somatic variants present only in
tumor tissue, accounts for an important cohort of
patients who could benefit from PARPi therapy, but
who would not be identified by germline testing alone.

Testing FFPE tumor tissue has the advantage of being
able to identify somatic variants not detected through
germline analysis. Tumor testing, when implemented as
a reflex order by pathologists at the time of histologic
diagnosis of HGSC, can also provide results to clinicians
quickly while avoiding recognized barriers to germline
genetic testing, including low referral rates for genetic
counseling and restrictive testing guidelines [20,21]. Con-
sequently, BRCA1/2 tumor testing is now recommended
at the time of initial diagnosis of HGSC for the purposes
of determining PARPI treatment eligibility [7,8].

Despite these advantages, challenges exist in BRCAI/
2 tumor testing. Technical issues associated with using
FFPE tissue for next-generation sequencing (NGS) are
an important consideration, including the potential for
decreased success rates in samples obtained from biop-
sies versus resections, or those from patients who have
undergone neoadjuvant chemotherapy due to poten-
tially reduced sample size or quality. In addition, detec-
tion of large copy number variants (CNVs) is a
recognized challenge and concerns have been raised
around the potential for up to 5% of germline variants
to be missed using tumor testing. [7,22,23]

It is also important to recognize that variants identi-
fied in tumor testing cannot be classified as being of
either germline or somatic origin without testing of a
paired germline sample [24]. Since the implications of
carrying a germline BRCAI/2 PV extend beyond can-
cer treatment to include risks for other cancers and to
family members, individuals with positive tumor
results still require appropriate genetic counseling and
the option of germline testing. Further, the evaluation
of BRCAI/2 alone in tumor tissue will not identify
pathogenic variants in other genes conferring heredi-
tary ovarian cancer risk, which are found in 4-7% of
women with ovarian cancer [17,25].

Tumor and germline NGS in HGSC

In August 2018, the province of Ontario imple-
mented clinical reflex tumor BRCAI/2 testing as a
funded, standard-of-care service for all cases of newly
diagnosed HGSC and previously diagnosed cases with
negative germline BRCAI/2 testing. The University
Health Network (UHN) Genome Diagnostics labora-
tory was one of two initially funded provincial labora-
tories, providing a unique opportunity to evaluate the
detection rate of tumor BRCAI/2 variants in a large,
population-based, tumor testing program. In conjunc-
tion with our Familial Cancer Clinic, which provides
genetic counseling and clinical germline testing for
HGSC patients, we were able to compare tumor and
germline results to assess concordance of findings in
BRCAI/2 and other hereditary ovarian cancer genes,
in the largest paired tumor germline cohort reported
to date. The aim of this study was to use population-
based data to determine the prevalence of somatic and
germline PV in HGSC and to demonstrate the feasibil-
ity and effectiveness of a large-scale tumor testing pro-
gram for the purposes of determining treatment
eligibility and hereditary cancer risk.

2. Methods

2.1. Study population

A retrospective review was undertaken of all HGSC
BRCAI1/2 tumor tests performed in the Genome Diag-
nostics Laboratory at University Health Network, in
Toronto, between August 2018 and August 2019. This
study conformed to the standards of the Declaration
of Helsinki and was conducted under UHN Research
Ethics Board oversight (#17-5616).

Tumor testing was initiated in one of two ways: (a)
reflexively by the reviewing pathologist following sur-
gery or biopsy, at the time of histopathological diag-
nosis of HGSC; or (b) by the treating oncologist for
patients who were platinum-sensitive and had previ-
ously tested negative for a germline BRCAI/2 patho-
genic variant. Patients were recorded as being either
an incident or prevalent case, with incident cases
defined as those sent for BRCAI/2 tumor testing
within 6 months of procedure date (surgery or biopsy),
and all others classified as prevalent cases. This dis-
tinction was made to assess for a potential bias within
our cohort because individuals with a previously iden-
tified germline BRCAI/2 PV were not eligible for
tumor testing, potentially resulting in an under-repre-
sentation of germline variants in the prevalent group.
Conversely, those with new diagnoses (incident cases)
would be less likely to have undergone prior germline
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testing and are likely to provide a more accurate repre-
sentation of the HGSC population.

Patients with available germline test results for review
were identified through the clinical database of the Prin-
cess Margaret Cancer Centre Familial Cancer Clinic.

2.2. FFPE tissue samples and DNA extraction

All tumor samples were reviewed by a pathologist to
confirm a diagnosis of HGSC. FFPE tissue samples (8
slides at 7-um thickness or two, I-mm cores) were
macrodissected to enrich for tumor. Samples were
digested overnight in Proteinase K (20 mg-mL™"), and
DNA was extracted using a magnetic bead purification
method designed for FFPE tissue (Maxwell 16 FFPE
Plus LEV DNA Purification Kit; Promega, Madison,
WI, USA) on an automated extractor (Maxwell 16;
Promega). DNA concentration was evaluated using
fluorometry (Qubit dsDNA Assay Kit on the Qubit
2.0 Fluorometer; Thermo Fisher Scientific, Waltham,
MA, USA).

2.3. Tumor testing

A custom next-generation sequencing (NGS) panel of
59 cancer predisposition genes (target region of
0.2 Mbs) including exons and intronic regions of
BRCAI and BRCA2 was used for tumor testing.
Hybridization libraries (SureSelect XT; Agilent Tech-
nologies, Santa Clara, CA, USA) were sequenced on
the Illumina platform (NextSeq 500; Illumina, San
Diego, CA, USA), with a minimal read depth of 100x
on the target regions. Data analysis used a custom
bioinformatic analysis program, with reads aligned to
the reference human genome (hgl9) using the Bur-
rows-Wheeler Aligner (BWA-MEM) [26]. Duplicate reads
were marked using Picard Mark Duplicates (Broad
Institute, Cambridge, MA, USA) followed by applica-
tion of the Genome Analysis Toolkit (GaTk v3.3-0)
best practices recommendations (Broad Institute) for
Base Quality Score Recalibration (BQsRr) algorithm.
Variant calling used varscan v2.3.8, [27] and copy
number used CNVkit v0.9.3. [28] For CNV analysis, a
panel of normal (PoN) created by CopywriteR was
used, with a target bin size of 100 bp (rather than
default of 267 bp) to obtain a higher-resolution seg-
mentation for on-target sequencing coverage depth of
200x to 300x. For any CNVs identified by NGS test-
ing as within a possible deletion (log2 ratio less than
—0.8) or duplication (log2 ratio greater than 0.8)
range, verification was performed using the multiple
ligation probe amplification kits P002, P087, and P090
(MRC-Holland, Amsterdam, the Netherlands).

M. Care et al.

2.4. Tumor variant classification

Identified variants were filtered to remove technical
artifacts and benign changes and retain only poten-
tially clinically relevant variants (Alissa Clinical Infor-
matics Platform, Agilent). Tumor variants were
evaluated by the 2015 ACMG germline variant inter-
pretation guidelines [29]. All variants meeting criteria
for pathogenic or likely pathogenic (P/LP) classifica-
tion were reported and for the purposes of the study,
reported as PV. Variants of uncertain significance
(VUS) were also identified and reported as such.

2.5. Germline testing

Germline testing was performed as a clinical service
through one of several non-UHN accredited laborato-
ries, on genomic DNA extracted from a peripheral
blood sample. Germline testing included either BRCA1/
2-only testing, or a multigene cancer panel (including
BRCAI1/2), depending on the request of the clinical
team. All germline variants were independently reviewed
and classified by the study team according to the 2015
ACMG Variant Interpretation Guidelines [29].

2.6. Data collection and analysis

Data were collected through a retrospective review of
pathology reports, clinical records, and genetic test
results. Relevant data included procedure type (surgery
vs biopsy), age at procedure date, primary tumor site,
incident  versus  prevalent cases, neoadjuvant
chemotherapy status, and tumor BRCA1/2 results [in-
cluding specific variant information, variant classifica-
tion, and variant allele fraction (VAF)].

For cases in which germline test results were avail-
able, the type of testing (BRCAI/2 only vs multigene
panel testing), identified gene variants, and family his-
tory information were recorded. In the subset of cases
for which germline results were available, tumor and
germline results were compared to determine the pro-
portion of somatic versus germline variants, and concor-
dance of findings between tumor and germline testing.

Descriptive statistics were used to summarize partici-
pant characteristics. In the full tumor cohort, signifi-
cant differences in the frequency of PV among
prevalent and incident cases of HGSC were assessed
using the Fisher exact test or Pearson chi-square test,
as appropriate. One-way ANOVA was used to com-
pare differences in age at procedure among four possi-
ble groups of tumor results (BRCAI PV, BRCA2 PV,
negative, and VUS); pairwise differences were reported
using the Bonferroni post hoc test. In the paired tumor
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and germline cohort, the Fisher exact test or Pearson
chi-square test was used, as appropriate, to identify
significant differences in the frequency of PV, as well
as the proportion of somatic versus germline variants,
among prevalent and incident cases. Statistical analy-
ses were completed using 1BM spss STATISTICS for Win-
dows, version 24 (IBM Corp, Armonk, NY, USA);
statistical significance was reported using a two-tailed
a = 0.05.

3. Results

3.1. Study subjects

A total of 603 samples, from 600 patients, were
received for BRCAI/2 tumor testing at UHN within
the study period, including 518 surgical resections (2
from distant sites), 81 biopsies, 2 cytology samples,
and 2 with unknown origin. Of the 603 samples, 3
(0.5%) were duplicate samples, 2 (0.3%) had insuffi-
cient tumor FFPE material to attempt extraction, and
28 (4.6%) had sufficient tumor DNA isolated to
attempt testing but gave inconclusive technical results
on NGS, for a total of 570 individuals for whom
tumor results were available. Of these, 45% (256/570)
were incident, 54% (307/570) were prevalent, and 1%
(7/570) were considered other types of cases (metas-
tases, recurrences, information not provided). All were
HGSCs, with ovarian primaries being the most preva-
lent site of origin (240/570; 42%). The remainder were
fallopian tube (111/570; 20%), tubo-ovarian (99/570;

Tumor and germline NGS in HGSC

17%), primary peritoneal (43/570; 7.5%), or undeter-
minable (77/570; 13.5%) primary sites. The mean age
at the time of procedure (surgery or biopsy) was
63.1 years (range: 33-90) (Table 1).

3.2. Tumor testing

Test success rates were slightly lower in biopsy samples
versus surgical resection, with 90% (73/81) of biopsy
samples yielding NGS results versus 96% (497/518) for
resections. Of the 60 tumor samples collected following
neoadjuvant chemotherapy, 59 were successfully tested
and only 1 (1.7%) resulted in an inconclusive result
due to a high number of failed regions on NGS.

A total of 96 BRCA1/2 PVs were identified in 93 sam-
ples, for an overall detection rate of 16% (93/570)
(Fig. 1A). The detection rate of BRCAI/2 PV was not
significantly different in incident (15%; 39/256) versus
prevalent (17%; 53/307) cases (P = 0.517). Single
BRCAI PVs were the most frequent, identified in 10.9%
of samples (62/570), and single BRCA2 PVs were identi-
fied in 5% (28/570). Two PVs were identified in 0.5%
(3/570) of tumors. In addition, 62 VUS [BRCAI (22);
BRCA2 (40)] were identified in 60 tumors, either in iso-
lation or together with another BRCA1/2 VUS or PV.

A significant difference was noted in the mean age
at time of procedure among women with and without
a BRCAI PV identified in their tumor tissue. The
mean age of women with BRCAI PV was significantly
younger than those with negative (56.81 years vs
64.05; P < 0.001) or VUS results (56.81 years vs 63.80;
P =0.001); the difference between women with

Table 1. Demographics and overall BRCA1/2 tumor results of study population. PV, pathogenic variant; VUS, variant of uncertain
significance; NEG, no reported variants; other, includes metastases, recurrence, unknown/information not provided; undetermined, primary

tumor site could not be determined.

ALL BRCA1-PV BRCA1-VUS BRCA2-PV BRCA2-VUS NEG
(n=570) (n=63) (n=18) (n=30) (n=33) (n = 426)
Age at procedure? 63.1 56.8° 64.4 61.9 63.5 64.1
Mean (years); 33-90 33-83 51-79 38-84 43-84 38-90
range
Incident/prevalent
Incident 256 (45%) 27 (43%) 10 (566%) 12 (40%) 13 (39%) 194 (45.5%)
Prevalent 307 (54%) 35 (65.5%) 8 (44%) 18 (60%) 20 (61%) 226 (53%)
Other 7 (1%) 1(1.5%) 0 0 0 6 (1.5%)
Primary tumor site
Ovarian 240 (42%) 31 (49%) 6 (33%) 14 (47%) 17 (562%) 158 (37%)
Fallopian tube 111 (19.5%) 12 (19%) 5 (28%) 5 (16.5%) 5 (15%) 84 (20%)
Tubo-ovarian 99 (17.5%) 8 (13%) 4(22%) 5 (16.5%) 5 (15%) 75 (17.5%)
Primary peritoneal 43 (7.5%) 6 (9.5%) 0 5 (16.5%) 3 (9%) 32 (7.5%)
Undetermined 77 (13.5%) 6 (9.5%) 3 (17%) 1 (3.5%) 3 (9%) 70 (18%)
“Age at time of procedure was used as not all samples were collected at the time of diagnosis.
bSignh‘ican‘[ly different from the patients with mutation-negative tumors (P < 0.001).
Molecular Oncology 15 (2021) 80-90 © 2020 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 83
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Fig. 1. BRCAT and BRCAZ variants in tumor samples (n = 570): (A)
A total of 168 BRCA1/2 variants were identified: 96 pathogenic
variants (PVs) and 62 variants of uncertain significance (VUS); (B)
types of pathogenic variants identified in tumor samples, stratified
by gene (BRCAT1 or BRCA2).

BRCAI and BRCA2 PVs was not significant
(56.81 years vs 61.87 years; P = 0.143). Differences
between negative, VUS, and BRCA2 groups were not
statistically significant.

The majority of identified BRCAI1/2 PVs were fra-
meshift (47/96; 50%) or nonsense (28/96; 29%) vari-
ants (Fig. 1B). Missense and splicing variants account
for 6% (6/96) and 5% (5/96), respectively. Ten large
CNVs were identified (Table S1). The VAF of
BRCAI/2 PV ranged from 8% to 97% (Fig. 2).
Excluding large CNVs, 76% (65/86) of PV had a VAF
greater than 40% on the tumor test. The VAF of VUS
ranged from 5% to 95%; however, only 56% (35/62)
were present at a VAF higher than 40%.

3.3. Tumor and germline paired analysis

Within the paired cohort, 19% (38/200) of tumors had
BRCAI/2 PV; 74% (28/38) were in BRCAI; and 26%
(10/38) were in BRCA2. A direct comparison between

M. Care et al.

tumor and germline results showed that 42% (16/38)
of the tumor PV were present in the germline and the
remaining 58% (22/38) were absent, thus confirming a
somatic origin (Fig. 3). All 37 germline BRCA1/2 vari-
ants (PV and VUS) were identified on tumor testing,
demonstrating 100% detection of germline variants
through FFPE tumor testing.

The paired cohort consisted of 72 incident and 128
prevalent cases. The overall frequency of BRCA1/2 PV
in tumor samples was 19% (38/200), and there was no
difference between the incident (14/72) and prevalent
(24/128) groups (P = 0.904). Of the identified PV, 58%
(22/38) were somatic and 42% (16/38) were germline.
A greater proportion of somatic PVs were identified in
the prevalent cases (67%; 16/24) as compared to inci-
dent cases (43%; 6/14); however, this difference was
not statistically significant (P = 0.152) (Fig. 4).

When comparing somatic BRCAI/2 PV (n=22)
with germline BRCAI/2 (n = 16), somatic PVs were
more likely to be nonsense (27% vs 19%) or copy
number variants (27% vs 6%) and less often frame-
shift variants (36% vs 62.5%). With the exception of
the large CNVs, the BRCA1/2 VAF in tumor samples
for confirmed germline variants (PV and VUS) ranged
from 5% to 94% (Fig. 5). However, the tumor VAF
of germline BRCAI/2 PV (n = 15) was all greater than
44% VAF (44-94%), versus the germline VUS
(n = 17) which ranged from 5% to 90% VAF.

Of those individuals whose germline testing included
multigene panels, 6% (10/163) had LP/P variants iden-
tified in genes other than BRCAI/2 (BRIPI-3;
MLHI-1; RAD51C-3; RAD51D-3). When the NGS
data from these tumor samples were reanalyzed to
include additional genes on the panel, all 10 variants
were found in the tumor data (Table S2). Review of
family history information in these 10 cases demon-
strated that only one individual had a family history
of ovarian cancer. However, all but one of these indi-
viduals had a reported family history of HBOC-related
cancers in third degree or closer relatives.

4. Discussion

With the introduction of PARPI therapy, the identifica-
tion of both germline and somatic BRCAI/2 PVs is a
critical part of the treatment pathway for HGSC[7-9].
As a consequence, there is a new urgency for tumor
BRCA1/2 testing in HGSC to ensure timely identifica-
tion of all patients eligible for PARPi therapy, including
those who may be missed through traditional service
delivery models aimed at germline variant detection.
The results of our study show that large-scale tumor
testing is both effective and feasible. In our cohort,
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18

Fig. 2. Variant allele fraction (VAF)
of  BRCAT7/2 tumor variants.
Comparison of VAF of PV versus 14
VUS identified on tumor testing. A
higher proportion of PVs were
present at a VAF >40% as
compared to VUS (76% vs 56%).

16
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NUMBER OF VARIANTS
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= Negative (n = 162)
m BRCA1[G] (n=12)
BRCA2[G] (n = 4)

= BRCA1[S] (n-16)

u BRCA2[S] (n = 6)

Fig. 3. Origin of BRCAT/2 pathogenic variants identified in paired
cohort (n = 200). Results demonstrating the BRCA1/2 PV profile of
paired tumor and germline samples. Negative—refers to samples
carrying no variants or VUS; [Gl—confirmed germline origin; [S]—
confirmed somatic origin.

there was a relatively low test failure rate of 4.6%, the
majority of which represented samples from one refer-
ral center suggesting a site-specific issue with fixation
methods or storage of FFPE material. Importantly, we
reported a high success rate in biopsy tissue and in
patients who had neoadjuvant chemotherapy. Both are
important considerations for tumor testing in HGSC,
as many patients are not candidates for primary sur-
gery given the aggressive nature of the disease. Our
results demonstrate the ability of tumor testing in mul-
tiple clinical scenarios, irrespective of a patient’s pri-
mary treatment plan.

We have also demonstrated that NGS, accompanied
by appropriate bioinformatic assessment, allows for the
identification of large CNVs on FFPE tissue. CNV

Tumor and germline NGS in HGSC

il R

21-30 31-40 41-50 51-60 61-70 71-80 81-90 >90
TUMOR VAF (%)
[ Pathogenic Variants (n=86)  ©VUS (n=62)

detection is a recognized challenge due to tumor hetero-
geneity, DNA fragmentation, and nucleic acid modifica-
tions that occur in the fixation process of tumor tissue
[30], but is paramount to the success of a tumor testing
program. In this study, 10% (10/96) of BRCAI/2 PV
identified in tumor samples were large CNVs (Table S1).
Seven of these were somatic, representing a significant
proportion of PARPi-eligible patients that would not
have been identified by germline testing alone and fur-
ther emphasizing the importance of CNV detection
using tumor testing methodologies.

The overall prevalence of BRCAI/2 PV in 570
HGSC tumor samples was 16%. While consistent with
the 17% reported in a recently published large cohort,
[14] it is somewhat lower than the 24-30% reported by
others [15,18,31,32]. This is potentially a reflection of
the large-scale, population-based testing approach rep-
resented in our study compared with small, controlled
research-based settings. For example, sample submis-
sions from multiple sites with pathology reviewed by
multiple pathologists may introduce additional vari-
ables that are difficult to control for, but may be more
reflective of real-world scenarios.

Evaluation of the paired tumor germline cohort in
this study provides important insights into BRCAI/2
variants in HGSC, which, in turn, has implications for
service delivery planning and genetic testing models.
The proportions of somatic versus germline variants
have varied widely, with 14-45% of tumor PV
reported to be of somatic origin [2,14,15,31,32]. In our
paired cohort, the largest published to date, 58% of
BRCAI1/2 PVs were somatic. Though not statistically
significant, a smaller proportion of somatic PVs were
identified in incident versus prevalent cases (43% vs
67%). This was expected, as tumor testing was not
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Paired Cases (n = 200)

Incident Cases (n =72) |

| Tumor Testing

| Germline Testing |

| Prevalent Cases (n = 128)|

| Tumor Testing

| Germline Testing |

Pathogenic variants
(14/72; 19%)

Pathogenic variants
(8/72; 11%)

Pathogenic variants
(24/128; 19%)

Pathogenic variants
(8/128; 6.25%)

BRCA1
(12114; 86%)

BRCA2
(2/14; 14%)

BRCA1
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BRCA2
(118; 12.5%)

BRCA1
(16/124; 67%)

BRCA2
(8/244; 33%)

BRCA1
(5/8; 62.5%)

BRCA2
(3/8; 37.5%)

}

| Variant Origin (n = 14) |

}

| Variant Origin (n = 24) |

Somatic
(6/14; 43%)

Germline
(8/14; 57%)

Somatic
(16/24; 67%)

Germline
(8/24; 33%)

BRCA1
(516; 83%)

BRCA2
(1/6; 17%)

BRCA1
(7/8; 87.5%)
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BRCA1
(11/16; 69%)

BRCA2
(5/16; 31%)
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(5/8; 62.5%)

BRCA2
3/8; 37.5%)

Fig. 4. Variants detected in a paired tumor germline cohort. Direct comparison of paired tumor and blood analyses in incident versus
prevalent cases. All variants detected through germline testing were identified in tumor samples. To determine somatic versus germline
origin, the number of variants identified by germline testing is subtracted from the number of variants identified in tumors.

NUMBER OF VARIANTS

A1l

<11 11-20 21-30 31-40 41-50 51-60 61-70
TUMOR VAF (%)
[0 Pathogenic Variants (n = 16) CVUS (n=22)

completed for prevalent cases with known germline
BRCAI/2 PV. Therefore, the proportion of somatic
PVs is likely overrepresented in the prevalent group
and 43% may be more accurate estimate of somatic
variants in HGSC. This suggests that almost half of
PARPi-eligible individuals may be missed through
germline BRCAI/2 testing alone, potentially resulting
in a failure to initiate appropriate therapy. In addition,
the identification of germline BRCAI/2 variants in
33% of the prevalent cases demonstrates that

86

71-80

Fig. 5. Tumor variant allele fraction
(AF) of confirmed germline variants.
Distribution of observed VAF in 32
confirmed  germline  sequence
variants. Six germline variants, all
VUS, were identified in tumors at
VAF < 40%, whereas all germline
PVs were present in tumors at VAF
> 40%.

iigil

81-90 >90

individuals with germline PV may be missed by exist-
ing germline-focused care models.

Comparing tumor and blood results also provides
interesting insights into the variant allele fraction
(VAF) of confirmed germline variants. While all germ-
line BRCA1/2 PVs were identified in tumor at VAFs
over 40% (VAF = 44-94%), confirmed germline VUS
were seen at VAF in tumors as low as 5% and as high
as 90%. Although VAF may appear to be a conve-
nient predictor of variant origin, there are currently no

Molecular Oncology 15 (2021) 80-90 ©® 2020 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



M. Care et al.

established cutoff values of tumor VAF for confirmed
germline variants [33]. Our data demonstrate the
potential pitfalls associated with using VAF to deter-
mine variant origin and highlight the necessity of con-
firmatory germline testing in order to provide
appropriate genetic counseling and risk assessment.

The feasibility, benefits, and limitations of a tumor-
first testing model have been recently discussed, given
its potential to reduce turnaround times and overall
test volumes by negating the need for follow-up germ-
line testing in individuals with negative tumor results
[34]. The technical ability to identify all variants
through tumor testing is of utmost importance when
considering the potential of a tumor-first testing
model, particularly given the challenges associated
with testing on FFPE tissue, and reports that up to
5% of germline variants will be missed with tumor
analysis [7,34]. In our paired cohort of 200 patients,
we demonstrated a 100% detection of 37 germline
BRCAI/2 variants (PV and VUS) with tumor testing,
including one large copy number variant. As
described, the ability to detect CNVs in FFPE tissue is
exceptionally important in this context, given that they
are reported to account for 10% of germline BRCA1/2
variants [35,36]. While current guidelines recommend
germline BRCAI/2 testing for all women diagnosed
with epithelial ovarian cancer [7], our data suggest that
with appropriate validation and high technical stan-
dards, a tumor-first testing model may be a viable
option to detect both somatic and germline variants.

In addition to technical considerations, ethical con-
cerns with a tumor-first model have also been raised.
Given the potential for opportunistic germline variant
identification through tumor testing, there is a question
of informed consent and an individual’s right to decline
knowledge of hereditary cancer risk [37,38]. The propor-
tion of somatic variants detected in our study suggests
that tumor testing in more in keeping with the definition
of screening, as opposed to diagnostic testing, for hered-
itary cancer. Consequently, oncologists speaking to
individuals about tumor BRCA1/2 testing can do so in
the context of therapeutic implications, with more
detailed informed consent discussions around hereditary
testing occurring at the time of genetic counseling fol-
lowing a positive tumor test.

Though the benefit of BRCAI/2 tumor testing is
increasingly evident for the purposes of therapeutic
decision-making, the importance of identifying non-
BRCAI/2-associated hereditary cancer families cannot
be overlooked. Germline variants in other ovarian can-
cer risk genes are identified in 4-7% of ovarian cancer
[17,25], and BRCAI/2-only tumor testing will result in
a failure to identify and manage these individuals at

Tumor and germline NGS in HGSC

increased cancer risk. We have demonstrated that
multigene panel testing on FFPE tumor samples can
be used to detect germline variants beyond BRCAI/2,
as 10 germline variants in other ovarian cancer risk
genes were identified in tumor testing (BRIPI, MSH?2,
RADS5IC, RADS51D) (Table S2). Importantly, in these
cases family history alone may not have been sufficient
to trigger a referral to a hereditary cancer clinic for
assessment. Thus, prior to eliminating secondary germ-
line testing for HGSC patients with negative tumor
results, tumor-first workflows should include multigene
panels to avoid missing hereditary cancer families.
Such a model could reduce lengthy wait times often
experienced in hereditary cancer clinics by allowing
them to focus on germline confirmation of positive
tumor results and cascade testing [39,40].

5. Conclusions

The data presented here demonstrate that a large, pop-
ulation-based tumor testing program in HGSC is effec-
tive in identifying BRCA1/2 PV both for the purposes
of determining treatment eligibility, and as a potential
screen for hereditary cancer syndromes. As tumor test-
ing for patients with HGSC becomes increasingly
available across healthcare organizations, collaborative
efforts between oncology, pathology, molecular diag-
nostics, and genetic teams will help to determine best
practices and care pathways to maximize the benefits
for patient care.
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