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Summary

Up to 80% of BRCA1 and BRCA2 genetic variants remain of uncertain clinical significance (VUSs). Only variants classified as path-
ogenic or likely pathogenic can guide breast and ovarian cancer prevention measures and treatment by PARP inhibitors. We report
the first results of the ongoing French national COVAR (cosegregation variant) study, the aim of which is to classify BRCA1/2 VUSs.
The classification method was a multifactorial model combining different associations between VUSs and cancer, including cosegre-
gation data. At this time, among the 653 variants selected, 101 (15%) distinct variants shared by 1,624 families were classified as
pathogenic/likely pathogenic or benign/likely benign by the COVAR study. Sixty-six of the 101 (65%) variants classified by COVAR
would have remained VUSs without cosegregation data. Of note, among the 34 variants classified as pathogenic by COVAR, 16 re-
mained VUSs or likely pathogenic when following the ACMG/AMP variant classification guidelines. Although the initiation and or-
ganization of cosegregation analyses require a considerable effort, the growing number of available genetic tests results in an
increasing number of families sharing a particular variant, and thereby increases the power of such analyses. Here we demonstrate
that variant cosegregation analyses are a powerful tool for the classification of variants in the BRCA1/2 breast-ovarian cancer predis-
position genes.

Introduction in cancer genetics and BRCA1/2 testing is now a paradigm

in predictive medicine. Pathogenic germline BRCAI1/
Identification of the BRCAI (MIM: 113705) and BRCA2 BRCAZ2 monoallelic variants are associated with a high
(MIM: 600185) genes 25 years ago opened up a new field risk of breast and ovarian cancer.' They are classified as
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pathogenic when they have a putative loss-of-function ef-
fect, usually when a stop codon is introduced by nonsense
substitutions, frameshift insertions/deletions (indels),
complete splice defects, or large gene rearrangements
(LGRs).>° However, many numerous identified variants,
such as missense, synonymous, or variants surrounding
coding exons even at canonical splicing positions, are diffi-
cult to classify without complementary analyses and, in
many cases, remain unclassified.””!' An international
effort to classifty BRCA1/2 variants was initiated in 2009
through “The Evidence-based Network for the Interpreta-
tion of Germline Mutant Alleles” (ENIGMA) and has
recently been extended to other breast cancer predisposi-
tion genes.'?

In view of the increasing genetic testing capacity due to
the use of next generation sequencing (NGS) and with the
advent of PARP inhibitors (PARPi) for the treatment of in-
dividuals affected with a tumor driven by BRCAI1/BRCA2
inactivation, the number of affected individuals tested
and the number of variants detected are continuously
increasing.'*'* In April 2021, about 40,000 and 25,000
BRCA1/BRCA2 different germline variants have been re-
ported worldwide in the BRCAexchange and ClinVar da-
tabases, respectively, of which nearly 80% and 50%,
respectively, are unclassified in term of their pathogenic
effect’® (Table S1). However, due to the individual im-
pacts of PARPi prescriptions and prophylactic decisions
such as mastectomy and oophorectomy, a reliable
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classification of variants as either pathogenic or non-
pathogenic is of utmost importance. In a survey of
3,672 women who underwent BRCA1/BRCA2 testing in
2014-2015, Kurian et al. reported that 51% of women car-
rying a variant of uncertain significance (VUS) underwent
bilateral prophylactic mastectomy even in the absence of
family history of cancer.'® In March 2016, the journalist
Jeremy Lange reported in The New York Times the case
of a woman whose doctors had conflicting information
on her BRCA1/BRCA2 test result. “The situation is ripe
for overinterpretation and misinterpretation,” said a
geneticist interviewed.

The large size of the BRCA1 and BRCA2 proteins, the
complexity of their functions, and the lack of reliable surro-
gate markers of their activity, such as pathological immuno-
histochemistry or a comprehensive functional assay, have
led to the VUS classification approach based on a multifac-
torial model, which has been validated for BRCA 1/2 variant
classification in previous studies.""'”"'® For each VUS, this
model comprises a prior probability (PriorP) of pathoge-
nicity based on Align-GVGD prediction score and com-
bined likelihoods of pathogenicity derived from measure-
ments of associations between VUS and cancer: personal
and family cancer history, breast tumor pathology, co-
occurrence of VUS with a known pathogenic variant of
the same gene, and cosegregation data.''”'"~*! Plon
et al. proposed a classification of cancer predisposition
gene variants based on five levels of likelihood of pathoge-
nicity, known as the IARC-5-tier classes: (1) benign (BV),
(2) likely benign (LBV), (3) of uncertain significance, (4)
likely pathogenic (LPV), and (5) pathogenic (PV).?*

The COVAR (cosegregation variant) study has been set
up within the French Unicancer Genetics Group (UGG)
which brings together cancer genetics clinics and labora-
tories. Here, we report the first results of the COVAR study
showing the value of cosegregation analyzes for classifica-
tion of BRCA1/BRCAZ2 variants. In addition, by comparing
the COVAR results to the variant scoring obtained by
following the American College of Medical Genetics and
Genomics (ACMG) and the Association for Molecular Pa-
thology (AMP) guidelines, we demonstrate the power of
the COVAR approach.

Subjects and methods

UGG cancer genetics clinic and laboratory network,
FrOG (French OncoGenetics) Database

The French UGG (see Web resources) was established in 1991 to
contribute to the identification of cancer predisposing genes and
estimation of cancer risks based on national (GENEPSO, GEMO,
GENESIS) and international (IBCCS, CIMBA) genetic epidemiolog-
ical studies and to define recommendations for genetic testing and
management of individuals at risk."*>**?® In 2020, the UGG
consists of a network of 148 public/private cancer genetics clinics
throughout France and 26 academic molecular genetics labora-
tories, 17 of which routinely perform breast-ovarian cancer ge-
netic testing.

Between 1994 and 2018, about 260,000 index cases (ICs) were
sequenced for BRCAI/BRCA2 in the UGG cancer genetics clinic
and laboratory network. The sequencing was performed by spe-
cific gene analyzes until 2017 and by multigene panel there-
after.”®*? ICs correspond to the first case to be tested in their fam-
ilies and are mostly women with a personal history of breast and/
or ovarian cancer. Sequencing technologies evolved during this
period, but genetic testing always included the search for substi-
tutions and indels on all BRCA1/2 coding exons and exon/intron
boundaries, as well as the search for LGR. All identified variants
(except for common polymorphisms) were reported in a dedi-
cated BRCA1/BRCA2 database initially called UMD-BRCA1/
BRCA2°> (BRCAShare®’) and now called FrOG (French OncoGe-
netics) database. This database is a helpful everyday tool for mo-
lecular geneticists and an essential resource for the classification
of variants. Affected individuals are pseudonymously registered
in the database by means of a family ID assigned by the submit-
ting laboratory.® Patients can therefore be mapped back through
their family ID for variant classification updates and research
study invitations.

A working group composed of the UGG molecular geneticists is
in charge of the classification of variants. The curation is under the
responsibility of S.M.C. Systematic classification criteria have been
introduced in the framework of the IARC-5-classes of pathoge-
nicity.?” The principles of classification are reported in Figure 1
and in Béroud et al.**

In April 2021, of the 3,389 distinct BRCA1 variants reported,
1,112 variants were classified as LPV/PV (class 4/5), 583 as BV/
LBV (class 1/2), and 1,694 as class 3 (VUYS), this last class represent-
ing 50% of all variants (Figure 2). A similar class distribution was
observed for BRCA2: within 5,081 distinct BRCA2 variants re-
ported, 3,062 were classified as class 3 (60%).

The COVAR study and variant selection

The COVAR study was initiated in order to increase the propor-
tion of classified variants by using cosegregation data within fam-
ilies. The study was designed to focus on sampling available rela-
tives of the ICs and testing whether or not they carried the variant
found in the IC with reference to their cancer phenotype. The
model used here includes the absence/presence and age at diag-
nosis of BRCA-associated cancers (breast, ovarian, pancreas for
BRCA1 and BRCA2, and prostate for BRCA2 only)."***> The
model compares the probability of observing the pedigree pheno-
types and variant genotypes under the hypothesis that the
variant is pathogenic with that under the hypothesis that the
variant is benign with respect to risk.'”'? If this likelihood ratio
(LR) is greater than 1, this indicates evidence in favor of a patho-
genic effect of the variant and, conversely, if it is less than 1 this
provides evidence that the variant is benign. For a given variant,
combined cosegregation likelihood of pathogenicity is calculated
by multiplying the LR obtained from families sharing the same
variant (or different variants when the same impact at the
mRNA and/or protein level has been demonstrated for each
variant).

Variant selection is discussed by the variant classification
working group according to the expected classification power.
It is based on the number of families carrying the same variant,
the number of potential participants among the relatives, and
the level of PriorP, because a lower level of evidence is required
to reach a final classification of PV or LPV when PriorP is high
(Figure 1). A variant may be selected in the COVAR study
when it has been identified in at least three families, whatever
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* Nonsense or frameshift truncating variant (located before BRCA2
p.Lys3326ter polymorphism)

« Large rearrangement (V) of one or several exons, out of frame or in-
frame in a functional domain

* Splice variant, out of frame or in-frame defect in a functional
domain, complete splice defect demonstrated by mRNA analysis

* Missense variant affecting Cys residue in BRCA1 RING domain

* Pathogenicity probability > 0.99 using multifactorial likelihood

model @
Class 4 — Likely Pathogenic COVAR study variant selection criteria
« Splice variant in +1/+2/-1/-2 with predicted abolition of consensus « VarantidentifiedinaticacinErE
splice site, out of frame or in-frame defect in a functional domain, + Missense variant with AGVGD ( class C35 to C65 using IARC
without predicted rescue by a cryptic splice site ©) alignment
* Pathogenicity probability 0.95 to 0.99 using multifactorial likelihood « Splice variant leading to in-frame exon skipping outside a function
model 2 . ok
domain

Splice variant with partial effect, i.e. resulting in
normal transcript

In-frame amino acid deletion in a fu
Functional assay suggesting deleterious
« Literature data suggesting deleterious ef
* BRCA1/2 variant database suggesting
Other variant leading to same effect
increasing family number at three

« Insufficient evidence to classify variant
« Pathogenicity probability 0.05 to 0.949 using multifactorial
likelihood model 2

* Allele frequency in gnomAD  controls 0.1 to 1%
« Intronic or synonymous variant with splice negative prediction
* Truncating variant after BRCA2 Lys3326ter polymorphism

* Pathogenicity probability 0.001 to 0.049 using multifactorial
likelihood model ()

Figure 1. Variant classification criteria in the framework of the 5 classes of likelihood of pathogenicity and COVAR study variant se-
lection criteria

The variant classification or selection for COVAR study relies on the presence of at least one of the listed criteria.

(1) For large duplications, tandem status disrupting the gene must be demonstrated by mRNA analysis or breakpoint sequencing, other-
wise this variant should be considered to be a VUS.

(2) Multifactorial likelihood model proposed by Goldgar et al.'”

(3) This classification criterion has been used since January 2019. Before 2019, these splice variants were classified in class 5 and were
confirmed by mRNA analysis.

(4) Total gnomAD cohort or subpopulations except for Finnish, Ashkenazi Jewish, and “Other” groups due to the possibility of a founder
effect and/or the small number of subjects. gnomAD started to be used as the control database for classification criteria in July 2017.
Between December 2014 and June 2017, allele frequency was determined from the ExAC database, with the same thresholds and pop-
ulation groups for classification. Between 2012 and November 2014, allele frequency was determined from the 1000 Genomes Project
and Exome Sequencing Project databases, with only one threshold, allele frequency > 1% for classification in class 1 variant, and only
the total cohort of both projects.

(5) With no clinical or biological signs of Fanconi anemia.

(6) Align-GVGD prediction algorithm classifies variants from CO to C65 classes; CO corresponds to the least likely functional variants and
C65 corresponds to the most likely functional variants.>' The last species of IARC alignment, purple sea urchin, is removed for Align-
GVGD prediction when it is the only species with an amino acid change; in this case, the inclusion criterion corresponds to Align-
GVGD class C35 to C65 AND deleterious prediction by SIFT algorithm.**

IARC, International Agency for Research on Cancer.

its PriorP. A minimum PriorP of 0.66 is sufficient to select a
variant, even if it has been identified in only one family; the
threshold of 0.66 corresponds to the Align-GVGD C35 to CS5
prediction classes. LPVs are rare and systematically selected.
Most selected variants are VUSs. Splice variants with equivocal
effect are also selected, e.g., the deep intronic variant BRCA2
€.69374594T>G.*>*” Variant selection is an ongoing process;
thus, a variant not initially selected may be subsequently

selected based on identification of new families carrying the
same variant.

Ethics declaration

The COVAR study was authorized by Ethics Committee in 2011
(Comite de protection des personnes Ile de France III, Ref:
Am5677-1-2940) and is registered in the international clinical
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Figure 2. Increase of the number of BRCA1
and BRCA2 variants in the FrOG database
since 2012, not including the result of the
COVAR study classification

rectomy. They provide their permission to
access medical files in order to retrieve pa-
thology reports. Breast cancer details are
collected.*® For relatives not included in
the study and whose cancer status is useful
for cosegregation analysis, efforts are made
to obtain cancer validation by pathology
report, medical record, or bona fide clinical
history. When a variant has been classified
as BV or LBV, the ICs concerned are
informed by mail and are invited to inform
their relatives; when classified as LPV or
PV, all study participants, regardless of indi-
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vidual test results, are invited to attend a
cancer genetics clinic to perform diagnostic
testing on a second sample.

Statistical model

Cosegregation LR is assessed using the statis-
tical model developed by Thompson et al.'’
and implemented in the COOL-webserver
based on an improved penetrance model,
developed by Belman et al.>’ In addition to
the cosegregation LRs derived in this way,
the multifactorial LR for each family in-
cludes LR co-occurrence,'’ personal and
family cancer history,*”*' and breast pathol-
ogy LRs*® as previously published.'’ All
these LR are multiplied to obtain the “com-
bined LR.” As previously mentioned by
Goldgar et al., since analysis of cosegrega-

2019
1107

2497
291
159

trials platform (see Web resources). Informed consent for
genetic testing was obtained from all individuals undergoing
testing.

Affected individual inclusion and study participation

ICs carrying a variant selected in the COVAR study are invited to
participate in the study by medical geneticists during the test
result disclosure consultation, or later if the variant has been
selected subsequently. Inclusion of relatives is prioritized as fol-
lows: individuals with a personal history of breast and/or ovarian
cancer, older cancer-free women/males when they can be useful to
infer genotypes. Potential participants receive invitation letters
from the cancer genetics clinic that manage them. Relatives
agreeing to participate in the study receive full information about
the study by mail and can receive oral information from a genetic
counselor upon request. After providing their written consent,
they receive a salivary kit for DNA testing (Oragene, DNA Geno-
tek) and a short clinical questionnaire that includes sex, cancer sta-
tus (site and age at diagnosis), age at interview for unaffected
relatives, and age at possible prophylactic mastectomy and oopho-

tion is conditional on the phenotypes in
the family, the data on cosegregation can
be considered independent of the data on
family history.'” Combined LRs of families
sharing the same variant are multiplied. The PriorP of each variant
is based on the Align-GVGD prediction class score determined by
phylogenetic conservation of the modified amino acid, physico-
chemical change score for missense variants, and the MaxEntScan
splicing site prediction tool for suspected splicing defects.”! PriorP
and LRs are combined to calculate posterior probabilities using a
Bayesian formula:'"'”'®

Combined LRs = LRcoseg X LRco—occurrence X LRFam—Hist X LRPatholngy

Posterior Odds = Combined LRs x
[Prior Probability/(1 — Prior Probability)].

Posterior Probability of pathogenicity
= Posterior Odds/(Posterior Odds + 1).

For in-frame indels located in the same functional domain, the
highest Align-GVGD PriorP is chosen.'® Combined LR (or LR causal-
ity) thresholds used are those defined by Goldgar et al.: >1,000:1
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Figure 3. Patients and variants in the COVAR study from December 2011 to November 2019

(A) Number of affected individuals and variants included and number of variants classified.
(B) Number of families participating in the COVAR study according to the number of relatives included.

considered to be pathogenic (class 5) and <1:100 considered to be
benign (class 1)."” It means that the Posterior Probability of pathoge-
nicity is calculated only when the combined LR is greater than
1,000:1 or lower than 1:100. Variant classification is based on the
Posterior Probability of pathogenicity, with values <0.001, between
0.001 and 0.049, between 0.95 and 0.99, or >0.99 corresponding to
BV, LBV, LPV, or PV, respectively.”*

Results

Variant selection and patient inclusion

From December 2011 to April 2021, 645 VUSs (214 BRCA1
and 431 BRCA2) and 8 LPVs (4 BRCA1 and 4 BRCA2) were
selected for the COVAR study (Figure 3A). These 653 vari-
ants included 518 missense, 53 intronic, 34 in-frame dele-
tions/insertions, 22 synonymous, 14 nonsense or frame-
shift indels, and 12 in-frame LGR.

By April 2021, 876 ICs carrying a selected variant (283
BRCA1 and 593 BRCA2) and 1,525 relatives had been
included (Figure 3A). Among the 876 participating ICs,
no relative was included for 273 ICs, one relative was

included for 205 ICs, and more than one relative was
included for 398 ICs (Figure 3B).

Variant classification

At the time of the study report, COVAR allowed the classi-
fication into clinically useful categories of 101 variants
(15% of the selected variants) shared by 1,624 families
registered in the UGG clinics network. Thirty-four variants
(17 BRCA1, 17 BRCA2, 34%) were classified as PV; 4 BRCA1
variants (4%) as LPV, and 63 variants (25 BRCAI, 38
BRCA2, 62%) were classified as BV or LBV (Tables 1, S2,
S3, S4, and S5). Table 1 reports LRs calculated for each
component of each variant and its class with or without
including cosegregation data. Of note, 29 of the 38 (76%)
COVAR-classified PVs/LPVs and 37 of the 63 (59%) CO-
VAR-classified BVs/LBVs, overall 66 of the 101 (65%) CO-
VAR-classified variants would have remained VUSs
without cosegregation data. Classified variant types were
74 missense, 11 intronic, and 8 synonymous variants, 6
in-frame indels, and 2 LGRs (Figure 4A). Each type
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Figure 4. Classified variants type and in silico prediction
(A) Classified variants according to the type of variation.

Variants type

4 m5

Missense Synonymous

Align-GVGD prediction

COVAR classification: m1 m2 m4 m5

35 Cc45 C55

PolyPhen-2 prediction

COVAR classification: m1 m2 m4 m5

Probably Damaging

5 . .
0

Benign Possibly Damaging

(B) Classified variants according to the in silico predicted protein effect: Align-GVGD, SIFT, or PolyPhen-2.

contained variants classified either as pathogenic or
benign, except for synonymous variants that were all clas-
sified as BV or LBV. Although 8 LPVs were selected for anal-
ysis, none of them were re-classified.

Variant classification and pathogenicity prediction tools

A good concordance was observed between the Align-
GVGD prediction tool for extreme classes and the COVAR
study classification concerning amino acid changes, i.e.,
most C65 variants were classified as pathogenic and CO
variants as benign (Figure 4B). However, six variants with
a predicted pathogenic effect ranging from Align-GVGD
class C35 to C65 were demonstrated to be benign or likely

benign: BRCAI c.92T>A (p.Ille31Asn) located in the RING
domain and ¢.5071A>G (p.Thr1691Ala) and ¢c.5117G>C
(p-Gly1706Ala) located in the BRCT1 domain; BRCAZ2
€.7481G>A (p.Arg2494Gln) located in the Helical domain
and c.9104A>C (p.Tyr3035Ser) and c.9275A>G (p.Tyr
3092Cys) located in the oligonucleotide binding 2 and 3
(OB2/3) domains, respectively. Conversely, nine variants
with Align-GVGD class CO to C25 were demonstrated to
be pathogenic: BRCAI c.4963T>G (p.Ser1655Ala) and
¢.5062G>T (p.Val1688Phe) located in the BRCT1 domain,
€.5254G>C (p.Alal752Pro) and c.5255C>A (p.Alal752-
Glu) located in the linker between BRCT1 and BRCT2 do-
mains, ¢.5309G>T (p.Glyl1770Val), ¢.5309_5310delinsTT
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(p-Gly1770Val), and ¢.5434C>G (p.Pro1812Ala) located in
the BRCT2 domain; BRCA2 ¢.8009C>T (p.Ser2670Leu)
and c.8009C>G (p.Ser2670Trp) located in the OB1
domain. Poor concordance was observed between the
COVAR study classification and SIFT and PolyPhen-2 pre-
diction tools, especially for variants with a predicted path-
ogenic effect, almost half of which were classified by the
COVAR study as BVs or LBVs (Figure 4B).

Specific variants

The BRCA2 ¢.6937+4594T>G deep intronic variant previ-
ously reported to be associated with a cryptic exon inclu-
sion between exons 12 and 13 was classified as a BV, like
the BRCA2 c.9501+3A>T variant leading to partial exon
25 skipping.

Some variants were classified as pathogenic by
combining pathogenicity likelihoods, as they have the
same putative protein effect: BRCAI c¢.5309G>T and
¢.5309_5310delinsTT that both result in Gly 1770 to Val
substitution (a splice defect was excluded for both of these
variants); BRCA2 c.68—?_316+?del (corresponding to exon
3 deletion), c.156_157insAlu, ¢.316+1G>T, c.316+2T>C,
c.316+4del, c.316+5G>A, and c.316+5G>G that all lead
to the complete loss of the in-frame exon 3.

Some variants located in the same codon but resulting in
different amino acid changes were classified in different
classes, e.g., three variants in BRCA1 1706 codon located
in BRCT1 domain: BRCA1 ¢.5116G>A (p.Gly1706Arg),
c.5117G>A (p.Gly1706Glu), and c¢.5117G>C (p.Gly
1706Ala) were classified as PV, LPV, and BV, respectively.

Two BRCAZ2 variants were systematically identified in cis:
BRCA2 ¢c927A>G (p.Ser309=) and c¢.7759C>T (p.Leu
2587Phe), classified as BV and LBV, respectively.

Comparison of COVAR and ACMG/AMP classification
We compared the COVAR-classification results with ACMG/
AMP scoring by using two bioinformatics tools, Varsome
and InterVar (Tables 1 and S$3).*>** All variants could be
compared with Varsome, but only 82 of the 101 COVAR clas-
sified variants could be assessed with InterVar, as InterVar
does not process all variant types (indels, LGRs, intronic var-
iants). Among the 34 variants classified as PV by the COVAR
study, only 4 (11.8%) variants were classified in this category
by Varsome and none by InterVar. As cosegregation data can
be included in Varsome, we subsequently compared our
results for the 34 COVAR-classified PVs with Varsome inte-
grating cosegregation data. The number of Varsome-classi-
fied PVs increased from 4 (11.8%) to 18 (52.9% of the
COVAR-classified PVs). The other COVAR-classified PVs
were classified as LPV by Varsome or InterVar or remained
VUSs. At the other extreme, among the 51 variants classified
as benign by the COVAR study, two were classified similarly
by Varsome, and only one was classified as benign by Inter-
Var. The majority of the other COVAR-classified BVs re-
mained VUSs or LBVs with both tools. In addition, it should
be noted that nine COVAR-classified BVs were classified as
LPVs by Varsome or Intervar.

Discussion

COVAR classification or the power of cosegregation
analysis

Among the 653 BRCA1/2 variants selected for the COVAR
study, 101 (15%) variants identified in 1,624 families had
been classified at the time of this first report; 38% were
classified as PVs or LPVs and 62% were classified as BVs
or LBVs. Most of the selected and classified VUSs were
missense variants, but other variant types were also classi-
fied: in-frame indels, LGRs, and synonymous and intronic
variants. Among the 101 classified variants, 5 had never
been previously reported, 13 were new for ClinVar and
not reviewed in BRCAexchange, and 79 (78.2%) were pre-
sent but not reviewed in the BRCAexchange database.
Twenty-three (32.7%) and 59 (58.4%) variants were also re-
ported in ClinVar as VUSs or “conflicting interpretation,”
respectively (Table S3).

A very wide range of cosegregation LR values was
observed (1.4E+23 to 9.4E—08), illustrating the power of
cosegregation analyzes in variant classification provided
that sufficient data have been collected. No other measure-
ment of association between VUSs and cancer was more
powerful in our dataset (Tables 1 and S3). Indeed, 66 of
the 101 (65%) variants classified by COVAR would have re-
mained VUSs without cosegregation data.

Specific variants

Combining data for different genetic variants with a com-
mon protein impact allows the classification of a greater
number of variants by increasing the statistical power of
cosegregation. However, mRNA analyses must be per-
formed before combining variant data in order to ensure
that all variants have a similar splicing profile. We
confirmed that the two BRCA1 variants leading to the
amino acid Gly1770 to Val substitution did not result in
a splicing defect. Moreover, in order to classify the
BRCAZ2 exon 3 deletion, we combined only BRCAZ2 variants
leading to complete loss of exon 3.**

Conversely, variants located on the same codon but lead-
ing to different amino acid changes were classified as path-
ogenic or benign, e.g., BRCAI variants located on codons
1691 or 1706. The class of each BRCA1 1691 or 1706 codon
variant was concordant with previously published func-
tional assays.***? Similarly, there was a good correlation
between our classification of BRCA2 missense variants
and functional assay results when available.’’>*

Prior probability

Although cosegregation analysis is a powerful variant clas-
sification tool, the multifactorial model of pathogenicity
that includes cosegregation data may have a number of
limitations, especially the major influence of PriorP on
posterior probability, as the better concordance observed
between our classification and Align-GVGD prediction
than SIFT or PolyPhen-2 prediction could be explained
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by the high weight of PriorP, because the Align-GVGD pre-
diction score was used to determine PriorP. However, inter-
estingly, some missense variants predicted as pathogenic
by Align-GVGD were classified as benign and some vari-
ants predicted as benign were classified as pathogenic after
cosegregation analysis. Lindor et al. pointed out that PriorP
should not be used alone but combined with other argu-
ments such as cosegregation, in a multifactorial model."®
Re-evaluation of these PriorP is ongoing.*'

An example of the impact of PriorP on variant class is the
observation for the two variants systematically identified
in cis, BRCA2 c.927A>G (p.Ser309=) and c.7759C>T
(p-Leu2587Phe), classified as BV and LBV, respectively. As
all data and consequently all evidence of pathogenicity
for these two variants are identical (since they always occur
together), the only difference in posterior pathogenicity
probability calculation for these variants was their PriorP
(CO versus C15).

Combined LR thresholds to estimate posterior
probability

Combined LR thresholds used for classification of variants
were those defined by Goldgar et al. in 2004,"'” a combined
LR greater than 1,000:1 for PV and lower than 1:100 for BV.
The calculation of posterior probability was not performed
when combined LR were between these thresholds, to
ensure a sufficient level of evidence from observational
data. Recent studies used the multifactorial model with
prior probability truncated at 0.10 and 0.90 for minimum
and maximum prior probability, respectively, which leads
to combined LR lower than 0.5 or greater than 2 to reach
class 2 or class 4, respectively; in these studies the estima-
tion of posterior probability was not performed only for
combined LR between 0.5 and 2.""*! We could have classi-
fied 100 additional variants toward causality or neutrality
if posterior probability had been calculated outside the
range of 0.5-2 instead of the range of 1:100-1,000:1. How-
ever, it may lead to variant misclassification because of a
low level of observational data and an increased weight
of prior probability. This misclassification, especially in
the PV or LPV classes, can have clinical consequences lead-
ing to inappropriate prophylactic surgery decisions for car-
riers and unsafe surveillance discontinuation for non-car-
riers.”>?

Multifactorial model parameters
A last limitation is that the model does not consider the
possibility of de novo variants and may therefore classify a
variant as benign because of the absence of a family history
of cancers although it is pathogenic. However, this consti-
tutes a minor limitation, as the BRCA1/2 de novo variant
rate is estimated to be only 0.3% [0.1%; 0.7%] and de
novo status should be detected by genetic testing of both
parents when available.**

Note that the scoring for cosegregation data used in this
study was designed for high penetrance variants. Some
BRCA1/2 PVs with moderate penetrance could remain classi-

fied as VUS. This class uncertainty for moderate penetrance
variants has been previously reported for the BRCAI
¢.5096G>A (p.Argl699GIn) PV, which was demonstrated
to be associated with intermediate breast and ovarian cancer
risks on the basis of the large volume of cosegregation data
collected: using the standard multifactorial model for high
penetrance variants, the BRCA1 c.5096G>A (p.Arg1699GIn)
would have remained classified as a VUS; Spurdle et al. inte-
grated in the model a lower level of BRCA1 variant pene-
trance so this variant could be classified as pathogenic.”>>°
Adaptation of the cosegregation statistical model developed
by Thompson et al., modifying the value of cancer risks and
introducing polygenic risk scores for breast cancer risk and
subsequent ovarian cancer risk, should improve the classifi-
cation of variants with moderate penetrance.”’ Adaptation
of the statistical model will be no doubt required for VUSs
of genes such as CHEK2 and ATM that are associated with
moderate risk. The multifactorial likelihood model of patho-
genicity could also be improved by incorporating a comple-
mentary LR to the LR-pathology based on tumor status of a
germline variant, as somatic loss of the wild-type allele
would suggest pathogenicity and conversely loss of variant
non-pathogenicity (S.M.C., E.R., and D.S.-L., unpublished
data).”® A parameter called somatic to germline ratio (SGR)
has recently been used for TP53 variant classification.””
Increasing indications for BRCA1/2 gene analyses of tumors
in order to guide PARPi therapy, thereby increasing the infor-
mation regarding the wild-type allele, will allow the intro-
duction of this information into the likelihood model.

ACMG/AMP classification

In 2015, the ACMG/AMP published general guidelines for
gene variant classification based on various types of evi-
dence, including population data, bioinformatics prediction
tools, functional data and, when available, cosegregation
data.®” We compared our results to the ACMG/AMP classifi-
cation using Varsome and Intervar, the bioinformatics tools
that were developed to standardize scoring. Many discrep-
ancies were observed between our classification and the
ACMG/AMP classification and between variant scoring by
the two tools. This observation was expected as recent
studies already showed discrepancies between classification
based on the multifactorial model used in our study and
ACMG/AMP classification.®"®* Most variants classified as
pathogenic in our study remained classified as LP or VUSs
while most BVs remained LB or VUSs. The greatest classifica-
tion discrepancy concerned the 12 COVAR-classified BVs
that were classified as LPVs by Varsome or InterVar. Three
of these 12 variants were in-frame amino acid deletions clas-
sified as LPVs by Varsome. The weight applied to this variant
type may be excessive in the ACMG/AMP scoring. Six other
COVAR-classified BVs were also classified as LPVs by InterVar
because it took into account reporting of the variant as path-
ogenic in public databases with no available evidence of
pathogenicity as a supporting element for pathogenicity.
Uncurated public database classification should not be
used as a classification criterion to avoid misclassification
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based on insufficient data. Counting meiosis has been pro-
posed for ranking of supporting evidence of pathogenicity
based on cosegregation data in the ACMG/AMP classifica-
tion.®”%? It allowed us to input cosegregation data in the
Varsome-tool after counting meiosis, resulting in better
concordance for our 34 classified PVs, increasing the number
of Varsome-classified PVs from 4 (11.8%) to 18 (52.9%). We
used the same levels of cosegregation as proposed by Jarvik
and Browning in 2016°° to consider cosegregation data as
supporting, moderate, or strong evidence of pathogenicity
for ACMG/AMP classification. We could not include cosegre-
gation data for comparison of BV classification, as counting
meiosis is unable to generate any evidence in favor of a
benign effect.”* The ACMG/AMP scoring system is globally
based on discrete variables with somewhat subjective
ranking of evidence. Cosegregation data computed in a
quantitative multifactorial model, as performed in this
study, allow more robust classification.

Functional assays

A large-scale functional assay based on cell survival after
BRCAL1 disruption has been recently developed to classify
nearly 4,000 known or possible BRCA1 variants located
in RING and BRCT domains.*” All variants were generated
by saturation genome editing with CRISPR-Cas9 system in
human haploid cell lines, allowing an identical genomic
background for all tested variants. This functional assay
is very promising: it gives accurate results for a large num-
ber of variants. However, because the reporting test is cell
survival, a surrogate marker of the BRCA1 role in DNA
repair by homologous recombination, other BRCAI-
altered functions could be missed. Moreover, in vitro data
alone should not be used as the basis for medical advice un-
til they have been clinically validated.®® Such functional
assays can be used to prioritize variants selected for clinical
and genetic studies such as the COVAR study. A “LR func-
tional assay” would be helpful to implement functional
data in the multifactorial model but there is no interna-
tional consensus yet on which assays and which weights
should be used.

Artificial intelligence

Finally, artificial intelligence (Al) is being developed for
more and more clinical applications including genetic
variant classification. At the present time, algorithms
are being developed to integrate literature data, gene
and protein structure, and species alignment (Corona-Al,
REVEL,...). Using machine-learning on the ClinVar
BRCA1/2 variant database, Favalli et al. developed an inter-
esting variant classification algorithm. However, Al variant
classification still requires critical examination by geneti-
cists, especially with regard to the quality of the data on
which Al tools are trained.®

Conclusion
In conclusion, the first series of results of the COVAR study
show that cosegregation is a highly powerful tool for

BRCA1/2 variant classification. Cosegregation studies, i.e.,
linkage studies, for VUS classification may be as useful as
they were 25 years ago for the identification of a large of
disease-related genes, including BRCA1/2. However, in or-
der to be feasible, such studies must be organized by clin-
ical and laboratory networks at a nationwide or even
worldwide level such as ENIGMA. Although the initiation
and organization of these studies requires considerable
effort, the growing number of available genetic tests results
in an increasing number of families sharing a particular
variant, thereby increasing their power. Here we demon-
strate that variant cosegregation studies, i.e., “linkage
studies 2.0” for reference to the linkage studies which led
to the localization of the BRCAI and BRCAZ2 genes 30 years
ago,°”*" are a powerful tool for the classification of vari-
ants in the BRCA1/2 breast-ovarian cancer predisposition
genes.

Data availability

The dataset in support of the current study has not been
deposited in a public repository because it is composed of
patient data including pedigrees which are indirectly iden-
tifying. The data are available on request from the corre-
sponding author. A large part of the variants have been
deposited in BRCAShare (http://www.umd.be/), and all
variants will be annotated in the upcoming FrOG (French
OncoGenetics) database, as listed in Table S4 and all mate-
rial and data supporting this study is included within the
manuscript (or by request to the authors if this is the case).

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2021.09.003.
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