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BRCA?2 is a clinically actionable gene implicated in breast and
ovarian cancer predisposition that has become a high priority target
for improving the classification of variants of unknown significance
(VUS). Among all BRCA2 VUS, those causing partial/leaky splicing
defects are the most challenging to classify because the minimal level
of full-length (FL) transcripts required for normal function remains
to be established. Here, we explored BRCA2 exon 3 (BRCA2e3) as a
model for calibrating variant-induced spliceogenicity and estimat-
ing thresholds for BRCA2 haploinsufficiency. In silico predictions,
minigene splicing assays, patients’ RNA analyses, a mouse embry-
onic stem cell (mESC) complementation assay and retrieval of
patient-related information were combined to determine the min-
imal requirement of FL BRCA2 transcripts. Of 100 BRCAZ2e3
variants tested in the minigene assay, 64 were found to be spliceo-
genic, causing mild to severe RNA defects. Splicing defects were also
confirmed in patients’ RNA when available. Analysis of a neutral

Introduction

Since the identification of BRCAI (MIM #113705) and BRCA2
(MIM #600185) as major hereditary breast and ovarian cancer
(HBOC) genes, mutation screening has led to the discovery of
20,000 unique germline BRCAI and BRCA?2 variants (1). In female
carriers of pathogenic BRCA1 and BRCA2 variants, the cumulative risk
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leaky variant (c.231T>G) showed that a reduction of approximately
60% of FL BRCA2 transcripts from a mutant allele does not cause
any increase in cancer risk. Moreover, data obtained from mESCs
suggest that variants causing a decline in FL BRCA2 with approx-
imately 30% of wild-type are not pathogenic, given that mESCs are
fully viable and resistant to DNA-damaging agents in those con-
ditions. In contrast, mESCs producing lower relative amounts of FL
BRCA2 exhibited either null or hypomorphic phenotypes. Overall,
our findings are likely to have broader implications on the inter-
pretation of BRCA2 variants affecting the splicing pattern of other
essential exons.

Significance: These findings demonstrate that BRCA2 tumor
suppressor function tolerates substantial reduction in full-length
transcripts, helping to determine the pathogenicity of BRCA2 leaky
splicing variants, some of which may not increase cancer risk.

by 80 years of age of developing breast cancer was estimated at 72% and
69% and that of developing ovarian cancer at 44% and 17%, respec-
tively (2). Heterozygous BRCA2 mutations also confer moderate risk
to pancreatic and prostate cancers (3). Moreover, biallelic BRCA2
mutations are causative of Fanconi anemia (FA) where one allele is
often hypomorphic (4). Today, one of the most important bottlenecks
in HBOC diagnosis is the high fraction of variants of unknown
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significance (VUS) detected in the BRCA genes, estimated at approx-
imately 50% of the detected variants (5-9). Carriers of VUS and their
relatives cannot benefit from cancer-risk-reducing strategies, such as
increased surveillance and prophylactic surgery, or from targeted
therapies. VUS are generally typified by missense changes, but also
include synonymous substitutions, small in-frame insertions and
deletions as well as intronic variants, all of which can potentially affect
pre-mRNA splicing (10). A significant number of BRCA VUS has been
shown to induce RNA splicing defects (11). Splicing defects that lead to
the exclusive production of aberrant transcripts carrying a premature
termination codon (PTC) or of in-frame deletions disrupting known
functional domain(s) (12) are regarded as pathogenic. In contrast, the
biological consequences of variants that lead to partial/leaky splicing
defects [ie., that still produce a certain level of full-length (FL)
reference transcripts] remain unknown. In this respect, variants
affecting the in-frame alternatively spliced BRCA2 exon 3 (BRCA2e3)
are particularly challenging to interpret.

BRCA2e3 encodes an essential bipartite region comprised of (i) a
transactivation core that interacts with EMSY, and (ii) a PALB2-
interaction domain that allows the recruitment of BRCA2 to the site of
double stand breaks (DSB) to mediate homologous recombination
(HR; Supplementary Fig. S1A; refs. 13, 14). Recently, it was demon-
strated that variants that trigger total skipping of BRCA2e3 (leading to
a 249-nucleotide in-frame deletion, A3; Supplementary Fig. S1B), such
as ¢.316+5G>C, confer high-risk of developing BRCA2-associated
cancers (12). In contrast, the biological impact of variants causing
partial BRCA2e3 skipping remains unknown and their contribution to
BRCA?2 haploinsufficiency and pathogenicity is not yet established.
Indeed, the minimal level of full-length transcripts that can provide
sufficient BRCA2 function is still unknown. A low proportion of
naturally occurring alternatively spliced transcripts lacking BRCA2e3
(A3~1%-3%) has been detected in normal tissues, including blood,
mammary glands, and prostate tissues (15-18). Furthermore, despite
causing increased levels of A3 transcripts (estimated at ~20% in blood-
derived samples), c.68-7T>A was recently found to be a nonpathogenic
variant as it was not associated with increased risk of breast cancer
(posterior probability of 7.44 x 10~''%; ref. 19). Here, we hypothesized
that BRCA2e3 variants with partial effects on splicing, though stronger
than ¢.68-7T>A, would confer minimal to severe reduction in BRCA2
function, depending on the severity of exon 3 skipping. These variants
could thus be associated with varying degrees of cancer susceptibility.

We therefore investigated the impact of 100 variants on BRCA2e3
splicing by utilizing both in silico tools and functional assays. The
biological consequences of seven noncoding variants (intronic or
synonymous) that cause gradual increase of BRCA2e3 skipping were
then assessed in a mouse embryonic stem cell (mESC)-based com-
plementation assay. In addition, we collected patient-related data for
these variants. We conclude that BRCA2 tumor suppressor activity
may tolerate substantial reduction in the level of full-length transcripts,
a finding that could contribute to improve BRCA variant classification
guidelines.

Materials and Methods

Variant selection

To calibrate the potential spliceogenicity of BRCA2e3 variants, we
started by focusing on 74 translationally silent/noncoding variants
(intronic or synonymous), most of which were bioinformatically
predicted to induce BRCA2e3 splicing defects (Supplementary
Fig. S2; Supplementary Table S1). These included 61 noncoding
variants that were expected to affect BRCA2e3 splicing by either

weakening the strength of 3’ and 5’ splice sites (3’ss and 5'ss; n =
21, Supplementary Fig. S3A and S3B) or by disrupting putative splicing
regulatory elements (SRE; n = 40, Supplementary Fig. S4). Bioinfor-
matics predictions of variant-induced alterations of 3’ss and 5'ss
strength were performed with MaxEntScan (MES) and SpliceSiteFin-
der-like (SSFL), interrogated by using either Alamut Batch v1.9 or
Alamut Visual v2.11 integrated software tools (Interactive Biosoftware,
http://www.interactive-biosoftware.com), as well as SPiCE (RRID:
SCR_016603, https://sourceforge.net/projects/spicev2-1/) (20). Predic-
tions of variant-induced SRE alterations were obtained with four
SRE-predictors, namely: QUEPASA (21, 22) and HEXplorer (23), for
which the AtESRseq and AHZg; scores, respectively, were calculated
with the Alamut Batch prototype tool version 1.5.2 (ESRseq; http://
www.interactive-biosoftware.com) as well as SPANR (24) and HAL (25),
for which Ay scores were retrieved from the corresponding online
interfaces (http://tools.genes.toronto.edu and http://splicing.cs.washing
ton.edu/SE, respectively). Variants were selected based on the “at least
three” rule, that is, we considered that the most probable spliceogenic
variants were those predicted as such by at least three SRE predictors
according to thresholds described in ref. 26 and shown in Supplemen-
tary Fig. S4. In addition and without prior knowledge of splicing
predictions, we also integrated 13 noncoding BRCA2 variants classified
as VUS (or with discordant classifications in different databases), which
had been detected in probands undergoing genetic testing in diagnostic
laboratories from the French GGC-Unicancer network (Supplementary
Fig. S2; Supplementary Table S1; Supplementary Note).

After the initial calibration experiments with the 74 noncoding
variants, we also performed functional analyses with a set of missense
variants (n = 24) identified in probands undergoing genetic counsel-
ling. Two pathogenic variants, ¢.92G>A (p.Trp31*) and c.145G>T
(p.Glu49*), which were previously described as spliceogenic in mini-
gene splicing assays (27, 28), were also retained as controls. Therefore,
altogether, our collection included a total of 100 BRCAZ2e3 variants.

Minigene splicing assays

To evaluate the impact on splicing of the 100 BRCA2e3 variants, we
performed functional assays based on the comparative analysis of the
splicing pattern of wild-type (WT) and mutant reporter minigenes.
Minigenes were prepared by using the pCAS2 vector backbone as
described previously (26, 29) and explained in Supplementary Materi-
als and Methods.

Analysis of the BRCA2 exon 3 splicing pattern in RNA samples
from patients and control individuals

RNA samples from EBV-immortalized lymphoblastoid cell lines
(LCL) or PAXgene-stabilized blood of healthy donors and patients
were collected in collaboration with the GGC-Unicancer consortium
(Supplementary Note). The splicing patterns of BRCA2 transcripts
expressed in LCL or PAXgene samples were analyzed by semiquan-
titative fluorescent RT-PCR (26 and 40 cycles, respectively), as further
described in Supplementary Materials and Methods, with primers
mapping to BRCA2 exons 2 and 5 (Supplementary Table S2).

Allele-specific expression analysis

Allele-specific expression (ASE) of BRCA2e3-containing tran-
scripts (FL) was measured by performing a quantitative primer
extension assay (SNaPshot MultiplexKit, Applied Biosystems), as
described previously (29), using specific primers targeting the
variants of interest (Supplementary Table S2) and semiquantitative
RT-PCR conditions further detailed in Supplementary Materials
and Methods.
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mESC-based complementation assay

To assess the functional impact of BRCA2e3 variants, we took
advantage of a mESC-based assay (30, 31). Mouse ESC-expressing the
human BRCA?2 gene (hBRCA2) carrying specific variants were generated
as described previously (30, 31) with a few modifications as detailed in
Supplementary Materials and Methods. After Cre-mediated deletion of
the conditional mouse Brca? allele (mBrca2), we assessed cell survival and
sensitivity to DNA-damaging agents, as described previously (30, 31).
The splicing patterns of BRCA2e3 were analysed by semiquantitative
fluorescent RT-PCR (24 cycles), as described for patient RNA.

Patient and family data

Genetic, clinical, familial, and tumoral data for patients carrying
BRCA2e3 variants were collected in collaboration with the French
GGC network and within the framework of the COsegregation of
VARiants in the BRCA1/2 and PALB2 genes clinical trial (COVAR,
Supplementary Note). The criteria for diagnostic variant screening
of the BRCA2 gene were applied according to the current French
GGC recommendations and the French National Cancer Institute
(INCa) guidelines. Informed written consent was obtained from all
patients.

Consortia

Members of the French GGC network and of the COVAR (COse-
gregation of VARiants in the BRCA1/2 and PALB2 genes) group are
listed in the Supplementary Note.

Results

Identification of variants affecting BRCA2e3 splicing by using a
minigene splicing assay

To get a glimpse of BRCAZ2e3 vulnerability to predicted splicing
mutations and to calibrate the spliceogenicity of this exon, we
started by evaluating the impact on splicing of 74 noncoding
variants by performing a minigene assay (Fig. 1A). These variants,
which map either to exon 3 or its flanking intronic regions, included
61 noncoding variants bioinformatically predicted to induce exon
skipping (19 intronic, 2 synonymous but overlapping exon-intron
junctions and 40 exonic synonymous variants; 26/61 being naturally
occurring variants described in Human variation databases). We
included 13 additional noncoding variants that were selected
because they were either classified as VUS in BRCA-Share or had
conflicting interpretations in other databases (4 intronic and 9
exonic synonymous; Supplementary Figs. S2-S4; Supplementary
Table S1).

The minigene splicing assay, which was based on pCAS2-
BRCA2e3-derived constructs (Supplementary Fig. S5), revealed
that 52 out of the 74 variants (70%) altered the splicing pattern
of BRCA2e3, whereas 22 of 74 remaining variants (30%) showed no
major effect on splicing (Fig. 1B; Supplementary Table S1). More
precisely, 51 variants induced BRCAZ2e3 skipping to different
extents (6%-100% A3, i.e., 94%-0% FL) and 1 variant (c.68-1G>A)
resulted in complete deletion of six nucleotides at the beginning of
the exon, due to the creation of a new 3’ss (Supplementary Fig. S6).
Because it causes a small in-frame deletion, the latter should now
be considered a VUS instead of a likely pathogenic variant as
currently indicated in ClinVar. We found that in silico analyses
were generally useful for predicting variant-induced splicing
alterations, but that not all predictions were correct (Supplemen-
tary Tables S1, S3-S5; Supplementary Figs. S7A, S7B, S8A-S8E
and S9A-S9E). For instance, the naturally occurring ¢.231T>G

synonymous VUS caused 31% A3 (69% FL), which is concordant
with a previous experimental study (32), but disagrees with the SRE
predictions (Supplementary Table S1). In sum, these data suggest
that the regulation of BRCAZ2e3 splicing is very plastic and allowed
us to initiate a calibration of the variant-induced spliceogenicity of
this exon. Indeed, we observed a spectrum of splicing alterations
varying from mild (corresponding to a level of exon inclusion
lower than WT, i.e., <99%, but 292%, a threshold defined by the
effect of the neutral c.68-7T>A variant) to drastic (exon inclusion
<5%, defined by the impact of the pathogenic ¢.316+5G>C
variant; Fig. 1B). On the basis of this comparative analysis, we
infer that the noncoding variants in our dataset that show levels
of exon inclusion in the minigene assay equal or superior to
c.68-7T>A are neutral, whereas those that lead to exon inclusion
levels equal or inferior to ¢.316+5G>C are pathogenic. Seven VUS
causing intermediate levels of exon inclusion (92%>FL>5%) were
retained for further analysis because they illustrate the continuum
of variant-induced FL transcript loss observed in the minigene
assay and could eventually help in defining a A3 threshold for
pathogenicity (c.165C>T, ¢.231T>G, c.68-8_68-7delinsAA, c.102A>G,
¢.316+6T>C, ¢.316+6T>A and ¢.316+6T>G, in increasing order of
severity; Fig. 1C).

Confirmation of variant-induced spliceogenicity in RNA
samples from patients with HBOC

To assess the physiologic relevance of the splicing defects revealed
by the minigene assay, we analyzed the splicing pattern of BRCAZ2e3 in
human-derived samples, either LCL or PAXgene-stabilized blood,
obtained from control individuals and from four patients carrying
BRCA2e3 variants (c.231T>G, c.68-8_68-7delinsAA, c.102A>G, and
¢.316+6T>C). No biological samples were available for carriers of
¢.165C>T, ¢.3164+-6T>A, and ¢.316+6T>G. Besides LCL and PAXgene
samples from healthy individuals, two additional controls were used in
this experiment: (i) a LCL from a patient harboring an unequivocal
pathogenic Alu insertion in the middle of exon 3 (c.156_157insAlu)
known to cause total exon skipping (33) and LCLs from four carriers of
the neutral variant c.68-7T>A, known to lead to mild exon skip-
ping (19). The biallelic splicing patterns of BRCA2e3 in patient
biological samples were analyzed by semiquantitative RT-PCR, a
common approach used in clinical settings (34), and compared with
those generated from equivalent RNA samples of control individuals
(Fig. 2A and B; Supplementary Table S1). In LCL and PAXgene
samples from healthy controls, we detected the natural alternative
splicing pattern of BRCA2e3 with approximately 10% A3, whereas
carriers of ¢.68-7T>A displayed approximately 25% A3. These splicing
patterns are comparable with previous reports of approximately 3% A3
in LCL control samples and approximately 13% A3 in carriers of c.68-
7T>A as determined by qRT-PCR (19). Importantly, heterozygous
carriers of ¢.231T>G, c¢.68-8_68-7delinsAA, c¢.102A>G, and
¢.316+6T>C showed a decrease in the relative amount of FL tran-
scripts due to an increase in A3 (75%-38% FL; i.e., 25%-62% A3).
These relative levels of A3 were lower than that observed for
¢.156_157insAlu (FL = 30%, i.e., A3 = 70%), suggesting that these
four variants are leaky not only in the minigene assay but also in
patients’ cells. Nevertheless, assuming a balanced biallelic expression
of BRCA2 and taking into account that WT alleles seem to contribute
to approximately 10% A3, it was expected that the LCL carrying the
heterozygous ¢.156_157insAlu variant would display approximately
55% A3, instead of 70% as detected. It is thus possible that our RT-PCR
conditions slightly overestimate the level of A3 possibly due to a PCR
bias favoring the amplification of the smaller A3 RT-PCR products
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Figure 1.

Identification of BRCA2 exon 3 spliceogenic variants among translationally silent genetic alterations by using a minigene splicing assay. A, Distribution of the 74
variants reported within or in the vicinity of BRCA2 exon 3. The diagram shows the relative position and identity of each variant within BRCA2e3 and flanking intronic
regions. B, Impact on splicing of noncoding BRCAZ2 exon 3 variants. WT and mutant pCAS2-BRCA2-e3 minigene constructs were transiently expressed in HelLa cells.
The splicing patterns of the RNA produced from the different minigenes were then analyzed by semiquantitative fluorescent RT-PCR, followed by capillary
electrophoresis. Results represent the mean of relative exon 3 inclusion (% FL) of three independent transfection experiments. Error bars, SEM values. C, Splicing
pattern of pCAS2-BRCA2e3 minigenes carrying selected variants that cause gradual increase in BRCA2e3 skipping. Top, the RT-PCR products separated on an
agarose gel. Bottom, the relative quantification of the fluorescent RT-PCR products separated by capillary electrophoresis. Results represent the mean of three
independent transfection experiments. Error bars, SEM values. The identities of the two RT-PCR products obtained, with (FL) or without (A3) exon 3, are indicated on
the right. FL+A3 correspond to heteroduplexes containing the two products. E3, exon 3.

relative to FL. A similar impact on exon 3 splicing was observed by
Colombo and colleagues but the effect was more exacerbated probably
due to a higher number of PCR amplification cycles (19). Sequencing
of the FL RT-PCR products of patients carrying the heterozygous
¢.231T>G variant showed the presence of both WT and mutant FL
transcripts, with mutant FL transcripts appearing to be under-
represented as compared with WT, further suggesting that this var-
iation cause partial splicing defects (Supplementary Fig. S10). These
results obtained from patient-derived RNA samples are in agree-
ment with the minigene data. Indeed, we observed a good correlation
(R*> = 0.9601, Supplementary Fig. SI1A) between the levels of

BRCA2e3 skipping evaluated in the monoallelic minigene-based
assay and those assessed in RNA samples derived from patients
carrying the same variants at the heterozygous state. Moreover, to
better evaluate the contribution of WT and mutant alleles to the
production of FL transcripts, we took advantage of the quantitative
nature of the SNaPshot assay, which allows the measurement of
ASE, i.e., the relative contribution of each allele to the production of
RT-PCR products containing BRCA2e3 (Fig. 2C). ASE analysis indi-
cated that FL transcripts expressed from the mutant alleles were in
fact present in cells of a patient carrying c.102A>G (53% of WT)
and c¢231T>G (56%, 62%, 65% or 108% of WT, depending on the
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Figure 2.

BRCA?Z exon 3 splicing patterns and allele-specific expression in patients carrying translationally silent variants. A, Alterations in the relative level of exon 3 inclusion
caused by BRCAZ2e3 variants. The BRCA2e3 splicing patterns in patient-derived RNA samples were monitored by semiguantitative fluorescent RT-PCR by using
forward and reverse primers located in exons 2 and 5, respectively, followed by capillary electrophoresis and compared with those from healthy donors (controls).
The relative levels of exon inclusion (bottom) refer to the amount of full-length transcripts (FL; containing exon 3) relative to the total amount of transcripts (with and
without exon 3) and are representative of three independent experiments. Error bars, SEM. B, Splicing pattern of BRCA2e3 variants shown in increasing order of
spliceogenicity. Top, RT-PCR products separated on an agarose gel. Bottom, the relative quantification of the same products separated by capillary electrophoresis
as described in A. Results represent the mean of three independent experiments and they all concern LCL RNA except for ¢.68-8_68-7delinsAA and c.102A>G that
refer to PAXgene samples. Error bars, SEM values. The identities of the two RT-PCR products obtained, with (FL) or without (A3) exon 3, are indicated on the right. E3,
exon 3. C, Allele-specific expression of transcripts including BRCA2 exon 3 assessed by SNaPshot analysis. Genomic segment (gDNA) and complementary DNA
(cDNA) containing BRCA2e3 were amplified in parallel using specific primers (gray arrows) and the SNaPshot quantitative primer extension assay was then
performed with a variant-specific primer (black arrow) targeting the sequence immediately upstream the BRCA2e3 variant. Allele-specific expression, representing
the relative contribution of the variant allele to the expression of full-length BRCAZ2 transcripts as compared with WT (% of WT), was measured by normalization of the

cDNA peak area ratio (variant/WT) to the corresponding gDNA peak area ratio (variant/WT). Results are representative of three independent experiments. Error
bars, SEM values. P, patient.



patient). On the basis of the results of our minigene assays and RT-PCR
analysis of patient RNA, we concluded that the observed allelic
imbalances in FL transcripts are essentially due to variant-induced
BRCAZ2e3 skipping and that the variants cause partial rather than total
splicing defects. Surprisingly, we did not observe an allelic imbalance
for one of the carriers of ¢.231T>G (108% of WT) despite an increase in
A3 in patient biological material. Importantly, we found that this
patient also harbors a pathogenic nonsense variation (BRCA2
c.6515C>A, p.Ser2172*) in trans of c¢.231T>G. Most likely, the PTC
introduced by the nonsense variation leads to nonsense-mediated
decay of the transcripts expressed from this allele to a level similar to
that of ¢.231T>G-induced exon skipping. Of note, we observed a
correlation between the levels of BRCAZ2e3 skipping evaluated in the
minigene assay and the ASE results obtained with equivalent patient-
derived RNA samples (R* = 0.9417; Supplementary Fig. S11B). We
surmise from these results that the minigene assay is a good surrogate
system to evaluate the spliceogenicity of BRCAZ2e3 variants.

Brca2ekoko : BRCAZ2 tg, Neo', HATS

Functional characterization of BRCA2e3 spliceogenic variants in
a mESC-based assay

In an attempt to uncover a RNA-related threshold for BRCA2
haploinsufficiency, we evaluated the consequences of variant-induced
BRCAZ2e3 skipping in BRCA2 function by performing a mESC-based
complementation assay (Fig. 3A; Supplementary Fig. S12). Here, we
tested seven variants: four intronic (c.68-8_68-7delinsAA, c.316+6T>A,
¢.316+6T>C, and ¢.3164+6T>G) and three synonymous (c.102A>G,
¢.165C>T and ¢.231T>G). These variants were selected on the basis of
four main reasons. First, they caused a gradual increase in A3 in the
minigene assay. Second, they are all translationally silent, which avoids
any potential confounding effect produced by coding changes. Third,
they are clinically interesting given that all except one (c.316+6T>A)
were identified in patients suspected of HBOC. And fourth,
their pathogenicity is unknown. We also included ¢.68-7T>A and
¢.316+5G>C as controls because these spliceogenic variants have been
unequivocally classified as neutral and pathogenic, respectively (12, 19).
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Functional analysis of BRCAZ2 translationally silent variants that cause gradual increase in exon 3 skipping by using a mouse embryonic stem cell (mESC)-based assay.
A, Schematic representation of the mESC model used for the functional analysis of BRCA2e3 variants. PL2F7 mESCs with a conditional (cko) mouse BrcaZ2 allele
(mBrca2) flanked with two /oxP sites along with two halves (designated as HP and RT) of the human HPRTI minigene and a knockout (ko) of the second mBrca2 allele
were electroporated with BACs carrying human BRCA2 (WT or variant hBRCA2). Resulting colonies were selected for further analysis after verification of hBRCA2
expression by Western blot analysis (Supplementary Fig. S12). Then the conditional mBrca2 allele was deleted by transient expression of Cre in the selected cells.
Variants that could (fully or partially) complement BRCA2 deficiency resulted in HAT-resistant clones (Supplementary Fig. S13). These viable clones were used for
other functional studies including sensitivity to DNA-damaging agents (Supplementary Fig. S14). BRCA2e3 splicing patterns in HAT-resistant mESC were monitored
by semiquantitative fluorescent RT-PCR by using forward and reverse primers located in exons 2 and 5, respectively, followed by capillary electrophoresis. Results
from mESC complementation assays are summarized in Table 1. B, RT-PCR analysis of the splicing pattern of mESC expressing hBRCAZ2 variants. Top, the RT-PCR
products separated on an agarose gel. Bottom, relative quantification of equivalent fluorescent RT-PCR products separated by capillary electrophoresis. Results
represent the mean of three independent experiments. Error bars, SEM values. The identities of the two RT-PCR products obtained, with (FL) or without (A3) exon 3,

are indicated on the right. E3, exon 3; P, patient.



Table 1. Summary of functional effects of BRCA2e3 variants analyzed in @ mESC-based assay.

Splicing (FL%)

Nucleotide Amino acid Complementation?® Sensitivity" Detected % WT Classification®

WT - Yes No 90 100 -

C.68-7T>A p.? Yes No nd nd Neutral

c.165C>T p.(Asn55=) Yes No 79 88 Neutral

c.231T>G p.(Thr77=) Yes No 61 68 Neutral
€.68-8_68-7delinsAA p.? Yes No 45 50 Neutral

c.102A>G p.(Glu34=) Yes No 44 49 Neutral
c.316+-6T>C p.? Yes No 24 27 Neutral
c.316+6T>A p.? Poor Yes 15 17 VUS (intermediate)
c.316+6T>G p.? Poor Yes n 12 VUS (intermediate)
¢.316+5G>C p.? No n/a n/a n/a Pathogenic
c.316G>A p.Gly106Arg Poor Yes 25 28 VUS (intermediate)

Abbreviations: n/a, not applicable; nd, not determined; p?, variant of unknown protein consequences (non-coding but it may affect RNA splicing) as per HGVS

nomenclature.

aComplementation phenotypes of BRCA2e3 variants based on viability of Brca2*”*° mESCs expressing either WT or mutant BRCAZ after deletion of the conditional

allele (see also Fig. 3; Supplementary Fig. S13).

bSensitivity of HAT-resistant mESCs (expressing either WT or mutant hBRCA2) to six DNA-damaging agents (olaparib, methyl methanesulfonate, mitomycin C,
cisplatin, camptothecin, and ionizing radiation). Survival was measured by XTT assay and then compared with that of mESCs expressing wild-type hBRCAZ (see also

Supplementary Fig. S14).

“Relative quantification of splicing events in HAT-resistant mESCs expressing either WT or mutant hBRCA2 was evaluated by semiquantitative fluorescent RT-PCR,
followed by capillary electrophoresis. Results represent the mean of three independent experiments. Values relative to %WT were extrapolated from RT-PCR results
displayed in the previous column (FL%) and assuming a similar BRCAZ2 expression in the different mESCs clones.

9Suggested nucleotide variant classification based on the results of the mESC complementation assay.

We first tested the ability of the variants to rescue the cell lethality
conferred by loss of BRCA2 after loxP/Cre-mediated deletion of the
endogenous conditional mBrca2 allele (Fig. 3A; Table 1; Supplemen-
tary Fig. S13). The two loxP sites of the conditional mBrca2 are flanked
by two halves of human HPRT minigene, which allow selection of
recombinant clones in the presence of HAT. We observed that mESCs
expressing the ¢.316+5G>C pathogenic variation were unable to form
HAT-resistant colonies, indicating that BRCA2 function was severely
impaired, a result that is in agreement with the deleterious nature of
this variant (12). In contrast and as expected, the neutral variation c.68-
7T>A (19) was able to fully complement the loss of endogenous
mBrca2. Interestingly, the complementation phenotype of five of the
seven VUS, namely c.165C>T, ¢.231T>G, c.102A>G, c.68-8_68-
7delinsAA and ¢.316+6T>C, resembled that of the neutral variant.
However, in the case of ¢.316+6T>A and ¢.316+6T>G (variants that
had the most severe splicing defects in the minigene assay among the
seven VUS of interest), we observed fewer HAT-resistant colonies as
compared with WT-expressing cells, indicating that BRCA2 function
was compromised in these cells, resulting in incomplete/poor com-
plementation (Supplementary Fig. S13).

Because BRCA2 has an important role in the repair of DSBs, loss of
its function renders cells vulnerable to compounds that introduce toxic
DNA lesions (35). Therefore, we next tested the sensitivity of the HAT-
resistant mESC to six DNA-damaging agents (cisplatin, mitomycin C,
methyl methanesulfonate, olaparib, camptothecin, and y-irradiation)
by cell survival measurements (Table 1; Supplementary Fig. S14). As
expected, c.68-7T>A-expressing cells exhibited no difference in sen-
sitivity to various DNA-damaging agents as compared with WT-
expressing cells. Similarly, mESC carrying either ¢.165C>T, ¢.231T>G,
c.102A>G, ¢.68-8_68-7delinsAA, or ¢.316+6T>C did not exhibit hy-
persensitivity to any of the DNA-damaging agents, strongly supporting
that they are fully functional and are likely to be neutral variants. In
contrast, ¢.316+6T>A and ¢.316+6T>G are associated with a severe
hypersensitivity to various DNA-damaging agents as compared with
WT or to c.68-7T>A-expressing cells, strongly indicating an impairment

in BRCA2 function. We surmise that a reduction in FL transcripts down
to 35% (as measured for the borderline ¢.316+6T>C variant in the
minigene assay) is sufficient for BRCA2 function, whereas a level equal to
or lower than 26% FL (as measured for ¢.316+6T>A in the minigene
assay) leads to BRCA2 haploinsufficiency in mESCs. Moreover, a total
loss-of-function was observed in mESCs when FL<5% (as measured for
¢.316+5G>C in the minigene assay).

To validate the physiologic relevance of the mESC system for the
evaluation of variant-induced BRCA2e3 splicing defects, we analyzed the
splicing patterns of the different BRCA2 variants in viable mESCs by
semiquantitative RT-PCR. The WT BRCA2 gene expressed in this sys-
tem reproduced the alternative splicing of BRCA2e3 (A3 = 10%, Fig. 3B)
typically detected in normal human cells. Importantly, we confirmed
that the five VUS that were fully functional in the mESC assay had
increased levels of A3 representing a decrease in FL transcripts down to
27% of the WT BRCA2 FL transcripts as extrapolated from the RT-PCR
results. In contrast, c¢.316+6T>A and c.316+6T>G, which showed
poor mESC-complementation, had even lower relative levels of FL
transcripts (17% and 12%, respectively). These data suggests that the
upper threshold for BRCA2 haploinsufficiency in the mESCs lies
between approximately 17% and approximately 27% FL and that for
total loss-of-function the cutoff lies below 12% FL. The results of the
mESC-derived RNA analysis were fully consistent with those obtained in
the minigene assay not only in terms of whether or not a varijant caused
aberrant splicing but also in terms of the relative severity of the splicing
defects (R* = 0.9974; Supplementary Fig. S15). Moreover, the results
obtained in mESCs agree with those obtained with patient-derived
samples, which highlights the physiologic pertinence of the mESC
model to evaluate the consequences on splicing of BRCA2e3 variants.
A biological classification of the selected variants based on the mESC
complementation results is shown on Table 1.

Association of leaky BRCA2 exon 3 variants with cancer risk
To gain insight into the clinical significance of leaky BRCA2e3
spliceogenic variants, we collected patient information for the seven



VUS analyzed in the mESC assay (Supplementary Table S6). Only
one variant (c.231G>T) could be classified as neutral according to
ACMG (36) and ENIGMA (37) guidelines given its: (i) high
frequency in the African population (0.66%), (ii) the description
of an homozygous individual in the general population; and (iii) the
cooccurrence in trans with pathogenic BRCA2 variants in HBOC
patients without a FA phenotype. These data confirm that a
decrease in FL transcripts from one BRCA2 allele at least down to
approximately 60% of WT (as determined for ¢.231G>T in the ASE
analysis) is not associated with HBOC. Multifactorial likelihood
analyses based on clinical, familial, and tumoral data from patients
carrying four of the seven VUS (c.68-8_68-7delinsAA, c.102A>G,
¢.316G>A, and ¢.3164+6T>C) were inconclusive, in part, because
few families were accessible for analysis and no cosegregation
information was available.

Functional impact of BRCA2 missense VUS

Finally, we extended our minigene splicing analysis to 26 BRCA2e3
coding variants (Fig. 4A) including all missense changes reported in
the BRCA-Share database (n = 23), as well as one FA-associated
missense variant (c.316G>A) and two previously described spliceo-
genic nonsense variants (¢.92G>A and ¢.145G>T) (27, 28), the latter
used as additional BRCA2e3 spliceogenic controls. Of note, among the
24 missense variants, 21 were described as VUS (Supplementary
Table S1). The minigene assay revealed that 12 out of the 26 variations
tested (46%) altered the splicing pattern of BRCAZ2e3 relative to WT
(Fig. 4B; Supplementary Table S1). More precisely, 11 variants
increased BRCA2e3 skipping, including ¢.92G>A and c.145G>T as
expected, and one variant (c.100G>A) caused two concomitant partial
splicing defects, that is, skipping of BRCA2e3 and a 45-nucleotide in-
frame deletion at the beginning of the exon caused by the creation of a
new 3'ss (Supplementary Fig. S16). Given their positions within the
exon, we suspect that ¢.316G>C and ¢.316G>A induce exon skipping
by directly decreasing the strength of the 5’ss (Supplementary Fig. S7),
whereas the remaining spliceogenic missense variants likely modify
exonic SREs. Importantly, we confirmed that four of the variants
(c.92G>A, c.145G>T, ¢.316G>A, and ¢.316G>C) are associated with a
major relative increase of A3 in patients’ RNA as compared with
healthy controls (Fig. 4C). Moreover, ASE analysis revealed a reduc-
tion in FL transcripts expressed from the mutant alleles in these
biological samples (50%-24% of WT, Fig. 4C and D). In contrast,
the 14 remaining variants showed no effect on splicing in the minigene
assay (Fig. 4B), including ¢.223G>C, a variant that is associated, in
patient RNA, with a splicing pattern similar to that observed in control
samples (Fig. 4C) and to an absence of in vivo allelic imbalance
(Fig. 4D), which is consistent with the minigene results.

Our findings reiterate the importance of the minigene assay in
assessing the impact on splicing of BRCAZ2e3 variants. Moreover, they
pinpoint ¢.316G>A (p.Glyl06Arg) as potentially leading to BRCA2
haploinsufficiency because although the splicing efficiency of this
variant (both in the minigene assay and in patient RNA) is similar
to that of the borderline c.316+-6T>C noncoding variant, the
¢.316G>A transition: (i) produces a Gly>Arg missense change at a
highly conserved amino acid position (Supplementary Fig. S17) in the
residual BRCA2 FL transcripts, and (ii) has been identified in trans of
BRCA2 ¢.2806_2809del [p.(Ala938Profs*21), paternal allele] in a FA
patient, which is suggestive of a disease-causing hypomorphic variant.

To test this hypothesis, we then determined the functional con-
sequences of ¢.316G>A (p.Glyl06Arg) in the mESC assay. As shown
in Table 1, c.316G>A lead to a drastic reduction of the number of
HAT-resistant mESC colonies and a severe hypersensitivity to various

DNA-damaging agents as compared with WT and to c.68-7T>A,
strongly indicating an impairment of BRCA2 function. Importantly,
the complementation phenotype and degree of sensitivity to DNA-
damaging agents were similar to those observed for ¢.316+6T>G and
¢.316+6T>A (Table 1; Supplementary Figs. S13 and S14) revealing
that indeed c.316G>A (p.Glyl06Arg) causes BRCA2 haploinsuffi-
ciency but not total loss-of-function. Our results suggest that
¢.316G>A (Glyl06Arg) is a hypomorphic allele that leads to BRCA2
haploinsufficiency because of a negative impact both on BRCAZe3
splicing and on FL protein function.

Discussion

Determining the pathogenicity of leaky BRCA2 variants remains a
major challenge in medical cancer genetics. To our knowledge, only one
leaky BRCA2 variant (c.68-7T>A) has been thoroughly assessed for its
implication in HBOC (19). This variant has been classified as neutral
by multifactorial analysis while all remaining BRCA2 leaky variants
linger as VUS until further evidence is collected (11, 19, 32). By using
BRCAZ2e3 as a model system and complementary functional assays, we
provide the first calibration of BRCAZ2e3 spliceogenicity and an esti-
mation of BRCA2 mRNA-based haploinsufficiency, both of which
contribute to the interpretation of leaky BRCA2 variants. In addition,
our study identified a plethora of new spliceogenic BRCAZ2e3 variants.

To date, only 17 SNVs in/near BRCA2e3 (10 exonic and 7 intronic)
have been reported as causing aberrant splicing, all shown to increase
A3(11,12,19,27,28,32,35,38,39). Our minigene results confirmed 15
of those initial findings (only 2 of the known spliceogenic variants
being absent from our study) and uncovered 49 new splicing mutations
(37 exonic, 10 intronic, and 2 at the exon-intron border) bringing the
number of BRCA2e3 spliceogenic variants to a total of 66, most
affecting potential SREs. Importantly, the vast majority of the detected
splicing defects were leaky (54 of 64 spliceogenic variants), 45 being
less drastic than the splicing anomaly caused by ¢.3164+-5G>C, but
stronger than that observed for the neutral variant c.68-7T>A, which
implied that they remained as of unknown significance. These obser-
vations suggest that variant-induced leaky splicing defects are prev-
alent in BRCA2e3 and that additional analyses are warranted for
accurate assessment of their pathogenicity. Still, among the 49 newly
identified spliceogenic variants, 4 caused major loss of BRCA2e3 in
the minigene assay similar to what was observed for ¢.316+5G>C.
These variants (c.316+1G>A, ¢316+1G>C, c.316+3A>C, and
¢.316+4_316+6delinsCGA) can thus be classified as pathogenic
without further evidence (12). Moreover, we could also immediately
classify 34 noncoding variants as neutral because they either had no
impact on splicing in the minigene assay or induced a minor decrease
in FL transcripts (equal or milder than c.68-7T>A).

To evaluate the biological significance of leaky splicing defects
caused by BRCAZ2e3 VUS, we next used a mESC-based assay known
to reliably predict the pathogenicity of BRCA2 variants (30, 31, 35, 40).
We found that this assay recapitulates the normal alternative splicing
of BRCA2e3 as well as variant-induced partial splicing defects. Indeed,
although BRCA2 A3 levels were somewhat variable in our comple-
mentary approaches probably due to different genomic environments,
tissue-specific alternative splicing patterns and/or other experimental
specificities, we demonstrated a high concordance in splicing pheno-
types between the mESC assay and both minigene and patient
RNA analysis. Moreover, data on mESC viability and sensitivity to
DNA-damaging agents were concordant with the clinical classifica-
tions of ¢.68-7T>A and ¢.316+5G>C. By testing selected spliceogenic
BRCA2e3 VUS in the mESC assay, we were able to redefine cut-off



A

c.145G>T
c.92G>A
€.92G>C ¢.122C>T c.143A>G c191C>T C.241T>A
c.79A>G ¢121C>T| ¢.142G>A c179A>G C.240A>G .280C>T 6.316G>C
c.74G>T c.107C>T ©.140C>T ¢.175C>G €.223G>C €.266C>T c.316G>A
c.100G>A c1396s>T| ||| c.167A>C ¢.260C>G ¢.305A>T

BRCA2 exon 3

B T
. .
90+ L S B .
~ 80
g\i L]
g 70+ |
w60 C s,
S
© 504
£
o 404
: L]
g 30
w204 I}
10
R Y
O QO F O OFOOLCHEOFEFEFOOELEECEREOJCCI
A £ A ANN A A NAANNANANNANRAKNANNANNANANANANANNANANANN
QO F0O0O0QITLOO0LEZLTOQRYLLYOYQQO0OQ0 09
P FgI3qd365R38ITo0o33earRIva3aX8crese
-2 0T OO NN NN NN e e s g T o @
o O 0O O O O ¢ O © O ¢g o o o © o o o O o o o
C 0o, D 12-
90 ! . 110
100
80 —_ —=
9 I 90
< 70+ = 804
c
S o
2 60 5 704
]
3 50+ s . @ 60
3]
£ 40 : g 50+
P 4
o 30 . o ¥
o 3 30
& 20 2
104 10+
0-—— f f f f I f 0--— f f I f f
2 2 % % {2 R % " 2 %2 & &
5 1] O Q O] O] O] 9} Q 0] O
c £ N 0 » © © N w ™ ©
o] i~ [ < N — - (<] < N ~ <
o 1) I - ~ ™ ™ I8 < N « A
bR o o S 3} © o 8 Q
o ©
)
[$}

Figure 4.

RNA splicing impact of variants of unknown significance mapping to BRCAZ2 exon 3. A, Distribution of the 26 selected coding variants within BRCA2 exon 3. The
diagram shows the relative position and identity of each variant within BRCA2e3 or its flanking intronic regions. B, Impact of BRCA2 exon 3 variants on splicing
observed in pCAS2-based minigene assays. Wild-type and mutant pCAS2-BRCA2-e3 minigene constructs were transiently expressed in Hela cells. The splicing
patterns of the RNA produced from the different minigenes were then analyzed by semiquantitative fluorescent RT-PCR, followed by capillary electrophoresis.
Results represent the mean of exon 3 inclusion (FL) level of three independent transfection experiments. Error bars, SEM values. Dashed line, the level of FL produced
by the WT minigene. Solid lines, FL levels that discriminate different classes of variants based on the splicing pattern of pCAS2-BRCA2e3 minigenes (c.316+6T>C and
¢.316+5G>C) and taking into account results from the mESC complementation assay shown in Fig. 3: likely neutral (1), of unknown clinical significance (II) and
pathogenic variants (lll). C, BRCA2 exon 3 splicing patterns assessed in patient-derived samples. The BRCA2e3 splicing patterns in patient-derived RNA samples
were monitored by semiquantitative fluorescent RT-PCR by using primers located in exons 2 and 5, and compared with those from healthy donors (controls). The
levels of exoninclusion (FL) refer to the amount of full-length transcripts (containing exon 3) relative to the total amount of transcripts (with and without exon 3) and
are representative of three independent experiments. Error bars, SEM values. D, Allele-specific expression of transcripts including BRCA2 exon 3 measured by
SNaPshot analysis in patient-derived samples. Genomic segment (gDNA) and complementary DNA (cDNA) containing BRCA2e3 were amplified in parallel using

specific primers (gray arrows) and the SNaPshot quantitative primer extension assay was then performed with a variant-specific primer (black arrow) targeting the

sequence immediately upstream the BRCA2e3 variant (star). Allele-specific expression levels, representing the relative contribution of the variant allele to the
expression of full-length (FL) BRCAZ transcripts as compared with WT (% of WT), were measured by normalization of the cDNA peak area ratio (variant/WT) to the
corresponding gDNA peak area ratio (variant/WT). Results are representative of three independent experiments. Error bars, SEM values.
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Flowcharts describing the interest of RNA splicing assays and level of expression of BRCA2 FL transcripts for classification of BRCA2 VUS. A, Extreme decision
thresholds for BRCA2e3 variants based on data from pCAS2-BRCA2e3 minigene splicing assays and mESC complementation/survival results, notably on ¢.3164+6T>C
and ¢.316+5G>C (35% FL and 5% FL thresholds, respectively). B, Conservative decision thresholds for BRCA2e3 variants, as well as for variants mapping outside
BRCA2e3, based on data from ASE analysis (Supplementary Table S1). The 60% FL threshold derives from ASE results obtained with c.231T>G carriers. The 4% FL
threshold was extrapolated from the ¢.316+5G>C minigene results by taking into account an adjustment factor of 0.77, which was determined by comparing
minigene data with the ASE values obtained with exonic variants (Supplementary Table S1). These classification charts are not valid for variants inducing the
production of transcripts containing in-frame indels that can lead to the synthesis of potentially/partially functional proteins. Nonsense*, nonsense variants outside
the last exon of the gene; FL, full-length reference transcripts containing BRCA2e3 (NM_000059.3); In-F*, in-frame RNA splicing alterations not affecting essential
functional domains of the BRCA2 protein; Out-F, out-of-frame RNA splicing alterations resulting in frameshift modifications of BRCAZ2 transcripts.



values, extrapolated from BRCAZ2e3 splicing efficiencies, meant for
improving variant interpretation (Fig. 5A and B). These thresholds
allowed us to classify the 100 variants in our dataset as follows: 59 as
neutral, 11 as pathogenic, and 30 as VUS (Supplementary Table S1).
Our data suggests that noncoding BRCA2e3 variants producing at least
27% FL transcripts in the mESC assay as compared with WT (or 35% in
the minigene assay) can be considered neutral as they are expected to
fully complement the loss of BRCA2 in mESCs as seen for
¢.316+6T>C. A more conservative approach would be to take into
account, as threshold for neutrality, the fraction of variant-expressed
FL transcripts observed for ¢.231T>G (a minimum of 68%, 70%, or
~60% FL in mESC, minigene or patients’ RNA assays, respectively, as
compared with WT) given that this is clearly a nonpathogenic variant.
Indeed, our results indicate, for the first time, that BRCA2 tumor
suppressor activity tolerates a substantial reduction in FL expression
from one allele independently of the synthesis of alternatively spliced
functional transcripts. Interestingly, certain BRCAI and BRCA2 var-
iants responsible for drastic FL losses were recently reported as not
being necessarily associated with high cancer risk or total loss-of-
function (41, 42). However, in these cases, alternatively spliced tran-
scripts leading to the production of potentially or partially functional
isoforms (BRCA1 A9, 10, or BRCA2 A12, respectively) were generated,
suggesting a rescue mechanism underlying the preserved BRCA
function.

A window of uncertainty prevails for variants showing hypo-
morphic phenotypes in the mESC assay such as ¢.316+6T>A and
¢.316+6T>G that reduce FL transcripts to approximate;y15% WT in
mESC (~25% WT in the minigene assay). It is possible that these
variants confer moderate risks of breast/ovarian cancer as shown for
BRCA1 ¢5096G>A/p.Argl699GIn and BRCA2 c¢.9104A>C/p.
Tyr3035Ser (43-45) or are associated with lower penetrance (45).
Noncoding spliceogenic variants with incomplete penetrance and/or
variable degrees of disease expressivity have already been described in
other cancer predisposition genes such as RBI (46), PMS2 (47), and
VHL (48). Possibly such variability also exists within the spectra of
BRCA2 variants.

Further studies will be essential for illuminating genotype—
phenotype correlations of spliceogenic BRCA2 VUS identified as
leaky in this and other studies. Given the rarity of most of these
variants, informative studies will more likely stem from interna-
tional collaborative efforts, such as those conducted by the ENIGMA
consortium (49), allowing the collection of data on large number of
patients and their families as well as to perform case-control
genotyping analysis to accurately estimate cancer risks conferred
by individual variants. Finally, because only minimal amounts of FL
transcripts seem to be required for sufficient BRCA2 function, our
study may pave the way for the development of new cancer
prevention strategies based on RNA splicing correction in patients
carrying BRCA2 splicing variants, according to the paradigm of
spinal muscular atrophy (50).
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