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Abstract

Skipping of BRCA2 exon 3 (AE3) is a naturally occurring splicing event, complicating
clinical classification of variants that may alter AE3 expression. This study used
multiple evidence types to assess pathogenicity of 85 variants in/near BRCA2 exon
3. Bioinformatically predicted spliceogenic variants underwent mRNA splicing
analysis using minigenes and/or patient samples. AE3 was measured using
quantitative analysis. A mouse embryonic stem cell (mnESC) based assay was used
to determine the impact of 18 variants on mRNA splicing and protein function. For
each variant, population frequency, bioinformatic predictions, clinical data, and
existing mRNA splicing and functional results were collated. Variant class was
assigned using a gene-specific adaptation of ACMG/AMP guidelines, following a
recently proposed points-based system. mRNA and mESC analysis combined
identified six variants with transcript and/or functional profiles interpreted as loss
of function. Cryptic splice site use for acceptor site variants generated a transcript
encoding a shorter protein that retains activity. Overall, 69/85 (81%) variants were
classified using the points-based approach. Our analysis shows the value of applying
gene-specific ACMG/AMP guidelines using a points-based approach and highlights
the consideration of cryptic splice site usage to appropriately assign PVS1 code

strength.
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1 | INTRODUCTION

Pathogenic variants in BRCA2 predispose carriers to breast, ovarian,
prostate, and other BRCA2-related cancers (Gayther et al., 1997).
Although intensive gene testing has been performed for families with
suspected hereditary cancer for more than 20 years, there are still
considerable challenges for the interpretation of variants with uncertain
clinical significance (Spurdle et al., 2012). Several naturally occurring
alternative splice isoforms of BRCA2 have been reported, and genetic
variants have been shown to change the relative expression levels of
these alternative transcripts (de Garibay et al, 2014; Fackenthal
et al, 2016; Montalban et al., 2018). Interpretation of clinical
significance for these spliceogenic variants is difficult as aberrant
transcript expression patterns might impact protein function depending
on both transcript ratios and the functional integrity of the alternative
isoforms. Skipping of BRCA2 exon 3 (AE3) is a naturally occurring in-
frame splicing event (Peixoto et al, 2009; Thomassen et al., 2012).
Several genetic variants have been shown to increase AE3 at the mRNA
level (Caputo et al., 2018; Diez et al., 2007), and there is now convincing
evidence that near exclusive expression of the AE3 transcript (also
termed complete exon skipping, or complete AE3) is deleterious to
protein function and confers high risk of BRCA2-related cancers (Caputo
et al.,, 2018). The BRCA2 protein is, through interactions with several
other proteins including BRCA1 and PALB2, involved in the repair of
DNA double-strand breaks (DSBs) by homologous recombination
(Sy et al., 2009). Exon 3 encodes the PALB2 interaction domain located
at amino acids 21-39 (Oliver et al., 2009), and abrogation of BRCA2-
PALB2 binding is the likely molecular mechanism underlying this
increased risk (Hartford et al, 2016). In contrast, the BRCA2
€.68-7T>A variant (Colombo et al., 2018) leads to moderately increased
AE3 relative to wildtype (WT) levels (13% AE3, compared to 3% in non-
carriers in lymphoblastoid cell line (LCL) cultures, inferring 23% AE3
expression from the A allele), but this variant is not associated with
elevated breast cancer risk. A more recent analysis (Tubeuf et al., 2020)
reported that a common synonymous variant ¢.231T>G rescued BRCA2
function in a mouse embryonic stem cell (mESC) complementation
assay, with the G allele reported to exhibit 32%-40% AE3 in the mESC
assay and 30% AE3 in a minigene assay. These findings suggested that
moderately increased AE3 expression is not associated with high risk of
cancer, complicating the clinical interpretation of variants that affect
mRNA splicing in this region of the gene.

ACMG/AMP classification, BRCA2, dPCR, functional analysis, quantitation, splicing

In this study, we assessed the pathogenicity of 85 variants
located in or near BRCA2 exon 3, using a variety of evidence types.
These included new and existing data from mRNA and/or protein/
cellular functional assays, frequency and bioinformatic data calibrated
against clinical data, and additional likelihood-weighted clinical
evidence. We show the value of applying gene-specific ACMG/
AMP guidelines. In particular, this study provides real-world examples
to demonstrate the flexibility of the recently proposed points-based

approach (Tavtigian et al., 2020) to resolve variant interpretations.

2 | MATERIALS AND METHODS

The overall project, using deidentified data and laboratory results
collated from multiple sites, was approved by the QIMR Berghofer
Human Research Ethics Committee (Project 1051). Each participating
site had Human Research Ethical Approval to cover use of patient
material and data in research to evaluate variant pathogenicity,
including: Ethical committee in Region of Southern Denmark and
Capital Region of Denmark, approval VF20050011 and H-18058595,
respectively (MT, MR); IdISSC/HCSC Ethics Committee, Project 15/
139-E_BS and 21/308-E (MdelaH); Ethical committee of the Masaryk
Memorial Cancer Institute (approval 2019/1845/MMCI: project
NU20-03-00285) (EMA); IRB numbers EK-Nr 056/2005 and 2190/
2019 from the Medical University of Vienna, IRB (CSl); The ethical
committee at Lund University Dnr 2011/349 2011/652 (AB); Ethical
Territorial Committee Research of Santiago Lugo, approval 2018/200
(AV); Ethics Committee of the University of Cologne (TEMP991529
and 19-1360_4) (BW); CRO Aviano, Local Ethical Committee,
approval CRO-15-1997 (AVI) and IRB number IRAS ID 49685 (DB);
Ethics committee of Bellvitge Biomedical Research Institute (IDIBELL;
PR278/19) (MM). Use of the Ambry deidentified data set for research
was deemed exempt from review by the Western Institutional

Review Board.

2.1 | BRCA2 exon 3 variants

A total of 89 variants were included in the study. Four previously
classified variants with quantified splicing alterations were used as
controls: Two variants were known to cause complete AE3 (Caputo

85U80|7 SUoWWoD 3AeaI0 8|qeo![dde ay3 Aq pauseAob afe S9|ole YO ‘88N JO S9N 10} A%eiq18uljuO 8|1 UO (SUOTIPUOD-pUe-SWIBI W0 A8 1M Afe.q Ul |uo//:Sdny) SUORIPUOD pue slue 1 8y &8s *[£202/20/cT] Uo AreigiTauliuo A8|im ‘Wepe 10 AisieAun Aq 6iibz NWNY/Z00T OT/10p/W0D 8| 1M Aleiq 1 Buljuo//Sdny WoJy papeojumod ‘2T ‘2202 ‘Y00T860T



1924
—LWI LEY—

THOMASSEN ET AL.

et al., 2018) and previously confirmed to be associated with BRCA2-
related clinical phenotypes (c.156_157insAlu; ¢.316+5G>C); variant
c.68-7T>A was included as a “partial skipping” control classified on
the basis of clinical information as benign (Colombo et al., 2018);
common synonymous variant ¢.231T>G, previously reported to
exhibit at least 30% AE3 and also to rescue BRCA2 function in an
mESC complementation assay (Tubeuf et al., 2020), was included as
an mESC experimental control and was considered benign based on
frequency. An additional variant was included as an experimental
control: Variant c.316+5G>A, previously shown to lead to complete
AE3 but not formally classified using clinical data (Caputo et al., 2018).
Through examination of the literature, and/or by communication with
ENIGMA members additional variants in exon 3 and the flanking
introns were identified for inclusion in the study (Supporting
Information: Table 1). For completeness, additional single nucleotide
substitutions at the exon 3 acceptor site were included in minigene
assays. In addition, four predicted missense substitution variants
(c.91T>C p.(Trp31Arg), c.91T>G p.(Trp31Gly), c.93G>C p.(Trp31Cys),
and c.93G>T p.(Trp31Cys)) were included in the mESC assay due to
their location in the region relevant for BRCA2-PALB2 protein
interaction (Oliver et al., 2009), and previous reports of variant
impact on AE3 for c.93G>T (Biswas et al., 2012; Sanz et al., 2010;
Sharan, personal communication).

Most variants had been identified in families with suspicion of
hereditary breast and/or ovarian cancer. Overall, in addition to the
controls with confirmed pathogenicity (pathogenic controls
c.156_157insAlu, ¢.316+5G>C; benign controls c.68-7T>A and
common synonymous variant ¢.231T>G), bioinformatic, mRNA,
functional, and clinical data were collated for another 85 variants
from the literature and/or as part of this study—including experi-
mental control c.316+5G>A.

BRCA2 variants and alternative splicing events were described
according to recommendations from the Human Genome Variant
Society (HGVS) (http://varnomen.hgvs.org/), using as a reference the
Refseq transcript NM_000059.3. For the sake of simplicity, we
identified events as well with a code that combines the following
symbols: A (skipping of reference exonic sequences), v (inclusion of
reference intronic sequences), p (acceptor shift), and q (donor shift).
When necessary, the exact number of nucleotides skipped (or
retained) is indicated.

Initial bioinformatic prediction to prioritize variants for mRNA
assays was performed using MaxEntScan and ESEfinder software
implemented in  AlamutVisual 2.15 (https://www.interactive-
biosoftware.com;  Supporting Information: Table 1). See
Section 2.3 for details on additional predictions used for comparison

to mRNA findings and for variant interpretation.

2.2 | Laboratory analyses

Primers and methods used for mRNA assays are provided in

Supporting Information: Table 2.

2.2.1 | Splicing analysis of patient samples and
minigene assays

At study initiation, variants identified from ENIGMA collaborators to
have bioinformatic prediction of altered splicing were prioritized for
minigene assays and/or analysis of patient samples if available.
Additional variants were included on the basis of mMRNA availability
only. Details on bioinformatics score and rationale for mRNA analysis
are included in Supporting Information: Table 1. In total, excluding
control variants, minigene assays were performed for 21 unique
variants, and splicing assays on patient mMRNA were performed across
multiple labs for 14 unique variants. The patient samples were
originally either sampled directly in RNA stabilizing agents (PAX-
gene® tubes and Tempus® tubes), or lymphocytes were grown as
either short-term cultures or long-term EBV-transformed LCLs. To
detect splicing alterations in addition to AE3 with high sensitivity,
capillary gel electrophoresis was applied for 11 variants using
methods described previously (de la Hoya et al., 2016). During the
course of the study, published mRNA splicing results for these and

additional variants in/near exon 3 were also collated.

2.2.2 | Quantitation of splice events by digital PCR

The use of digital PCR (dPCR) for precise quantification of BRCA2
alternatively spliced isoforms has been described in detail elsewhere
(Colombo et al., 2018). In brief, dPCR experiments were performed
on a QuantStudio 3D dPCR 20K platform according to the
manufacturer's instructions (Applied Biosystems). All quantification
experiments were performed by combining FAM and VIC labeled
TagMan assays (Applied Biosystems) in individual chips. Chips were
analyzed in the QuantStudio 3D Analysis Suit Cloud software v2.0
(Applied Biosystems), defining FAM as the target. Default settings
were used in all cases. After reviewing the automatic assessment of
the chip quality by the software, only green flag chips (data met all
quality thresholds, review of the analysis result not required) and
yellow flag chips (data met all quality thresholds, but manual
inspection is recommended) were considered for further analyses.
To detect BRCA2 AE3, we used a FAM-labeled custom-designed
TagMan assay (Applied Biosystems) specific for the BRCA2 exon 2-4
junction. BRCA2 exon 3 retention was detected with a VIC-labeled
Hs01556199 assay (Applied Biosystems) specific for the BRCA2 exon
3-4 junction. AE3 level was calculated as exon 2-4/(exon 2-4 + exon
3-4). Note that, the latter assay will recognize different transcripts,
provided that they have a native exon 3-4 junction, that is, the assay
does not discriminate full-length expression from expression of
transcripts with alterations at the exon 2-exon 3 junction, such as
AE3pé6 or YE3p2.

To better compare results using patient mRNA (where naturally
occurring exon 3 skipping from the WT allele has to be accounted for)
with data from assays measuring the effect of a single allele (i.e.,

minigene and mESC assay), the results were presented as absolute
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AES3 level, and additionally as inferred per-allele AE3 level, calculated
as follows: two times AE3 exclusion level observed in carriers minus
the WT AE3 level (from same sample type).

Furthermore, the level of two other naturally occurring BRCA2
alternative splicing isoforms (AE3-E4 and AE3-E7) skipping exon 3
(Fackenthal et al., 2016) were measured using FAM-labeled custom-
designed TagMan assay (Applied Biosystems) specific for the BRCA2
exon 2-5 and exon 2-8 junctions, respectively. A full-length BRCA2
transcript was detected with a VIC-labeled Hs00609073_m1 assay
(Applied Biosystems) specific for the BRCA2 exon 26-27 junction.
Exclusion levels were calculated as exon 2-X/(exon 2-X + exon
26-27), where X refers to exon 5 or 8. Sequences of the Tagman

probes are in Supporting Information: Table 2.

2.2.3 | RNA sequencing

Paired germline DNA-RNA genetic testing at Ambry Genetics, conducted
on RNA isolated from blood collected in PaxGene tubes as described
previously (Conner et al, 2019; Farber-Katz et al., 2018; Landrith
et al., 2020), was performed for patients carrying BRCA2 c.68-1G>A,
€.68-2A>G and c.68-3T>G. Additional RNA-sequencing was performed
to confirm the percent spliced in (PSI) of the observed transcripts, that is,
exon-inclusion ratio. The SuperScript™ IV One-Step RT-PCR System
(Thermo Fisher Scientific) was used to reverse transcribe and amplify
500 ng total RNA (see Supporting Information: Table 2 for details of
primers). Thirty-five amplification cycles were performed with an
annealing temperature of 52°C and a 45s extension. Amplicons were
purified using Ampure XP beads (Beckman Coulter) and quantified using
the TapeStation D1000 system (Agilent). An input of 125 ng was used for
preparation of lllumina dual indexed libraries using the Kapa HyperPrep
kit with PCR (Roche), using 10 cycles of library amplification and a Covaris
shearing protocol optimized to yield 300 bp fragments. Resulting libraries
were pooled at equal molarities and sequenced using 150 bp paired-end
reads on the Miseq platform (lllumina). A custom bioinformatics pipeline
was used to align resulting reads and calculate PSI as described previously
(Landrith et al., 2020).

2.24 | mESC functional assay

In this assay, variants are introduced in the full-length human BRCA2
gene located on a Bacterial Artificial Chromosome (BAC) and
subsequently transfected in a hemizygous mouse Brca2 mESC line
(Supporting Information: Figure 1) as described previously (Mesman
et al.,, 2020). As BRCA2 protein activity is essential for mESC viability,
the capacity of variants to rescue the lethal phenotype after removal
of the conditional mBrca2 allele can be used as a measure of variant
protein function. Variants that severely impede cell viability are
considered loss of function variants, while variants that rescue cell
lethality to a certain extent can be characterized by their effect on
homology-directed repair (HDR) in an additional functional assay. In a
previous validation study, using variants of known pathogenicity as

determined by multifactorial likelihood analysis (likely), pathogenic
missense variants were either unable to rescue the lethal cell
phenotype upon mBrca2 loss or displayed an HDR level below 30%
of WT BRCA2, while (likely) benign missense variants complemented
the lethal phenotype and displayed HDR capacities between 50% and
120% of WT BRCA2 activity (Mesman et al., 2019). In this study, we
introduced clone counting to stratify complementation categories.

The conditional mBrca2 allele was removed by treating the cells
with 1.0 uM 4-Hydroxytamoxifen (4-OHT; Sigma-Aldrich Merck
KGaA) as described previously (Mesman et al., 2020). For each
variant, the number of viable clones was compared to the
complementation of WT BRCA2 expressing cells, and categorized
in one of the following complementation categories: poor (<20%
viability, including no complementation), reduced (20%-50% viabil-
ity), or good (>50% viability). Variants in the last two categories were
included in downstream functional analysis, using the DR-GFP
reporter assay to measure variant capacity to repair an I-scel
induced DSB, which leads to the restoration of a GFP gene construct
(Mesman et al., 2020). The HDR activity for a variant was measured
as the percentage of mCherry and GFP double-positive cells relative
to the number of double-positive cells observed for WT BRCA2. For
the DR-GFP reporter assay, all cell lines were seeded in triplicate,
resulting in six GFP measurements per variant.

In addition to control variants c.68-7T>A, c.316+5G>C, and
c.231T>G, 18 variants were selected for the mESC functional assay
based on observation of increased AE3 or other aberrant splicing
products detected by analysis of patient samples, minigene, or if the
variant was predicted to (also) result in an amino acid change within
the BRCA2-PALB2 interaction domain.

To study the effect of a variant on mRNA splicing, RNA was
isolated from duplicate variant-expressing mESC using a TRIzol-
based protocol. The dPCR method (described above) was applied on
these RNA samples to analyze splicing patterns and quantify AE3
level. Capillary gel electrophoresis (described above) was also applied
for variants c.68-2A>G and c.68-3T>G.

BRCA2 protein expression in BAC-transfected mESC was
confirmed by western blot analysis using a rabbit polyclonal antibody
(BETHYL, A303-434A-T) directed against a region between amino
acids 450-500 in exon 10 of BRCA2, as described previously
(Mesman et al., 2020).

2.3 | Variant classification

Variant classification was based on a gene-specific adaptation of the
original ACMG/AMP guidelines (Richards et al., 2015), incorporating
clinical, splicing, and functional information from multiple sources,
and also bioinformatic-based and frequency-based codes with
weights determined from empirical data. Requests were made to
the ENIGMA membership via email for clinical information from
variant carriers, including pedigree data and breast tumor histo-
pathology status. Additional clinical, splicing, and functional data
were sought from publications.
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2.3.1 | Frequency-based codes

The applicable PM2 code strength was determined using the
approach as described previously (Parsons et al., 2019). The
likelihood ratio (LR) toward pathogenicity was estimated based on
maximum population allele frequency for a set of 749 BRCA1 and
BRCA2 variants that have previously been classified as (likely) benign
or (likely) pathogenic using multifactorial likelihood analysis. All had
MAF <0.01 in a non-founder population; additionally, variants
representing haplotype associations or large genomic rearrangements
were excluded. Estimates were derived for the two genes combined,
with the justification that they exhibit broadly similar penetrance and
phenotype, and there would be greater confidence in estimates
based on the larger sample size for the combined data set. Reference
set variants were assigned to a frequency bin based on the maximum
allele frequency observed in a non-founder sub-population (Non-
Finnish European, African, Latino, East Asian, and South Asian), from
gnomAD Version 2.1.1 (non-cancer) accessed 2020-07-20. The data
set used for analysis is provided in Supporting Information: Table 3,
and the details of LR estimation are shown in Supporting Information:
Table 4. LR estimates were correlated with ACMG code strength as
per Tavtigian et al. (2018).

An LR of 2.88 toward pathogenicity was estimated for the
absence of a variant in gnomAD, indicating PM2_Supporting as the
strength for this evidence type. In addition, the LR estimation of
other frequency bins was used to determine cut-offs for BA1l
(maximum allele frequency >0.001) and BS1 (>0.0001 to 0.001). In
addition, analysis indicated that maximum allele frequency from
>0.00002 to 0.0001 could conservatively be used to assign
supporting evidence against pathogenicity (BS1_Supporting).

Variants under study were assigned a relevant ACMG-based
frequency code based on the maximum allele frequency in a non-

founder sub-population (described as above).

2.3.2 | Bioinformatic-based codes

With respect to bioinformatic codes applied for potential spliceo-
genic variants, MaxEntScan (Yeo & Burge, 2004) scores in relation to
native donor, native acceptor, and cryptic site usage were reviewed
to assign splicing-related bioinformatic codes (see Supporting
Information: Table 1 for descriptions). This included review of
MaxEntScan-based categories for native donor/acceptor site loss
and donor gain following cut-point recommendations of Shamsani
et al. (2019), and additional consideration of MaxEntScan predictions
of acceptor gain. The recommendations of Abou Tayoun et al. (2018)
were considered to determine codes applicable for variants directly
impacting the donor and acceptor sites. Exon 3 donor site changes
are predicted to abrogate the site and lead to an in-frame event that
deletes amino acids 23-105, which includes most of the PALB2
interaction domain, originally conservatively defined as amino acids
10-40 (Xia et al., 2006). Although this is an in-frame deletion of a
single exon, it was considered appropriate to upgrade PVS1_Strong

to PVS1 for donor site changes since variants leading to complete
BRCA2 AE3 have demonstrated clinical characteristics consistent
with pathogenicity, for example, the LR in favor of pathogenicity
based on segregation data for pathogenic control variant
c.156_157insAlu was 6.41 x 10 (Caputo et al., 2018). PVS1_Sup-
porting was applied to single nucleotide substitution variants at the
acceptor site, since the predicted effect was acceptor site abrogation
and use of a nearby cryptic site to result in an aberrant transcript
encoding a protein lacking two amino acids; the supporting code was
assigned since the two amino acid deletion lies within the BRCA2-
PALB2 interaction domain, and is bioinformatically predicted to
impact protein function using BayesDel (see below).

Bioinformatic predictions (ESEfinder, RESCUE-ESE) for potential
changes to Exonic Splice Enhancer or Silencer motifs (ESEs, ESSs)
were recorded for comparison to splicing assay results, but not used
to assign bioinformatic code. Similarly, variants were additionally
reviewed for splicing-related predictions using the SpliceAl tool
(Jaganathan et al., 2019), https://spliceailookup.broadinstitute.org,
with the following parameters for each setting: genome version hg38,
score type raw, max distance: 10,000 nt, Illlumina's pre-computed
scores yes, transcript NM_000059.4. Based on an analysis of
previously published experimental and prediction data (Valenzuela-
Palomo et al., 2022), SpliceAl predicted probabilities were assigned
using a “two score” approach, whereby observation of two different
scores >20% were considered predictive of leading to a splicing
aberration. Namely, predicted exon 3 donor loss + exon 3 acceptor
loss indicate predicted exon 3 skipping, predicted exon 3 donor loss +
exon 3 (or intron 4) donor gain indicate predicted shorter (or longer)
exon 3, predicted exon 3 donor loss + exon 4 acceptor loss indicates
predicted intron retention, and so on. Conservatively, the lower of
the two scores used to assign a given predicted splicing event was
then used as the probability to lead to that predicted event. MES and
SpliceAl predictions for consensus acceptor site variants are shown
graphically in Supporting Information: Figure 2.

We used a combination of approaches to determine appropriate
weights for bioinformatic codes for missense and in-frame indel
variants. Substitution variants predicted (or shown) to alter splicing
were excluded from data sets used for calibration. We first used
heterogeneity analysis to determine the proportion of pathogenic
variants considering location of these types of variants with respect
to (likely) clinical important domains, and also in silico predicted the
impact of the alteration at the protein level. Previous heterogeneity
analyses (Easton et al., 2007; Li et al., 2020; Tavtigian et al., 2008)
have shown convincingly that missense variation in toto does not
contribute much to BRCA1/2 related disease, and further that there is
strong evidence against pathogenicity for missense variants outside
of a key functional domain. For the purpose of missense variant
calibration, key functional domains were previously defined as those
which contain individual missense variants previously determined to
be pathogenic using clinical data. We conducted heterogeneity
analysis as described recently (Li et al., 2020), using the exact same
data set, with the following alterations to the study design. In this

analysis, we redefined the boundaries for known clinically important
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functional domains, added the BRCA1 coiled-coiled domain as a
potential clinically important domain (based on observation of
Fanconi anemia-like abnormalities in mice homozygote for a coiled-
coiled domain deletion (Nacson et al., 2020), and extended the
calibration to compare results for BayesDel (NaN) to the A-GVGD
prediction tool (http://agvgd.hci.utah.edu/) assessed in previous
heterogeneity analyses. While both tools predict variant impact on
protein function via missense substitutions, BayesDel has the
capacity to additionally predict impact of in-frame indels. Briefly,
we estimated the proportion of pathogenic variants in the data set
that are likely to be clinically significant as a function of bioinforma-
tically predicted classifications, and variant location in a domain (see
Supporting Information: Table 5 for details, including definitions of
domains). Results indicated that there is convincing evidence against
pathogenicity for missense/in-frame protein alterations outside of a
known clinically important domain: only 1% of variants in this
category were estimated to be pathogenic (Supporting Information:
Table 5). Stratification using BayesDel score identified few variants
with predicted impact on protein function (n=42, 2.7% of this
subgroup, with only 7% of such variants predicted to be pathogenic
based on clinical presentation). Further, for missense variants within
the recognized clinically important functional domains, BayesDel had
improved capacity to identify pathogenic variants over A-GVGD. For
BayesDel Score 20.30, 83% of variants were estimated to
be pathogenic, compared to 74% for A-GVGD. Note, we did not
use the results from this analysis to formally derive LRs for ACMG
code strength assignment, due to expectation of bias in the LR
estimates. This clinically-generated data set was not annotated for
missense variants previously determined to be benign on the basis of
frequency or other information (since these are not reported
clinically), and thus the overall proportion of variants annotated as
(likely) pathogenic or VUS is likely higher than would be expected for
a data set with complete annotation of missense variation.

We used the following approach to define LRs for pathogenicity.
We reviewed the evidence for pathogenicity for BRCA1 and BRCA2
missense substitution variants by domain from a recent large-scale
case-control study, including 60,466 breast cancer cases and 53,461
controls (Dorling et al., 2021). The results provided no evidence that
missense variants located outside a domain were overall associated
with increased risk, with risk estimates as follows: BRCA1 OR 1.02
(0.94-1.10), BRCA2 OR 0.97 (0.92-1.03). Given that case-control
data may be used to provide strong evidence in favor of
pathogenicity (ACMG/AMP code PS4), it seems logical to assert that
these case-control findings provide strong evidence against patho-
genicity for missense variants located outside of a protein domain.
Indeed, this assertion is consistent with the results of an analysis of
ClinGen submitter classifications for BRCA1 and BRCA2 variants
according to protein domain (Dines et al., 2020), which provided
evidence that variants in “coldspots” could be assigned a strong
benign category based on their location alone.

For BRCA1 and BRCA2 missense substitution variants within a
domain, we then estimated LRs for missense variants according to

BayesDel score category, using functional impact as a surrogate for

variant pathogenicity (Supporting Information: Table 6). Functional
impact was assigned based on the aggregated results from nine
studies (Supporting Information: Table 7). As above, variants known
or predicted to alter splicing were excluded, as were variants with
conflicting results between studies, since from our observation, these
largely reflect experimental design issues that fail to capture mRNA
aberrations. LRs were estimated separately for variants with no
functional impact, partial impact, or complete impact. BayesDel score
was not significantly predictive of partial impact on function.
BayesDel score <0.3 was predictive of no impact on function, with
derived LRs consistent with a Supporting Benign code. BayesDel
score 20.3 was predictive of complete impact on function, with
derived LRs consistent with a Moderate Pathogenic code. Consider-
ing also results from Supporting Information: Table 5, BayesDel
categories <0.3 and 20.3 were conservatively considered as
supporting evidence against (score <0.3) or toward (20.3) pathoge-
nicity for missense variants within a domain.

None of the analyses denoted above estimated values for
synonymous variants. However, the assumption is that silent variants
(with no predicted impact on splicing) outside of a clinically important
domain can be assigned the same Benign code strength as that for
any missense alteration (with no predicted impact on splicing) outside
of a clinically important domain, that is, BP7_Strong. Following the
same logic, silent variants (with no predicted impact on splicing)
located within a domain could be assigned the same evidence
strength as missense variants with low predicted impact on function
via effect on protein (BayesDel score <0.30). Further, since intronic
variants outside of the consensus donor/acceptor motif (with no
predicted impact on splicing) are commonly viewed as akin to
synonymous variants, we suggest conservatively the assignment of a
BP7_Moderate code, to recognize the limitations of bioinformatic
tools in prediction of pseudoexonization (Canson et al., 2020).

We thus determined the following conservative recommenda-
tions for variants outside of the consensus sites, based on predictions
using MaxEntScan for splicing, and BayesDel for missense/in-frame
alterations:

e PP3 for silent, intronic, or missense variation predicted to alter
splicing (for exonic variants, irrespective of location in a domain)

e PP3 for missense variation within a key domain, and predicted
effect via missense alteration (BayesDel scores 20.30), having
excluded possible impact on splicing.

o BP4 for missense variation within a key domain, and low
predicted effect via missense alteration (BayesDel scores <0.30),
having excluded possible impact on splicing.

e BP1_Strong for missense variation outside of a key domain,
having excluded possible impact on splicing.

e BP7_Strong for synonymous variants located outside of a key
domain, having excluded possible impact on splicing.

e BP7 for synonymous variants located inside a key domain, having
excluded possible impact on splicing. Also apply for intronic variants
located within donor and acceptor motifs (up to and including +8, =12

into the intron), and no predicted impact on splicing.
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o BP7_Moderate. Apply for intronic variants located outside of
donor/acceptor motifs (+9 or more, -13 or more), and no

predicted impact on splicing.

The codes applied for each variant are noted in Supporting
Information: Table 1. For this analysis restricted to BRCA2 exon 3
variants only, key domain referred to the PALB2 interaction domain
captured within exon 3, designated conservatively as amino acids
23-40 (Oliver et al., 2009; Xia et al., 2006). Predictions for BayesDel
were annotated from Version 1 database (build date 2017-08-24),
excluding allele frequency. For missense variants, BayesDel used a
combination of individual deleteriousness scores including FATHMM,
GERP++, LRT, Mutation Assessor, Mutation Taster, Polyphen2_HDIV,
Polyphen2_HVAR, PROVEAN, SIFT, SiPhy_29way, VEST3, fitCons,
fathmm-MKL coding, phastCons 100way, phastCons 20way, phyloP
100way, and phyloP 20way. For in-frame indels, BayesDel score is
calculated using PROVEAN. An overview of the process for assigning
bioinformatic codes is described in Section 3.

2.3.3 | Functional-based codes

Splicing data from this study and several publications were summa-
rized to assess the clinical relevance of the result, accounting for
assay method or RNA source. Intronic and synonymous variants with
only AE3 observed, at a level similar to or below that seen for known
benign variant BRCA2 c.68-7T>A, were automatically designated to
be of no clinical importance and code BS3 was assigned. We also
reviewed the clinical data supporting variant assertions for variants
assayed by Tubeuf et al. using mESC (Tubeuf et al., 2020), and
conservatively extended BS3 code assignment to variants with up to
30% per-allele exon exclusion, either directly measured (mESC
functional assay), or inferred (heterozygous samples). This conserva-
tive assignment was based on data for the common synonymous
variant ¢.231T>G (maximum MAF > 1%), reported to demonstrate
30% AE3 in a minigene assay, and 32-40% AE3 and complementation
of the null phenotype in an mESC assay (Tubeuf et al., 2020). Note,
although results from the same study suggested a higher level of A E3
in LCL-derived mRNA (55%, ~85% inferred per-allele AE3 for the G
allele), there was evidence for variability across repeats for this
sample (Tubeuf et al., 2020), and review of experimental design and
data for control variants c.68-7T>A revealed potential for preferen-
tial amplification of shorter AE3 fragments.

PS3 via effect on mRNA was assigned for near-complete AE3,
defined as 290% AE3, based on previous observations for mini-gene
results for variants with convincing clinical data supporting
pathogenicity (Caputo et al., 2018). In instances where transcripts
encoding small in-frame deletions were identified, no functional
code was assigned unless results were available from the mESC
assay that captured both mRNA and protein effects (see above).
Based on calibrations against assay results reported in Mesman
et al. (2019) for variants classified as (likely) pathogenic or (likely)
benign against a model of high cancer risk (Parsons et al., 2019;

Supporting Information: Tables 8 and 9), PS3 was assigned for
variants which showed poor complementation in the mESC assay
(<20% viability), and BS3 for variants with complementation and
HDR activity >50%. In the absence of previous calibration data for
variants with reduced complementation based on clone count
(20%-50% viability), combined complementation and HDR were
reviewed for the single variant with reduced complementation;
given that HDR activity of 51% for c.316+6T>G variant falls at that
bottom of the range for (likely) benign variants, the result was
considered unclear, and no functional code was assigned. We also
compared our findings for mESC assays to those of Tubeuf et al.
(2020) for overlapping variants, summarized in Supporting Informa-
tion: Table 10.

In summary, conservative application of functional-based codes

was as follows:

e BS3 for intronic and synonymous variants with mRNA results
detecting only AE3 at a level qualitatively determined to be similar
to or below that seen for known benign variant BRCA2 c.68-7T>A,
or per-allele AE3 measured as up to 30%.

e BS3 for variants (intronic, synonymous, and missense) with
complementation and HDR activity >50%, and no conflicting
mESC results in the literature.

e PS3 for intronic and synonymous variants with near-complete AE3
(290% exon skipping).

e PS3 for variants (intronic, synonymous, and missense) which
showed poor complementation in the mESC assay (<20% viability),

and no conflicting mESC results in the literature.

For a small subset of predicted missense variants with no
clinically relevant impact on splicing, results from functional studies
were drawn from previous publications (lkegami et al., 2020; Mesman
et al., 2019), and assigned BS3 if reported to have no impact on
function, or PS3 if reported to have impact on function.

2.3.4 | Clinical data codes

Bayes scores for segregation were derived as described previously
(Thompson et al., 2003). Additional Bayes scores for segregation,
derived using the same approach, were taken from previous
publications (Caputo et al., 2018, 2021; Easton et al., 2007; Goldgar
et al,, 2004). In addition, the Bayes segregation score for c.93G>T
p.(Trp31Cys) derived using a very similar method (Mohammadi
et al., 2009), was extracted from Biswas et al.(2012). LRs for breast
tumor pathology were applied according to Spurdle et al. (2014). LRs
previously derived based on co-occurrence data (Easton et al., 2007)
and personal and family history presentation (Caputo et al., 2021;
Easton et al., 2007; Li et al., 2020) were also incorporated into the
analysis. Segregation, pathology, co-occurrence, and personal/family
history LRs were combined by multiplication to derive a combined
odds towards causality (Goldgar et al., 2008). The combined clinical
data was then assigned the relevant code strength based on “odds of
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pathogenicity categories” arising from a Bayesian reanalysis of the
ACMG/AMP variant classification guidelines (Tavtigian et al., 2018).

LR ranges for categories are summarized below:

e Strong: Benign <0.05-0.00285; Pathogenic >18.70-350
e Moderate: Benign <0.23-0.05; Pathogenic >4.30-18.70
e Supporting: Benign <0.48-0.23; Pathogenic >2.08-4.30
¢ No evidence: 0.48-2.08

The sources of information compiled for classification are
detailed in Supporting Information: Table 1, with provenance of data
collected as part of this study shown in Supporting Information:
Table 11.

2.3.5 | Additional codes

The ACMG/AMP code PS1 is strong pathogenic evidence defined as
“same amino acid change as a previously established pathogenic
variant regardless of nucleotide change.” This description was applied
in the context of a variant outside of the consensus splice site with a
similar predicted impact on mRNA splicing as another variant at that
nucleotide position, for which the classification is determined to be
pathogenic from clinical and other data (PS1 (Splicing)). The code was
also applied conservatively at supporting level for variants already
assigned a PVS1 code due to location at the consensus dinucleotide,
and for which there was another variant located at the same
consensus dinucleotide that was classified as pathogenic from clinical
and other data (PS1 (Splicing)); this conservative approach prevents
overweighting of a consensus site variant compared to the “original”
pathogenic consensus site variant. The PS1 code was not applied for
missense variants in this study, since there were no relevant variants
for which it was applicable. We did not consider application of PM5, a
missense substitution (with no predicted/known effect on mRNA
splicing), located at a residue for which a pathogenic missense variant
is known to occur, following the rationale that this code is more
effectively captured by our clinically calibrated bioinformatic code
combining domain and predicted missense effect. We also did not
assign PM1, since our application of bioinformatic scores already

accounted for domain.

2.3.6 | Combining criteria to derive final class

We first derived class using the original ACMG/AMP code combina-
tions (Richards et al., 2015), following recommendations for minor
changes in combinations arising from the Bayesian framework
analysis of Tavtigian et al. (2018).

Then for comparison, codes were combined following the point
system approach recently proposed to simplify scoring and class
assignment (Tavtigian et al., 2020). Point values assigned for the
different code strengths were as recommended in the original

publication: Indeterminate=0; Supporting=1, Moderate=2, Strong=4,

and Very Strong=8 for Pathogenic codes; negative values for Benign
codes of same strength. Point ranges to assign class followed the
conservative recommendations in the original publication: Benign
<-7, Likely Benign -6 to -2, Uncertain -1 to 5, Likely Pathogenic
6-9, Pathogenic 210.

3 | RESULTS

A comprehensive summary of splicing, functional and clinical data,
encapsulating data generated as part of this study and that from
previous publications, is shown in Supporting Information: Table 1.
Summary mRNA and/or functional data generated as part of this
study (WT reference, four controls, and another 32 variants),
together with a final classification based on combined evidence, is
shown in Table 1. The sections below detail findings from analyses
conducted as part of this study.

3.1 | mRNA transcript analysis using minigenes and
patient samples

Details of mRNA results are shown in Supporting Information:
Figure 3 (minigene results) and Supporting Information: Figure 4
(patient mRNA results), and findings are summarized in Table 1.
Excluding control variants, minigene assays were performed for 21
unique variants, and splicing assays on patient mRNA were
performed across multiple labs for 14 unique variants. Considering
results from either approach, assay results for a total of 15 variants
indicated that AE3 was at levels considered clinically unimportant
(not detectable, at low levels comparable to WT, or similar to that of
benign control c.68-7T>A), and there was no other impact on mRNA
splicing.

Using qualitative comparisons to control variants, minigene or
patient mRNA analysis showed three variants to exhibit AE3 at levels
greater than that of benign control c.68-7T>A: c.68-3T>G,
c.277_317-726delinsCCAT, and c¢.316+1G>T. Variant c.68-3T>G,
predicted by MaxEntScan to inactivate the acceptor site (6.10->0),
showed increased AE3 by minigene analysis. Complex variant
¢.277_317-726delinsCCAT deletes the donor site sequence, and
analysis of mRNA from stabilized blood is concordant with previous
analysis by Nordling et al. (1998) that the variant induces a high level
of AE3. Donor site variant ¢.316+1G>T, previously shown to lead to
complete AE3 by minigene assays (Caputo et al., 2018), was
confirmed to show high levels of AE3 in mRNA from stabilized blood.

All variant substitutions impacting the native acceptor AG
dinucleotide were predicted to abolish the acceptor site, and also to
strongly increase the score for a cryptic splice site at position ¢.74 (2.17-
>7.77; Supporting Information: Figure 2). Minigene analysis showed
evidence of slightly increased AE3 (for c.68-2A>G and c.68-1G>A), and
use of the c.74 cryptic splice site as a major event; the latter major event
was confirmed by sequencing of patient mRNA for c.68-2A>G
(Supporting Information: Figures S3b and S4b). The mRNA transcript
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arising from use of the cryptic splice site A(E3pé) encodes an in-frame
deletion of two amino acids, p.Asp23_Leu24del. Minigene assays
supported use of c.74 for five additional single nucleotide substitutions
at the splice site, with a slight increase in AE3 observed for c.68-1G>A
(Supporting Information: Figure S3b, Table 1).

Variant c.72_85delinsTTTAAATAGAT was not predicted to alter
the WT acceptor (MaxEnt score 6.10), but a new predicted acceptor

sequence (MaxEnt score 3.33) is introduced in the inserted sequence.

(a)

Splice assays for c.72_85delinsTTTAAATAGAT using LCL and
PAXgene® mRNA provided no evidence for usage of the de novo
acceptor site, with use of the WT acceptor site in addition to AE3
levels in the broad range (or higher depending on sample type)
observed for benign control c.68-7T>A (Figure 1, Supporting
Information: Figure S4a). The resulting mRNA transcript encodes a
protein with deletion of six amino acids and insertion of five new
amino acids p.(Leu24_Leu29delinsPheLeuAsnArgPhe).
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FIGURE 1 Quantitative dPCR of AE3 in patient samples. (a) Measured (absolute) AE3 rate. (b) Inferred per-allele AE3 rate. See Section 2 for
details about AE3 rate calculations. Three different sample types were analyzed: lymphoblastoid cell line (LCL) cultures, short-term lymphocyte
cultures, and directly stabilized blood (Paxgene, Tempus, and Trizol). Mean values and standard deviation for at least two replicates for each

variant are shown. Complete AE3 variant controls are c.156_157insAlu and ¢.316+5G>A. The AES3 rate interval for known benign variant c.68-
7T>A is shown as a horizontal green bar, defined by the lower boundary observed for RNA from directly stabilized blood and the upper

boundary observed for RNA from LCL culture.
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3.2 | AES3 level quantification by dPCR in patient-
derived RNA samples

dPCR on 16 patient-derived RNA samples was performed to more
this
was necessary to compare AE3 level observed for individual

accurately quantify exon 3 exclusion. In particular,
variants to that observed for known pathogenic or benign control
variants known to lead to AE3. Depending on sample type
(directly stabilized blood, short-term cultures, or LCLs), dPCR
analysis showed absolute exclusion levels of 5.7%-14.5% for the
benign “partial” skipping control c.68-7T>A sample, while abso-
lute exclusion levels for the complete AE3 control variants ranged
from 44.9% (c.316+5G>A; blood) to 52.3% (c.156_157insAlu;
LCL; Figure 1a). The inferred per-allele AE3 levels for the c.68-7A
allele (Figure 1b, Table 1) were 8.7% (blood), 14.7% (lymphocyte),
and 25.2% (LCLs), with per-allele exclusion for “complete AE3”
variant controls ranging from 87.0% (c.316+5G>A; blood) to
100.0% (c.156_157insAlu; LCL).

To investigate the impact of previously reported naturally
occurring multi-exon skipping transcripts, we analyzed AE3-E4 and
AE3-E7 for full
c.316+5G>A, and benign control c.68-7T>A. Very low exclusion

exon 3 skipping variants ¢.316+1G>T and
levels (i.e., lower than 3% in all cases) for the multi-exon skipping

transcripts were observed across multiple tissue types (Supporting

Information: Figure 5).

(@) (b)

3.3 | RNA sequencing analysis of patient-derived
RNA samples

RNAseq analysis was performed in ¢c.68-3T>G (N =2), c.68-2A>G
(N=5), and c.68-1G>A (N = 1) carriers, as well as in control samples
(N = 2; Supporting Information: Figure 6). In c.68-3 T>G carriers, AE3
(20.4% of reads; range 19.0%-21.9%) and vE3p2 (16.7%; range
14.5%-19.0%) were the predominant aberrant transcripts. In c.68-
2A>G and c.68-1G>A carriers, the predominant aberrant transcripts
were AE3p6 (28.9%; 26.0%-31.1% and 36.8%, respectively) and AE3
(8.2%; 6.6%-10.2% and 7.9%, respectively). Control samples ex-
pressed AE3 at low levels (2.7%; 2.4%-3.0%). Table 1 and Figure 2
show the corresponding inferred per-allele expression levels. RNAseq
detected other transcripts both in controls and variant carriers

(including AE3-E4), although at very low levels (i.e., less than 3%).

3.4 | Inferred clinical relevance of splicing patterns
For the interpretation of variants, we reasoned that the effect on
mRNA splicing will not have a significant clinical impact for any
variant with a per-allele AE3 level similar or lower than observed for
c.68-7T>A, if no other alternative splicing events are detected.
Taking into account mRNA sample source, this deduction could be

applied for seven variants in the study: c.68-7delT, c.68-7dupT,

100% — — — — 1 wT
minor PTCs -
E3p2
90% 0.9
— AE3

80% 08 AE3p6
70% 0.7

WT

WT
60% wT 0.6
A3p6
50% 0.5
A =

40% — 0.4 (D
30% 0.3

A3p6 A3p6
20% 0.2 3
10% 0.1

a3 A3
== 43 a3 83 —=
0% i 0 ad
£3 x 2 ? 53 < z Q
= 2% S 5 = = S g
8= g= 8 8= g= 8
o o b o (%] o

FIGURE 2 Quantitative RNA sequencing of patient RNA samples. (a) Relative contribution of transcripts (expressed as a proportion of total
100%). (b) The bars show inferred per-allele expression relative to total transcript amount. A number of low expressed transcripts expected to
encode a protein termination codon (PTC) are summarized as minor PTCs. More detailed information, including standard deviation measures, is
available in Supporting Information: Figure Sé6a. N = number of individuals assayed.
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c.116C>T, ¢.125A>G, c.198A>G, ¢.223G>C, and c.280C>T (Table 1).
The combination of minigene data (Supporting Information:
Figure S3c), patient assay results (Supporting Information:
Figure S4i), and dPCR inferred per-allele AE3 level (17.1%,
Figure 1b) for c.91T>C, suggested at best a modest increase in AE3
for this variant. AE3 was slightly increased above that of c.68-7T>A
for variant c.68-3T>G (29.7%) (Figure 1b, Table 1), with per-allele
AE3 level using RNA-sequencing methodology of 38.1% (Figure 2).

The clinical interpretation of splicing results was less clear for the
following variants, due to the somewhat increased levels of AE3
relative to WT controls, presence of additional aberrant (in-frame or
other) transcripts, and/or ability of the variant-induced mRNA
transcript to encode a protein with an in-frame alteration in amino
acid sequence. Variants c.68-2A>G and complex deletion-insertion
variant ¢.72_85delinsTTTAAATAGAT displayed a more complex
mRNA transcript pattern, including different aberrant in-frame
transcripts (Supporting Information: Figure S4a,b) in combination
with increased AE3. Inferred per-allele AE3 levels for c.68-2A>G
were 19.4% (blood), and for c.72_85delinsTTTAAATAGAT were
20.8% (blood) and 49.2% (LCL). Results for c.68-2A>G were similar
by RNA-sequencing, with average 57.9% inferred per-allele expres-
sion of a transcript encoding p.Asp23_Leu24del, in addition to
average 13.6% inferred per-allele expression of AE3 (Figure 2).
Variant ¢.277_317-726delinsCCAT displayed a greater proportion of
AE3, with dPCR per-allele AE3 level of 54.6% in patient mRNA from
stabilized blood (Figure 1).

Variant ¢.316+1G>T displayed extensive AE3 relative to controls
(inferred per-allele 79% in patient mRNA from stabilized blood,
>100% in mRNA from short-term lymphocyte culture), consistent

with a severe impact on the exon 3 donor site.

3.5 | Functional characterization of BRCA2 exon 3
region variants using an mESC-based assay

To directly assess the functional impact of variant-induced AE3 and/
or effect on protein via change in amino acid sequence, we utilized an
mESC assay validated against known pathogenic and benign missense
variants (see Section 2). Wild-type hBRCA2, benign control variants
¢.68-7T>A and c.231T>G, pathogenic control variant c¢.316+5G>C,
and another 18 BRCA2 gene variants were transfected into
hemizygous mESC.

3.5.1 | Analysis of AE3 level in mESC-derived RNA
samples

Variants ¢.316+1G>T and ¢.316+5G>C showed near complete exon
3 skipping (99.7% and 99.1% AE3, respectively) in mESC-derived
mRNA (Supporting Information: Figure S7). Variants c.316+6T>A and
c.316+6T>G displayed severely increased AE3 transcript levels (80%),
while ¢.316+6T>C displayed a more moderate level of AE3 (56%). For
synonymous variants ¢.102A>G and ¢.231T>G, AE3 levels were 35%

and 20%, respectively. The AE3 level for c.68-2A>G (12.8%) and
c.68-3T>G (9.9%) was comparable to the AE3 level observed for
benign variant c.68-7T>A (13.3%). For c.72_85delinsTTTAAATAGAT
AE3 level was approximately double (23.5%) that observed for c.68-
7T>A. For the other variants, AE3 was either not detected, or
detected as a minor event at levels below that observed for c.68-
7T>A. Capillary electrophoresis of RNA for variant c.68-2A>G
(Supporting Information: Figure S8) confirmed expression of the
transcript lacking six bases (AE3pé) in addition to AE3. As summarized
in Supporting Information: Table 10, overall trends in observed mESC
splice patterns from assays in this study (Table 1), were in line with
those previously published (Tubeuf et al., 2020), considering
differences in experimental design that have previously been shown
to overestimate levels of the smaller AE3 products (Colombo
et al.,, 2018). As expected, the absolute per-allele AE3 level from
dPCR analysis (this study) was consistently lower than that measured
using semi-quantitative RT-PCR (Tubeuf et al., 2020), and differences
were more marked for samples/variants with lower AE3 (WT control,
c.102A>G, ¢.231T>G). Despite this, the bioinformatically predicted
probability of exon exclusion for the three variants at the +6 position
appeared to correlate with within-study relative levels of AE3

expression.

3.5.2 | The functional impact of BRCA2 exon 3
variants

Complementation phenotype, the ability of variants to rescue the
lethal cell phenotype upon mBrca2 loss, is shown in Supporting
Information: Figure S9. Confirmation of protein expression is shown
in Supporting Information: Figure S10. Poor complementation,
indicative of loss of protein function, was observed for the
pathogenic control ¢.316+5G>C, variant c.316+1G>T known to lead
to (near) complete AE3, and another five variants (c.72_85delinsTT-
TAAATAGAT, c.91T>C, c91T>G, ¢.93G>C; c.93G>T). Variant
c.316+6T>G displayed reduced complementation (20%-50% viabil-
ity), and all other variants revealed a good complementation capacity
(>50% viability relative to WT).

The 14 variants (including benign control variant c.68-7T>A) with
reduced or good complementation (Supporting Information:
Figure S9), were assessed for HDR capacity (Figure 3). All variants
demonstrated HDR activity above 50%, in the range previously
observed for variants classified as (likely) benign using multifactorial
likelihood analysis approaches. Notably, variant ¢.316+6T>G with
reduced complementation displayed 51% HDR, just above the lower
boundary previously defined for BRCA2 missense variants classified
as (likely) benign using multifactorial likelihood approaches (Mesman
et al,, 2019).

As shown in Supporting Information: Table 10, mESC comple-
mentation and secondary analysis results were also compared to
those reported for overlapping variants assayed using related
methodology by Tubeuf et al. (2020). This revealed apparent
differences in results for the c.316+6T>A and ¢.316+6T>G variants,
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FIGURE 3 HDR activity of BRCA2 exon 3 variants in mESC. The fraction of GFP-expressing cells was determined by flow cytometry 2 days
posttransfection with an |-Scel expression vector. mBrca2 represents the conditional Brca2™'*®; Pim1PRCFP/WT cel line expressing
endogenous mouse Brca2. The upper green box represents the HDR range previously reported for Class 1/2 BRCA2 variants (classified as (likely)
benign using multifactorial likelihood analysis). The lower red box represents the HDR range reported to be associated with >95% probability of
pathogenicity (Guidugli et al., 2018), and used to define a pathogenic HDR range for the mESC assay (Mesman et al., 2019). Error bars indicate
the SD of at least six independent GFP measurements per variant. The upper gray bar indicates the AE3 levels as measured by quantitative dPCR
(E2E4 junctions vs. E3E4 junctions) using RNA samples isolated from variant-expressing mESC. Note that E3E4 junction captures full-length

expression, but also expression of YE3p2 and AE3pé transcripts (as observed respectively, in c.68-3T>G and c.68-2A>G mESCs). HDR,

homology-directed repair; mESC, mouse embryonic stem cell.

complicated by differences in viability thresholds used to assign
complementation categories and differences in secondary analysis
approaches. Given that the level of AE3 (as measured by either study)
fell outside the range set for assigning PS3 or BS3, no functional code
was assigned for these two variants. Results for variant ¢.316+6T>C

were consistent across the two studies (good complementation).

3.6 | Classification of variants using a gene-specific
adaptation of the ACMG/AMP criteria

This study included analysis of four control variants classified with
respect to pathogenicity (benign controls c.68-7T>A, c.231T>G;
pathogenic controls c.156_157insAlu, ¢.316+5G>C), complete AE3
experimental control ¢.316+5G>T, and another 84 variants from the
BRCAZ2 exon 3 region. Clinical, splicing, and functional data collected
for this study, or derived from previous publications, were used to
assign a classification following a gene-specific adaptation of the
ACMG/AMP criteria (see Section 2 for details; of necessity, the PVS1
codes derived are for exon 3 donor and acceptor only, and applicable
at the level of exon). Figure 4 provides an overview of the application
of codes relating to variant position and bioinformatic prediction of
effect, and subsequent interpretation and code application relating to
mRNA and functional data.

Specifically, classification categories were assigned using the
points-based ACMG/AMP system, allowing the application of
additional LR-based benign code strengths for clinical data, and a
greater range of options to combine benign and pathogenic data

points compared to the code-combinations originally proposed
(Richards et al., 2015; Tavtigian et al., 2020). The breakdown of
variant classifications using the points-based approach was as
follows: 31 Benign, 32 Likely Benign, 16 Uncertain, 2 Likely
Pathogenic, and 4 Pathogenic (Supporting Information: Table 1). For
1 Likely Pathogenic, 11 Benign, and 26 Likely Benign points-based
variant classifications, classifications were at a lower confidence level
or uncertain using the original code combinations. Of the four
variants classified as Pathogenic, one was the complete skipping
experimental control ¢.316+5G>A, another two also led to complete
exon 3 skipping (c.277_317-726delinsCCAT, ¢.316+1G>T), and the
other was the complex deletion-insertion variant c.72_85delinsTT-
TAAATAGAT which led to an in-frame change in protein sequence
predicted bioinformatically to impact function. The Likely Pathogenic
classifications for variants ¢.91T>C p.(Trp31Arg) and ¢.92G>C
p.(Trp31Ser) were driven by direct and/or clinical evidence of
functional impact via the missense change, since there was no
evidence for altered splicing for either variant.

Of interest is that the exon 3 acceptor site variants were
assigned a low bioinformatic code of PVS1_Supporting due to
MaxEntScan-predicted use of a cryptic acceptor site resulting in an
aberrant transcript encoding a two amino acid deletion (Table 1). We
note that the more recently developed SpliceAl tool also predicted
high probability of using the cryptic splice site (>95%) for all six single
nucleotide substitutions (Supporting Information: Figure 2). The
assigned conservative annotation for this acceptor site was justified
by observations from splicing and functional assay results. All six

acceptor site variants were confirmed to induce this in-frame
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Bioinformatic Prediction and Code assignment

| Assess sequence variant position, possible impact on mRNA splicing, and possible impact via predicted protein substitution or change

GT-AG Intronic Silent
1,2 splice sites No predicted No predicted

Intronic, exonic silent or missense

Exonic missense/in-frame variant
No predicted impact on splicing

Predicted impact on splicing

impact on splicing impact on splicing

Apply PVS1_Supporting for
acceptor site changes. Within donor/
Prediction of two amino acid acceptor motif

Out-of-frame
transcript

in-frame
transcript

deletion transcript; deletion is |
in clinically important
functional domain and PP3
code for predicted amino acid
change.

Apply PVS1 for donor site Apply Apply Apply
changes. Predicted in-frame BP7_moderate BP7 BP7_Strong
skipping of BRCA2 exon 3,
transcript encodes in-frame
deletion removing a region
critical to protein function.

AN
PP3
NOJ Yes Inside outside
domain domain

assess aa change location relative to
the PALB2 binding domain

outside Inside (aa 23-40)

Assess aa change
Apply with BayesDel

BP1_Strong
Apply BP4 or PP3

Splicing/Functional data and code application, dependent on variant position/type

Perform splicing assays

No impact, or profile
consistent with
Benign controls

Observed transcripts i
predicted to lead to NMD, |} lead to in-frame protein;
or remove clinically ! unclear interpretation of transcript
relevant domain ! profile, including incomplete
! impact on splicing

Apply BS3 | | Apply PS3 | | Code N/A

Perform splicing AND then functional assays to verify predictions
For variants with unclear interpretation of transcript profile, an assay that measures mRNA
and protein defects simultaneously is required

Unclear
interpretation

No impact on splicing and
protein function

Clinically relevant impact on
function via mRNA and/or protein
defect

| Apply PS3 | | Apply BS3 | | Code N/A

FIGURE 4 Application of codes for variant location relative to functional domain, bioinformatic prediction of effect, and mRNA and/or
protein assay data, as applied to variants in/near BRCA2 exon 3. The donor/acceptor motif location was derived from that of Cartegni et al
(Cartegni et al., 2002), namely up to and including the +8 position for the donor motif, and up to and including the -12 position for the acceptor
site motif. The PALB2 interaction domain contained within exon 3 was designated conservatively as amino acids (aa) 23-40. Purple border
designates variants for which both splicing and functional data are required to consider the assignment of BS3 or PS3 codes. Refer to Section 2
for more detail on level of mRNA aberration and/or functional impact used to assign these codes.

aberrant transcript lacking the six nucleotides in minigene assays,
with modest level of AE3 also observed for some variants. Similarly,
RNA-sequencing analysis of patient material showed a ~3-fold
enrichment of transcripts resulting from cryptic splice site usage
compared to those due to AE3 (Supporting Information: Figure Séc).
For c.68-2A>G, both AE3 and the 6bp deletion transcript were
detected in analysis of mESC RNA (Supporting Information:
Figure S8). Variant c.68-2A>G displayed good complementation
and HDR capacity of 70%; this finding, together with available clinical
evidence against pathogenicity was sufficient to assign a Likely
Benign classification. The remaining five possible acceptor site
variants are currently considered Uncertain, largely due to lack of
information.

Due to inconsistencies in mESC complementation results
between this study and that of Tubeuf et al. (2020) for the
¢.316+6T>A and ¢.316+6T>G variants (despite roughly concordant
levels of AE3, accounting for differences in mRNA assay design),
functional assay codes were not applied for them. Between-study
mESC results were consistent for ¢.316+6T>C. Considering all
applicable codes, ¢.316+6T>A and ¢.316+6T>G remained VUS, while

¢.316+6T>C was classified as Likely Benign.

4 | DISCUSSION

In this study, we used a variety of approaches to calibrate individual
evidence types and justify code weights tailored for classification of
so-called high-risk pathogenic variants in BRCA1 or BRCA2. We then
assessed the utility of these calibrated codes for classification of
variants in/near BRCA2 exon 3, selected as an exemplar for
highlighting challenges around interpreting the clinical impact of in-
frame deletions (at genomic or mRNA level) that target a known
clinically relevant functional domains. Using a points-based (Tavtigian
et al., 2020) gene-specific adaptation of the ACMG/AMP criteria, and
laboratory assay and clinical data generated from our own work or by
previous studies, classification was assigned for 69/85 (81%) of
variants in the BRCA2 exon 3 region (Supporting Information:
Table 1). This practical application of the points-based method
demonstrated that it was especially beneficial for classification of
variants in the benign direction, increasing a class assignment from
49% (42/85) to 81% (69/85). First, the conceptual advantage of the
point system is that codes of any strength (for or against
pathogenicity) can be combined arithmetically—with a wider range

of options for code combinations in the same direction. Notably, it
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allows the application of points equivalent to benign moderate, a
code that does not exist in the baseline ACMG/AMP system. Further,
it simplifies the process for code combinations where evidence may
be in the opposing direction, and promotes flexibility to apply
additional evidence types in both directions, assuming there is
justification for the code strength applied e.g. from clinical calibra-
tion. In addition, our study highlights a number of other issues for

consideration, as elaborated below.

4.1 | Annotation of splicing predictions—Value and
challenges

Our analysis also highlights the importance of careful annotation of
predictions for splice site variants, as recommended by Abou Tayoun
et al. (2018). All exon 3 splice site variants located at the +1/2
positions might reasonably have been annotated as PVS1 due to
expectation of AE3 and in-frame deletion of a clinically important
functional domain. However, the cryptic site prediction for the
acceptor site variants indicated the possibility of an altered transcript
encoding a protein with a two amino acid deletion (p.Asp23_Leu24-
del), for which there was no existing laboratory evidence for impact
on function at the time of our study. Our combined splicing assays
showed that all acceptor site variants produced the AE3pé transcript,
with modest expression of the AE3 for the c.68-2A>G and c.68-
1G>A substitutions. Indeed, a recent study (Nix et al., 2021) has
highlighted c.68-2A>G as a variant of uncertain clinical significance,
on the basis of evidence against pathogenicity derived from an in-
house family history weighting algorithm, and detection of the in-
frame aberrant transcript in 39% of the total transcript pool for
blood-derived mRNA (quantified using a dilution-based method). It is
notable that mESC analysis results from our study, which consider
impact via mRNA splicing and encoded protein simultaneously, show
that the acceptor site variant ¢.68-2A>G permits complementation,
with HDR characteristics of surviving cells consistent with variants
categorized as (likely) benign using multifactorial likelihood analysis
methodology. Further, the combined clinical data for this variant
provided moderate evidence against pathogenicity. Together these
findings indicate that the c.68-2A>G variant does not exhibit the
functional and clinical features of so-called “high-risk” BRCA2
variants. We acknowledge that the calibrated evidence types applied
here may not reliably detect variants with reduced penetrance
relative to the average BRCA2 premature termination codon variant;
alternative analyses, such as large-scale case-control analyses, would
be required to assess if c.68-2A>G (and other acceptor site variants)
may be associated with low-moderate risk of cancer. We note that
this variant is reported 2 times as Likely Pathogenic in Clinvar, based
largely on location at a splice site and expectation to cause aberrant
splicing and lead to loss of function.

AE3 upregulation in at least one assay (>10%) was observed for
11 variants not predicted to affect splicing by our initial MaxEntScan
bioinformatic analysis (focused on donor/acceptor loss or donor gain:
control variant ¢.231T>G; c.72_85delinsTTTAAATAGAT; c.91T>C;

c.91T>G; c.93G>C; c.93G>T; c.100G>A; c.102A>G; c.316+6T>A;
c.316+6T>G; ¢.316+6T>C. We also reviewed prediction against the
SpliceAl tool (Jaganathan et al., 2019) which is becoming more
commonly used in the research and clinical setting. Of these, only
two were predicted to alter splicing by SpliceAl at a probability
threshold of 20% or greater, using the two score approach described
in the methods: variant ¢.316+6T>G with SpliceAl probability of 25%
to lead to AE3, and demonstrating 77%-88% AE3 across multiple
assays; variant c.100G>A p.(Glu34Lys) with 20% probability to lead
to AE3p45, and splicing assays showing variously 14%-57% AE3, at
higher levels than AE3p45 and additional transcripts. These observa-
tions suggest that it is appropriately conservative to apply only
supporting level of evidence for splicing donor/acceptor loss/gain
predictions for variants outside of the consensus site, in the absence
of large-scale calibration efforts. Further, it is notable that the vast
majority of variants were predicted to alter at least one ESE motif
using ESEfinder or RESCUE-ESE (Supporting Information: Table 1),
but showed no marked effect on splicing. It is possible that other ESE
prediction tools may have better predictive value (Canson et al., 2020),

but such analysis was considered outside the scope of this study.

4.2 | Using mRNA and functional assay data from
multiple sources—Benefits and challenges

One particularly challenging aspect of this study was interpreting
mRNA and functional data generated using a variety of approaches,
including use of different mMRNA sources and functional assay
designs. Moreover, mRNA results were not recorded consistently,
with the two main sources of published data presenting findings as %
full length relative to WT (Tubeuf et al., 2020), and % canonical and
other transcripts in the total transcript pool for an individual (Fraile-
Bethencourt et al., 2019). Further, a majority of previous results were
generated using RT-PCR methods that can severely overestimate
levels of the smaller AE3 product; indeed data previously published
for LCL-derived mRNA for variant c.68-7>A (Colombo et al., 2018)
reports AE3 signal to be 33% using RT-PCR versus ~12% using dPCR.
To better compare minigene and mESC assay results measuring the
effect of a single allele, we calculated an inferred per-allele AE3 level
for variants assayed using mRNA analysis of patient material. We
observed that the AE3 level varied somewhat for different blood-
related samples, with a tendency for higher AE3 level in LCL samples
than in other sample types. This was the case for both carrier and
noncarrier samples, and the levels correlated across tissue type. For
example, c.72_85delinsTTTAAATAGAT showed an inferred per-allele
AE3 level of 49.2% in LCL-derived mRNA versus 20.8% in mRNA
from a PAXgene® sample. Since mRNA analysis results were very
reproducible across several technical replicates, and the PAXgene®
and LCL samples assayed for the c.72_85delinsTTTAAATAGAT
variant were from the same individual, results suggest different
absolute level of AE3 in different cell types. We thus utilized the AE3
levels for known benign variant c.68-7T>A as a strategy to account
for differences by sample type.
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We also show the importance of using minigene assays,
conventional mRNA analysis combined with Sanger sequencing,
and RNA-sequencing to detect small changes in mature transcript.
Notable examples were detection of the AE3p6 transcript (encoding
p.Asp23_Leu24del) for the exon 3 acceptor site variants, and
detection of YE3p2 for variant c.68-3T>G.

Our findings highlight the value of the mESC assay to provide
data on both RNA splicing impact and overall functional conse-
quence. While our results indicate similar mRNA transcript expres-
sion patterns in mESC and patient samples by dPCR quantitation of
AES3, the major advantage of this model was that it allowed analysis of
the effect of intronic and exonic variants on mRNA splicing in a
monoallelic manner. Such effects spanned in-frame exon skipping at
various levels and “aberrant” in-frame protein coding events, and
transcripts encoding a missense change, or a small in-frame deletion
(as observed for c.68-2A>G), and variants that resulted in complex
transcript profiles. Despite these advantages, we caution that
functional assay methods in general have been calibrated against
reference set variants classified using clinical and other features
that define them as high-risk pathogenic or not. That is, we cannot
exclude the possibility that some variants, in particular those
identified as presenting with conflicting results between studies
and or other inconsistencies in presentation, may represent hypo-
morphs potentially associated with reduced (even modest) risk of

cancer.

4.3 | Possible future directions arising from
laboratory findings

In addition to the important role of functional data in variant
classification, the functional data have provided several interesting
research questions to be addressed in future studies. Acceptor site
variant c.68-2A>G resulted in modest AE3 upregulation, and a
transcript encoding p.Asp23_Leu24del. In the mESC assay, the same
transcripts were expressed, and the overall assay results indicated
that the impact of the variant is inconsistent with high risk. This
would suggest that amino acids 23 and 24 are not absolutely critical
for the PALB2-binding function of this protein domain. Functional
data from previous studies (Biswas et al., 2012; lkegami et al., 2020),
and our analysis suggest that p.Trp31 is a critical residue in this
domain; ¢.91T>C (p.Trp31Arg), c.91T>G p.(Trp31Gly), c.93G>C
p.(Trp31Cys) and c.93G>T p.(Trp31Cys) demonstrated no/poor
complementation in the mESC assay. Indeed, mESC data is in
agreement with structural analysis showing that p.Trp31 (but not
Asp23 or Leu24) is critical for BRCA2-PALB2 interaction (Oliver
et al.,, 2009), and clinical data reported by Caputo et al. (2021)
indicating that ¢.92G>C p.(Trp31Ser) is associated with high risk of
cancer.

Splicing and functional data were thoroughly reviewed to
provide insight into the relationship between full-length BRCA2
transcript expression and protein activity in combination with exon 3

skipping. We have demonstrated the importance of using tissue-

matched controls as reference (benign variants known to lead to
increased AE3, in addition to WT controls) when using nonquanti-
tative or semi-quantitative methods to measure AE3. We have also
highlighted the need to use quantitative methods to limit the
overestimation of AE3 levels, to better define the AE3 threshold for
pathogenicity. We then considered our results in combination with
those reported by Tubeuf et al. (2020), with critical examination of
the correlation between within-study AE3 levels, AE3 levels as
measured using quantitative dPCR methods in this study, and
between-study % survival and results of secondary analysis (Support-
ing Information: Table 10). Based on quantitative AE3 measurement
methods, the combined observations suggest that 56% per-allele
expression level of AE3 (44% WT) for variant ¢.316+6T>C is
sufficient to retain viability (shown by the mESC assay), but ~80%
AE3 (~20% WT) for the ¢.316+6T>G and c.316+6T>A variants
displays across- and within-study discordant results suggestive of
hypomorphic effect (and potentially associated with reduced cancer
risk). It will be critical to compile additional clinical data to inform
classifications of these variants, and in parallel to consider alternative

functional assays that may capture more subtle impacts on function.

44 | Independence and application of ACMG/
AMP codes, and issues for consideration

We highlight for future discussion issues around independence and
application of several ACMG/AMP classification codes. The first
question is whether PS3 (Functional studies supportive of damaging
effect) should be applied for observation of mRNA results in addition
to a relevant PVS1 code for acceptor or donor site variants. Given the
extremely high prior probability that a variant altering the highly
conserved donor or acceptor site dinucleotide sequence will have an
extensive impact on splicing, confirmation of a well-predicted splicing
effect adds little information. For example, if an in-frame predicted
splicing event is assigned PVS1_Supporting according to the
flowchart of Abou Tayoun et al. (2018), then confirmation of such
an in-frame event does not alter the uncertainty around whether the
in-frame event is important to protein function. Thus, a conservative
approach would be to retain the bioinformatic “PVS1” code when
confirmed, and simply denote as “confirmed”. Further, in the unlikely
event that a bioinformatic “PVS1” code is shown to contrast with an
experimental result, the reason for the contrasting findings should be
used to inform specific and general concepts in derivation of gene-
specific PVS1 flowcharts. Given that PS3 is also used to assign results
from assays of protein function, or survival assays which measure the
effect on combined mRNA and protein, perhaps it would be simpler
to retain PS3 only for application of “functional assays” that capture
more than mRNA splicing, since as shown here they can provide
additional information to that from mRNA splicing results.
The second question is whether it is double-counting to apply
PS1 (Splicing) on the basis of similarity to prediction for a known
pathogenic variant at the same position. We argue not, since the

rationale for applying the PS1 (Splicing) code is - as for the baseline
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PS1 missense code - that the clinical information for a pathogenic
variant can be “borrowed” as evidence to classify a second variant,
for which pathogenicity is assumed to be due to the same molecular
mechanism. The use of a PS1 (Splicing) code is particularly important
for variants outside of the donor and acceptor sites, with a starting
bioinformatic code at only supporting level. We also raise for debate
whether the same concept should be introduced as a new ACMG/
AMP code as evidence against pathogenicity. That is, if a variant with
no prediction to alter a missense or splicing profile is classified as
benign using clinical and other data, then another variant with the
same bioinformatics scores could be assumed also to have no
molecular and clinical impact on disease risk. In addition, we show
here how missense variant location outside a domain provides
valuable evidence against pathogenicity, irrespective of bioinformatic
prediction of missense effect. Conceptually this is not new, and has
been captured as low prior probability of pathogenicity for BRCA1
and BRCA2 multifactorial likelihood analysis (Easton et al., 2007; Li
et al., 2020); we assigned this evidence type as BP1_Strong, since it is
not captured in the baseline ACMG-AMP criteria.

5 | CONCLUSIONS

There were three main messages arising from this study. First,
annotation of donor and acceptor sites requires careful consideration
of cryptic splice site usage and critical domain knowledge to
appropriately assign PVS1 code strength. Second, splicing assays
have great utility for functional assessment of intronic and synony-
mous variants, but genomic-based functional assays that capture
both mRNA and protein effects provide critical findings for the
assessment of variants leading to transcript profiles of uncertain
significance, including those encoding a missense change/s. Third,
statistically derived odds and LRs for variant pathogenicity assess-
ment, derived for a range of data types, show great utility in a gene-
specific points-based application of ACMG/AMP guidelines.
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