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1 | INTRODUCTION

Abstract

Germline pathogenic variants in BRCA1 confer a high risk of developing breast and
ovarian cancer. The BRCA1 exon 11 (formally exon 10) is one of the largest exons
and codes for the nuclear localization signals of the corresponding gene product.
This exon can be partially or entirely skipped during pre-mRNA splicing, leading to
three major in-frame isoforms that are detectable in most cell types and tissue, and
in normal and cancer settings. However, it is unclear whether the splicing imbalance
of this exon is associated with cancer risk. Here we identify a common genetic
variant in intron 10, rs5820483 (NC_000017.11:g.43095106_43095108dup), which
is associated with exon 11 isoform expression and alternative splicing, and with the
risk of breast cancer, but not ovarian cancer, in BRCA1 pathogenic variant carriers.
The identification of this genetic effect was confirmed by analogous observations in
mouse cells and tissue in which a loxP sequence was inserted in the syntenic intronic
region. The prediction that the rs5820483 minor allele variant would create a
binding site for the splicing silencer hnRNP A1l was confirmed by pull-down assays.
Our data suggest that perturbation of BRCA1 exon 11 splicing modifies the breast

cancer risk conferred by pathogenic variants of this gene.

KEYWORDS
BRCA1, breast cancer, isoform, risk, splicing, variant

2020). It was earlier hypothesized that genetic variation in the BRCA1

wild-type allele contributes to risk modification in individuals with a

Germline pathogenic variants in BRCA1 are associated with a cumu-
lative risk of female breast cancer of 40%-87% by the age of 70 years
(Ford et al., 1998; Kuchenbaecker et al., 2017). The variable pene-
trance of BRCA1 pathogenic variants is partially due to environmental,
lifestyle, and individual biological factors (Howell et al., 2014). Dozens
of common genetic variants can modify risk through the combination
of their relatively small effects (Milne & Antoniou, 2016). Combined
analyses of these modifiers and other factors offer the opportunity of

improving breast cancer risk estimation and prevention (Barnes et al.,

BRCA1 pathogenic variant (Cox et al., 2011). This study identified
common variants in the BRCA1 promoter that influence gene expres-
sion and, thus, are a potential source of differences in risk.

The human BRCA1 gene contains 23 coding exons known to be
subject to a plethora of alternative splicing events in normal and
cancer cells (Colombo et al., 2014; de Jong et al., 2017; Romero et al.,
2015). The functional significance of most of these events is un-
known, but given the expected differences in the assembly of protein

functional domains, some are predicted to have profound
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consequences for tumorigenesis (Rebbeck et al., 2015). Exon 11
(formally exon 10, due to historical misannotation of an additional
“exon 4”) is the largest in BRCA1 (3426 base pairs [bp]) and codes for
protein signals that are necessary for nuclear localization of the gene
product and therefore considered relevant to the control of cell cycle
and DNA damage repair (Li et al., 2019). Exon 11 is alternatively
spliced in most cell and tissue types, including normal and breast
cancer cells (Colombo et al., 2014; de Jong et al., 2017; Romero et al.,
2015; Tammaro et al., 2012), and across cell-cycle phases (Orban &
Olah, 2001). This splicing regulation results in the production of three
main in-frame transcripts: a full-length isoform (including exon 11);
A11 isoform (skipping of the entire exon 11); and A11q isoform
(partial skipping of exon 11). The A11q isoform arises from the use of
an alternative splice donor site located 117 bp downstream from the
start of exon 11, and typically shows a higher level of expression than
that of A11 isoform (Orban & Olah, 2001; Raponi et al., 2014;
Tammaro et al., 2012; Wilson et al., 1997). Both skipping isoforms
generate BRCA1 products that lack nuclear localization signals.
However, it is not clear whether alteration of the proportions of
these isoforms (i.e., isoform imbalance) relative to total and/or full-
length BRCA1 expression influences breast cancer risk. Evidence from
mouse studies indicates that isoform imbalance perturbs important
cellular processes and can promote tumorigenesis: A1l over-
expression alters mitosis and causes apoptosis (Bachelier et al.,
2002); A11 exclusive expression impairs the correct DNA damage
response, and triggers aneuploidy and senescence (Cao et al., 2003;
Huber et al., 2001; Wang et al., 2004; Xu et al., 2001); and A11-
targeted deletion causes mammary ductal dilatation, glandular
hyperplasia, and spontaneous tumor development in the context of
Trp53 deletion (S. S. Kim et al., 2006). Here, we identify genetic and
molecular factors that influence splicing of exon 11 in mouse and
human cells, and that appear to be associated with specific mod-

ification of breast cancer risk in BRCA1 pathogenic variant carriers.

2 | MATERIALS AND METHODS
21 | Mice

Transgenic mice carrying exon 11 of Brcal flanked by loxP sites
(Brca1'”P/1o*Py \were obtained from the Mouse Repository of the
National Cancer Institute (strain code 01XC8). The genetic back-
ground of Brca1®®/1*P mice is >90% C57BL/6. Most animals were
bred as homozygotes in the VA facility and, where necessary, age-
matched C57BL/6 wild-type mice, purchased from Charles River
Laboratories (Charles River), were used as controls. The VA In-
stitutional Animal Care and Use Committee (IACUC) of the School
of Medicine, New York University, approved the study. Mice were
maintained in accordance with the National Institute of Health (NIH)
guidelines for the Care and Use of Laboratory Animals in an AALAC
approved facility, in compliance with the US National Research
Council's Guide for the Care and Use of Laboratory Animals, US
Public Health Service's Policy on Humane Care and Use of

Laboratory Animals, and Guide for the Care and Use of Laboratory

Animals.

2.2 | Mammary tissue studies

Inguinal mammary glands were analyzed at 21 and 28 days, and 2, 4,
6, 9, and 12 months of age. Whole mounts were imaged on a dis-
secting microscope at x10 magnification using Nikon ACT-1 software
and analyzed with Image-Pro Plus software (version 4.5; Media
Cybernetics). For immunostaining and histology, mammary glands
were fixed in 10% neutral-buffered formalin before paraffin-
embedding and sectioning. Hematoxylin-eosin-stained sections were
reviewed by a pathologist without knowledge of the mouse geno-
type. Standard immunohistochemistry was conducted using anti-Ki67
(NeoMarkers; Thermo Fisher Scientific) primary antibody, horse-
radish peroxidase-conjugated goat anti-rabbit antibody (Dako), and
3’-diaminobenzidine (DAB) solution (Vector Laboratories). Omission
of the latter was used as a negative control. For each animal, Ki67
staining was quantified by counting the percentage of positive cells
from all the epithelial cells of various glandular structures in different

sections.

2.3 | DNA analyses

DNA was extracted from mouse tails using the QlAamp DNA Minikit
(Qiagen), and amplified with primers for the loxP insert upstream of
exon 11 (BO04 and B0O5) and deleted exon 11 (BO0O4 and BO06)
provided by the National Cancer Institute (Table S1). The primers
were purchased from Sigma-Aldrich. Results of polymerase chain
reactions (PCRs) of tail DNA were verified as being the same as for
PCRs of mammary tissue DNA by direct comparison in several ani-
mals. The PCR products were sequenced using the Sanger method.
The rs5820483 genotype of K562 cells was determined by analyzing
whole-genome sequencing data from ENCODE (ENCODE Project
Consortium, 2012): experiment ENCSR045NDZ.

2.4 | Cell studies

Mammary epithelial cells and fibroblasts were isolated from the in-
guinal glands of 4-month-old nulliparous C57/BLé and Brca1'®®/!ox?
female mice, as previously described (llla-Bochaca et al., 2010). Fi-
broblasts were cultured in DMEM/F-12 supplemented with 10%
fetal calf serum, penicillin (100 IU/ml), streptomycin (100 pg/ml),
4 mM L-glutamine, 5 pug/ml bovine pancreatic insulin, 10 ng/ml cho-
lera toxin, and 10 ng/ml epidermal growth factor. The lymphoblastoid
cell lines originated from 23 BRCA2-pathogenic variant women car-
riers of the Genetic Modifiers of BRCA1 and BRCA2 (GEMO) group
(Lesueur et al., 2018) analyzed in the Consortium of Investigators of
BRCA1/2 Modifiers (CIMBA) and balanced with respect to the
rs582043 genotypes; BRCA1-pathogenic variant carriers were
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excluded to avoid putative interferences of the mutation with the

usual splicing pattern.

2.5 | RNA and BRCA1 expression analyses

RNA was extracted using the TRIzol reagent (Thermo Fisher Scientific)
and complementary DNA (cDNA) synthesized from 1 pg of RNA by
means of the SuperScript Il First-Strand Synthesis System (Thermo
Fisher Scientific) and employing a combination of random hexamers
and oligodTs. cDNA was amplified using the primers shown inTable S1
and sequenced by Sanger. DNA sequences were aligned using SeqMan
(DNASTAR). Expression of genes and isoforms of interest were as-
sessed in at least three independent biological replicates, normalized
against defined controls, and analyzed when appropriate with the delta
cycle threshold (AC;) method for quantifying transcripts. BRCA1 exon
11 alternative splicing in RNA extracted from lymphoblastoid cell lines
was quantified in triplicate in multiplex dual-color real-time polymerase
chain reaction (PCR) assays, performed using a LightCycler 480 In-
strument (Roche Diagnostics). We used the 4,7,2'-trichloro-7'-phenyl-
6-carboxyfluorescein (VIC)-labeled custom-designed TagMan assay
specific to exon 10-12 junctions to detect A11, the VIC-labeled
Hs01556199 assay specific to 11p-12 junction to detect A11q, and a
6-carboxyfluorescein (FAM)-labeled custom-designed TagMan assay
specific to exon 11g-12 junction to detect the full-length isoform
(Table S1). To determine total BRCA1 expression, we used the
FAM-labeled Hs01556193_m1 TagMan probe that targeted the
boundaries of exons 23 and 24. The stability of the HMMR probe
Hs01063280_m1 as a reference was measured against the expression
of the 18S ribosomal housekeeping gene using the Hs03003631_g1
probe. For confirmation, digital real-time PCR was performed using
pools of all the samples from each rs582043 genotype. The use of
digital PCR for precise quantification of BRCA1 isoforms has been
described in detail elsewhere (de la Hoya et al., 2016); in this study, it
was performed on a QuantStudio 3D dPCR 20K platform according to
the manufacturer's instructions (Applied Biosystems). All quantification
assays were performed combining FAM- and VIC-labeled assays in
individual digital PCR chips. The chips were analyzed with QuantStudio
3D Analysis Suit Cloud software v2.0 (Applied Biosystems) with VIC as
the declared target. Default settings were used in all cases. After re-
viewing the software's automatic assessment of the chip quality, only
green-flag chips (i.e., those for which the data met all the quality
thresholds, and for which a review of the analytical result was not
required) and yellow-flag chips (i.e., those for which the data met all
quality thresholds, but for which manual inspection was re-
commended) were considered for further analyses. Depending on the
FAM and VIC assay combination, we used the target/total ratio, VIC/
(FAM+VIC), calculated by the software, as a proxy for the exclusion
rates of exon 11 and 11q, and/or for the exon 11 inclusion rate. For
the study of P95H SRSF2, sequence read archive (SRA) data of the
Gene Expression Omnibus (GEO) reference GSE123774 were down-
loaded, transformed to fastq using the fastg-dump NCBI tool (version

2.9.6), and aligned against mouse genome GRCm38.75 using STAR

_WILEY—***

(https://github.com/alexdobin/STAR). Exon counts were retrieved
from aligned BAM using featureCounts (http://bioinf.wehi.edu.au/
featureCounts/). Counts per million (CPM) were calculated from exon

raw counts.

2.6 | Percent spliced in (PSI) and genotype data

PSI values of BRCA1 isoforms in primary tumors of The Cancer
Genome Atlas (TCGA) were obtained from the Genomics Data
Commons repository (https://gdc.cancer.gov/about-data/publicat-
ions/PanCanAtlas-Splicing-2018) (Kahles et al., 2018). Permission to
use the individual-level data was granted by the dbGaP Data Access
Committee (project #11689). BRCA1/2 mutation status was taken
from previous annotations (Kraya et al, 2019) and cBioPortal

(https://www.cbioportal.org/).

2.7 | Geuvadis data analysis

To analyze RNA-seq data from the Geuvadis project (ArrayExpress
reference E-GEUV-1), BAM files from 465 lymphoblastoid cell lines
of the 1000 Genomes Project were examined to quantify the
total number of reads supporting the BRCA1 full-length isoform
(corresponding to splicing between exons; Ensembl references
ENSE00003522602 and ENSE00003547126), Allgq (between
ENSE00001936588 and ENSE00003547126), or A1l (between
ENSE00003787101 and ENSE00003547126).

2.8 | Western blot

Mouse Brcal was detected using antibodies that target the
N-terminus (Brcal-N; a gift from Dr. Chodosh) and the C-terminus of
Brcal (R&D Systems). Briefly, log-phase mammary fibroblasts were
lysed in RIPA buffer and 100 ug of protein extracts were probed with
Brcal-N. The relative density of the Brcal bands was normalized
with respect to actin, which was used as the loading control. Im-
munoprecipitation was done with control (anti-GFP) and Brcal an-
tibody (R&D Systems) from 3 mg extracts of mammary fibroblast.
Proteins were detected using the LI-COR Odyssey system.

2.9 | Minigene assays

The pcDNA-Dup and BRCA1 exon 10-12 minigenes have been de-
scribed previously (Anczukéw et al., 2008; Tournier et al., 2008). The
constructs were transfected into cells using Lipofectamine LTX re-
agent, and RNA extraction and cDNA synthesis were performed as
detailed above. The loxP fragments were generated by annealing
complementary 5'-phosphorylated oligonucleotides designed with
5'-EcoRI and 3'-BamHI compatible ends, and cloned into the pcDNA-
Dup middle exon. Exon inclusion was evaluated by performing
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reverse-transcription PCR (RT-PCR) assays using cDNA obtained
from transfected NIH-3T3-murine cells and the primers T7-Pro and
Dup-2R (Table S1). The pEGFP10-12 BRCA1 minigene (Anczukow
et al., 2008) was used to assess the effect of rs582043 on BRCA1
exon 11 alternative splicing. Defined alleles were introduced in the
minigene through site-directed mutagenesis using the QuickChange
Il Site-Directed Mutagenesis Kit (Agilent Technologies). Alternative
splicing was quantified using multiplex semi-quantitative (q) RT-PCR
with 25 amplification cycles and FAM-labeled primers full-length-R,
isoform-R, and GFP-F (Table S1). The amount of each amplicon was
quantified by measuring the area of each peak detected by capillary
electrophoresis using an Applied Biosystems 3130x| Genetic Analy-
zer (Thermo Fisher Scientific). The area of an individual peak was
referenced as the percentage of the sum of the areas of all detected

peaks. Transfections and quantifications were performed in triplicate.

2.10 | Cancer risk modification

The data used in this study of women carrying BRCA1/2 pathogenic
variants were obtained by protocols approved by the ethics com-
mittees of the CIMBA contribution centers in their respective
countries. Details of centers and data collection have been reported
elsewhere (Antoniou et al., 2007). Information on the CIMBA con-
sortium and participating centers can be found at http://cimba.ccge.
medschl.cam.ac.uk/(Chenevix-Trench et al., 2007). All included car-
riers participated in clinical and/or research studies at the host in-
stitutions after providing informed consent under the corresponding
approved protocols. We used data from the genome-wide associa-
tion study (GWAS) in the Collaborative Oncological Gene-
environment Study Consortium (iCOGS) with the contribution of
CIMBA. The GWAS design, quality controls, and statistical analyses
have been described previously (Couch et al., 2013; Gaudet et al.,
2013; Milne et al., 2017). For each variant, a per-allele odds ratio and
standard error were obtained by logistic regression, including study
and principal components as covariates (Antoniou et al., 2010).

2.11 | Haplotype analysis

The BRCA1 haplotypes were inferred from the GWAS genotypes
using Haploview v4.2 (Barrett et al., 2005). The study adopted values
of accuracy of r? > 0.3 and of minor allele frequency >0.005. Phasing
was performed for each germline pathogenic BRCA1 variant relative
to rs455055—in strong linkage disequilibrium (LD) with rs5820483—
by counting genotypes within each founder group. Those containing
homozygous carriers for the allele not associated with dupAGG were
considered to be in trans. Founder groups were identified for each
BRCA1 pathogenic variant by hierarchical clustering analysis using the
reciprocal of the pairwise shared haplotype length as the distance
measure and Ward's linkage criterion. The shared haplotype length
was defined as the combined distance from both sides of the pa-

thogenic variant to the first homozygous discordant variant.

2.12 | Pull-down assays and iCLIP data

RNA pull-down assays were performed as previously described
(Tammaro et al.,, 2014). Briefly, 1 nM of rs5820483 AGG or
dupAGG RNA oligonucleotides (Table S1) was treated with 5 mM
sodium m-periodate and bound to adipic acid dihydrazide-agarose
beads (Sigma-Aldrich). The beads with bound RNA were incubated
in 1x RNA buffer containing 600 ug of HelLa nuclear extract and
5 pg/ul of heparin for 30 min at room temperature in a final vo-
lume of 400 ul. The beads were then pelleted at 1000 rpm for
5min and washed six times with 1 ml of 1x RNA buffer, before
adding sodium dodecyl sulphate (SDS) sample buffer and loading
onto a 12% SDS polyacrylamide gel electrophoresis (SDS-PAGE)
gel in preparation for electrophoresis. Gels were subsequently
electro-blotted onto a Hybond ECL membrane (GE Healthcare
Systems). Proteins were then recognized in-house antibodies
against hnRNP A1 and hnRNP H. The iCLIP results of hnRNP A1l
genomic binding were taken from the GEO GSE34993 for HEK293
cells (bowtie format, mapped to hg18), and from the ENCODE
repository for K562 and HepG2 cells (bigwig format, mapped
to hgl9).

2.13 | Data and code availability

Summary-level statistics are available from the public repository of
CIMBA and requests for individual data should be addressed to the
Data Access Coordination Committee (http://cimba.ccge.medschl.
cam.ac.uk/). The custom code used to analyze the Geuvadis RNA-seq
data and BRCA1 haplotypes were uploaded to GitHub: https://github.
com/xa-lab/geuvadis and https://github.com/larsmew/hap_phasing_
BRCA1 rs5820483, respectively.

3 | RESULTS

3.1 | loxP insertion flanking Brcal exon 11 may
alter mammary morphogenesis

To study mammary tumorigenesis arising from Brcal loss we ob-
tained Brcal exon 11 floxed transgenic mice, from the 01XC8 line,
against a C57BL/6J and 129/svJ background (National Cancer In-

1P allele.

stitute), which we refer to hereafter as being with the Brca
Unexpectedly, we found that, before exposure to Cre DNA re-
combinase, homozygous Brca1'™*" mice exhibit a prominent hy-
perplastic mammary phenotype at 4 and 6 months of age, as
quantified by the diameter of primary and secondary ducts relative to
those of heterozygous Brcal1'™®* and C57BL/6J mice (Figures 1a and

S1). The extent of mammary cell proliferation as determined by Ki67-

1 loxP/loxP 1 loxP/+

positive cells was greater in Brca than in Brca and
C57BL/6J 4-month-old mice (Figure 1b). At pubertal age (28 and 60
days old) Brca1™®"P animals also showed significantly greater cell

proliferation relative to C57BL/6J mice (Figure 1c).
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3.2 | loxPinsertion in Brcal intron 10 alters splicing

Sequencing of the exon 11 flanking introns in Brcal™"o® mice
confirmed that both loxP sites were present as reported (Xu et al.,
1999), and there were no alterations in messenger RNA (mRNA) exon
11 junctions (Figure S2). The loxP sequences in Brcal®F mice
were inserted in regions with no significant mammalian sequence
conservation, but where there was overlap with substantial signals of
histone H3 trimethylation at lysine 36 (H3K36me3; Figure 2a) that
could alter splicing regulation (Luco et al., 2010). Using multiplex
gRT-PCR (assays n = 3) with mRNA extracted from Brca1'”?*® and
C57BL/6J mammary fibroblasts, the A11 isoform was found to be
underexpressed in Brca1'®®"o® cells: 36% relative to C57BL/6)J cells
using a housekeeping gene control (mouse ribosomal protein L32,
mL32; equivalent results were obtained with control Sparc) and 50%
when full-length Brcal was employed as a reference (Figure 2b).

An antibody that recognizes the N-terminus of mouse BRCA1
(Huber & Chodosh, 2005) was used to immunoblot protein lysates
from primary mammary fibroblasts and epithelial cells, as well as
whole mammary glands. Higher levels of full-length BRCA1 (p210)
were detected in Brcal™P'® than in C57BL/6J cells and tissue
(Figure 2c). Immunoprecipitation assays (n =3) with control 1gG or
antibody to BRCA1 C-terminus and detection with N-terminus anti-
body, which recognized p210 and A11 products, showed that
Brca1'™P*P mammary fibroblasts have approximately 50% of the
amount of A11 product relative to p210 (Figure 2d), which was
consistent with the qRT-PCR results (Figure 2b). These results sug-
gest that inserted loxP sequences alter regulation of Brcal exon 11
alternative splicing.

The loxP sites were found to be inserted with accompanying
sequences that differed between Brcal introns 10 and 11 (Figure 2e).
The loxP and accompanying sequences showed several binding sites
of specific serine/arginine-rich splicing-enhancer factors (SRSFs), as
predicted using ESE Finder version 3.0 (Cartegni et al., 2003) with
relatively high threshold scores: 22.0 for SRSF1 and 23.0 for SRSF2,
SRSF5, and SRSFé (Figure 2¢). To assess the effect of the loxP and
accompanying sequences on splicing regulation, three constructs
were produced using the splicing enhancer reporter minigene,
pCDNA-DUP (Tournier et al., 2008): two constructs containing each
the core loxP site and the corresponding accompanying sequence (45
and 66 bp), and a third construct containing solely the core loxP
sequence (34 bp). Each construct was transfected into murine 3T3
cells, after which exon inclusion was determined by semi-gRT-PCR
assays (assays n=2). The loxP and accompanying sequence corre-
sponding to the intron 10 insertion caused exon inclusion (Figure 2a),
but neither of the other two constructs did so. The inclusion product
accounted for 15% relative to the noninclusion product (Figure 2f).

SRSF2 is the only SRSF predicted to bind exclusively at the loxP-
accompanying sequence in intron 10. This factor was found to be
positively coexpressed with Brcal in mammary normal and tumor
tissue, as indicated by the Pearson's correlation coefficients
(PCCs) > 0.35 (p <.05) in three datasets (Figure S3) (Anderson et al.,
2007; Bai et al., 2016; Meier-Abt et al., 2013). A previous study

showed that oncogenic SRSF2-P95H introduced into mouse leuke-
mia cells alters recognition of exonic splicing enhancers (E. Kim et al.,
2015). Analysis of this data set exposed significantly higher expres-
sion of Brcal exon 11 in cells harboring the P95H mutation
(Figure 2g). Together, the data suggest that insertion of a loxP-
containing sequence into the Brcal intron 10 causes partial alteration
of exon 11 splicing, which might, in turn, lead to differences in

mammary ductal morphogenesis.

3.3 | Common BRCA1 genetic variation is
associated with breast cancer risk

The study of Brca1'®®"**P mice and loxP-containing sequences sug-
gests a link between the splicing imbalance of the largest Brcal exon
and mammary developmental abnormalities. It had previously been
shown that common variation in the BRCA1 wild-type allele modifies
breast cancer risk in individuals with a pathogenic BRCA1 variant (Cox
et al., 2011). The proposed molecular mechanism underlying this
observation was founded on genetic changes in the BRCA1 promoter
sequence that can lead to differences in the overall expression of this
gene. Following on from these findings, we evaluated the association
of common variants at the BRCA1 locus with modification of cancer
risk using the GWAS results generated by iCOGS with the partici-
pation of CIMBA (Couch et al., 2013; Gaudet et al., 2013; Milne et al.,
2017). Genotyped (n = 18) and imputed (n = 329) variants were found
to be associated (defined threshold p < 107%) with breast cancer risk
in BRCA1 pathogenic variant carriers, but not in BRCA2 pathogenic
variant carriers (Figure 3a and Table S2). No association was ob-
served with ovarian cancer risk for BRCA1 or BRCA2 pathogenic
variant carriers (Table S2). The relatively extended BRCA1 region
showing breast cancer risk associations is probably due in part to the
existence of high LD throughout the entire locus (Cox et al., 2005).
None of the genotyped variants found to be associated with breast
cancer risk in BRCA1 pathogenic variant carriers was shown to be
nominally associated with breast cancer risk in the population-based
study of the Breast Cancer Association Consortium (Michailidou
et al., 2017), even after consideration of estrogen receptor a status
(Table S3). Indeed, earlier studies did not detect associations between
BRCA1 common variation and breast cancer risk in case-control and
population-based studies (Dunning et al., 1997; Freedman et al.,
2005), which suggests that the potential modifying effects are spe-
cific to breast cancer risk in BRCA1 pathogenic variant carriers.

Of the association signals detected, those corresponding to
common variants located in the BRCA1 intron 10 region analogous
to the loxP insertion site in mouse intron 10 were explored in
detail. The loxP insertion site that may modify splicing regulation in
mice was located 243 bp from the intron 10 acceptor site. In hu-
mans, the rs5820483 variant corresponding to an AGG duplication
(dupAGG, minor allele frequency of 0.33 in European populations)
was identified at 245 bp from the intron 10 acceptor site, and this
was also a region with substantial amounts of H3K36me3 in a

variety of human cell types (Figure 3b). This imputed variant
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FIGURE 1 Aberrant phenotype of Brcal™""" mammary glands. (a) Top panels, representative whole mounts (with higher-power inserts) of
mammary glands from C57BL/6, Brcall®®*, and Brca1'®®"**P animals, showing ductal dilatation and glandular hyperplasia, especially in the
latter group. Middle panels, histology of the mammary glands shown above; note the cystic ducts in the Brca1'™P** tissue. Scale bar, 200 um.
Bottom panels, violin plots showing quantification of primary and secondary duct width: 9-26 ducts were measured in the mammary glands of
4-5 animals per genotype, and the data points indicate the average value of each animal in the study. The degree of significance of the two-
tailed Student's t test is marked by asterisks (***p <.001). (b) Quantification of Kié7-positive epithelial cells in 4-month mammary glands from
C57BL/6, Brcal™"*, and Brca1'®®"o® animals: 943-1538 cells were evaluated in 5-11 ducts of each of 4-5 animals studied per genotype, and
the data points indicate the average value of each animal. The asterisks denote significant differences identified by two-tailed Student's t-tests
(*p < .05 and p < .001). (c) Quantification of the frequency of Kié7-positive epithelial cells in 28- and 60-day mammary glands from C57BL/6 and
Brca1'”P/°® animals: 402-1108 cells were evaluated in 4-9 ducts of 3 (C57BL/6) and 4 (Brca1'?/°) animals, and the data points indicate the
average value of each animal. The asterisks denote significant differences identified by two-tailed Student's t tests (***p <.001). The left panels
show representative images of Ki67-positive staining in 28-day mammary glands
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FIGURE 2 The insertion of loxP in Brcal intron 10 may alter exon 11 recognition during splicing. (a) Mouse Brcal genomic locus centered on
exon 11 and showing the location of flanking loxP insertions. The graph also shows the values of H3K36m3 ENCODE cell profiles and the level
of sequence conservation relative to human and mammal genomes. The ENCODE cell types are detailed in http://genome.ucsc.edu/ENCODE/
cellTypes.html. (b) Multiplex semi-qRT-PCR results showing a 36% and 50% lower level of A11 isoform expression in Brca1'®®/*® relative to
C57BL/6 mammary fibroblasts (reference [ref.] ratio) when using the expression of mL32 (top panel) and Brcal including exon 11 (bottom panel),
respectively. Two replicates are shown for each genotype. (c) Western blot showing a greater abundance of BRCA1 p210 (marked by asterisks)
in extracts of primary fibroblasts, primary epithelial cells, and whole mammary glands of Brca1'®"/*® relative to C57BL/6 cells/tissue. Detection
with antibody against the N-terminus of mouse BRCA1 (anti-BRCA1-N; a gift from Dr. Chodosh). The quantified BRCA1/actin ratios in Brca1'™"’
loxP velative to C57BL/6 (ref.) samples are detailed at the bottom. (d) Western blot showing a greater abundance of immunoprecipitated BRCA1
p210 relative to A11-derived isoform in Brca1'™"*P mammary fibroblast extracts (3 mg each). Detection of BRCA1 with R&D Systems
antibody. The negative control IgG GFP immunoprecipitants are also shown. Quantification is shown in the right panel and significance based on
two-tailed Student's t test (*p <.05). (e) Sequences of loxP insertion in Brcal introns 10 and 11, and predicted binding sites of SRSFs. The box
shows the sequence that is common to both loxP. (f) Top panel, pcDNA-Dup minigene construct, and loxP cloning for assessing exon inclusion/
exclusion in murine 3T3 fibroblasts. Bottom panel, results of semi-qRT-PCR assays, and quantification of exon inclusion relative to the excluded
product. This study comprised two independent transfections of each construct and, for each transfection, a multiplex gRT-PCR reaction

(25 cycles) whose products were analyzed in an agarose gel. (g) Brcal exon 11 is significantly overexpressed (log, counts per million [CPM]) in
primary MLL-AF9 mouse leukemia cells expressing SRSF2-P95H mutant relative to SRSF2 wild-type (WT; GEO GSE123774; E. Kim et al., 2015).
The asterisks indicate a statistically significant outcome of a Wilcoxon signed-rank test (**p < .01). IgG, immunoglobulin G; gRT-PCR, quantitative
reverse-transcription polymerase chain reaction; SRSF, serine/arginine-rich splicing-enhancer factors
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was among those associated with breast cancer risk in BRCA1
pathogenic variant carriers (n=15,238), with the minor allele
reducing the risk, as indicated by the hazard ratio (HR) of 0.84
(p=7.5%x10"%.

Phasing the rs5820483 variant relative to the germline
BRCA1 pathogenic variant in each carrier revealed that a pro-
tective effect occurs when the dupAGG allele is in trans, that is, in
the wild-type BRCA1 allele: heterozygous dupAGG in trans,
HR: 0.84, 95% confidence interval (Cl) 0.79-0.88, p <.0001;
heterozygous dupAGG in cis, HR: 0.99, 95% Cl: 0.93-1.05,
p =.72. This observation was in accordance with the originally
described modifier effect(s) of the wild-type BRCA1 allele
(Cox et al., 2011).

3.4 | rs5820483 is associated with BRCA1 exon 11
splicing imbalance

To examine the potential consequences of rs5820483 alleles for
BRCA1 exon 11 splicing, we used confirmed BRCA1 wild-type lym-
phoblastoid cell lines from CIMBA with established rs5820483

iCOGS genotypes. BRCA1 is ubiquitously expressed in normal pro-
liferating cells, and genomic regulatory marks in this locus are rela-
tively similar between lymphoblastoid cell lines and human mammary
epithelial cells (Figure S4). Probe-based expression assays showed
that lymphoblastoid cells with the dupAGG/dupAGG genotype had a
significantly lower level of expression of full-length BRCA1, but
higher levels of A11 and Al1q isoform expression than cells with no
dupAGG allele (Mann-Whitney p < .05; logistic regression, recessive
model: full-length BRCA1 p=.21, A11 p=.031, and Allq p=.032;
assays n=3; Figure 4a). Digital PCR (assays n=2) of all samples
pooled by the rs5820483 genotype confirmed the isoform imbalance:
the levels of A11 and Allq were 3.04 and 1.88 times higher in
dupAGG homozygotes than in AGG homozygotes, respectively (A11
1.43+0.41% and 0.47 +0.15%, and A11q 19.1+ 1% and 10.2 + 0.6%
in dupAGG and AGG homozygotes, respectively; Figure 4b). Con-
versely, the expression of the full-length isoform was 0.65 times
lower in dupAGG homozygotes, although total BRCA1 expression
was not significantly different (Figure 4a,b).

To evaluate the previous results in an independent study, we
analyzed the Geuvadis RNA-seq data of lymphoblastoid cell lines
from unrelated healthy individuals (Lappalainen et al., 2013). With
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FIGURE 3 Common genetic variation in the BRCA1 locus is associated with breast cancer risk in BRCA1 pathogenic variant carriers.
(a) Graphs showing the breast cancer association results (-log,oP) in BRCA1 (left panel) and BRCA2 (right panel) pathogenic variant carriers for

genotyped and imputed variants across the BRCA1 locus. The genomic position (hg19) of genes is depicted on the X-axis, and the position of

rs582043 is highlighted. The association threshold of p = 0.001 is shown by a horizontal dashed line. (b) BRCA1 genomic locus (hg19) centered
on exon 11 and showing the location of rs582043. The graph also shows the values of H3K36m3 ENCODE cell profiles and the level of
seqguence conservation relative to the mouse genome. The ENCODE cell types are detailed in http://genome.ucsc.edu/ENCODE/cellTypes.html
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defined thresholds of >60x sequence coverage and >10 samples per
genotype, we were able to compare isoforms in dupAGG/AGG het-
erozygotes and AGG homozygotes (n = 16 and 28, respectively). The
dupAGG heterozygous lymphoblastoid cell lines showed significant
(Mann-Whitney p < .05) overexpression of A11 and Al1lq isoforms,
and underexpression of BRCA1 full-length isoform (Figure 4c).

The above results indicate that the rs582048 dupAGG allele is
associated with exon 11 splicing imbalance in a BRCA1 wild-type

background. Thus, modification of breast cancer risk by this allele

O

might be caused by relative overexpression of A11 and Al1lq iso-
forms, underexpression of full-length BRCA1, and/or alteration of
the balance between isoforms and full-length. To assess these pos-
sibilities, the association between rs5820483 and breast cancer risk
was evaluated in carriers stratified by the position of the BRCA1
pathogenic variant relative to exon 11q. Assuming there is no allelic
expression imbalance, A11q and A11 expression is expected to be
unaffected by dupAGG in carriers of BRCA1 pathogenic variants in-

side exon 11q (Figure S5). However, in these carriers, we found that
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FIGURE 4 rs582043 is associated with exon 11 splicing imbalance. (a) Differences of expression of BRCA1 full-length, A11, and A11q

isoforms between GEMO lymphoblastoid cell lines by rs582043 genotype (AGG/AGG, AGG/dupAGG, and dupAGG/dupAGG). The significance
of the Mann-Whitney test is indicated and the number of samples assayed in each genotype is given. Nonsignificant differences were observed
for total BRCA1 expression. (b) Quantification of isoform differences using digital PCR assays with pooled samples of each genotype in GEMO
lymphoblastoid cell lines. (c) Differences of exon 11 isoform expression between Geuvadis lymphoblastoid cell lines according to rs582043
genotypes (AGG/AGG; AGG/dupAGG). The significance of Mann-Whitney tests is indicated and the number of samples assayed for each
genotype is shown. (d) Forest plot showing rs582043 HRs and 95% confidence intervals stratified by dupAGG in cis or trans, relative to the

BRCA1 germline pathogenic variant, and dupAGG homozygous, and considering the position of the mutation relative to exon 11g. The number
(n) of dupAGG homozygous and heterozygous cis/trans, and the Cox regression likelihood p values are shown. The numbers of non-carriers of

dupAGG were: 4388 pathological variants outside exon 11; 2663 pathological variants inside exon 11; and 7156 mutations in any location. HR,

hazard ratio; PCR, polymerase chain reaction
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dupAGG was still associated with breast cancer risk when located in
trans, relative to the BRCA1 pathogenic variants (Figure 4d). There-
fore, relative overexpression of A11 and A11q isoforms mediated by
dupAGG is not the only cause of breast cancer risk modification in
BRCA1 pathogenic variant carriers.

Precomputed PSI values of TCGA breast cancer (Kahles et al.,
2018) were analyzed to further evaluate the link between BRCA1
exon 11 isoform imbalance and carcinogenesis. The tumors were
categorized by the observed genotype of rs799916, located in intron
11 (rs5820483 LD D = 0.99 and r? = .91), and assessed for differences
in exon 11 PSI. The A11 isoform was not detected in this data set, but
there was an indication of an association between rs799916 and PSI
of Al11q in basal-like tumors (Kruskal-Wallis test p =.041), but not in
the other subtypes (Figure S6). A pan-cancer analysis did not show
significant results (n=1605, p=.82), but examination of tumors
mutated in BRCA1 suggested a similar association to that of basal-like
cases, however, only nine tumors were included in this analysis (eight
breast cancers and one melanoma; Kruskal-Wallis test p=.028;
Figure Sé).

3.5 | rs5820483 alters splicing in vitro and binds
hnRNP A1

To assess the causal effect of rs5820483, we cloned the corre-
sponding alleles within a BRCA1 minigene construct encompassing
exons 10 to 12 (Anczukéw et al., 2008) (Figure 5a). Transient

transfection of these constructs in two cancer cell lines, MCF7 and
Hela, coupled to semi-gRT-PCR assays showed that the dupAGG
allele significantly reduced inclusion of exon 11, with decreased
levels of full-length BRCA1 and increased levels of the A11 isoform
(assays n = 3; Figure 5b).

Having corroborated the effect of rs5820483 on exon 11 spli-
cing in vitro, we next evaluated the binding of predicted splicing
silencers to the dupAGG allele. Applying predictions from SpliceAid
2 with standard parameters (splicing factors database 2013; Piva
et al., 2012), this allele might generate sites for the splicing silencers
hnRNP H1/2 and A1 (Figure 5c). In oligo-based pull-down assays,
hnRNP H was found to bind similarly to both rs5820483 alleles;
however, hnRNP A1l bound approximately twice as strongly to
dupAGG (assays n=3; Figure 5d). Analysis of public data from
crosslinking and immunoprecipitation assays in three cancer cell
lines identified hnRNP A1 binding sites close (<50 bp) to rs5820483
in all settings, and there was overlap between hnRNP A1l binding
and rs5820483 location in K562 cells (ENCODE Project Con-
sortium, 2012) (Figure S7).

4 | DISCUSSION

Exon 11 of BRCA1 codes for signals mediating BRCA1 nuclear loca-
lization (Huen et al., 2010). This exon shows differential splicing be-
tween normal and cancer cells, and between phases of the cell cycle
(Orban & Olah, 2001). Results from mouse studies with targeted
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FIGURE 5
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rs5820483 alters splicing in vitro and binds hnRNP A1. (a) pEGFP10-12 BRCA1 minigene and rs582043 allele cloning. Three

independent transfections, triplicate qRT-PCRs (reactions of 25 cycles) of each, and triplicate samples of each gRT-PCR were analyzed by
capillary electrophoresis. (b) The presence of the dupAGG allele reduces inclusion of exon 11 in minigene assays using MCF7 and HelA cells.
Quantification of differences between the two cell models of expression of BRCA1 including exon 11, A11, and A11q following transfection of
minigenes carrying the alleles. The significance of Mann-Whitney tests is indicated (*p < .05, **p < .01, and ***p <.001). (c) rs582043 minor allele
(dupAGG, red font) and flanking sequence, and predicted binding sites of exon splicing silencers. (d) Left panel, western blot results of hnRNP A1
and H binding to oligos for rs582043 alleles in pull-down assays. Right panel shows the quantification of three independent assays for hnRNP
Al. gRT-PCR, quantitative reverse-transcription polymerase chain reaction
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alteration of exon 11-centered isoforms demonstrate perturbations
in key pathways and processes, with tumor development following
A11 deletion in the context of Trp53 deletion (S. S. Kim et al., 2006).
The product of the A11 isoform can be translocated into the nucleus,
but the DNA damage response is partially impaired if solely this
isoform is expressed (Huber et al., 2001). However, it remains unclear
whether altered levels of exon 11 splicing isoforms are associated
with human cancer risk. Here we identify molecular and genetic
factors that influence exon 11 splicing and are associated with
modification of breast cancer risk in BRCA1 pathogenic variant
carriers.

We have identified a region in intron 10 that contributes to the
regulation of exon 11-skipping in humans and mice. This region con-
tains the rs5820483 variant in humans and is modified through a loxP

/PP mice. The presence of the minor allele of

insertion in Brca
rs5820483, dupAGG, creates a binding site for the splicing silencer
hnRNP A1 and, accordingly, is associated with higher levels of A11 and
Al1lq isoforms in human cell lines. In vitro assays using minigene
constructs and two human cancer cell models confirm the dupAGG
effect. However, these conclusions are limited by the cell models used
in the assays. BRCA1 is ubiquitously expressed in normal proliferating
cells, and the genomic regulatory marks of the BRCA1 locus appear to
be similar among different cell types; however, we cannot rule out the
possible existence of cancer cell-of-origin specificities and/or differ-
ential responses to defined conditions, such as exposure to hormones.

It is unlikely that the identified allele and regulatory region
function in isolation and, therefore, unidentified variants and ele-
ments might cooperate to determine exon 11 inclusion/exclusion
and/or isoforms. Indeed, the high LD throughout the entire BRCA1
locus provides many other genetic variants as additional candidates
influencing isoform expression and/or cancer risk. These could act as
single modifier factors and/or interact with each other. Relevant
variants could include changes in the promoter sequence, as pre-
viously reported (Cox et al., 2011), but we did not observe any
substantial differences in overall BRCA1 expression in relation to the
rs5820483 genotypes. A comprehensive functional screen of all ge-
netic variations in the BRCA1 locus, similar to that performed for
coding pathological variants (Findlay et al., 2018), may be warranted
to accurately identify the impact of any difference in splicing reg-
ulation and/or cancer risk in BRCA1 pathological variant carriers.

It has been previously shown that a region spanning approxi-
mately 250 bp from the beginning of human BRCA1 exon 11 includes
multiple splicing regulatory signals (Raponi et al., 2012). In this region,
the synonymous c.693G>A variation reduced Al1q but increased
A11, which showed allele-specific expression (Tammaro et al., 2012).
In parallel, it was proposed that the splice site change c.IVS11+1G>A
affected the expression of the BRCA1 full-length isoform, but not of
the Al1q isoform (Bonatti et al., 2006). It is plausible that the iden-
tified sequence in intron 10 interacts with several elements and/or
variations to determine the outcome of exon 11 splicing. The effect
on risk modification may be more complex than anticipated. The
association between the dupAGG allele of rs582048 and reduced risk
centers on the wild-type BRCA1 allele; however, pondering the

position of BRCA1 mutations inside or outside of the exon 11q re-
gion, the specific contribution of reduced full-length and/or increased
A11 and/or increased Al1lq isoform expression to risk modification
remains to be quantified. Since the isoforms are regulatorily linked,
precisely targeted studies may be needed to decipher specific iso-
form effects. Multifactorial regulation may also occur in mouse Brcal
exon 11 splicing. Contrary to what occurs with rs5820483, the in-
sertion of a loxP sequence in mouse intron 10 enhances exon 11
inclusion and thereby increases the expression of the full-length
Brcal isoform. In parallel, the original strains of the Brca1'®®/'ox®
mouse model, C57BL/6J and 129/svJ, display a genetic difference
(rs49102316) in intron 10, 203 bp from the exon 11 acceptor site,
that is predicted to disrupt an SRSF6/10 binding site (Figure S8).
Thus, additional Brcal locus variants and the genetic background
could also have influenced the observed phenotypic alterations.

It is not known how alteration of exon 11-centered isoforms
could modify breast cancer risk specifically in BRCA1 pathogenic
variant carriers. Analysis of PSI A11q data suggests a specific effect in
basal-like tumors, which are frequently developed in BRCA1 mutation
carriers (Foulkes et al., 2003); however, this analysis was limited by
the relatively low coverage of BRCA1 isoform expression. Protein
functions linked to exon 11 include homologous recombination-
mediated DNA damage repair and mitotic control (Huen et al., 2010),
which may be considered to be general tumor suppressor roles. Thus,
the luminal progenitor cell population that has been linked to the
origin of BRCA1-related breast cancers may depend differentially on
these processes to maintain genomic integrity (Fu et al., 2020;
Tharmapalan et al., 2019). Alternatively, or complementarily, isoform
imbalance may expand the cancer-prone cell population. Previous
observations in mouse models, including developmental abnormal-
ities and cancer susceptibility with the A11 deletion (S. S. Kim et al.,
2006), and our indications of mammary morphological differences,
suggest that alterations in cell biology arise from the changes in the
balance of BRCA1 exon 11 isoforms and full-length expression. These
alterations might precede loss of the BRCA1 wild-type allele (i.e.,
second hit) according to a proposed model of events causing BRCA1-
associated breast cancer (Martins et al., 2012). Further studies in
mouse and human cells and tissue may be needed to assess the

molecular and cellular impacts of the imbalance in exon 11 isoforms.
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