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Abstract

Establishing a universally applicable protocol to assess the impact of BRCA1 variants of
uncertain significance (VUS) expression is a problem which has yet to be resolved despite
major progresses have been made. The numerous difficulties which must be overcome
include the choices of cellular models and functional assays. We hypothesised that the use
of induced pluripotent stem (iPS) cells might facilitate the standardisation of protocols for
classification, and could better model the disease process. We generated eight iPS cell
lines from patient samples expressing either BRCA1 pathogenic variants, non-pathogenic
variants, or BRCA1 VUSs. The impact of these variants on DNA damage repair was exam-
ined using a H2AX foci formation assay, a Homologous Repair (HR) reporter assay, and a
chromosome abnormality assay. Finally, all lines were tested for their ability to differentiate
into mammary lineages in vitro. While the results obtained from the two BRCA1 pathogenic
variants were consistent with published data, some other variants exhibited differences. The
most striking of these was the BRCA1 variant Y856H (classified as benign), which was
unexpectedly found to present a faulty HR repair pathway, a finding linked to the presence
of an additional variant in the ATM gene. Finally, all lines were able to differentiate first into
mammospheres, and then into more advanced mammary lineages expressing luminal- or
basal-specific markers. This study stresses that BRCA1 genetic analysis alone is insufficient
to establish a reliable and functional classification for assessment of clinical risk, and that it
cannot be performed without considering the other genetic aberrations which may be

PLOS ONE | https://doi.org/10.1371/journal.pone.0260852 December 2, 2021

1/22


https://orcid.org/0000-0001-8295-5414
https://orcid.org/0000-0002-0943-4847
https://doi.org/10.1371/journal.pone.0260852
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0260852&domain=pdf&date_stamp=2021-12-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0260852&domain=pdf&date_stamp=2021-12-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0260852&domain=pdf&date_stamp=2021-12-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0260852&domain=pdf&date_stamp=2021-12-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0260852&domain=pdf&date_stamp=2021-12-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0260852&domain=pdf&date_stamp=2021-12-02
https://doi.org/10.1371/journal.pone.0260852
https://doi.org/10.1371/journal.pone.0260852
https://doi.org/10.1371/journal.pone.0260852
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

BRCA1 in DNA damage repair

Funding: This work was supported by a European
Union Scholarship Programme, by a pilot grant
from Breast Cancer Now (2015NovPR609), by a
specialist program grant from Blood Cancer UK
(13043; previously called Bloodwise) and King’s
College London. All BRC facilities were funded by
the National Institute for Health Research (NIHR)
Biomedical Research Centre, based at Guy’s and
St. Thomas’ NHS Foundation Trust and King’s
College London. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

present in patients. The study also provides promising opportunities for elucidating the phys-
iopathology and clinical evolution of breast cancer, by using iPS cells.

Introduction

Worldwide, among females, breast cancer is the most commonly diagnosed cancer (~24%),
and is still the leading cause of cancer-related deaths in women, closely followed by lung cancer
(respectively 15.5% and 13.7%; [1, 2]). The breast cancers form a highly heterogeneous group,
and are consequently clinically challenging to diagnose and manage. Variants in the genes
BRCALI or BRCA2 are known to confer a high lifetime risk of developing breast cancer,
because the presence of certain heterozygous BRCA variants increases the risk of breast (~80%
for BRCA1) and ovarian cancer (~40% for BRCA1), identifying BRCA1 and BRCA2 as high-
penetrance breast cancer predisposition genes [3]. Additionally, BRCA1 and BRCA2 are the
most common genes associated with increased risk in hereditary breast and ovarian cancer.

BRCAL1 is a tumour suppressor gene coding for a large protein containing multiple func-
tional domains, which interacts with multiple other proteins [4, 5]. The BRCA1 gene is an
essential component of DNA damage repair via the Homologous Recombination (HR) path-
way, which is an error-free repair mechanism, and hence crucial for cellular survival. BRCA1
is also involved in chromosome segregation and mismatch repair, so that it also plays a critical
role in the maintenance of genome integrity [6].

While some BRCA1 variants are undoubtedly pathogenic, over 50% of BRCA1 variants
(single nucleotide variants) are classified as Variants of Uncertain Significance (VUSs) on the
ClinVar public database, thus complicating clinical decisions regarding the choice of therapies
and counselling for reproductive decisions. There are currently >5200 distinct germline vari-
ants of BRCAL1 listed on ClinVar, including >1300 VUSs, and an additional 175 variants are
subject to conflicting interpretations [7]. There is, therefore, an imperative need to improve
the evaluation and classification of BRCA1 VUSs.

To achieve this, various functional assays have been assessed, in order to make an accurate
evaluation of the risk posed by newly identified BRCA1 variants, and also to address the issue
of BRCA1 haploinsufficiency. Unfortunately, some of these assessments have been problem-
atic, chiefly because of the variety of experimental models (e.g. lymphocytes/lymphoblastic cell
lines) and protocols used. Based on the observations in these studies, attempts were then made
to standardise the evaluation of VUSs [8].

In this study, we sought to investigate an alternative state-of-the-art approach using
induced Pluripotent Stem cells (iPS). iPS cells are a useful tool for disease modelling with the
advantage, compared to embryonic stem cells, that they already contain the specific variant
[8-12]. For the purposes of this study, iPS cells have been derived from carriers of pathogenic
variants and VUSs, and functional assays have been carried out to assess the efficiency of DNA
damage repair.

Materials and methods
Ethics approval and consent to participate

Either study participants agreed and signed a written informed consent for inclusion in the
KHP CANCER BIOBANK (HTA Licence No: 12121, REC No: 12-EE-0493), or patients were
recruited using the Investigating Hereditary Cancer Predisposition-a combined genomics,
approach study that was approved by the NRES Committee East of England-Hertfordshire
(Ethics Ref: 12/EE/0478: IRAS 114545: EDGE 17857).
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Generation of iPS cells from heterozygous BRCA1 variant carriers

Fibroblasts were derived from skin biopsies, grown and expanded in DMEM with 10% foetal
bovine serum (FBS) and 5% penicillin/streptomycin (ThermoFischer Scientific). Control and
carrier fibroblasts were reprogrammed using CytoTune I or II Sendai Viral Transduction
(ThermoFischer Scientific), following the manufacturer’s instructions. On day 7 repro-
grammed cells were been transferred onto NuFF feeders, with either Pluriton (Stemgent) or
Nutristem (Stemgent) used to support their growth. Cells were also adapted to be feeder-free,
and maintained on 0.34 pg/ul GFR Matrigel with TeSR E8 (StemCell Technologies). All the
derived lines were confirmed by qPCR to be free from exogenous Sendai viral factors using the
TagMAn iPSC Sendai Detection Kit (ThermoFischer Scientific) (STA-S1I Fig).

Pluripotency staining of iPS cells

Pluripotency staining was performed according to the protocol of Ilic et al. (2012) [13]. Briefly,
cells were fixed with 4% PFA and permeabilised with 0.1% Triton-X for 10 minutes. Blocking
was carried out for 1 hour with 5% BSA in PBS-Tween. Incubation with TRA-1-60, TRA1-81
(Millipore), NANOG (R&D Systems) and OCT4 (Santa Cruz Technologies) antibodies was
carried out overnight at 4°C, followed by incubation with an appropriate secondary antibody
for 1 hour at room temperature. Cells were mounted in vectashield mounting medium con-
taining DAPI, and visualised using a Nikon 50i epifluorescence microscope.

Pluripotency assays

For in vivo differentiation of iPS Cells: 1x10° cells were resuspended in 50 uL 1:3 diluted GFR
matrigel (BD Biosciences). The cell suspension was then injected into the left testis of a severe
combined immunodeficiency (SCID) mouse, while the right testis was injected with 1:3 diluted
GFR Matrigel alone, as a negative control. Following teratoma formation, classic histological
staining was carried out using Mayer’s Haematoxylin and Eosin. Images were taken using a
Zeiss Axioscope Z Plus microscope.

For in vitro differentiation of iPS cells: iPS cells were grown for 10 days in DMEM supple-
mented with 20% FBS. Medium was changed once every three days, and cells were then fixed
with 4% PFA. The following antibodies were used: anti-o-fetoprotein (endoderm), anti-pIII-
tubulin (ectoderm), and anti-o-smooth muscle actin (mesoderm), all from Millipore. Images
were taken using a Nikon Eclipse 50i microscope at x10 magnification.

Array comparative genomic hybridization (aCGH)

1 ug of DNA was labelled using a CGH labelling kit (Enzo Life Sciences), purified using the
QIAquick PCR purification kit (Qiagen), and run on an Agilent 4 x 44 K platform using either
Wessex NGRL design 017457 or design 028469. Hybridization, washing and scanning of the
arrays were all carried out according to the manufacturer’s protocols.

Whole exome sequencing

DNA was extracted using QIAamp DNA Extraction kit (Qiagen). For each line a DNA con-
centration of 30 ng/ul was used. Libraries were prepared using SureSelect Human All Exon
Capture v4 (Agilent), and sequenced with 100bp paired end reads on HiSeq platform (Illu-
mina), at the Biomedical Research Centre (BRC) Genomics Facility. Reads were aligned to the
human reference genome (h37) using NovoAlign (Novocraft), and somatic mutations were
called using VarScan2 [14] with alignments in Samtools pileup format [15]. Annotations were
then performed using ANNOVAR [16].
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Sanger sequencing

Sequencing was carried out using a Big Dye Terminator v3.1 cycle sequencing kit (Applied
Biosystems). Sequencing was carried out on the ABI 3730x1 96 capillary sequencer. All primers
used are listed in S1 Table.

Plasmid constructs and transfection

Mutations were introduced into full-length WT-BRCA1 pEGFP-N2 construct [4] by using Q5
Site-Directed Mutagenesis kit (NEB) following manufacturer’s protocol. Transfections of WT
and mutated BRCA1 constructs were carried out by using ProFection mammalian transfection
system (Promega) following manufacturer’s guidelines.

Western blot analysis

iPS cells were lysed in SDS lysis buffer containing a protease inhibitor cocktail (Roche). Lysates
were incubated at 100°C for 10 minutes, and sonicated using a Qsonica Water Bath Sonicator.
Western blots were then performed as previously described [17]. Antibodies used were as fol-
lows: anti-BRCA1 (D9 from Santa Cruz Technologies or Cell Signalling Technology), anti-
GFP (Roche), anti-Phospho ATM Ser1981 (Millipore), ATM (Cell Signalling) and anti-HSP90
(Enzo Life Sciences).

Chromosomal abnormality assay

iPS cells were irradiated with 1 Gy of ionising radiation (IR), using a gamma cell 1000 Elite
irradiator (137Cs source). Thirty minutes after IR, 0.1 pg/mL colcemid (ThermoFischer) was
added to all samples, and 120 minutes after IR cells were collected. Hypotonic Solution supple-
mented with 10 uM Rock inhibitor was added, and the hypotonic treatment was performed
for 10 minutes at room temperature. A drop of fix (3:1 methanol:glacial acetic acid) was
added, and the solution was mixed. Cells were centrifuged at 1,100 rpm for 5 minutes. Super-
natant was discarded and 5 mL of fix was added to the cells. Cells were centrifuged, and the fix-
ation step was repeated three times. The metaphase cells were then processed following
standard cytogenetic procedures, and chromosomal breaks were scored in >30 metaphase
cells, from three independent experiments, for each group.

HR reporter assay

An HR reporter construct was obtained from the group of Vera Gorbunova, (University of
Rochester) [18]. The construct was digested with I-Sce enzyme (NEB), purified from agarose
gel using a combination of Freeze ‘N Squeeze (Bio-Rad) and a QIAEXII Gel Extraction kit
(Qiagen). Nucleofection of iPS cells was carried out according to the protocol of Yang et al
(2014) [19]. In brief, 5x10° iPS cells were transfected with 2 pg linearised HR reporter con-
struct and 5 pg pDsRed-Express-N1 plasmid (Clontech; as transfection efficiency control) by
electroporation, using the Amaxa 4D-Nucleofector platform (program CB-150) and a P3 Pri-
mary Cell kit with nucleocuvette strip (Lonza) as per the manufacturer’s instructions. Cells
were recovered in one well of a 24-well plate, and grown for 72 hours. Flow cytometry was per-
formed on a BD LSRFortessa cell analyzer, and data were analyzed with Flow]o software
(TreeStar).
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Viability assay
iPS cells have been treated with 1 Gy of irradiation and seeded onto 96 well plates coated with

Matrigel. Cellular viability was assessed up to three days after the treatment by using Alamar
Blue (Thermo Fisher Scientific) following the manufacturer’s protocol.

YH2AX foci analysis with Amnis ImageStream™ Mk IT

At various time points after irradiation (1 Gy), cells were fixed with 4% PFA, and washes were
carried out using PBS containing 10% FBS and 0.02M EDTA. Samples were then permeabi-
lised with 0.1% Triton-X for 10 minutes, and blocked with PBS containing 10% FBS and
0.02M EDTA for 1 hour. Following incubation with FITC anti-yH2AX S139 antibody (Biole-
gend), samples were resuspended in 30 pl PBS containing 0.02 M EDTA and DAPI (2 pg/ml).
Stained cells were analysed using an ImageStream™ Mark II imaging flow cytometer, and all
images were captured at 40x magnification.

Firstly, single, focused and DAPI positive cells were selected. In order to analyse YH2AX
foci in the nucleus, the mask Object (M07, DAPI, Tight) was first applied. To permit more in-
depth analysis, a second mask of features was applied [Spot ((Object (M07, DAPI, Tight)),
vH2AX Bright, n;,n,) AND Peak (M02, YH2AX, bright, n;)], where n, represents spot to cell
background ratio, n, represents the radius of the spot, and n; represents the brightness of the
spot. This second mask allows the analysis of YH2AX foci, with specific size and brightness
compared to background. An average of 10,000 cells were analysed.

Mammosphere formation

iPS cells were dissociated into single cells, and 30,000 cells were seeded onto each well of an
ultra-low adherent suspension 6-well plate (Corning). Cells were cultured with Mammocult
media containing 4 pg/mL Heparin and 0,48 pg/mL Hydrocortisone (StemCell Technologies).
Cells were subcultured for up to three passages. Suspension cells were then collected, and cen-
trifuged at 350 g for 5 min, before spheres were dissociated using Trypsin (Thermofisher).
Cells were then passed through a 1 % Gauge needle to improve dissociation. Hank’s Balanced
Salt Solution (Sigma), supplemented with 2% FBS (Thermofisher), was added, and cells were
centrifuged at 350 g for 5 min. Supernatant was removed, and cells were resuspended in Mam-
mocult media, then seeded at a density of 2x10* per mL in ultra-low attachment 6-well plates
(Corning).

Mammosphere luminal and basal differentiation

Cells were collected in Mammary Epithelial Cell Growth Medium (MEBM) containing 2.5 ug
hEGF, 0.25 mg hydrocortisone, 2.5 mg insulin, and 35 mg bovine pituitary extract (BPE).
Mammospheres were dissociated, and resuspended in MEBM containing 2.5 pg hEGF, 0.25
mg hydrocortisone, 2.5 mg insulin, and 35 mg BPE (Lonza). Cells were seeded at a density of
30,000 cells per well on bovine Collagen I (ThermoFischer)-coated 24 well plates, and kept in
culture for up to 6 days before fixation and staining.

Results
Generation of iPS cell lines from BRCA1 variant carriers

Skin samples were obtained from pathogenic BRCA1 variant carriers and VUS BRCAL carri-
ers undergoing either risk-reducing mastectomy (K381X, A1708E) or tumour-removal surgery
(C61G, G462R, Y856H, D1733G, Q1811K, V1687G) (Fig 1A and 1B). The family history of
each individual with a VUS, including cancer type and age of onset where available, are
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Fig 1. BRCA1 variant carrier fibroblasts collected and reprogrammed into iPS cells. a Schematic representation of the human BRCA1 mRNA, with
pathogenic variants labelled in red, non-pathogenic labelled in green, and VUSs labelled in blue. BRCA1 exons are numbered from 2 to 24. b

Table summarising the BRCA1 status of the study subjects, with schematic representations of the human BRCAL1 protein variants. RING: Really Interesting
New Gene; NLS: Nuclear Localisation Signal; DBD: DNA Binding Domain; SCD: Serine Containing Domain; BRCT: BRCA1 C-Terminus. Data shown are up
to date as of January, 2020.

https://doi.org/10.1371/journal.pone.0260852.9001

described in S2A-S2E Fig. Three pathogenic [20, 21], two non-pathogenic and three VUS vari-
ant-carrying fibroblasts were reprogrammed using Sendai viral transduction, and the forma-
tion of iPS cell colonies was observed within a 10-15-day window (Fig 2A and 2B). Non-
BRCAI1 variant control iPS cells were generated by reprogramming fibroblasts obtained from
St John’s Institute of Dermatology and the HipSci Biobank (http://www.hipsci.org/). None of
the genotypes examined exhibited significant changes in iPS cell colony frequency (colonies
per number of cells infected) (S3 Fig).

Characterisation of BRCA]1 variant iPS cells

Following isolation of at least four independent colonies for each genotype, the expression of
conventional pluripotency markers (OCT3/4, NANOG, TRA-1-60 and TRA-1-81) was con-
firmed by immunofluorescence (Fig 2C, S4-S11 Figs). To further demonstrate pluripotency,
iPS cells were injected into the testes of severe combined immunodeficiency (SCID) mice: the
four lines tested (1IC61G_2,1K381X _1,1Y856H_2 and iWT1_2) successfully formed teratomas
without any differences in their differentiation potential (Fig 2D, S4-S6 Figs). The six other
lines were examined in vitro for three well-established germ layer markers: smooth muscle
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Fig 2. Derivation of iPS$ cells from fibroblasts and characterisation (example of iC61G_2). a Representative brightfield
images of reprogramming cells at the indicated time points during iPS cells reprogramming process. Emergence of the first
colonies was observed around day 7. White arrows show colonies. b Colonies adapted feeder free. Images were taken using an
Olympus ix50 microscope at 4x and 10x magnifications. Scale bars represent 250 pm. ¢ Representative staining for
pluripotency markers. Nuclei were counterstained with DAPI (blue). Images were taken using an Eclipse 50i upright
epifluorescence microscope at 50x magnification. Scale bars represent 100 um. d Representative histological analysis of
hematoxylin-eosin-stained images of sections of teratomas derived from iPS cells, showing all three germ-layers labelled

(1 = endoderm, 2 = mesoderm, 3 = ectoderm). Images were taken using a Zeiss Axioscope Z plus at x10 magnification. e
Representative aCGH graph.

https://doi.org/10.1371/journal.pone.0260852.9002
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actin (SMA), B-III Tubulin, and o.-Fetoprotein (S7-S11 Figs) [22]. Again, all lines were able to
differentiate without any obvious variations in their differentiation patterns. Taken together,
these results demonstrate that the iPS cell lines we generated are pluripotent, and contribute to
the development of all three germ layers: ectoderm (neural tube), endoderm (gut epithelium),
and mesoderm (cartilage). Additionally, all lines maintained genomic stability up to passage
P15, as demonstrated by the absence of significant abnormality in aCGH, and neither the
wild-type or the variant allele of BRCA1 was lost during the reprogramming process (Fig 2E).
These results have been confirmed by whole exome sequencing (WES) of fibroblast samples,
and their iPS cell lines derived, as no additional non-synonymous single nucleotide variants
(SNVs) predicted to be deleterious were acquired during reprogramming (S1 File) [23].

To examine the impact of BRCAL1 variants on BRCAL1 protein expression in each heterozy-
gous variant line, Western blot analyses were conducted (Fig 3A and 3B). As expected, a full-
length BRCAL1 protein was detected at a similar expression level in all pathogenic, non-patho-
genic and VUS iPS cell lines, compared to iWT1_2 and iWT2_2, with the exception of the
iK381X iPS cell line, which expresses a truncating heterozygous variant (Figs 1B, 3A and 3B).
In order to investigate the consequences of this variant for BRCA1 protein expression, we gen-
erated a K381X BRCA1 mutant construct by site-directed mutagenesis, and Western blot anal-
ysis revealed the expression of the K381X BRCA1 truncated protein in 293T cells (Fig 3C).

We next examined the ability of BRCA1 variant cells to form foci following induction of
DNA double-strand breaks by ionising radiation treatment. The expression of BRCA1 variants
studied here did not affect neither the formation nor the number of BRCA1 (Fig 3D) and
YH2AX foci (S12 Fig).

Additional variants present in heterozygous BRCA1 variant carriers

Heterozygous BRCAI variants can co-occur with other genetic mutations, for instance in
TP53 [24, 25]. Our whole exome sequencing data were then inspected for the presence of addi-
tional variants. Interestingly, only one known pathogenic variant-a mutation in the ATM
gene (c.C8373A:p.Y2791X)—was found in the non-pathogenic Y856H fibroblasts and iPS cells
(Fig 4A and 4B). This variant leads to a truncation in the kinase domain of ATM, thus abrogat-
ing its autophosphorylation on Ser1981, which is a prerequisite of its function at DNA damage
sites [26]. Here, despite the low quality of our Western blot, no ATM autophosphorylation was
observed in the iY856H_2 iPS cells compared to WT lines (Fig 4C). Importantly, the Y856H
BRCAI1 variant is classified as benign (Fig 1B). The presence of this additional variant in ATM
gene, therefore, may explain, at least partially, the strong family history of cancer (S2B Fig).

Reduced DNA double-strand break repair via HR in heterozygous BRCA1
variant carriers

Next, the proliferation rate of BRCA1 variants was assessed. While in the absence of treatment
the rate was similar in all four genotypes tested, as expected the two known pathogenic vari-
ants, C61G and K381X, were hypersensitive to ionising radiation (IR) treatment (Fig 5A) [27].
Interestingly, the iY856H_2 line, despite an ineffective ATM protein, did not present any
hypersensitivity to ionising radiation (IR) treatment, and responded in a similar way to the
two WT lines tested (Fig 5A).

In order to determine the consequences of this type of damage at a molecular level, YH2AX,
a well-established marker of DNA double-strand breaks, was analysed to monitor the level of
damage, and the kinetics of DNA damage repair following exposure to ionising radiation [28-
32]. Historically, analyses of YH2AX foci formation and clearance have been performed in
lymphoblastoid cell lines to ascertain the impact of BRCA1 variant expression and
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BRCA1

Truncated BRCA1
(GFP-tagged)

iA1708E_1

iD1733G_1 iV1687G_1 iQ1811K_1

Fig 3. Assessment of BRCA1 protein expression level in iPS cells derived from fibroblasts. a, b Expression levels demonstrated by Western blot of whole-
cell lysates extracted from iPS cell lines. HSP90 was used as the loading control. ¢ 293T cells were transfected with GFP-BRCA1-WT or variants. The truncated
form of BRCA1 is indicated by an arrow. HSP90 was used as the loading control. d Immunofluorescence staining for BRCA1 nuclear foci formation following
ionising radiation exposure. Nuclei were counterstained with DAPI (blue). Scale bars represent 10 pm.

https://doi.org/10.1371/journal.pone.0260852.9003

heterozygous status for BRCA1 and BRCA2 on sensitivity to radiation [33-35]. Here, a signifi-
cant increase in YH2AX foci was observed in all cell lines, which had been exposed to ionising
radiation 1 hour previously, compared to untreated cells (Fig 5B-5D, S13 Fig) [36]. However,
this induction was significantly lower in the two pathogenic lines, iC61G_2 and iK381X_1,
when compared to iWT1_2 and iWT2_2 control lines (respectively 44% and 43% versus 74%
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https://doi.org/10.1371/journal.pone.0260852.9g004

and 68%; Fig 5D), indicating that the repair response had become corrupted. Also, surpris-
ingly, no variation was observed between the two WT controls and the iY856H_2 line. None-
theless, all genotypes were capable of clearing YH2AX foci by 12 hours post-treatment, as
shown by a dramatic reduction in the number of nuclear foci present, which returned to the
untreated basal level (Fig 5C and 5D).

Since BRCAL1 plays an essential role in the maintenance of genomic stability via the Homol-
ogous Recombination (HR) pathway, HR repair assay is now the standard predictive tool
employed in the functional characterisation of BRCA1 variants [7, 37]. Here, in order to evalu-
ate the efficiency of the HR pathway in our eight different variant lines, a well-established
reporter system was used [18, 32]. The efficiency of repair via HR in the two WT iPS cell lines
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https://doi.org/10.1371/journal.pone.0260852.g006

tested, iWT1_2 and iWT2_2 (Fig 6A) showed a similar degree of efficiency. Analysis of the
three known pathogenic lines, iC61G_2, iK381X_1 and iA1708E_1, revealed a significant
reduction in the efficiency of repair compared to the two WT controls (Fig 6A). Importantly,
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HR repair activity in 4 out of 5 variants (iG462R_1,1Y856H_2,1D1733G_1 and iQ1811K_1)
tested was also highly inefficient when compared to WT controls (Fig 6A). Interestingly, VUS
iV1687G_1 did not show any deficiency in double-strand break repair via HR (Fig 6A).

Chromosomal aberrations are characteristic features of a deficient HR pathway, and histori-
cally, were the standard feature analysed to detect the pathogenic effects of heterozygous
BRCAI1 variants [34, 38-42]. Accordingly, all iPS cells were irradiated, and gaps and breaks
were quantified (Fig 6B). As expected, all genotypes presented a similar number of aberrations
before treatment, and a significantly higher number of aberrations in cells exposed to ionising
radiation compared to untreated cells (Fig 6B). While no difference was observed between the
three WT lines tested, all pathogenic, non-pathogenic and VUS lines compared with them
exhibited significantly more aberrations (Fig 6B).

BRCAL1 iPS cells maintain their differentiation potential

The differentiation potential of iPS cells represents one of the many advantages of using them
as a disease model [11, 43, 44]. Since BRCA1 has been shown to affect mammary differentia-
tion [45-47], we investigated whether the two known pathogenic variants and the Y856H non-
pathogenic variant could form non-adherent mammospheres under optimal conditions. As
shown in Fig 7A, all genotypes were able to differentiate into primary mammospheres without
any obvious variation in the number and size of spheres compared to the two WT lines, and
primary mammospheres from the two WT lines and the three variants tested gave rise to sec-
ondary and tertiary mammospheres, indicating the presence of self-renewing cells. Moreover,
the vast majority of cells forming mammospheres expressed the stem cell markers Nestin and
OCT-4 (Fig 7B).

Next, mammospheres were tested to determine whether they could be further differentiated
into luminal and basal lineages. Mammospheres disassociated into single cells were then cul-
tured in differentiation conditions, and stained for a luminal epithelial-specific marker, Cyto-
keratin 18 (CK18), and two basal epithelial-specific markers, Cytokeratin 14 (CK14) and
alpha-SMA (smooth muscle actin) [48, 49]. Expression of BRCAL1 variants did not alter the
capacity of mammospheres to differentiate into both lineages, as shown in Fig 7C (example of
iC61G_2).

Discussion

In this study, we investigated a number of iPS cell lines carrying different heterozygous
BRCAL variants, including three known pathogenic variants, two non-pathogenic variants
and three VUSs. All fibroblasts isolated from patients were reprogrammed successfully, and
none of the eight BRCA1 variants examined affected the attainment of pluripotency, or the
early development of the reprogrammed cells, which is in accordance with previous studies
[50, 51].

Since variant classification has important clinical implications, it clearly merits substantial
investigation. We speculated that iPS cells might represent an important means of standardis-
ing functional studies of BRCA1 variants. Indeed, all these previous studies are frequently
ambivalent, yielding different results depending on the cellular model used, and/or the func-
tional assay tested. More importantly, to date BRCA1 variants have been studied in isolation
i.e. without consideration of other genetic aberrations present in the patient. However, the
modern approach to cancer treatment requires a full understanding of the cancer phenotype if
adequate treatment is to be provided [52]. Because only BRCA1 status was recorded for the
fibroblast samples provided by our clinical collaborators, we therefore performed WES analy-
sis on all the iPS cell lines we generated, in order to characterise them further. Through this

PLOS ONE | https://doi.org/10.1371/journal.pone.0260852 December 2, 2021 13/22


https://doi.org/10.1371/journal.pone.0260852

PLOS ONE BRCA1 in DNA damage repair
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Fig 7. Differentiation of induced pluripotent stem cells into mammospheres. a Representative images of iWT1_2, iWT2_2, iC61G_2, iK381X_1 and
1Y856H_2 iPS cells differentiated into primary mammospheres using MammoCult medium. b Representative images of iPS cells-derived mammospheres
stained for two stem markers: Nestin (green) and OCT-4 (red). Nuclei were counterstained with DAPI (blue). Scale bars represent 10 um. ¢
Immunofluorescence staining for basal (CK14 and alpha-SMA) and luminal (CK18) markers on differentiated mammospheres. Nuclei were counterstained

with DAPI (blue). Scale bars represent 10 pm.

https://doi.org/10.1371/journal.pone.0260852.9007

analysis, we identified one known pathogenic variant in the Y856H lines. This truncating vari-
ant was found in the ATM gene, abolishing its kinase activity [53, 54], and thus probably
explaining the strong family history of cancer reported by the patient in question, who carried
a classified benign BRCAL1 variant [55]. The identification of the additional variant in this
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patient stresses the importance of establishing, a defined molecular signature; the ENIGMA
consortium (Evidence-based Network for the Interpretation of Germline Mutant Alleles), for
example, is currently working on this [52, 56-58].

Locus-specific loss of heterozygosity (LOH) (i.e. absence of wild-type BRCA1 copy) is
observed in BRCA1 breast cancers [59]; however, the impact of LOH on BRCA1 variants are
still under investigation [60]. All our iPS cell lines were generated from heterozygous BRCA1
variant carriers, and no loss of the wild-type copy in culture was observed (possibly because we
never used cell cultures higher than passage P15). The potential impact of BRCA1 LOH on
BRCALI VUS effects is of great interest as these results could drastically change the designation
of some VUSs [59]. Moreover, iPS cells could then be an adequate cellular model to study the
emergence of LOH, and help establishing whether BRCA1 LOH could be due to the extensive
genomic instability induced by BRCAL1 variant expression.

The three known pathogenic variants studied here, C61G [20], K381X and A1708E [21, 61-
63] presented reduced HR effectiveness and increased level of chromosomal aberrations,
reflecting strong defects in DNA repair, as expected. Therefore, we validated these two assays
to evaluate the four other variants (likely benign and VUS). Of the four other variants studied,
three were functionally impaired, with defective repair via the HR pathway as well as accumu-
lation of chromosome aberrations. The G462R variant was classified as likely to be pathogenic,
based on the level of conservation of the residue affected [64], and here we demonstrated its
inability to reliably repair DNA damage through the HR pathway. Moreover, the D1733G vari-
ant, which was classified as likely to be benign, based on two studies of VUS characterisation
in yeast [65, 66] and on a saturation genome editing study [67], was found by us to be func-
tionally impaired. This was also the case for the Q1811K variant, which had previously been
considered non-functional [65]. Only one VUS, V1687G, presented inconsistency between the
two assays performed. In the case of D1733G and V1687G, a deeper analysis of WES data
would be of interest, as VUSs might be found in other breast-cancer-related genes, thus
explaining these discrepant results. Thus, likewise genetic testing alone is unsatisfactory for the
classification of BRCA1 VUSs, functional assays appear also insufficient regardless of the cellu-
lar model used: establishing a reliable classification of variants will only be possible by integrat-
ing data from multiple sources such as family history, gene and protein structure and
functional assays [52, 58, 68].

A central advantage of iPS cell technology is the ability of iPS lines to differentiate into mul-
tiple lineages depending on the specific culture conditions adopted. This presents breast cancer
researchers with a golden opportunity to study their capacity to differentiate into multiple line-
ages, or to exhibit a tendency towards differentiation into one particular lineage. Here, we
demonstrated the ability of all iPS cell lines tested to differentiate into mammospheres under
suitable culture conditions, and have shown that these mammospheres in turn generated both
basal and luminal epithelial lineages. These data should therefore encourage the initiation of
new research studies designed to investigate further the differentiation potential of mammo-
spheres derived from BRCA1 variants (i.e. qualitative analysis of luminal versus basal differen-
tiation), their subsequent ability to engraft into mammary fat pads, and their tumorigenic
potential. In this way, iPS cells may constitute an important new tool for the better under-
standing of the pathophysiology and clinical evolution of breast cancer.

Supporting information

S1 Fig. Complete loss of reprogramming factors and Sendai virus sequences in all iP$ cells.
Tagman qPCR analysis of reprogramming factor and SeV sequences ina iWT1_2. b
iG462R_1.ciC61G_2.diD1733G_1.eiK381X_1.fiV1687G_1.giY856H_2.hiQI811K _1.i
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iA1708E_1 iPS cells compared to uninfected fibroblasts.
(ZIP)

S2 Fig. Pedigrees. a The six-generation pedigree of the BRCA1 G462R family. b The three-
generation pedigree of the BRCA1 Y856H family. ¢ The four-generation pedigree of the
BRCA1 D1733G family. d The four-generation pedigree of the BRCA1 Q1811K family. e The
five-generation pedigree of the BRCA1 V1687G family. Patient ages at the time of cancer
occurrence are located to the upper left of each symbol. Symbols coloured blue or purple indi-
cate patients with breast cancer or ovarian cancer, respectively; pink indicates skin cancer,
green indicates lung cancer, orange indicates prostate cancer, dark red indicates leukaemia,
and grey denotes cancers with an unknown primary site. A diagonal indicates deceased indi-
viduals. Numbers inside symbols indicate multiple individuals. Asterisks (*) identify patients
whose biopsies were used for iPS cell derivation. Nk = age at the time of cancer not known.
(ZIP)

S3 Fig. No impact of BRCA1 variants on the generation of iP$ cells. No variation of effi-
ciency to generate induced pluripotent stem cell (iPSC) colonies was observed between all iPS
cell lines.

(TIFF)

S4 Fig. Characterisation of iWT1_2 and iC61G_2 iPS cell line. a Representative staining for
pluripotency markers for iWT1_2. Nuclei were counterstained with DAPI (blue). Scale bars
represent 100 pm. b Representative histological analysis of hematoxylin-eosin-stained images
of sections of teratomas derived from iWT1_2 cells, showing all three germ-layers labelled

(1 = endoderm, 2 = mesoderm, 3 = ectoderm). ¢ Sanger sequencing showing WT sequence,
heterozygous C61G variant present in fibroblasts, and in iPS cells.

(TIFF)

S5 Fig. Characterisation of iK381X_1 iPS cell line. a Representative staining for pluripotency
markers. Nuclei were counterstained with DAPI (blue). Scale bars represent 100 um. b Repre-
sentative histological analysis of hematoxylin-eosin-stained images of sections of teratomas
derived from iPS cells, showing all three germ-layers labelled (1 = endoderm, 2 = mesoderm,

3 = ectoderm). ¢ Sanger sequencing showing WT sequence, heterozygous K381X variant pres-
ent in fibroblasts, and in iPS cells.

(TIFF)

S6 Fig. Characterisation of iY856H_2 iPS cell line. a Representative staining for pluripotency
markers. Nuclei were counterstained with DAPI (blue). Scale bars represent 100 um. b Repre-
sentative histological analysis of hematoxylin-eosin-stained images of sections of teratomas
derived from iPS cells, showing all three germ-layers labelled (1 = endoderm, 2 = mesoderm,

3 = ectoderm). ¢ Sanger sequencing showing WT sequence, heterozygous Y856H variant pres-
ent in fibroblasts, and in iPS cells.

(TIFF)

S7 Fig. Characterisation of iA1708E_1 IPS cell line. a Representative staining for pluripo-
tency markers. Nuclei were counterstained with DAPI (blue). Scale bars represent 100 um. b
Representative staining of in vitro differentiation potential of iPS cells using specific antibodies
against the endodermal marker o-Feto Protein, ectodermal marker B III Tubulin and meso-
dermal markers a-smooth muscle actin (SMA). Nuclei were counterstained with DAPI (blue).
Scale bars represent 100 pm. ¢ Sanger sequencing showing WT sequence, heterozygous
A1708E variant present in fibroblasts, and in iPS cells.

(TIFF)
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S8 Fig. Characterisation of iG462R _1 iPS cell line. a Representative staining for pluripotency
markers. Nuclei were counterstained with DAPI (blue). Scale bars represent 100 um. b Repre-
sentative staining of in vitro differentiation potential of iPS cells using specific antibodies
against the endodermal marker o-Feto Protein, ectodermal marker { III Tubulin and meso-
dermal markers a-smooth muscle actin (SMA). Nuclei were counterstained with DAPI (blue).
Scale bars represent 100 pm. ¢ Sanger sequencing showing WT sequence, heterozygous G462R
variant present in fibroblasts, and in iPS cells.

(TIFF)

S9 Fig. Characterisation of iV1687G_1 iPS cell line. a Representative staining for pluripo-
tency markers. Nuclei were counterstained with DAPI (blue). Scale bars represent 100 um. b
Representative staining of in vitro differentiation potential of iPS cells using specific antibodies
against the endodermal marker o-Feto Protein, ectodermal marker § III Tubulin and meso-
dermal markers a-smooth muscle actin (SMA). Nuclei were counterstained with DAPI (blue).
Scale bars represent 100 pm. ¢ Sanger sequencing showing WT sequence, heterozygous
V1687G variant present in fibroblasts, and in iPS cells.

(TIFF)

$10 Fig. Characterisation of iQ1811K_1 iPS cell line. a Representative staining for pluripo-
tency markers. Nuclei were counterstained with DAPI (blue). Scale bars represent 100 um. b
Representative staining of in vitro differentiation potential of iPS cells using specific antibodies
against the endodermal marker o-Feto Protein, ectodermal marker f III Tubulin and meso-
dermal markers o-smooth muscle actin (SMA). Nuclei were counterstained with DAPI (blue).
Scale bars represent 100 pm. ¢ Sanger sequencing showing WT sequence, heterozygous
Q1811K variant present in fibroblasts, and in iPS cells.

(TIFF)

S11 Fig. Characterisation of iD1733G_1 iPS cell line. a Representative staining for pluripo-
tency markers. Nuclei were counterstained with DAPI (blue). Scale bars represent 100 pm. b
Representative staining of in vitro differentiation potential of iPS cells using specific antibodies
against the endodermal marker o-Feto Protein, ectodermal marker B III Tubulin and meso-
dermal markers a-smooth muscle actin (SMA). Nuclei were counterstained with DAPI (blue).
Scale bars represent 100 pm. ¢ Sanger sequencing showing WT sequence, heterozygous
D1733G variant present in fibroblasts, and in iPS cells.

(TIFF)

S$12 Fig. Assessment of YH2AX protein expression level in iPS cells derived from fibro-
blasts. Immunofluorescence staining for YH2AX nuclear foci formation following ionising
radiation exposure. Nuclei were counterstained with DAPI (blue). Scale bars represent 10 um.
(TIFF)

$13 Fig. Quantification of YH2AX foci by ImageStreamX. Representative foci quantification
graphs for iWT1_2,iWT2_2,iC61G_2, iK381X_1 and iY856H_2 iPS cells before and after IR
treatment.

(TIFF)

S1 Table. List of primers used in this study.
(XLSX)

S1 File. Whole exome sequencing results.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0260852 December 2, 2021 17/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260852.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260852.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260852.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260852.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260852.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260852.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260852.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260852.s015
https://doi.org/10.1371/journal.pone.0260852

PLOS ONE

BRCA1 in DNA damage repair

S1 Raw images.
(TIFF)

Acknowledgments

The authors sincerely thank all those patients, and their families, who have generously donated
time, samples, and information. The authors are grateful for the collaboration of the breast
and plastic surgical teams, breast tissue bank co-ordinators, led by Cheryl Gillett, and the diag-
nostic DNA laboratory. They also wish to acknowledge their deep gratitude to Dusko Ilic and
his group, for their help and support throughout the project. The authors are indebted to all
members of the Biomedical Research Centre (BRC) Flow Cytometry Core Facility, and partic-
ularly to Pj Chana and Susanne Heck. The authors thank Alka Saxena (former Director, BRC
Genomics Core Facility) for her support in whole-exome sequencing analysis. The authors
also thank Davide Danovi and Fiona Watt for giving us access to their HipSci bank. Finally,
the authors would like to thank Elizabeth Manners for editing the manuscript.

Author Contributions
Conceptualization: Edwige Voisset, Ellen Solomon.
Funding acquisition: Meryem Ozgencil, Edwige Voisset, Ellen Solomon.

Investigation: Meryem Ozgencil, Ian Kesterton, Michael Simpson, Paul Sharpe, Edwige
Voisset.

Methodology: Meryem Ozgencil, Edwige Voisset.
Project administration: Edwige Voisset.

Resources: Julian Barwell, Marc Tischkowitz, Louise Izatt, Michael Simpson, Paul Sharpe,
Paulo de Sepulveda, Edwige Voisset.

Supervision: Edwige Voisset.

Validation: Meryem Ozgencil, Edwige Voisset.
Visualization: Edwige Voisset.

Writing - original draft: Meryem Ozgencil, Edwige Voisset.

Writing - review & editing: Meryem Ozgencil, Julian Barwell, Marc Tischkowitz, Louise
Izatt, Ian Kesterton, Michael Simpson, Paul Sharpe, Paulo de Sepulveda, Edwige Voisset,
Ellen Solomon.

References

1. BrayF, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLO-
BOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: A Cancer
Journal for Clinicians. 2018; 68(6):394—424. https://doi.org/10.3322/caac.21492 PMID: 30207593

2. SungH, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global Cancer Statistics
2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries.
CA: A Cancer Journal for Clinicians. 2021; 71(3):209—49. https://doi.org/10.3322/caac.21660 PMID:
33538338

3. SemmlerL, Reiter-Brennan C, Klein A. BRCA1 and Breast Cancer: a Review of the Underlying Mecha-
nisms Resulting in the Tissue-Specific Tumorigenesis in Mutation Carriers. J Breast Cancer. 2019; 22
(1):1—14. https://doi.org/10.4048/jbc.2019.22.e6 PMID: 30941229; PubMed Central PMCID:
PMC6438831.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260852 December 2, 2021 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260852.s016
https://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
https://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.4048/jbc.2019.22.e6
http://www.ncbi.nlm.nih.gov/pubmed/30941229
https://doi.org/10.1371/journal.pone.0260852

PLOS ONE

BRCA1 in DNA damage repair

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Morris JR, Solomon E. BRCA1: BARD1 induces the formation of conjugated ubiquitin structures,
dependent on K6 of ubiquitin, in cells during DNA replication and repair. Hum Mol Genet. 2004; 13
(8):807—17. https://doi.org/10.1093/hmg/ddh095 PMID: 14976165.

Sharma B, Preet Kaur R, Raut S, Munshi A. BRCA1 mutation spectrum, functions, and therapeutic
strategies: The story so far. Curr Probl Cancer. 2018; 42(2):189-207. https://doi.org/10.1016/j.
currproblcancer.2018.01.001 PMID: 29452958.

Chen CC, Feng W, Lim PX, Kass EM, Jasin M. Homology-Directed Repair and the Role of BRCA1,
BRCAZ2, and Related Proteins in Genome Integrity and Cancer. Annu Rev Cancer Biol. 2018; 2:313—
36. hitps://doi.org/10.1146/annurev-cancerbio-030617-050502 PMID: 30345412; PubMed Central
PMCID: PMC6193498.

Toland AE, Andreassen PR. DNA repair-related functional assays for the classification of BRCA1 and
BRCA2 variants: a critical review and needs assessment. J Med Genet. 2017; 54(11):721-31. https://
doi.org/10.1136/jmedgenet-2017-104707 PMID: 28866612.

Bouwman P, van der Gulden H, van der Heijden |, Drost R, Klijn CN, Prasetyanti P, et al. A high-
throughput functional complementation assay for classification of BRCA1 missense variants. Cancer
Discov. 2013; 3(10):1142-55. https://doi.org/10.1158/2159-8290.CD-13-0094 PMID: 23867111.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction of pluripotent stem
cells from adult human fibroblasts by defined factors. Cell. 2007; 131(5):861—72. https://doi.org/10.
1016/j.cell.2007.11.019 PMID: 18035408.

Halevy T, Urbach A. Comparing ESC and iPSC-Based Models for Human Genetic Disorders. J Clin
Med. 2014; 3(4):1146-62. https://doi.org/10.3390/jcm3041146 PMID: 26237596; PubMed Central
PMCID: PMC4470175.

Lee DF, Su J, Kim HS, Chang B, Papatsenko D, Zhao R, et al. Modeling familial cancer with induced
pluripotent stem cells. Cell. 2015; 161(2):240-54. https://doi.org/10.1016/j.cell.2015.02.045 PMID:
25860607; PubMed Central PMCID: PMC4397979.

Silva TP, Pereira CA, Oliveira AR, Raposo AC, Arez M, Cabral JMS, et al. Generation and characteriza-
tion of induced pluripotent stem cells from a family carrying the BRCA1 mutation c.3612delA. Stem Cell
Research. 2021; 52:102242. https://doi.org/10.1016/j.scr.2021.102242 PMID: 33631522

llic D, Stephenson E, Wood V, Jacquet L, Stevenson D, Petrova A, et al. Derivation and feeder-free
propagation of human embryonic stem cells under xeno-free conditions. Cytotherapy. 2012; 14(1):122—
8. https://doi.org/10.3109/14653249.2011.623692 PMID: 22029654.

Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, Lin L, et al. VarScan 2: somatic mutation and
copy number alteration discovery in cancer by exome sequencing. Genome Res. 2012; 22(3):568-76.
https://doi.org/10.1101/gr.129684.111 PMID: 22300766; PubMed Central PMCID: PMC3290792.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format
and SAMtools. Bioinformatics. 2009; 25(16):2078-9. https://doi.org/10.1093/bicinformatics/btp352
PMID: 19505943; PubMed Central PMCID: PMC2723002.

Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants from high-through-
put sequencing data. Nucleic Acids Res. 2010; 38(16):e164. https://doi.org/10.1093/nar/gkq603 PMID:
20601685; PubMed Central PMCID: PMC2938201.

Grey W, lvey A, Milne TA, Haferlach T, Grimwade D, Uhlmann F, et al. The Cks1/Cks2 axis fine-tunes
MII1 expression and is crucial for MLL-rearranged leukaemia cell viability. Biochim Biophys Acta Mol
Cell Res. 2018; 1865(1):105—16. https://doi.org/10.1016/j.bbamcr.2017.09.009 PMID: 28939057;
PubMed Central PMCID: PMC5701546.

Mao Z, Bozzella M, Seluanov A, Gorbunova V. DNA repair by nonhomologous end joining and homolo-
gous recombination during cell cycle in human cells. Cell Cycle. 2008; 7(18):2902-6. https://doi.org/10.
4161/cc.7.18.6679 PMID: 18769152; PubMed Central PMCID: PMC2754209.

Yang L, Grishin D, Wang G, Aach J, Zhang CZ, Chari R, et al. Targeted and genome-wide sequencing
reveal single nucleotide variations impacting specificity of Cas9 in human stem cells. Nat Commun.
2014; 5:5507. https://doi.org/10.1038/ncomms6507 PMID: 25425480; PubMed Central PMCID:
PMC4352754.

Drost R, Bouwman P, Rottenberg S, Boon U, Schut E, Klarenbeek S, et al. BRCA1 RING function is
essential for tumor suppression but dispensable for therapy resistance. Cancer Cell. 2011; 20(6):797—
809. https://doi.org/10.1016/j.ccr.2011.11.014 PMID: 22172724.

Lovelock PK, Healey S, Au W, Sum EY, Tesoriero A, Wong EM, et al. Genetic, functional, and histo-
pathological evaluation of two C-terminal BRCA1 missense variants. J Med Genet. 2006; 43(1):74-83.
https://doi.org/10.1136/jmg.2005.033258 PMID: 15923272; PubMed Central PMCID: PMC2564506.

Devito L, Jacquet L, Petrova A, Miere C, Wood V, Kadeva N, et al. Generation of KCL034 clinical grade
human embryonic stem cell line. Stem Cell Res. 2016; 16(1):184—8. https://doi.org/10.1016/j.scr.2015.
12.034 PMID: 27345810; PubMed Central PMCID: PMC4757774.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260852 December 2, 2021 19/22


https://doi.org/10.1093/hmg/ddh095
http://www.ncbi.nlm.nih.gov/pubmed/14976165
https://doi.org/10.1016/j.currproblcancer.2018.01.001
https://doi.org/10.1016/j.currproblcancer.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29452958
https://doi.org/10.1146/annurev-cancerbio-030617-050502
http://www.ncbi.nlm.nih.gov/pubmed/30345412
https://doi.org/10.1136/jmedgenet-2017-104707
https://doi.org/10.1136/jmedgenet-2017-104707
http://www.ncbi.nlm.nih.gov/pubmed/28866612
https://doi.org/10.1158/2159-8290.CD-13-0094
http://www.ncbi.nlm.nih.gov/pubmed/23867111
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408
https://doi.org/10.3390/jcm3041146
http://www.ncbi.nlm.nih.gov/pubmed/26237596
https://doi.org/10.1016/j.cell.2015.02.045
http://www.ncbi.nlm.nih.gov/pubmed/25860607
https://doi.org/10.1016/j.scr.2021.102242
http://www.ncbi.nlm.nih.gov/pubmed/33631522
https://doi.org/10.3109/14653249.2011.623692
http://www.ncbi.nlm.nih.gov/pubmed/22029654
https://doi.org/10.1101/gr.129684.111
http://www.ncbi.nlm.nih.gov/pubmed/22300766
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/20601685
https://doi.org/10.1016/j.bbamcr.2017.09.009
http://www.ncbi.nlm.nih.gov/pubmed/28939057
https://doi.org/10.4161/cc.7.18.6679
https://doi.org/10.4161/cc.7.18.6679
http://www.ncbi.nlm.nih.gov/pubmed/18769152
https://doi.org/10.1038/ncomms6507
http://www.ncbi.nlm.nih.gov/pubmed/25425480
https://doi.org/10.1016/j.ccr.2011.11.014
http://www.ncbi.nlm.nih.gov/pubmed/22172724
https://doi.org/10.1136/jmg.2005.033258
http://www.ncbi.nlm.nih.gov/pubmed/15923272
https://doi.org/10.1016/j.scr.2015.12.034
https://doi.org/10.1016/j.scr.2015.12.034
http://www.ncbi.nlm.nih.gov/pubmed/27345810
https://doi.org/10.1371/journal.pone.0260852

PLOS ONE

BRCA1 in DNA damage repair

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Stirparo GG, Smith A, Guo G. Cancer-Related Mutations Are Not Enriched in Naive Human Pluripotent
Stem Cells. Cell Stem Cell. 2021; 28(1):164-9.e2. https://doi.org/10.1016/j.stem.2020.11.014 PMID:
33321074

Greenblatt MS, Chappuis PO, Bond JP, Hamel N, Foulkes WD. TP53 mutations in breast cancer asso-
ciated with BRCA1 or BRCA2 germ-line mutations: distinctive spectrum and structural distribution. Can-
cer Res. 2001; 61(10):4092—7. PMID: 11358831.

Holstege H, Joosse SA, van Oostrom CT, Nederlof PM, de Vries A, Jonkers J. High incidence of pro-
tein-truncating TP53 mutations in BRCA1-related breast cancer. Cancer Res. 2009; 69(8):3625-33.
https://doi.org/10.1158/0008-5472.CAN-08-3426 PMID: 19336573.

Kozlov SV, Graham ME, Peng C, Chen P, Robinson PJ, Lavin MF. Involvement of novel autophosphor-
ylation sites in ATM activation. EMBO J. 2006; 25(15):3504—14. https://doi.org/10.1038/sj.emboj.
7601231 PMID: 16858402; PubMed Central PMCID: PMC1538573.

Cochran RL, Cidado J, Kim M, Zabransky DJ, Croessmann S, Chu D, et al. Functional isogenic model-
ing of BRCA1 alleles reveals distinct carrier phenotypes. Oncotarget. 2015; 6(28):25240-51. https://doi.
org/10.18632/oncotarget.4595 PMID: 26246475; PubMed Central PMCID: PMC4694828.

Giunta S, Belotserkovskaya R, Jackson SP. DNA damage signaling in response to double-strand
breaks during mitosis. J Cell Biol. 2010; 190(2):197—-207. https://doi.org/10.1083/jcb.200911156 PMID:
20660628; PubMed Central PMCID: PMC2930281.

Mariotti LG, Pirovano G, Savage Kl, Ghita M, Ottolenghi A, Prise KM, et al. Use of the gamma-H2AX
assay to investigate DNA repair dynamics following multiple radiation exposures. PLoS One. 2013; 8
(11):€79541. https://doi.org/10.1371/journal.pone.0079541 PMID: 24312182; PubMed Central PMCID:
PMC3843657.

Paull TT, Rogakou EP, Yamazaki V, Kirchgessner CU, Gellert M, Bonner WM. A critical role for histone
H2AX in recruitment of repair factors to nuclear foci after DNA damage. Curr Biol. 2000; 10(15):886-95.
https://doi.org/10.1016/s0960-9822(00)00610-2 PMID: 10959836.

Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. DNA double-stranded breaks induce histone
H2AX phosphorylation on serine 139. J Biol Chem. 1998; 273(10):5858-68. https://doi.org/10.1074/jbc.
273.10.5858 PMID: 9488723

Voisset E, Moravcsik E, Stratford EW, Jaye A, Palgrave CJ, Hills RK, et al. Pml nuclear body disruption
cooperates in APL pathogenesis and impairs DNA damage repair pathways in mice. Blood. 2018; 131
(6):636—48. https://doi.org/10.1182/blood-2017-07-794784 PMID: 29191918; PubMed Central PMCID:
PMC5805489.

Bourton EC, Plowman PN, Zahir SA, Senguloglu GU, Serrai H, Bottley G, et al. Multispectral imaging
flow cytometry reveals distinct frequencies of gamma-H2AX foci induction in DNA double strand break
repair defective human cell lines. Cytometry A. 2012; 81(2):130-7. hitps://doi.org/10.1002/cyto.a.
21171 PMID: 22170789; PubMed Central PMCID: PMC3489045.

Kotsopoulos J, Chen Z, Vallis KA, Poll A, Ainsworth P, Narod SA. DNA repair capacity as a possible bio-
marker of breast cancer risk in female BRCA1 mutation carriers. Br J Cancer. 2007; 96(1):118-25.
https://doi.org/10.1038/sj.bjc.6603528 PMID: 17213827; PubMed Central PMCID: PMC2360222.

Vaclova T, Gomez-Lopez G, Setien F, Bueno JM, Macias JA, Barroso A, et al. DNA repair capacity is
impaired in healthy BRCA1 heterozygous mutation carriers. Breast Cancer Res Treat. 2015; 152
(2):271-82. https://doi.org/10.1007/s10549-015-3459-3 PMID: 26071757.

Vignard J, Mirey G, Salles B. lonizing-radiation induced DNA double-strand breaks: A direct and indirect
lighting up. Radiotherapy and Oncology. 2013; 108(3):362-9. https://doi.org/10.1016/j.radonc.2013.06.
013 PMID: 23849169

Ransburgh DJ, Chiba N, Ishioka C, Toland AE, Parvin JD. Identification of breast tumor mutations in
BRCAT1 that abolish its function in homologous DNA recombination. Cancer Res. 2010; 70(3):988-95.
https://doi.org/10.1158/0008-5472.CAN-09-2850 PMID: 20103620; PubMed Central PMCID:
PMC2943742.

Barwell J, Pangon L, Georgiou A, Kesterton |, Langman C, Arden-Jones A, et al. Lymphocyte radiosen-
sitivity in BRCA1 and BRCA2 mutation carriers and implications for breast cancer susceptibility. Int J
Cancer. 2007; 121(7):1631-6. https://doi.org/10.1002/ijc.22915 PMID: 17582599.

Buchholz TA, Wu X, Hussain A, Tucker SL, Mills GB, Haffty B, et al. Evidence of haplotype insufficiency
in human cells containing a germline mutation in BRCA1 or BRCA2. Int J Cancer. 2002; 97(5):557—-61.
https://doi.org/10.1002/ijc.10109 PMID: 11807777.

Ernestos B, Nikolaos P, Koulis G, Eleni R, Konstantinos B, Alexandra G, et al. Increased chromosomal
radiosensitivity in women carrying BRCA1/BRCA2 mutations assessed with the G2 assay. Int J Radiat
Oncol Biol Phys. 2010; 76(4):1199-205. https://doi.org/10.1016/}.ijrobp.2009.10.020 PMID: 20206018.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260852 December 2, 2021 20/22


https://doi.org/10.1016/j.stem.2020.11.014
http://www.ncbi.nlm.nih.gov/pubmed/33321074
http://www.ncbi.nlm.nih.gov/pubmed/11358831
https://doi.org/10.1158/0008-5472.CAN-08-3426
http://www.ncbi.nlm.nih.gov/pubmed/19336573
https://doi.org/10.1038/sj.emboj.7601231
https://doi.org/10.1038/sj.emboj.7601231
http://www.ncbi.nlm.nih.gov/pubmed/16858402
https://doi.org/10.18632/oncotarget.4595
https://doi.org/10.18632/oncotarget.4595
http://www.ncbi.nlm.nih.gov/pubmed/26246475
https://doi.org/10.1083/jcb.200911156
http://www.ncbi.nlm.nih.gov/pubmed/20660628
https://doi.org/10.1371/journal.pone.0079541
http://www.ncbi.nlm.nih.gov/pubmed/24312182
https://doi.org/10.1016/s0960-9822%2800%2900610-2
http://www.ncbi.nlm.nih.gov/pubmed/10959836
https://doi.org/10.1074/jbc.273.10.5858
https://doi.org/10.1074/jbc.273.10.5858
http://www.ncbi.nlm.nih.gov/pubmed/9488723
https://doi.org/10.1182/blood-2017-07-794784
http://www.ncbi.nlm.nih.gov/pubmed/29191918
https://doi.org/10.1002/cyto.a.21171
https://doi.org/10.1002/cyto.a.21171
http://www.ncbi.nlm.nih.gov/pubmed/22170789
https://doi.org/10.1038/sj.bjc.6603528
http://www.ncbi.nlm.nih.gov/pubmed/17213827
https://doi.org/10.1007/s10549-015-3459-3
http://www.ncbi.nlm.nih.gov/pubmed/26071757
https://doi.org/10.1016/j.radonc.2013.06.013
https://doi.org/10.1016/j.radonc.2013.06.013
http://www.ncbi.nlm.nih.gov/pubmed/23849169
https://doi.org/10.1158/0008-5472.CAN-09-2850
http://www.ncbi.nlm.nih.gov/pubmed/20103620
https://doi.org/10.1002/ijc.22915
http://www.ncbi.nlm.nih.gov/pubmed/17582599
https://doi.org/10.1002/ijc.10109
http://www.ncbi.nlm.nih.gov/pubmed/11807777
https://doi.org/10.1016/j.ijrobp.2009.10.020
http://www.ncbi.nlm.nih.gov/pubmed/20206018
https://doi.org/10.1371/journal.pone.0260852

PLOS ONE

BRCA1 in DNA damage repair

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Nieuwenhuis B, Van Assen-Bolt AJ, Van Waarde-Verhagen MA, Sijmons RH, Van der Hout AH, Bauch
T, etal. BRCA1 and BRCA2 heterozygosity and repair of X-ray-induced DNA damage. Int J Radiat Biol.
2002; 78(4):285-95. https://doi.org/10.1080/09553000110097974 PMID: 12020440.

Xu X, Weaver Z, Linke SP, Li C, Gotay J, Wang XW, et al. Centrosome amplification and a defective
G2-M cell cycle checkpoint induce genetic instability in BRCA1 exon 11 isoform-deficient cells. Mol Cell.
1999; 3(3):389-95. https://doi.org/10.1016/s1097-2765(00)80466-9 PMID: 10198641.

Marin Navarro A, Susanto E, Falk A, Wilhelm M. Modeling cancer using patient-derived induced pluripo-
tent stem cells to understand development of childhood malignancies. Cell Death Discov. 2018; 4:7.
https://doi.org/10.1038/s41420-017-0009-2 PMID: 29531804; PubMed Central PMCID: PMC5841293.

Susanto E, Marin Navarro A, Zhou L, Sundstrom A, van Bree N, Stantic M, et al. Modeling SHH-driven
medulloblastoma with patient iPS cell-derived neural stem cells. Proc Natl Acad Sci U S A. 2020.
https://doi.org/10.1073/pnas.1920521117 PMID: 32747535

Burga LN, Tung NM, Troyan SL, Bostina M, Konstantinopoulos PA, Fountzilas H, et al. Altered prolifera-
tion and differentiation properties of primary mammary epithelial cells from BRCA1 mutation carriers.
Cancer Res. 2009; 69(4):1273-8. https://doi.org/10.1158/0008-5472.CAN-08-2954 PMID: 19190334;
PubMed Central PMCID: PMC3041511.

Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, et al. Aberrant luminal progenitors as the candidate
target population for basal tumor development in BRCA1 mutation carriers. Nat Med. 2009; 15(8):907—
13. https://doi.org/10.1038/nm.2000 PMID: 19648928.

Proia TA, Keller PJ, Gupta PB, Klebba |, Jones AD, Sedic M, et al. Genetic predisposition directs breast
cancer phenotype by dictating progenitor cell fate. Cell Stem Cell. 2011; 8(2):149-63. https://doi.org/10.
1016/j.stem.2010.12.007 PMID: 21295272; PubMed Central PMCID: PMC3050563.

Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke MF, Kawamura MJ, et al. In vitro propagation
and transcriptional profiling of human mammary stem/progenitor cells. Genes Dev. 2003; 17(10):1253—
70. https://doi.org/10.1101/gad.1061803 PMID: 12756227; PubMed Central PMCID: PMC196056.

Grimshaw MJ, Cooper L, Papazisis K, Coleman JA, Bohnenkamp HR, Chiapero-Stanke L, et al. Mam-
mosphere culture of metastatic breast cancer cells enriches for tumorigenic breast cancer cells. Breast
Cancer Res. 2008; 10(3):R52. https://doi.org/10.1186/bcr2106 PMID: 18541018; PubMed Central
PMCID: PMC2481500.

QuY, Han B, Gao B, Bose S, Gong Y, Wawrowsky K, et al. Differentiation of Human Induced Pluripo-
tent Stem Cells to Mammary-like Organoids. Stem Cell Reports. 2017; 8(2):205-15. https://doi.org/10.
1016/j.stemcr.2016.12.023 PMID: 28132888; PubMed Central PMCID: PMC5312254.

Soyombo AA, Wu 'Y, Kolski L, Rios JJ, Rakheja D, Chen A, et al. Analysis of induced pluripotent stem
cells from a BRCA1 mutant family. Stem Cell Reports. 2013; 1(4):336—49. hitps://doi.org/10.1016/].
stemcr.2013.08.004 PMID: 24319668; PubMed Central PMCID: PMC3849250.

LiH, LaDuca H, Pesaran T, Chao EC, Dolinsky JS, Parsons M, et al. Classification of variants of uncer-
tain significance in BRCA1 and BRCA2 using personal and family history of cancer from individuals in a
large hereditary cancer multigene panel testing cohort. Genetics in Medicine. 2019; 22(4):701-8.
https://doi.org/10.1038/s41436-019-0729-1 PMID: 31853058

Broeks A, de Klein A, Floore AN, Muijtiens M, Kleijer WJ, Jaspers NG, et al. ATM germline mutations in
classical ataxia-telangiectasia patients in the Dutch population. Hum Mutat. 1998; 12(5):330-7. https:/
doi.org/10.1002/(SICI)1098-1004(1998)12:5<330::AID-HUMU6>3.0.CO;2-H PMID: 9792409.

Verhagen MM, Last JI, Hogervorst FB, Smeets DF, Roeleveld N, Verheijen F, et al. Presence of ATM
protein and residual kinase activity correlates with the phenotype in ataxia-telangiectasia: a genotype-
phenotype study. Hum Mutat. 2012; 33(3):561-71. https://doi.org/10.1002/humu.22016 PMID:
22213089.

Toh GT, Kang P, Lee SS, Lee DS, Lee SY, Selamat S, et al. BRCA1 and BRCA2 germline mutations in
Malaysian women with early-onset breast cancer without a family history. PLoS One. 2008; 3(4):e2024.
https://doi.org/10.1371/journal.pone.0002024 PMID: 18431501; PubMed Central PMCID:
PMC2295262.

Angus L, Smid M, Wilting SM, van Riet J, Van Hoeck A, Nguyen L, et al. The genomic landscape of met-
astatic breast cancer highlights changes in mutation and signature frequencies. Nat Genet. 2019; 51
(10):1450-8. https://doi.org/10.1038/s41588-019-0507-7 PMID: 31570896; PubMed Central PMCID:
PMC6858873.

Figlioli G, Kvist A, Tham E, Soukupova J, Kleiblova P, Muranen T, et al. The Spectrum of FANCM Pro-
tein Truncating Variants in European Breast Cancer Cases. Cancers. 2020; 12(2):292. https://doi.org/
10.3390/cancers12020292 PMID: 31991861

Parsons MT, Tudini E, Li H, Hahnen E, Wappenschmidt B, Feliubadalé L, et al. Large scale multifacto-
rial likelihood quantitative analysis of BRCA1 and BRCA2 variants: An ENIGMA resource to support

PLOS ONE | https://doi.org/10.1371/journal.pone.0260852 December 2, 2021 21/22


https://doi.org/10.1080/09553000110097974
http://www.ncbi.nlm.nih.gov/pubmed/12020440
https://doi.org/10.1016/s1097-2765%2800%2980466-9
http://www.ncbi.nlm.nih.gov/pubmed/10198641
https://doi.org/10.1038/s41420-017-0009-2
http://www.ncbi.nlm.nih.gov/pubmed/29531804
https://doi.org/10.1073/pnas.1920521117
http://www.ncbi.nlm.nih.gov/pubmed/32747535
https://doi.org/10.1158/0008-5472.CAN-08-2954
http://www.ncbi.nlm.nih.gov/pubmed/19190334
https://doi.org/10.1038/nm.2000
http://www.ncbi.nlm.nih.gov/pubmed/19648928
https://doi.org/10.1016/j.stem.2010.12.007
https://doi.org/10.1016/j.stem.2010.12.007
http://www.ncbi.nlm.nih.gov/pubmed/21295272
https://doi.org/10.1101/gad.1061803
http://www.ncbi.nlm.nih.gov/pubmed/12756227
https://doi.org/10.1186/bcr2106
http://www.ncbi.nlm.nih.gov/pubmed/18541018
https://doi.org/10.1016/j.stemcr.2016.12.023
https://doi.org/10.1016/j.stemcr.2016.12.023
http://www.ncbi.nlm.nih.gov/pubmed/28132888
https://doi.org/10.1016/j.stemcr.2013.08.004
https://doi.org/10.1016/j.stemcr.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24319668
https://doi.org/10.1038/s41436-019-0729-1
http://www.ncbi.nlm.nih.gov/pubmed/31853058
https://doi.org/10.1002/%28SICI%291098-1004%281998%2912%3A5%26lt%3B330%3A%3AAID-HUMU6%26gt%3B3.0.CO%3B2-H
https://doi.org/10.1002/%28SICI%291098-1004%281998%2912%3A5%26lt%3B330%3A%3AAID-HUMU6%26gt%3B3.0.CO%3B2-H
http://www.ncbi.nlm.nih.gov/pubmed/9792409
https://doi.org/10.1002/humu.22016
http://www.ncbi.nlm.nih.gov/pubmed/22213089
https://doi.org/10.1371/journal.pone.0002024
http://www.ncbi.nlm.nih.gov/pubmed/18431501
https://doi.org/10.1038/s41588-019-0507-7
http://www.ncbi.nlm.nih.gov/pubmed/31570896
https://doi.org/10.3390/cancers12020292
https://doi.org/10.3390/cancers12020292
http://www.ncbi.nlm.nih.gov/pubmed/31991861
https://doi.org/10.1371/journal.pone.0260852

PLOS ONE

BRCA1 in DNA damage repair

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

clinical variant classification. Human Mutation. 2019; 40(9):1557—-78. https://doi.org/10.1002/humu.
23818 PMID: 31131967

Maxwell KN, Wubbenhorst B, Wenz BM, De Sloover D, Pluta J, Emery L, et al. BRCA locus-specific
loss of heterozygosity in germline BRCA1 and BRCAZ2 carriers. Nature Communications. 2017; 8(1).
https://doi.org/10.1038/s41467-017-00388-9 PMID: 28831036

Kechin AA, Boyarskikh UA, Ermolenko NA, Tyulyandina AS, Lazareva DG, Avdalyan AM, et al. Loss of
Heterozygosity in BRCA1 and BRCA2 Genes in Patients with Ovarian Cancer and Probability of Its Use
for Clinical Classification of Variations. Bulletin of Experimental Biology and Medicine. 2018; 165(1):94—
100. https://doi.org/10.1007/s10517-018-4107-9 PMID: 29797126

Chapman MS, Verma IM. Transcriptional activation by BRCA1. Nature. 1996; 382(6593):678-9. https://
doi.org/10.1038/382678a0 PMID: 8751436

Humphrey JS, Salim A, Erdos MR, Collins FS, Brody LC, Klausner RD. Human BRCA1 inhibits growth
in yeast: potential use in diagnostic testing. Proc Natl Acad Sci U S A. 1997; 94(11):5820-5. hitps://doi.
org/10.1073/pnas.94.11.5820 PubMed Central PMCID: PMC20864. PMID: 9159158

Monteiro AN, August A, Hanafusa H. Evidence for a transcriptional activation function of BRCA1 C-ter-
minal region. Proc Natl Acad Sci U S A. 1996; 93(24):13595-9. https://doi.org/10.1073/pnas.93.24.
13595 PubMed Central PMCID: PMC19361. PMID: 8942979

Fleming MA, Potter JD, Ramirez CJ, Ostrander GK, Ostrander EA. Understanding missense mutations
in the BRCA1 gene: an evolutionary approach. Proc Natl Acad Sci U S A. 2003; 100(3):1151-6. https://
doi.org/10.1073/pnas.0237285100 PMID: 12531920; PubMed Central PMCID: PMC298742.

Hayes F, Cayanan C, Barilla D, Monteiro AN. Functional assay for BRCA1: mutagenesis of the COOH-
terminal region reveals critical residues for transcription activation. Cancer Res. 2000; 60(9):2411-8.
PMID: 10811118; PubMed Central PMCID: PMC4893312.

Vallon-Christersson J, Cayanan C, Haraldsson K, Loman N, Bergthorsson JT, Brondum-Nielsen K,

et al. Functional analysis of BRCA1 C-terminal missense mutations identified in breast and ovarian can-
cer families. Hum Mol Genet. 2001; 10(4):353-60. https://doi.org/10.1093/hmg/10.4.353 PMID:
11157798; PubMed Central PMCID: PMC4756649.

Findlay GM, Daza RM, Martin B, Zhang MD, Leith AP, Gasperini M, et al. Accurate classification of
BRCAT1 variants with saturation genome editing. Nature. 2018; 562(7726):217—-22. https://doi.org/10.
1038/541586-018-0461-z PMID: 30209399

Caputo SM, Golmard L, Léone M, Damiola F, Guillaud-Bataille M, Revillion F, et al. Classification of 101
BRCA1 and BRCA2 variants of uncertain significance by cosegregation study: A powerful approach.
The American Journal of Human Genetics. 2021; 108(10):1907-23. https://doi.org/10.1016/j.ajhg.
2021.09.003 PMID: 34597585

PLOS ONE | https://doi.org/10.1371/journal.pone.0260852 December 2, 2021 22/22


https://doi.org/10.1002/humu.23818
https://doi.org/10.1002/humu.23818
http://www.ncbi.nlm.nih.gov/pubmed/31131967
https://doi.org/10.1038/s41467-017-00388-9
http://www.ncbi.nlm.nih.gov/pubmed/28831036
https://doi.org/10.1007/s10517-018-4107-9
http://www.ncbi.nlm.nih.gov/pubmed/29797126
https://doi.org/10.1038/382678a0
https://doi.org/10.1038/382678a0
http://www.ncbi.nlm.nih.gov/pubmed/8751436
https://doi.org/10.1073/pnas.94.11.5820
https://doi.org/10.1073/pnas.94.11.5820
http://www.ncbi.nlm.nih.gov/pubmed/9159158
https://doi.org/10.1073/pnas.93.24.13595
https://doi.org/10.1073/pnas.93.24.13595
http://www.ncbi.nlm.nih.gov/pubmed/8942979
https://doi.org/10.1073/pnas.0237285100
https://doi.org/10.1073/pnas.0237285100
http://www.ncbi.nlm.nih.gov/pubmed/12531920
http://www.ncbi.nlm.nih.gov/pubmed/10811118
https://doi.org/10.1093/hmg/10.4.353
http://www.ncbi.nlm.nih.gov/pubmed/11157798
https://doi.org/10.1038/s41586-018-0461-z
https://doi.org/10.1038/s41586-018-0461-z
http://www.ncbi.nlm.nih.gov/pubmed/30209399
https://doi.org/10.1016/j.ajhg.2021.09.003
https://doi.org/10.1016/j.ajhg.2021.09.003
http://www.ncbi.nlm.nih.gov/pubmed/34597585
https://doi.org/10.1371/journal.pone.0260852

