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Abstract

RAD51D is a key player in DNA repair by homologous
recombination (HR), and RAD51D truncating variant carriers
have an increased risk for ovarian cancer. However, the con-
tribution of nontruncating RAD51D variants to cancer predis-
position remains uncertain. Using deep sequencing and case–
control genotyping studies, we show that in French Canadians,
the missense RAD51D variant c.620C>T;p.S207L is highly
prevalent and is associated with a significantly increased risk
for ovarian high-grade serous carcinoma (HGSC; 3.8% cases
vs. 0.2% controls). The frequency of the p.S207L variant
did not significantly differ from that of controls in breast,

endometrial, pancreas, or colorectal adenocarcinomas. Func-
tionally, we show that this mutation impairs HR by disrupting
the RAD51D–XRCC2 interaction and confers PARP inhibitor
sensitivity. These results highlight the importance of a func-
tional RAD51D–XRCC2 interaction to promote HR and pre-
vent the development of HGSC. This study identifies
c.620C>T;p.S207L as the first bona fide pathogenic RAD51D
missense cancer susceptibility allele and supports the
use of targeted PARP-inhibitor therapies in ovarian cancer
patients carrying deleterious missense RAD51D variants. Cancer
Res; 77(16); 4517–29. �2017 AACR.

Introduction
Ovarian cancer is the secondmost common gynecologicmalig-

nancy in developed countries and has the highest morbidity and
mortality rates among cancers of the reproductive system.Approx-
imately 20% of all ovarian cancer cases are associated with
pathogenic germline variants in cancer susceptibility genes (1).
Disease-causing variants in hereditary breast and ovarian cancer
(HBOC) occur most frequently in BRCA1 and BRCA2, which
encode key players in the repair of DNA double-strand breaks
(DSB) by homologous recombination (HR). Three HR proteins
belonging to the RAD51 paralog complex (RAD51B, RAD51C,
and RAD51D) have been associated with HBOC (2), while the
role of two others (XRCC2 and XRCC3) remains unclear. RAD51
is aRecA-likeDNA recombinase that catalyzes strand invasion and
strand exchange between homologous sequences during HR-
mediated DSB repair. This process is facilitated by the recruitment
of RAD51 paralogs that form two distinct complexes in human
cells: the CX3 dimer, consisting of RAD51C and XRCC3, and
a larger BCDX2 complex composed of RAD51B, RAD51C,
RAD51D, and XRCC2. Importantly, RAD51 paralog deficiency
results in reduced RAD51 recruitment to DSBs, impaired HR and
hypersensitivity to both DNA cross-linking agents, and ionizing
radiation. Germline truncating variants in RAD51D have been
reported to predispose to ovarian cancer and to result in suscep-
tibility to PARP inhibitors (3).

Following the discovery of an association between RAD51D
mutations andovarianhighgrade serous carcinoma(HGSC),other
truncating mutations and some missense variants of unknown
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significance have been described (4, 5). Recently, an association
betweenRAD51Dvariants that arepredicted to truncate theprotein
with high-grade serous carcinoma (HGSC) has been postulated
(6). Inmonoallelic diseases, aswell as in complex traits, it has been
proposed that a percentage of themissing heritability is due to rare
variants conferringhigh-to-moderate risk of the disease (7).Under-
standing the clinical significance of rare nontruncating variants
constitutes a necessary but challenging task, particularly in novel
genes such as RAD51D where the incidence and penetrance of
disease-associated alleles are not yet established (8).

Most studies base variant classification on multifactorial like-
lihood models of pathogenicity easy to integrate in a high-
throughput screening pipeline (9). In contrast, characterization
of a variant's functional effects involves lengthy, comprehensive
analyses frequently limited to variants located in genes and
domains with established functions (10–12). No pathogenic
missense variants have thus far been confirmed in RAD51D.

Assessing the pathogenicity of rare variants is often difficult, but
founder alleles within genetically homogenous populations can
attain high enough frequencies to be detected in small series,
enabling case–control studies to estimate cancer risk (13). More-
over, identifying founder mutations has important clinical impli-
cations for prevention and management of individuals at risk,
making targeted screening programs and adapted surveillance
plans feasible for carriers and their families.

We sought out to determine whether the c.620C>T missense
variant was associated with risk for ovarian cancer through a
multifaceted study, including a case–control, functional charac-
terization of the effects of the variant in the DNA repair activity of
RAD51D, and genomic profiling of RAD51D tumors.

Patients and Methods
Patients and samples

The study was approved by the Institutional Review Board of
the Faculty of Medicine of McGill University (Montreal, Canada).
Participants were recruited in compliance with the second edition
of the Canadian Tri-Council Policy Statement of Ethical Conduct
for Research Involving Humans and Eligible Persons or Desig-
nates and signed a consent form in accordance with the Institu-
tional Review Board approvals.

Two independent families with three siblings affected with
HGSC were referred to the cancer genetics clinic as part of the
discovery phase of this study. For the validation phase, we studied
a total of 2,416 cancer patients and a control group composed of
335 women and 595 men. Subjects are described in detail in the
Study Population section of this article

Index family
The first family studied was referred to the Montreal General

Hospital (Montreal, Canada) cancer genetic clinic in 2012. The
proband and her two sisters were affected with HGSC andwere of
a French Canadian (FC) ethnicity (Fig. 1A–G). The proband was
diagnosed with International Federation of Gynecology and
Obstetrics (FIGO) stage IIIC HGSC of proposed primary perito-
neal origin at age 77 years. Her sister was diagnosed at age 75with
a poorly differentiated adenocarcinoma of gynecologic, likely
ovarian, origin. A second sister of the proband was diagnosed at
age 76 with a stage IV high grade M€ullerian carcinoma of the
endometrium, of probable serous differentiation due to strong
p53 staining, with two 2.5-mm foci of high-grade carcinoma on
the surface and cortex of the left ovary (Fig. 1C). In all cases,

treatment involved debulking surgery, followed by three cycles of
neoadjuvant chemotherapy. Formalin-fixed paraffin-embedded
(FFPE) tissue andblood from the three affected sisters in the index
family were collected, including two primary tumor samples and
one lymph node metastasis. Where blood or saliva were unavail-
able, germline DNA was obtained from FFPE sections of lymph
nodes containing only normal tissue. A clinical testing gene panel
was performed on the proband that identified a RAD51D
c.620C>T;p.S207L variant.

Families 2, 3, and 4
In 2014, a second family of FCoriginwas referred to us inwhich

the proband was diagnosed at age 59 with bilateral synchronous
HGSC of the ovaries and fallopian tubes (Supplementary Fig.
S1A). Twoofher sisterswere affected byovarian cancer, diagnosed
at ages 44 and 54, respectively. Their mother was diagnosed with
breast cancer (lobular invasive carcinoma, grade II, stage
T2N0Mx) at age 91. Clinical testing led to the identification of
the same variant in RAD51D.

The third familial case was identified among our in-house
exomes from a previous study involving 51 FC high-risk breast
cancer cases (14). The proband had an invasive ductal carcinoma
breast cancer diagnosed at 62, and serous peritoneal carcinoma
diagnosed at age 72.Her daughter was diagnosedwith an invasive
ductal carcinoma and ductal carcinoma in situ at age 52. The
proband's sister was also diagnosed with breast cancer and her
father and a brother both had a history of cancer.

During the genotyping phase of this project, a fourth familial
case was identified among the high-risk FC breast cancer cases,
referred to as family 4 in this study. The proband had bilateral
nonsynchronous breast cancer diagnosed at 35 and 54, as well as
endometrial polyps and has a sister with breast cancer, and a
strong family history for other malignancies.

Study population
We studied a total of 2,425 cancer patients, affected by one of

five common epithelial cancer types. We included 341 DNA
samples from patients with ovarian HGSC recruited from amajor
French-speaking hospital in Montreal, Centre Hospitalier de
l'Universit�e de Montr�eal (CHUM), Hôpital Notre-Dame, where
at least 88% of patients are of FC ethnicity (15). Samples were
derived from peripheral blood lymphocytes (n ¼ 312), ovarian
cancer specimens (n ¼ 28), or malignant ascites (n ¼ 1), all of
them previously tested for at minimum the six most common
BRCA1/2 FC founder mutations (15, 16).

Furthermore, we looked at 1,456 DNA samples derived from
peripheral blood lymphocytes of breast cancer patients all previ-
ously tested for BRCA1, BRCA2, and PALB2 founder mutations:
212 (207 women, 5 men) were high-risk cases selected on the
basis of their familial and personal antecedents of HBOC and the
age of diagnosis, and 1,235 (all women)weremoderate risk either
aged less than 50 years at diagnosis or who were 50 years or older
and had at least two affected first- or second-degree relatives. The
high-risk group contained probands from FCHBOC families (n¼
51) recruited from multiple hospitals in Montreal between 1995
and 2013, whowere subjected to whole-exome sequencing (WES;
ref. 14); the rest were cases recruited from cancer clinics at the
Montreal General Hospital (n¼ 76) and Jewish General Hospital
(n ¼ 85). For breast cancer cases recruited in English hospitals in
Montreal, FC ethnicity was defined as at least three grandparents
being FC. The moderate-risk cases were recruited at the Research
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Figure 1.

A, Pedigree of family 1. þ, carriers of c.620C>T;p.S207L; arrow, proband; ovary, ovarian HGSC; endometrium, endometrial cancer; breast, breast cancer.
B, RAD51D sequence surrounding the c.620C>T;p.S207L mutation. Top, germline; middle, ovarian HGSC of the proband; bottom, cDNA from blood of the proband.
C, H&E staining of tumors from affected sisters. Left, ovarian HGSC of the proband; middle, metastases of ovarian HGSC in III.6; right, endometrial cancer in III.8.
Magnification, �100. D, Conservation of c.620C>T;p.S207L across species. c.620C>T;p.S207L variant is highly conserved across species. E, RAD51D structural
model. The p.S207Lmutation site was generated on the basis of homology to archaeal RECA and yeast RAD51. This model shows the S207 residue positioned at the
end of one of the strands of the central b-sheet, oriented so that it could form a hydrogen bond with the amide backbone group of the A210 residue and
could help structure the Walker B motif. The introduction of a leucine residue at this position would abrogate this hydrogen bond and cause steric clashes with an
adjacent b-strand, likely disrupting the structure of RAD51D Walker B motif and altering its activity during HR-mediated DSB repair. (i) A cartoon diagram
of the RAD51D model, with the location of S207 shown as red sticks. (ii) A close-up view of the S207L mutation site. S207 and A210 are shown as green sticks, with
their hydrogen bond interaction shown as a yellow dashed line. The superimposed S207L mutation is shown as gray sticks. Steric clashes with the adjacent
b-strand are shown as red discs. F, Molecular signature from the 96 mutational profiles in RAD51D p.S207L tumors (individuals III.6, III.7, and III.8 from family
1 and individual III.1 from family 2). G, Contribution of the different molecular signatures to the RAD51D familial tumors.
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Centre of CHUM, Hôpital Hôtel-Dieu in Montreal (n ¼ 1,235),
selected as per the criteria by Cybulski and colleagues (14). In
addition, we screened a group of 107 DNA samples (41 women,
66 men) from unselected pancreatic adenocarcinoma patients
diagnosed and/or treated at the McGill University Health Centre;
36 of them correspond to an extension of a cohort recruited at
various Montreal hospitals between 1996 and 1998. FC ethnicity
was defined as at least three grandparents being FC (17). The
remaining 71 cases were recruited through the McGill University
HealthCentre cancer clinic following less stringent criteria, includ-
ing individuals with at least 1 grandparent of an FCorigin. Finally,
we screened leukocyte-derived DNA samples from unselected
endometrial cancer patients (n ¼ 367) recruited at the CHUM-
Hôpital Notre-Dame (Montreal, Canada). This series includes:
endometrioid adenocarcinomas (n ¼ 260), mixed cell adenocar-
cinoma (n¼58), serous cystoadenocarcinomas (n¼23), clear cell
adenocarcinoma (n ¼ 10), adenocarcinomas on adenomatous
polyp (n ¼ 6), mucinous adenocarcinoma (n ¼ 4), adenocarci-
noma on polyadenoma (n ¼ 2), unspecified adenocarcinoma
(n ¼ 2), one undifferentiated carcinoma, and one epidermoid
carcinoma. A series of DNA derived from FFPE normal DNA
samples from 154 unselected colorectal carcinoma patients
(66 women, 88 men) recruited at the Centre Hospitalier de
l'Universit�e Laval in Quebec was also included in the study
(18). A baseline frequency for the variant of interest in this study,
RAD51D:c.620C>T [p.S207L], was established in a group of 930
healthy FC controls comprised of unaffected individuals (n¼ 335
women and n ¼ 104 men) recruited in-house at the Jewish
General Hospital, Montreal General Hospital, and CHUM hospi-
tals in Montreal, and a series of otherwise unaffected individuals
(n ¼ 194 women and n ¼ 297 men) enrolled in WES studies of
neurodevelopmental disorders at the CHU Saint-Justine in Mon-
treal. For control individuals recruited in English hospitals in
Montreal, FC ethnicity was defined as at least three grandparents
being FC.

Nucleic acid isolation
For index family members, germline DNA was obtained from

peripheral blood leukocytes, saliva, or FFPE tissue samples of
unaffected lymph nodes. Tumor DNA was obtained from FFPE
tumor samples. TheGentra PuregeneBloodKit (Qiagen)was used
to perform saliva and leukocyte DNA extractions. All DNA
obtained from FFPEwas extracted from cellsmacrodissected from
10 mm unstained serial tissue sections following pathology revi-
sion to enrich separately for tumor and normal areas. DNA was
subsequently isolated using the QIAamp DNA FFPE Tissue Kit
(Qiagen). Where possible, RNA was extracted from patient leu-
kocytes using the RecoverAll Total Nucleic Acid Isolation Kit
(Ambion) and reverse transcribed into cDNA using SuperScriptIII
first-strand cDNA synthesis (Thermo Fisher Scientific).

mRNA analysis
RAD51D transcript NM_002878 was used to design cDNA-

specific PCR primers for the p.S207L mutation. Presence of the
modified transcript in blood leukocyte–derived cDNA was veri-
fied using PCR followed by Sanger sequencing. Primers are
available upon request.

Genotyping
Genotypes at the RAD51D variant locus from 51 high-risk

breast cancer samples were obtained from existing WES data

(14). The remaining high-risk breast cancer, endometrial, and
pancreas cancer samples as well as the in-house controls were
genotyped using a high-resolution melting (HRM) assay. Primers
are available upon request. Genotyping of moderate-risk breast
cancer samples and the ovarian HGSC samples employed a
custom TaqMan SNP Genotyping assay. The primer and reporter
sequences are available upon request. The assays were performed
as described previously (19). Colorectal carcinoma samples were
genotyped by Sanger sequencing. Samples presenting abnormal
patterns by HRM or TaqMan as well as samples where WES data
revealed the presence of c.620C>T variant were further validated
by Sanger sequencing, which was performed using the 3730XL
DNA Analyzer system (Applied Biosystems, Thermo Fisher Sci-
entific) at the McGill University and GenomeQuebec Innovation
Center (MUGQIC;Montreal, Quebec, Canada). Primers are avail-
able upon request. Chromatograms were compared with the
NCBI reference sequence (RefSeq) reported in GenBank
NM_002878.3 and the genomic structures available from the
February 2009 GRCh37/hg19 assembly of the human reference
genome.

Haplotyping
Polymorphic microsatellite repeat markers D17S2129,

D17S1872, D17S933, D17S1846, D17S907, and the RAD51D
c.620C>T;p.S207L variant locus were used for haplotype anal-
ysis (Supplementary Table S1) as described by Rudkin and
colleagues (20).

Tumor profiling and WES
WES. Tumor and normal DNA of all three sisters (III.6, III.7, and
III.8) from the index family (Fig. 1A), as well as DNA from the
proband (III.1) from the second family (Supplementary Fig. S1A),
were subjected to WES. WES was performed at the McGill Uni-
versity and G�enome Qu�ebec Innovation Centre (MUGQIC). Six
FFPE-derived DNA samples (�100 ng) and two blood/saliva-
derived samples (�500 ng) underwent exome capture (Nextera
Rapid Capture Exome Kit), followed by 100-bp paired-end
sequencing on Illumina HiSeq 2000.

Bioinformatics analysis of exome sequencing data was per-
formed as described previously (21) In brief, readswere aligned to
UCSC hg19 reference genome with Burrows–Wheeler aligner
(bwa mem version 0.7.7) The genome analysis toolkit (GATK)
was used to assess coverage of consensus coding sequence sites
and to perform local realignment of reads around small insertions
and deletions (indel; ref. 22). PCR duplicate reads were marked
using Picard (http://picard.sourceforge.net/). Germline variants
were called using SAMtools (version 1.8) and somatic single-
nucleotide variants (SNV) and indels were called using Mutect
(see https://confluence.broadinstitute.org/display/CGA Tools/
MuTect for method) and IndelLocator (for method see https://
confluence.broadinstitute.org/display/CGATools/Indelocator),
respectively. The list of variants was then subjected to several
filtering steps, and variants were filtered out if they fulfilled any
one of the following criteria: (i) genomic position of variant
covered by <10�; (ii) <5 reads support the alternative variant;
(iii) variant has allelic ratio <5% for SNVs or <15% for indels; (iv)
variant has allele frequency >0.001 in our noncancer (�2,000
exomes sequenced previously in our center) or ExAC databases;
or (v) variant seen as homozygote in ExAC database. Finally,
the remaining variants were annotated by ANNOVAR (23), and
only the most likely damaging variants (nonsense, canonical
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splice-site, andmissense variants, and coding indels) predicted to
be deleterious by at least 3 of 5 bioinformatics algorithms (SIFT,
PolyPhen,MutationTaster, Revel, andMCAP)were considered for
further analysis. The Integrative Genomics Viewer (24) was used
for the manual examination and visualization of all potential
candidate variants. To investigate the presence of any somatic
mutations in DNA repair genes, we cross-referenced our list of
variants with 193 DNA repair genes reported in the recent pub-
lication by Chae and colleagues (25) and presented the results in
Supplementary Table S2.

ExomeAI was used to perform allelic imbalance analysis
as described previously (26) In brief, ExomeAI detects allelic
imbalance events across samples using all heterozygous variants
(BAF values of 0.05–0.95). Then, CBS algorithm was used to
segment the variants into similar BAF values. Significance of each
segment was evaluated using different statistical tests and a large
internalWES control dataset (seemore details in ref. 26). Somatic
mutation signature analysis was performed on all synonymous
and nonsynonymous somatic mutations that passed the afore-
mentionedfiltering steps using SomaticSignatures, a Bioconductor
package. Briefly, 96 trinucleotides mutational context [A|C|G|T]
[C>A|C>G|C>T|T>A|T>C|T>G] [A|C|G|T] were extracted and
compared with the current known set of mutational signatures
listed by the Sanger Institute (27).

Loss-of-heterozygosity analysis. WES data were employed to inter-
rogate the presence of loss-of-heterozygosity (LOH) in the tumors
of affected cases from family 1 and 2. LOH in available tumors
from theunselectedovarianHGSC cohortwas validatedby Sanger
sequencing. Primers are available upon request.

TP53 somatic mutation screening for HGSC cancer cases. Tumor
DNA samples from cases that tested positive for the RAD51D-p.
S207Lvariant allelewere also screened for somaticTP53mutations
in protein-coding exons 2 to 11 and adjacent splice sites.Mutation
analysis was performed as described previously (28). Sequence
chromatograms were compared with NCBI reference sequence
(RefSeq) reported in GenBank NM_000546.5 (TP53) and the
genomic structures available from the February 2009 GRCh37/
hg19 assembly of the human reference genome. Sequence variants
were compared with those reported in the SNP Database (www.
ncbi.nlm.nih.gov/SNP). In addition, variants were evaluated on
the basis of information in the International Agency for Research
on Cancer (IARC) TP53 Database (www-p53.iarc.fr).

FISH. FISH analyses were performed on sections from FFPE
tissues using analogous protocols to those described by Ventura
and colleagues (29). The RAD51D locus was investigated with a
FISHprobe (BACRP11-294G4, obtained fromLife Technologies)
spanning the RAD51D gene. Centromeric probes for chromo-
somes 10 and 17 (Abbott) served as internal controls. Extraction
and labeling of BAC DNA, preparation of slides, and hybridiza-
tions were conducted according to standard procedures. Slides
were evaluated using Zeiss fluorescence microscopes equipped
with appropriate filter sets. Digital image acquisition and proces-
sing were performed using the ISIS digital image analysis system
(MetaSystems).

In silico modeling
The RAD51D sequence was submitted to the Phyre2 modeling

web portal (30). The software was able to model 96% of the
RAD51D structure at >90% confidence based on the coordinates

of three archaeal RECA and two yeast RAD51 template structures
(PDB ID: 1pzn, 3lda, 1t4g, 2dfl, and 1szp). The molecular gra-
phics program PyMOL was used to visualize the model, examine
the consequences of introducing the p.S207L mutation, and to
produce figures (31).

SNP arrays
FFPE-derived DNA samples of five tumor samples correspond-

ing to probands III.6 (two samples from different tumor blocks),
III.7, and III.8 of family 1 and III.1 of family 2 were hybridized on
anOncoScan Array (Affymetrix) for copy number analyses. Arrays
were normalized using the OncoScan Console 1.3 Software from
Affymetrix and analyzed using the Nexus Express software
(BioDiscovery).

Cell lines
The CHO-RAD51D.1 cells were obtained from Dr. Larry

Thompson (Lawrence LivermoreNational Laboratory, Livermore,
CA). They were last tested for mycoplasma contamination in
October 5, 2015. Cells were thawed and passaged twice before
transfection. Consecutively, they were cultured in selectionmedia
for a week and expanded until enough cells were available to
performdrug sensitivity assays. TheU2OSDR-GFP cellswere a gift
from the laboratory of Dr. Jeremy Stark (Beckman Research
Institute of the City of Hope, Duarte, CA). HEK293T cells were
purchased from ATCC. The parental cell lines were tested for
mycoplasma contamination in July 2016 using the PCR Myco-
plasma Detection Kit from abmGood. All cell lines were authen-
ticated by STRDNA profiling. They were passaged once before the
start of the experiments.

Plasmids and construct
ACHO-RAD51D–deficient cell line (RAD51D.1; a gift fromDr.

Thompson's laboratory to C.J. Lord; ref. 32) was used to stably
express the c.620C>T;p.S207L variant (RAD51D.1-p.S207L), or
wild-type RAD51D (RAD51D.1-wt); a proficient RAD51D.3 cell
line was used as a control.

The gRNAs targeting the LMNA locus and the mClover-tagged
LMNA are described in the work of Pinder and colleagues, 2014
(33). The complementary DNA of RAD51D was obtained from
the MGC premier human ORFeome Complete Library (Transo-
mic) through the McGill Genetic Perturbation Service. It was
subcloned into the pDEST-pcDNA5-Flag-Nterm vector (a gift
from A.-C. Gingras, Lunenfeld-Tanenbaum Research Institute;
Mount Sinai Hospital, Toronto, Ontario), the pDEST-pcDNA5-
mCherry vector (a gift from A.-C. Gingras) or the pDEST-LacR
vector (a gift from D. Durocher, Lunenfeld-Tanenbaum Research
Institute;Mount SinaiHospital, Toronto,Ontario) usingGateway
cloning technology (Thermo Fisher Technology). Point muta-
tions and siRNA-resistant versions of RAD51D constructs were
generated using the QuikChange Site-Directed Mutagenesis Kit
(Agilent).

RNAi
All siRNAs employed in this study were single duplex siRNAs

purchased from Dharmacon. RNAi transfections were performed
using Lipofectamine RNAiMax (Invitrogen) in a forward trans-
fection mode. The individual siRNA duplexes were RAD51D (J-
017467-07-0002), RAD51 (M-003530-04), CtIP/RBBP8 (M-
001376-00), and nontargeting control siRNA (D-001210-02).
siRNAs were transfected 72 hours before cell processing.
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RAD51 foci induction and immunofluorescence staining
RAD51 and g-H2AX foci detection were assessed by inducing

DSBs through neocarzinostatin treatment in parallel for
RAD51D.1-p.S207L, RAD51D.D1-wt, RAD51D.1 and RAD51D.3.
Cells were seeded in chamber slides and treated with 100 ng/mL
neocarzinostatin for three hours. Immunofluorescence was
performed as previously published by Orthwein and collea-
gues (34).

HR-based repair assay
The efficiency of HR was assessed using an I-SceI repair

substrate (DR-GFP) integrated in the HeLa cell line. HeLa
DR-GFP cells were treated with the indicated siRNAs, and cells
were transfected with a plasmid expressing I-SceI and the
indicated siRNA-resistant mCherry-tagged construct using
Lipofectamine 2000 (Thermo Fisher Scientific) 24 hours later.
Forty-eight hours after I-SceI transfection, cells were trypsinized
and the percentage of GFP/mCherry-positive cells was deter-
mined by flow cytometry.

The efficiency of HR was also assessed using a CRISPR/Cas9–
mediated gene-targeting assay. Chinese hamster ovary (CHO)
cells expressing the different RAD51D mutants were trypsinized,
washed with PBS, and electroporated with 1.25 mg of sgRNA
plasmid and 1.25 mg of donor template using the 4-D Nucleo-
fector system (Lonza; protocol 111). Cells were plated inmedium
and grown for 72 hours before flow cytometry analysis as
described previously (34).

RAD51D–XRCC2 coimmunoprecipitation
HEK293T cells were transiently transfected with the indicated

Flag-tagged RAD51D constructs as indicated above. Forty-eight
hours posttransfection, cells were collected by trypsinization,
washed once with PBS, and lysed in 500 mL of lysis buffer
[20 mmol/L Tris-HCl pH 8.0, 300 mmol/L NaCl, 1% Triton
X-100, 2mmol/L EDTA, and complete protease inhibitor cocktail
(Roche)] on ice. Lysates were centrifuged at 15,000 � g for
10minutes at 4�C, and protein concentrationwas evaluated using
absorbance at 280 nm. Equivalent amounts of proteins (0.5–
1 mg) were incubated with 30 mL of M2 anti-Flag beads (Sigma)
for 2 hours at 4�C. Beads were collected by centrifugation, washed
once with lysis buffer and twice with TBS, and eluted by boiling
with 2� Laemmli buffer, before analysis by SDS-PAGE and
immunoblotting.

RAD51D–XRCC2 quantification
U2OS LacO cells were plated on glass coverslips and transiently

transfected with the indicated LacR-tagged RAD51D constructs as
indicated above. Forty-eight hours posttransfection, cells were
fixed with 2% (w/v) paraformaldehyde in PBS for 20 minutes at
room temperature, permeabilized with 0.3% (v/v) Triton X-100
for 20min at room temperature, and blockedwith 5%BSA in PBS
for 30 minutes at room temperature. Cells were subsequently
incubated with an anti-XRCC2 antibody (Santa Cruz Biotechnol-
ogy, sc-365854) diluted in PBS-BSA for 2 hours at room temper-
ature (1:100). Cells were next washed with PBS and then incu-
bated with an anti-mouse Alexa 488 antibody diluted in PBS-BSA
(1:500) supplemented with 0.8 mg/mL ofDAPI to stainDNA for 1
hour at room temperature. The coverslips were mounted on glass
slides with Prolong Gold mounting agent (Invitrogen). Visuali-
zation method is detailed in the section below.

LSM confocal microscopy
Imaging work was performed at the Lady Davis Research

Institute Cell Imaging Facility. Images were collected using a Zeiss
Axiovert 200M inverted microscope equipped with the LSM 5
Pascal point lasermodule, the LSMAIM acquisition software, and
2 PMT detectors for spectral detection. Quantification was per-
formed using ImageJ software.

Cell survival assay
Stable cell lines expressing the RAD51D c.620C>T, c.47TC;p.

M16T, wild-type (wt), and empty constructs were produced in a
RAD51D-deficient cell line (CHO RAD51D.1). In parallel, an
empty construct was produced in the RAD51D wt cell line
(RAD51D.3). Human RAD51D was expressed via a C-terminal
Flag epitope–tagged cDNA. Reexpression of the RAD51D con-
structs was tested by Western blot analysis.

PARP inhibitor sensitivity was tested by 96-well survival assays
using olaparib and talazoparib (BMN 673) as described previ-
ously (3). Cisplatin sensitivity was measured as a control.

Antibodies
We employed the following antibodies: anti-tubulin (CS3873,

Cell Signaling Technology), rabbit anti-RAD51D (EPR16205
ab202063, Abcam), and rabbit anti-RAD51 (#70-001, BioAcade-
mia) were used to check siRNA efficiency. Mouse anti-XRCC2
(sc-365854, Santa Cruz Biotechnology) and mouse anti-Flag
(clone M2, Sigma) were used for the coimmunoprecipitation
blots. Rabbit anti-RAD51 (#70-001, BioAcademia) and anti-
mouse g-H2AX (05-636 EMDMillipore) were used for immuno-
fluorescence in the foci induction. Mouse anti-Flag (clone M2,
Sigma) and anti-Actin Santa Cruz Biotechnology I-19 (sc-1616)
antibodies were used to test stable expression or RAD15D con-
structs in the transfected CHO-RAD51D cells lines. Secondary
antibodies: anti-mouse-HRP Cell Signaling Technology
(CS7076), anti-rabbit-HRP Cell Signaling Technology (CS7074).
Anti-mouse-Alexa 488 and anti-rabbit-Alexa647 from Thermo
Fisher Scientific were used in immunofluorescence staining.

Statistical analyses
Two-sided Fisher exact test was used to compare the frequency

of c.620C>T carriers in the cancer cases and controls. The 95%
confidence intervals of proportions were calculated using the
Wald method. ANOVA followed by Tukey test was used to
compare the effects of the expression of p.S207L mutant with
the RAD51D KO, RAD51D WT, and RAD51D cell lines in the
RAD51 foci induction, HR-based repair assay (mClover), and
RAD51D–XRCC2 in vivo quantifications (including the p.E233G
and p.S207L þ p.E233G mutants for this specific experiments).

ANOVA followed by Tukey test was used to compare the effects
of the expression of p.S207L mutant with p.E233G, p.S207Lþ p.
E233G, p.D206A, RAD51DWT, andRAD51Dnull cell lines in the
DR-GFP–based repair assay.

Two-way ANOVA followed by Tukey test was used to compare
the effects of the expression of p.S207Lmutant with the RAD51D
KO, RAD51D WT, p.M16T, and RAD51D cell lines in the cell
survival assays.

Results
A woman presented to the Hereditary Cancer Clinic of the

McGill University Health Centre with a personal and familial
history of HGSC arising in the gynecologic tract (Fig. 1A). BRCA1/
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2 testing revealed no deleterious variants. Further genetic
testing identified the RAD51D c.620C>T;pS207L (rs370228071)
(chr17: 33430520G>A (GRCh37): NM_002878.3) variant. Seg-
regation analyses confirmed the presence of the variant in her two
sisters, affected by HGSC of the ovary and endometrium, respec-
tively (Fig. 1A–C). Sanger sequencing of the proband's cDNA
fromperipheral blood showed the variant is expressed (Fig. 1B). A
second kindred referred to us for evaluation counted threewomen
diagnosed with ovarian HGSC. All three were carriers of the
c.620C>T variant (Supplementary Fig. S1A). The FC origin of
both families suggested a possible founder variant. However,
c.620C>T;pS207L was also previously described in two patients
affected with ovarian HGSC (3, 5) and is a rare variant with an
allele frequency of 3.3 � 10�5 in the ExAC database (35).

RAD51D c.620C>T;pS207L is associatedwithHGSCof theovary
in the FC population of Quebec

Weperformed a case–control study (Table 1) including persons
affected by common epithelial cancers. This included ovarian
HGSC, n¼ 341 (average age at diagnosis; range in years¼ 62; 36–
87); endometrial cancer, n ¼ 367 (average age, 62; 21–92);
pancreas cancer, n ¼ 107 (64; 31–81); colorectal cancer, n ¼
154 (67; 35–92); high-risk breast cancer cases, n ¼ 212 (45; 19–
73); and a series of moderate-risk breast cancer cases, n ¼ 1,235
(48; 25–68) as well as 930 controls (529 women, 401 men,
subject details provided in the Supplementary Material). The
c.620C>T;pS207L variant was present in 13 of 341 (3.81%) of
ovarian cancer cases and in 2 of 930 (0.22%) male and female
controls (P¼ 2�10�6; Fisher exact test). Both carriers weremales;
no carriers were found among 529 females, 300 of which were
frequency matched on age to the ovarian cancer HGSC series
(mean age at testing for these 300 controls: 60.5 years; range, 36–
79). We observed the variant in 6 of 1,447 breast cancer cases; no
carriers were found among the endometrial, pancreas, or colo-
rectal cancer cases.

The c.620C>T variant was not associated with a significantly
increased risk of breast cancer (P ¼ 0.49). Two carriers were
identified in the high-risk breast cancer series (families 3 and 4,
Supplementary Fig. S1B and S1C). The proband of family 3
developed a peritoneal HGSC 10 years after the diagnosis of a
triple-negative breast cancer (TNBC). The family 4 proband was
affected with bilateral breast cancer (one a TNBC) and disclosed
familial antecedents of cancer, but HGSC was not reported in the
family. Four additional carriers were found among a moderate-

risk breast cancer series; none had familial or personal history of
HGSC, one was a confirmed TNBC, two were estrogen receptors/
progesterone receptors (ER/PR) positive, and the last was ER/PR
negative with unknown HER2 status. Although we found no
significant evidence for a relationship with breast cancer, some
uncertainty remains whether TNBC risk could be related to this
RAD51D variant.

The RAD51D c.620C>T;p.S207L variant segregates with
HGSC phenotypes in families 1, 2, and 3 (Fig. 1A; Supplemen-
tary Fig. S1A–S1C). All c.620C>T carriers were negative for
BRCA1 and BRCA2 FC founder mutations (mutation screening
detailed in the Supplementary Material). Another RAD51D
missense variant, c.698A>G p.E233G (rs28363284), cosegre-
gated with c.620C>T in all carriers. It has a frequency of 0.017
among the European population in EXaC and was present in 27
of 645 (4.19%) controls tested, suggesting that c.620C>T arose
on a chromosome carrying c.698A>G;p.E233G (Supplementary
Fig. S2). Presence of a common founder haplotype spanning at
least 669 kb was confirmed by genotyping 5 single tandem
repeat markers flanking RAD51D in 29 carriers (Supplementary
Table S1).

Tumor profiling of RAD51D c.620C>T;p.S207L carriers
WES of tumors from the three affected in family 1 and the

proband of family 2 identified no intraexonic somatic mutations
in RAD51D. However, ExomeAI (26) analysis of whole-exome
data from all tumors revealed large segments of chromosome 17
exhibiting allelic imbalance, including the RAD51D locus, which
could be due to copy number variants of the gene locus or copy-
neutral loss of heterozygosity. Combined array and FISH analyses
showed in all analyzed tumor samples from family 1 were
remarkably complex with aberrant patterns of multiple gains,
losses, and copy neutral losses of heterozygosity, which in all
instances seem to be derived from a nondiploid (hyperploid)
clone (Supplementary Fig. S3). Nevertheless, in all samples from
this family, the changes resulted in an allelic imbalance at the
RAD51D locus in line with the sequencing results. Results from
genome-wide copy number analysis were less complex for the
tumor sample of III.I in family 2, indicating two copies for
RAD51D and the control probes (Supplementary Fig. S3). In all
four tumor samples, the sequence data showed allelic imbalance,
leading to an increase in ratio of RAD51D c.620T-(mutant) to
c.620C-WT (Fig. 1B), ranging from 0.74 to 0.93 (where 0.5
represents a balanced allele ratio; data not shown).

Table 1. Frequency of RAD51D c.620C>T;p.S207L in cases and controls tested

Common carcinomas (n ¼ 2,416) Controls (n ¼ 930)

EC PC CRC
BC

high risk

BC
moderate

risk
OC

(HGSC)

Female
(frequency

matched to OCa) Female Male

N (% FC)b 367 (100) 107 (100) 154 (97) 212 (100) 1,235 (100) 341 (88) 300 (100) 229 (100) 401 (100)
(n ¼ women) 367 41 66 207 1,235 341
S207L 0 0 0 2 4 13c 0 0 2
(%) 0 0 0 0.9 0.32 3.81 0 0 0.5
CI (95%) — — — 0.03–3.60 0.09–0.86 2.18–6.47 — 0.01–1.92
Comparison P value — — — 0.3 0.71 2 � 10�6 — — —

NOTE: All RAD51D p.S207L carriers were negative for at least the 6 most common BRCA1 and BRCA2 FC founder mutations. P value, two-sided Fisher exact test
representing the comparison of carriers among each series of cases and the total control group (n ¼ 930).
Abbreviations: BC, breast cancer; CI, confidence interval of proportions expressed in percentage; EC, endometrial cancer; OC, ovarian cancer; PC, pancreas cancer.
aWomen controls frequency age-matched to the ovarian cancer HGSC series (average age at testing 60.5; 36–79).
bMinimum percentage of individuals with an FC ancestry.
cTwo of the 13 carriers had a personal history of breast cancer.
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TP53 was the only somatically mutated gene common to all
four tumors sequenced. The list of somatic mutations in DNA
repair genes after filtering is detailed in Supplementary Table S2.
Loss of heterozygosity at the RAD51D- c.620C>T locus was
confirmed in all 10 unselected ovarian HGSC from which DNA
was available. TP53 somatic mutations were identified in all of
them (Supplementary Table S3).

To further characterize the molecular profile of RAD51D-
associated tumors, we studied their mutational signature pro-
file, defined by the catalog of somatic mutations that reflect
the biological processes driving the tumor (36). RAD51D-
associated tumors showed clear predominance of signature 3
according to the numbering system described in ref. 36, as well
as a high rate of copy number variants, both characteristic
features of HR-deficient tumors (Fig. 1F and G; Supplementary
Fig. S3).

Structural impact of the RAD51D p.S207L mutation
RAD51D is an ATPase whose structure is not yet completely

understood. TheN-terminal domain of the protein is known to be
required for ssDNA binding. The ATPase domain includes the
conserved ATP binding Walker A and B motifs that are crucial for
its role inHR.Moreover, thesemotifs are implicated in binding to
RAD51C and XRCC2, respectively, while residues 60–78 consti-
tute the Linker domain that dictates proper interaction with
RAD51C and XRCC2 (Supplementary Fig. S2). The p.S207L
mutation is located directly in the Walker B motif, highly con-
served throughout evolution (Fig. 1D). A 3Dmodel of RAD51D is
presented in Fig. 1E.

AbrogationofDNAdamage foci formation inRAD51D-p.S207L
mutants

RAD51D facilitates the accumulation of RAD51 to DSBs.
Therefore, we tested whether RAD51p.S207L impacts recruitment
of RAD51 to damage foci in response to the radiomimetic drug
neocarzinostatin. We used the widely studied RAD51D-proficient
CHO cells (RAD51D.3) and isogenic RAD51D-null cells in which
both alleles of RAD51D have been inactivated (RAD51D.1) and
complemented these with either a human RAD51D wild-type
construct (RAD51D.1-wt) or the c.620C>T;p.S207L variant
(RAD51D.1-p.S207L). We found that RAD51D.1 and RAD51D.
D1-p.S207L showed a 35.3% and 49.4%decrease in RAD51 focus
formation, respectively, compared with wild-type lines Rad51D.3
and RAD51D.1–wt (both P values <0.001; Fig. 2A). This result
suggests that RAD51p.S207Lmay impactHRby impairingRAD51
accumulation at DSBs.

The RAD51D p.S207L mutation prevents DSB repair by HR
To assess the effect of p.S207L in HR-mediated DSB repair, we

employed a CRISPR-Cas9–stimulated and HR-mediated gene
targeting assay in which the mClover fluorescent protein is
inserted at the 50 end of the Lamin A (LMNA) coding sequence.
Using the CHO cell lines previously described, we measured the
percentage of mClover-LMNA–positive cells by flow cytometry,
which is indicative of functional HR. We observed that the gene
targeting frequency remained significantly lower in RAD51D.p.
S207L cells compared with RAD51D.1-wt cells (P < 0.01; Fig. 2B),
further confirming a defect in HR.

Next, we sought to confirm these data in human cells using the
direct repeat GFP (DR-GFP) reporter assay. We depleted endog-

enous RAD51D by siRNA and subsequently expressed ectopically
a wild-type mCherry-tagged RAD51D construct or its p.S207L
counterpart before inducing DSB in the GFP gene and HR repair.
As a control, we used a previously described RAD51D mutant
where the Walker B motif was inactivated. We also analyzed the
RAD51D-p.E233G variant (rs28363284), as well as a double
mutant, p.S207L þ p.E233G, to accurately mimic the genotypes
seen in our population. Both the RAD51Dp.S207L mutant and
the RAD51D-p.S207Lþp.E233Gdoublemutant led to a decrease
in signal in this assay (P < 0.01). Furthermore, the RAD51D-p.
E233G variant did not affect DSB repair by HR significantly
(Fig. 2C–E). Together, these results unambiguously show that
the p.S207L mutation impairs DSB repair by HR, whereas
c.698A>G;p.E233G does not.

RAD51D p.S207L abrogates RAD51D–XRCC2 interaction
RAD51D is part of the BCDX2 complex and directly interacts

withXRCC2. Itwas proposed that the functionalWalker Bdomain
(amino acids 202–207 in RAD51D) is necessary for the associ-
ation between RAD51D and XRCC2. As p.S207L localizes to this
critical domain, we tested its effect on RAD51D–XRCC2 interac-
tion. As a control, we used the p.D206A mutation, previously
shown to abrogate RAD51D–XRCC2 interaction. We expressed
Flag-tagged constructs of wild-type RAD51D and its mutants in
HEK293T cells and performed an anti-Flag immunoprecipitation.
We observed that p.S207L disrupted the RAD51D–XRCC2
interaction in a fashion similar to the previously characterized
p.D206A mutation (Fig. 2F; ref. 37). The double mutant
p.S207L þ p.E233G produced the same phenotype, whereas
the p.E233G variant alone had no significant impact on XRCC2
binding.

To better quantify RAD51D–XRCC2 interactions in vivo, we
used a single-cell assay where we assessed the colocalization, at an
integrated lacOarray, of anmCherry-tagged LacR-RAD51D fusion
protein with endogenous XRCC2. This LacR/lacO system recapit-
ulated the RAD51D–XRCC2 interaction and enabled us to mon-
itor the impact of p.S207L and p.E233G on their association.
Although p.E233G alone had only a limited effect, introduction
of p.S207L drastically impaired RAD51D–XRCC2 interaction
(P ¼ 7 � 10�9). The effect of the p.S207L þ p.E233G double
mutant was not statistically different from that of p.S207L.
Together, these results strongly suggest that RAD51D pS207L
impairs HR-mediated DSB repair by disrupting the RAD51D–

XRCC2 interaction (Fig. 3A).

RAD51D p.S207L-mutant cells are sensitive to PARP inhibitors
PARP inhibitors (PARPi) elicit apoptosis in RAD51D-deficient

cells via synthetic lethality (3). To test the clinically relevant
consequences of the p.S207Lmutation, we assessed the efficiency
of two clinical PARPi [olaparib and talazoparib (BMN 673)] or
cisplatin to impair clonogenic survival of cells expressing the
RAD51D-620C>T;p.S207L mutant. RAD51D-p.S207L sensitivity
to PARPi was then compared with RAD51D-WT, a known benign
mutant c.47C>T;p.M16T, RAD51D-null cells and RAD51D-
proficient cells (RAD51D.3). As expected, olaparib, talazoparib,
or cisplatin reduced clonogenic survival in RAD51D-null cells
(RAD51D.1) compared with RAD51D WT cells (RAD51D.3),
and RAD51D.1 cells expressing human WT RAD51D or a
known benign RAD51D mutant, c.47C>T;p.M16T (ANOVA,
P < 0.0001, Fig. 3B–E). Talazoparib elicited these effects at lower
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concentrations than olaparib (Fig. 3B and C), consistent with its
enhanced PARP1-trapping abilities (38). RAD51D-null cells
expressing the c.620C>T;p.S207L RAD51D mutant were also
profoundly sensitive to both PARPi and cisplatin (ANOVA, P <
0.0001; Fig. 3B–D), identifying PARPi as a candidate targeted
therapy for RAD51D c.620C>T;p.S207L carriers.

Discussion
Themaintenance of genome integrity is fundamental for cancer

biology and is of clinical importance. This past decade, rapid
advances in genomics have accelerated the discovery of critical
players in this process and the establishment of genetic screening

programs for high-risk individuals. In this study, we provide new
insight into the functions of RAD51D and demonstrated that (i)
the RAD51D variant 620C>T;p.S207L destabilizes the RAD51D–

XRCC2 binding, resulting in impaired HR and (ii) this variant
predisposes to ovarian cancer. Although this work is seminal in
better understanding RAD51D in the maintenance of genome
stability and ovarian cancer predisposition, it also provides new
insight into the FC population as c.620C>T is a founder variant.

More than a decade after the discovery of BRCA1/2, likely
truncating variants in RAD51C and RAD51D paralogs were asso-
ciated with susceptibility to ovarian cancer (3, 39, 40). Loveday
and colleagues (3) reported the presence of RAD51D missense
variants at similar frequency in cases and controls and argued that

SceGFP

I-SceI

iGFP

BcgI

iGFP

BcgIBcgI

GFP+

DR-GFP

0

2

4

6

G
FP

+  
C

el
ls

 (%
)

I-SceI:

si
C

TR
LsiRNA:

E
V

-

si
C

TR
L

si
C

tIP

si
R

A
D

51

si
R

A
D

51
D

-1

si
R

A
D

51
D

-2

si
R

A
D

51
D

-3

si
R

A
D

51
D

-4

G
FP

+ /
m

C
he

rr
y+

 C
el

ls
 (%

)

I-SceI: -

Construct: E
V

E
V

W
T

S
20

7L

E
23

3G

S
L/

E
G

D
20

6A

siCtrl SiRAD51D-3

RAD51D

siC
trl

35

25

35 Tubulin

25

35 RAD51

siC
trl

siC
tIP

siR
AD51

siR
AD51

D-1

siR
AD51

D-2

siR
AD51

D-3

siR
AD51

D-4

HELA DR-GFP Cells

+ I-SceI

0

2

4

6
P < 0.001 P < 0.01

NS
P < 0.01
P < 0.01

RAD51D Status: WT KO WT SL

P < 0.001

0

20

40

60
80

100

RAD51D-KOWTCell type:

P < 0.001

C
el

ls
 w

ith
 >

5 
R

AD
51

 fo
ci

 (%
)

LMNA 

Cas9
LMNA mClover

mClover Donor

HR

sgRNA

P
os

iti
ve

 c
el

ls
 (%

)

WT SLKO WT D3

D
on

or Donor +Cas-9

0

2

4

6

8

10

12

NS
P < 0.01 P < 0.01

DAPI RAD51γ-H2AX Merge γ-H/R 

R
A

D
51

D
 W

T

CHO cells

R
A

D
51

D
 W

T
R

A
D

51
D

 K
O

R
A

D
51

D
 S

LR
A

D
51

D
 K

no
ck

-o
ut

 c
el

ls
P

ar
en

ta
l c

el
lsA

B

C

F

IP
αF

LA
G

FLAG
(RAD51D)

In
pu

t 

FLAG-RAD51D

FLAG

EV

25

35

25

35
25

35
XRCC2

25

35
XRCC2

W
T

S20
7L

E23
3G

S20
7L

/E
23

3G

D20
6A

D

E

Figure 2.

A, Representative foci formation assay IF micrographs in CHO RAD51D.1-deficient cell line, RAD51D.1-WT, RAD51D.1-p.S207L, and RAD51D.3-proficient
cell lines treated with neocarcinostatin (NCS). Immunofluorescence of gH2AX (Alexa 488) was performed in parallel to RAD51 staining (Alexa 647). DAPI,
40 ,6-diamidino-2-phenylindole. Graph of the cells with greater than five colocalizing foci and at least 25 cells per cell line were counted. RAD51D SL,
RAD51D.1-p.S207L; KO, knockout. Data presented are averages of three independent experiments. Error bars, SDs. P values (P � 0.001) were calculated by
ANOVA test, followed by Tukey. B, Schematic representation of mClover gene targeting assay and quantification of mClover positives cells (%) in CHO RAD51D.1,
RAD51D.1-WT,RAD51D.1-p.S207L, andRAD51D.3 cells. Data presented are averagesof three independent experiments.P values (P<0.01)were calculated byANOVA
test, followed by Tukey. NS, nonsignificant. C, Schema of DR-GFP reporter assay. D, Graph of siRNA RAD51D endogenous depletion in HeLa cells and
complementation of HR activity in siRNA-resistant mCherry-tagged construct. EV, empty vector; SL/EG ¼ double mutant (p.S207L þ E233G); NS, not significant.
Data presented are averages of three independent experiments. P values were calculated by ANOVA test, followed by Tukey. E, Immunoblots of extracts
from HELA DR-GFP cells transfected with the indicated siRNAs. CTRL, control. Depletion of endogenous RAD51D was tested with rabbit anti-RAD51D in
parallel to endogenous expression of RAD51. TUBB was used as the loading control. F, Coimmunoprecipitation (IP) of XRCC2 with FLAG-RAD51D in HEK293T cells.
RAD51D expression was probed with anti-Flag clone M2 mouse mAb. XRCC2 Co-IP was checked with mouse anti-XRCC2 antibody. Data presented are
averages of three independent experiments.
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missense variants of the gene were unlikely to be damaging.
Contrary to this hypothesis, we conclusively demonstrate the
deleterious effects of a missense variant in RAD51D. Our study
show that the c.620C>T;p.S207L missense variant is clearly path-
ogenic; it is one of themost frequently observed alleles conferring
high risk of ovarian HGSC in the FC population of Quebec
(Supplementary Table S4) and is similar in frequency to other
prevalent variants associated with increased ovarian cancer risk in
founder populations of European ancestry reviewed in 2010 (41).

The presence of somatic mutations in the TP53 gene is a well-
known feature of HGSC; more recently, the ability to compile the
entire repertoire of somatic events occurring in a tumor has led to
the description of mutational signatures that reflect the type of
mutations predominant in a tumor and provide clues about the
mechanisms involved in their generation. Molecular signature 3
characterizes HR-deficient tumors, is highly associated to BRCA1/
2mutations, and is known to be prevalent in ovarian HGSC (36).
After confirming the presence of somatic mutations in TP53 in all
tumors from carriers, we further verified the predominance of
signature 3 and a complex pattern of chromosomal aberrations

throughout the genome, all landmark features of a deficiency in
HR. Somatically, no pathogenic mutations in DNA repair genes
were found in the tumors except for a unique heterozygous
missense variant in FANCB (Supplementary Table S2). These
findings reinforced our premise that c.620C>T;p.S207L is the
main driver of HR deficiency seen in these tumors and confirmed
the relevance of functionally investigating the consequences of
this mutation on HR repair efficiency. Furthermore, these results
further support that the mutational signature 3 in BRCA1/2 wild-
type tumors might be prompted by mutations in other HR genes
as hypothesized previously (36, 42), advocating for the suitability
of comprehensive genomic landscape profiling as a predictor for
PARP therapy responsiveness.

Although the biochemical functions of the RAD51 paralogs are
not all well understood, the HR process is clearly a dynamic
process that requires enough plasticity to favor multiprotein
complex rearrangements and allow the recruitment of RAD51 to
the DSB. The latter ensures a proper interaction between paralogs
as well as between protein and DNA (43). The kinetics of these
interactions rely upon the ATPase activity of the conservedWalker
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constructs. EV, empty vector; SL/EG, double mutant (p.S207Lþ E233G); data presented are averages of three independent experiments, and at least 50 cells were
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A and B domains. Specifically, the integrity of a functional Walker
B domain of RAD51D was reported to be essential for RAD51D–

XRCC2 and RAD51C complex formation (37). We uncover a
deleterious effect of c.620C>T;p.S207L on RAD51D HR activity
where the key event is disruption of the interaction between
RAD51D and XRCC2 paralogs of RAD51, both essential for
RAD51 recruitment to DSBs uponDNAdamage. Thismechanism
combined with the drastic effect that PARPi exhibited in the
viability of c.620C>T;p.S207L-RAD51D cells further supports the
notion that PARPi-targeted therapy will likely be effective in
c.620C>T;p.S207L carriers. In addition, acquired resistance to
PARPi in TNBC has recently been associated with RAD51 profi-
ciency (44). Furthermore, the current study highlights the central
importance of the RAD51D–XRCC2 interaction as a driver mech-
anism for tumorigenesis and consequently the pathogenicity
likelihood of other deleterious missense mutations mapping
within the Walker B domain of RAD51D.

The role of RAD51D mutations in breast cancer risk remains
unresolved (3, 4, 45, 46), and a possible involvement of RAD51D
specifically in TNBC seems plausible (47). Our results do not
support an association between c.620C>T;p.S207L and breast
cancer in FCs although our study has limited power to rule out
such an association. The p.E233G (rs28363284) variant was
previously studied in the context of breast cancer–associated risk,
then functionally, but its association with breast cancer risk
remains controversial (48), and its high frequency in public
databases suggests it is a benign variant. In 2009, two studies
from the same groupdescribed increased resistance by p.E233G to
DNA-damaging agents upon p53 abrogation (49). However, our
results show that p.E233G can restore DNA repair ability in
RAD51D-depleted cells where p53 is present, suggesting therefore
that p.E233G does not diminish RAD51D HR activity by itself.

The implications of this singlemutation contributing to almost
4% of all ovarian HGSC in a founder population are significant
and justify the need to establish surveillance and management
programs for individuals at risk. Nowadays, with personalized
health care as a global aim, there is open debate regarding the
suitability of genetic testing at the population level, with different
models under consideration. Population-specific approaches
have their supporters (50), and this study certainly suggests that
widespread testing of the FC population of Quebec for this and
other founder variants could be an efficient, cost-effective
approach to lessen the burden of cancer.
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