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Background: Despite a high prevalence of deleterious missense variants, most studies of RAD51C ovarian cancer susceptibility
gene only provide in silico pathogenicity predictions of missense changes. We identified a novel deleterious RAD51C missense
variant (p.Arg312Trp) in a high-risk family, and propose a criteria to prioritise RAD51C missense changes qualifying for functional
analysis.

Methods: To evaluate pathogenicity of p.Arg312Trp variant we used sequence homology, loss of heterozygosity (LOH) and
segregation analysis, and a comprehensive functional characterisation. To define a functional-analysis prioritisation criteria, we
used outputs for the known functionally confirmed deleterious and benign RAD51C missense changes from nine pathogenicity
prediction algorithms.

Results: The p.Arg312Trp variant failed to correct mitomycin and olaparib hypersensitivity and to complement abnormal RAD51C
foci formation according to functional assays, which altogether with LOH and segregation data demonstrated deleteriousness.
Prioritisation criteria were based on the number of predictors providing a deleterious output, with a minimum of 5 to qualify for
testing and a PredictProtein score greater than 33 to assign high-priority indication.

Conclusions: Our study points to a non-negligible number of RAD51C missense variants likely to impair protein function, provides
a guideline to prioritise and encourage their selection for functional analysis and anticipates that reference laboratories should
have available resources to conduct such assays.
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Epithelial ovarian cancer (EOC) is the most deadly of gynaecolo-
gical malignancies and the fifth most frequent cause of cancer
death in women in developed countries (Siegel et al, 2013). Family
history of ovarian cancer is one of the strongest risk factors for the
disease. Germline deleterious mutations in the BRCA1 and BRCA2
and in the mismatch-repair (MMR) MLH1, MSH2, MSH6, PMS2
genes confer high risk of ovarian cancer while recently described
rare mutations in the RAD51C, RAD51D and BRIP1 genes have
been associated with moderate risk of ovarian cancer. Eighteen
additional common low-penetrance variants have also been
identified but altogether, the known genetic risk factors account
for less than 50% of the excess familial ovarian cancer risk (Jervis
et al, 2014; Kuchenbaecker et al, 2015; Ramus et al, 2015).

RAD51C is one of the novel ovarian cancer moderate-
susceptibility genes described in the last few years. In 2010 Meindl
et al found six RAD51C deleterious germline mutations (two
frameshift, two splice-site and two non-functional missense
variants) in 480 German families with occurrence of both breast
and ovarian cancer. This accounted for a frequency of 1.3% in such
families and for an overall frequency of 0.55% when also breast
cancer-only pedigrees were considered. The two missense variants
c.374G4T (p.Gly125Val) and c.414G4C (p.Leu138Phe) were
demonstrated to be deleterious by performing in vitro functional
complementation assays evaluating cell survival and RAD51 foci
formation after mitomycin (MMC) treatment. Of eight additional
missense variants, four, c.7G4A (p.Gly3Arg), c.376G4A
(p.Ala126Thr), c.506T4C (p.Val169Ala), c.791G4T (p.Gly264-
Val), did not alter RAD51C function and four, c.475G4A
(p.Asp159Asn), c.1097G4A (p.Arg366Gln), c.790G4A
(p.Gly264Ser), c.859A4G (p.Thr287Ala), showed partial loss of
function and their significance could not be unequivocally
determined.

Studies conducted in different populations after this initial
report generated some controversy. Some of them completely
failed to detect obvious protein truncating RAD51C mutations,
while others reported lower prevalence of loss-of-function altera-
tions compared to the frequency described by Meindl et al (2010).
In 2011 Clague et al identified one likely deleterious mutation,
c.458G4A (p.Gly153Asp), as determined through functional yeast
two-hybrid analysis of RAD51C interaction with XRCC3 and
RAD51B. In a subsequent study carried out by our group that
included functional complementation assays, we detected a total of
five RAD51C deleterious variants in 785 Spanish breast and/or
ovarian cancer families, three of them consisting of amino
acid substitutions, c.404G4A (p.Cys135Tyr), c.428A4G
(p.Gln143Arg), c.656T4C (p.Leu219Ser) (Osorio et al, 2012).
Four out of the five loss-of-function missense changes were found
in breast and ovarian cancer families (4 of 300, 1.3%) reproducing
the prevalence reported by Meindl et al. In view of these
findings we highlighted the predominance of RAD51C pathogenic
missense variants in breast and ovarian cancer families, and
suggested that lack of functional assessment in other studies might
account for the observed discrepancies. We recommended a wider
implementation of functional tests to provide a more reliable
evaluation of RAD51C significance in breast and ovarian cancer
risk (Osorio et al, 2012).

However, despite the observed prevalence of RAD51C patho-
genic missense variants, the increasing RAD51C ovarian cancer
risk estimations (Pelttari et al, 2011; Loveday et al, 2012; Song et al,
2015) and the foreseen therapeutic impact for mutation carriers in
relation to PARP inhibition (Min et al, 2013; Bajrami et al, 2014;
Somyajit et al, 2015a), nearly all published studies up to date do
not perform functional assays and constrain their scope to provide
in silico pathogenicity predictions (Kumar et al, 2009; Adzhubei
et al, 2010).

Here, by using different approaches that include a comprehen-
sive functional characterisation, we report a novel deleterious

missense RAD51C variant, c.934C4T (p. Arg312Trp), identified
by whole exome sequencing (WES) in a Spanish non-BRCA1/2
high-risk breast and ovarian cancer family. Our finding provides
yet another evidence of the need to functionally assess all likely
pathogenic RAD51C missense variants. In order to outline a
possible criteria to select such variants, and to estimate the number
of potentially overlooked truly pathogenic changes already found
in patients, we have carried out a comprehensive review of the
functionally uncharacterised RAD51C missense variants reported
in the last years. We have assessed the pathogenicity predictions
from eight in silico predictive algorithms as well as the scores
derived from the PredictProtein analysis tool (Yachdav et al, 2014).
Taking into account the outputs from the so far functionally
confirmed RAC51C deleterious and benign changes, we have
proposed a prioritisation criteria for directing functional validation
of RAD51C missense changes.

MATERIALS AND METHODS

Non-BRCA1/2 family for whole exome sequencing. A non-
BRCA1/2 breast and ovarian cancer family assessed at the CNIO
Familial Cancer Clinical Unit (FCCU) was selected along with
other families to search for novel ovarian cancer risk variants
through WES. Whole exome sequencing study was approved by
the Ethics Committee of the Instituto de Salud Carlos III (CEI PI
21-2013). In this specific family the proband, her mother and sister
were affected at ages 44 years, 58 years and 45 years by high-grade
endometrioid, endometrioid, and undifferentiated ovarian cancer,
respectively. A proband’s cousin was affected by breast cancer at
age 46 years. Other cancers in the family included a gastric
carcinoma in the proband’s father (at age 81 years) and two
colorectal carcinomas in a maternal aunt (at age 71 years) and in a
nephew (at age 27 years.) who had been previously diagnosed as a
carrier of a de novo APC mutation (mutation was discarded in his
father and mother). All affected members with ovarian cancer were
deceased except for the proband. Formalin-fixed paraffin
embedded (FFPE) tumour samples were available for the proband,
her sister and father (Figure 1). Tumours were provided by CNIO
Biobank and Biobanco iþ 12 in the Hospital 12 de Octubre
integrated in the Spanish Hospital Biobanks network (RetBioH;
www.redbiobancos.es) following standard procedures with appro-
priate approval of the Ethical and Scientific Committees.

Case-control study: Kaspar genotyping. The RAD51C
p.Arg312Trp variant was genotyped in cases (n¼ 1490 probands
from non-BRCA1/2 families from CNIO (n¼ 613) and Hospital
Clı́nico San Carlos (HCSC) (n¼ 877)) and controls (n¼ 646
healthy women from CNIO (n¼ 327) and HCSC (n¼ 319)) to find
additional carriers and determine its frequency in Spanish general
population. Genotyping was performed by the KBiosciences
(Herts, UK) fluorescence-based competitive allele-specific PCR
assay (KASPar). Details of the KASPar methodology can be found
at http://www.kbioscience.co.uk/.

Whole exome sequencing. Genomic DNA from the proband of
the selected non-BRCA1/2 family (Figure 1) was isolated from
peripheral blood lymphocytes using FlexiGene DNA Kit (Qiagen,
Hilden, Germany) and DNA concentration was determined using
PicoGreen dsDNA quantification reagent (Invitrogen, Carlsbad,
CA, USA). Exome from the sample was fully captured, enriched
and sequenced using the SureSelect Human All Exon Kit for 51 Mb
(Agilent Technologies, Santa Clara, CA, USA). Whole exome
sequencing was performed in Sistemas Genómicos (Valencia,
Spain) using the SOLiD 5500XL sequencing platform. ‘Paired end’
reads of 101 nt long were generated. Reads were aligned against the
human reference genome version GRCh37/hg19. Read alignment
was performed using BWA and ‘in-house’ scripts. In all, 96.27% of
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target regions were observed with coverage 420� . Variant calling
was performed using a combination of two different algorithms:
VarScan (Koboldt et al, 2009) and GATK (McKenna et al, 2010).
Custom scripts were developed to combine and filter variants.
Identified variants were annotated using the Ensembl (release 64)
database (Flicek et al, 2012). We focused on single nucleotide
substitutions and small insertions and deletions (indels) found in
heterozygosity. Only rare variants (MAFo0.01) or novel variants
(not described in dbSNP130, HapMap controls and 1000 Genomes
data retrieved through Ensembl) were considered. Then, single
nucleotide substitutions were filtered by discarding (I) variants in
intergenic or intronic regions, (II) variants not mapping to the
canonical isoforms, (III) variants predicted to produce synon-
ymous amino acid changes (we only selected high/medium impact
variants: frameshift indels and non-sense, missense and canonical
splice site variants). We next selected (IV) variants with potential
damaging effect based on in silico predictors (predicted to be
pathogenic by at least SIFT and Polyphen-2) (V) in genes with a
potential cancer-related function (with particular focus on DNA-
repair pathways) that presented sufficient depth and quality.

Loss of heterozygosity (LOH) and segregation analysis. DNA
was extracted from tumoural FFPE sections (with 480% tumour
cellularity) and from normal FFPE tissue from the proband’s father
using the DNeasy Blood & Tissue Kit (Qiagen). A sequence
segment spanning the nucleotide change that originates the
RAD51C p.Arg312Trp variant was amplified by PCR using the
oligonucleotide pair RAD51C-F (50-GATCAGAGGCGTTCTGA
GAAAT-30) and RAD51C-R (50-ACATTTCTATGTTTGCTC
TAGGTGA-30). For loss of heterozygosity (LOH) assessment
germline (from peripheral blood or normal tissue) and tumoural
DNAs were amplified and sequenced with ABI sequencer 3730XL
simultaneously. Loss of heterozygosity in tumours was scored by a
significant reduction of at least 30% of the wild allele peak-height
relative to the sequence trace from normal tissue.

Complementation of CL-V4B RAD51C-deficient cells. RAD51C-
wild-type V79B and RAD51C-deficient CL-V4B Chinese hamster
cells (Zdzienicka, 1987; Godthelp et al, 2002) were kindly provided
by Drs Albert Pastink and Haico van Attikum (Leiden University
Medical Center, Leiden, the Netherlands). Both cell lines were
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Figure 1. Spanish non-BRCA1/2 high-risk breast and ovarian cancer family selected for Whole Exome Sequencing (WES) study. (A) Proband is
highlighted by a black arrow. Individuals with tumours and ages of diagnosis are shown. (B) Electropherograms of RAD51C sequence spanning the
c.934C4T variant show the presence of the c.934C4T variant in the proband’s blood sample. Sequence traces confirms loss of heterozygosity
(LOH) in the proband’s (C) and her sister’s (D) ovarian tumours and RAD51C wild-type sequence in normal tissue from the proband’s father (E).
A full colour version of this figure is available at the British Journal of Cancer journal online.
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cultured in DMEM and HAM-F10 medium respectively, at 37 1C
in a humidified 5% CO2 atmosphere. A DNA sequence consisting
of the full-length human RAD51C cDNA (Ensembl Transcript ID
ENST00000337432, RAD51C-001) flanked by XbaI and BamHI
restriction sites was designed, synthesised and purchased from IDT
Technologies, and directionally cloned into the pUltra lentiviral
vector that contains GFP as selection marker (Addgene,
Cambridge, MA, USA). The c.934C4T nucleotide change
originating the p.Arg312Trp variant was then introduced in the
RAD51C-wild-type lentiviral vector (RAD51C.WT) by using the
Quick Change-Site directed Mutagenesis kit (Agilent Technologies)
with the forward 50-GGGACATGCTGCTACAATATGGCTAATC
TTTCATTGGGAC-30 and reverse 50-GTCCCAATGAAAGAT-
TAGCCATATTGTAGCAGCATGTCCC-30oligonucleotides. This
modified vector was designated as RAD51C.p.Arg312Trp. The
RAD51C.WT and RAD51C.p.Arg312Trp lentiviral vectors were
co-transfected with the VSV-G envelope and PAX packaging
plasmids (Addgene) into 293FT cells (Invitrogen) in the presence
of Fugene 6 (Promega, Madison, WI, USA) and lentivirus-
containing supernatants were collected after 36 h of transfection
and filtered. Then the RAD51C-deficient CL-V4B cells were
infected with RAD51C.WT and RAD51C.p.Arg312Trp-expressing
viruses as well as with viruses containing the empty p-Ultra vector
as control. RAD51C-wild-type V79B cells were transduced with the
empty vector. GFP-positive infected cells were sorted by FACS and
stably maintained in culture. We confirmed the presence of the
human RAD51C transgenes (wild-type and modified with the
variant) in the transduced CL-V4B cells by using RT–PCR and
specific primers against human RAD51C. Amplified products were
sequenced and the presence of the RAD51C wild-type cDNA or the
c.934C4T nucleotide change was verified. Primers used in the
RT–PCR were as follows: Transgenic human RAD51C cDNA,
forward 50-ACCGAAAAGCTTTGGAGGAT-30 and reverse 50-
TTGCAATGAACATGCAGAAG-30 oligonucleotides; Actin
cDNA, forward 50-CGAGCGCGGCTACAGCTT-30 and reverse
50-TCCTTAATGTCACGCACGATTT-30.

Immunoblotting. The expression of endogenous (V79B cells) and
transgenic (CL-V4B cells) RAD51C protein was also confirmed by
western blot. Briefly, cell lysates were prepared in RIPA buffer
(Sigma-Aldrich, St Louis, MO, USA) and protease inhibitors
cocktail (Roche, Basel, Switzerland). Protein content was deter-
mined by Lowry analysis (Bio-Rad, Hercules, CA, USA). Eighty
micrograms of proteins were analysed by SDS–PAGE on
polyacrylamide gels and transferred to Immobilon-P membranes
(Millipore, Billerica, MA, USA). Membranes were blocked with 5%
nonfat milk for 1 h at RT. Blots were probed with primary
antibodies anti-RAD51C (Novus Biologicals, Littleton, CO, USA,
NB100-177) that detects human and hamster RAD51C protein, at
1/250 dilution or anti-Actin (Sigma-Aldrich, A2228) at 1/5000
dilution in TBS-T (50 mM Tris-HCl, 150 mM NaCl, pH 7.5 plus
0.1% Tween 20) containing 5% nonfat milk. Anti-mouse IgG-HRP
secondary antibody was visualised using the ECL detection kit
(Supersignal WestFEMTO Maximum Sensitivity Substrate,
Thermo Fisher Scientific, Boston, MA, USA).

Cell survival assays. Cells seeded onto six-well plates at a density
of 100 000 per well were treated with Mitomycin (MMC, Sigma-
Aldrich) and Olaparib (Axon Medchem, Groningen, Netherlands)
at different doses (MMC, up to 500 nM and Olaparib, up to 20 mM),
during 5 days and then tripsinised, washed in PBS and counted
using a Countess automated cell counter (Invitrogen). For visual
examination, colonies from replicate plates described above were
stained with crystal violet 0.05% (Sigma-Aldrich). Relative IC50

values were determined by nonlinear regression of variable slope
model by GraphPad Prism 7.00 Software for Windows.

Cell cycle. For cell cycle analysis, 10 000 cells from plates treated
with vehicle (DMSO) and MMC (50 nM) during 5 days were
collected by centrifugation, fixed with pre-cooled 70% ethanol
overnight at 4 1C, washed once with PBS and incubated with
propidium bromide 1mg ml� 1 (BD Biosciences, San Jose, CA,
USA) and 1 mg ml� 1 RNase (Sigma-Aldrich). Fluorescence was
detected on a FACSCanto II flow cytometer (BD Biosciences) and
analysed with FlowJo v10 software. All experiments were
performed in quadruplicate.

Formation of pH2AX and RAD51 foci. In order to examine
pH2AX and RAD51 foci formation we seeded V79B RAD51C-
proficient cells transduced with empty vector (EV) and RAD51C-
deficient CL-V4B cells complemented with RAD51C.WT,
RAD51C.pArg312Trp or EV onto 96-well Black/Clear Tissue
Culture Treated Imaging Plate (BD Falcon, San Jose, CA, USA).
After 24 h cells were irradiated with gamma-rays at 10 Gy and left
6 h of recovery period. Then, non-irradiate (control) and irradiated
plates were fixed with 4% paraformaldehyde (Electron Microscopy
Science, Hatfield, PA, USA) for 15 min at room temperature (r.t.)
and permeabilised with 0.5% Triton X-100 for 20 min. After
30 min in blocking buffer (20% fetal bovine serum in PBS-Tween
0.1%) cells were incubated at 4 1C with mouse anti-pH2AX
(Millipore) at 1 : 5000 dilution or rabbit anti-RAD51 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) at 1 : 100 dilution for 1 h at
r.t. Cells were washed in PBS-Tween and then incubated with
secondary antibodies Alexa 568 and Alexa 488 at 1 : 250
(Invitrogen), respectively during 1 h at r.t. After this period, cells
were washed with PBS-Tween and were incubated with 4,6-
diamidino-2-phenylindole (Sigma-Aldrich) 10 min at r.t. Cell were
washed once in PBS-Tween and left in PBS prior to microscope
analysis. Images were automatically acquired from each well by an
Opera High-Content Screening System (Perkin Elmer, Waltham,
MA, USA). A � 40 magnification lens was used and pictures were
taken at non-saturating conditions. We determined the percentage
of foci-positive cells (cells with at least one foci per nucleus) using
Acapella Analysis Software (Perkin Elmer). For each experiment,
B10 000 nucleus were analysed. pH2AX and RAD51 foci were
evaluated from three independent experiments.

Chromosome instability test. Cell were seeded onto 100 mm
plates and 24 h after culture set-up, cells were treated with diethyl
epoxy butane (DEB) at a final concentration of 0.06 mg ml� 1

(Sigma-Aldrich), and vehicle for spontaneous chromosome
fragility evaluation. Forty-eight hours after DEB treatment,
colcemid was added at a final concentration of 0.1 mg ml� 1.
Cultures were collected 2 h later when metaphase spreads were
obtained according to standard cytogenetic methods and finally,
stained with 5% Giemsa in pH 6.8 buffer for 10 min. For
chromosome fragility evaluation, 100–200 metaphases with 46
centromeres were analysed per duplicate for each culture. The
main criteria for the determination of chromosome fragility were
as follows: only chromatid aberrations were considered (gaps,
breaks), and interchanges (radial figures) were converted to the
minimum number of breaks necessary to form each figure. Cell
images were captured at � 100 using an Axioplan 2 imaging
Microscope (Zeiss) and Axiocam MRm camera (Zeiss).

Pathogenicity prediction tools. In order to propose a criterion
that helps to prioritise RAD51C missense for functional validation
we reviewed all reported missense changes classified according to
functional assays. We also selected all other described RAD51C
missense variants classified as likely pathogenic by at least two in
silico predictors in the relevant original manuscript. We only
considered studies that analysed a minimum number of 100 cases.
Functional effect of selected RAD51C missense variants was then
assessed by using eight in silico predictors: the individual predictors
SIFT (Ng and Henikoff, 2001) (using ‘SIFT sequence’ method),
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FATHMM (Shihab et al, 2013) (using ‘FATHMM inherited disease
unweighted’ method), SNP&GO (Calabrese et al, 2009), Mutatio-
nAssessor (Reva et al, 2011), MutPred (Li et al, 2009),
MutationTaster (Schwarz et al, 2010), Polyphen-2 (Adzhubei
et al, 2010) and the metapredictor Condel (González-Pérez and
López-Bigas, 2011). For simplicity different outcomes displayed by
each predictor were unified as follows: SIFT ‘affected protein
function’, FATHMM ‘damaging’, SNP&GO ‘disease’, Mutation
Assessor functional impact ‘high’ and ‘medium’, MutPred scores
with g40.5 in ‘Probably of deleterious mutation’ and Po0.05 in
‘Molecular mechanism disrupted’ outputs, MutationTaster ‘disease
causing’ and ‘disease causing automatic’, Polyphen-2 ‘probably
damaging’ and ‘possibly damaging’, and Condel ‘deleterious’ were
all designated as ‘deleterious’. On the other hand, SIFT ‘tolerated’,
FATHMM ‘tolerated’, SNP&GO ‘neutral’, Mutation Assessor
functional impact ‘low’, MutPred scores with go0.5 in ‘Probably
of deleterious mutation’ and P40.05 in ‘Molecular mechanism
disrupted’ outputs, MutationTaster ‘polymorphism’ and ‘poly-
morphism automatic’, Polyphen-2 ‘benign’, and Condel ‘neutral’
were all designated as ‘tolerated’. These predictors were selected
according to previous studies that evaluated prediction congruency
and accuracy in different data sets with known pathogenic and
neutral variants (Thusberg et al, 2011; Thompson et al, 2013;
Martelotto et al, 2014). The total number of predictors out of the
eight tested that yielded a ‘deleterious’ output was assigned to each
variant and denominated ‘combined in silico prediction score’
(CPS). In order to get a more complete and consistent
pathogenicity prediction for RAD51C we also used the Predict-
Protein software (Yachdav et al, 2014), a comprehensive meta-
service for sequence analysis that predicts structural and functional
features of proteins, including effects of point mutations.
PredictProtein uses the trained classifier SNAP2 and assigns a
score that ranges from � 100 for strong ‘no-effect’ prediction to
þ 100 for a strong ‘effect’, the prediction score being to some
extent correlated with the severity of the effect (score450, strong
signal for effect; scoreo� 50, strong signal for neutral/no effect)
(Martelotto et al, 2014). The sensitivity (SEN), specificity (SPC),
Positive Predictive Value (PPV) and Negative Predictive Value
(NPV) of the CPS and the ‘PredictProtein score’ (PPS) were
calculated based on the functionally characterised variants and a
prioritisation criteria for all other variants was proposed. All
selected tools, including PredictProtein, are publicly available with
a user-friendly web-based performance and fast generating
outcomes, all of them important features for clinical diagnostic
laboratories.

Statistical analysis. The data are shown as the mean±standard
error of the mean (s.e.m.). Statistical significance was estimated
with the Student’s t-test. All statistical tests were two-sided and
nominal p-values less than 0.05 were considered statistically
significant.

RESULTS

Whole exome sequencing (WES). A non-BRCA1/2 Spanish
family with three ovarian and one breast cancer cases across
generations was selected to define novel ovarian cancer suscept-
ibility genetic variants by using WES (Figure 1A). DNA from
peripheral blood of the only alive ovarian cancer-affected member
was isolated and sequenced. After stringent filtering, 206 hetero-
zygous variants fulfilled our prioritisation criteria I to III (see
Methods). Of these, 5 out of 92 variants predicted to be likely
pathogenic were located in genes with a potential cancer-related
function (filtering criteria IV–V) and were validated by
Sanger sequencing: RAD51C (c.934C4T, p.Arg312Trp), PML
(c.1961C4G, p.Ser654Cys), EXO1 (c.2212-1G4C), DCHS2

(c.6024dupG, p.Tyr2009ValfsTer15) and MZF1 (c.1223_1233
delAGGAGCGGCCG, p.Glu408ValfsTer33). The fact that
RAD51C is a known moderate-high ovarian cancer susceptibility
gene prompted us to give priority to the RAD51C variant for
further validation analysis. The c.934C4T variant (rs730881932)
creates an amino acid substitution in the RAD51C protein
(p.Arg312Trp) not previously reported in the literature or in the
1000 Genome Project, ESP or ExAC browsers. It had been reported
as a single submission to the ClinVar database (SCV000211628)
(Landrum et al, 2014, 2016) by ‘GenDx’ having been found in an
individual as a germline change and in the COSMIC database
(COSM292595) (Forbes et al, 2008, 2017) as a somatic mutation in
a large intestine carcinoma. The change (p.Arg312Trp) was
classified as deleterious according to the three predictors integrated
in our standard WES analysis pipeline (SIFT, Polyphen-2 and
Condel) (Kumar et al, 2009; Adzhubei et al, 2010; González-Pérez
and López-Bigas, 2011). Sequence alignment revealed that the
reference amino acid is highly conserved among RAD51C
paralogues and orthologues (Supplementary Figure 1).

Loss-of-heterozygosity and segregation analysis. In order to
gather further evidence about the pathogenicity of the p.Arg312Trp
variant, we analysed if the proband’s tumour exhibited loss of the
RAD51C wild-type allele. In the sequence trace corresponding to
the tumour (Figure 1C) we observed a major reduction of the wild-
type allele peak intensity compared to that of the trace from the
proband’s blood sample (Figure 1B) indicating the existence of
LOH. Owing to the impossibility to obtain blood samples of the
proband’s sister and parents, we could only perform segregation
analysis by using the ovarian tumour from the proband’s sister and
the gastric tumour and normal tissue from the proband’s father.
We could not retrieve the ovarian tumour or other tissue sample
from the proband’s affected mother. We detected the p.Arg312Trp
variant (c.934 CoT) in the tumour of the proband’s sister (which
also exhibited LOH) (Figure 1D), while we did not observe the
presence of the variant either in the normal tissue (Figure 1E) or
the gastric tumour from the father (not shown). These results
would imply that the proband’s mother is an obligate carrier and
would confirm the segregation of the p.Arg312Trp variant with the
disease (ovarian cancer).

Characterisation of transduced cells. Prior to performing func-
tional studies in the RAD51C-wild-type V79B and the RAD51C-
deficient CL-V4B hamster cell lines, we confirmed the expression
of transgenic RAD51C in our transduced cell models. By RT–PCR
using specific primers against human RAD51C we verified the
presence of amplification product in the human RAD51C-
transduced CL-V4B cells and the expected absence of a PCR band
in the V79B EV control cells since our primers against human
RAD51C should not anneal against hamster RAD51C sequence
(Figure 2A). Amplified products were sequenced and the presence
of the c.934 CoT nucleotide change was confirmed (not shown).
Subsequently, expression of endogenous and transgenic RAD51C
protein was assessed by immunoblotting in V79B and CL-V4B
cells, respectively, using an antibody that detects both human and
hamster RAD51C. Levels of exogenous RAD51C in RAD51C.WT
and RAD51C.p.Arg312Trp -transduced CL-V4B cells were quan-
tified, representing in both cell line models about 65% of
endogenous RAD51C expressed in V79B cells (Figure 2B).

Cell survival analysis. RAD51C deficiency, as well as defects in
other Fanconi Anemia genes, triggers extreme sensitivity to DNA
interstrand cross-link agents such as MMC. To determine whether
the p.Arg312Trp missense variant impairs RAD51C function, we
treated RAD51C.WT and RAD51C.p.Arg312Trp-transduced
RAD51C-deficient CL-V4B cells with MMC and conducted cell
survival assays. CL-V4B and V79B cells transduced with empty
vector (CL-V4B EV and V79B EV) were used as controls.
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Figure 2. Functional characterisation of RAD51C p.Arg312Trp missense variant. (A) RT–PCR expression analysis of RAD51C transgenic cDNA in
RAD51C-deficient CL-V4B cells transduced with wild-type (CL-V4B RAD51C WT) or p.Arg312Trp–containing (CL-V4B RAD51C.p.Arg312Trp)
human RAD51C. CL-V4B (CL-V4B EV) and RAD51C wild-type expressing V79B cells (V79B EV) transduced with empty vector were included as
controls. Primers were designed to specifically amplify human RAD51C. (B) Verification and quantification of RAD51C protein expression levels in
transgenic cells by using immunoblotting analysis with an anti-RAD51C antibody that recognises human and hamster RAD51C. CL-V4B RAD51C
WT, CL-V4B RAD51C.p.Arg312Trp and control CL-V4B EV and V79B EV cells were treated with increasing MMC (C) and Olaparib (E) doses and
survival was examined after 5 days of treatment. Values represent means±standard error of the mean (s.e.m.) of four independent experiments.
Representative visual examination of cell survival assays by using crystal violet staining of MMC-treated (D), Olaparib-treated (F) and vehicle-
treated cells. Plating efficiency differences between CL-V4B and V79B were accounted for by normalising each treated V79B and CL-V4B cell
counting with its corresponding untreated (control) point. Cell cycle analysis of CL-V4B RAD51C WT, CL-V4B RAD51C.p.Arg312Trp and control
cells treated with MMC (50 nM) (H) or vehicle (–) (G). Low panels show percentage of cells in G1, S and G2/M phases in each cell line. Data are
means of four independent experiments. A full colour version of this figure is available at the British Journal of Cancer journal online.
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Expression of the p.Arg312Trp variant failed to correct the MMC
hypersensitivity of CL-V4B EV cells (Figure 2C and D).The half
maximal inhibitory concentration (IC50) value for each cell line
and MMC treatment was 74.2 nM for V79B EV, 21.7 nM for CL-
V4B EV, 89.5 nM for CL-V4B RAD51C.WT, and 23.1 nM for CL-
V4B RAD51C.p.Arg312Trp cells, respectively. In order to test
clinically relevant ovarian cancer treatments such as PARP
inhibition, we also decided to explore Olaparib sensitivity in
RAD51C.WT and RAD51C.p.Arg312Trp-transduced RAD51C-
deficient CL-V4B cells. As shown in Figure 2E and F, RAD51C.-
p.Arg312Trp-transduced cells were sensitive to Olaparib compared
with RAD51C.WT transduced cell line. The IC50 values for each
cell line and Olaparib exposure were 10.2 mM for V79B EV, 1.1 mM

for CL-V4B EV, 10.8 mM for CL-V4B RAD51C.WT and 0.4 mM for
RAD51C.p. Arg312Trp-transduced RAD51C-deficient CL-V4B cell
lines, respectively. In summary, we were able to show that
RAD51C.p.Arg312Trp-transduced CL-V4B cells exhibited survival
levels and colony formation similar to those observed in CL-V4B
EV cells, and presented a significant reduction in IC50 upon MMC
and Olaparib treatment (Po0.001) compared with V79B EV and
wild-type RAD51C-expressing CL-V4B cells.

Cell cycle analysis. RAD51C-defective cells are characterised by
G2/M cell cycle arrest and genomic instability (French et al, 2002;
Kuznetsov et al, 2007; Smeenk et al, 2010). V79B cells and CL-V4B

cells transduced with wild-type RAD51C, p.Arg312Trp variant and
empty vector were treated with 50 nM MMC, and together with the
corresponding controls without treatment were subjected to cell
cycle analysis (Figure 2G and H). Empty vector-transduced CL-
V4B cells showed an increase of G2/M phase cells (27.4±1.1) after
exposure to MMC. This phenotype was reverted when CL-V4B
cells were transduced with wild-type RAD51C under the same
conditions (9.8±1, Po0.001). However, expression of the
p.Arg312Trp variant did not rescue the G2/M arrest exhibited by
CL-V4B EV cells (28.5 ±0.9) (Figure 2H). The population
differences observed in G2/M phase were statistically significant
(Po0.001) in RAD51C.p.Arg.312Trp expressing CL-V4B cells
compared with V79B EV and RAD51C.WT-transduced RAD51C-
deficient CL-V4B cell lines. Additionally, we also observed a
statistically significant (Po0.01) increase of S population in CL-
V4B EV and in CL-V4B cell expressing the p.Arg312Trp variant
(33.9±2.8 and 25.2±1.9 respectively) compared with V79B EV
and CL-V4B RAD51C WT complemented cells (14.4±1 and
7.2±0.9, respectively).

pH2AX and RAD51 foci formation. DNA double strand breaks
(DSB) induction increases levels of the DNA damage marker pH2AX
in DSB sites, and this accumulation might be more evident in cells
with a functional impairment of proteins involved in HR repair of
DBS such as BRCA1/2, PALB2 and RAD51C (Vaclová et al, 2015;
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Somyajit et al, 2015b; Ahlskog et al, 2016; Zamborszky et al, 2017). In
addition, the inability to form RAD51 foci after DNA damage
constitutes a readout of HR defects and therefore, functional
impairment of RAD51C protein causes a reduction of RAD51 foci
formation at sites of DSB (Godthelp et al, 2002; Lio et al, 2004; Liu
et al, 2007; Min et al, 2013). Accordingly, when we induced DNA
damage by ionising irradiation, we observed a significant increase
(Po0.05) of pH2AX foci in RAD51C-deficient CL-V4B EV
compared to V79B EV RAD51C-proficient cells (34.8±1.3 vs
26.9±2.8). Subsequently, RAD51C.pArg312Trp-transduced
RAD51C-deficient CL-V4B cells showed greater accumulation
of pH2AX foci compared with CL-V4B RAD51C.WT
complemented cells (43.1±6.5 vs 15.5±1.1; Po0.001, respectively)
(Figure 3A and B). When we assessed RAD51 foci, as shown in
Figure 3C and D, CL-V4B EV cells displayed a significant reduction
in the number of RAD51 foci-positive cells compared to V79B EV
RAD51C-proficient cells (10.8±2.6 vs 28.9±7.5, respectively;
Po0.05). While complementation of CL-V4B cells with wild-type
RAD51C cDNA rescued the observed phenotype, expression of
p.Arg312Trp mutant protein did not rescue the reduced RAD51 foci
formation capacity (27.8±6.2 vs 10.9±3.1; Po0.05, respectively),
confirming their impairment in HR.

Chromosomal instability test. Bialleic mutations in the RAD51C
gene cause Fanconi anaemia, characterised by chromosomal

instability and predisposition to leukaemia and other cancers
(Wang, 2007; Meindl et al, 2010; Vaz et al, 2010). Here, we assessed
the sensitivity of RAD51C wild-type expressing V79B cells (V79B
EV) and RAD51C-deficient CL-V4B cells complemented with
RAD51C.WT, RAD51C.pArg312Trp or empty vector (EV) to the
diethyl epoxy butane (DEB) chromosome fragility-inducing
reagent. DEB-treatment induced a significant increase in the
percentage of aberrant CL-V4B EV RAD51C-deficient cells
compared with RAD51C wild-type expressing V79B cells (V79B
EV) (14.9±0 vs 2.1±0.7; Po0.01), and presented a higher
number of chromatide aberrations per aberrant cell (3.4±0.5 vs
1.3±0.2; Po0.05) (Figure 4A–C). Expression of RAD51C.-
pArg312Trp protein did not rescue the chromosomal instability
observed in CL-V4B RAD51C-deficient cells, in contrast with CL-
V4B cells expressing RAD51C WT, that were able to complement
DEB toxicity. As we show in Figure 4, RAD51C.pArg312Trp-
transduced RAD51C-deficient CL-V4B cells exhibited a percentage
of aberrant cells significantly higher than that observed in V79B
cells (18.2±2 vs 2.1±0.7, Po0.01) and in RAD51C WT-
transduced RAD51C-deficient CL-V4B cells (18.2±2 vs 2.4±0.5,
Po0.01). The number of aberrations per cell was also higher than
that shown in V79B control cells.

Case-control study: Kaspar genotyping. A case-control study was
designed by using a kaspar genoyping assay to determine frequency
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of the p.Arg312Trp variant in Spanish population. None of the
analysed 646 healthy Spanish women and 1490 probands from
Spanish non-BRCA1/2 high-risk breast and/or ovarian cancer
families presented the variant.

Prioritisation criteria for functional analysis of RAD51C
missense variants. After revision of literature we found 17
functionally characterised RAD51C missense variants (7 classified
as pathogenic, 4 as benign and 5 as undetermined/hypomorphic)
and 23 missense variants in silico classified as potentially
deleterious by at least two predictors (usually SIFT and
Polyphen-2) in the relevant original report (Table 1). All seven
functionally assessed pathogenic variants and the p.Arg312Trp
reported here were classified by at least six of the eight selected
predictors as deleterious, with five variants obtaining this
classification by all eight classifiers. On the other hand, PPS was
positive (signal for effect) for the eight pathogenic missense

variants with a value higher than 50 (strong signal for effect) in six
of them and with a minimum value of 33. In particular, the
p.Arg312Trp variant rendered a score of 95, close to 100, the
maximum pathogenicity value provided by PredictProtein
software. In contrast, five of the nine functionally characterised
as benign or undetermined variants exhibited negative PPS (signal
for ‘no effect’) and although four exhibited positive values, only a
maximum of four predictors classified them as deleterious.
Exception was the undetermined p.Asp159Asn missense variant,
with a deleterious prediction from all eight predictors and a PPS
value of 80. According to these results, by using a ‘combined
in silico prediction score (CPS)’ of X5, sensitivity and specificity of
the classification was 100% and 89%, respectively, with a Positive
Predictive Value (PPV) of 89% (11% false positive rate)
and a Negative Predictive Value (NPV) of 100% (no false
negatives). By using a PPS of X33, sensitivity was 100% and
specificity 55% with a PPV of 66% (33% false positive rate) and a

Pathogenic
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Figure 5. In silico studies. Sequence alignment of human RAD51C and its paralogues RAD51A, RAD51B, RAD51D, XRCC2 and XRCC3. Secondary
structure obtained from P.furiosus (Pf) RAD51 and described by Miller et al (2004) is shown schematically above the sequences with cylinders for
a-helices and arrows for b-strands. The helix showed with a dashed line is predicted in the Rad51 paralogues using PSI-PRED, but is absent in the
P. furiosus Rad51 crystal structure. The Walker A and Walker B ATP binding motifs are indicated by rectangles. Horizontal line linking a-helixes and
b-strands correspond to the N-terminal domain (green), linker region (red) and C-terminal domain (blue). A heat map that shows the tolerance to
independent amino acid (aa) substitutions (y-axis) for each position of the RAD51C protein (x-axis) generated using PredictProtein tool (Yachdav
et al, 2014) is shown below the sequence alignment. Red indicates strong signal for a deleterious effect (score450); white indicates a small effect;
green indicates a strong signal for neutral effect/no effect (scoreo�50); and black represents the corresponding wild-type residue. RAD51C
missense substitutions functionally characterised described in the literature and listed in Table 1 are specified below the heatmap and shown in
different colours: Residues highlighted in red, green and yellow correspond to pathogenic, benign and undetermined/hypomorphic missense
variants, respectively. Variants highlighted in grey correspond to the functionally uncharacterised changes detailed in Table 1. The novel RAD51C
p.Arg312Trp pathogenic variant described in this study is highlighted in purple. A full colour version of this figure is available at the British Journal
of Cancer journal online.
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NPV of 100% (no false negatives). In order to give primacy to not
leaving any true positive variant without being tested and to
minimise the number of false positives qualifying for a functional
test, we propose (i) to perform functional assays in variants with a
CPSX5; (ii) prioritise them from the highest to the lowest CPS (i.e.
8 predictors¼ priority A; 5 predictors¼ priority D); (iii) for
variants with same CPS sub-rank them according to their PPS
(PPSX33, priority 1; 0oPPSo33, priority 2; PPSp0, priority 3).
According to this criterion nearly half of the 23 selected
unclassified variants would qualify for functional tests with the
highest priority (A1) (Table 1). Among the highest-priority
variants are the p.Thr132Pro and the p. Gln133Lys, the former
located within the Walker A domain of the protein and both
situated in the vicinity of three functionally characterised
pathogenic variants in a highly conserved region. Similarly,
the p.Val156G, p.Asp159Tyr and Gly162Glu variants are
in or near a b-strand and close to the pathogenic change
p. Gly153Asp (Figure 5).

DISCUSSION

RAD51C is one of the novel ovarian cancer moderate-susceptibility
genes described in the last years. Discrepancies across different
studies have been observed regarding the prevalence of RAD51C
pathogenic mutations in high-risk breast and ovarian cancer
families (Léveillé et al, 2004; Honrado et al, 2006; Beauchamp et al,
2007; Forget and Kowalczykowski, 2010; Meindl et al, 2010; Zheng
et al, 2010; Romero et al, 2011; Vuorela et al, 2011). In a prior work
(Osorio et al, 2012), we emphasised the relatively high frequency of
unique RAD51C missense mutations found in patients and
highlighted that the fact that most conducted studies do not assess
pathogenicity, which might account for the inconsistency of
mutation prevalence data. We recommended that the so far
partially disregarded rare RAD51C missense changes should be
functionally evaluated in order to have a complete and precise
picture of the significance of RAD51C mutations.

In line with our observations, a recent study that analysed the
coding sequence and splice site boundaries of RAD51C in 3429 OC
patients and 2772 controls described that the burden of missense
variants predicted to be deleterious was significantly higher in cases
than controls, indicating that at least a proportion of them might
be pathogenic (Song et al, 2015). The same study reported an odds
ratio of 5.2 (95% CI 1.1–24) associated with RAD51C mutations
(Song et al, 2015). Such risk, calculated only with clearly
pathogenic variants in unselected OC cases, is similar to prior
estimations by Pelttari et al (6.31, 95% CI 1.15–34.6; unselected
OC) (Pelttari et al, 2011) and Loveday et al (5.88, 95% CI 2.91–
11.88) (Loveday et al, 2012). These estimates need to be confirmed
with large international studies but already suggest a level of risk of
EOC that warrants the inclusion of RAD51C in routine genetic
tests. Importantly, clinical utility of the identification of RAD51C
mutation carriers would be beyond prediction of ovarian cancer
susceptibility as, similar to BRCA1/2 mutation carriers, patients
carrying germline RAD51C mutations could also benefit from
targeted PARP inhibition-based treatments (Min et al, 2013;
Bajrami et al, 2014; Somyajit et al, 2015a). Despite these major
implications, virtually all published studies still limit the analysis of
missense variants to a categorisation based on the probability of
being deleterious according to prediction programs (Kumar et al,
2009; Adzhubei et al, 2010).

Here we report yet another example of a rare RAD51C missense
change (p.Arg312Trp) that impairs protein function. The variant
was identified in a Spanish high-risk breast and ovarian cancer
family and sequence alignment tools indicated high-conservation
of the affected nucleotide across paralogues and orthologues and

prediction programs classified the variant as deleterious. We
demonstrated segregation with the disease and, established by
in vitro functional assays, inability to complement the phenotype of
RAD51C-deficient CL-V4B cells, both regarding extreme sensitivity
to MMC and sensitivity to the PARP inhibitor Olaparib. In
addition, cells expressing p.Arg312Trp variant, presented increased
levels of DNA damage, abnormal RAD51 foci formation upon
irradiation and higher chromosomal instability. These findings add
further evidence to previous observations that cells harbouring
mutations in HR proteins, in addition to DNA-repair impairment
also show greater accumulation of DNA damage (Vaclová et al,
2015; Ahlskog et al, 2016; Zamborszky et al, 2017). The
accumulation of DNA damage, particularly DBS, and the
incapability to restart replication stalled forks, might be implicated
in the primary steps of breast and ovarian cancer development
(Vaclová et al, 2015; Somyajit et al, 2015b). In agreement with a
prior study that found loss of the wild allele in tumours from
carriers of clearly deleterious mutations (protein truncating
variants) (Pelttari et al, 2011), we observed LOH in tumours from
the p.Arg312Trp carriers, which would support its deleterious
effect. Taken all together, these results indicate that the missense
p.Arg312Trp substitution causes a loss of function of the RAD51C
protein and most probably is the main cause of three ovarian
cancer cases detected in the family.

This new pathogenic RAD51C missense variant adds to other
seven missense changes earlier functionally classified as deleterious
(Meindl et al, 2010; Vaz et al, 2010; Clague et al, 2011; Osorio et al,
2012) and reinforces the necessity to unequivocally determine the
pathogenic nature of any potentially damaging RAD51C missense
variant found in breast and ovarian cancer high-risk families.
However, since functional complementation analysis are expensive
and require time and expertise is fundamental to prioritise which
variants qualify for this type of screening.

For this reason, we performed an extensive review of
RAD51C unclassified missense variants described in the literature,
and by assessing the performance of nine in silico prediction
tools in a set of functionally characterised variants we have
outlined a criteria to direct RAD51C functional assays. We selected
previously well-rated prediction methods (Thusberg et al, 2011;
Thompson et al, 2013; Martelotto et al, 2014; Dong et al, 2015) and
among them we favoured user-friendly free-online tools vs
complex computational algorithms as this would be key for a
practical implementation in non-bioinformatics-oriented labora-
tories and in the clinical diagnosis routine. We have proposed a
prioritisation criteria based first on the number of selected
predictors providing a deleterious output, with a minimum of 5
in order to qualify for testing, subsequently refined by Predict-
Protein score, this having to be greater than 33 in order to assign
high-priority label. With this criteria, all known pathogenic
mutations would have been selected for high-priority testing
while only one of the undetermined/hypomorphic variants
(p.Asp159Asn) would have qualified for further analysis. Interest-
ingly, the p.Asp159Asn was classified as pathogenic by all eight
predictors and exhibited a PredictProtein score close to the
maximum signal for effect in the protein function (80 of a
maximum of 100). Taking into account that according to the
original report this variant segregated with the disease in a breast
cancer family (Meindl et al, 2010) it might be worth a functional
re-evaluation of its partial activity.

It is beyond doubt that the set of RAD51C functionally
characterised variants in which our prioritisation criteria
is based is far too small to build a robust classifier, but it delineates
a starting point to guide and encourage selection of already
described and of novel missense variants for complementation
assays. Our review points to a non-negligible number of
reported variants likely to impair protein function, but the
reliability of our criteria and the extent to which
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RAD51C pathogenic missense changes have been overlooked will
only be determined by the systematic incorporation of
functional testing over time. If the prevalence of damaging
RAD51C amino acid substitutions is confirmed, a comprehensive
list of RAD51C missense mutations already classified as
benign or pathogenic based on functional analysis may facilitate
the diagnosis of new families referred for RAD51C screening.
However, given the unique nature of most reported pathogenic
variants, we foresee that reference laboratories performing
RAD51C screening should be prepared to have readily available
resources and knowledge to conduct and interpret RAD51C
functional tests.
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