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ABSTRACT
◥

Pathogenic protein-truncating variants of RAD51C, which plays
an integral role in promoting DNA damage repair, increase the risk
of breast and ovarian cancer. A large number of RAD51Cmissense
variants of uncertain significance (VUS) have been identified,
but the effects of themajority of these variants on RAD51C function
and cancer predisposition have not been established. Here, analysis
of 173 missense variants by a homology-directed repair (HDR)
assay in reconstituted RAD51C�/� cells identified 30 nonfunctional
(deleterious) variants, including 18 in a hotspot within the ATP-
binding region. The deleterious variants conferred sensitivity to
cisplatin and olaparib and disrupted formation of RAD51C/XRCC3
and RAD51B/RAD51C/RAD51D/XRCC2 complexes. Computa-
tional analysis indicated the deleterious variant effects were
consistent with structural effects on ATP-binding to RAD51C.
A subset of the variants displayed similar effects on RAD51C

activity in reconstituted human RAD51C-depleted cancer cells.
Case–control association studies of deleterious variants in women
with breast and ovarian cancer and noncancer controls showed
associations with moderate breast cancer risk [OR, 3.92; 95%
confidence interval (95% CI), 2.18–7.59] and high ovarian cancer
risk (OR, 14.8; 95% CI, 7.71–30.36), similar to protein-truncating
variants. This functional data supports the clinical classification
of inactivating RAD51C missense variants as pathogenic or likely
pathogenic, whichmay improve the clinical management of variant
carriers.

Significance: Functional analysis of the impact of a large number
of missense variants on RAD51C function provides insight into
RAD51C activity and information for classification of the cancer
relevance of RAD51C variants.

Introduction
The RAD51 recombinase in vertebrate cells assembles as nucleo-

proteinfilaments on single-strandedDNA(1)where it facilitates repair
of DNA double-strand breaks (DSB) by homologous recombination
(HR) and rescue of stalled and damaged DNA replication forks (2).
Five paralogs of RAD51 (RAD51B, RAD51C, RAD51D, XRCC2 and
XRCC3), that form RAD51C–XRCC3 and RAD51B–RAD51C–
RAD51D–XRCC2 complexes (3–5), have been implicated in mainte-
nance of genome stability through regulation of the core RAD51
recombinase (6–10).

Inherited protein truncating variants in RAD51C and RAD51D
predispose to breast and ovarian cancer (11–15). Pathogenic variants
in RAD51C (HGNC:9820; NM_058216.3) are associated with high
risks (OR>4) of ovarian cancer (16, 17), moderate risk (OR ¼ 2–4) of
breast cancer in the general population (11, 12) and among high-risk
women (18), and with Fanconi anemia (FANCO). Furthermore,
family-based segregation studies have suggested that RAD51C protein
truncating variants (PTV) confer high risks of both breast and ovarian
cancer (19). RAD51C pathogenic variants have been significantly
associated with increased risks of estrogen receptor (ER)-negative
and triple-negative breast cancer (TNBC) and serous ovarian can-
cer (12, 20, 21). In addition, the Breast andOvarianAnalysis of Disease
Incidence and Carrier Estimation Algorithm (BOADICEA) model for
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breast cancer risk prediction was recently extended to incorporate
pathogenic variants in RAD51C (22–24) and a similar epithelial
ovarian cancer (EOC) model for ovarian cancer risk prediction
incorporating variants in RAD51C was developed (25).

Testing of RAD51C for germline pathogenic variants using clinical
hereditary cancer panels has identified more than 750 variants of
uncertain significance (VUS; https://clinvarminer.genetics.utah.edu),
composed predominantly of missense and intronic variants. These
VUS pose an ongoing challenge for clinical management of VUS
carriers. Currently, there is no established method for systematic
clinical evaluation of the contribution of RAD51C VUS to cancer risk
because FDA approved ClinGen rules for classification of RAD51C
variants based on ACMG/AMP models (26) are not yet available.
However, functional studies provide insight into the influence of
RAD51C VUS on protein function, cancer risk, and response to
therapy. To date, only a small number of missense variants have been
assessed for effects on RAD51C function (7, 8, 27). To better under-
stand the cancer relevance of RAD51C variants, we present a com-
prehensive analysis of the influence of 173missenseVUSonHR repair,
response to cisplatin and PARP inhibition, RAD51C protein confor-
mation, and risk of breast and ovarian cancers.

Materials and Methods
RAD51C missense VUS selection

RAD51C missense variants were selected from several sources. A
total of 34 were identified in public databases (ClinVar, gnomAD,
EXAC, COSMIC, LOVD). All 34 RAD51Cmissense variants observed
in 6,667Caucasian ovarian cancer cases tested atAmbryGenetics from
March 2015 to December 2017, all 94 high-quality (PASS) RAD51C
missense variants observed in non-Finnish European (NFE) gnomAD
exome public reference controls by December 2017, and 11 RAD51C
variants previously evaluated for functional effects in other studies
were included in the study, for a total of 173RAD51Cmissense variants
(Supplementary Table S1). All variants were evaluated for effects on
splicing using the Splice AI algorithm (Supplementary Table S1). The
p.Ser16Gly (S16G), p.Asp108Gly (D108G), p.Cys135Tyr (C135Y),
p.Lys235Asn (K235N), and p.Leu262Val (L262V) variants were pre-
dicted to cause aberrant splicing (Splice AI score>0.5) and were
excluded from case–control association studies.

Homology-directed repair reporter assay
Each RAD51C variant was introduced into amammalian hRAD51C

expression construct using site-directed mutagenesis. CL-V4B
RAD51C-deficient Chinese hamster cells, previously used for RAD51C
functional studies (8, 28, 29), stably expressing the DR-GFP reporter
construct (provided by Dr. Ralph Scully, Beth Israel Deaconess
Medical Center and Harvard Medical School, Boston, MA) were used
for homology-directed repair (HDR) assays. DR-GFP CL-V4B
cells were co-transfected with either wild-type (WT) or mutant
RAD51C plasmids and pCBASce1 plasmid expressing iSce1 using
X-tremeGENE 9 DNA transfection reagent (Roche). After 72 hours,
cells expressing GFP were quantified by FACS analysis. The numbers
of GFP-positive cells were normalized and rescaled to a 1:5 ratio
derived from the p.Leu138Phe (L138F) consensus pathogenic variant
control reported in ClinVar and the neutralWT RAD51C control (30).
The p.Ala126Thr (A126T) variant served as a positive control in
addition to the WT protein based on a frequency of 0.006 for the
general population in dbSNP. All variants were analyzed in duplicate
in at least two independent experiments. RAD51C expression was
assessed by Western blotting with anti-RAD51C mouse mAb (mAb

F11; Santa Cruz Biotechnology) and anti-FLAG mouse monoclonal
(mAB M2; Sigma; ref. 6).

Drug response assay
RAD51C missense variants were introduced into the pLentiGFP

vector harboring a WT RAD51C cDNA using site-directed mutagen-
esis. Lentivirus was produced in 293T cells using ViraPower packaging
mix (Thermo Fisher Scientific) following transfection by Lipofecta-
mine 3000 (Thermo Fisher Scientific). CL-V4B cells were transduced
with lentivirus expressing either WT or mutant RAD51C. Expression
of RAD51C was confirmed by immunofluorescence and Western blot
analysis. After 24 hours, 1,000 cells per well were exposed to various
doses of cisplatin or olaparib for 16 hours, grown for 5 days after drug
treatment, and subjected to an MTS colorimetric assay (CellTiter 96
AQueous One Solution Cell Proliferation Assay; Promega). WT and
the consensus pathogenic C135Y variant reported in ClinVar were
used as controls. Cell proliferation relative to untreated control was
determined for all variants. IC50 values were determined using a
nonlinear regression dose–response variable slope equation in Graph-
Pad Prism 7. IC50s were normalized to a 1:15 ratio derived from the
C135Y and WT control. All variants were analyzed in six technical
replicates in at least two independent experiments.

RAD51C foci indirect immunofluorescence assay
CL-V4B cells transduced with WT or RAD51C missense variant

lentivirus were irradiated with g-IR (5 Gy) and after 6 hours were fixed
with 2% paraformaldehyde. Cells were incubated with primary anti-
bodies [RAD51C (IgG1 mouse monoclonal, Santa Cruz Biotechnol-
ogy), geminin (IgG2b mouse monoclonal, Santa Cruz Biotechnology)
and RAD51 (rabbit polyclonal, Abcam)]. Cells were subsequently
incubated with secondary antibodies [anti-mouse IgG1 AF488,
anti-mouse IgG2b AF647 and anti-rabbit AF568 (Thermo Fisher
Scientific)] for 1 hour. Z stack images were acquired using an inverted
Zeiss LSM 780 confocal microscope system. Geminin-high cells (n ¼
1,000) positive and negative for RAD51 foci were counted and the
mean percentage of geminin-high cells positive for RAD51 foci was
plotted (Supplementary Fig. S1). All variants were analyzed in three
independent experiments.

Characterization of RAD51C�/� landing pad cell lines
reconstituted with RAD51C variants

The landing pad genomic locus was integrated into U2OS
RAD51C�/� cells [Leibniz Institute (U2OS#18-RAD51C-15; DSMZ
ACC 834)] as previously described (31). Briefly, cells were transduced
with a lentivirus containing a Bxb1 recombination site (pLenti-
TetBxb1BFP-2A-iCasp9–2A-Blast_rtTA3) and selected with blastici-
din (1 mg/mL) for two weeks. RAD51C missense variants were intro-
duced into the VAMPseq plasmid (attB-FLAG-RAD51C-IRES-
mCherry-562bgl-KanR) containing RAD51C sequence by site-
directed mutagenesis. Cells were cotransfected with the Bxb1 recom-
binase (CAG-Bxb1) and the RAD51C constructs [WT, L138F,
p.Gly130Arg (G130R), p.Lys131Ile (K131I), p.Thr132Arg (T132R),
p.Gln133Glu (Q133E), p.Arg168Gly (R168G) and p.Gly302Val
(G302V); selected on the basis of deleterious activity in the HDR assay
and predicted interaction with ATP in the conformational model]
using X-tremeGENE 9 Transfection Reagent (Roche; Supplementary
Fig. S2). Recombined U2OS RAD51C�/� landing pad cells were
selected with AP1903 (10 nmol/L) for 48 hours and RAD51C expres-
sion was induced with doxycycline (2 mg/mL). mCherry-positive cells
were enriched by cell sorting (BD FACSAria Fusion cytometer) and
expanded with blasticidin and doxycycline for 2–3 weeks. RAD51C
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expression was assessed by Western blotting with mouse mAb (mAb
2H11; Santa Cruz Biotechnology; ref. 6) after 24 hours of doxycycline
induction. mCherry expression was also confirmed bymicroscopy in a
Cytation 5 Cell Imaging Multi-Mode Reader.

Drug sensitivity analysis of landing pad cells
U2OS RAD51C�/� landing pad cells carrying RAD51C variants

were seeded at a density of 3,000 cells per well. Doxycycline and
blasticidin were removed from the media at the time of plating. After
24 hours, cells were treated at increasing concentrations of olaparib for
4 days. Nuclei were stained with Hoechst 33342 (Invitrogen) and
quantified by image acquisition using a Cytation 5 Cell ImagingMulti-
Mode Reader (32). The percentage of surviving cells was calculated
relative to mock-treated cells. Experiments were performed in tripli-
cate unless denoted otherwise.

Quantification of RAD51 foci in landing pad cells
Stable landing pad U2OS cells expressing RAD51C variants were

irradiated with 5 Gy (CellRad, Precision X-Ray) and fixed with 4%
paraformaldehyde 4 hours postirradiation. Cells were incubated for
1 hour with anti-RAD51 (polyclonal; Bioacademia #70–001) and anti-
geminin (monoclonal; Abcam #ab104306) antibodies (32), and sec-
ondary antibodies [Alexa Fluor 488 goat anti-rabbit (Thermo Fisher
Scientific, #A-11008) and Alexa Fluor 647 goat anti-mouse (Thermo
Fisher Scientific #A-21235)] and stained with DAPI. Z-stack micros-
copy images from a 50x water immersion objective were automatically
acquired for 1,000 geminin-positive (S/G2 phase) cells per variant in a
Cell discoverer 7 instrument (Zeiss). Images were processed and ana-
lyzed using ZEN (blue edition) Celldiscoverer 3.2 (Zeiss) software. Each
RAD51C variant was assessed in triplicate, unless denoted otherwise.

Colony formation assays
Each landing pad cell line was plated in a 6-well plate at a density of

1,000 cells/well and cultured for two weeks. Media containing blas-
ticidin and doxycycline were refreshed every three days. After two
weeks, cells were washed with PBS, fixed, and stained with 0.5% crystal
violet solution for 30 minutes to 1 hour. Each variant was assessed in
three independent experiments performed in duplicate. Clonogenic
assays were quantified manually using ImageJ software.

RAD51C immunoprecipitation with RAD51 paralogs
HEK293T cells and CL-V4B cells were transfected with Flag-tagged

RAD51C WT and variant expression plasmids. After 48 hours, cells
were lysed with 50 mmol/L Tris HCl pH 7.5, 300 mmol/L NaCl,
5 mmol/L EDTA pH 8, 0.5% NP-40. Lysates were incubated with
anti-FlagM2 (Sigma) antibody and proteinG agarose beads (Roche) for
immunoprecipitation. Proteins were resolved on 4%–15% gradient
Tris-HCl gels (Bio-Rad), transferred to polyvinylidene difluoridemem-
brane (Millipore), and incubated with XRCC3, XRCC2, RAD51D, and
RAD51C (Santa Cruz Biotechnology) polyclonal antibodies.

Cell culture
All cells were grown inDMEM supplemented with 10%FBS and 1%

penicillin/streptomycin. All cell lines were authenticated by sequenc-
ing of mutated regions and/or by genotype fingerprinting using
polymorphism panels.

In silico prediction
Missense prediction scores from three predictors (REVEL, VEST4,

and M-CAP) were obtained from dbSNFP v4.0 for 173 RAD51C
missense mutations (33). RankScores that were associated with

transcript ENST00000337432 and gene ID ENSG00000108384 were
chosen. Receiver operating characteristic curve (ROC), optimized
thresholds, and sensitivity and specificity were calculated using pROC
(version 1.15), ROCR (version 1.0.7), and caTools (version 1.17.1.2).

Structural models
A homology model of monomeric apo RAD51C was developed

using the SWISS-MODEL server (34) based on the cryogenic electron
microscopy structure of RAD51 (ProteinData Bank ID: 5NP7; ref. 35).
A model of an apo RAD51C dimer was also derived from 5NP7 using
SWISS-MODEL and refined with 20 31.6-ns MD simulations using
FF12MC, a protein forcefield (36). This set of simulations showed that
the dimer was relatively stable except for residues 1–83 and 176–200 in
each monomer that comprise four intrinsically unstable surface
regions. An ATP-bound RAD51C dimer was developed by manually
insertingATP into the dimer interface of theMD-refined apoRAD51C
dimer using PyMOL V1.7.0.3 (https://pymol.org) guided by the 5NP7
structure in which an ATP analogue binds at the protein–protein
interface. The ATP-bound RAD51C dimer was refined by 20 316-ns
MD simulations after truncation of the four intrinsically unstable
surface regions using FF12MC. This was followed by 100 63.2-ns MD
simulations of the ATP-bound full-length RAD51C dimer with the
core domain adopting themost populated conformation in the 20 316-
ns MD simulations. The most populated conformation of the ATP-
bound full-length RAD51C dimer in the 100 63.2-ns MD simulations
was used as the theoretical (three-dimensional, 3D) model for eval-
uation of missense variants in RAD51C (Supplementary Data).

Clinical assessment
The study was approved by the Mayo Clinic institutional review

board. The GeneDx and Ambry Genetics studies were conducted in
accordance with guidelines set forth by the Western Institutional
Review Board (WIRB). WIRB waived authorization for use of dei-
dentified aggregate data for cases and controls forGeneDx. TheAmbry
Genetics study of the clinical-testing cohort was deemed exempt from
review by theWIRB.Written informed consent for genetic testing was
obtained from all individuals. The study included all patients with
ovarian and breast cancer receiving hereditary cancer clinical genetic
testing with gene panels includingRAD51C, prior to 4/2020, byAmbry
Genetics and GeneDx. Controls were noncancer, female reference
controls from gnomAD and the population-based CARRIERS study.
Counts of individual missense variants classified as deleterious by the
HDR assay among breast and ovarian cancer cases subjected to
hereditary cancer testing were pooled and compared with pooled
counts of HDR defined deleterious variants from gnomAD2.1 and
gnomAD3.1 noncancer, female reference controls and population-
based noncancer, female controls from the CARRIERS breast cancer
case–control study (12). Similar comparisons were performed for
HDR-defined neutral variants and PTVs.

Statistical analysis
Breast and ovarian cancer case–control association analyses were

performed using a weighted logistic regression with control popula-
tions weighted for the relative frequency of different races and
ethnicities in cases. Analyses restricted to non-Finnish Europeans and
non-Hispanic whites were performed using Fisher exact test. OR>2
was considered moderate risk and OR>5 was considered high risk.

Data availability
The functional data generated in this study are available within the

article and supplementary data files and are also available upon request
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from the corresponding author. The cryoEM data analyzed in this
study were obtained from Protein Data Bank ID: 5NP7 (https://www.
rcsb.org/structure/5np7). The Rad51 variants were extracted from
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and gnomAD
(https://gnomad.broadinstitute.org/). Data for case–control associa-
tion studies were obtained from gnomAD (https://gnomad.broadin
stitute.org/) and the CARRIERS study (dbGAP phs002820.v1.p1).

Results
Functional assessment of the 173RAD51Cmissensevariantswith
HDR assay

A cell-based DR-GFP HDR colorimetric reporter assay was used to
assess the influence of 173 missense mutations on RAD51C HR DNA
repair activity (Supplementary Table S1). RAD51C deficient CL-V4B
cells (28) were reconstituted with full-length RAD51C expression
constructs and HDR levels were quantified relative to WT and the
known deleterious L138F mutant. Of these, 30 variants had reduced
RAD51C HDR activity (normalized HDR scores <1.25; estimated as
<25%activity) andwere categorized as deleterious; 8 variants exhibited
partial HDR activity (normalizedHDR scores <2.5, >1.25; estimated as
25–50% activity) and were categorized as hypomorphic; and 135
variants retained high levels of activity (normalized HDR score
>2.5; estimated as >50% activity) and were categorized as neutral
(Fig. 1A; Supplementary Table S1). These activity thresholds were
consistent with results from BRCA2 and PALB2 functional
assays (37, 38). A hotspot (residues 125–168), containing the Walker
A phosphate binding P-loop of RAD51C that contributes to ATP-
binding, included 18 of the 30 deleterious variants (Fig. 1B). Other
deleterious variants were spread across the protein with two in the
ATP-binding Walker B motif. Among missense variants evaluated in
other studies, 5 of 7 deleterious variants (C135Y, p.Gly125Val
(G125V), p.Gly153Asp (G153D), p.Arg312Trp (R312W), and
L138F) were deleterious in the HDR assay and two ((p.Gln143Arg
(Q143R), p.Leu219Ser (L219S)) were neutral (Supplementary
Table S1). Of six previously reported intermediate variants, four were
neutral [p.Arg214Cys (R214C), p.Gly264Ser (G264S), p.Thr287Ala
(T287A), andp.Arg366Gln (R366Q)] and two [p.Asp159Asn (D159N)
and p.Arg258His (R258H)] were intermediate in the HDR assay. All
four reported neutral variants [p.Gly3Arg (G3R), A126T, p.Val169Ala
(V169A), and p.Gly264Val (G264V)] remained neutral in the HDR
assay. The WT and mutant forms of RAD51C expressed equally
(Supplementary Table S1).

Influence ofRAD51Cmissensemutation on response to cisplatin
and olaparib

RAD51C loss promotes HR deficiency and sensitizes cells to
cisplatin and olaparib PARP inhibitor (39–41). Thus, the influence
of 60 RAD51Cmissense variants from the HDR assay (30 deleterious,

23 neutral, and 7 intermediate) on cisplatin and olaparib response in
CL-V4B cells was evaluated. Most deleterious variants (26 of 30)
displayed IC50 values that were <25% of WT (Figs. 1C, 2A and B;
Supplementary Tables S1 and S2), consistent with HDR assay results
(Fig. 1A). The remaining 4 deleterious variants exhibited IC50s of
30%–40% WT. IC50 values for neutral variants ranged from 84% to
111% WT for both drugs (Supplementary Table S2), except for
p.Glu94Lys (E94K) (97% for cisplatin and 54% for olaparib). IC50

values for 6 of the 7 intermediate variants ranged from 40% to 80%WT
for both drugs. However, p.Gly306Arg (G306R) exhibited 51% IC50 for
cisplatin and 27% IC50 for olaparib and was 31% of WT in the HDR
assay, suggesting a partial/hypomorphic effect.

Impact of RAD51C missense variants on RAD51 foci formation
An inability to form RAD51 foci at the sites of DNA DSBs is a key

component of an HR deficient phenotype. Because disruption of
RAD51C substantially decreases RAD51 foci formation (8, 42) the
influence of RAD51C missense variants on RAD51 foci formation in
CL-V4B cells in response to irradiation-induced DNA damage was
evaluated. WT RAD51C and neutral variants [p.Pro21Ser (P21S),
p.Asp109Tyr (D109Y) and p.Cys147Tyr (C147Y)] induced RAD51
foci formation, whereas the deleterious variants [p.Asp108Gly
(D108G), C135Y, p.Val140Glu (V140E), p.Ala155Glu (A155E) and
p.Asp159Tyr (D159Y)] exhibited dramatically reduced RAD51 foci
formation and the p.Gly306Arg (G306R) intermediate variant exhib-
ited partially reduced foci (Supplementary Fig. S1). The results were
fully consistent with the HDR assay and drug response findings.

Functional effects of RAD51C variants in human cells
To confirm the functional effects of RAD51C variants in a human

cell line, RAD51C WT and 7 deleterious or intermediate missense
variants in the HDR assay (G130R, K131I, T132R, Q133E, L138F,
R168G andG302V)were introduced into aU2OSRAD51C�/� cell line
containing a landing pad site, which allowed for stable expression of
variants (Supplementary Fig. S2). The G130R, K131I, T132R, and
R168G HDR deleterious variants showed sensitivity to olaparib com-
pared with WT-complemented cells, whereas the Q133E and G302V
variants had intermediate effects (Fig. 3A). Some variability in expres-
sion of some mutant proteins was observed in the U2OS RAD51C�/�

landing pad cells (Fig. 3B). However, no differences in 3- and 6-hour
protein half-life of the landing pad variants displaying variation in
expression were observed following cycloheximide treatment of 293T
cells (Supplementary Table S1).

In parallel, a recent study evaluated the influence of 36 RAD51C
missense variants on HR activity of U2OS and 21 on HR activity of
MCF10A cells (27). Importantly, 18 of 36 evaluated in U2OS and 13 of
21 evaluated in MCF10A cells were also characterized in this study
(Supplementary Table S1). All 8 variants with reduced activity in
U2OS cells (HDR score < 0.5), which approximates to 50% activity,

Figure 1.
Evaluation of 173 RAD51Cmissense variants by HDR assay. A, DR-GFP reporter assay showing the range of HDR activity for 173 missense variants in CL-V4B cells,
measured as fold change in GFP-positive cells (normalized to 1–5 scale, WT ¼ 5 and p.Leu138Phe ¼ 1). Neutral (>2.5 scale, gray bars), deleterious (<1.25 scale, red
bars), and intermediate effects (>1.25, <2.5 scale, light gray bars). Purple, L138F and C135Y deleterious controls. Amino acid changes in one letter code are labeled on
the x-axis in clusters (black, blue, and orange) in order of presentation on the bar chart. Error bars, SEM of three independent experiments. B, Illustration of the
location of missense variants within the RAD51C linear sequence identifying a deleterious variant hotspot. Key functional domains of RAD51C are indicated and
neutral (blue), deleterious (orange), and intermediate (green) variants are shownat top.C,Circos plot of theRAD51C variants and functional assay (HDR, cisplatin and
olaparib sensitivity, binding to XRCC3, RAD51D, and XRCC2) results. RAD51C variants are indicated by residue position in the outer ring. Track 1 shows the final score
based on all functional assays. For HDR, variants were classified as neutral (light blue; ≥51.1% relative to WT), intermediate (green; 48.7%–26.8%), or deleterious
(orange; ≤22.7%). Cisplatin sensitivity was classified as neutral (≥83.5% relative to WT), intermediate (43%–82%), or deleterious (≤13.1%). Olaparib sensitivity was
classified as neutral (≥ 80.4% relative to WT), intermediate (78.7%–51.7%), or deleterious (≤42%). Dark blue, interactions with XRCC3, RAD51D, and XRCC2; yellow,
partial interaction; red, no interaction.
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had CL-V4B HDR scores < 1.5 (approximates to 30% activity) in the
current study. Similarly, all 6 variants with HDR scores <0.5 in
MCF10A cells had CL-V4B HDR scores < 1.5 (Supplementary
Table S1). Interestingly the established deleterious L138F variant,
which was used as a negative control (HDR score ¼ 1.0) in the CL-
V4B studies, also showed low activity in U2OS cells (HDR score ¼
0.19), but had WT levels of activity (HDR score ¼ 0.94) in MCF10A
cells (Supplementary Table S1; ref. 27). Similarly, several other variants
showed higher activity in MCF10A cells compared with results in
U2OS cells and the results from the current CL-V4B studies (Supple-
mentary Table S1), suggesting that the publishedMCF10A cell studies
may need further calibration. Overall, however, the consistency
between HDR assays conducted in CL-V4B cells and humanMCF10A
breast and U2OS osteosarcoma cells suggests that the results in CL-
V4B cells reflect effects in human breast cancer cells. Interestingly,
comparisons of cisplatin and olaparib response assays in CL-V4B
cells with the HDR results from U2OS and MCF10A also showed
consistency. All 8 variants with HDR scores <0.5 in U2OS cells
showed sensitivity to cisplatin and 7 of 8 showed sensitivity to
olaparib in CL-V4B cells. Likewise, all 6 variants with HDR scores

<0.5 in MCF10A cells showed sensitivity to cisplatin and 5 of 6
showed sensitivity to olaparib in CL-V4B cells. Thus, HDR and two
different drug sensitivity assays show consistency with MCF10A
and U2OS HDR results.

Because RAD51C participates in DNA damage signaling by regu-
lating cell cycle progression (43), colony formation assays were
performed to evaluate the influence of RAD51C variants on cell
proliferation. U2OS RAD51C�/� landing pad cells complemented
with G130R, K131I, T132R, L138F, and R168G variants showed a
proliferation defect, whereas Q133E and G302V cells displayed a WT
phenotype (Fig. 4A). Formation of RAD51 foci in response to ionizing
radiation was also assessed by automated microscopy (Fig. 4B). A
decrease in RAD51 foci was observed for parental and L138F
reconstituted cells (91% and 78% mean changes, respectively) relative
to WT-complemented cells. Cells expressing G130R, K131I, T132R,
and R168G variants showed a significant decrease in RAD51 foci, with
mean changes ranging from 73% to 96%, whereas the Q133E and
G302V variants yielded an intermediate phenotype. Overall, RAD51C
variants that disrupted HR repair in CL-V4B cells had very similar
effects in human U2OS cells.

Figure 2.

Influence of RAD51C missense variants on response to cisplatin and olaparib treatment. Relative IC50 values (normalized to 1–15 scale, WT¼ 15 and p.Cys135Tyr¼ 1)
from an MTS assay of CL-V4B cells, transduced with selected RAD51C variant lentivirus, 5 days after treatment with varying doses of cisplatin (A) and olaparib (B).
Variants defined as neutral (gray), intermediate (light gray), and deleterious (red) by the HDR assay are shown. Purple, L138F and C135Y deleterious controls. Error
bars, SEM of three independent experiments.
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Figure 3.

Drug sensitivity of humanU2OS landing pad cells.A,Olaparib sensitivity associatedwithRAD51C variants. Cell survival of U2OS cells expressing RAD51C variantswas
quantified after 4 days of treatment and calculated relative tomock-treated cells. Mean� SEMwas calculated from three independent experiments, each performed
in triplicate. B, RAD51C protein levels in stable U2OS landing pad cell lines. Expression of RAD51CWT and variant proteins in U2OS cells was determined byWestern
blot analysis after 24 hours of doxycycline induction.
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Intrinsic RAD51C protein complex formation
RAD51C forms the BCDX2 and CX3 complexes that are involved

in RAD51 recruitment to sites of DNA damage (39). To evaluate
the influence of RAD51C variants on the integrity of these intrinsic
complexes, coimmunoprecipitation of ectopically expressed FLAG-
tagged RAD51CWT and variant proteins with endogenous RAD51D,
XRCC2, and XRCC3 in HEK293T cells was performed. WT RAD51C

and the known neutral variants, A126T and D109Y, coimmunopre-
cipitated with XRCC3 (CX3 complex) and with both RAD51D and
XRCC2 (BCDX2 complex; Fig. 5). In contrast, the L138F known
deleterious variant did not coimmunoprecipitate with these proteins
(Fig. 5). All 30 HDR deleterious variants from the HDR assay lost the
ability to form at least one of the CX3 and BCDX2 complexes (Fig. 5;
Supplementary Table S3), whereas none of the neutral variants

Figure 4.

Characterization of U20S landing pad cells expressing RAD51C variants. A, Colony formation assays of RAD51C variants. B, RAD51 foci quantification and
representative microscopy images for each variant. RAD51 foci formation was quantified after exposure of landing pad cells to 5 Gy of g-irradiation. Each dot
represents a geminin (S/G2 phase)-positive cell and the bars designate the mean number of foci in at least 1,000 cells obtained in at least three independent
experiments. The mean change percentage was calculated for each variant relative to the WT.
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interferedwith intrinsic complex formation (SupplementaryTable S3).
The p.Leu27Pro (L27P) and p.Thr336Pro (T336P) deleterious variants
and the p.Thr86Ile (T86I) intermediate variant bound only to XRCC3
and not to RAD51D-XRCC2. In addition, the Q133E, p.Gly162Glu
(G162E), p.Ser163Arg (S163R), and G302V HDR deleterious variants
and the D159N intermediate variant lost the ability to bind to XRCC3
but were able to bind to RAD51D-XRCC2. Furthermore, the R258H
variant, observed as a homozygous variant in a FANCO patient,
displayed reduced binding for all complex members (Fig. 5; Supple-
mentary Table S3).

Computational analysis of variant effects on ATP binding to
RAD51C

Structural details can provide mechanistic insight into variant
effects on protein function. However, the structure of the RAD51C
protein had not been experimentally determined at the time of this
study. Initially, a homology model of apo-RAD51C monomer was
developed using SWISS-MODEL (Supplementary Fig. S3; ref. 34), but
this model lacked a RAD51C ATP-binding site (44). Importantly,
while RAD51C can form ATP-associated BCDX2 and CX3 paralog
complexes and the Saccharomyces cerevisiae RAD51 paralog complex
(RAD55–RAD57) promotes assembly of RAD51 filaments through
transient ATP-associated oligomeric interactions (45), gel filtration
studies have suggested that RAD51C can also form a homo-
tetramer (44), and SWISS-MODEL analysis based on the cryoEM
structure of RAD51 (35) for this study suggested existence of a
RAD51C oligomer, with ATP binding at the protein–protein inter-
faces. Thus, a theoretical model of a RAD51C dimer with ATP bound
at the dimer interface—as the minimal representation of RAD51C

protomers—was developed, tested, and refined with molecular
dynamics simulations using the FF12MC protein forcefield (Fig. 6;
Supplementary Fig. S4; ref. 36). Simulations with an aggregated 12.64
microsecond simulation time yielded a stable dimer with an ATP-
binding site that shielded the ATP from solvent and enabled formation
of salt bridges of the ATP phosphate groups with K131 and R168 from
one RAD51C monomer and R312 and K328 from the other. This
model revealed the locations of the 60missense RAD51CVUS relative
to the ATP-binding site. Most variants were located in the well-
structured core domain, except for the P21S, T86I, and E94K HDR
neutral variants, located in the flexible N-terminal domain (Fig. 6A).
Importantly, 8 of 12 missense variants from the core 130–140 helical
region that abuts theATPmolecule were predicted to disrupt the ATP-
binding site, and all 8 were subsequently shown to be deleterious in the
HDR assay (Fig. 6; Supplementary Table S4). K131I and R168G
remove positively charged residues that directly interact with the
negatively charged triphosphate group of ATP; Q133E introduces a
negatively charge group that destabilizes the negatively charged tri-
phosphate group; G130R, p.Thr132Ile (T132I), T132R, p.Cys135Tyr
(C135Y), L138F, and p.Val140Glu (V140E) introduce a charged or
bulky group into a tight hydrophobic pocket that may destabilize the
residue 130–140helical region.While these 9HDRdeleterious variants
influence RAD51C function due to positions in the first monomer, 2
deleterious variants (R312W and G302V) may only influence ATP
binding and RAD51C activity due to locations in the secondmonomer
(Fig. 6B). R312W removes a positively charged residue that may
weaken the interaction with the negatively charged gamma phosphate
group of ATP. Importantly, the R312 residue from the first RAD51C
monomer was predicted to be 16 Å away from the gamma phosphate,

Figure 5.

Coimmunoprecipitation analysis of RAD51C CX3 and BCDX2 complexes. Western blotting of coimmunoprecipitated Flag-tagged RAD51C variant proteins
with XRCC3 and RAD51D, XRCC2 paralogs 48 hours after transfection of HEK293T cells with FLAG-tagged RAD51C variant expression plasmids. IP, immunopre-
cipitation; TCL, total cell lysate.
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and not involved in ATP binding. In addition, the G302V variant
disrupts a hydrophobic core and may interfere with RAD51C proto-
mer formation. Overall, all variants that may influence interactions
with ATP were found to be deleterious in the HDR and other
functional assays.

In silico predictor performance based on HDR functional
analysis of 173 RAD51C variants

The ability of the VEST4, M-CAP and REVEL sequence-based
in silico prediction models to distinguish between deleterious and
neutral variants from the HDR functional assay was assessed

Figure 6.

Evaluation of RAD51C deleterious variants in RAD51C 3D structure prediction model. A, Locations of 30 neutral and 30 deleterious variants in the 3D model of two
ATP-bound RAD51C monomers (yellow and green). The locations of neutral and deleterious variants are shown with green and red dots, respectively. B,Magnified
view of the 11 deleterious variants predicted to disrupt the binding of ATP.
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(Supplementary Table S1). The optimal Matthews Correlation Coef-
ficient RankScore threshold for REVEL (46) was 0.79 with 3 false
negatives and 14 false positives. The optimal threshold forM-CAPwas
0.64 with 5 false negatives and 21 false positives, whereas the optimal
threshold for VEST4 was 0.67 with 4 false negatives and 22 false
positives. Comparing receiver operating characteristic (ROC) curves
more than 2,000 iterations using the DeLong test, the area under the
curve (AUC) was significantly higher for REVEL relative to M-CAP
(P¼ 0.01) and VEST4 (P¼ 0.03). The precision recall (PR)-AUC was
also higher for REVEL (0.70) compared to MCAP and VEST4 (0.61
and 0.620, respectively). These results suggest that REVEL is the best of
these broadly used prediction models for selecting potentially delete-
rious RAD51C variants.

RAD51Cmissense variants and risk of breast and ovarian cancer
To assess associations between deleterious RAD51C missense

variants and risk of ovarian and breast cancers, the combined fre-
quencies of deleterious variants from the HDR assay observed among
ovarian (n ¼ 17,670) and breast cancer (n ¼ 119,531) patients
qualifying for hereditary cancer clinical genetic testing by Ambry
Genetics and GeneDx were compared with frequencies of deleterious
variants from noncancer, female reference controls from gnomAD
and the population-based CARRIERS study (n ¼ 124,318; ref. 12).
Analyses yielded significant associations with a strong risk of ovarian
cancer (OR, 14.80; P ¼ 6.09 � 10�15) and a moderate risk of breast
cancer (OR, 3.92; P ¼ 1.45�10�5; Table 1). Analyses using
only gnomAD or only CARRIERS controls yielded similar results
(Supplementary Tables S5 and S6). Restricting cases and controls to
non-Hispanic whites and non-Finnish Europeans yielded similar
associations with ovarian (OR, 14.45; P ¼ 1.28 � 10�10) and breast
cancer (OR, 3.87; P ¼ 4.66 � 10�4; Table 1). Consistent with these
results, RAD51C pathogenic PTVs were associated with high risks of
ovarian cancer (OR, 7.92; P ¼ 7.06 � 10�30) and increased risks of
breast cancer (OR, 1.82; P ¼ 2.8 � 10�4). In contrast, neutral HDR
variants were not associated with clinically actionable (OR > 1.5)
increased risks of either ovarian (OR, 1.32; P ¼ 0.03) or breast cancer
(OR, 1.05; P ¼ 0.46; Table 1). Associations with breast cancer from

the CARRIERS population-based breast cancer case–control study
were attenuated, as expected for population-based rather than
high risk cases (Supplementary Table S7). Overall, the HDR assay
enriched for variants that were associated with increased risk of breast
or ovarian cancer.

Clinical characteristics of patients with RAD51C deleterious
missense variants

Breast cancer cases with RAD51C deleterious missense (n ¼ 46)
or PTVs (n ¼ 63) from the clinical cohorts exhibited similar ages
at breast cancer diagnosis of 49.4 and 50.4 years, respectively
(Supplementary Table S8). Race, personal history of cancer, and
breast tumor ER and HER2 status were also similar. Approximately
50% of RAD51C deleterious missense and PTVs were identified in
patients with ER-positive breast cancer. In contrast, significantly
more breast cancer cases with PTVs than deleterious missense
variants had a family history of breast, ovarian, or pancreatic
cancer (P < 0.05). Ovarian cancer cases with RAD51C deleterious
missense (n ¼ 28) and PTVs (n ¼ 45) also exhibited similar
ages at ovarian cancer diagnosis of 57.9 and 56.1, respectively
(Supplementary Table S9).

Discussion
VUS inRAD51C and other cancer predisposition genes identified by

germline and somatic genetic testing create challenging situations for
management of patient care. Those with germline VUS in theRAD51C
breast and ovarian cancer predisposition gene are unable to benefit
from enhanced screening for breast and ovarian cancers, risk-reducing
surgery for ovarian cancer, or provision of cancer risk information to
family members in the same way as individuals with established
pathogenic variants. Furthermore, as tumors with pathogenic variants
in RAD51C appear to be sensitive to DNA damaging agents such as
platinum and PARP inhibitors, those with germline or somatic VUS
may benefit from targeted therapy in the future. Thus, uncertainties in
VUS classification translate into exclusion of at-risk individuals from
risk-reduction and therapeutic strategies.

Table 1. Association of functionally characterized RAD51C variants with breast and ovarian cancer risk.

Overalla

Phenotype
Variant
categories Odds ratio (95%CI) P value

Case variant
number

Case number
tested

Control variant
number

Control number
tested

Ovarian cancer Deleterious 14.8 (7.71–30.36) 6.09 � 10�15 26 17670 17 124318
Neutral 1.32 (1.02–1.68) 0.03 73 17670 417 124318
Truncating 7.92 (5.54–11.35) 7.06 � 10�30 64 17670 57 124318

Breast cancer Deleterious 3.92 (2.18–7.59) 1.45 � 10�5 48 119531 17 124318
Neutral 1.05 (0.92–1.21) 0.46 390 119531 417 124318
Truncating 1.82 (1.32–2.53) 2.83 � 10�4 101 119531 57 124318

Non-Hispanic white
Ovarian cancer Deleterious 14.45 (6.12–36.09) 1.28 � 10�10 19 12389 7 65907

Neutral 1.26 (0.92–1.7) 0.14 54 12389 229 65907
Truncating 8.19 (5.01–13.78) 1.96 � 10�16 40 12389 26 65907

Breast Cancer Deleterious 3.87 (1.7–9.05) 4.66 � 10�4 31 75342 7 65907
Neutral 0.92 (0.77–1.11) 0.41 242 75342 229 65907
Truncating 1.95 (1.23–3.12) 4.24 � 10�3 58 75342 26 65907

Note: Study excludes variants known to influence splicing and copy-number variants. Cases: breast cancer and ovarian cancer cases fromwomen receiving germline
clinical genetic testing by Ambry Genetics and GeneDx. Controls: noncancer females from the gnomAD2.1 exome and gnomAD3.1 genome reference controls and
CARRIERS study population-based controls.
Abbreviation: NFE, Non-Finn European.
aWeighted logistic regression with control populations weighted for the relative frequency of different races and ethnicities in the cases.
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Accurate clinical classification of RAD51C VUS and prediction of
response of RAD51C tumors to targeted therapy, depends in large part
on understanding the impact of VUS on RAD51C activity. However,
functional characterization of RAD51C VUS for risk assessment
remains elusive. Therefore, comprehensive functional analysis of
173 RAD51C missense variants was undertaken. Among the 173
variants, 30 were shown to reduce the HR activity of RAD51C below
25% (Fig. 1A). Of these, 18 were located in the small hotspot region
between residues 125 and 168 containing the predicted Walker A and
part of the ATP binding site. Two deleterious variants were located in
the Walker B motif at residues 237 and 242, which is also predicted to
contribute to ATP binding (Fig. 1B). All variants that were deleterious
in the HDR assay had increased sensitivity to cisplatin and olaparib, a
PARP inhibitor (Figs. 1C and 2). In addition, 7 variants with inter-
mediate/hypomorphic HDR activity of 25%–50% displayed interme-
diate drug responsiveness of 40%–80% for both cisplatin and olaparib
(Figs. 1C and 2). Similar effects on RAD51C activity were observed
using a RAD51 foci formation assay (Supplementary Fig. S1). Thus,
four functional assays using CL-V4B Rad51c-deficient hamster cells
yielded highly consistent results for RAD51C variants (Fig. 1C).

Importantly, results in human U2OS osteosarcoma cells with stable
and consistent integration of RAD51C cDNAs at a landing pad site
showed similar results to theCL-V4B assays (Figs. 3A and 4). Likewise,
results from a recent study of 36 RAD51C missense variants that
reported on the functional effects of reconstitution of U2OS and
MCF10A RAD51C–depleted cells with full-length RAD51C cDNA
expression constructs showed consistency with the CL-V4B results
(Supplementary Table S1).While there were some differences between
the results inU2OS andMCF10A cells, theCL-V4B results were always
most similar to the lowest activity in either U2OS or MCF10A cells.
Furthermore, all variants with HDR scores >0.5 (approximately 50%
activity) in U2OS or MCF10A cells, other than the L138F-negative
control, had HDR scores >1.5 (>30% activity) in CL-V4B cells,
indicating consistent identification of variants with limited effects on
protein function. These results overall strongly suggest that the HDR
assays in CL-V4B cells reflect HDR activity in MCF10A human breast
and U2OS human osteosarcoma cells.

The consistent and well calibrated results can now potentially serve
as validation data for other moderate to high-throughput assays.
However, while the results suggest that individuals carrying any of
the 30 deleterious and the seven intermediate RAD51C variants in this
study and the 17 deleterious variants in the 36 variant U2OS and
MCF10A study may be at increased risk for both breast and ovarian
cancers that may be sensitive to cisplatin and PARP inhibitors, formal
classification of variants as pathogenic or benign will only be accom-
plished by incorporation of the well calibrated functional study results
into variant classification models such as the ACMG/AMP-like model
that is under development by the ClinGen affiliated Hereditary Breast
Ovarian and Pancreatic Cancer (HBOP) Variant Curation Expert
Panel (VCEP).

To understand the mechanism of action of the deleterious missense
variants, coimmunoprecipitation experiments examining the influ-
ence of the VUS on the integrity of the CX3 and BCDX2 RAD51C
complexes were performed. All 30 HDR deleterious variants from the
HDR assay lost the ability to form at least one of the CX3 and BCDX2
complexes, whereas neutral variants had no effect (Fig. 5). In addition,
intermediate/hypomorphic VUS from the HDR assay either disrupted
a single RAD51C complex or dramatically reduced the levels of both
complexes. Microsecond molecular dynamics simulations of the
RAD51C protein revealed a core ATP-binding domain likely involved
in protein complex formation (44). The presence of the deleterious

variants predominantly in the core domain and the potential structural
effects of these variants on the binding of ATP suggests that the
conformational model may be useful for predicting the effects of VUS
on ATP binding to RAD51C and to prioritize VUS for functional
studies. This model also may be useful for classification of the clinical
relevance of RAD51C variants when combined with other data in an
ClinGen ACMG/AMP rule–based classification model that is current-
ly under development by the ClinGen Hereditary Breast Ovarian and
Pancreatic cancer (HBOP) Variant Curation Expert Panel (VCEP).

Pathogenic inactivating variants in RAD51C have been associated
with increased risks of ovarian cancer (15, 16, 47–50). Most recently, a
large study of families with RAD51C pathogenic variants estimated a
high risk for ovarian cancer (RR¼ 7.55) and a cumulative lifetime risk
to age 80 of 11%. The result from the case-control association analysis
of RAD51C pathogenic PTVs in the current study using clinically
tested ovarian cancer cases and public gnomAD reference controls
yielded very similar results (OR, 7.92; 95% CI, 5.54–11.35). However,
the association with ovarian cancer risk was higher for the deleterious
missense variants identified in the HDR assay (OR,¼ 14.8; 95% CI,
7.71–30.36). Results for non-Hispanic whites only, that account for the
majority of cases and controls, were very similar to those from the
overall population. While the risk estimates associated with missense
variants were larger than for PTVs, these differences were not signif-
icantly different. However, these results raise the possibility that
deleteriousmissense variantsmay confer higher risks of ovarian cancer
through dominant negative effects on RAD51C complexes. The role of
RAD51C as a moderate risk breast cancer gene has only recently been
established. While numerous small studies identified pathogenic
variants in breast cancer cases, the large CARRIERS population-
based case–control study showed that pathogenic variants were asso-
ciatedwithmoderate risks of ER-negative breast cancer (OR, 2.19; 95%
CI, 0.97–4.49; ref. 12). Similar results were reported in the large
BRIDGES study for breast cancer (OR, 1.93; 95% CI, 1.20–3.11) and
ER-negative breast cancer (OR, 3.99; 95% CI, 2.20–7.26; ref. 11). In
addition, a large study of family probands with RAD51C alterations
yielded a moderate risk (RR¼ 1.99) with a cumulative lifetime risk of
breast cancer of 11%. In this study, the deleterious HDR missense
variants in RAD51C also were associated with moderate risk of breast
cancer (OR, 3.92; 95% CI, 2.18–7.59). As with ovarian cancer, the
results raise the possibility of stronger effects of missense variants than
PTVs. These findings suggest that women with RAD51C deleterious
missense variants may have cumulative lifetime risks for breast cancer
between 10% and 20%. Importantly, the observation that similar
proportions (approximately 40%) of deleterious missense and PTVs
of RAD51C in this study were identified in ER-negative cases and had
similar distributions of age at diagnosis (Supplementary Table S8)
strongly suggests that the estimated risk of breast cancer was not
caused by differences in age of diagnosis or tumor histopathology
within the study population. Thus, further studies to better define
cancer risks for missense RAD51C variants are needed.

PARP inhibitors have emerged as targeted therapy of choice for
tumors deficient in homologous recombination (HR) DNA repair
genes like BRCA1/2 and several PARP inhibitors are now FDA
approved for treatment of breast and ovarian cancer (51).
RAD51C-deficient ovarian cancer patient-derived xenograft (PDX)
and organoid models are known to exhibit sensitivity to PARP
inhibition in vivo and ex vivo, respectively (52). All the RAD51C
deleterious variants identified in the current study were unable to
rescue the effects of both cisplatin and olaparib, further confirming the
sensitivity phenotype of the RAD51C-deficient state. Thus, identifying
pathogenic variants in RAD51C will likely prove important for
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identification of ovarian cancer patients who may benefit from PARP
inhibitors. Similarly, RAD51C pathogenic variants in breast tumors
may confer sensitivity to PARP inhibitors. However, because not all
HR-deficient tumors respond well to PARP inhibitors (53) additional
functional studies of RAD51C-deficient ovarian and breast tumors are
required to develop novel targeted therapies for these patients.

Advances in clinical testing are resulting in rapid accumulation of
VUS in databases (e.g., ClinVar) that surpass the number of VUS
evaluated in customized studies. However, high-throughput function-
al approaches to study VUS are emerging as an efficient approach to
characterization of variants (54, 55). The large number of variants
showing consistent results in HDR and drug response assays in the
current studies will prove useful as validation standards for future high
throughput approaches and will further enhance the clinical transla-
tion of RAD51C VUS classification into patient care.

In summary, this study provided an approach for reducing the
barrier of comprehensive functional classification of RAD51C VUS.
These results have potential implications for risk reduction and
targeted therapy strategies for breast cancer and ovarian cancer for
patients harboring these VUS and provide a rationale for evaluation of
RAD51C VUS using an HDR and drug response assays and RAD51C
conformational analysis.
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