
Distinct Roles of FANCO/RAD51C Protein in DNA Damage
Signaling and Repair
IMPLICATIONS FOR FANCONI ANEMIA AND BREAST CANCER SUSCEPTIBILITY*□S

Received for publication, October 6, 2011, and in revised form, December 6, 2011 Published, JBC Papers in Press, December 13, 2011, DOI 10.1074/jbc.M111.311241

Kumar Somyajit1, Shreelakshmi Subramanya, and Ganesh Nagaraju2

From the Department of Biochemistry, Indian Institute of Science, Bangalore 560012, India

Background: RAD51C plays a key role in recombinational repair and genome stability.
Results: RAD51C deficiency leads to repair as well as a signaling defect in response to interstrand cross-links and double strand
breaks.
Conclusion: RAD51C is critical for Fanconi anemia pathway of ICL repair and intra-S-phase checkpoint.
Significance: This study identifies distinct roles of RAD51C in repair and signaling and as a tumor suppressor.

RAD51C, a RAD51 paralog, has been implicated in homolo-
gous recombination (HR), and germ line mutations in RAD51C
are known to cause Fanconi anemia (FA)-like disorder and
breast and ovarian cancers. The role of RAD51C in the FA path-
way of DNA interstrand cross-link (ICL) repair and as a tumor
suppressor is obscure. Here, we report that RAD51C deficiency
leads to ICL sensitivity, chromatid-type errors, and G2/M accu-
mulation, which are hallmarks of the FA phenotype. We find
that RAD51C is dispensable for ICL unhooking and FANCD2
monoubiquitination but is essential for HR, confirming the
downstream role of RAD51C in ICL repair. Furthermore, we
demonstrate that RAD51C plays a vital role in theHR-mediated
repair of DNA lesions associated with replication. Finally, we
show that RAD51Cparticipates in ICL and double strand break-
induced DNA damage signaling and controls intra-S-phase
checkpoint through CHK2 activation. Our analyses with patho-
logicalmutants ofRAD51C thatwere identified inFAandbreast
and ovarian cancers reveal that RAD51C regulatesHR andDNA
damage signaling distinctly. Together, these results unravel the
critical role of RAD51C in the FA pathway of ICL repair and as a
tumor suppressor.

Unrepaired or misrepaired chromosomal double strand
breaks (DSBs)3 can cause gross chromosomal rearrangements
that eventually can lead to tumorigenesis through inactivation
of tumor suppressor genes or activation of oncogenes (1, 2).
There are two major mechanisms of DSB repair, nonhomolo-
gous end joining and homologous recombination (HR) (3, 4).

DSBs that are generated during the S- and G2-phase of the cell
are preferentially repaired by sister chromatid recombination
(SCR), an HR pathway that utilizes neighboring sister chroma-
tid as a template (5, 6). Because the copied information is accu-
rate, SCR is potentially an error-free pathway. HR also plays a
critical role in the repair of daughter strand gaps (DSGs) that
arise as a result of replication fork stalling and facilitates repli-
cation fork recovery (4, 7–9). Furthermore, in collaboration
with nucleotide excision repair and translesion synthesis, HR is
involved in the repair of DNA interstrand cross-links (ICLs)
(10, 11). Thus, HR is important for the maintenance of genome
integrity, and its dysfunction can lead to various genetic disor-
ders and cancer (12–14).
TheRAD51 recombinase plays a key role in theHR-mediated

repair of DSBs, DSGs, and ICLs (15–17). The RAD51 paralog
RAD51C is known to regulate HR in coordination with other
RAD51 paralogs as follows: RAD51B, RAD51D, XRCC2, and
XRCC3 (18). Biochemical studies show that RAD51C exists in
two major complexes, RAD51B/RAD51C/RAD51D/XRCC2
(BCDX2) and the RAD51C/XRCC3 (CX3). Evidence from var-
ious studies shows that RAD51C participates in initial and late
stages of HR (18). Chicken DT40 and hamster cells lacking
RAD51C show reduction in RAD51 foci formation, decreased
DSB repair by HR, and elevated chromosomal aberrations (18).
RAD51C-deficient hamster cells display reduced repair of
I-SceI-inducedDSBs and increased frequency of long tract gene
conversions (LTGC), suggesting the involvement of RAD51C
in late stages of recombination (19). RAD51C has been shown
to participate in DNA damage signaling by facilitating check-
point effector kinase CHK2 phosphorylation (20).
Germ linemutations in BRCA1 and BRCA2 genes are known

to cause hereditary breast and ovarian cancers (21, 22). BRCA1
and BRCA2 are required for HR-mediated DSB repair in
mitotic and meiotic cells (23). These two proteins localize with
RAD51 in a discrete nuclear foci in the S- and G2-phase of
somatic cells. The interaction of BRCA1 and BRCA2 with
RAD51 was further identified in a biochemical complex (24).
The BRCA1-BRCA2-RAD51 complex localizes to the sites of
stalled replication forks in response to hydroxyurea and ultra-
violet irradiation, suggesting involvement of BRCA1 and
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BRCA2 in the HR-mediated repair of DNA lesions that arise as
a result of replication fork stalling (24–26). More direct evi-
dence for the BRCA1 and BRCA2 role inHR came from the fact
that cells lacking BRCA1 or BRCA2 show reduced repair of
DSBs induced by I-SceI expression (27, 28). RAD51 recombi-
nase directly interacts with BRCA2 through BRC repeats that
are present in the central part of BRCA2, and this association
plays a pivotal role in the presynaptic assembly of RAD51 to the
replication protein A-coated single-stranded DNA to facilitate
HR (29). BRCA1 exists in multiple complexes to regulate vari-
ous cellular processes, including checkpoint activation and HR
to maintain genome integrity (30).
Fanconi anemia (FA) is a rare chromosome instability

genetic disorder characterized by congenital abnormalities,
progressive bone marrow failure, and susceptibility to cancer.
15 genes (FANCA–C, -D1, -D2, -E–G, -I and -J, and -L–P) have
been identified to play a critical role in the FA pathway of ICL
repair (18, 31, 32). Interestingly, three of the FAgenesFANCD1,
FANCJ, and FANCN are identified as breast cancer susceptibil-
ity (BRCA) genesBRCA2,BACH1, and PALB2, respectively (31,
32). Seven of the FA gene products (FANCA-C, -E-G, and -L)
form an FA core complex to monoubiquitinate FANCD2 and
FANCI (33, 34). FANCM protein with its binding partner
FAAP24 have been shown to recruit FA core complexes to the
sites of ICL lesions to monoubiquitinate FANCD2 and FANCI
(35). The monoubiquitinated FANCD2 forms distinct nuclear
foci that contain other key DNA damage response proteins like
�-H2AX, BRCA1, BRCA2, and RAD51 (36, 37). Failure of
FANCD2 and FANCI monoubiquitination reduces ICL repair
efficiency and HR (31, 32).
In a striking observation, germ line mutations in RAD51C

have been identified to cause FA-like disorder and breast and
ovarian cancers (38, 39). Biallelic mutation in RAD51C was
identified in a family with a characteristic phenotype of FA.
However, no hematological abnormalities or cancers were
diagnosed in the children. Sequencing results confirmed the
homozygous missense mutation (G773A, R258H) in RAD51C
exon 5, andRAD51C has been assigned as FANCO, a 14th in the
FA family genes (18, 38). In a parallel study, monoallelic muta-
tions in RAD51C were identified to cause breast and ovarian
cancers. A total of 14 mutations, which include base insertions,
splice sitemutations, andmissensemutationswere identified in
RAD51C (18, 39). To understand the mechanistic insights into
the role of RAD51C in ICL repair and its tumor suppressor
function, here we have analyzed the RAD51C role in the FA
pathway,DNAdamage signaling, and repair. Our results clearly
indicate that RAD51C is required for the HR step of ICL repair,
a downstream role in the FApathway.We show that RAD51C is
critical for the repair of replication-associated DNA lesions.
Strikingly, we identify a role for RAD51C in intra-S-phase
checkpoint regulation. These results provide novel insights into
the role of RAD51C in the FA pathway of ICL repair and as a
tumor suppressor.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—The cell lines CL-V4B
(RAD51C�/�) and V79BWT parental cells, which are Chinese
hamster lung fibroblast cells and HeLa cells, were cultured as

described previously (19). The stable cell lines of CL-V4B cells
expressingWT and variant RAD51C frommodified pcDNA3�
vector were generated by transfectionwith Bio-Rad gene pulsar
X cell (250 V and 950 microfarads), followed by selection in
G418. The resistant colonies were pooled and expanded for
functional assays.
DNA Constructs—The HR/SCR reporter and I-SceI expres-

sion vector design and construction were reported previously
(40). TheWThRAD51Cwas PCR-amplified from the pcDNA3
hRAD51C vector and cloned into pcDNA3� vector using
BamHI and XhoI sites. hRAD51C variants were generated by
PCR-based mutagenesis and cloned in pcDNA3� vector using
BamHI andXhoI sites and confirmed by sequencing. hRAD51C
shRNA construct was generated using the reported RAD51C
siRNA sequence (20) and cloned in pRS transient vector.
Immunoprecipitation, Western Blot, and Antibodies—Cells

were harvested and lysed in RIPA buffer supplemented with
complete protease and phosphatase inhibitor mixture (Roche
Applied Science). For immunoprecipitation assays, cell lysates
were incubated with anti-RAD51C polyclonal antibody (Santa
Cruz Biotechnology) using protein A beads. Proteins were
resolved on 10% SDS-PAGE and transferred onto PVDF mem-
branes (Millipore). Membranes were blocked using 5% milk in
TBST (50 mM Tris-HCl, pH 8.0, 150 mMNaCl, 0.1% Tween 20)
and incubated with primary antibody for 1 h. The primary anti-
bodies against RAD51C, RAD51, XRCC3, XRCC2, CHK1P
(Ser-345), CHK2P (Thr-68), FANCD2, �-actin, and �-tubulin
used forWestern blot analysis were purchased fromSanta Cruz
Biotechnology. Membranes were incubated with secondary
antibody and developed by chemiluminescence and captured
using ChemiDoc (Fujifilm LAS 3000).
Chromosomal Aberration Assays—Cells were either mock-

treated or treated with 10 ng/ml MMC for 24 h, followed by a
2-h incubation with 10 �g/ml colcemid. Later, cells were har-
vested and treated with hypotonic solution (0.5% KCl) for 20
min and fixed overnight at 4 °C in methanol/acetic acid (1:1).
Cells were later dropped onto a chilled glass slide, and air-dried
preparations were stained with 5% aqueous Giemsa. For each
case, 50 metaphase plates were scored.
G2/MAccumulationAssays—Cellswere incubatedwith 5�M

cisplatin or DMSO for 3 h and recovered in the fresh media for
36 h. Treated cells were trypsinized, and single cells were fixed
overnight with 70% ethanol in PBS at �20 °C. After centrifuga-
tion, cells were incubated with 0.15 mg/ml RNase A (Fermen-
tas) in PBS at 42 °C for 4 h and then incubated for 10 min with
50 �g/ml propidium iodide in the dark. A total of 1 � 104 cells
were analyzed by Canto and caliber flow cytometer (BD Biosci-
ences). Aggregates were gated out, and a percentage of cell with
4 N DNA content was calculated using FACSDiva Version 6.1.1
software (BD Biosciences).
Cell Survival Assays—Cells were seeded onto 24-well plates

at a density of 5,000 cells per well in triplicate and were allowed
to adhere for 4–6 h. Cells were mock-treated or treated con-
tinuously with MMC (Sigma), cisplatin (Sigma) for 3 h, MMS
(Sigma) for 45 min, hydroxyurea (HU, Sigma) for 24 h, and
camptothecin (CPT, Sigma) for 6 h. Cells were later recovered
in the fresh media and incubated for 3–4 days. Later, 500 �l of
0.5 mg/ml MTT (Sigma) labeling reagent was added to each
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well, and the cultures were incubated for 5 h at 37 °C in dark.
Later, the medium was removed, and 500 �l of DMSO was
added to the cells; 100 �l of the resulting mixture was trans-
ferred to a 96-well plate and analyzed using microplate reader
(VersaMax ROM Version 3.13). In a parallel experiment, cell
viability was measured by counting using a hemocytometer.
Percent growth was calculated as treated cells/untreated cell �
100.
HR Assays—HR/SCR assays were performed using 24 �g of

I-SceI plasmid as described previously (19). In all experiments,
the percentage of green GFP� cells (whether I-SceI-induced or
background frequency)wasmeasured in triplicate samples, and
I-SceI-transfected values were corrected for transfection effi-
ciency. The spontaneous GFP� frequency was subtracted from
this number to obtain I-SceI-induced GFP� frequency. The
SCR events were quantified by BSDR� cells as described previ-
ously (19).
FlowCytometric Analysis of Cell Cycle—Cells were processed

as discussed for G2/M accumulation studies. For the S-phase
checkpoint experiment, cells were incubatedwith 3�MCPT for
2 h. For bromodeoxyuridine (BrdU) incorporation assays, cells
were treated with CPT for 2 h and recovered for up to 15 h
followed by incubation with 60 �M BrdU (Sigma) for 20 min.
Cells were fixed in 70% ethanol at 4 °C, andDNAwas denatured
using 2 NHCl and 0.5% Triton X-100 and later neutralized with
0.1 M sodium borate, pH 8.5. After that, cells were washed with
PBS containing 0.5%TritonX-100 and 0.5%BSA and incubated
with anti-BrdU mouse monoclonal antibody (BD Biosciences)
for 2 h at room temperature. Later, cells were washed and incu-
bated with anti-mouse secondary antibody conjugated with
FITC (Sigma) for 1 h. After two washes in PBS, samples were
incubated with RNase A and propidium iodide and analyzed by
FACS. The aggregates and apoptotic cells were excluded, and
cell cycle phaseswere analyzed by FACSDivaVersion 6.1.1 soft-
ware (BD Biosciences).
Comet Assays—The modified alkaline comet assay was per-

formed using 20,000 cells as described previously (41). The
MMC-treated cells were harvested at various time points to
determine ICL formation and incision. Harvested cells were
mixed with 150 �l of 0.5% low melting point agarose (Sigma)
and spread on agarose-precoated frosted microscopic glass
slides. Cells were lysed by placing slides in cold lysis solution
(2.5 M sodium chloride, 100mMEDTA, 10mMTris-HCl, pH 10,
1% Triton X-100, 10% DMSO) for 2 h. After lysis, slides were
washed with PBS and incubated for 1 h in alkaline unwinding
buffer (300mMNaOH and 1mM EDTA, pH�13) in the dark at
4 °C and later electrophoresed in the same buffer for 1 h at 25 V
and 300 mA at 4 °C. Slides were neutralized in 0.4 M Tris-HCl,
pH 7.5, and stained with ethidium bromide for analysis. Image
of at least 50 cells per sample were captured by using a fluores-
cencemicroscope (Olympus IX 71), and tailmomentwas quan-
tified using comet score.
Induction of DSBs in response to MMC treatment was eval-

uated by neutral comet assay as described previously (42).
Briefly, cells were seeded in 12-well plates and treated with
MMC continuously before harvesting at various time points.
Harvested cells (20,000)weremixedwith 500�l of 1% lowmelt-
ing point agarose (Sigma) and spread on agarose-precoated

frostedmicroscopic glass slides. Slides were placed in lysis solu-
tion (30 mM EDTA, 0.5% SDS, pH 8.3) and later incubated at
40 °C for 5 h. Following lysis, slides were washed with 90 mM

Tris, 90mM boric acid, 2mMEDTA, and electrophoresed in the
same buffer to 0.66 V/cm for 30 min. DNA was stained with 2
�g/ml propidium iodide for analysis. Images of individual cells
were acquired using a fluorescence microscope.

RESULTS

RAD51C Is Crucial for Cross-link Repair—Tounderstand the
role of RAD51C in the FA pathway of ICL repair, here we have
used Chinese hamster RAD51C-deficient cells. The residues
that were found mutated in FA-like disorder, and breast and
ovarian cancers are highly conserved in mouse and hamster
cells (see supplemental Fig. S1A). The hallmarks of FA and
BRCA cells are extreme sensitivity to ICL agents and chromo-
somal aberrations in the formof radial chromosomes and chro-
matid breaks. To understand the involvement of RAD51C in
ICL repair, cell survival assays were carried out in the presence
of various concentrations of ICL-inducing agents. CL-V4B
empty vector cells showed extreme sensitivity to MMC and
cisplatin, and stable expression of wild-type (WT) human
RAD51C was able to rescue this phenotype (see supplemental
Fig. S3, A and B). To understand the role of various RAD51C
missense mutants that were identified in FA-like disorder and
breast and ovarian cancers, we generated these mutants and
stably transfected intoCL-V4B cells as described under “Exper-
imental Procedures.” At a fixed concentration of MMC and
cisplatin, cells expressing RAD51C L138F andG125Vmissense
mutants exhibited extreme sensitivity to ICL agents similar to
that of empty vector cells, and four other mutants, G264S,
R366Q, D159N, and T287A, as well as the R258H missense
mutation that was identified in FA-like disorder showed mod-
erate sensitivity, indicating the hypomorphic behavior of these
mutants (Fig. 1,A and B). These results clearly suggest a critical
role of RAD51C in ICL repair, and the pathological mutations
in RAD51C compromise ICL repair. However, the expression
levels of these mutants (Fig. 1F) and the growth pattern of
CL-V4B cells expressing these RAD51C variants were not sig-
nificantly different from theWTRAD51C-expressing cells (see
supplemental Fig. S2A). To further confirm the involvement of
RAD51C in the FA pathway, we analyzed metaphase spreads
(Fig. 1C). Interestingly, absence of RAD51Cor the cells express-
ing variant RAD51C exhibited a marked increase in the fre-
quency of spontaneous as well as MMC-induced radial chro-
mosomes as well as chromatid type breaks (Fig. 1, D and E),
indicating a vital role of RAD51C in the FA and BRCA pathway
of ICL and DSB repair. Strikingly, L138F and G125Vmutations
showed a remarkable (�15-fold) increase in spontaneous as
well as MMC-induced radial chromosomes and chromatid
breaks, suggesting a critical role of these residues in the FA
pathway of ICL repair. RAD51C G264S, R366Q, D159N, and
T287A all showed moderate increase in chromosomal aberra-
tions. Interestingly, the R258H missense mutation displayed a
significant increase in spontaneous as well as MMC-induced
chromosomal and chromatid-type aberrations, which is in
agreement with sensitivity assays and suggests that R258H is a
hypomorphic mutant (Fig. 1, D and E).
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RAD51C Is Required forNormalization of Cell Cycle Response
to ICL Agents—The FA cells show prolonged G2/M accumu-
lation in response to ICLs. The transient G2/M arrest could
allow cells to process ICLs for repair and reenter the cell
cycle phases. To investigate the role of RAD51C in FA-BRCA
pathway of ICL repair, we carried out cell cycle analysis of
CL-V4B cells reconstituted with vector alone, WTRAD51C,
and its variants after cisplatin treatment (Fig. 2, A and B). In
contrast to parental V79B cells, CL-V4B empty vector cells
displayed prolonged G2/M accumulation, and expression of
WTRAD51C restored this abnormality, suggesting the
RAD51C role in ICL repair. Expression of the R258Hmutant
suppressed G2/M accumulation to a moderate extent, indi-
cating partial function of this mutant in ICL repair. In con-
trast, expression of L138F and G125V failed to suppress

G2/M accumulation, although G264S, R366Q, D159N, and
T287A showed a partial suppression compared with
WTRAD51C. Similar observations have been made with
MMC and melphalan (data not shown). This was further
confirmed by the fact that CHK1 was activated for a longer
duration in CL-V4B cells compared with WT cells (Fig. 2C),
indicating the presence of an unprocessed pool of ICLs.
These data again suggest that RAD51C is critical for ICL
repair. To rule out the possibility that cell cycle kinetics is
different in RAD51C mutant cells as compared with WT
cells, we measured cell cycle distributions of the CL-V4B
vector andWTRAD51C rescued cells at different time points
after blocking the cells in G2/M-phase using nocodazole fol-
lowed by release into fresh media and found no significant
differences (see supplemental Fig. S2B).

FIGURE 1. RAD51C is essential for cross-link repair. RAD51C deficiency and pathological RAD51C mutants confers MMC (A) and cisplatin (B) sensitivity. C,
metaphase spreads of CL-V4B empty vector or hRAD51C rescued cells exposed to 10 ng of MMC/ml. Arrows indicate chromatid breaks and radial chromosomes.
Quantification of total chromatid breaks (D) and radial chromosomes (E) in CL-V4B vector and WTRAD51C rescued cells is shown. For each condition, 50 cells
were analyzed. F, expression of WTRAD51C and its variants in CL-V4B cells. Actin was used as a loading control.
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RAD51C Is Dispensable for Incision of ICL and Monoubiq-
uitination of FANCD2—To test whether the sensitivity of
RAD51C-deficient cells to the cross-linking agents is due to a
defect in the incision step of cross-link repair, we measured the
extent of DNA cross-linking by modified alkaline comet assay
at single cell level (see “Experimental Procedures”) (Fig. 3A).
Tail moment, a measure of relative electrophoretic mobility,
decreased with increasing concentration of MMC for 2 h in
V79B cells (Fig. 3B). Restoration of tail moment was observed
with the recovery of treated V79B cells in freshmedia in a time-
dependent manner, indicating ICL unhooking and DSB forma-
tion (Fig. 3C). The efficiency of MMC-induced ICL unhooking
in CL-V4B empty vector cells was compared with that of iso-
genicWTRAD51C rescued and parental V79B cells. The kinet-
ics of incision in CL-V4B vector cells were indistinguishable
from that of WTRAD51C complemented and V79B cells (Fig.
3D). This suggests that RAD51C is dispensable for incision of

ICLs and acts subsequent to the formation of DSBs. One of the
main steps in the FA pathway is the activation of FANCD2 by
monoubiquitination, which is mediated by FA core complex.
To investigate whether RAD51C is part of the FA core complex
and plays a role in the activation of FANCD2, we measured
FANCD2monoubiquitination after MMC treatment. Interest-
ingly, FANCD2 activation in CL-V4B vector cells was similar to
WTRAD51C rescued cells (Fig. 3E). Similarly, ionizing radia-
tion-induced FANCD2monoubiquitination was not perturbed
in CL-V4B empty vector cells compared with WTRAD51C
complemented cells (Fig. 3F), suggesting that RAD51C acts
downstream of FA core complex-mediated modification of
FANCD2 and activation of the FA pathway.
RAD51C Is Essential for Promoting Homology-directed

I-SceI-induced DSB Repair—Cross-link repair essentially
involves HR to complete the repair process. FA-BRCA pathway
is known to be required for efficientHR, as depletion of BRCA1,

FIGURE 2. Germ line mutations in RAD51C leads to defective DNA damage response. A, cell cycle analysis of CL-V4B cells expressing WTRAD51C, RAD51C
variants and vector control. Cells were treated with 5 �M cisplatin for 3 h and subsequently recovered for 36 h and analyzed by FACS to determine the G2/M cells.
B, quantitative data for the experiment shown in A. Bar graph represents mean � S.D from three independent experiments. C, CHK1 phosphorylation at
indicated time points in CL-V4B vector and WTRAD51C-expressing cells.
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BRCA2, FANCD2, FANCN, and FANCJ causes reduction in
HR frequency, when measured by GFP-based HR reporter
assay (32). We investigated whether pathological RAD51C
mutants that were defective for ICL repair also display compro-
mised HR. We used previously characterized CL-V4B SCR5
cells containing the HR/SCR reporter to study the HR events in
response to a site-specific chromosomal DSB induced by I-SceI
(19). Fig. 4A shows the description of the SCR reporter and the
outcome of SCR events.
Consistent with our previous observation, CL-V4B vector

cells generated �0.02% I-SceI-induced GFP� cells, and an
�12-fold increase in the GFP� cells was observed in the
WTRAD51C rescued cells. However, expression of
WTRAD51C resulted in only an�2-fold increase in the I-SceI-
induced BsdR� cells (Fig. 4, B and C). The corresponding ratio
of LTGC/overall GC, a measure of the probability of a gene
conversion event resolving as LTGC,was about 6-fold higher in
control vector cells compared with WTRAD51C-expressing
cells (Fig. 4D). These results are in agreement with a previous
report (19) and suggest that RAD51C regulates overall GC and
suppresses LTGC. In parallel experiments, expression of

RAD51C L138F and G125V showed �4-fold reduction in the
HR frequency. Cells expressing R258H,G264S, R366Q,D159N,
and T287A displayed a partial HR defect compared with WT
cells (Fig. 4B). The ratio of LTGC/overall GC was significantly
increased (�4-fold) in cells expressing RAD51C L138F and
G125V, whereas R258H, G264S, R366Q, D159N, and T287A
mutants showed a modest increase in LTGC events (Fig. 4D).
The expression levels of various RAD51Cmutants were similar
to WT protein in CL-V4B SCR5 cells (Fig. 4E). These results
clearly suggest that RAD51C residues that were foundmutated
in FA-like disorder and breast and ovarian cancers are essential
for overall GC and in suppressing LTGC between sister
chromatids.
RAD51C Is Critical for HR-mediated DSB and DSG Repair

Induced by Clastogens—The HR measured using a GFP
reporter reveals the repair of a single DSB induced by I-SceI in
the entire genome. To understand the role of RAD51C in the
repair of genome-wide DSBs and DSGs induced by clastogens
such as topoisomerase inhibitor CPT, replication inhibitor HU,
and MMS, we treated the cells with CPT, HU, and MMS and
measured cell survival. Consistent with our HR data, CL-V4B

FIGURE 3. RAD51C is dispensable for ICL unhooking and activation of FA pathway. A, V7B untreated and treated cells with MMC (100 ng/ml, 2 h) were
monitored for ICL induction and processing. B, dose-dependent decrease in relative tail moment in V79B cells compared with untreated cells. C, time-depen-
dent restoration of relative tail moment in V79B cells after treatment with 100 ng/ml MMC for 2 h. D, quantification of relative tail moment in V79B, CL-V4B
vector, and RAD51C rescued cells. For each cell type 50 comets were scored using comet score software. Analysis of FANCD2 monoubiquitination after MMC-
(E) and ionizing radiation (F)-induced DNA damage. Gy, gray.
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control vector cells displayed extreme sensitivity to CPT, HU,
andMMSwith �10-fold reduction in survival, and this pheno-
typewas rescued byWTRAD51C expression (see supplemental
Fig. S3, C–E). RAD51C R258H, L138F, and G125V showed
hypersensitivity similar to that of empty vector cells, suggesting
the critical role of these residues in the RAD51C HR function.
Cells expressingG264S, R366Q,D159N, andT287Adisplayed a
partial reduction in cell survival compared with WTRAD51C
rescued cells (Fig. 5, A–C). These results are in agreement with
the data observed with HR reporter assay.
RAD51C has been shown to regulate RAD51, and its defi-

ciency causes reduction in RAD51 foci formation at DNA
damage sites; this could in turn lead to an HR defect. Our
results with HR reporter and cell survival studies indicate the
function of RAD51C in HR possibly through its interaction
with RAD51. To test whether the compromised functions of
various RAD51C mutants in HR are due to defective inter-

action with RAD51, we measured the efficiency of RAD51
interaction with RAD51C mutants as described under
“Experimental Procedures.” We also measured the interac-
tion of RAD51C mutants with XRCC3, the binding partner
of RAD51C. Indeed, our data clearly show the physical asso-
ciation of RAD51C with RAD51 and XRCC3 (Fig. 5D).
RAD51C L138F and G125V mutants showed a severe defect
with ICL repair and HR assay. Consistent with these obser-
vations, interaction of RAD51C L138F and G125V mutants
with RAD51 and XRCC3 was greatly diminished. The
RAD51C R258H was partially functional with ICL repair and
HR assay. In agreement with this, its interaction with both
RAD51 and XRCC3 was partial. The G264S, R366Q, D159N,
and T287A mutants were hypomorphic in our functional
assays. Interestingly, the interaction of G264S and R366Q
with RAD51 was partially reduced, but its association with
XRCC3 was unperturbed. In the case of D159N and T287A

FIGURE 4. RAD51C is required for promoting efficient HR. A, schematic diagram of the SCR reporter and the outcome of gene conversion events. I-SceI
induced short tract gene conversion (STGC) that terminates prior to duplication of bsdR exon B (outcome 1), gene conversion that results in duplication
of bsdR exon B but terminates prior to generating a third GFP copy, early terminating long tract gene conversion (LTGC/early termination) (outcome 2),
and gene conversion that results in duplication of the bsdR cassette, generating a third GFP copy (LTGC/GFP triplication) (outcome 3). Wild-type GFP and
BsdR mRNA is shaded. Tr GFP, truncated GFP. B, frequency of HR events measured as GFP� cells of CL-V4B SCR reporter containing cells (CL-V4B SCR5)
stably transfected with vector, WTRAD51C, and its variants. C, frequencies of I-SceI-induced BsdR� colonies for the experiment shown in A. D, ratio of
I-SceI-induced BsdR�/GFP� frequencies (LTGC/overall GC, expressed as percentage) from the experiment whose results are shown in B and
C. E, expression of RAD51C and various RAD51C mutant proteins or actin loading control for the experiment whose results are shown in B–D. The A is
adapted with permission from Ref. 66.
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RAD51C variants, the interaction was partial with XRCC3
but showed a greatly reduced association with RAD51. These
results explain the possible reasons for the compromised
functions of RAD51C mutants in ICL repair and HR.
Involvement of RAD51C in MMC-induced DNA Damage

Response—To understand whether RAD51C participates in
ICL-induced DNA damage response, we treated CL-V4B
empty vector andWTRAD51C rescued cells toMMC and ana-
lyzed the cell cycle profile at various time points (see “Experi-
mental Procedures”). The cell cycle profile of the CL-V4B vec-
tor and RAD51C rescued cells were very similar after 6 h of
MMC treatment. Interestingly, at 14 h, CL-V4B vector cells
showed a predominant population in G2/M-phase (Fig. 6A). In
contrast, WTRAD51C rescued cells displayed significant pop-
ulation in S-phase. Strikingly, at this time point, accumulation
ofDSBs andCHK1 activationwas similar inCLV-4B vector and
RAD51C rescued cells (Fig. 6, B andC). Notably, progression of
CL-V4B vector cells into G2/M-phase was robust by 24 h
despite the presence of abundant DSBs (Fig. 6, A and B). In
contrast to control cells, RAD51C rescued cells showed
retarded progression and reduced DSBs (Fig. 6, A and B), sug-
gesting the activation of checkpoint and efficient repair of ICLs.
However,WTRAD51C rescued cells displayed near normal cell
cycle profile by 40 h and inactivation of CHK1, further suggest-

ing the completion of ICL repair in these cells. Strikingly, the vec-
tor cells showed accumulated DSBs even at 40 hwith a prolonged
activation of CHK1 and underwent significant cell death from
G2/M arrest (Fig. 6, A–C). The unperturbed progression of
CL-V4Bcells intoG2/M-phasedespiteMMC-induced ICL lesions
indicates the possible role of RAD51C in S-phase checkpoint.
Analyses of RAD51C variants showed that cells expressing

R258H, G125V, and D159N displayed cell cycle progression
faster than WTRAD51C-expressing cells but slower than vec-
tor cells at 14 h. Accumulation of DSBs at this time point was
nearly identical in these mutants (see supplemental Fig. S4).
Analyses of cell cycle progression at 24 h revealed that these
mutants accumulated in G2/M-phase and showed partial
release from G2/M arrest by 40 h (Fig. 6A), suggesting a partial
defect in these mutants. Interestingly, the cell cycle profile of
L138F and T287A showed a phenotype similar to empty vector
cells at the indicated time points, implying the severe defect of
these mutants in DNA damage response (Fig. 6A). The
RAD51C variants G264S and R366Q showed near normal cell
cycle profile similar toWTRAD51C rescued cells at 14 h. How-
ever, by 24 h, these mutants showed more cells in G2/M and at
40 h displayed a partial release fromG2/M (Fig. 6A), suggesting
the hypomorphic behavior of these mutants in ICL-induced
DNA damage response.

FIGURE 5. RAD51C is essential for tolerance to genome-wide DSBs through RAD51-dependent HR. Sensitivity of CL-V4B vector, WTRAD51C, and its variant
expressing cells to camptothecin (A), hydroxyurea (B), and MMS (C) at indicated concentrations. D, RAD51C interacts with RAD51 and forms complexes with
XRCC3 and XRCC2. CL-V4B cells expressing WTRAD51C, its variants, and vector were treated with MMC (10 ng/ml, 12 h), and immunoprecipitation (IP) was
carried out using anti-RAD51C antibodies. Immunoprecipitation products were analyzed using antibodies against RAD51, XRCC2, XRCC3, and RAD51C. Bottom
lane, immunoblot with whole cell extracts (WCE) using an equivalent of 5% of total input extracts from all the samples, and all other lanes were loaded with 30%
of the respective precipitates.
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RAD51C Plays a Critical Role in the Intra-S-phase
Checkpoint—Our results with defective S-phase checkpoint in
RAD51C-deficient CL-V4B cells to MMC-induced DNA dam-
age prompted us to investigate whether RAD51C controls
S-phase checkpoint in response to CPT. To investigate this, we
treated CL-V4B empty vector and WTRAD51C rescued cells
with CPT and analyzed the cell cycle progression as described
under “Experimental Procedures.” Both these cells showed pro-
gression with a similar kinetics for up to 2 h of recovery follow-
ing 3 h of CPT treatment. Interestingly, in the later hours, WT
rescued cells showed delayed cell cycle progression with more
of an S-phase population as compared with vector cells that
displayed early entry into G2/M-phase (see supplemental Fig.
S5). The accumulation ofWTRAD51C rescued cells in S-phase
suggests the intact S-phase checkpoint in these cells. In con-

trast, control vector cells failed to arrest in S-phase in response
to CPT-induced DNA damage, indicating a role of RAD51C in
S-phase checkpoint response. Our analyses with various
RAD51C mutants showed a similar phenotype as that was
found with MMC-induced DNA damage (see supplemental
Fig. S5).
To further validate our observation that RAD51C regulates

S-phase checkpoint, cells were trapped in G2/M-phase using
the microtubule inhibitor nocodazole. Both WTRAD51C and
vector-transfected CL-V4B cells accumulated in G2/M-phase
after nocodazole treatment for 15 h. Cotreatment of cells with
nocodazole and CPT for the indicated time intervals showed
that WT cells were not affected by nocodazole treatment
because of intact S-phase checkpoint function (Fig. 7A). In con-
trast, control vector cells showed progression into G2/M-phase

FIGURE 6. RAD51C is required for MMC-induced S-phase checkpoint control and repair. A, indicated cells were treated with 50 ng/ml MMC continuously,
harvested at indicated time points, and analyzed by flow cytometry to determine the percentage of cells at different phases of cell cycle. A representative
experiment is shown. The bar graph represents mean � S.D. B, representative neutral comet images for the CL-V4B vector and WTRAD51C complemented cells
at various time points after MMC treatment. C, CL-V4B vector and WTRAD51C rescued cells collected after MMC treatment were lysed and analyzed for CHK1
activation.
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after treatment with CPT and arrested in G2/M-phase when
cotreatedwith nocodazole. These results point to the novel role
of RAD51C in DNA damage-induced S-phase checkpoint
regulation.
The DNA damage response regulator ATM and FA-BRCA

pathway proteins FANCD1 (BRCA2), FANCD2, and FANCN
(PALB2) have been shown to regulate the intra-S-phase check-
point. Mutation in any of these genes shows radio-resistant
DNA synthesis (43). Our findings of RAD51C having a role in
the S-phase checkpoint prompted us to investigate whether
RAD51C also regulates intra-S-phase checkpoint similar to FA-
BRCA pathway proteins. We examined whether RAD51C can

suppress DNA synthesis in the presence of DSBs, which is the
hallmark of intra-S-phase checkpoint. To test this hypothesis,
we carried out BrdU incorporation after treatment with CPT as
described under “Experimental Procedures” (Fig. 7B). BrdU
pulse labeling failed to indicate a difference inDNA synthesis in
WT versus control vector cells in untreated samples. Strikingly,
DNA synthesis was strongly inhibited at 0 h of recovery inWT
rescued cells, and some populations of CL-V4B vector cells
underwentDNA replication. From2 to 8 h of recovery, CL-V4B
vector cells resumed DNA synthesis in early to mid S-phase,
whereas DNA synthesis in WT RAD51C cells was limited only
to early S-phase. At 12 h of recovery, the majority of CL-V4B

FIGURE 7. RAD51C is critical for the intra-S-phase check point after replication stress. A, CL-V4B vector cells and CL-V4B cells stably transfected with
WTRAD51C were either untreated or treated with CPT (1.5 �M for 3 h), nocodazole (NOC) (150 ng/ml), or both, and cells were harvested after 15 h and subjected
to flow cytometry. B, experimental protocol for measuring intra-S-phase checkpoint. C, BrdU� cells were monitored for the CL-V4B cell transfected with vector
or WT RAD51C after treatment with 3 �M CPT for 2 h and pulse-labeled with BrdU before harvesting the cells at the indicated time and processed for analysis
as described under “Experimental Procedures.” Incorporation of BrdU (y axis) with respect to total DNA content (x axis) was analyzed by flow cytometry. D,
BrdU� incorporation for RAD51C variants was monitored after treatment with 3 �M CPT for 2 h and pulse-labeled with BrdU before harvesting the cells at the
indicated time and processed for analysis as described under “Experimental Procedures.”
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cells entered late S-phase followed byG2-phase at 15 h, whereas
WTRAD51C cells were synthesizing DNA in mid to late
S-phase during the same recovery hour. These results demon-
strate that RAD51C regulates intra-S-phase checkpoint (Fig.
7C).
Analysis of RAD51C mutants revealed that R258H, L138F,

G125V, D159N, and T287A caused unperturbed DNA replica-
tion similar to empty vector cells. In contrast, R366Q showed a
partial suppression of DNA synthesis, indicating the hypomor-
phic behavior of this mutant in the intra-S-phase checkpoint
control. Strikingly, althoughG264Smutant was partially defec-
tive in ICL repair and HR, it suppressed DNA synthesis and
exhibited a phenotype similar to WT rescued cells in the pres-
ence of DSBs (Fig. 7D). Similar observations were made in
RAD51C-depleted HeLa cells, and DNA synthesis in control

cells was strongly inhibited at 4 and 8 h of recovery after CPT
treatment. A significant population of RAD51C shRNA-treated
cells underwent robust DNA replication from early to mid and
late S-phase (Fig. 8A). Fig. 8B shows that down-regulation of
RAD51C leads to reduced activation of CHK2 after CPT treat-
ment, although CHK1 activation was unaffected. To test
whether pathological mutants of RAD51C affect CHK2 activa-
tion, we transfected HeLa cells with WT and variants of
RAD51C and examined CHK2 activation (Fig. 8C). CHK2
phosphorylationwas intact in cells expressingWTRAD51Cbut
overexpression of R258H,D159N, andT287A reduced the acti-
vation of CHK2. Notably, L138F and G125V completely abro-
gated CHK2 activation. In contrast, G264S and R366Q variants
showed near normal CHK2 activation similar toWTRAD51C-
expressing cells. Together, these data suggest that RAD51C

FIGURE 8. RAD51C regulates intra-S-phase checkpoint through CHK2 activation in response to replication-associated DSBs. A, knocking down RAD51C
in HeLa cells leads to loss of intra-S-phase checkpoint control after CPT (1 �M for 2 h) treatment as measured by BrdU incorporation. B, RAD51C depletion in
HeLa cells decreases CHK2 phosphorylation after CPT treatment. Control as well as cells transfected with RAD51C shRNA were treated with 1 �M CPT for the
indicated time. C, overexpression of various RAD51C variants affect CHK2 activation after CPT treatment. HeLa cells were transfected with 1 �g of WTRAD51C
and RAD51C variants treated with 1 �M CPT for the indicated time. D, model to explain RAD51C-regulated HR and intra-S-phase checkpoint in response to ICL
and replicative stress.
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regulates the intra-S-phase checkpoint in response to CPT-in-
duced DSBs by activating CHK2. Based on our detailed analy-
ses, we propose a model (Fig. 8D) to show the dual role of
RAD51C in genomemaintenance by promoting efficient repair
and DNA damage signaling by ATM-mediated activation of
CHK2.

DISCUSSION

In this study, we demonstrate that RAD51C regulates the FA
pathway of ICL repair. We show that RAD51C is dispensable
for ICL unhooking as well as activation of the FA pathway.
However, our study shows that RAD51C participates in the HR
step of ICL repair. In addition, our results indicate that
RAD51C is essential for the repair of genome-wide DSBs and
DSGs that arise during replication.AlthoughRAD51Chas been
implicated inDNAdamage signaling by regulatingCHK2phos-
phorylation (20), its precise role in DNA damage-induced cell
cycle checkpoint is unknown. In this study, for the first time we
unequivocally demonstrate that RAD51C regulates intra-S-
phase checkpoint through CHK2 activation. Data presented
here with RAD51C variants clearly identify distinct roles of
RAD51C in DNA damage signaling and repair by HR.
The hallmarks of FA cells are extreme sensitivity to ICL

agents and chromatid-type errors in the form of radial chromo-
somes and chromatid breaks (44). Indeed, RAD51C-deficient
hamster cells displayed remarkable sensitivity toMMCand cis-
platin. In addition, ICL-induced radial chromosomes as well as
chromatid breaks were abundant in RAD51C-deficient cells,
suggesting that these cells are defective for ICL repair. FA cells
also display checkpoint activation and accumulate in G2/M as a
response to unrepaired ICLs. In fact, RAD51C-deficient cells
showed extended ATR-dependent CHK1 phosphorylation and
prolonged accumulation at G2/M. These results confirm the
participation of RAD51C in the FA pathway of ICL repair.
The repair of ICLs has been thought to beginwith unhooking

of lesions by specific nucleases. The heterodimeric nucleases
MUS81-EME1 and XPF-ERCC1 have been implicated in ICL
unhooking. Recently, the FAN1 and SLX1-SLX4 complex also
has been identified as nucleases involved in the processing of
ICLs, and biallelic mutation in SLX4 has been recently identi-
fied to cause FA (31, 32).We show here that RAD51C is dispen-
sable for processing of ICLs but plays a role downstream in the
ICL repair. Activation of the FA pathway by FANCD2 monou-
biquitination is a key event in ICL repair, and mutations in
components of the FA core complex are known to affect
FANCD2monoubiquitination (32). Notably, mouse knock-out
of RAD51C leads to early embryonic lethality (45), and our data
with the RAD51C R258H that was identified to cause FA-like
disorder provides evidence that RAD51C R258H mutation is
hypomorphic. FANCD2 monoubiquitination was not per-
turbed with cells expressing RAD51C R258H (38). Because this
was a hypomorphic mutant, we argued in a review article (18)
and investigated here whether RAD51C deficiency leads to a
defect in the activation of FANCD2. Interestingly, MMC-in-
duced levels of FANCD2 monoubiquitination were unaltered
in RAD51C-deficient cells compared with WTRAD51C res-
cued cells. This again suggests that RAD51C plays a down-
stream role, possibly at the HR step in the ICL repair.

We have previously reported that RAD51C regulates overall
GC and suppress LTGC between sister chromatids (19). How-
ever, whether short tract gene conversions and LTGC repre-
sent two different pathways and whether RAD51C regulates
these pathways distinctly is currently unknown. In our studies,
RAD51C L138F and G125V mutants showed greatly reduced
overall GC, and the remaining mutants showed partial reduc-
tion. Notably, the relative decrease in overall GC in these
mutants was associated with a concomitant increase in LTGC.
Thus, it remains unclear how RAD51C differentially regulate
short tract gene conversions and LTGC. HR plays a major role
in the repair of DNA lesions associated with replication and in
the recovery of stalled/collapsed replication forks (7, 9, 17, 46).
RAD51C-deficient cells were hypersensitive to genotoxic
agents that induce genome-wide DSBs and DSGs, indicating
the critical role of RAD51C in HR function. This was further
supported by the fact that RAD51C-deficient cells were defec-
tive in cell cycle progression upon HU-induced replication
stress, indicating the crucial role of RAD51C in HR-mediated
replication fork recovery (data not shown). Indeed, RAD51C
has been shown to accumulate at HU-induced stalled replica-
tion forks (20). TheHR-defective phenotype observedwith var-
ious RAD51C mutants corroborates with the ICL sensitivity
data, suggesting that the role of RAD51C in ICL repair is attrib-
uted to the HR function. Together, these observations strongly
indicate that RAD51C HR function is crucial for the repair of
ICLs, DSBs, and DSGs. However, mechanistically it is not
known how RAD51C is executing the repair of these lesions by
HR. Notably, RAD51C has been shown to interact with RAD18
and execute DNA damage repair by HR (47). Conceivably,
RAD51Cmay exist in different repair complexes to execute the
repair of various types of lesions byHR. RAD51 is a key player in
HR, and RAD51C has been shown to interact with RAD51 (48,
49). In our studies, RAD51Cmutants showed defective interac-
tion with RAD51, and this may explain the compromised func-
tions of these mutants for HR-mediated repair of ICLs, DSBs,
and DSGs.
RAD51C has been shown to be important for efficient DNA

damage signaling by regulating CHK2 phosphorylation in
response to ionizing radiation (20), suggesting that RAD51C
could act as a mediator or amplifier in ATM-dependent DNA
damage signaling. However, the molecular mechanism by
which RAD51C controls this process is unclear. Interestingly,
we find that RAD51C-deficient cells failed to arrest in S-phase
in response to MMC- and CPT-induced DSBs but arrest in
G2/M. In contrast, WTRAD51C rescued cells arrested in
S-phase, suggesting that RAD51C may have a role in intra-S-
phase checkpoint function. The hallmark of intra-S-phase
checkpoint defect is damage-resistant DNA synthesis (50).
Indeed, BrdU incorporationmeasured afterCPT treatmentwas
unperturbed in RAD51C-deficient cells compared with
WTRAD51C-expressing cells, indicating that RAD51C regu-
lates intra-S-phase checkpoint. Notably, FANCD2 also has
been shown to control intra-S-phase checkpoint in an ATM-
andNBS1-dependent fashion (51). It will be interesting to study
whether there is any cross-talk betweenRAD51C and FANCD2
in the regulation of intra-S-phase checkpoint. Previous studies
have shown that MRE11 and NBS1 regulate intra-S-phase
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checkpoint in an ATM- and CHK2-dependent fashion (52, 53).
Interestingly, NBS1 depletion was reported to reduce RAD51C
foci formation at the sites of DSBs (20). Our results with CPT-
induced DSBs clearly show reduced CHK2 phosphorylation in
RAD51C-depleted cells, suggesting that RAD51C regulated
intra-S-phase checkpoint in response to replication-associated
DSBs is indeed through ATM (Fig. 8D). RAD51C possess con-
served SQ/TQ motifs that are targets for ATM/ATR phos-
phorylation. However, it is unclear whether these motifs are
substrates for ATM/ATR kinase and whether these phosphor-
ylations are required forDNAdamage responses.Our datawith
RAD51C G264S and R366Q mutants show that these mutants
are normal for intra-S-phase checkpoint function.Nonetheless,
these mutants were defective for repair by HR, implying the
distinct roles of RAD51C in DNA damage signaling and repair.
It is likely that RAD51C containing different complexes may be
regulating DNA damage signaling and repair independently.
Notably, RAD51C G264S and R366Q showed near normal
interactionwith XRCC3, suggesting that the CX3 complexmay
be involved in the regulation of checkpoint function. Indeed,
XRCC3 depletion also was found to affect CHK2 phosphoryla-
tion (20). The CX3 complex also has been implicated in late
stages of HR (54). However, mechanistically how the CX3 com-
plex controls these independent functions requires further
investigation.
BRCA1 tumor suppressor is known to have multiple func-

tions, including its roles in DNA damage signaling, HR, and
genome stability, and these functions have been implicated in
tumor suppressor function (55). BRCA1 exists inmultiple com-
plexes, and these complexes are known to have independent as
well as overlapping functions in genomemaintenance (55). Our
studies provide evidence for the multiple functions of RAD51C
in DNA damage response and repair by HR. It is possible that
RAD51C exists in complexes that are required for mediating
checkpoint functions in response to DNA damage. RAD51C
may play an independent role in HR through a different com-
plex containing HR factors. Further studies are required to
understand whether RAD51C is part of a multiple complex
similar to BRCA1 in executing various cellular functions.
BRCA1 has been implicated as a scaffold protein providing a
platform for assembly of various cellular proteins that regulate
DNAdamage signaling and repair. Notably, RAD51C possesses
nuclear localization signal and has been shown to mobilize
RAD51 from cytoplasm to nucleus in response to DNAdamage
(56). The RAD51C R366Q is a mutation in the NLS motif and
shows partial loss of function in our assays. Indeed, deletion of
RAD51C NLS sequences is known to cause hypersensitivity to
MMC (57). Despite RAD51C being a small protein lacking
defined motifs, similar to BRCA1, RAD51C may also provide
scaffolding function to mediate HR function as well as
signaling.
Data presented here clearly show that pathological RAD51C

mutants are defective in interaction with RAD51. Although
BRCA2 has been shown to play a mediator role in RAD51 load-
ing onto the sites of DNA damage, RAD51C might also have a
similar function in RAD51 recruitment to the sites of DNA
lesion. Consistent with this hypothesis, BRCA2-dependent and
-independent RAD51 foci formation has been reported (58).

Furthermore, nuclear RAD51 levels in BRCA2-deficient cells
were further reduced when RAD51C was depleted (56). These
data support the critical role of RAD51C in RAD51 regulation.
However, the underlying mechanism by which BRCA2 and
RAD51C regulate RAD51 loading independently at the sites of
DNA lesion is currently elusive.
The mechanism by which RAD51C controls distinct func-

tions of repair and checkpoint response is unclear. As we dis-
cussed previously, RAD51C lacks any definedmotifs except for
conserved Walker A (GXXXXGKT) and Walker B (LLIVD)
motifs, as required for ATPase function found in RecA/RAD51
family proteins (see supplemental Fig. S1B). Our detailed anal-
yses of pathological mutants of RAD51C indicate that Gly-125
and Leu-138 are critical for repair as well as signaling functions.
Interestingly, Gly-125 is a conserved residue in the Walker A
motif, suggesting that RAD51C ATPase function is important
for repair and signaling. The RAD51C Leu-138 is a conserved
residue in RAD51 and is located next to the Walker A motif.
The phenotype of the L138Fmutant was very similar toG125V.
It is likely that this residue may have a role in RAD51C ATPase
function. The RAD51C R258H is hypomorphic in repair and
checkpoint functions of RAD51C. The N-terminal domain of
RAD51 is important for DNA binding activity. The RAD51C
R258H has been speculated to affect the N-terminal and
ATPase domains of RAD51C (38). RAD51C G264S, R366Q,
D159N, and T287A mutants display partially reduced repair
function. Notably, G264S was completely normal for signaling,
whereas R366Q showed a near normal function for signaling.
The Gly-264 and Thr-287 residues are not conserved in
RAD51, and currently the role of these residues in RAD51C
repair and checkpoint functions is unclear. Asp-159 is a con-
served residue in RAD51, but the clear role of this residue in
RAD51 is unknown. The RAD51C Arg-366 is located in the
NLS motif of RAD51C (57) and appears to have an important
role in RAD51C mobilization to the nucleus.
Monoallelic mutations in BRCA1, BRCA2 (FANCD1),

PALB2 (FANCN), and BACH1 (FANCJ) are known to cause
hereditary breast and ovarian cancers. Biallelic inactivation of
BRCA2,PALB2, andBACH1 leads to FA (59). Alterations in any
of these genes show extreme sensitivity to ICL agents as these
agents block replication abruptly. Defective processing of such
lesions is thought to cause structural alterations in the form of
chromatid breaks, tri- and quadriradial chromosomes, as well
as gross chromosomal rearrangements. Indeed, FA and BRCA
cells show accumulation of such types of structural alterations
in the chromosomes (60). Themajor functions of FA andBRCA
proteins are in dealing withDNA lesions that arise duringDNA
replication through HR, implying the crucial role of HR in
maintaining genome integrity and tumor suppression (61).
Strikingly, RAD51C-deficient cells also displayed chromatid-
type errors, providing evidence that RAD51C is a novel compo-
nent in the FA and BRCA pathway of DNA repair. BRCA path-
way also plays a critical role in the repair of genome-wide DSBs
and DSGs that arise during replication (7, 9, 26). The BRCA
proteins BRCA1, BRCA2, and PALB2 have been shown to reg-
ulate intra-S-phase checkpoint (62–65). The cell cycle check-
point and the HR functions controlled by BRCA proteins are
essential for repairing DSBs andDSGs tomaintain genome sta-
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bility and prevent tumorigenesis. Similar to BRCA proteins,
this study provides evidence for the role of RAD51C in tumor
suppression throughHR andDNAdamage signaling functions.
However, further studies are required to understand how
RAD51C mechanistically regulates various cellular functions.
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