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ABSTRACT

The eukaryotic Rad51 protein is a structural and func-

tional homolog of Escherichia coli RecA with a role in

DNA repair and genetic recombination. Five paralogs of

Rad51 have been identified in vertebrates, Rad51B,

Rad51C, Rad51D, Xrcc2 and Xrcc3, which are also

implicated in recombination and genome stability.

Here, we identify a mammalian cell mutant in Rad51C.

We show that the Chinese hamster cell mutant, CL-V4B,

has a defect in Rad51C. Sequencing of the hamster

Rad51C cDNA revealed a 132 bp deletion corresponding

to an alternatively spliced transcript with lack of exon 5.

CL-V4B was hypersensitive to the interstrand cross-

linking agents mitomycin C (MMC) and cisplatinum, the

alkylating agent methyl methanesulfonate and the

topoisomerase I inhibitor campthotecin and showed

impaired Rad51 foci formation in response to DNA

damage. The defect in Rad51C also resulted in an

increase of spontaneous and MMC-induced chromo-

somal aberrations as well as a lack of induction of

sister chromatid exchanges. However, centrosome

formation was not affected. Intriguingly, a reduced level

of sister chromatid cohesion was found in CL-V4B

cells. These results reveal a role for Rad51C that is

unique among the Rad51 paralogs.

INTRODUCTION

Homologous recombination (HR) is a major pathway involved
in the repair of double-strand breaks, interstrand cross-links
and other types of DNA damage (1–3). HR requires extensive

regions of DNA homology and accurately repairs DNA

damage using the information of the undamaged sister chromatid
or the homologous chromosome. HR has been studied exten-

sively in the yeast Sacharomyces cerevisiae where genes of the
Rad52 epistasis group, including RAD51, mediate this process

(4,5). The Rad51 protein in eukaryotic cells is a functional
homolog of the bacterial RecA protein that forms nucleoprotein

filaments on DNA and promotes exchange between homo-
logous sequences (4). Furthermore, Rad51 displays a dynamic

redistribution into nuclear foci after treatment with DNA
damaging agents (6). These foci are formed at the site of DNA

damage (7) and contain additional proteins involved in HR

such as Rad52, Rad54 and the single-stranded DNA binding
protein RPA (8–10).

Saccharomyces cerevisiae cells contain, in addition to

RAD51, two RAD51 paralogs, RAD55 and RAD57, which
form a heterodimer that weakly interacts with RAD51 and

stimulates RAD51-mediated strand exchange reactions (11).
Another RAD51 paralog, Dmc1, has a specialized role in

meiosis. Seven members of the Rad51 protein family have
been identified in humans: Rad51 (12), Dmc1 (13), XRCC2

(14,15), XRCC3 (15–17), Rad51B (18,19), Rad51C (20) and
Rad51D (19,21,22). The Rad51 paralogs share limited

sequence homology, which is mainly concentrated in the
central part of the proteins and includes the two Walker A and

B motifs potentially involved in ATP hydrolysis (23). Physical
interactions can occur between human Rad51 and XRCC3,

Rad51C and XRCC3, Rad51B and Rad51C, Rad51D and
Rad51C as well as between Rad51D and XRCC2 (24–27)

suggesting that these paralogs may function as Rad51 accessory

factors, comparable with S.cerevisiae RAD55 and RAD57.

Although the functional roles of the Rad51 family members
are not understood in human cells, evidence from Chinese
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hamster cells, chicken DT40 cells and knockout mouse models

shows that they contribute to genomic stability and are

involved in genetic recombination processes. The Chinese

hamster cell mutants, irs1 and irs1SF, defective in XRCC2 and

XRCC3, respectively, have been most widely used to study the

consequences of a deficiency in a Rad51 paralog. These

mutants are phenotypically similar and display sensitivity to

diverse DNA damaging agents such as ionizing radiation

(IR; ∼3-fold), UV (∼3-fold), monofunctional alkylating

agents (2–10-fold) and camptothecin (∼5-fold) as well as an

extreme sensitivity to DNA cross-linking agents (60–100-fold)

such as MMC (15,28–30). Both mutants exhibit a high incidence

of spontaneous and IR-induced chromosomal aberrations

(CAs) and show defects in chromosome segregation due to

aberrant centrosomes (15,31,32). Moreover, both irs1 and

irs1SF show a decreased frequency of DNA double-strand

break repair by HR (17,33) and a lack of DNA damage-inducible

nuclear Rad51 foci (34,35). The first evidence for a role of

Rad51B, C and D in genetic recombination processes came

from chicken DT40 cells with deficiencies in those genes

(36,37). These chicken cell mutants all exhibited chromosomal

instability caused by increased spontaneous CAs and reduced

levels of sister chromatid exchanges (SCEs). Furthermore,

they showed hampered Rad51 foci formation after IR and were

2–3-fold more sensitive to IR and MMC. The important roles

that Rad51 paralogs play in the maintenance of genomic

stability during proliferation is further emphasized by the

embryonic lethality in Rad51B–/–, Rad51D–/– and Xrcc2–/–

knockout mice (38–40).

In this paper, we describe an MMC-hypersensitive Chinese

hamster cell mutant, CL-V4B, which was found to be the first

mammalian mutant defective in Rad51C. We show that Rad51C

plays a pivotal role in protection against the deleterious effects of

DNA interstrand cross-links as well as in the maintenance of

genome stability. This deficiency in Rad51C affects CA levels

as well as the induction of SCEs. Importantly, among the

Rad51 paralogs, Rad51C appears to play a unique role in

chromatid cohesion.

MATERIALS AND METHODS

Cell culture

The MMC-sensitive mutant CL-V4B was isolated upon ENU

treatment of Chinese hamster V79B cells by the replica plating

method described previously (41). The MMC-sensitive cell line

irs1SF of CHO (AA8) was kindly provided by Dr R. B. Painter

(University of California, San Francisco) and irs1TOR of

Chinese hamster V79 cells by Dr John Thacker (MRC Radio-

biology Unit, Harwell, UK). V-H4, and the parental lines V79

and V79B were described previously (42,43). All cells were

cultured in plastic dishes (P94; Greiner) in Ham’s F10 medium

(Life Technologies) without hypoxanthine and thymidine or in

Dulbecco’s modified Eagle’s medium/F12, supplemented with

10% fetal calf serum (Bodingo) and penicillin (100 U/ml) and

streptomycin (0.1 mg/ml). Cells were maintained at 37°C in a 5%

CO2 atmosphere, humidified to 95–100%. For subcultures the

cells were detached by use of 0.25% trypsin containing 0.02%

EDTA.

Chemicals

Polyethylene glycol (PEG; 1450 molecular weight),

cytochalasin-B, camptothecin, leupeptin and aprotinin were

purchased from Sigma Chemical Co.; Pefabloc (AEBSF) from

Boehringer Mannheim; methyl methanesulfonate (MMS) from

Merck; mitomycin C (MMC) from Kyowa; colcemid and

geneticin (G418) from Gibco BRL; ethylnitrosourea (ENU)

from Pfalz and Bauer; bleomycin (BLM) from Dagra

Pharma B.V.; cis-diamminedichloroplatinum (cis-DDP)

was a gift from Dr J. Brouwer (University of Leiden, The

Netherlands).

Irradiation

For X-ray irradiation cells were irradiated in tissue culture

medium at a dose rate of 2.8 Gy/min (200 kV, 4 mA, 1 mm Al).

For irradiation with UV light of 254 nm, a Philips TUV

germicidal lamp was used with a fluence rate of 0.19 W/m2,

measured with the IL/770 germicidal radiometer.

Clonogenic survival assays

Cultures in exponential growth were trypsinized and 300–1000

cells were plated in P94 dishes in duplicate (controls in triplicate),

left to attach for 4 h, and then irradiated or exposed to MMS or

cis-DDP for 1 h, to camptothecin for 24 h and to MMC

continuously, in complete medium. After treatment with

chemicals the cells were washed twice with PBS, with the excep-

tion of MMC, and returned to fresh medium. After 8–10 days the

dishes were rinsed with 0.9% NaCl, dried, stained with methylene

blue (0.25%) and visible colonies were counted. In all cases,

the parental cell line was treated in an identical manner to serve

as control. Each survival curve represents the mean of at least

three independent experiments. Error bars represent standard

errors of the mean (SEM).

Microcell-mediated chromosome transfer

Microcells with a single human chromosome 17 were obtained

as described previously (44). The microcell suspension was

added to a monolayer of recipient cells (3.0 × 106 mutant cells

per P94 dish) and allowed to attach at room temperature for

15 min. The cells were fused by treatment with 2 ml of 47%

PEG (in serum-free medium containing 10% DMSO) for 1 min

followed by washing in serum-free medium containing 10%

DMSO. After 24 h the cells were trypsinized and split to five

P94 dishes with selective medium containing G418. The

resulting microcell hybrids were isolated after 10–14 days.

Transfections

Human Rad51, Rad51B, Rad51C and Rad51D cDNAs cloned

into pcDNA3 with G418 as selectable marker (2 µg/transfec-

tion) were transfected into CL-V4B cells (1 × 105 on a P60 dish)

using the GenePORTER™ transfection reagent (BIOzym)

according to the manufacturer’s instructions. After 48 h the

cells were trypsinized divided over four P94 dishes in medium

containing G418 (Gibco) at 400 µg/ml. More than 100 G418-

resistant clones were pooled from each transfection and these

pools were used for further analysis.



2174 Nucleic Acids Research, 2002, Vol. 30, No. 10

Immunofluorescence labeling and microscopy

To examine centrosomes or Rad51 foci, Chinese hamster

cells were grown on sterile glass slides for 1 day, giving

sub-confluent cells at time of fixation. For centrosome analysis

cells were fixed with methanol:acetone (7:3). For Rad51 foci

analysis, cells were either mock-treated or treated with MMC

(2.4 µg/ml for 1 h) or 12 Gy X-ray irradiation. After a 2, 8 or 24 h

recovery period, cells were fixed with 2% paraformaldehyde in

PBS, and permeabilized for antibody staining with PBS/0.1%

Triton X-100. Subsequently the slides were blocked for 30 min

in PBS/BSA (0.5%)/glycin (0.15%) and thereafter incubated

with rabbit anti-hRad51 antiserum (FBE2) or with rabbit anti-

γ-tubulin antiserum (centrosome staining) for 90 min at 37°C

in a humidified atmosphere. The slides were washed three

times in PBS/0.1% Triton X-100 and then incubated with

Alexa™ 488-conjugated goat anti-rabbit IgG (Molecular

Probes) for 1 h at 37°C in a humidified atmosphere. After three

washes with PBS/0.1% Triton X-100 the cells were counter-

stained with 4′,6-diamino-2-phenylindole (DAPI; 0.1 µg/ml)

in Vectashield mounting medium (Vector Laboratories).

Rad51 foci and centrosomes were examined under a Leitz

Axioplan fluorescence microscope.

Immunoblotting

Whole cell extracts (WCE) were made by lysis of 5–10 × 106

exponentially growing hamster cells in 30–50 µl of lysis buffer

(10 mM Tris pH 7.4, 150 mM NaCl, 1% Igepal CA-360, 0.5 %

sodium deoxycholate, 1 mM EDTA, 1 mM DTT, 0.5 mg/ml

Pefabloc, 1 µg/ml aprotinin and 1 µg/ml leupeptin). For

western analysis aliquots of extracts were used containing

equal amounts of protein as determined with a Bio-Rad protein

assay (Bio-Rad). WCE were resolved by SDS–PAGE,

transferred to a PVDF membrane (Millipore), and hybridized

with rabbit anti-hRad51C antiserum (at a 1:1000 dilution)

followed by a peroxidase-labeled anti-rabbit antibody

(Amersham). Antibody binding was detected by enhanced

chemoluminescence (Amersham). Equality of loading was

confirmed by hybridizing with a monoclonal antibody against

actin (Santa-Cruz).

RT–PCR analysis

Total RNA was extracted using RNAzolB (Cinna/Biotecx

Laboratories). Oligo-dT primed first strand cDNA was reverse

transcribed from 2 µg RNA using the Riboclone cDNA

synthesis system (Promega) according to the manufacturer’s

instructions. Rad51C cDNA was amplified by using primer

pairs F1C–R1 spanning exons 2–9, F4–R1 spanning exons 4–9

and F3–R1 spanning exons 5–9 (Gibco BRL) resulting in

bands from 990 and 858 bp for the first pair, 325 and 457 bp for

the second pair and a 324 bp band with the third pair. The PCR

was performed with cycles consisting of denaturation for 1 min

at 94°C, primer annealing for 1 min at 49°C and extension for

2.5 min at 72°C in a DNA engine gradient cycler (BIOzym)

with AmpliTaq DNA polymerase (Applied Biosystems). The

primers used were: F1C, 5′-CAG CAA AGA AGT TGG GAT

ATC-3′; F3, 5′-TGA TCA TTT GTT GGG CGA GGC C-3′;
F4, 5′-TGC TGG CAC AAG TCT ATC TCC-3′; R1, 5′-GGT

TCT CGT GAC CGT TTC CGG-3′.

DNA sequence analysis

The PCR products were generated as described in RT–PCR

analysis and gel-purified by using Qiaex columns (Qiagen).

Products were sequenced using forward and reverse primers as
described above, at the Baseclear facilities (Baseclear)

Nucleotide sequence accession numbers

The Chinese hamster partial Rad51C cDNA sequence has been

deposited in the GenBank database under accession number
AJ428572. The GenBank accession numbers for human and

mouse Rad51C sequences are AF029669 and AF324883,

respectively.

Analysis of CAs, SCEs and sister chromatid cohesion

Exponentially growing V79B, CL-V4B and CL-V4B/
hRad51C cells were either mock treated or treated for 2 h

(SCEs) with MMC or for 24 h (CAs) with 1, 4, 40, 80 and
160 ng MMC/ml (V79B and CL-V4B/Rad51C) or with 0.5,

1.0, 1.5, 2.0 and 4.0 ng MMC/ml for CL-V4B cells. For SCE

analysis, subsequently 5-bromo-2′-deoxyuridine (Sigma) was
added to the medium (10 µM final concentration) to enable

sister chromatid differentiation. The cells were harvested by
trypsinization 24–48 h after (mock) treatment, following 2 h

incubation with colcemid (1 µg/ml final concentration). For
the sister chromatid cohesion analysis, preparations were also

made with omission of colcemid in the procedure to serve as
controls. The cells were fixed in ethanol:glacial acetic acid

(3:1) after treatment with hypotonic solution (0.6% sodium

citrate). Air-dried preparations were made and stained with a
5% aqueous Giemsa solution for 5 min to analyze for CAs and

with FPG to visualize SCEs (45). For CAs 100 mitotic cells
were scored at each dose, SCEs were analyzed in 25 cells and

sister chromatid cohesion was scored in 100 cells. Data for
CAs, SCEs and sister chromatid cohesion analyses are from at

least two independent experiments of which the mean and the
SEM were calculated. Statistical analysis was performed using

t-tests.

RESULTS

Isolation of mammalian cell mutant, CL-V4B, and its

sensitivity to DNA damaging agents

The Chinese hamster cell mutant, CL-V4B, has been isolated
from an ENU-mutagenized population of V79B cells on the

basis of its hypersensitivity to MMC, by the replica plating
method described previously (41). Clonogenic survival experi-

ments indicated that the CL-V4B mutant was very sensitive to

DNA cross-linking agents. As shown in Figure 1, CL-V4B
cells were ∼32-fold more sensitive to MMC and 14-fold more

sensitive to cis-DDP than parental V79B cells, based on the
dose required to reduce the survival to 10% (D10). This mutant

also showed sensitivity to the mono-functional alkylating
agent MMS (∼4-fold) and to the topoisomerase I-inhibitor

camptothecin (∼4-fold). However, CL-V4B cells were only
slightly sensitive to X-ray irradiation (∼1.3-fold) (Fig. 1), the

radiomimetic agent BLM (∼1.3-fold) and to UV irradiation

(∼1.5-fold) (data not shown). The generation time of CL-V4B
cells was comparable with parental V79B cells (∼15 h), but the
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cloning efficiency was slightly reduced from 73 ± 9% in V79B

to 58 ± 11% for CL-V4B (data not shown).

Impaired Rad51 nuclear foci formation after genotoxic

treatment in CL-V4B

Given the hypersensitivity of CL-V4B to MMC that causes

formation of interstrand cross-links, which can be repaired by

a process depending on HR (46,47), we determined whether

CL-V4B cells were able to form nuclear Rad51 foci after treat-

ment with this agent. We therefore treated CL-V4B cells with

MMC, fixed them after 8 h and subsequently immunostained

the cells with anti-Rad51 antibodies. CL-V4B cells were

severely impaired in the formation of nuclear Rad51 foci

following MMC treatment (Fig. 2A), whereas V79B cells

readily formed Rad51 foci under the same conditions. Since

the nuclear Rad51 foci are also formed after X-ray irradiation

(6), we also analyzed Rad51 foci formation in CL-V4B in

response to X-rays. Intriguingly, despite the fact that CL-V4B

is only slightly sensitive to cell killing by X-rays (Fig. 1), this

mutant was also severely impaired in the formation of X-ray

induced nuclear Rad51 foci (Fig. 2A). Immunoblot analysis of

the Rad51 protein showed normal levels in CL-V4B cells prior

to and after treatment with MMC when compared with wild-

type (data not shown), indicating that CL-V4B cells are most

probably defective in a gene responsible for the assembly and/

or stabilization of the Rad51 complex upon the induction of

exogenous DNA damage.

Complementation of MMC sensitivity and Rad51 nuclear

foci formation by hRad51C cDNA transfection and by

human chromosome 17 transfer

In our search for the gene defective in CL-V4B, we analyzed

several genes involved in Rad51 complex assembly for their

ability to complement the MMC sensitivity of this mutant.

Transfection of CL-V4B cells with hRad51, hRad51B and

hRad51D cDNAs did not result in complementation of their

MMC sensitivity (Fig. 3). However, transfection of CL-V4B

with hRad51C cDNA restored the MMC sensitivity as well as

the MMS sensitivity of this mutant to a great extent (Fig. 3;

data not shown), suggesting that CL-V4B is defective in

Rad51C. Since cDNA transfection resulted in a high expression

of hRad51C (Fig. 4), we also transferred a single human chro-

mosome 17 to CL-V4B cells, presumably providing a more

physiological level of Rad51C. However, this human chromo-

some also partially complemented the MMC sensitivity of CL-

V4B (Fig. 3). Immunoblot analysis using anti-hRad51C anti-

bodies indicated a high level of Rad51C protein in the

CL-V4B/hRad51C transfectants and a lower level of protein in

two complementing CL-V4B/#17 hybrids (#17.4 and #17.5) as

shown in Figure 4. No protein could be detected in the non-

complementing CL-V4B/#17 hybrid (#17.1) indicating that the

lack of complementation in CL-V4B/#17.1 is due to absence of

hRad51C protein (Fig. 4; data not shown). Microcell-mediated

transfer can lead to damage of the transferred chromosome and

this could explain the lack of Rad51C expression in the #17.1

Figure 1. Clonogenic survival of CL-V4B and parental V79B cells after exposure to MMC, cis-DDP, MMS, camptothecin and X-rays. Data are the means of at
least three experiments. Error bars represent the SEM.
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hybrid. The endogenous hamster Rad51C was poorly recognized
by the antibodies raised against hRad51C. However, while
endogenous Rad51C could be detected in V79B cells, it was
not detected in CL-V4B cells (Fig. 4).

Transfection of CL-V4B with hRad51C cDNA also restored
the ability to form nuclear Rad51 foci after treatment with
MMC or X-rays (Fig. 2A), with kinetics comparable with
parental cells (Fig. 2B). In untreated cells a level of ∼10%
Rad51 foci-positive cells could be observed in V79B cells, as
well as in CL-V4B/hRad51C transfectants. Two hours after
treatment with X-rays or MMC the number of foci-positive cells
increased to ∼70–90% in both parental cells and transfectants.
These levels of foci positive cells were maintained at 8 h after
the treatment and declined after 24 h (Fig. 2B). In contrast, the
level of Rad51 foci-positive cells in CL-V4B remained at the
level found in untreated cells (Fig. 2B).

The Rad51C cDNA of CL-V4B contains a deletion of
132 bp corresponding to lack of exon 5

To study the molecular nature of the defect in CL-V4B, we
designed primers based on the human and mouse Rad51C

cDNA sequences (20,48) to amplify the hamster Rad51C

cDNA using RT–PCR. Total RNA of CL-V4B and parental
V79B cells was converted to cDNA and amplified using

Rad51C-specific primer pairs: F1C–R1, F3–R1 and F4–R1.
The RT–PCR with primer pair F1C–R1 showed a major band

of 990 bp in V79B, whereas a shorter product of 858 bp was
present in CL-V4B (data not shown). Similarly, RT–PCR with
primers F4–R1 revealed a major band of 457 bp in V79B cells

and a shorter band of 325 bp in CL-V4B cells, whereas MMC-
resistant revertants of CL-V4B, MR1 and MR2, revealed the
presence of both bands (Fig. 5A). These results indicate that

the functional hemizygosity often observed in hamster cells due
to silencing of the second allele via methylation (49) or alternative

pathways was inverted in these CL-V4B revertants giving rise
to one wild-type and one mutant allele. All amplified Rad51C
PCR products were sequenced resulting in an almost complete

cDNA sequence. Sequence analysis revealed a deletion of
132 bp in the CL-V4B Rad51C sequence from amino acids
183–226 when compared with the sequences of two different

wild-type hamster cell lines, V79B and AA8, which showed
identical sequences (Fig. 5C). Furthermore, we compared the

Figure 2. Impaired DNA-damage induced Rad51 nuclear foci formation in CL-V4B. (A) Immunofluorescent visualization of nuclear Rad51 foci in untreated
V79B, CL-V4B and CL-V4B/hRad51C cells, as well as in cells 8 h after treatment with either MMC (2.4 µg/ml for 1 h) or X-ray irradiation (12 Gy). Depicted is

the merged picture of the FITC signal used to detect the Rad51 protein and the DAPI signal. (B) Kinetics of Rad51 foci formation in V79B, CL-V4B and CL-V4B/
hRad51C cells analyzed 2, 8 and 24 h after treatment with MMC (2.4 µg/ml for 1 h) or after X-ray irradiation (12 Gy). A cell with more than five distinct foci in

the nucleus was considered to be positive. Data are the means of at least two experiments. Error bars represent the SEM.
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hamster Rad51C sequence with the recently available human
genomic DNA sequence of the 17q23 region which indicated
that the 132 bp deletion found in the CL-V4B Rad51C cDNA
was due to splicing out of exon 5. This was confirmed by a
RT–PCR with primers F3–R1 in which the forward primer was
located in exon 5, showing a lack of PCR product in CL-V4B
and the predicted 324 bp band in V79B cells and in the
revertants, MR1 and MR2 (Fig. 5B). Deletion of exon 5 results
in the deletion of the Walker B box, which destroys the ATP
binding site and the core domain of the protein.

Increased levels of spontaneous and MMC-induced CAs in
CL-V4B

To further investigate the role of Rad51C in mammalian cells,
we analyzed the spontaneous and MMC-induced CAs in the
CL-V4B mutant and the parental V79B cells (Tables 1 and 2).
This analysis revealed higher levels of spontaneous CAs (∼6-
fold) in CL-V4B cells than parental V79B cells. The majority
of these aberrations in CL-V4B were of the chromatid type,
which are usually lethal and seldom seen in V79B cells.
Chromatid breaks as well as exchanges were observed with a
normal ratio of inter- versus intra-chromatid changes. After
MMC treatment the relative chromosomal sensitivity of

CL-V4B further increased to ∼300-fold (Table 2). Transfection
of the hRad51C cDNA into CL-V4B restored the spontaneous
and MMC-induced CAs to a great extent (Tables 1 and 2),
confirming that the genomic instability was due to the defect in
Rad51C.

Rad51C influences the spontaneous and MMC-induced
SCEs

Recent studies in Rad51 paralog-knockout DT40 cells showed
a reduced frequency of spontaneous and MMC-induced SCEs
(36,37); therefore, we examined the frequency of spontaneous
and MMC-induced SCEs in CL-V4B. This analysis revealed
slightly reduced spontaneous SCE numbers in CL-V4B
(4.9 SCEs/cell) compared with V79B (6.6 SCEs/cell) (Table 3).
After treatment with various doses of MMC, V79B cells
showed a significant increase of SCE level up to 21 SCEs/cell
at a dose of 30 ng/ml (P < 0.01), whereas no clear SCE induction
was observed in CL-V4B cells (5.4 SCEs/cell at a dose of
1.5 ng/ml) (Table 3). This was not solely due to the low doses
of MMC that could be used in CL-V4B due to the high
toxicity, since preliminary data with another MMC-sensitive
hamster cell mutant V-H4 (42), which is not affected in Rad51
foci formation, demonstrated that an increase in SCEs can be
observed after low doses of MMC (data not shown). Furthermore,
SCEs were significantly increased in the CL-V4B/hRad51C
transfectant after MMC treatment (P < 0.05) albeit at significantly
lower frequency than in V79B cells (P < 0.05; Table 3). These
data indicate that CL-V4B cells are hampered in MMC-
induced SCE formation and that transfection of hRad51C

cDNA partially restores this capacity. Therefore, Rad51C
apparently plays a role in the formation of SCEs as part of the
cellular response to cross-links.

Normal centrosome formation but impaired sister
chromatid cohesion in CL-V4B

In XRCC2-, XRCC3-, Brca1- and Brca2-deficient rodent cells
incorrect chromosome segregation as a result of abnormal
centrosomes can be observed which may contribute to the
chromosomal instability in these cells (32,50,51). Therefore,
we investigated whether a defect in Rad51C would also give
rise to abnormal centrosomes. Centrosomes were visualized
microscopically after labeling the cells with anti-γ-tubulin anti-
bodies. This analysis demonstrated that CL-V4B cells did not
differ from V79B cells with respect to centrosome formation.
In 90–95% of the cells centrosomes were visible as clearly
defined dot shaped structures in both cell lines (data not
shown). These results indicate that the defective Rad51C
protein as observed in CL-V4B cells does not influence centro-
some formation, which is in contrast to cell lines defective in
Brca1, Brca2, XRCC2 and XRCC3.

Intriguingly, we observed that a defect in Rad51C affected
sister chromatid cohesion. In the colcemid accumulated
metaphase spreads of untreated CL-V4B cells, in ∼58% of the
cells the sister chromatids were not attached at their centro-
meres and therefore not lying close to each other (Fig. 6). In
contrast, in V79B only 26% of the cells showed separated
chromatids (Table 4). After omission of colcemid, CL-V4B
still displayed reduced sister chromatid cohesion with 21%
separated chromatids compared with 8% in V79B (Table 4),
which indicated that the colcemid treatment was not under-
lying this reduced cohesion. Moreover, transfection of

Figure 3. Complementation of MMC sensitivity of CL-V4B upon hRad51C

cDNA transfection or transfer of human chromosome 17. Survival curves of

V79B, CL-V4B and CL-V4B cells transfected with hRad51, hRad51B,
hRad51D and hRad51C cDNA or after transfer of a single human chromosome 17

(#17) after treatment with different doses of MMC. Data are the average of at
least three independent experiments. Error bars represent the SEM.

Figure 4. Expression of the Rad51C protein is restored in complementing
CL-V4B/#17 and CL-V4B/hRad51C cells. V79B, CL-V4B, CL-V4B/

hRad51C, CL-V4B/#17 (hybrids 1, 4, 5) and human immortal fibroblast
MRC5V1 cells were lysed and whole cell extracts were electrophoresed on a

12% SDS–PAGE gel and transferred to a membrane. The Rad51C protein was
visualized by using polyclonal rabbit anti-hRad51C antibodies and actin by

using mouse anti-actin antibodies to confirm equality of loading.
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hRad51C cDNA restored the sister chromatid cohesion (11%

separated chromatids in the absence of colcemid), suggesting

that the impaired cohesion of sister chromatids was indeed due

to the defect in Rad51C. Similar analyses in irs1 and in irs1SF,

defective in XRCC2 and XRCC3, respectively, did not show

any influence of these genes on sister chromatid cohesion when

compared with their parental cell lines (Table 4) indicating that

this is a unique feature of Rad51C. Moreover, analysis of

chromosomes at the G2 phase of the cell cycle by premature

chromosome condensation using caliculin A treatment

revealed normal cohesion of sister chromatids in both V79B

and CL-V4B (data not shown) indicating that cohesion is

Figure 5. CL-V4B has a 132 bp deletion in Rad51C cDNA due to lack of exon 5. RT–PCR of hamster Rad51C from cDNA generated from parental V79B cells,
CL-V4B cells and CL-V4B derived MMC-resistant clones, MR1 and MR2, using primer pairs (A) F4–R1 spanning exons 4–9 and (B) F3–R1 spanning exons 5–9. The

position of the molecular size markers (bp) is shown on the left of each panel, as well as the size of the PCR products on the right. (C) Alignment of predicted
amino acid sequences of Chinese hamster Rad51C (exons 2–9) with mouse and human Rad51C. Identical amino acids are highlighted in black, identical amino

acids in two of the three sequences are highlighted in gray. The triangles represents the intron–exon borders as deduced from the human #17q23 sequence, boxed
amino acids represent nucleotide binding regions.

Table 1. Spontaneous and MMC-induced CAs per 100 cells

aThe indicated frequencies of MMC-induced CA are after treatment with equitoxic doses that give 20–60% survival.
bChromatid exchanges are interchanges, intrachanges, triradials or subchromatid exchanges.
cFor calculations of the total number of breaks the exchanges were counted as two breaks.

Cell line Cells with
CA

Chromatid Chromosome Total
breaksc ± SEM

Breaks Exchangesb Breaks Exchanges

V79B Spontaneous 7 ± 1 6 0 1 0 7 ± 2

80 ng/ml MMCa 30 ± 8 26 4 7 1 43 ± 7

CL-V4B Spontaneous 15 ± 3 29 3 5 0 40 ± 8

2 ng/ml MMCa 48 ± 10 47 23 4 1 99 ± 24

CL-V4B/

hRad51C

Spontaneous 12 ± 1 8 1 2 0 12 ± 2

80 ng/ml MMCa 49 ± 3 148 23 2 0 196 ± 7
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normal at G2 phase in Rad51C-deficient cells but that sister

chromatids separate prematurely around metaphase–anaphase

transition.

DISCUSSION

Here, we describe the first mammalian cell mutant defective in

Rad51C. The Rad51C cDNA derived from the Chinese

hamster cell mutant, CL-V4B, contains a 132 bp deletion that

corresponds to a deletion of exon 5. Comparison of human,

mouse and hamster Rad51C reveals that the protein is highly

conserved in evolution. It contains a bipartite Walker A and B

ATPase domain (52) characteristic of the RecA/Rad51 protein

family (3). Deletion of exon 5 results in loss of the Walker B

box motif, which is located in what is the core domain of the

homologous RecA protein (53).

The general importance of Rad51C in protecting genome

stability is emphasized by the various DNA damage sensitiv-

ities of CL-V4B cells. The sensitivity of the CL-V4B mutant to

cross-links, monofunctional alkylating agents and to topo-

isomerase I inhibitors is in concordance with results obtained

in XRCC2- or XRCC3-deficient cell lines (15,28–30). In compar-

ison with the Rad51C–/– chicken DT40 cells (37), CL-V4B

hamster cells are much more sensitive to cross-linking agents.

Conversely, only a slight sensitivity to X-ray irradiation is

found in CL-V4B cells, in contrast to what has been observed

in chicken Rad51 paralog knockout cells as well as in XRCC2-
and XRCC3-deficient rodent cells that show a 2-fold increase in
sensitivity (28,36,37,54). This suggests that Rad51C-dependent
pathways of DNA repair might contribute differentially towards
repair of cross-links and X-ray induced DNA damage in
different cell types or in different species. Finally, the Rad51C-
deficient CL-V4B cells differ from XRCC2- and XRCC3-deficient
hamster cells as well as from the Rad51 paralog knockout
chicken cells in that they are not significantly affected in cell
growth and only slightly affected in cloning efficiency
(28,36,37,54).

The defect in Rad51C affected the formation of Rad51
nuclear foci in CL-V4B cells after treatment with cross-linking
agents as was observed in Brca2- and XRCC3-defective rodent
cell mutants (34,51) as well as in the Rad51B-deficient chicken
cells (36). All Rad51 paralog-deficient cells identified so far
display mild sensitivity to cell killing by X-rays and show
severely impaired Rad51 foci formation after X-ray irradiation.
CL-V4B cells show similarly impaired Rad51 foci formation
after X-ray irradiation but are less sensitive to cell killing by
X-rays suggesting that the role of Rad51C in X-ray induced
DNA damage repair might be redundant, whereas its role in
cross-link repair is not. The impaired DNA damage-induced
Rad51 foci formation indicates that Rad51C is involved in a
Rad51-dependent HR pathway most probably via a role in
assembly and/or stabilization of the Rad51 complex after
genotoxic treatment.

CL-V4B cells display an increased frequency of spontan-
eous and MMC-induced CAs, which is in line with data from
Brca2-, XRCC2- and XRCC3-deficient rodent cells and Rad51
paralog knockout chicken cells (15,31,36,37,51,55). This indicates
that all these genes, most likely through their function in HR,
are involved in maintenance of genomic stability. Intriguingly,
the chromosomal instability in CL-V4B does not greatly
reduce the cell viability of this mutant, which is in contrast to
the Rad51 paralogs knockout chicken cells (36,37) but the
cloning efficiency is reduced in CL-V4B cells albeit to a much
lower extent. This indicates that a defect in Rad51C influences
the CA frequencies but that its effect on cell viability may vary
between different species or cell types. This disparity could be
caused by differences in apoptotic potential. Because chicken
DT40 cells are of lymphoid origin they could possibly undergo
apoptosis much more readily than Chinese hamster lung-
derived fibroblasts.

SCEs likely reflect post-replicational repair by HR that is
associated with crossing-over between sister duplexes (56).
The reduced SCE frequency of CL-V4B and the lack of induction
of SCEs after MMC treatment suggests that Rad51C is indeed
involved in HR. Similar observations have been made for other
HR-deficient vertebrate cell lines including Brca2-deficient
rodent cells, Rad51 paralog knockout chicken cells and Rad54
knockout mouse embryonic stem cells (36,37,51,57).

An additional aspect of chromosome metabolism that has
been found to be aberrant in HR-deficient cells is the number
of centrosomes. Abnormalities in centrosome number have been
observed in Brca1-, Brca2-, XRCC2- and XRCC3-deficient
rodent cells (32,50,51). In contrast, the defect in Rad51C in
CL-V4B cells does not result in abnormalities in centrosome
number. These observations infer that the chromosomal
instability in CL-V4B is not caused by spindle-mediated
chromosome missegregation. Intriguingly, the mutated

Table 2. Relative sensitivities for chromosomal aberrations

aThe frequency of spontaneous aberrations per 100 cells in parental V79B
cells was 7 ± 2, and this was set at 1.
bThe slope of the induction curve of CA after MMC treatment in parental
V79B cells was 0.4 aberrations per 100 cells per ng/ml MMC, and this was set

as 1. All slopes were determined by using at least three different dose levels.

Relative sensitivity

V79B CL-V4B CL-V4B/hRad51C

Spontaneous 1a 6 1

MMC-induced 1b >300 11

Table 3. Analysis of spontaneous and MMC-induced SCEs in

V79B, CL-V4B and the CL-V4B/hRad51C transfectant

Cell line Concentration

MMC (ng/ml)

SCEs/cell ± SEM

V79B 0 6.6 ± 0.4

1 5.9 ± 0.4

15 15.0 ± 0.7

30 21.3 ± 1.3

CL-V4B 0 4.9 ± 0.4

0.5 4.7 ± 0.6

1.0 5.5 ± 0.3

1.5 5.4 ± 0.3

CL-V4B/hRad51C 0 5.8 ± 0.4

5 7.2 ± 0.5

15 8.9 ± 0.6
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Rad51C in CL-V4B leads to impaired sister chromatid cohesion,

which is complemented by Rad51C cDNA transfection. This

reduced sister chromatid cohesion seems to be a unique feature

of the defective Rad51C because it is only observed in CL-V4B

cells and not in XRCC2-, XRCC3- or Brca2-defective (data

not shown) hamster cells.

Chromosome maintenance activities such as sister chromatid

cohesion and chromosome condensation are regulated by

members of the structural maintenance of chromosomes

(SMC) family of proteins. In eukaryotes the cohesin multiprotein

complex containing SMC1, SMC3, Scc3 (SA) and Scc1

(Rad21) is required for sister chromatid cohesion (58–61). The

SMC1/SMC3 heterodimer is also associated with DNA

polymerase ε and DNA ligase III in the RC-1 complex that

promotes DNA recombination (62,63). The RC-1 complex is

not the only indication for involvement of SMC proteins in

DNA recombination and repair processes. The yeast Rad18

and Spr18 are SMC-like proteins with a role in recombin-

ational repair (64). Recently, it has been shown that cohesin

(Smc1, Scc1) as well as factors needed for its generation and

subsequent loading onto chromosomes are required for post-

replicative double-strand break repair during late S and early

G2 phase in yeast (65). Indeed, DNA double-strand breaks are

preferentially repaired by HR during late S and early G2 phase

when an undamaged sister chromatid is available (2). The

present data indicate that Rad51C influences sister chromatid

cohesion but whether this is due to a direct interaction with the

cohesin complex or with the interacting proteins remains to be

investigated.

Our results indicate that the hamster CL-V4B mutant offers
a tool to study the functions of the Rad51C gene in mammalian
cells, since so far only DT40 chicken cells defective in Rad51C

are available (37). The complementation of all the phenotypic
characteristics of CL-V4B upon transfection with human
Rad51C cDNA indicates that the described mutation in

Rad51C is responsible. However, we cannot formally exclude
that an additional mutation might also be involved. The
observed complex phenotype of CL-V4B might be due to the
fact that Rad51C is part of at least two distinct protein

complexes. Rad51C and XRCC3 can form a heterodimer,
which binds single-stranded DNA (26). Rad51C is also part of
a multi-protein complex comprised of at least Rad51B, C, D and

XRCC2 that binds single-stranded DNA and single strand gaps in
duplex DNA (66). Furthermore, a subcomplex consisting of
Rad51B and Rad51C can act as a mediator in the Rad51/RPA-

catalyzed DNA strand exchange (27). Thus, Rad51C appears
to be the only Rad51 paralog that is a common component of
distinct Rad51 paralog-containing complexes.

Defects in HR are thought to play a significant role in

promoting tumorigenesis because of their effect on genomic
stability (67–69). For example, chromosomal translocations that
involve Rad51B are frequently observed in uterine leiomyoma
(70) and mutations in Rad54 and its homolog Rad54B are

observed in lymphoma, colon and breast cancer (71,72). Since
CL-V4B cells display genomic instability with increased levels
of CAs, lack of SCE induction after genotoxic treatment as

well as impaired sister chromatid cohesion, defects in the
Rad51C gene will most probably play an important role in
cancer development. In fact, 17q23 amplifications in breast

cancer also involve the Rad51C gene (73). Therefore, it would
be of interest to screen different tumors including breast
cancers for Rad51C mutations.
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Figure 6. Impaired sister chromatid cohesion. Shown are representative pictures of (A) metaphase spread from a V79B cell with normal cohesion and (B) metaphase
spread from a CL-V4B cell with impaired sister chromatid cohesion (see Table 4). Both metaphase spreads were generated after treatment with colcemid.

Table 4. Cells with precocious sister chromatid separation per 100 cells

+ Colcemid ± SEM – Colcemid ± SEM

V79B 26 ± 7 8 ± 1

CL-V4B 58 ± 5 21 ± 2

CL-V4B/hRad51C 42 ± 5 11 ± 2

V79 30 ± 8 3 ± 1

irs1 18 ± 6 4 ± 1

AA8 1 ± 1 0

irs1SF 1 ± 1 0
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