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Cellular Localization of Human Rad51C and
Regulation of Ubiquitin-Mediated Proteolysis of Rad51
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Abstract Rad51-catalyzed homologous recombination is an important pathway for repair of DNA double strand
breaks andmaintenanceof genome integrity in vertebrate cells. Five proteins referred to asRad51paralogs promoteRad51
activity and are proposed to act at various, and in some cases, multiple stages in the recombination pathway. Imaging
studies of native Rad51 have revealed its cellular response to DNA damage, yet visualization of the paralog proteins has
met with limited success. In this study, we are able to detect endogenous Rad51C and Xrcc3 in human cells. In an effort to
determine howRad51, Rad51C, and Xrcc3 influence the pattern of localization of each other over the time course ofDNA
damage and repair, we have made the unexpected observation that Rad51 degradation via the ubiquitin-mediated
proteasome pathway occurs as a natural part of recombinational DNA repair. Additionally, we find that Rad51C plays an
important role in regulating this process. This article contains supplementarymaterial,whichmaybe viewed at the Journal
of Cellular Biochemistry website at http://www.interscience.wiley.com/jpages/0730-2312/suppmat/index.html. J. Cell.
Biochem. 96: 1095–1109, 2005. � 2005 Wiley-Liss, Inc.

Key words: human Rad51; human Rad51C; human Xrcc3; Rad51 ubiquitination; DNA double strand break repair;
homologous recombination

Repair of DNA double strand breaks (DSBs)
resulting from either endogenous sources, for
example, errors inDNAreplication, or following
exposure to exogenous mutagens is critical for
cell survival and the maintenance of genome
integrity.Homologous recombination (HR) is an
important pathway inmammalian cells forDSB
repair [Pierce et al., 1999; Johnson and Jasin,
2000; Thompson and Schild, 2001]. The Rad51
protein provides the central activity in this
pathway by catalyzing formation of crossover
structures (Holliday junctions) between damaged
DNA and an undamaged homologous chromo-
some, most frequently a sister chromatid [Sung

et al., 2003; West, 2003]. A group of five Rad51-
like proteins (Rad51 paralogs; Rad51B/L1,
Rad51C/L2, Rad51D/L3, Xrcc2, and Xrcc3),
originally identified in complementation scre-
ens and by sequence alignment with Rad51
[Albala et al., 1997; Tambini et al., 1997;
Cartwright et al., 1998a,b; Dosanjh et al.,
1998; Liu et al., 1998], have been shown to play
important roles in supporting Rad51 function.
Vertebrate cells deficient for any of the five
paralogs show increased sensitivity to DNA
damaging agents and increased levels of chro-
mosomal abnormalities [Tebbs et al., 1995; Liu
et al., 1998; Thacker, 1999; Sonoda et al., 2001;
Takata et al., 2001; Thompson and Schild, 2001;
Yoshihara et al., 2004]. Suppression of these
defects is best achieved by transfection of the
specific gene itself and not by over expression of
RAD51 or other paralog genes [Takata et al.,
2001; French et al., 2002], thus providing
evidence that each paralog has an important,
non-redundant function in HR. In response to
DNA damage, the Rad51 protein forms distinct
nuclear foci that appear to associate with DNA
breaks [Haaf et al., 1999; Tashiro et al., 2000;
Aten et al., 2004]. Each of the five paralog
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proteins is required for DNA damage-induced
nuclear Rad51 focus formation, demonstrating
a likely role early in the HR pathway [Bishop
et al., 1998; Takata et al., 2001; Yoshihara et al.,
2004]. Additional evidence supports other roles
for the paralog proteins at different points in the
HR pathway. For example, defective processing
of recombination intermediates is observed
in both hamster and Arabidopsis XRCC3�/�

cells [Brenneman et al., 2000; Bleuyard and
White, 2004]. Additionally, recent studies show
that Rad51C and Xrcc3may play a direct role in
Holliday junction resolution [Liu et al., 2004].

Specific protein–protein interactions bet-
ween Rad51 paralog proteins have been de-
monstrated [Schild et al., 2000] and several
complexes have been identified [Braybrooke
et al., 2000; Kurumizaka et al., 2001; Masson
et al., 2001a,b; Sigurdsson et al., 2001; Liu et al.,
2002; Miller et al., 2002; Wiese et al., 2002]. It
has been suggested that because Rad51C is
present in three of the four complexes identified
to date (BC, CX3, and BCDX2), it may play a
more prominent role in regulating Rad51 and
Rad51 paralog functions than other paralogs
[French et al., 2003]. Additionally, Rad51Cmay
be involved in trafficking recombination pro-
teins to the nucleus [French et al., 2003].
Biochemical studies using purified paralog
protein complexes have demonstrated DNA-
dependent ATPase, DNA binding, substrate-
specific strand transferase, and strand-separa-
tion activities [Thacker, 2005] but an integrated
model of how these functions contribute to the
HR pathway in the cell remains to be deter-
mined. Other than their requirement for the
formation of DNA damage-induced Rad51
nuclear foci, little is currently known regard-
ing specific cellular functions of the paralog
proteins.

In this study, we use immunofluorescence
imaging to show the cellular distribution of
endogenous human Rad51C and Xrcc3 before
DNA damage and over an extended time course
of DNA damage and repair. The data show that
both proteins localize to positions at the nuclear
periphery and form distinct foci within the
nucleus both before and after DNA damage.
RNAi studies designed to understand the
potential interdependence of the cellular locali-
zation of each protein have led us to discover a
novel and unexpected function for Rad51C—
regulation of ubiquitin-mediated degradation of
Rad51.

MATERIALS AND METHODS

Cell Lines and Transfections

HEK293 cells were obtained from ATCC and
were maintained in DMEM supplemented with
10% fetal bovine serum (FBS) and 1% Pen/
Strep. In preparation for transfection, cells
were maintained in DMEM plus 10% FBS.
Transfection of specific siRNA duplexes
(SMARTpool, Dharmacon) was performed
using a lipid transfection method (Dharmafect,
Dharmacon). A control siRNA against lamin A/
C and a 30-fluorescein labeled control siRNA
with nomatches in human genome (Qiagen, cat
no. 1022079) showed no effect on Rad51,
Rad51C, or Xrcc3 focus formation or protein
levels as determined byWestern blots (data not
shown). Epoxomicin, a specific proteasome
inhibitor (Sigma) was added at a final concen-
tration of 5 mM to cells 1 h prior to exposure of
cells to ionizing radiation (IR) for immunopre-
cipitation experiments (see below).

Antibodies

Primary antibodies were mouse monoclonal
anti-phospho-histone H2AX biotin conjugate
(clone JBW301, Upstate Biotechnology), mouse
monoclonal anti-Rad51 (clone 3C10, Upstate
Biotechnology), mouse monoclonal anti-Rad51C
(clone 2H11/6, Novus Biologicals, Inc.), mouse
monoclonal anti-Xrcc3 (10F1/6, Novus Biologi-
cals, Inc.) and all were diluted 1:500 for im-
munofluorescence studies. Monoclonal Rad51C
and Xrcc3 antibodies were protein-A purified.
Alexa647 streptavidin conjugate and Alexa488
secondary antibodies (Molecular Probes) were
diluted 1:1,000. All dilutions were in PBS
containing 20% marine blocking agent (East
Coast Biologicals, Inc.). DNA was counter-
stainedwithVectashield FluorescentMounting
Media containing DAPI (40, 60-diamidino-2-
phenylindole; Vector Laboratories). Antibodies
used for immunofluorescence were the same
used for Western blots and immunoprecipita-
tion experiments. Western blot analysis for
ubiquitin was performed using rabbit polyclo-
nal anti-ubiquitin (Upstate Biotechnologies) at
a 1:500 dilution.

Immunostaining and Confocal Microscopy

Cells were grown on coverslips in a 6 well
dish. For fixation, media was aspirated off and
cells were washed once with PBS and immersed
in 100%methanol at�208C for 8min.Cellswere
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blocked in amarine blocking agent overnight at
48C. Incubation with primary and secondary
antibodies was performed in 6 well dishes for
1 h at 378C in a humid environment using a
slide warmer (Fisher). For all double staining
procedures, cells were stained in sequential
fashion as opposed to usingmixes of antibodies.
For example, cells were incubated first with
the primary antibody directed against Rad51,
Rad51C, or Xrcc3 followed by incubation with
the secondary Alexa488. Subsequently, cells
were incubated with anti-gH2AX biotin conju-
gate primary antibody followed by the second-
aryAlexa647 streptavidin conjugate. Cellswere
washed five times for 5 min each in PBS after
incubation with both primary and secondary
antibodies. Coverslips were mounted using
Vectashield with DAPI and sealed with poly-
urethane (nail polish) then stored in the dark at
48C. Visualization of immunostains was per-
formed by confocal microscopy using a Leica
TCS SP2 AOBS instrument and image proces-
sing was performed using the accompanying
Leica Confocal Software TCS SP2. Microscope
settings are identical for all images shown.
Additionally, all images were corrected to the
same values using Leica software. Images were
processed and are presented in CMYK colors to
avoid loss of resolution during the RGB to
CMYK transition.

Damage-Induced DNA Double Strand Breaks

Cells were exposed to 8 Gy ionizing radiation
(137Cs) using a Gammacell 40 (MDS Nordion
Ottawa,ON,Canada). After exposure cellswere
allowed to recover at 378C (5% CO2) for the
indicated times. Cells were thenmethanol fixed
and prepared for immunostaining.

Western Blotting

HEK293 cells were transfected with the
appropriate siRNA as indicated. Cells were
harvested 48 h post transfection washed with
PBSand lysedwithRIPAbuffer (25mMTris pH
7.4, 0.5% Triton X-100, 0.5% sodium deoxycho-
late, 0.05% sodium dodecyl sulfate, 0.05 mM
EDTA pH 7.0, 75 mM NaCl) and total protein
was determined with BCA Protein Assay Kit
(Pierce). Acrylamide mini-gels (10%) were run
with 60 mg of total protein in each lane and
transferred to PVDF membranes using a semi-
dry procedure (Bio-rad) at 20 V for 20 min.
Membranes were incubated in blocking buffer
(10mMTris-HCl pH 8.0, 300mMNaCl, 0.025%

Tween 20) containing 15% instant nonfat dry
milk for 45min. Primary antibodies were added
(1:1,000) in blocking buffer containing 2%
instant nonfat dry milk for 1 h and membranes
were washed five times for 5 min each in
blocking buffer. Mouse anti-a-tubulin (TU-02,
Santa Cruz Biotechnology) was diluted
1:10,000. Peroxidase conjugated anti-mouse
and anti-rabbit secondary antibodies (Visuali-
zer, Upstate) were added (1:12,000) for 45 min
and membranes washed as above. Membranes
were incubated with the appropriate chemilu-
minescent detection reagent for 10–60 s,
exposed to X-ray film and developed (Kodak
2000A XOMAT processor). To detect ubiquiti-
nated Rad51, blots that had been stained for
Rad51 were incubated in stripping buffer
(62.5 mM Tris-HCl, pH 6.0, 2% SDS, 100 mM
bME) at 508C for 30 min, washed twice for
20 min with blocking buffer and stained as
above using anti-ubiquitin antibodies.

Immunoprecipitation

Cells were harvested and treated with lysis
buffer (20mMTris, pH8.0, 150mMNaCl, 1mM
EDTA, 0.5% NP-40, 1 mM phenylmethylsulfo-
nyl fluoride, leupeptin (10 mg/ml), aprotinin
(10 mg/ml)) for 30 min at 48C. Extracts were
clarified by centrifugation for 10min at 12,500g.
The supernatant was incubated with anti-
Rad51 (see above) and 30 ml protein A beads
(Amersham) for 2 h at 48C and washed three
times using the following buffer (20 mM Tris
(pH 8.0), 150 mMNaCl, 1 mM EDTA, 0.5% NP-
40). Beads were boiled in SDS loading buffer
and proteins were analyzed byWestern blots as
described above.

RESULTS

Cellular Localization of Rad51, Rad51C, and
Xrcc3 Prior to DNA Damage and Throughout
a Time Course of DNA Damage and Repair

To detect the cellular localization of endo-
genous Rad51, Rad51C, and Xrcc3 proteins,
HEK293 cells were fixed and stained for each
protein prior to damage and at t¼ 0.5, 1, 2, 4, 6,
and 8 h following exposure to ionizing radiation
(IR, 8 Gy). We followed the staining of gH2AX
as a marker for DNA double-strand breaks
[Rogakou et al., 1998]. At t¼ 0, only minor
background gH2AX staining is observed (Figs. 1
and 3). At t¼ 0.5 h there is a dramatic increase
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Fig. 1. Ionizing radiation-induced nuclear Rad51 foci form early followingDNA damage and disassemble
over an 8 h time course of DNA repair. HEK293 cells were stained with anti-Rad51 (gray), anti-gH2AX
(magenta), and DAPI (cyan) at the indicated times before and after exposure to ionizing radiation (8 Gy).
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in the appearance of nuclear gH2AX. This
persists for 6 h and diminishes at t¼ 8 h,
indicative of repair of DSBs.
For Rad51, we find that prior to DNA damage

protein staining appears in the cytoplasm, and
there are occasional nuclear foci (Fig. 1). These
have been previously described as S-phase foci
[Chen et al., 1998, 1999; Tarsounas et al., 2004].
Significant levels of cytoplasmic Rad51 have
also been observed by Western analysis of
subcellular fractions [Yoshikawa et al., 2000;
Davies et al., 2001]. At t¼ 0.5 h, there is a
distinct increase in the number of nuclear foci,
and as time progresses the number and size of
these foci peak between 2 and 4 h. At t¼ 6 h the
number of nuclear Rad51 foci is noticeably
diminished, and at 8 h the staining appears
similar to that seen at t¼ 0 (Fig. 1 and
Supplementary Material can be found online
at http://www.interscience.wiley.com/jpages/
0730-2312/suppmat/index.html). We note also
that while cytoplasmic staining of Rad51 is
somewhat diffuse at t¼ 0, 0.5, and 1 h following
exposure to IR, at 2 and 4 h Rad51 cytoplasmic
staining is concentrated more at the nuclear
periphery, and returns to a more diffuse
appearance at t¼ 8 h. For all time points,
>90% of the cell population showed similar
staining patterns.
In contrast to Rad51, staining for endogenous

Rad51C revealed an unexpected pattern in that
distinct nuclear foci were present in all cells
prior to DNA damage (Fig. 2). As for Rad51,
Rad51C also appears to concentrate at the
nuclear periphery following DNA damage.
While this perinuclear staining pattern appears
slightlymore diffuse at t¼ 0and0.5 h relative to
its more distinct appearance throughout the
remainder of the time course, judging from the
entire field of cells it is difficult to say to what
extent this is aDNAdamaged-induced phenom-
enon. However, it is clear from the data in
Figures 1 and 2 that while the staining pattern
of Rad51 shows a significant response to DNA
damage and repair, especially with regard to
nuclear focus formation, changes in the cellular
staining pattern of Rad51C aremore subtle. For
all time points the number of cells containing
Rad51C foci both before and after DNA damage
was >90%. Our observation of endogenous
Rad51C in both the cytoplasm and nucleus is
supported by previous studies in which endo-
genous human Rad51C was shown to exist in
both cellular compartments using Western blot

analysis of subcellular fractions [Miller et al.,
2005].

The cellular appearance of endogenous Xrcc3
is similar to that observed for Rad51C (Fig. 3).
Staining of Xrcc3 shows distinct nuclear foci
prior to DNA damage [Forget et al., 2004] as
well as clusters of protein in the cytoplasm and
perinuclear region (Fig. 3). At 6 and 8 h
following exposure to IR, the number of nuclear
Xrcc3 foci appear to diminish, but as for Rad51C
this change is significantly more subtle than
that observed for Rad51 (Fig. 1). Also, peri-
nuclear clustering of Xrcc3 appears more con-
centrated following DNA damage (for example,
see Fig. 3, t¼ 4 h) as compared to a more diffuse
staining at t¼ 0. Similar to Figures 1 and 2,
>90% of the cells at each time point showed
similar staining patterns. The fact that the
cellular staining pattern of Xrcc3mimics that of
Rad51C supports the observation that these two
proteins can exist as a stable heterodimer
[Kurumizaka et al., 2001; Masson et al.,
2001a; Wiese et al., 2002]. The primary anti-
bodies used to stain both Rad51C and Xrcc3 are
mouse monoclonals of the same iso-type, which
prevents co-localization studies, but methods to
achieve this are currently under development.
Formation of DNA damage-induced nuclear
Rad51 foci requires Xrcc3 as well as Rad51C
and we now observe both Xrcc3 and Rad51C in
nuclear foci prior to DNA damage. Whether
these foci are centers at which Rad51C and
Xrcc3 function, or serve to sequester both
proteins for release during DNA repair remains
to be determined (see Discussion).

Validation of Antibody Specificity

Prior use of the unpurified anti-Rad51C and
Xrcc3 monoclonal antibodies on HEK293 and
HeLa whole cell extracts revealed multiple
bands in Western blots, thereby precluding
their use in immunofluorescence studies (data
not shown). However, we purified the anti-
Xrcc3 monoclonal using a protein-A Sepharose
procedure (http://www.novus-biologicals.com/
data_sheet.php/81/S/xrcc3/0) and have been
able to successfully use this antibody in immu-
nofluorescence studies (Forget et al., 2004). In
the present study, monoclonal antibodies
against Rad51C andXrcc3 obtained fromNovus
Biologicals, Inc., were protein-A purified. To
demonstrate that the staining patterns
observed in Figures 1, 2, and 3 are specific to
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Fig. 2. Rad51C forms distinct nuclear foci prior to DNA damage that persist throughout the time course of
DNA repair. HEK293 cells were stainedwith anti-Rad51C (gray), anti-gH2AX (magenta), andDAPI (cyan) at
the indicated times before and after exposure to ionizing radiation (8 Gy).
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Fig. 3. Nuclear Xrcc3 foci are present at all times before and after exposure of cells to ionizing radiation.
HEK293 cells were stained with anti-Xrcc3 (gray), anti-gH2AX (magenta), and DAPI (cyan) at the indicated
times before and after exposure to ionizing radiation (8 Gy).
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the proteins of interest, we analyzed immuno-
fluorescence images of cells treated with small
interfering RNAs (siRNAs). HEK293 cells were
transfected with siRNAs specific to Rad51,
Rad51C, or Xrcc3 and exposed to IR (8 Gy) 48
h later. Two hours following IR treatment, cells
were fixed and stained using the procedure
identical to that used in Figures 1, 2, and 3. We
find that in each case the signal for Rad51,
Rad51C, and Xrcc3 is almost completely elimi-
nated by its specific siRNA (Fig. 4A). A low level,
residual staining can in part be explained by the
slight background contributed by the Alexa-
Fluor488 secondary antibody (Fig. 4B). The fact
that staining with DAPI and anti-gH2AX is
localized exclusively to the nucleus precludes
the possibility that cytoplasmic and perinuclear
staining of Rad51, Rad51C, and Xrcc3 result

from disruption of the nuclear membrane dur-
ing fixation. Again, our observations are sup-
ported by previous studies of various human
cell types, for example, pancreatic and breast
epithelial cells, which show a significant amo-
unt of cytoplasmic Rad51 [Yoshikawa et al.,
2000; Davies et al., 2001], and HeLa cells
showing cytoplasmic Rad51C [Miller et al.,
2005].

The specificity of the primary antibodies, as
well as the siRNAs, was further demonstrated
by Western blot analysis of whole cell extracts.
The data show that siRNAs directed against
Rad51, Rad51C, or Xrcc3 specifically reduce the
amount of each protein by¼ 95% (Fig. 4C,D).
Coomassie-stained gels show a large number of
bands both above and below the position of each
protein of interest (not shown), yet the purified

Fig. 4. Antibodies and siRNAs are specific to the designated
protein. A: Cells were stained with antibodies against the
indicated protein (gray), anti-gH2AX (magenta), andDAPI (cyan)
2 h following exposure to ionizing radiation (8Gy). B: Cells were
stained only with DAPI (cyan) and AlexaFluor488 secondary
antibody (gray) that is used in all other immunofluorescence
images to indicate the small background contribution made by
this antibody. C: Western blots were performed using anti-

Rad51, anti-Rad51C or anti-Xrcc3 on whole cell extracts from
cells incubated with the indicated siRNAs. Protein molecular
mass is from http://www.hprd.org/protein: Rad51¼36,968 Da;
Xrcc3¼37,842; Rad51C¼42,192. D: Relative amounts of each
protein following treatment with specific siRNAs were deter-
mined from scans of Western blots from three separate
experiments.
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primary antibodies directed against each pro-
tein reveal only that protein (Fig. 4C). No cross-
reacting protein was visible in many repeated
Western blots of HEK293 whole cell extracts
using each of the primary antibodies against
Rad51, Rad51C, and Xrcc3. Having established
the specificity of both the siRNAs and the
primary antibodies, we next performed experi-
ments to determine the effect that knock down
of each protein would have on the others.

Loss of Rad51C Results in Degradation of
Rad51 Following DNA Damage

HEK293 cells transfected as above with
siRNAs against Rad51, Rad51C, or Xrcc3 were
exposed to 8 Gy IR and fixed 2 h later. As
expected, treatment of cells with Rad51 specific
siRNAs resulted in specific loss of Rad51
staining (Fig. 5A).Wefind thatRad51C staining
is unaffected by Rad51 specific siRNAs, and in
agreement with recent studies we find that this
treatment results inno change inXrcc3 staining
[Forget et al., 2004], and (Fig. 5B,C, respec-
tively). Therefore, while formation of DNA
damage-induced Rad51 foci requires each of
the five Rad51 paralog proteins [Bishop et al.,
1998; Takata et al., 2001], formation of Rad51C
and Xrcc3 foci does not require Rad51.

Cells treated with siRNAs against Rad51C
showed the expected loss of Rad51C staining
(Fig. 5E), and while the total amount of Xrcc3
staining in these cells appears somewhat
reduced (Fig. 5F) relative to non-siRNA treated
cells (Fig. 3), the general Xrcc3 staining pattern
in the nucleus, cytoplasm and perinuclear reg-
ion remained very similar to non-treated cells.
Remarkably however, we observe that treat-
ment of cells with Rad51C-specific siRNA
results in a total loss of Rad51 staining
(Fig. 5D). Given the data shown below, and the
fact that all siRNAs used in this study had no
significant sequence similarity, this effect did
not result from direct knock down of Rad51
mRNA by Rad51C siRNA.

Cells treated with siRNAs against Xrcc3
showed the expected loss of Xrcc3 (Fig. 5I), as
well as the expected inability to form DNA
damage-induced nuclear Rad51 foci (Fig. 5G).
However, cellular staining of Rad51 is still
apparent, although it appears to be somewhat
reduced relative to cells not treated with Xrcc3
siRNAs (Figs. 1 and 2 h panel). Staining of
Rad51C (Fig. 5H) is similar to that seen in
untreated cells (Fig. 2). Therefore, these data
reveal an entirely unexpected result in that
knock down of Rad51C appears to result in loss
of Rad51 following DNA damage.

Fig. 5. Knockdown of Rad51C results in complete loss of Rad51 immunostaining following DNA damage.
Cells were incubatedwith siRNAs directed against Rad51 (A–C), Rad51C (D–F), or Xrcc3 (G–I) for 46 h and
then treatedwith ionizing radiation (8 Gy). Two hours followingDNA damage cells were stained using anti-
Rad51 (A, D, G), anti-Rad51C (B, E, H), or anti-Xrcc3 (C, F, I) and DAPI. The images in panels A, E, and I are
the same as those shown in Figure 4A.
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To further explore this idea, we performed
Western blot analysis of HEK293 cells treated
with siRNAsagainst eachproteinandcompared
the levels of each of the other proteins both
before and 2 h after DNA damage (8 Gy, IR). In
Figure 6Awe showaRad51 blot of extracts from
cells treated with each siRNA. In control cells
not treated with siRNA, there appears to be a
slight increase in the total amount of Rad51
following IR exposure (lanes 1 and 2), consistent
with a small cell cycle-dependent increase
observed previously [Chen et al., 1997;
Daboussi et al., 2002]. Cells treated with
Rad51 siRNA show a specific loss of protein in
the absence (lane 3) or presence (lane 6) of IR
exposure. Cells treated with Xrcc3 siRNA show
little effect on the total amount of Rad51 with or
without DNA damage (lanes 4 and 7). In
contrast, cells treatedwithRad51C siRNAshow
nearly a complete loss of Rad51 following
exposure to IR (lane 8) and what appears to be
an approximate 20% decrease in Rad51 protein
levels in the absence of IR exposure (lane 5).
Previous studies [Lio et al., 2004] have shown a
transient decrease in Rad51 levels of approxi-
mately 70–80% in HeLa cells treated with
Rad51C siRNA but not exposed to DNA damage
(seeDiscussion).Wenote also that studies of the

Rad51C defective hamster cell line irs3 show
little effect on levels of Rad51 prior to DNA
damage [French et al., 2002]. In that study there
is still someRad51present in irs3 cells following
DNA damage but it is unclear if a possible
truncated form of Rad51C that may result from
one of the exon 6 deleted transcripts still fun-
ctions at some level to prevent loss of Rad51.

Western blots stained with either anti-Xrcc3
(Fig. 6B) or anti-Rad51C (Fig. 6C) again show
specific loss of the RNAi-targeted protein. Addi-
tionally, while treatment of cells with Rad51
siRNA showed no decrease in the levels of either
Xrcc3 or Rad51C (lane 2 in Fig. 6B,C), treatment
withRad51C siRNAresulted in a slight decrease
in Xrcc3 (Fig. 6B, lane 4). On the other hand,
treatment of cells with Xrcc3 siRNA resulted in
an approximate 30% decrease in the level of
Rad51C (Fig. 6C, lane 3). The extracts used in
Figure6B,Care fromcells exposed to IRandvery
similar results are seenusing cells not exposed to
IR (not shown). However, Lio et al. [2004] have
reportedamoresubstantial loss ofXrcc3 inHeLa
cells treated with Rad51C siRNAs but not
exposed to DNA damage (see Discussion). Our
data showthat inno instancewas thedecrease in
protein levels nearly as dramatic as that seen for
Rad51 following treatment of cells with Rad51C

Fig. 6. Lack of Rad51C results in degradation of Rad51. A:
Western blot developed with anti-Rad51 using whole cell
extracts from cells treated with the indicated siRNAs 48 h prior
to IR exposure. Extracts were obtained from cells that had not
been exposed toDNAdamage (�IR) or 2 h following exposure to
8Gy ionizing radiation (þIR).B,C:Westernblots developedwith

anti-Xrcc3 and anti-Rad51C, respectively. Whole cell extracts
were obtained fromcells treatedwith the indicated siRNAs for 48
h followedbyexposure to ionizing radiation (8Gy) andharvested
2 h later. Histograms accompanying each blot show relative
amounts of each protein averaged over three separate experi-
ments.
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siRNA. Therefore, together with the immuno-
fluorescence images in Figure 5, these data
strongly support the idea that Rad51C serves to
protect Rad51 against intracellular proteolysis,
particularly following DNA damage.

Rad51C Protects Rad51 From Ubiquitin-Mediated
Degradation that Is Enhanced Following

DNA Damage

To investigate the mechanism of Rad51
degradation that occurs in the absence of
Rad51C, we performed the following experi-
ment using epoxomicin, a proteasome-specific
inhibitor [Meng et al., 1999]. Cells treated with
Rad51C siRNAs for 48 hwere exposed to IR and
incubated for an additional 2 h. One hour prior
to IR treatment epoxomicin was added to a final
concentration of 5 mM. Cells were harvested
and Rad51 was immunoprecipitated. Controls
included cells not exposed to IR, as well as mock
epoxomicin treatment (DMSO alone in all—
epoxomicin lanes inFig. 7). TheWesternblots in
Figure 7A were developed using mouse mono-
clonal anti-Rad51 and anti-mouse secondary
antibodies, and therefore show the heavy and
light chains of the monoclonal anti-Rad51 used
for immunoprecipitation. Although these results
reveal more Rad51 following IR exposure of
Rad51C siRNA treated cells (Fig. 7A, lane 3)
than theWesternblot ofwhole cell extracts from

similarly treated cells (Fig. 6A, lane 8), we note
that epoxomicin results in an approximate
three-fold increase in the level of Rad51 whe-
ther cells had been exposed to IR or not (Fig. 7A,
lane 1 vs. 2, and lane 3 vs. 4). Therefore, inhi-
bition of the proteasome clearly increases the
steady state level of Rad51. These blots were
stripped and re-probed with rabbit anti-
ubiquitin and anti-rabbit secondary antibodies
(Fig. 7B).Lanes 6and8 reveal a significant band
of ubiquitinated Rad51 migrating at a position
on the gel that approximates the molecular
mass of Rad51 plus four ubiquitin chains. This
number of Ub chains is suggested to be the
minimumsignal for targeting to the proteasome
[Lam et al., 2002]. Cells not treated with
Rad51C siRNA showed no detectable ubiquiti-
nated-Rad51 in either the absence or presence
of epoxomicinwhennot exposed toDNAdamage
(Fig. 7C, lanes 9 and 10). However, Ub-Rad51 is
clearly present following exposure to IR when
cells were treated with epoxomicin (compare
Fig. 7C, lanes 11 and 12). Based on the total
amount of protein loaded in each lane and scans
of the Western blot, we estimate that the
amount of Rad51-Ub trapped in the presence
of epoxomicin is approximately two to three
times greater in cells treated with Rad51C
siRNA (Fig. 7B, lane 8) than in cells not treated
with siRNA (Fig. 7C, lane 12). Therefore, while

Fig. 7. Rad51C regulates ubiquitin-mediated proteasomal
degradation of Rad51. A: Rad51 was immunoprecipitated from
cells that had been treated with Rad51C siRNAs for 48 h and
exposed to IR (0 or 8 Gy) in the absence or presence of
epoxomicin. The blots were developed with the same antibody
used for Rad51 immunoprecipitation, and the heavy and light

chains of the monoclonal anti-Rad51 are indicated as (hc) and
(lc), respectively. B: The blots in (A) were stripped and re-probed
with anti-ubiquitin.C: HEK293 cells not treatedwith siRNAwere
processed exactly as those in panel (A) and theWestern blot was
probed with anti-ubiquitin.
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it appears that ubiquitination and proteasomal
degradation of Rad51 is a normal part of the
DNA repair process, our data also reveal that
Rad51C plays an integral role in regulating this
effect.

DISCUSSION

The Rad51C and Xrcc3 proteins have been
implicated as having important roles both early
and late in the Rad51-catalyzedHRDNA repair
pathway. In this study, we have focused on
determining the cellular distribution of endo-
genous Rad51C and Xrcc3, as well as Rad51,
over the course of IR-induced DNA damage
and repair. As has been shown previously, we
find that Rad51 forms discrete nuclear foci in
response to DNA damage [Haaf et al., 1995;
Bishop et al., 1998; Paull et al., 2000; Tashiro
et al., 2000; Takata et al., 2001; Tarsounas et al.,
2004]. We also show that these foci dissipate as
DNA repair finishes, visualized by the disap-
pearance of gH2AX foci. In contrast,wefind that
both Rad51C and Xrcc3 form discrete nuclear
foci prior to DNA damage, and that these foci
persist throughout the time course of DNA
repair. It has been shown that formation of
DNA damage-induced nuclear Rad51 foci
requires the presence of each of the five Rad51
paralog proteins [Bishop et al., 1998; Takata
et al., 2001] and that Xrcc3 nuclear foci form
independently of Rad51 [Forget et al., 2004; this
study]. We also show here that Rad51C nuclear
foci form independently of Rad51. It may be,
therefore, that the pre-damage nuclear Rad51C
andXrcc3 foci represent sites of protein function
regarding their potential role in assisting the
assembly of Rad51 nucleoprotein filaments at
the sites of DNA breaks. We note that Rad51C
and Xrcc3 can exist as a stable heterodimer
[Kurumizaka et al., 2001; Masson et al., 2001a;
Wiese et al., 2002], and that the relatively
weak interaction between Rad51C and Rad51
is increased in the presence of Xrcc3 [Schild
et al., 2000]. Alternatively, these foci may
represent storage sites that release protein as
needed during the DNA repair process. Further
studies will be required to define the exact
content and functional nature of these foci.

Our immunofluorescence images also show
distinct staining for all three proteins in the
cytoplasm and perinuclear region. Controls
presented for antibody specificity using both
Western blot and immunofluorescence meth-

ods, and the fact that both DAPI and gH2AX
stains are localized exclusively to the nucleus,
makes it unlikely that this results fromartifacts
in fixation or staining procedures. In fact, we
note that other studies have reported a sig-
nificant amount of Rad51 [Yoshikawa et al.,
2000; Davies et al., 2001] and Rad51C [Miller
et al., 2005] in the cytoplasm of human cells
using Western blot analysis of sub-cellular
fractions. It has been previously suggested
that because Rad51C has a functional nuclear
localization signal (NLS) it may serve as a
transporter for those proteins with which it
interacts but lack an NLS [French et al., 2003],
Rad51 being one of those [Schild et al., 2000].
Partial localization of Rad51C at the perinuc-
lear region is consistent with this idea. While
studies of BRCA2 provide evidence for its direct
participation in nuclear localization of Rad51
[Spain et al., 1999; Yuan et al., 1999; Davies
et al., 2001; Godthelp et al., 2002; Tarsounas
et al., 2004], further studies of Rad51C will be
required todetermine if it also contributes to the
nuclear localization of Rad51 and related repair
proteins in response to DNA damage.

Given that Rad51C and Xrcc3 form a stable
heterodimer [Kurumizaka et al., 2001; Masson
et al., 2001a; Wiese et al., 2002] and that Xrcc3
promotes the physical interaction of Rad51C
and Rad51 [Schild et al., 2000], an important
aspect of this work was to study the interde-
pendence of the pattern of localization and the
response to DNA damage for each protein. As
expected, we observed that formation of DNA
damage-induced Rad51 foci required the pre-
sence of Xrcc3. However, we have made the
unexpected observation that RNAi-mediated
knockdown of Rad51C leads to decreased levels
of Rad51, and that this effect appears to be
increased following DNA damage. Our data
support the idea that in both cases, depletion of
Rad51 results from ubiquitin-mediated protea-
somal degradation because in the presence of
epoxomicin, a proteasome-specific inhibitor, we
observe the accumulation of ubquitinated-
Rad51. The fact that the depletion of Rad51
and accumulation of epoxomicin-dependentUb-
Rad51 is significantly greater after cells have
been exposed to IR suggests that this process is
amplified by DNA damage. This is especially
apparent in control cells not treated with any
siRNAs. In this case we observe no Ub-Rad51
prior to DNA damage, and a level of Ub-Rad51
following DNA damage that is approximately
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two to three fold less than in the absence of
Rad51C.These results show thatubiquitination
and degradation of Rad51 occur during the
normal course of DNA repair, and that Rad51C
plays an important role in regulating this
process. This effect appears specific to Rad51C
because RNAi-mediated knockdown of Xrcc3
does not diminish the level of Rad51 either
before or after exposure of cells to DNAdamage.
Therefore, while a function for Rad51C in
nuclear transport and/or loading of Rad51 onto
a DNA break may be inferred from available
genetic and cellular data, these new results
identify a specific function for Rad51C in regu-
lating Rad51 ubiquitination and degradation.
Other studies show that treatment of HeLa

cells with Rad51C RNAi results in equivalent
loss of bothRad51CandXrcc3 that extends from
2 to 4 days post-RNAi transfection, while Rad51
levels shows a transient decrease at day 2
followed by recovery at day 3 [Lio et al., 2004].
In that study, cells were not exposed to DNA
damage. In contrast, we see no significant
decrease of Xrcc3 in cells treated with Rad51C
RNAi whether or not cells had been exposed
to DNA damage. Because we observed such a
dramatic loss of Rad51 in cells treated with
Rad51C RNAi that had subsequently been
exposed to IR and very little effect of Xrcc3
knock down on Rad51 levels, we pursued
studies of the mechanism of Rad51C regulation
of Rad51 degradation. In ongoing work we are
following a more detailed time course and IR
dose dependence of the effect of loss of Rad51C
and Xrcc3 on the ubiquitination and degrada-
tion of Rad51.
Earlier studies reported a non-covalent asso-

ciation of Ubl1 (SUMO 1) and Ubc9 (a SUMO
E2 conjugating enzyme) with human Rad51
as demonstrated by yeast two-hybrid and co-
immunoprecipitation experiments [Kovalenko
et al., 1996; Shen et al., 1996a,b]. Additional
studies have shown that in mink cells, treat-
ment with TGFb leads to ubiquitination and
degradation of Rad51 [Kanamoto et al., 2002].
In yeast, both components of the 26S protea-
some, the 19S regulatory cap and the 20S
catalytic core, associate with an HO-induced
DSB, and it has been suggested that the pro-
teasome plays a role in DNA repair by clearing
proteins following repair [Krogan et al., 2004].
The fact that we observe accumulation of Ub-
Rad51 in normal HEK293 cells exposed to IR
and treated with epoxomicin strongly suggests

that proteasome-mediated clearing of DNA
repair proteins also occurs in vertebrate cells.
Our results also show that when Rad51C is
removed from cells, Rad51 ubiquitination and
degradation occurs both in the absence of DNA
damage and to a greater extent following
exposure of cells to IR. Therefore, this suggests
that proteasome-mediated degradation plays a
role in removing Rad51 from breaks following
DNA repair and that Rad51C is involved in the
regulation of this activity.

We note that BRCA1 has been shown to have
E3 ubiquitin ligase activity [Lorick et al., 1999;
Hashizume et al., 2001; Ruffner et al., 2001] but
specific substrates have yet to be identified. If
Rad51 is aBRCA1E3 ligase substrate, itmay be
that Rad51C and BRCA1 compete for associa-
tionwithRad51, and that followingDNArepair,
Rad51C is signaled to release Rad51 in favor of
BRCA1, thereby resulting inubiquitination and
degradation of Rad51. With this link between
the ubiquitin-mediated degradation pathway
and Rad51C now established, it will be of great
interest to study the relationship between
the HR DNA repair proteins and components
of the proteasome pathway to understand how
activities are regulated to permit appropriate
initiation, catalysis and termination of DSB
repair.
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