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FAST TRACK

Xrcc3 Is Recruited to DNA Double Strand Breaks Early
and Independent of Rad51

Anthony L. Forget, Brian T. Bennett, and Kendall L. Knight*

Department of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School,
Aaron Lazare Research Building, 364 Plantation Street, Worcester, Massachusetts 01605-2324

Abstract Rad51-mediated homologous recombination (HR) is essential for maintenance of genome integrity. The
Xrce3 protein functions in HR DNA repair, and studies suggest it has multiple roles at different stages in this pathway.
Defects in vertebrate XRCC3 result in elevated levels of spontaneous and DNA damage-induced chromosomal
abnormalities, as well as increased sensitivity to DNA damaging agents. Formation of DNA damaged-induced nuclear
Rad51 foci requires Xrcc3 and the other Rad51 paralog proteins (Rad51B, Rad51C, Rad51D, Xrcc2), thus supporting a
model in which an early function of Xrcc3 involves promoting assembly of active Rad51 repair complexes. However, it is
not known whether Xrcc3 or other Rad51 paralog proteins accumulate at DNA breaks, and if they do whether their stable
association with breaks requires Rad51. Here we report for the first time that Xrcc3 forms distinct foci in human cells and
that nuclear Xrcc3 begins to localize at sites of DNA damage within 10 min after radiation treatment. RNAi-mediated
knock down of Rad51 has no effect on the DNA damage-induced localization of Xrcc3 to DNA breaks. Our data are
consistent with a model in which Xrcc3 associates directly with DNA breaks independent of Rad51, and subsequently

facilitates formation of the Rad51 nucleoprotein filament. J. Cell. Biochem. 93: 429-436, 2004.  © 2004 Wiley-Liss, Inc.
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HR is an important pathway in mammalian
cells for the repair of DNA double-strand breaks
(DSBs) that result from exposure to exogenous
DNA damaging agents as well as during normal
metabolic processes such as DNA replication
and meiotic chromosomal alignment [Pierce
et al., 1999; Thompson and Schild, 2001]. HR
is essential for the maintenance of genome
integrity, as defects in this pathway have been
shown to result in chromosomal abnormali-
ties that correlate with a number of cancers
[Thompson and Schild, 2002]. In this pathway,
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the ends of a DSB are processed by endonu-
cleases to produce a ssDNA tail onto which the
Rad51 recombinase is loaded to form a nucleo-
protein filament. Rad51 provides the central
activity of HR by catalyzing strand exchange
between the damaged DNA and an undamaged
homologous chromosome, most frequently a
sister chromatid, resulting in the formation of
cross-over structures referred to as Holliday
junctions [Sung et al., 2003; West, 2003].
Genetic evidence demonstrates that successful
initiation and completion of HR depends on the
function of a group of structurally related
proteins referred to as Rad51 paralogs; Rad51B,
Rad51C,Rad51D, Xrec2, and Xrce3 [Tebbset al.,
1995; Liu et al., 1998; Morrison and Takeda,
2000; Takata et al., 2001; Thompson and Schild,
2001; Yoshihara et al., 2004]. For example,
knock-out of each of the paralog genes in
chicken DT40 cells resulted in increased sensi-
tivity to DNA damaging agents and elevated
levels of chromosomal abnormalities [Takata
et al., 2001]. Specific protein—protein interac-
tions between Rad51 paralog proteins have
been demonstrated [Schild et al., 2000]
and several complexes have been identified
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[Kurumizaka et al., 2001; Masson et al.,
2001a,b; Sigurdsson et al., 2001; Kurumizaka
et al., 2002; Wiese et al., 2002].

Recent studies of Xrcc3 suggest that it has a
remarkably diverse set of functions and acts
both early and late in the HR pathway. Xrcc3
has been shown to play an active role in DNA
damage-induced replication fork slowing, a
function that occurs early in the HR pathway
[Henry-Mowatt et al., 2004]. Defects in fork
slowing in both hamster and chicken XRCC3~/~
cells were corrected by either introduction of a
human XRCC3 ¢cDNA or by inclusion of purified
human Rad51C—Xrce3 complex in a permeabi-
lized cell replication assay [Henry-Mowatt et al.,
2004]. Several lines of work also suggest that
Xrce3 functions during the late stages of HR.
For example, defective processing of recombina-
tion intermediates is observed in both hamster
and Arabidopsis XRCC3~'~ cells [Bleuyard and
White, 2004; Brenneman et al., 2004], and
recent studies suggest that human Xrcc3 plays
adirect role in Holliday junction resolution [Liu
et al., 2004].

Another early function for Xrec3 likely
involves recruitment of Rad51 to the sites of
DSBs. Many proteins directly involved in the
catalysis of HR appear in distinct nuclear
structures termed foci [Haaf et al., 1995; Liu
and Maizels, 2000; Essers et al., 2002; Tan et al.,
2004] and their accumulation at sites of DNA
damage suggests that these are active centers of
DNA repair [Raderschall et al., 1999; Tashiro
et al., 2000; Aten et al., 2004]. To date, only
Rad51 has been studied regarding the require-
ment of other factors for its appearance within
DNA damaged-induced foci. For example, in
hamster, chicken, and human cell lines, forma-
tion of damage-induced nuclear Rad51 foci
requires Xrcc3 [Bishop et al., 1998; Takata
et al.,, 2001; Yoshihara et al., 2004]. Studies
using a chicken cell line show that formation
of Rad51 foci also requires the other Rad51
paralog proteins [Takata et al., 2001]. Despite
their requirement at this early step in the HR
pathway, it has not been determined whether
any of the five Rad51 paralog proteins accu-
mulate at the site of a DNA break. In the
present study, using a combination of immu-
nostaining, transient expression of fluorescent
fusion proteins and RNA interference, we show
that Xrce3 forms discrete nuclear foci that
localize to DSBs, and that this occurs indepen-
dent of Rad51.

MATERIALS AND METHODS
Cell Lines and Transfections

HEK?293 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. Chinese
hamster ovarian (CHO) irs1SF cells XRCC3 /")
were maintained in DMEM supplemented with
10% FBS, 1% Pen/Strep, and 1% non-essential
amino acids. The RAD51-GFP plasmid was
made by inserting the HsRAD51 gene into
the Sall-Agel sites in the multicloning site of
pEGFP-N1 (Clontech, Palo Alto, CA). The
RAD51SM-GFP (SM =silent mutations) was
made by introducing several silent base changes
in the siRNA targeted region of the wild type
RAD51 sequence. Transfection of both a Rad51-
specific siRNA duplex (Qiagen, Studio City,
CA) and plasmids was performed using a lipid
transfection method (Lipofectamine 2000,
Invitrogen, San Diego, CA). A control siRNA
against lamin A/C and a 3'-fluorescein labeled
control siRNA with no matches in human
genome (Qiagen, cat# 1022079) showed no effect
on Rad51 or Xrce3 focus formation, or pro-
tein levels as determined by Western blots,
when transfected into HEK293 cells (data not
shown). When used together the siRNA and
plasmid were co-transfected.

Antibodies

Primary antibodies used for immunofluores-
cence staining were mouse anti-phospho-his-
tone H2AX biotin conjugate (clone JBW301,
Upstate Biotechnology, Lake Placid, NY),
mouse anti-Rad51 (clone 3C10, Upstate Biotech-
nology), mouse anti-Xrce3 (10F1/6, Novus Bio-
logicals, Inc., Littleton, CO) and all were diluted
1:500. Alexa 488 and Alexa 555 (Molecular
Probes, Eugene, OR), and Immunopure Strep-
tavidin Rhodamine Conjugate (Pierce, Rock-
ford, IL) secondary antibodies were diluted
1:1,000. All dilutions were in PBS containing
1% BSA. DNA was counterstained with Vecta-
shield Fluorescent Mounting Media containing
DAPI (4/,6'-diamidino-2-phenylindole; Vector
Laboratories, Burlingame, CA).

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
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100% methanol at —20°C for 5 min. Cells were
blocked in PBS containing 4% BSA overnight at
4°C. After blocking, cells were washed five times
for 5 min each with PBS. Incubation with both
primary and secondary antibodies was per-
formed in 6 well dishes for 1 h at 37°C in a humid
environment using a slide warmer (Fisher,
Medford, MA). Cells were 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 polyurethane (nail polish) then
stored in the dark at 4°C. Visualization of im-
munostains was performed by confocal micro-
scopy using a Leica TCS SP2 AOBS instrument
and image processing was performed using the
accompanying Leica Confocal Software TCS SP2.

Damage-Induced DNA Double Strand Breaks

Cells were exposed to 10 Gy ionizing radia-
tion (IR) (**"Cs) using a Gammacell 40 (MDS
Nordion Ottawa, Ont., Canada). After exposure,
cells were allowed to recover at 37°C (5% COs)
for the indicated times. Cells were then metha-
nol fixed and prepared for immunostaining.

Western Blotting

HEK293 cells were transfected with the
appropriate transgene and/or siRNA as indi-
cated (Fig. 2A). Cells were harvested 20 h post
transfection washed with PBS and lysed with
RIPA buffer (25 mM Tris pH 7.4, 0.5% triton X-
100, 0.5% sodium deoxycholate, 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 80 ug of total
protein in each lane and transferred to PVDF
membranes overnight at 200 mV in transfer
buffer (192 mM glycine, 25 mM Tris, 20%
methanol). Membranes were incubated in
blocking buffer (10 mM Tris-HCl pH 8.0,
300 mM NaCl, 0.025% Tween 20) containing
15% instant nonfat dry milk for 45 min. Rad51
primary antibodies (Oncogene #PC130) were
added (1:3,000) in blocking buffer containing
2% instant nonfat dry milk for 1 h and mem-
branes were washed five times for 5 min each in
blocking buffer. Peroxidase conjugated anti-
rabbit secondary antibodies (Pierce #31462)
were added (1:12,000) for 1 h and membranes
washed as above. Membranes were incubated
with LumiGLO chemiluminescent substrate
(KPL #54-61-01) for 1 min, exposed to X-ray

film, and developed (Kodak 2000A XOMAT
processor).

RESULTS

Formation of Xrcc3 Foci
Is Independent of Rad51

Immunostaining of HEK293 cells shows the
presence of Rad51 in both the cytoplasm and
nucleus (Fig. 1A-C), consistent with previous
results [Yoshikawa et al., 2000]. Exposure to IR
(10 Gy) results in an increase in both the
number and size of nuclear Rad51 foci (Fig. 1,
compare panels B and E). At the 1 h time point
shown in Figure 1 some of the nuclear Rad51
has begun to co-localize with YH2AX (Fig. 1D—
F), a phosphorylated histone variant (H2AX)
that serves as a marker for sites of DSBs
[Rogakou et al., 1998]. Our data in Figure 1
also reveal for the first time the presence of
Xree3 foci. We find that discrete, small Xree3 foci
are present in both the cytoplasm and nucleus
in the absence of DNA damage (Fig. 1M-0).
Similar to Rad51, following exposure to IR
nuclear Xrcc3 foci are larger, greater in number,
and begin to localize to DNA break sites within
1 h (Fig. 1P-R). Therefore, it appears that
exposure to IR results in the redistribution of
nuclear Xrce3 to sites of DNA damage, and that
Rad51 and Xrce3 accumulate at the sites of DNA
breaks.

Previous studies have shown that Xrcc3 is
required for formation of Rad51 nuclear foci
upon DNA damage [Bishop et al., 1998; Takata
et al., 2001; Yoshihara et al., 2004]. Our results
above provide the first evidence that this
function of Xrce3 is likely to occur directly at
the site of the DNA break. This, together with
the fact that Xrce3 interacts directly with Rad51
[Schild et al., 2000], raises the question of
whether stable association of Xrece3 with DNA
break sites requires the presence of Rad51.
Therefore, we asked whether the DNA damage-
induced localization of Xrcc3 to the sites of DSBs
is dependent on Rad51. HEK293 cells trans-
fected with a Rad51-specific siRNA showed a
significant reduction in the amount of Rad51
prior to treatment of cells with IR (Fig. 1G-1I)
and eliminated greater than 90% of the damage-
induced nuclear Rad51 foci (Fig. 1J-L). How-
ever, treatment of cells with Rad51 siRNA had
no visible effect on the Xrcce3 staining pattern
either before or after DNA damage. Xrce3 still
formed small pre-damage foci in both the
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Fig. 1. Localization of Xrcc3 to DNA double strand breaks does
not require Rad51. HEK293 cells were immunostained for
YH2AX (red) and either Rad51 (green) or Xrcc3 (green). Nuclei
are stained with DAPI (blue). Where indicated, cells were
exposed to 10 Gy ionizing radiation (IR+), and were fixed 60 min

cytoplasm and nucleus (Fig. 1S-U). Following
treatment with IR, nuclear Xrce3 foci increased
in both number and size, and showed a partial
localization to DSBs similar to that seen in the
presence of Rad51 (Fig. 1V-X). As expected,
treatment of cells with Rad51-specific siRNA
prohibited resolution of DSBs and resulted in
cell death (data not shown).

The specificity of the Rad51 siRNA was
confirmed using a RAD51-GFP transgene car-
rying silent mutations (RAD51SM-GFP) rend-
ering it immune to the action of the siRNA.
Western blot analysis shows that co-transfec-
tion of the siRNA and Rad51SM-GFP depletes
the cells of >90% of the endogenous Rad51 while
expression of Rad51SM-GFP is maintained
(Fig. 2A). The absence of Rad51 foci in siRNA
treated HEK293 cells was rescued by co-
transfection with RAD51SM-GFP which forms
DNA damage-induced nuclear foci similar to
those seen with the endogeneous protein
(Figs. 2B and 1J-L). We confirmed the func-
tional relevance of the Rad51SM-GFP protein in
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after exposure. Cells treated with Rad51-specific siRNA (Rad51
siRNA+) were transfected 16 h prior to IR exposure. Cells in each
panel are typical of >90% of the total observed in a minimum of
three independent experiments.

the early stages of HR by recapitulating pre-
vious results using the Xrce3-deficient irs1SF
hamster cell line [Bishop et al., 1998]. Expres-
sion of Rad51SM-GFP in irs1SF cells resulted
in formation of no damage-induced Rad51
foci (Fig. 2C). However, co-expression with
HsXRCC3 ¢cDNA resulted in recovery of Rad51
focus formation following exposure to IR
(Fig. 2C). The fact that Xrcc3 localizes to DSBs
independent of Rad51 prompted us to look into
the timing of DNA damage-induced Xrce3 and
Rad51 focus formation.

Rad51 and Xrcc3 Localize to Sites of DNA
Breaks Within 10 Min Following
Exposure to y-Irradiation

If Xrce3 is required for damage-induced
Rad51 focus formation, but not the converse,
then Xrce3 may be localized to the site of a DSB
prior to Rad51 in order to facilitate recruitment
of Rad51. To observe the timing of Rad51 and
Xree3 focus formation, HEK293 cells were fixed
at 10, 30, and 60 min following exposure to 10 Gy
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Fig. 2. RNAi-mediated knock-down of Rad51 and rescue using
a Rad51-GFP fusion protein. A: Western blot showing expres-
sion of both endogeneous Rad51 and the Rad51SM—GFP protein
(lane 1), specific RNAi-mediated knock-down of endogeneous
Rad51 but not the fusion protein carrying silent mutations in the
targeted region of the Rad51 sequence, Rad51SM—GFP (lane 2)
and RNAi knock-down of both endogenous Rad51 and aRad51 -
GFP fusion expressed from a wild type RAD57-GFPgene (lane 3).
B: HEK293 cells transfected with a plasmid carrying the
RADS515M-GFP transgene were co-transfected with a Rad51-
specific siRNAi duplex and treated with 10 Gy IRas indicated.
Cells exposed to radiation were incubated for 60 min before
fixation. C: XRCC3~'~ Chinese hamster ovary cells (irs1SF) were
transfected with a plasmid carrying the RAD51SM-GFP trans-
gene or co-transfected with this plasmid and another carrying the
wild type HsXRCC3 gene. Cells were exposed to 10 Gy IR and
grown for 60 min before fixation.

IR, and immunostained for endogenous Rad51
and Xrcc3. We find that both Xrce3 and Rad51
nuclear foci begin to appear within 10 min after
treatment with IR, and these foci show a partial
co-localization with DSBs as indicated by
vH2AX foci (Fig. 3). The incidence of co-
localization for several YH2AX foci (red) and
either Rad51 or Xrce3 foci (green) is displayed
in the profiles to the right of each image in
Figure 3. The fluorescence intensity (y-axis) is
plotted against the position of the focus along
the yellow line in the image (x-axis). The only
other report of Rad51 focus formation at early
times after damage (<60 min) noted that
approximately 1% of human fibroblast cells
(line Hs68) showed DNA damage-induced
nuclear Rad51 foci 10 min after exposure to
9 Gy y-irradiation [Haaf et al., 1995]. However,
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Fig. 3. Rad51 and Xrcc3 localize to DNA double strand breaks
within 10 min following exposure to IR. HEK293 cells were fixed
10, 30, and 60 min following exposure to 10 Gy IR. Cells were
immunostained for YH2AX (red) and Rad51 (green) in the left
three panels, and for yH2AX (red) and Xrcc3 (green) in the right
three panels. Profiles at the right of each image indicate the
fluorescence intensity of the green and red channels (measured
independently) along the yellow line in the corresponding
image.

we find that over 80% of HEK293 cells show an
increase in nuclear Rad51 foci 10 min after
exposure to 10 Gy y-irradiation. The importance
of our results lies in the fact that we observe a
partial co-localization of these foci specifically to
the site of DNA breaks and that both Rad51 and
Xree3 begin to associate with breaks as early as
10 min post DNA damage. Under the conditions
used we cannot determine whether both Rad51
and Xrcc3 are associated together at any partic-
ular yYH2AX focus, but this method is currently
under development.

DISCUSSION

The data presented here provide new insights
into a developing model regarding the dynamics
of recombinational repair proteins [Esserset al.,
2002; Yu et al., 2003; Aten et al., 2004] and the
function of Rad51 paralogs. We provide the first
demonstration of DNA damage-inducible redis-
tribution of Xrce3 within the cell and formation
of Xrce3 nuclear foci that localize to the sites of
DSBs. Additionally, we show that both Xrcc3
and Rad51 appear at the sites of breaks within
10 min following exposure to IR. Importantly,
we demonstrate that formation of DNA break-
associated nuclear Xrecc3 foci occurs indepen-
dent of Rad51. Within the context of other
studies regarding the function of Rad51 paralog
proteins and the dynamics of recombinational
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Fig. 4. Model for an early function of Xrcc3 in the homologous
recombination pathway. Given that our data shows Xrcc3 focus
formation at the site of a DNA break 10 min after exposureto IR, it
is likely that at least one function of Xrcc3 occurs directly at the
site of the break. The Rad51C/Xrcc3 heterodimer binds single-
strand DNA [Masson et al., 2001a] at the break and through
direct interactions between Xrcc3 and Rad51, mediates the
formation of the Rad51 nucleoprotein filament. Rad51 that forms
foci within 10 min after DNA damage is likely derived from a
mobile pool of Rad51 [Yu et al., 2003] whereas BRCA2-bound
Rad51 [Yuetal., 2003] may contribute to formation of Rad51 foci
at later times.

repair proteins following DNA damage, our data
supports the following model (Fig. 4) for the
action of Xrcc3 early in the HR pathway.

The fact that formation of DNA damage-
induced Rad51 nuclear foci requires the pre-
sence of Xrce3 [Bishop et al., 1998; Takata et al.,
2001; Yoshihara et al., 2004], and that we now
show Xrcc3 beginning to localize with DNA
breaks within 10 min following exposure to
DNA damage, strongly suggests that Xrcc3 acts
specifically at the site of a DNA break to assist
in the formation of Rad51 foci, most likely by
promoting assembly of the Rad51 nucleoprotein
filament. Yu et al. [2003] recently reported that
approximately 20% of nuclear Rad51 is seques-
tered in an immobile complex by virtue of its
association with BRCA2, and that it is this pool
of Rad51 that is selectively mobilized following
replication arrest. However, this mobilization is
preceded by a 60—75 min delay. We find that
DNA break-associated Rad51 foci form within
the first 10 min following DNA damage, sug-
gesting that the Rad51 in these early foci is
derived from a pool other than that associated
with BRCAZ2, perhaps either the fraction that is
immobile due to Rad51 self-association or the
approximate 60% of Rad51 that constitutes the
mobile fraction [Yu et al., 2003]. Because Xrce3
forms nuclear foci at the sites of breaks
independent of Rad51 we propose that specific
protein—protein interactions between Xrce3

and Rad51 at the DNA break site are directly
involved in formation of a Rad51 nucleoprotein
filament. This function of Xrce3 would not
necessarily require that it arrives earlier than
Rad51 at a DNA break site. We find that both
proteins are associated with DNA breaks
within 10 min after IR treatment, but earlier
measurements will be needed to provide more
detail about the kinetics of the association of
repair proteins with DNA breaks. Whether the
BRCAZ2-associated Rad51 is delivered directly
to the site of damage, or upon damage BRCA2
releases bound Rad51 into the mobile pool,
specific association of Rad51 with Xrce3 would
again promote assembly of Rad51 into nucleo-
protein filaments. Although we currently have
no information on the cellular localization of
Rad51C either before or after DNA damage, we
have included Rad51C in the model (Fig. 4)
because Xrcec3 forms a specific heterodimeric
complex with this protein [Masson et al., 2001b;
Wiese et al., 2002]. The Rad51C/Xrce3 dimer
associates with single-stranded but not double-
stranded DNA [Masson et al., 2001a], and
therefore may be able to rapidly associate with
the single-stranded regions that appear early at
a break. Recent data shows that the stability of
the Rad51C/Xrcc3 dimer is regulated by ATP
binding and hydrolysis by Xrcc3 [Yamada et al.,
2004]. Given that Rad51 and each of the five
Rad51 paralog proteins has an ATP binding
site, regulation of the variety of protein—protein
interactions required for the establishment of
active repair complexes early in the HR path-
way may be mediated by specific ATP binding
and turnover events. In fact, recent studies by
Shim et al. [2004] suggest that Xrcc2 acts as
an NTP exchange factor by stimulating ATP
processing by Rad51 in a Rad51D-dependent
manner.

We consistently find a larger number of Xrcc3
foci relative to Rad51 foci in the nucleus as well
as the cytoplasm both before and after exposure
to DNA damage. Although we currently do not
understand the relationship between these
differences in number and localization, further
studies are designed to address this issue.
While much remains to be discovered about
the dynamics and function of recombinational
repair proteins, work in this study provides
important new information about the DNA
damage-induced redistribution and site of
action of the Xrce3 protein early in the homo-
logous recombinational DNA repair pathway.
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