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Cellular Redistribution of Rad51 in Response to DNA Damage

NOVEL ROLE FOR Rad51C™
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Exposure of cells to DNA-damaging agents results in a rapid
increase in the formation of subnuclear complexes containing
Rad51. To date, it has not been determined to what extent DNA
damage-induced cytoplasmic to nuclear transport of Rad51 may
contribute to this process. We have analyzed subcellular frac-
tions of HeLa and HCT116 cells and found a significant increase
in nuclear Rad51 levels following exposure to a modest dose of
ionizing radiation (2 grays). We also observed a DNA damage-
induced increase in nuclear Rad51 in the Brca2-defective cell
line Capan-1. To address a possible Brca2-independent mecha-
nism for Rad51 nuclear transport, we analyzed subcellular frac-
tions for two other Rad51-interacting proteins, Rad51C and
Xrcc3. Rad51C has a functional nuclear localization signal, and
although we found that the subcellular distribution of Xrcc3 was
not significantly affected by DNA damage, there was a damage-
induced increase in nuclear Rad51C. Furthermore, RNA inter-
ference-mediated depletion of Rad51C in HeLa and Capan-1
cells resulted in lower steady-state levels of nuclear Rad51 as
well as a diminished DNA damage-induced increase. Our results
provide important insight into the cellular regulation of Rad51
nuclear entry and a role for Rad51C in this process.

Cellular surveillance of genome integrity and repair of DNA
damage are essential processes that ensure proper development
and survival of all organisms. DNA double-strand breaks
(DSBs)? are a particularly deleterious form of genome damage
and occur following exposure of cells to exogenous mutagens as
well as during normal metabolic processes, e.g. antigen receptor
gene rearrangement, restart of stalled replication forks, forma-
tion of meiotic DNA crossovers, etc. (1, 2). Mammalian cells use
two distinct mechanisms for repair of DSBs, non-homologous
end joining and homologous recombination (HR). Processes
requiring imprecise DNA repair, such as the creation of anti-
body diversity, exploit the error-prone non-homologous end
joining mechanism. In contrast, HR is an error-free DNA repair
pathway and is critical for avoidance of unwanted genetic
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changes during the meiotic exchange of information between
paternal and maternal alleles and for error-free repair of broken
chromosomes (3). Rad51 is the central enzymatic component
of HR. Upon its regulated recruitment to sites of DNA breaks,
Rad51 forms a nucleoprotein filament by polymerizing onto
single-stranded DNA at the processed break. This filament cat-
alyzes DNA strand exchange with an undamaged sister chro-
matid or homologous chromosome, which serves as a template
for the restoration of missing genetic information (3, 4).

Visible nuclear Rad51 clusters, or foci, form during S-phase
and appear to localize to sites of replicating DNA (5-7). A dra-
matic increase in the number and size of nuclear Rad51 fociis a
hallmark of the early cellular response to genomic insult (7-10).
The appearance of DNA damage-induced nuclear Rad51 foci is
blocked in cells with deficiencies in several HR-related proteins,
including Brca2 and the Rad51 paralogs Rad51B, Rad51C,
Rad51D, Xrcc2, and Xrce3 (11-13). These defects correlate
with a decrease in HR efficiency and an increase in chromo-
some abnormalities and genome instability (12, 13). Interest-
ingly, overexpression of Rad51 leads to increased numbers of
nuclear Rad51 foci and formation of higher order Rad51-chro-
matin complexes in the absence of DNA damage (14 —16). This
correlates with high levels of HR, genome instability, and
increased resistance of cancer cells to radiation and drug treat-
ment (16, 17). Additionally, up-regulation of RADSI gene ex-
pression in mouse embryonic stem cells leads to increased
recombination events and genome instability (18). Therefore,
the nuclear availability of Rad51 must be carefully regulated to
allow appropriate levels of recombination both before and fol-
lowing exposure to DNA damage.

RADSI gene expression is controlled by a variety of tran-
scriptional activators and repressors (15, 19-21) but is not
affected by DNA damage (22, 23). Numerous studies show the
presence of significant amounts of cytoplasmic Rad51 in nor-
mal cycling cells (23-31), suggesting that the level of nuclear
Rad51 is controlled by regulated changes in its subcellular dis-
tribution. In fact, exposure of cells to DNA-damaging agents
has been shown to elicit movement of numerous DNA damage
signaling proteins, cell cycle checkpoint effectors, and DNA-
processing enzymes among various cellular compartments
(32), including the cytoplasmic to nuclear transport of proteins
involved in DNA base excision repair (33, 34) and DNA mis-
match repair (35, 36). Although localized nuclear responses to
DNA damage by many DSB signaling and repair proteins,
including ATM, Chk2, the Mrell-Rad50-Nbsl complex,
MDC1, 53BP1, and Rad51, have been well documented (26,
37-43), the possible contribution of a cytoplasmic to nuclear
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transport of DSB repair proteins to this response has not been
fully considered. In this study, we provide evidence that nuclear
transport of Rad51 is an integral part of the cellular response to
DNA damage. Additionally, although Brca2 has been impli-
cated in the nuclear transport of Rad51 (12, 25), a Brca2-inde-
pendent mechanism for nuclear entry of Rad51 clearly exists
(40, 44 —46). Our data suggest that Rad51C plays an important
role in this process.

EXPERIMENTAL PROCEDURES

Reagents—Phenylmethylsulfonyl fluoride, cycloheximide,
staurosporine, and DNase I were obtained from Sigma. Prote-
ase inhibitor tablets (Complete, with and without EDTA) were
obtained from Roche Applied Sciences.

Antibodies—The primary antibodies used were mouse
monoclonal antibodies against Rad51 (clone 3C10, Upstate),
Rad51B (ab3637, Abcam), Rad51C (NB 100-177, Novus),
Rad51D (sc-53432, Santa Cruz Biotechnology), Xrcc2
(ab20253, Abcam), and Xrcc3 (NB 100-180D1, Novus).
Cytochrome ¢ was detected with a mouse monoclonal anti-
body (556433, Pharmingen). For loading control tests on
cytosolic samples, we used mouse anti-glyceraldehyde-3-
phosphate dehydrogenase antibody (A00084, GenScript);
for nuclear samples, mouse anti-Sam68 antibody (610 171,
Pharmingen); and for chromatin samples, mouse anti-fibril-
larin antibody (mono 38F3, Abcam). The secondary anti-
body used was a horseradish peroxidase-conjugated goat
anti-mouse antibody (12-349, Upstate).

Cultured Cell Lines—Samples were obtained from cultured
cells when their passage number was lower than 25. HeLa cells
(CCL-2, American Type Culture Collection) were grown at
37°C and 5% CO, in Dulbecco’s modified Eagle’s medium
(11995, Invitrogen) supplemented with 10% heat-inactivated
fetal bovine serum and 1% penicillin/streptomycin (15140,
Invitrogen). HCT116 cells (CCL-247, American Type Culture
Collection) were grown in McCoy’s 5A medium (16600, In-
vitrogen) under the same conditions and supplements to the
medium. Capan-1 cells (HTB-79, American Type Culture
Collection) were grown in Iscove’s modified Dulbecco’s
medium (12440, Invitrogen) with 20% heat-inactivated fetal
bovine serum.

Subcellular Fractionation—HeLa, HCT116, and Capan-1
cells were plated on 10-cm dishes and incubated in the dark at
37 °C under an atmosphere of 5% (v/v) CO, in air. When cells
reached ~90% confluency, selected dishes received cyclohexi-
mide (20 M final concentration). One hour later, a set of plates
was exposed to ionizing radiation (IR). Cells were harvested 30
min, 60 min, 2 h, and 8 h following irradiation. Control cells
were not irradiated. Subcellular fractionation was performed
using modifications to a previously described procedure (29).
Briefly, after removing the medium, cells were rinsed with
phosphate-buffered saline and then detached by trypsinization,
pelleted by centrifugation in 15-ml tubes, transferred to 1.5-ml
tubes, and washed with phosphate-buffered saline. Cell pellets
were suspended in 10 mm HEPES-KOH (pH 7.1), 50 mm NaCl,
0.3 M sucrose, 0.5% Triton X-100, 0.1 mm EDTA, 1 mm dithio-
threitol, and protease inhibitors. After 15 min on ice, samples
were centrifuged at 1500 X g for 5 min. Supernatants (cytosolic
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fraction) were transferred to fresh tubes and stored on ice. Pel-
lets were washed with 10 mm HEPES-NaOH (pH 7.1), 0.1 mm
EDTA, 1 mmdithiothreitol, and protease inhibitors, after which
they were resuspended in Buffer A (10 mm HEPES-KOH (pH
7.1), 500 mm NaCl, 0.5% Nonidet P-40, 0.1 mm EDTA, 1 mMm
dithiothreitol, and protease inhibitors) and incubated on ice
with occasional vortexing. After 15 min, samples were centri-
fuged for 10 min at 10,000 X g, and supernatants (nuclear frac-
tion) were transferred to fresh tubes. Pellets were washed with
Buffer A and centrifuged briefly, and the supernatant was
removed. Pellets were kept on ice until samples for all time
points had been collected. Pellets were then washed with 10 mm
Tris buffer (pH 8) and resuspended in the same buffer contain-
ing DNase I and EDTA-free protease inhibitors. After 30 min at
37 °C, pellets were disrupted by pipetting until fully resus-
pended and then returned to the 37 °C bath for an additional 30
min. SDS was added to each sample to a final concentration of
1%, and samples were incubated at 65 °C for 20 min. After a
brief mixing by vortexing, samples were cooled to room tem-
perature and centrifuged for 2 min at 10,000 X g to remove any
undissolved particles. The clear supernatants (chromatin frac-
tion) were transferred to fresh tubes. Protein concentrations
were determined (BCA, Pierce), and samples were prepared for
gel electrophoresis.

Whole Cell Extracts—Whole cell extracts were prepared by
resuspending pelleted cells in lysis buffer (10 mm Tris-HCI (pH
7.2), 1% Triton X-100, 0.1% SDS, 150 mm NaCl, and protease
inhibitors) and incubating on ice for 15 min. Protein concen-
trations were determined using a micro BCA kit (Pierce). West-
ern blot samples were then prepared by adding an equal volume
of 2X Laemmli sample buffer and heating to 90 °C for 5 min.

Gel Electrophoresis and Immunoblots—Proteins were sepa-
rated on 4—12% SDS-polyacrylamide gels and transferred onto
Immun-Blot polyvinylidene difluoride membranes (Bio-Rad) at
20V for 40 min using a semi-dry transfer apparatus. Blots were
rinsed for 5 min with blocking buffer (10 mm Tris-HCl (pH 8.0),
300 mm NaCl, and 0.25% Tween 20) and blocked with 15%
nonfat milk in blocking buffer for 1 h with slow rocking. Blots
were incubated with primary antibody for at least 1 h at room
temperature (or overnight at 4 °C), after which they were
washed with blocking buffer (3X 5 min) and incubated for 1 h
with horseradish peroxidase-conjugated secondary antibody.
After a thorough washing with blocking buffer (6 X 5 min), spe-
cific bands were detected by chemiluminescence on a Fuji LAS-
3000 luminescent image analyzer or by exposure to x-ray film.
Bands were quantified and normalized to loading controls by
analyzing imported tiffs of scanned blots using Image] or by
using the Fuji LAS-3000 software.

Cytochrome ¢ Release Assay—Cells were seeded into 6-well
plates and left untreated, exposed to 2 or 8 grays (Gy) of IR, or
treated with 1 um staurosporine. Cells were then harvested at 2
and 18 h following treatment. Cell lysates were centrifuged at
2100 X g for 10 min, and the resulting supernatants were ana-
lyzed by Western blotting for the presence of cytochrome ¢
using a monoclonal antibody.

RNA Interference-mediated Knockdown—Depletion of
Rad51C was achieved by treatment of cells with 15 nm small
interfering RNA (siRNA) SMARTpool (Dharmacon). For con-
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FIGURE 1. DNA damage induces an increase in nuclear levels of Rad51 in Brca2-proficient and Brca2-deficient cells. Hela (A), HCT116 (B), and Capan-1
(C) cells grown at 37 °C were harvested at the indicated times following exposure to 2 Gy of IR and fractionated as described under “Experimental Procedures”
to yield cytoplasmic (Cyto), nucleoplasmic (Nuc), and chromatin (Chrom) samples. D and E, HCT116 and Capan-1 cells, respectively, were treated with cyclo-
heximide (CHX; 20 um) 1 h prior to exposure to 2 Gy of IR. A portion of each fraction (30 ng of total protein) was loaded onto 4-12% SDS-polyacrylamide gels,
and Western blots were developed using a mouse anti-Rad51 monoclonal antibody. Blots were also developed using the following markers as loading controls:
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; cytoplasmic), Sam68 (nucleoplasmic), and fibrillarin (chromatin). F, changes in levels of nuclear Rad51
as a function of time after IR treatment in A-E were quantified as described under “Experimental Procedures.” The data shown are representative of the results
of at least three separate experiments, and the S.D. observed with quantification was <20%.

trol cells, the equivalent concentration of non-silencing siRNA
was used. The transfection lipids were DharmaFECT 1 and 4
(Dharmacon) for HeLa and Capan-1 cells, respectively. Also,
Capan-1 cells were trypsinized prior to transfection, which
increased significantly the knockdown efficiency. Following
transfection, cells were grown for 40—48 h prior to IR treat-
ment. Rad51C depletion was determined to be >90% (data not
shown).

Determination of Transcript Levels—Total RNA was isolated
from cells using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. cDNA was prepared using the
SuperScript first-strand synthesis system (Invitrogen). Changes
in gene-specific transcript copy number were evaluated using
quantitative PCR with QuantiFast SYBR Green mixture
(Qiagen).

Irradiation—Cells were irradiated in a Gammacell 40 Cs
irradiator (Atomic Energy of Canada Ltd., Ottawa, Canada).

137

RESULTS

DNA Damage Induces an Increase in Nuclear Levels of Rad51—
Significant levels of cytoplasmic Rad51 have been observed by
several groups (24-31), and we have also described a DNA
damage-dependent accumulation of cytoplasmic Rad51 at the
nuclear periphery (30). Therefore, we asked whether this pool
of cytoplasmic protein contributes to an increase in nuclear
levels of Rad51 in response to DNA damage. Indeed, we found
that Rad51 levels increased in the nucleoplasm of HeLa cells in
response to DNA damage (2 Gy of IR) (Fig. 1A4). During this
time course, we also observed an increase in chromatin-associ-
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ated Rad51 (Fig. 1A). Experiments performed using HCT116
cells also showed a DNA damage-induced increase in nucleo-
plasmic and chromatin-associated Rad51 (Fig. 1B). The West-
ern blots in Fig. 1, as well as all subsequent blots, are represent-
ative of over three repetitions of complete experiments. From
these analyses, we calculated overall 3.7- and 2.6-fold increases
in HeLa and HCT116 nucleoplasmic Rad51 at 8 h following
damage, respectively (Fig. 1F and supplemental Table 1). As we
have done previously (30, 47), RNA interference-mediated
knockdown of Rad51, Rad51C, and Xrcc3 was performed to
demonstrate specificity of the Western blot signals (data not
shown).

DNA Damage Induces an Increase in Nuclear Levels of Rad51
in Brca2-deficient Capan-1 Cells—Although it has been pro-
posed that the Brca2 protein may be directly involved in nuclear
transport of Rad51 (25), several studies suggest a Brca2-inde-
pendent mechanism for Rad51 nuclear entry both before and
after DNA damage (25, 40, 45). To address the requirement for
Brca2 in the DNA damage-induced increase in nuclear Rad51,
we used the pancreatic cancer cell line Capan-1 to perform
analyses of subcellular fractions before and after IR exposure.
Capan-1 cells carry a single BRCA2 allele that encodes a trun-
cated protein missing the functional C-terminal nuclear local-
ization signals (NLSs) and the Cdk-regulated C-terminal Rad51
interaction domain but that maintains six of eight Rad51-bind-
ing BRC domains (48 -51). We confirmed the 6174AT muta-
tion in the Capan-1 line used in our laboratory (48, 49).
Although native Brca2 protein localizes to both the cytoplasm
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FIGURE 2. Levels of Capan-1 nuclear Rad51 increase in an IR dose-de-
pendent manner. Capan-1 cells exposed to 5 or 8 Gy of IR were grown at
37°C for 2 h. Cells were harvested and fractionated as described under
“Experimental Procedures,” and portions of the cytoplasmic (Cyto) and nucle-
oplasmic (Nuc) fractions (25 ug of total protein) were loaded onto 4-12%
SDS-polyacrylamide gels. Western blots were developed using a mouse anti-
Rad51 monoclonal antibody, and levels of cytoplasmic and nuclear Rad51
were quantified as described under “Experimental Procedures” (supplemen-
tal Table 1). The blot shown is representative of four separate experiments.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

and nucleus (52), Capan-1 cells show a significant decrease in
nuclear levels of the truncated Brca2 protein (25, 52) and a
decrease in nuclear Rad51 (25). As expected, in undamaged
Capan-1 cells, we found a greater ratio of cytoplasmic to
nuclear Rad51 (Fig. 1C) relative to that seen in HeLa and
HCT116 cells (Fig. 1, A and B). However, we observed a distinct
DNA damage-induced increase in Capan-1 nuclear Rad51 lev-
els at 1 and 2 h following IR treatment (2 Gy), approaching a
2-fold change (Fig. 1, Cand F, and supplemental Table 1). Addi-
tionally, chromatin-associated Rad51 showed an approximate
2-fold increase following IR exposure (Fig. 1C). To ensure that
this increased nuclear Rad51 reflects a true response to DNA
damage, we repeated these experiments using 5- and 8-Gy
exposures of Capan-1 cells and observed a reproducible in-
crease in nuclear Rad51 at 2 h post-treatment, approximating a
2-fold change (Fig. 2 and supplemental Table 1).

Because elevated levels of DNA damage can induce an apo-
ptotic response in various cell types, we asked whether the DNA
damage used in these experiments leads to the occurrence of
any possible apoptotic events. We performed experiments in
which release of mitochondrial cytochrome ¢, a benchmark
early apoptotic event, was analyzed following exposure of cells
to both low and moderate doses of IR. Exposure of HeLa cells to
either 2 or 8 Gy of IR resulted in levels of cytosolic cytochrome
¢ similar to those in untreated cells, even at 18 h following IR
treatment (supplemental Fig. 1). In contrast, treatment of cells
with 1 uM staurosporine resulted in a significant increase in
cytosolic cytochrome c at both 2 and 18 h following treatment.
Other groups (53) have seen levels of cytosolic cytochrome c in
negative and positive controls similar to what we observed.
Therefore, we found no evidence for DNA damage-induced
apoptosis under the conditions used in our study.

Our use of several different cell types strongly supports the
idea that a DNA damage-induced increase in nuclear Rad51 is a
general cellular response to genomic insult and that this occurs
at least in part in a Brca2-independent manner. To further
characterize this response, we next asked to what extent pre-
existing pools of cytoplasmic Rad51 contribute to the DNA
damage-induced nuclear transport relative to Rad51 derived
from ongoing protein synthesis.

DNA Damage-induced Nuclear Transport of Rad51 Involves
Both Pre-existing Pools of Cytoplasmic Rad51 and Protein

31948 JOURNAL OF BIOLOGICAL CHEMISTRY

Derived from Ongoing Synthesis—Analyses of subcellular frac-
tions were performed as described above, but protein synthesis
was inhibited by addition of cycloheximide. A DNA damage-
induced increase in HCT116 nucleoplasmic Rad51 was still
observed, which approximated a 1.5-fold change at 1 h follow-
ing treatment (Fig. 1, D and F, and supplemental Table 1). Using
Capan-1 cells in the presence of cycloheximide, we observed a
reproducible increase in nuclear Rad51 at 0.5 and 1 h after IR
treatment, followed by a decrease in Rad51 levels in all subcel-
lular fractions at 2 and especially 8 h after IR treatment (Fig. 1, E
and F, and supplemental Table 1). Similar changes were
observed using HeLa and HEK293 cells (data not shown). In all
cell types, Rad51 levels in each subcellular fraction showed a
significant decrease at 8 h after IR treatment (Fig. 1, D-F). DNA
damage does not influence the level of RADS51 gene expression
(22, 23), and although an increase in nuclear Rad51 in the pres-
ence of cycloheximide indicates that pre-existing pools of cyto-
plasmic protein are involved in this process, the additional
increase in nuclear Rad51 in cells not grown in cycloheximide
(Fig. 1, A-C) suggests that protein derived from ongoing
RADSI gene expression also contributes.

Possible Brca2-independent Mechanism for DNA Damage-
induced Rad51 Nuclear Transport—Nuclear entry of the Rad51
protein likely requires its interaction with another protein that
contains a functional NLS. Rad51 itself has no detectable NLS
(analyzed using PredictNLS and PSORTII programs), and
nuclear pore complexes do not allow free diffusion of molecules
of this size (54 -56). Therefore, given our observation of Brca2-
independent nuclear entry by Rad51 following DNA damage
using Capan-1 cells, we asked whether other Rad51-interacting
proteins show patterns of DNA damage-induced redistribution
similar to Rad51. Several proteins known to interact directly
with Rad51 also influence Rad51-mediated recombination and
DNA repair (see “Discussion”), and our initial analyses focused
on the Rad51 paralog proteins Rad51C and Xrcc3 (57, 58). Sub-
cellular fractions were probed for Xrcc3 and Rad51C at various
times following IR exposure. For Xrcc3, we found no significant
DNA damage-dependent changes in the cytoplasmic, nuclear,
or chromatin-associated levels of protein in HeLa, HCT116,
and Capan-1 cells (supplemental Fig. 2 and Table 1). In con-
trast, nucleoplasmic levels of Rad51C increased 1.5-2.2-fold in
HeLa, HCT116, and Capan-1 cells following exposure of cells to
2 Gy of IR (Fig. 3 and supplemental Table 1).

To investigate the possibility that Rad51C plays a role in reg-
ulating nuclear entry of Rad51, cells were transfected with
Rad51C siRNAs and analyzed for the subcellular distribution of
Rad51 before and after IR treatment. In mock-transfected HeLa
cells, we observed the expected DNA damage-induced increase
in nuclear Rad51 at 2 h following treatment of cells with 6 Gy of
IR (Fig. 4A). However, in cells depleted of Rad51C, there was a
decrease in the steady-state level of nuclear Rad51 as well as a
diminished DNA damage-induced increase in nuclear Rad51.
Similar experiments were performed using Capan-1 cells. In
mock-transfected cells, we observed a 2-fold increase in nuclear
Rad51 at 2 h following treatment with 6 Gy of IR, but this
increase was significantly diminished in cells depleted of
Rad51C (Fig. 4B and supplemental Table 1). As in HeLa cells,
steady-state levels of Capan-1 nuclear Rad51 were also lower.
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FIGURE 3. DNA damage induces an increase in nuclear levels of Rad51C in HeLa, HCT116, and Capan-1 cells. Hela (A), HCT116 (B), and Capan-1 (C) cells
grown at 37 °C were harvested at the indicated times following exposure to 2 Gy of IR and fractionated as described under “Experimental Procedures” to yield
cytoplasmic (Cyto), nucleoplasmic (Nuc), and chromatin (Chrom) samples. A portion of each fraction (30 ug of total protein) was loaded onto 4-12% SDS-poly-
acrylamide gels, and Western blots were developed using a mouse anti-Rad51C monoclonal antibody. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
D, changes in levels of nuclear Rad51C as a function of time after IR treatment in A-C were quantified as described under “Experimental Procedures.” The blot

shown is representative of the results of at least three separate experiments.

Cyto Nuc
A REG) — -+ - 4 - B = .

Rad51C siRNA —» - - + + - - + +
Rad51 ey ... > @ -
Loading
controls “” W — o w—
B

Radst D g P - -
Capan-1

Loading
IO - e A s - - - -

GAPDH Sam68

HelLa

FIGURE 4. Rad51C depletion decreases the steady-state level of nuclear Rad51 and diminishes its DNA
damage-induced nuclear transport in Brca2-proficient and Brca2-deficient cells. HelLa (A) and Capan-1 (B)
cells were transfected with a nonspecific (—) or Rad51C-specific (+) siRNA pool (SMARTpool), grown for 42 h at
37°C, exposed to 6 Gy of IR, and harvested 2 h later. Cytoplasmic (Cyto) and nuclear (Nuc) fractions were
analyzed by Western blotting using an anti-Rad51 monoclonal antibody. Changes in levels of cytoplasmic and
nuclear Rad51 were quantified as described under “Experimental Procedures.” GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

Rad51 has been shown to interact with two paralog protein

than fortuitous off-site targeting of
Xrcc3 mRNA by the Rad51C siRNA
(supplemental Fig. 3B). The obser-
vations that nuclear levels of
Rad51C but not Xrcc3 increased in
response to IR and that Rad51C
depletion affected the stability of
only Xrcc3 and not the other para-
log proteins support the idea that
regulation of Rad51 nuclear levels is
a function specific to Rad51C and
independent of the other paralogs.

DISCUSSION

The subcellular distribution of a
number of DNA damage signaling
and repair proteins changes in
response to DNA damage (32-36).
Results in this study have demon-
strated a specific DNA damage-in-
duced cytoplasmic to nuclear trans-
port of two proteins involved in the

complexes, the Rad51C/Xrcc3 heterodimer and tetrameric ~ catalysis of HR-mediated DNA repair, Rad51 and Rad51C. We
Rad51B-C-D/Xrcc2 (59). Previous studies also suggest that the found that levels of each protein in both the nucleoplasmic and
stability of other Rad51 paralog proteins is dependent on chromatin fractions increased during an 8-h time course fol-
Rad51C (60). We found that depletion of Rad51C led to a sig- lowing exposure to a modest dose of IR (2 Gy). We also
nificant reduction in cellular levels of Xrcc3, as was observed observed increases in Rad51 levels in these subcellular fractions
previously (60), yet levels of Rad51B, Rad51D, and Xrcc2 when protein synthesis was inhibited, supporting a model in
remained unaffected (supplemental Fig. 3A). Analysis of tran-  which both pre-existing pools of Rad51 and newly synthesized
script levels revealed that this loss of Xrcc3 in Rad51C-depleted  protein contribute to the observed DNA damage-dependent
cells resulted from destabilization of the Xrcc3 protein rather nuclear increases. Rad51 protein levels are regulated by a com-
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plex interplay between transcription repression, activation
(19-21), and protein turnover (30, 61). Additionally, although
RADS1 gene expression is not affected by DNA damage (22, 23),
protein levels are higher in late S, G,, and M relative to G, (19,
22). Therefore, in the asynchronous cell populations used in
our studies, newly synthesized Rad51 following DNA damage
likely arises from ongoing steady-state synthesis, and cellular
levels may be slightly exaggerated in some cells that arrest in S,
G,, or M in response to DNA damage. It is not known if Rad51
degradation is regulated as a function of cell cycle or DNA dam-
age, but under the conditions used in our studies, the balance
between Rad51 synthesis and degradation permits a view into
the DNA damage-dependent mobility of both pre-existing
pools of Rad51 and newly synthesized protein among various
subcellular compartments. Further studies are aimed at under-
standing how the combined processes of Rad51 synthesis, deg-
radation, and subcellular redistribution in response to DNA
damage regulate nuclear levels of Rad51. Given that Rad51 is
the central catalyst of HR, careful regulation of its nuclear levels
is required to prevent the deleterious effects resulting from
either too little or too much nuclear Rad51, both of which can
contribute to the increased genome instability observed in var-
ious cancers (14—17).

Although the transport of Rad51 into the nucleus has been
attributed to its direct interaction with the Brca2 protein (25),
other evidence demonstrates that Rad51 can enter the nucleus
independently of Brca2 both before and after genomic stress
(25, 40, 45). Studies by Yu et al. (40) are particularly revealing.
Using a series of mutant Rad51 proteins, they found that those
with combined defects in self-association and Brca2 binding
achieved nuclear entry, whereas those with a specific defect
only in Brca2 binding were blocked from nuclear entry. Thus,
an interaction between Rad51 and Brca2 is not required for
nuclear transport of Rad51. Rather, these data support the idea
that an important function of Brca2 may be to prevent forma-
tion of Rad51 filaments in the cytoplasm, which could other-
wise compromise nuclear entry by a large Rad51 polymer. The
observation that Capan-1 cells show a decrease in the overall
level of nuclear Rad51 relative to BRCA2"/™" pancreatic cells
(25), similar to what we see in this study, is likely due to the fact
that the truncated Brca2 protein in Capan-1 cells maintains its
ability to bind Rad51 but is no longer capable of moving into the
nucleus due to the lack of its functional C-terminal NLS
domains (52). Thus, most cellular Rad51 in Capan-1 cells will be
sequestered in the cytoplasm (44). This undoubtedly contrib-
utes to the diminished DNA damage-induced increase in
nuclear Rad51 we observed in Capan-1 cells relative to HeLa
and HCT116 cells.

A more clearly defined function for Brca2 involves its medi-
ator activity for Rad51 nucleoprotein filament assembly at the
site of a DNA break (12, 62-66). Following exposure of
Capan-1 cells to IR, we observed a modest increase in chroma-
tin-associated Rad51 (Fig. 1C). However, previous studies using
Capan-1 cells show little to no increase in the number of cells
with DNA damage-induced nuclear Rad51 foci and no increase
in the size the foci (45). This likely reflects a defect in the ability
of the truncated Brca2 protein to mediate loading of Rad51 at
the sites of IR-induced DSBs. The increase in chromatin-asso-
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ciated Rad51 observed in our studies may represent increased
nonspecific binding due to the DNA damage-induced in-
creased levels of Capan-1 nuclear Rad51. Although Brca2 may
indeed play a role in the nuclear entry of Rad51, the work pre-
sented here, together with other studies (40, 45), demonstrates
a Brca2-independent mechanism for Rad51 nuclear import.
The fact that Rad51 has no discernible NLS suggests that it
must interact with another protein(s) containing a functional
NLS. Data in this study support a model in which Rad51C con-
tributes to this process.

The Rad51C protein was originally identified through se-
quence comparisons with Rad51 and Xrcc3 (67), the latter iden-
tified earlier as a Rad51 family member in complementation
screens (57, 68). Rad51C has important roles in promoting
Rad51-mediated DNA repair and genome stability (69 —71) and
appears to act early in the HR pathway. Rad51C defects prevent
DNA damage-induced Rad51 nuclear focus formation (13) and
cause developmental arrest of mouse spermatocytes in the early
stages of meiotic prophase I (72), both of which are consistent
with an early HR function. A role late in HR for human Rad51C
had also been suggested through its association with a Holliday
junction resolvase activity (73), but with the recent demonstra-
tion that it does not associate with the human crossover
resolvase GEN1, the specific contribution of Rad51C to this late
HR activity remains to be clarified (74). Rad51C also shows a
complex pattern of protein-protein associations as it is present
in at least three distinct complexes containing one or more of
the other four members of the Rad51 paralog group, Rad51B/
Rad51C/Rad51D/Xrcc2, Rad51B/Rad51C, and Rad51C/
Xrcc3 (75-77). Independent of its existence in these complexes,
Rad51C is only one of two paralog proteins that specifically
interact with Rad51 (58). Rad51C also contains a functional
C-terminal NLS (71), and given that the Brca2-defective
Capan-1 cell line shows some level of nuclear Rad51 prior to
DNA damage (this study and Ref. 45) and a distinct DNA dam-
age-induced increase in nuclear Rad51 (Figs. 1, 2, and 4), we
suggest that Rad51C plays a role in the nuclear transport of
Rad51 in cells both before and following exposure to DNA
damage. This idea is supported by our finding that nuclear lev-
els of Rad51C also increase in response to DNA damage in both
Brca2-proficient and Brca2-defective cells and especially by
data showing that depletion of Rad51C significantly diminishes
levels of nuclear Rad51 before and following DNA damage.
Depletion of Rad51C has been shown to reduce IR-induced
S-phase arrest (78), which could be thought to contribute to
lower levels of nuclear Rad51 by virtue of having fewer cells in a
phase with higher overall levels of Rad51. However, this same
study showed an increased number of Rad51C-depleted cells
with higher G,/M DNA content, which are also stages with
greater overall levels of Rad51 (19, 22). Therefore, although
changes in cell cycle progression resulting from Rad51C deple-
tion may contribute to diminished levels of nuclear Rad51, data
presented in our study support a more direct role for Rad51C in
regulating levels of nuclear Rad51.

Additionally, other Rad51-interacting proteins, such as
Rad51AP1/Pir51 (79), Rad51AP2 (80), Rad52 (81), and Rad54
(82), have NLS domains. However, Rad51AP1 has been shown
to be exclusively nuclear (23), Rad51AP2 is expressed only in
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meiotic cells (80), and vertebrate Rad52 appears to have little
effect on Rad51-mediated HR (83, 84). Therefore, these are
unlikely candidates for assisting nuclear entry of Rad51. Rad54
may assist in the cytoplasmic to nuclear transport of Rad51, but
to date, its subcellular distribution before and after DNA dam-
age has not been examined.

This study offers important insight into a novel role for
Rad51C and correlates with other studies suggesting that it
functions early in the HR pathway. Rad51 nuclear entry likely
involves its interaction with several proteins, including Brca2
and Rad51C, and further studies will be designed to identify
other possible factors contributing to this process and how this
aspect of the cellular response to genomic stress is regulated.
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Supplemental Figure 1 — Exposure of HeLa cells to 2 or 8 Gy IR does not induce early apoptotic events
as measured by cytochrome C release. HeLa cells were mock treated (-), exposed to 2 or 8 Gy IR, or
grown in the presence of 1 uM staurosporine. At the times indicated following treatment, cells were
harvested and fractionated. Cytosolic samples (40 pg total protein) were run on 10% SDS polyacrylamide
gels, and Western blots were developed using a mouse monoclonal cytochrome C antibody. Cytosolic
fractions contained no cross-contaminants from other sub-cellular fractions (not shown).

Supplemental Figure 2 — Xrce3 shows no significant sub-cellular redistribution in response to DNA
damage. HelLa (A), HCT116 (B) or Capan-1 (C) cells grown at 37 °C were harvested at the indicated times
following exposure to 2 Gy IR and fractionated as described (see Experimental Procedures) to yield
cytoplasmic, nucleoplasmic and chromatin samples. A portion of each fraction (30 pg total protein) was
loaded onto 4-12% SDS polyacrylamide gels, and Western blots were developed using a mouse monoclonal
Xrcce3 antibody. (D) Changes in levels of nuclear Xrcc3 as a function of time post-IR in panels A-C were
quantified as described (see Experimental Procedures). The blot shown is representative of the results of
at least 3 separate experiments.

Supplemental Figure 3 — RNAi-mediated depletion of Rad51C destabilizes Xrcc3 but not the other
paralog proteins, Rad51B, D and Xrcc2. HelLa cells were transfected with a non-specific (-) or Rad51C
specific (+) siRNA pool (SMARTpool, Dharmacon), grown out for 46 hr at 37 °C, exposed to 6 Gy IR and
harvested 2 hrs later. (A) Whole cell extracts were prepared and immunoblots performed as described (see
Experimental Procedures) and developed with the indicated antibodies. (B) cDNA was prepared from the
same cell lysates as in (A) and Rad51, Rad51C and Xrcc3 transcript levels were measured by qPCR.



Supplemental Table 1

Changes in sub-cellular levels of proteins in response to IR-treatment.
Values are expressed as percent relative to untreated (t = 0), and are
normalized to loading controls in each Figure.

Rad51 Rad51C
0 30 _1h _2h__ 8h
cvTo | 100 | 118 | 137 | 160 | 185 0 30 1h__2h__ sh
Hela (-) Nuc | 100 | 107 | 271 | 252 | 374 cvto | 100 | 74 | 101 | 126 | 114
(Fig. 1A) | cHrom | 100 | 119 162 | 184 177 Hela/51C Nuc | 100 | 188 | 196 | 191 | 137
(Fig. 3A) cHroM | 100 | 81 | 108 | 124 | 124
cvTo | 100 | 113 | 117 | 114 | 120
HCT (-) Nuc | 100 | 111 | 132 | 149 | 261 cvto | 100 | 123 | 134 | 118 65
(Fig.18) | cHrom | 100 | 40 | 136 | 88 | 126 HCT/51C Nuc | 100 | 99 | 125 | 114 | 140
(Fig. 38) cHroM | 100 | 158 | 167 | 140 | 70
cvro | 100 | 126 | 95 | 87 | 116
capan-1(-) | _Nuc | 100 | 146 | 189 | 194 | 113 cvto | 100 | 144 | 138 | 137 | 99
(Fig. 1¢) | cHrom| 100 | 176 | 216 | 141 | 132 capan-1/51c | nuc | 100 | 170 | 223 | 220 | 199
(Fig. 3€) cHroM | 100 | 81 | 84 | 101 269
cvto | 100 | 110 115 | 82 | 40
HCT (+) Nuc | 100 | 100 | 84 | 135 | 68
(Fig.1D) | cHroM| 100 | 74 | 136 | 121 71
cvto [ 100| 132 110 88 | 33 XRCC3
capan-1 (+) | Nuc | 100 | 165 | 150 | 77 | 35
(Fig. 1) | cHrRoM| 100 | 101 | 72 | 42 | 1s
0 30" _1h__2h__ sh
cvto | 100 | 81 | 103 | 92 | 79
Gy --> o 5 8 HeLa/XRCC3 Nuc | 100 | 108 | 117 | 91 | 126
capan-1 (-) | cvro | 100 | 107 | 108 (Supp. Fig. 2A) | cHRoM [ 100 | 118 80 | 73 | 55
(Fig. 2) nuc | 100 | 199 | 211
cvto | 100 | 118 | 127 | 90 | 126
HCT/XRCC3 Nuc | 100 | 79 | 113 | 82 | 60
6 Gy --> - o+ - o+ (Supp. Fig. 2B) | cHroM | 100 | 158 | 167 | 140 | 70
Rad51C siRNA --> - -+ *
Hela (-) cyto | 100 | 91 | 79 | 87 | cvto [ 100 | 91 | 99 | 91 | 110
(Fig. 4A) Nuc | 100 | 150 | 55 | 76 capan-1/xRcc3 | Nuc [ 100 | 92 | 99 | 70 | sa
) ) (Supp. Fig. 2¢) | cHrRoM | 100 | 88 | 136 | 133 | 125
capan-1 (-) | cvro | 100 | 115 | 114 | 120
(Fig. 4B) NUC | 100 | 204 | 62 | 81
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Supplemental Figure 2
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