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Oxidized bases are common types of DNA modifications. Their accumulation in the genome is linked to aging
and degenerative diseases. These modifications are commonly repaired by the base excision repair (BER)
pathway. Oxoguanine DNA glycosylase (OGG1) initiates BER of oxidized purine bases. A small number of
protein interactions have been identified for OGG1, while very few appear to have functional consequences. We
report here that OGG1 interacts with the recombination protein RAD52 in vitro and in vivo. This interaction
has reciprocal functional consequences as OGG1 inhibits RAD52 catalytic activities and RAD52 stimulates
OGG1 incision activity, likely increasing its turnover rate. RAD52 colocalizes with OGG1 after oxidative stress
to cultured cells, but not after the direct induction of double-strand breaks by ionizing radiation. Human cells
depleted of RAD52 via small interfering RNA knockdown, and mouse cells lacking the protein via gene
knockout showed increased sensitivity to oxidative stress. Moreover, cells depleted of RAD52 show higher
accumulation of oxidized bases in their genome than cells with normal levels of RAD52. Our results indicate
that RAD52 cooperates with OGG1 to repair oxidative DNA damage and enhances the cellular resistance to
oxidative stress. Our observations suggest a coordinated action between these proteins that may be relevant
when oxidative lesions positioned close to strand breaks impose a hindrance to RAD52 catalytic activities.

Oxidative DNA damage is generated at high levels in mam-
malian cells, even in cells not exposed to exogenous sources of
reactive oxygen species. Several kinds of DNA modifications
are formed upon oxidative stress (8). The most prevalent mod-
ifications, quantitatively, are single-strand breaks and oxidized
bases. Clustered DNA damage, when two or more modifica-
tions are closely positioned in opposite strands, is detectable
after gamma irradiation and has recently been shown to be
generated by normal oxidative metabolism (3, 35). One unique
aspect of such clustered lesions is that they can be converted
into double-strand breaks (DSB) if a DNA glycosylase removes
the two opposite bases and an apurinic/apyrimidinic (AP)-
endonuclease cleaves the resulting abasic sites. Thus, although
quantitatively minor, DSB are possible outcomes of oxidative
DNA damage.

Oxidized DNA bases are repaired primarily by the base
excision repair pathway (BER) (22, 39). BER is initiated by a
lesion-specific DNA N-glycosylase that recognizes and excises
the damaged base. Eight-hydroxyguanine (8-oxoG) is one of

the most abundant oxidized bases detected in cellular DNA.
This adduct is easily bypassed by replicative polymerases; how-
ever, it can direct the misincorporation of adenine opposite
8-oxoG, thus leading to G � C-to-T � A transversion mutations
(31). 8-oxoG accumulation has been causally associated with
carcinogenesis and aging in several experimental models (1,
12). In eukaryotes, oxoguanine DNA glycosylase (OGG1) is
the major 8-oxoG DNA glycosylase. OGG1 possesses an asso-
ciated AP-lyase activity, such that it removes 8-oxoG and
cleaves the DNA backbone. Human cells express two distinct
OGG1 isoforms, � and �, which share the first 316 amino acids
but differ significantly in their C termini (25). While OGG1-�
is a bone fide DNA glycosylase (5) and localizes both to nuclei
and mitochondria, OGG1-� localizes exclusively to mitochon-
dria. We recently showed that the recombinant OGG1-� pro-
tein has no DNA glycosylase activity (13). The high degree of
conservation of repair pathways for 8-oxoG, from bacteria to
humans, along with epidemiological data correlating OGG1
polymorphisms and activity with predisposition to some can-
cers (11, 27, 33) attest to the biological importance of the
repair of 8-oxoGs and other oxidative DNA lesions.

Until recently, distinct classes of DNA lesions were believed
to be metabolized by different and independent repair path-
ways. However, experimental evidence indicates that these
pathways can interact and that there is a considerable degree
of overlap in their substrate specificity and in the proteins that
participate in each pathway. Experiments using yeast strains
lacking one or more distinct DNA repair genes suggest that
DSB repair pathways may play a role in repair of oxidative
DNA damage. Swanson et al. showed that while yeast cells
lacking ntg1 and ntg2 (homologues of Escherichia coli endonu-
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clease III, a DNA glycosylase specific for pyrimidine lesions
formed by oxidation) and apn1 (the major yeast abasic site
endonuclease) are not overtly sensitive to oxidative stress, the
additional disruption of the rad52 gene significantly increases
sensitivity to H2O2 and menadione (36). Similarly, yeast cells
expressing decreased levels of frataxin, which leads to elevated
oxidative stress, show accumulation of oxidative damage in
nuclear DNA only in a rad52 mutant background (18). RAD52
is a member of the RAD51 epistatic group. These proteins are
believed to be involved in the early steps of homologous re-
combination, contributing to homology search and strand in-
vasion; disruption of the corresponding genes renders cells
deficient in DSB repair and hyper-recombinogenic (19).

These results suggested a possible role for RAD52 in the
repair of oxidative DNA damage. Moreover, an in vitro screen-
ing of protein partners that interact physically with OGG1-�
performed in our lab (unpublished data) showed that human
RAD52 strongly interacted with this glycosylase, again suggest-
ing a possible function for RAD52 in the oxidative DNA dam-
age response. Thus, we investigated whether RAD52 plays a
role in the repair of oxidative DNA damage in human cells. We
show here that human RAD52 physically interacts with both
OGG1-� and -�, in vitro and in cell extracts. We also show that
OGG1-� and -� inhibit RAD52 enzymatic activities. Con-
versely, RAD52 stimulates OGG1-� 8-oxoG incision activity.
RAD52 colocalizes with OGG1-� in cells, and this colocaliza-
tion increases after oxidative stress. Moreover, lower RAD52
expression, via gene knockdown (KD) or disruption of the
RAD52 gene, render cells sensitive to oxidative stress. Based
on our results, we discuss a model in which OGG1 and RAD52
cooperate to repair 8-oxoG lesions.

MATERIALS AND METHODS

Proteins and DNA substrates. Purification of full-length, His6-tagged human
RAD52 has been described previously (2). Purification of recombinant His-
tagged OGG1-� from Sf9 insect cells and His- and glutathione S-transferase-
tagged OGG1-� from E. coli has been described (13). Oligonucleotides were
obtained from Midland Certified Reagent Co., and their sequences are shown in
Table 1. 5�-End labeling was carried out using T4 polynucleotides kinase (New
England Biolabs) and [�-32P]ATP. Unincorporated [32P]ATP was removed with
a Sephadex G25 spin column (GE Healthcare).

Cell culture. HEK293 cells (from the American Type Culture Collection)
harboring OGG1-�-FLAG or the empty vector were described earlier (16). The
cells were grown in Dulbecco modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (Gibco-BRL) and 800 �g of Geneticin (Invitro-
gen)/ml at 37°C under an atmosphere of 5% CO2. HeLa cells were grown in
DMEM supplemented with 10% fetal bovine serum, 50 �g of streptomycin/ml,
and 50 U of penicillin/ml. Primary mouse skin fibroblasts (MSF) were prepared

from mouse tail snips (2 to 5 cm) by collagenase (Sigma) digestion according to
the protocol described by Maynard and Miller (21).

ELISA. A 96-well enzyme-linked immunosorbent assay (ELISA) plate (50
�l/well) was coated with recombinant RAD52, at 1 ng/�l in carbonate buffer
(0.016 M NaCO3, 0.034 M NaHCO3 [pH 9.6]) overnight at 4°C; control wells
were coated with bovine serum albumin (BSA; Sigma). Wells were aspirated and
blocked with 100 �l of blocking buffer (3% BSA in phosphate-buffered saline
[PBS]) for 1 h at room temperature. Serial dilutions of OGG1-� or OGG1-�,
diluted in blocking buffer, were added to appropriate wells and incubated for 2 h
at 37°C. After five washes with 100 �l of washing buffer (PBS plus 0.1% Tween
20), primary monoclonal anti-OGG1-� (Assay Designs, Inc.) diluted 1:100 in
blocking buffer or primary polyclonal anti-OGG1-� antibody (Novus Biologicals)
diluted 1:1,000 in blocking buffer were added to appropriate wells, followed by
incubation for 2 h at 37°C. The wells were washed and incubated with secondary
antibodies (1:1,000 in blocking buffer) for 1 h at 37°C. The immunocomplexes
were detected by using o-phenylenediamine dihydrochloride (OPD) substrate
(Sigma) in developing solution (50 mM phosphate citrate buffer [pH 5.0] con-
taining 0.02% hydrogen peroxide). The reactions were stopped after 3 min with
3 M H2SO4 (25 �l/well), and absorbance readings were taken at 490 nm. Dis-
sociation constants were calculated by using Hill plot analyses of the ELISA data
as described elsewhere (6).

DNA strand annealing assay. DNA strand annealing activity was determined
by using two complementary synthetic 50-mer oligonucleotides (G50 in Table 1)
in which one strand was radioactively labeled at the 5� end. The assay (50 �l) was
carried out in buffer containing 40 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM
dithiothreitol (DTT), and 0.1 mg of BSA/ml. Oligonucleotides (5.6 pmol of each)
were equilibrated at room temperature before use. The purified RAD52 or the
mixture of RAD52 and OGG1, preincubated in ice for 5 min, were combined
with the unlabeled DNA strand, and the reactions were initiated by adding the
labeled DNA strand, followed by incubation at room temperature. Aliquots (9
�l) were removed at 0, 1, 2, 4, and 8 min to tubes containing 7 �l of stop solution
(2.5% sodium dodecyl sulfate [SDS], 2.5 mg of proteinase K/ml, and 20 pmol of
unlabeled oligonucleotide 1), followed by incubation for 15 min at room tem-
perature. Control reactions, initiated with enzyme dilution buffer (20 mM Tris-
HCl [pH 7.4], 30 mM NaCl, and 0.1 mg of BSA/ml) were carried out to deter-
mine the spontaneous rate of annealing. Loading dye (16 �l, 25% glycerol, 0.04%
bromophenol blue, and 0.04% xylene cyanol) was added to each sample, and the
products were resolved on native 12% polyacrylamide gels, visualized by using a
PhosphorImager, and analyzed by using ImageQuant software (GE Healthcare).

DNA strand exchange assay. The strand exchange assay was performed as
described previously (24), with some modifications. Briefly, RAD52 (32 nM) was
preincubated with unlabeled G80 oligonucleotide (1 nM) for 5 min at 37°C,
followed by the addition of the labeled fork substrate C80/G80fork26 (1 nM)
incubated for 25 min at 37°C with or without the addition of increasing concen-
trations of OGG1-� or OGG1-� (32 and 128 nM). Reactions were terminated by
the addition of 10 �l of stop buffer (35 mM EDTA, 0.6% SDS, 25% glycerol,
0.04% bromophenol blue, and 0.04% xylene cyanol). Products were separated by
polyacrylamide gel electrophoresis (PAGE) on 10% native polyacrylamide gels,
visualized by using a PhosphorImager, and quantified by using ImageQuant
software.

DNA incision activity assay. OGG1 incision activity was assayed as described
previously (13), with a duplex DNA substrate containing an 8-oxoG/C lesion at
the eleventh nucleotide position (OG30). The incision reaction (20 �l) contained
50 mM Tris-HCl (pH 7.4), 50 mM NaCl, 2 mM EDTA, 0.1 mg of BSA/ml, and
the amounts of RAD52 and OGG1-� indicated in the figures. The reactions were
initiated by adding 89 fmol of 8-oxoG/C containing oligonucleotide, followed by

TABLE 1. Oligonucleotides used in this study

Oligonucleotide Sequence (5�–3�)a

G50..............................................AATTCAATTCATATACCGCGGCCGGCCGATCAAGCTTATTAGCCGAGCCG
TTAAGTTAAGTATATGGCGCCGGCCGGCTAGTTCGAATAATCGGCTCGGC

OG50...........................................AATTCAATTCATATACCGCGogCCGGCCGATCAAGCTTATTAGCCGAGCCG
TTAAGTTAAGTATATGGCGC C GGCCGGCTAGTTCGAATAATCGGCTCGGC

OG30...........................................ATATACCGCGogCCGGCCGATCAAGCTTATT
TATATGGCGC C GGCCGGCATGTTCGAATAA

C80 ..............................................GCTGATCAACCCTACATGTGTAGGTAACCCTAACCCTAACCCTAAGGACAACCCTAGTGAAGCTTGTAACCCTAGGAGCT
G80..............................................AGCTCCTAGGGTTACAAGCTTCACTAGGGTTGTCCTTAGGGTTAGGGTTAGGGTTACCTACACATGTAGGGTTGATCAGC
G80fork26...................................CTTCACAGTCAGAGTCACAGTGTGCCGGGTTGTCCTTAGGGTTAGGGTTAGGGTTACCTACACATGTAGGGTTGATCAGC

a The 8-oxoG (OG) modifications are indicated by boldfacing and underlining. In the G80fork26 oligonucleotide, the unpaired region is underlined.
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incubation at 37°C for 20 min. To promote complete strand cleavage at the abasic
sites, the reactions were stopped with an equal volume (20 �l) of formamide
loading dye supplemented with 100 mM NaOH and heated at 95°C for 5 min.
The substrates and products were resolved in a 20% acrylamide–7 M urea gel,
visualized by using a PhosphorImager, and analyzed with ImageQuant software.
To detect DNA glycosylase-oligonucleotide complexes, 100 mM NaBH4 was
added to the reaction buffer as for the DNA incision assay. After 15 min of
incubation at 37°C, reactions were boiled in SDS-PAGE sample buffer, and the
products were separated by SDS-PAGE and visualized by using a PhosphorImager.

Electrophoretic mobility shift assay. 32P-labeled oligonucleotide substrates
(10 nM) were incubated with the indicated amounts of purified proteins in 10 �l
of reaction buffer (50 mM Tris–HCl [pH 7.4], 50 mM NaCl, 2 mM EDTA, 100
�g of BSA/ml) on ice for 30 min. Samples were directly loaded onto a 5%
polyacrylamide gel containing 5% glycerol in 1� Tris-borate-EDTA buffer, and
the gel was run at 200 V constant for 2 h at 4°C. The radioactivity was analyzed
as described above.

Immunoprecipitation assay. HEK293 cells expressing FLAG-OGG1-� or
empty vector (one 150-mm2 plate per condition) were grown to near confluence,
treated as described in the figure legend, washed twice in PBS, and lysed at 4°C
in lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, and complete protease inhibitor cocktail [Roche]; 1.5 ml/plate). The
lysates were centrifuged at 20,000 � g for 20 min at 4°C to remove cellular debris,
and 1.5-ml portions of supernatant were collected. For the results presented in
Fig. 6C and D, anti-FLAG M2 resin (Sigma) was washed with Tris-buffered
saline (TBS), 0.1 M glycine, and TBS three more times to give a 50% slurry.
Then, 50 �l of the anti-FLAG M2 resin slurry was added to 1.2 ml of cell lysate,
followed by incubation overnight with rotation at 4°C. The resin was spun down
at 800 � g for 3 min and washed three times with TBS. FLAG-OGG1-� and its
binding proteins were eluted by incubating the resin for 15 min with 20 �l of
FLAG peptide competitor (Sigma). The supernatant was mixed with 20 �l of 2�
SDS sample buffer (Invitrogen) containing 50 mM DTT, and the samples were
boiled 5 min. For the results of Fig. 6E, protein A-agarose (Santa Cruz) was
washed three times with wash buffer (0.05 M Tris-HCl [pH 7.5], 0.15 M NaCl) to
create a 50% bead slurry. The lysates were precleared with 20 �l of protein
A-agarose bead slurry and 1 �g of normal mouse immunoglobulin G (IgG; Santa
Cruz) for 2 h. Protein A-agarose slurry (30 �l) and monoclonal anti-RAD52
antibody (6 �g) (GeneTex) were added to 1.5 ml of lysate and incubated over-
night with rotation at 4°C. Normal mouse IgG (6 �g) was used as a negative
control. The immunoprecipitate was washed three times with wash buffer, and
the final bead pellet (�20 �l) was mixed with 20 �l of 2� SDS sample buffer
(Invitrogen) containing 50 mM DTT and boiled for 5 min. In all experiments, the
immunoprecipitates were resolved on Tris-glycine gels (Invitrogen), followed by
electro blotting to polyvinylidene difluoride membrane, as directed by the man-
ufacturer. The immunoblots were analyzed with anti-FLAG antibody (Sigma),
anti-human OGG1 antibody (Novus Biologicals), and polyclonal RAD52 anti-
body (Santa Cruz) and visualized by using enhanced chemiluminescence (GE
Healthcare) or SuperSignal West Femto maximum sensitivity substrate (Pierce)
kits.

Immunofluorescence. For OGG1/RAD52 colocalization experiments, HEK293
cells expressing FLAG-OGG1-� were seeded in covered slides (Lab-Tek II
chamber slide; Fisher) and exposed to 500 �M H2O2 or PBS alone for 30 min at
37°C. The cells were washed twice with fresh PBS and fixed with 3.7% formal-
dehyde (Polyscience) for 10 min at room temperature. The cells were permeab-
ilized with 0.2% Triton X-100 in 1� PBS for 5 min and blocked overnight at 4°C
with 10% normal goat serum in PBS. Anti-FLAG (2 �g/ml) (Sigma) or anti-
RAD52 (3.5 �g/ml) (GeneTex) antibodies (in 10% normal goat serum/PBS)
were added, and the slides were incubated for 1 h at 37°C. After five washes with
PBS, Alexa Fluor 488 anti-mouse (Invitrogen) or Alexa Fluor 568 anti-rabbit
(Invitrogen) antibodies were added at a 1:1,000 dilution, followed by incubation
for 1 h at 37°C. The slides were mounted with DAPI (4�,6�-diamidino-2-phe-
nylindole)-containing Vectashield (Vector Laboratories) and analyzed by using a
Zeiss Axiovert 200M microscope, with a �40 objective lens magnification for all
images. For quantification of colocalization, nuclei were scored as positive if 50%
or more of the OGG1-�-FLAG foci colocalized with RAD52 foci. The experi-
ment was done in triplicate (three slides). For each slide, 50 nuclei were scored.
For 8-oxoG immunocytochemistry, HeLa cells transfected with scrambled or
RAD52 siRNAs were seeded into covered slides and fixed with ice-cold 1:1
methanol-acetone for 20 min. Slides were washed with PBS twice and then
treated with RNase (100 �g/ml) in Tris buffer (pH 7.5) at 37°C for 1 h. After
being washed with PBS, the slides were treated with proteinase K (10 �g/ml) for
7 min at room temperature. The slides were then rinsed in PBS, the DNA was
denatured by treatment with 4 N HCl for 7 min at room temperature, and the pH
was adjusted with 50 mM Trizma base for 5 min at room temperature. After

being washed with PBS, the slides were blocked overnight at 4°C with 10%
normal goat serum-PBS and then incubated in primary anti-8-oxoG antibody
(Trevigen) at a 1:250 dilution in 10% goat serum-PBS. After five washes with
PBS, the slides were treated with Alexa Fluor 488 anti-mouse (Invitrogen) at a
1:1,000 dilution for 1 h at 37°C. The slides were mounted with DAPI-containing
Vectashield (Vector Laboratories) and analyzed by using a Zeiss Axiovert 200M
microscope with a �40 objective lens. Negative controls consisted of secondary
antibody-only and normal mouse or rabbit IgG in place of the primary antibody.
This procedure was also done on cells treated with 500 �M H2O2 for 0.5 h as a
positive control.

siRNA transfections. RAD52 and OGG1 expression in HeLa cells were tran-
siently knocked down with duplex small interfering RNAs (siRNAs) obtained
from Dharmacon (ON-TARGETplus SMARTpool Rad52 [L-011760-00] and
OGG1 [M-005147-01]; nontargeting negative control 1 [D-001210-01]). The cells
were seeded in six-well dishes at 500,000 per well; after 24 h, 50 nM concentra-
tions of each siRNA were transfected into the cells by using DharmaFECT 1
(Dharmacon) according to the manufacturer’s directions. The cells were har-
vested for further use 48 h after transfection.

Cell viability and growth assays. For the cytotoxicity assays, 30,000 cells were
plated in triplicate onto 96-well microtiter plates in complete growth medium.
After 24 h of incubation the cells were washed in PBS and exposed to H2O2 and
menadione (dissolved in DMEM), over the range of doses indicated in the figure
legends, for 6 and 4 h, respectively. At the end of the treatments, the cells were
washed with PBS and incubated in DMEM plus 2% BSA for 18 h to allow time
for cell death to occur. The medium was removed, and then 100 �l of fresh
medium was added, followed by 10 �l of WST-1 (Roche). After 3 h of incubation
in WST-1, the absorbance at 450 nm was determined. For cell growth assays,
2,000 cells were plated in triplicate into 96-well microtiter plates. Cell numbers

FIG. 1. Direct interaction between OGG1 and RAD52. Purified
recombinant RAD52 was coated onto ELISA plates (20 nM). After
blocking with 3% BSA in PBS buffer, the wells were incubated with
increasing concentrations of purified OGG1-� (0 to 100 nM) or
OGG1-� (0 to 40 nM) for 2 h at 37°C. The OGG1-RAD52 complexes
were detected by ELISA using monoclonal antibody against OGG1-�
(A) and polyclonal antibody against OGG1-� (B). Absorbance read-
ings at each point were corrected by subtracting the background A490
reading generated by BSA-coated wells. The values presented are
averages 	 the standard errors of the mean (SEM) of triplicate de-
terminations from two independent experiments.
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were measured each day by replacing growth medium with medium containing
WST-1 as described above.

DNA analysis by GC-MS. Genomic DNA was isolated by salting out, as
described previously (15). The identification and quantification of FapyGua in
DNA was performed by gas chromatography-mass spectrometry (GC-MS) after
hydrolysis of the DNA samples by E. coli Fpg. Aliquots (50 �g) of DNA samples
were supplemented with 7 pmol of FapyGua-13C,15N2 as internal standards and
then hydrolyzed with 2 �g of Fpg. After ethanol precipitation, DNA pellets and
supernatant fractions were separated by centrifugation. Supernatant fractions
were lyophilized, trimethylsilylated, and analyzed by GC-MS (29). For identifi-
cation and quantification, selected-ion monitoring was used to monitor the char-
acteristic ions of trimethylsilylated FapyGua and its stable isotope-labeled ana-
logues (9).

RESULTS

RAD52 interacts with OGG1-� and -� in vitro and in vivo.
The physical interaction between RAD52 and OGG1 was de-
tected by ELISA using recombinant purified proteins. Figure 1
shows that RAD52 interacts with high affinity with both iso-
forms of OGG1-� (Fig. 1A) and -� (Fig. 1B). The interaction
is independent of DNA binding, since similar binding was
observed in the presence of DNase I (data not shown). The
apparent dissociation constants were calculated from the
ELISA data using a Hill plot; Kd values of 18.4 and 39.7 nM
were obtained for OGG1-� and -�, respectively. Negative con-
trol wells, coated with BSA only, showed no OGG1 binding
(not shown). RAD52 also interacts directly with OGG1-� in
vivo, as demonstrated by coimmunoprecipitation from whole-
cell extracts from HEK293 cells expressing a FLAG-tagged
OGG1-�, using an anti-RAD52 antibody (Fig. 6C and D).

OGG1 modulates RAD52 enzymatic activity. We next inves-
tigated whether the physical interaction between RAD52 and
OGG1 translated into a functional interaction. RAD52 has two
enzymatic activities: single-strand DNA annealing (23, 28) and
DNA strand exchange (4, 20). Both activities are relevant to its
role in homologous recombination and DSB repair. Recombi-
nant RAD52 catalyzed rapid annealing of complementary sin-
gle-stranded DNA (Fig. 2A, compare lanes 1 to 5 and lanes 6
to 10). The addition of OGG1-� (lanes 11 to 15) or -� (lanes
16 to 20) significantly inhibited RAD52-catalyzed strand an-
nealing. Quantification of these data is presented in Fig. 2C. At
a RAD52/OGG1 molar ratio of 1:2, OGG1-� inhibited anneal-
ing by 45% and OGG1-� by 70%. Both OGG1 isoforms in-
hibited RAD52 strand annealing activity by a similar mecha-
nism, since the addition of equimolar amounts of each to the
reaction showed only additive (50% inhibition for OGG1-�
plus -�), but not a synergistic effect (Fig. 2B, lanes 1 to 5; Fig.
2C). This observation suggests that both the physical interac-
tion and the RAD52 inhibition are mediated by a common
domain to the two OGG1 isoforms, likely localized in the

conserved 316 amino acids of the two proteins. This inhibitory
effect was specific to the RAD52-OGG1 interaction because
uracil DNA glycosylase (UDG), another DNA glycosylase,
does not inhibit RAD52 activity (Fig. 2B, lanes 6 to 10). A
similar inhibitory effect of both OGG1-� and -� was observed
for RAD52-catalyzed strand exchange activity (Fig. 2D). The
addition of OGG-� or -� significantly decreased strand ex-
change activity at a 1:1 molar ratio and almost completely
abrogated the activity at a 1:4 molar ratio.

This inhibitory effect of OGG1 on RAD52 activity raised the
question of whether oxidative DNA damage could impose a
block to RAD52-catalyzed activities. We tested this hypothesis
with a pair of oligonucleotides containing (OG50) or not (G50)
a single 8-oxodG at nucleotide position 21 (Table 1). The
presence of the 8-oxodG lesion partially, but significantly, in-
hibited RAD52-mediated single-strand annealing (Fig. 3A).

Because OGG1 binds strongly to DNA containing 8-oxoG
lesions, we next investigated whether the inhibitory effect of
OGG1 on RAD52-catalyzed strand annealing was due to
OGG1 binding and/or cleavage of the DNA, thus inhibiting
RAD52 loading on to the substrate. We found that OGG1-�
inhibited RAD52 strand-annealing activity in assays using ei-
ther the G50 or the OG50 substrates (Fig. 3B). Since recom-
binant OGG1-� has neither incision nor DNA-binding activity
(13), these results dissociate the inhibition of RAD52 from
possible interactions of OGG1 with the DNA substrate and
from OGG1’s incision activity.

RAD52 modulates OGG1 incision activity. Since 8-oxoG
lesions in the DNA substrate partially inhibited RAD52 strand
annealing activity (Fig. 3), we hypothesized that RAD52 and
OGG1 may cooperate to remove 8-oxoG lesions that constrain
strand annealing. We thus tested the effect of RAD52 on
OGG1-� incision activity, using a 30-mer oligonucleotide sub-
strate containing a single 8-oxodG lesion (Table 1). Recombi-
nant OGG1 cleaved the substrate at the 8-oxoG lesion in a
concentration-dependent manner (Fig. 4). The addition of
RAD52 significantly stimulated OGG1 incision activity, with a
threefold increase in incision at the lower OGG1 concentra-
tions. Together with our earlier observation that 8-oxoG in-
hibits RAD52 strand annealing activity, this result strongly
indicates that RAD52 may cooperate with OGG1 to promote
repair of oxidative lesions.

Under the same reaction conditions used for the incision
assays, RAD52 did not increase OGG1 binding to its substrate
(Fig. 5A, compare lanes 4 to 8 with lane 2), indicating that
RAD52 does not participate in loading OGG1 onto its sub-
strate. It is noteworthy that RAD52 alone did not bind to the
double stranded oligonucleotide substrate (Fig. 5A, lane 3),

FIG. 2. RAD52 enzymatic activities are attenuated by OGG1. (A) Strand annealing reactions were performed at room temperature for the
indicated times using labeled G50 oligonucleotides and unlabeled complementary strand (112 nM each) without any addition (lanes 1 to 5) or with
RAD52 (lanes 6 to 10), RAD52 plus OGG1-� (lanes 11 to 15), or OGG1-� (lanes 16 to 20). RAD52 was added at 56 nM, and OGG1 was added
at 112 nM. (B) Reactions included RAD52 plus OGG1-� and OGG1-� (56 nM each) (lanes 1 to 5), RAD52 plus UDG (112 nM) (lanes 6 to 10),
or UDG alone (lanes 11 to 15). (C) Quantification of percentage of double-stranded DNA generated by the indicated enzymes in panels A and
B. The data points are the averages 	 the SEM of three independent experiments. (D) Strand exchange reactions were carried out with 32 nM
RAD52 alone or with increasing concentrations (32 and 128 nM) of OGG1-� or OGG1-�. Labeled heat-denatured G80/C80 (lane 1), G80/C80
blunt-end duplex (lane 2), and C80/G80fork26 (lanes 3 and 4) were used as markers. The graph shows the averages 	 the SEM of three
independent experiments.
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which provides additional evidence that the stimulatory effect
of RAD52 on OGG1’s incision activity is associated with the
direct protein-protein interaction and not to DNA-protein in-
teractions.

RAD52 significantly decreased the amount of OGG1-� en-
zyme-DNA complex trapped by sodium borohydride (Fig. 5B).
This assay detects a covalent enzyme-DNA adduct generated
by the reduction of the Schiff base intermediate formed during
OGG1 nucleophilic attack of the abasic site (34). Since OGG1
AP-lyase activity is uncoupled from its faster glycosylase activ-
ity (41), this result suggests that RAD52 increases the OGG1
dissociation rate from its product and thus provides a molec-
ular mechanism by which RAD52 stimulates OGG1 incision
activity.

RAD52 and OGG1-� interaction increases after oxidative
DNA damage. In order to ascertain whether the interaction
between OGG1-� and RAD52 is relevant in vivo, we exposed
HEK293 cells stably transfected with a FLAG-tagged OGG1-�
(16) to an oxidizing agent and examined the cellular localiza-
tion of RAD52 and FLAG-OGG1. Figure 6A shows the im-
munofluorescence detection of RAD52 and FLAG-OGG1 in
cells exposed or not to 500 �M H2O2. We observed a punctate
localization pattern for both OGG1-� and RAD52, with the
signals mostly restricted to the nuclei. Other groups have also
observed a punctate signal for OGG1, even when using anti-
bodies to the endogenous protein (7), suggesting that this
pattern is not due to the FLAG epitope. In control cells, even
though OGG1 and RAD52 foci were closely positioned and a
few colocalized, the degree of colocalization was small, with
only 25% of the scored nuclei containing more than 50% of the
OGG1-� foci colocalized with RAD52 (Fig. 6B). In contrast,
after H2O2 treatment, the number of nuclei with more than
50% of foci colocalizing increased more than twofold, to over
60% of the nuclei scored (Fig. 6B), indicating that the associ-
ation of OGG1 and RAD52 is an active response to DNA
damage.

We confirmed that the increased colocalization of OGG1
and RAD52 after oxidative stress corresponded to an in-
creased physical association between the two proteins by im-
munoprecipitation. HEK293-FLAG-OGG1-� cells were ex-
posed to 500 �M H2O2 for 30 min or 50 �M menadione for 1 h
and immediately collected for cell extract preparation. Anti-
FLAG M2 resin (Fig. 6C and D) was used to precipitate
FLAG-OGG1-�. The anti-FLAG resin precipitated RAD52
along with the FLAG-OGG1-� in treated but not in untreated
cells (compare the “–” and “�” lanes in Fig. 6C and D),
indicating a new or increased physical interaction between the
two proteins after oxidative stress. No RAD52 was detected in
immunoprecipitates from empty vector cells (Fig. 6C and D,
FLAG vector lanes) in both treated and untreated cells, indi-
cating that RAD52 does not directly associate with the FLAG
domain itself. Similar levels of FLAG-OGG1-� were detected
in the precipitates in both treated and untreated cells (data not

FIG. 3. 8-oxoG lesions inhibit strand annealing activity of RAD52.
(A) Strand annealing activity of RAD52 was determined using a ra-
diolabeled 50-mer control oligonucleotide (G50, lanes 1 to 5) or the
same oligonucleotide with a single 8-oxoG lesion at the 21st position
(OG50, lanes 6 to 10) (the oligonucleotide sequences are presented at
Table 1). The reactions were carried out at room temperature for 8
min as described in the text, with 5 nM concentrations of oligonucle-
otides and increasing concentrations (10 to 80 nM) of RAD52. Lanes
1 and 6 show reactions without RAD52 protein. The graph shows the
averages 	 the SEM of three independent experiments. RAD52 an-
nealing activity denoted by asterisks is significantly higher on G50
substrate than OG50 at P 
 0.05. (B) Strand annealing reactions
contained 5 nM G50 (lanes 1 to 4) or OG50 (lanes 5 to 8) substrates,

30 nM RAD52 alone (lanes 1 and 5), or increasing concentrations (30
to 120 nM) of OGG1-� (lanes 2 to 4 and lanes 6 to 8). The data points
presented in the graph are the averages 	 the SEM of three indepen-
dent experiments.
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shown). In contrast to the situation for H2O2 and menadione,
we did not observe increased physical interaction between
OGG1 and RAD52 after 15 Gy of gamma irradiation (Fig. 6E,
compare lanes 3 and 4) or 8-methoxy-psoralen (not shown), as
shown by similar band intensities in control and treated lanes.
Because these cells express high levels of FLAG-OGG1-�, we
often saw a small immunoreactive signal from the preimmune
IgG control (Fig. 6E, lanes 5 and 6); however, these signals
were always much weaker than what we observed in the im-
munoprecipitates with anti-RAD52. The presence of RAD52
in the precipitates (Fig. 6E) was also confirmed by WB (data
not shown).

RAD52 participates in the accumulation of oxidative lesions
and confers cellular resistance to oxidative stress. We next
investigated whether RAD52 participated in the accumulation
of oxidative lesions and cellular responses to oxidative stress in
vivo. RAD52 levels were decreased by siRNA KD, to ca. 50%
of that in cells transfected with a nontargeting scrambled
siRNA (Fig. 7A). The cells were then exposed to menadione
and the levels of an oxidized base that is removed by OGG1,
FapyGua, were measured by GC-MS (Fig. 7B). RAD52-KD
cells showed higher levels of FapyGua even in untreated cells,
compared to the scrambled siRNA-transfected cells (Fig. 7B,
UT). Immediately after the menadione treatment (0 h), cells
lacking RAD52 accumulated significantly higher levels of
FapyGua lesions than the scrambled siRNA (scr-siRNA) cells,
and the levels were still significantly higher 6 h after the treat-
ment. Although repair efficiency was relatively low under these
conditions, with the scrambled-siRNA transfected cells remov-

ing ca. 15% of the initial damage introduced, the RAD52-KD
cells showed no significant removal of FapyGua in the 6 h
repair period, with a decrease of only 6% of the lesions intro-
duced by the menadione treatment after 6 h. Interestingly, we
had shown earlier (15) that OGG1 is the major repair enzyme
for FapyGua in the nuclei and mitochondria in murine cells.

We next evaluated the role of RAD52 in 8-oxoG accumu-
lation in HeLa cells. 8-oxoG levels were detected using an
anti-8-oxoG antibody in HeLa cells transfected either with
scrambled or RAD52 siRNAs (Fig. 7C). The green fluores-
cence, representing the 8-oxoG signal, detected in the nucleus
of RAD52-KD cells was much more intense than that detected
in the scr-siRNA controls, indicating higher background levels
of this modified base in the nucleus of the RAD52-KD cells,
even in the absence of exogenous oxidative stress. For com-
parison, the fluorescence of scr-siRNA cells exposed to 500
�M H2O2 for 30 min, a situation that induces high levels of
8-oxoG, is presented. Other laboratories using the same meth-
odology have also demonstrated a punctuate pattern, with the
signal more intense on the periphery of the nucleus, probably
at heterochromatic DNA (7, 32, 40; see also the Trevigen web
site). For the control, the results for the DAPI signal and the
secondary antibody-only control are also presented. To vali-
date the specificity of the 8-oxoG antibody for 8-oxoG lesions,
we tested the antibody on HeLa cells treated with both H2O2

and the alkylating agent methyl methanesulfonate (MMS) in
parallel (Fig. 7D). H2O2 is known to cause extensive 8-oxoG
lesions, whereas MMS does not (its main activity is methyl-
ation of DNA bases). Both of these lesion types are repaired by

FIG. 4. RAD52 stimulates OGG1-� 8-oxoG incision activity. OGG1 incision reactions (20 �l) were performed with serial dilutions of OGG1-�
(0.3 to 5 nM) with (lanes 3 to 7) or without (lanes 8 to 12) 25 nM RAD52 at 37°C for 20 min as described in Materials and Methods. Lane 1 shows
a reaction without enzymes, and lane 2 shows the reaction with RAD52 alone. The data points are the averages 	 the SEM of three independent
experiments. Asterisks denote incision activity significantly higher in the presence of RAD52 at P 
 0.05.
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BER. Although the exposure time (50 ms) and H2O2 concen-
tration (100 �M for 1 h) used were less than those used in the
experiments shown in Fig. 7C (400 ms and 500 �M for 0.5 h,
respectively), H2O2 caused a significant increase in the 8-oxoG
signal (green signal), whereas MMS did not. The concentration
of MMS used (1 mM for 1 h) was optimized beforehand as the
maximum concentration that does not cause any cell death or
any other morphological changes. Together, the data from Fig.
7 suggest that in RAD52-KD cells FapyGua and 8-oxoG le-
sions are either more slowly removed or accumulate faster.

We then tested whether RAD52 levels, again diminished by
siRNA KD (Fig. 8A), affected cellular sensitivity to oxidative
stress induced by H2O2 or menadione, using the vital dye
WST-1 to measure cell viability (Fig. 8B and C). In this exper-
iment, we also sought to determine whether the concomitant
depletion of RAD52 and OGG1-� would further sensitize the
cells to oxidant injury. RAD52 levels were decreased by more
than 70% in cells transfected with the RAD52 siRNA alone or
together with the OGG1-� siRNA (Fig. 8A), after correction
for the GAPDH levels. Likewise, OGG1-�-KD was more than
60% in the single-KD and double-KD cells. Cells depleted of
either RAD52 or OGG1-� alone were significantly more sen-
sitive to H2O2 and menadione than cells transfected with the
scrambled (scr) siRNA (Fig. 8B and C, respectively). Interest-
ingly, the double-KD cells, depleted of both RAD52 and
OGG1-�, showed similar sensitivity to that of the single-KD
cells. Initial cell viability experiments (data not shown), done in
the same way but without the double KDs, also showed that the
RAD52-depleted cells were more sensitive to H2O2 and men-
adione over the same range of concentrations.

Because the experiments above were conducted with cells
that still expressed residual amounts of the RAD52 protein, we
tested cells obtained from RAD52 knockout mice, in which no
form of the protein is expressed (30). We prepared adult MSFs
from tails of wild-type (WT), Rad52�/� (Het), and Rad52�/�

(KO) mice. After establishing the cultures we initially at-
tempted to maintain the cells under normal culture conditions,
at atmospheric oxygen concentration (20%). We found that
cells from both Het and KO mice grew extremely poorly (Fig.
9A, top panel). The cultures were then maintained on a 3%
oxygen atmosphere, where we observed better growth of all
cells, but particularly for the Het and KO fibroblasts (Fig. 9A,
lower panel), as measured by WST-1 staining. Similar results
were observed when cell growth was measured by directly
counting the cell numbers (not shown). Because atmospheric
oxygen levels are known to cause endogenous oxidative dam-
age in cells in culture, these results indicate that RAD52 is
important in cellular proliferation and response to oxidative
stress.

MSF cultures maintained at 3% oxygen atmosphere were
then tested for sensitivity to H2O2 or menadione as described
above (Fig. 9B). We observed significant decreases in viability
of the Het and KO cells for both agents tested, although a
more striking difference was observed for H2O2 (left panel).
Interestingly, cells from Het animals showed an intermediate
sensitivity compared to the WT and KO cells, suggesting that
the relative levels of RAD52 protein are important in the
cellular response to oxidative stress.

FIG. 5. RAD52 increases OGG1-� turnover rate. (A) Reactions
(10 �l) containing 35 nM OGG1-� and increasing concentrations of
RAD52 (17.5 to 280 nM) were incubated in ice for 10 min and directly
loaded onto the EMSA gels. The percentage of the OG30 oligonucle-
otide (Table 1) bound was quantified, and the graph represents the
averages 	 the SEM of two independent experiments. (B) Reactions
under conditions similar to those in panel A were incubated in the
presence of 100 mM NaBH4 and resolved by SDS-PAGE. The per-
centage of oligonucleotide covalently bound was calculated, and the
data points represent the averages 	 the SEM of three independent
experiments.
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FIG. 6. OGG1 and RAD52 colocalize in vivo after DNA damage. (A) HEK293 cells expressing FLAG-OGG1-� were exposed to either buffer
alone (Control) or 500 �M H2O2 in medium for 0.5 h and fixed as described. Primary antibodies used were anti-RAD52 (Genetex) at 3.5 �g/ml
and anti-FLAG (Sigma) at 2 �g/ml; the secondary antibodies were Alexa Fluor 488-conjugated anti-mouse IgG (green) and Alexa Fluor
568-conjugated anti-rabbit IgG (red) at 1:1,000 dilutions. Nuclei were stained with DAPI. Images were acquired by using a Zeiss fluorescence
inverted microscope with a �40 objective magnification for all images. (B) A total of 50 nuclei per experiment were scored for colocalization of
RAD52 and FLAG-OGG1-�. Nuclei were counted as positive if 50% of OGG1-� foci colocalized with RAD52 foci. The data points show the
averages 	 the standard deviations of three independent experiments. The asterisk denotes significantly higher colocalization at P 
 0.01. (C, D,
and E) RAD52/OGG1-� complexes were immunoprecipitated from HEK293 cells expressing FLAG-OGG1-�, treated or not with 500 �M
hydrogen peroxide for 0.5 h (C) or 50 �M menadione for 1 h (D). From cells irradiated (IR) with 15 Gy (E), protein complexes were precipitated
using mouse anti-RAD52 antibodies (or normal IgG, as the negative control). Extracts from HEK293 transfected with empty vector were used as
a negative control in all experiments.
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DISCUSSION

Oxidative DNA base lesions are constantly generated at very
high levels in normal cells. Such accumulation of DNA damage
may cause severe biological consequences, ranging from mu-
tagenesis to cell death. Thus far, only indirect evidence has
implicated the homologous recombination protein RAD52 in
oxidative stress resistance. For instance, in yeast mutants lack-

ing BER enzymes, deletion of rad52 greatly increases sensitiv-
ity to H2O2 (36). Furthermore, sensitivity to stannous chloride,
a metal salt believed to cause oxidative stress, is higher in rad52
mutants as in superoxide dismutase 1 and 2 mutants, which are
directly involved in reactive oxygen species detoxification
(37). In transforming growth factor alpha/c-myc double-
transgenic mice, a model for oxidative stress-induced accel-

FIG. 7. Cells with diminished RAD52 accumulate oxidative lesions. HeLa cells grown in large culture dishes were transfected with scrambled
(Scr) or RAD52 siRNA. (A) After 48 h, the cells were harvested for Western blot analyses; 50 �g of protein was resolved by PAGE, and the
proteins were detected by using anti-RAD52 (GeneTex) and antitubulin (Santa Cruz) antibodies. (B) For FapyGua determination, transfected cells
were exposed to 50 �M menadione in PBS for 30 min. After the drug was removed and the cells washed, cultures were either harvested
immediately (0 h) or replaced with fresh medium and allowed to repair (6 h). Cells from untreated (UT), 0 h and 6 h repair were harvested; the
DNA isolated and analyzed by using GC/MS for FapyGu. The P values (Student t test) are given in the figure. For 8-oxoG determination, the
transfected cells were exposed to 500 �M H2O2 in PBS for 30 min (C) or 100 �M H2O2 or 1 mM MMS in PBS for 60 min (D), washed, and
passaged into covered slides. 8-oxoG levels were detected by using an anti-8-oxoG antibody (green fluorescence) as described in Materials and
Methods. Nuclei were counterstained with DAPI (blue fluorescence). Slides incubated with secondary antibody alone are also shown. Represen-
tative slides from two independent experiments are presented.
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erated hepatocarcinogenesis, BER genes (OGG1 and
NTH1) and RAD52 are constitutively upregulated, indicat-
ing a role for RAD52 in oxidative stress response in mam-
mals as well. However, the mechanistic basis for RAD52’s
involvement remains unclear. It is unlikely that its role in
DSB repair alone plays a major role in this, since H2O2 does
not induce significant amounts of conventional DSB (38).

In the present study, we identified a new role for RAD52 in
the repair of oxidative DNA damage through a direct stimu-
lation of the DNA glycosylase OGG1. We show that RAD52
interacts with and modulates the activity of OGG1 (Fig. 4).
The functional interaction between these two proteins is re-
ciprocal, since OGG1 also modulates the two known RAD52
enzymatic activities (Fig. 2). The physical interaction of the
recombinant proteins is strong in vitro; with low apparent Kd

values. We detected the RAD52/OGG1-� interaction in vivo

as well (Fig. 6), a finding indicative of a biologically significant
protein interaction. More importantly, we directly show that
cells lacking RAD52 accumulate more FapyGua lesions in
their genomes than cells with normal levels of RAD52, even in
the absence of any oxidative treatment (Fig. 7B). 8-oxoG lev-
els, detected by immunocytochemistry, were also elevated in
cells depleted of RAD52, even in the absence of exogenous
oxidative stress (Fig. 7C).

This reciprocal functional interaction indicates that OGG1
and RAD52 may cooperate to repair oxidative damage. Be-
cause of the specific DNA substrate affinities of these two
proteins it is possible that this interaction may have a more
significant impact at sites of free DNA ends containing oxi-
dized purine samples, such as Fapys and 8-oxoG. RAD52 binds
preferentially to resected and tailed DNA structures, a finding
consistent with an early role in DSB repair. We found that the

FIG. 8. RAD52 and OGG1-�-KD sensitize cells to oxidative stress. (A) HeLa cells were transfected with scrambled (Scr), RAD52, OGG1-�,
or both RAD52 and OGG1-� siRNAs and harvested 48 h after transfection for Western blot analyses. A total of 50 �g of protein was resolved
by PAGE, and the proteins were detected by using anti-RAD52 (GeneTex), anti-OGG1-� (Assay Designs), and anti-GAPDH (Santa Cruz)
antibodies. HeLa cells, transfected as described above, were plated onto 96-well dishes and exposed to increasing concentrations of H2O2 (B) or
menadione (C) as described in Materials and Methods. Survival, measured as WST-1 reduction, was calculated relative to the survival of control
cells, exposed to buffer alone. The data points show the averages 	 the standard deviations of triplicate determinations from two independent
experiments. The asterisks denote significantly lower survival for all three KDs than control cells at P 
 0.05.
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presence of 8-oxoG lesions in DNA partially, but significantly,
inhibited RAD52 strand annealing activity (Fig. 3A). Because
8-oxoGs positioned close to DNA ends are removed less effi-
ciently by OGG1 (26), this scenario would result in reduced

recombination resolution in the presence of high levels of
oxidative DNA damage at DNA ends. Since homologous re-
combination is the preferred error-free pathway to repair DSB,
high levels of oxidative DNA damage in the vicinity of free

FIG. 9. MSFs lacking RAD52 are sensitive to oxidative stress. (A) MSFs from WT, RAD52 heterozygote (RAD52�/�), and RAD52 KO
(RAD52�/�) animals were cultured in 20 or 3% oxygen atmosphere, and cell numbers were monitored for 6 days, measured as the WST-1
reduction. The data points show the averages 	 the standard deviations of two independent experiments, performed in triplicate. (B) MSFs, at passages
2 and 3, were plated onto 96-well dishes and exposed to increasing concentrations of H2O2 or menadione. Survival, measured as the WST-1 reduction,
was calculated relative to the survival of control cells exposed to buffer alone. The data points show the average 	 the standard deviations of triplicate
determinations from two independent experiments. The asterisks denote significantly lower survival than WT cells at P 
 0.01.

4452 DE SOUZA-PINTO ET AL. MOL. CELL. BIOL.



DNA ends could impose a significant hindrance to the resolu-
tion of these lesions. The observation that RAD52 stimulates
OGG1 8-oxoG incision activity supports a role for their inter-
action in relieving 8-oxoG inhibition of RAD52 activity.

Another scenario in which this interaction may play an im-
portant biological role is at sites of clustered oxidative DNA
lesions. Such clusters, of more than one oxidative lesion in
close proximity, often in opposite strands, can generate DSB
upon partial resolution by the BER pathway. Clustered oxida-
tive DNA lesions can be easily detected not only in cells ex-
posed to ionizing radiation but also in unexposed cells, likely as
a result of oxidative stress generated as by-product of normal
metabolism. The removal of the oxidized base and subsequent
abasic site processing can lead directly to a DSB. The interac-
tion of RAD52 with OGG1 could function to direct RAD52 to
these break sites.

We found that OGG1’s catalytic activity stimulation by
RAD52 is the result of the direct interaction between the two
proteins. RAD52 did not increase loading of OGG1 onto the
substrate, since no increase in OGG1-DNA complexes was
observed in the presence of RAD52 (Fig. 5A). On the other
hand, we observed a protein concentration-dependent de-
crease in sodium borohydride-trapped OGG1-substrate com-
plexes (Fig. 5B). Because OGG1’s AP-lyase activity is uncou-
pled from its DNA glycosylase activity and sodium borohydride
traps the intermediates generated during the nucleophilic at-
tack of the abasic site, this result suggests that RAD52 may
increase OGG1 turnover rate, and it is reminiscent of the
molecular mechanism by which APE1 stimulates OGG1(14).
The affinity of OGG1 for its intermediate product abasic site:C
is significantly higher than for its substrate 8-oxoG:C pair (14).
Thus, the enzyme tends to stay bound to the intermediate,
which is detected as higher sodium borohydride trapping.
RAD52 binding to OGG1 stimulates its AP-lyase activity, and
consequently enzyme turnover, and thus decreases the number
of sodium borohydride-trapped complexes.

Immunofluorescence microscopy of control cells showed
limited colocalization of RAD52 and OGG1 (Fig. 6A) and
little or no coimmunoprecipitation (Fig. 6C and D, “–” lanes).
More importantly, however, we showed that the degree of
colocalization and physical association between OGG1 and
RAD52 increases significantly after oxidative stress, as de-
tected both by the immunocytochemistry and by coimmuno-
precipitation of RAD52 with FLAG-tagged OGG1-� (Fig. 6B,
C, and D, treated lanes). These results indicate that this asso-
ciation is biologically important in the response to oxidative
DNA damage and implicates RAD52 in this process. On the
other hand, the RAD52-OGG1 association did not increase
after treatment with agents that cause conventional DNA
DSB, such as gamma irradiation (Fig. 6E) and 8-methoxy-
psoralen (data not shown). Thus, our results suggest that
RAD52 is part of the oxidative DNA damage response path-
way but that OGG1 does not seem to participate directly in
DSB repair. The observation that RAD52-KD results in en-
hanced accumulation of FapyGua and 8-oxoG lesions in
genomic DNA (Fig. 7) also provides evidence for this hy-
pothesis.

It is important to note that we have validated the specificity
of the 8-oxoG antibody (Fig. 7C) that was used (Trevigen) in
two ways. First, treatment of HeLa cells with the alkylating

agent MMS (which does not generate 8-oxoG) resulted in no
increase in green fluorescein isothiocyanate signal (Fig. 7D).
Second, as part of our current unpublished work on oxidative
damage monitoring, we have now demonstrated that addition
of Fpg (an E. coli DNA glycosylase/AP-lyase that removes
8-oxoG from the damaged DNA) after fixation (and before
addition of the antibody) results in more than 50% ablation of
the green fluorescein isothiocyanate fluorescent signal pro-
duced by the 8-oxoG antibody, on H2O2-treated cells (based
on the average green fluorescent intensities of 50 cells per
condition, using Axiovision software [data not shown]). This is
direct evidence of the specificity of the Trevigen 8-oxoG anti-
body for 8-oxoG lesions in vivo.

Our study also provides direct evidence connecting RAD52
to the molecular pathways protecting human and mouse cells
from oxidative stress-induced cell death. Human cells partially
depleted of RAD52 via siRNA KD (Fig. 8) or mouse cells
expressing half or no RAD52 due to gene knockout (Fig. 9)
were significantly more susceptible to H2O2 and menadione
than their counterparts expressing normal levels of RAD52.
Menadione is a redox compound that can generate large quan-
tities of superoxide anions upon oxidation of the partially re-
duced molecule. It is important to note that, as opposed to
H2O2, which has been shown to generate extensive single-
strand DNA breakage in addition to base damage, menadione
generates almost exclusively base modifications. The implica-
tion of the increased sensitivity of cells lacking RAD52 to
menadione is that RAD52 may participate directly in the re-
moval of such modifications. A direct role of RAD52 in re-
moval of oxidized base is also suggested by the observation that
untreated cells partially depleted of RAD52 accumulate more
FapyGua than cells with normal levels of RAD52, and accu-
mulate more 8-oxoG, even in the absence of exogenous oxida-
tive stress (Fig. 7). Since OGG1-initiated BER is believed to be
the major repair pathway for these oxidized bases (10), our in
vitro observation of the functional interaction between RAD52
and OGG1 thus provide a mechanistic explanation for the
biological effect seen in cells lacking RAD52.

We did not find, however, an additive effect of concomitantly
lowering the expression levels of RAD52 and OGG1, since
double-KD cells showed sensitivity to menadione and H2O2

similar to that of the single KDs. These results suggest that
both proteins function in the same pathway of cellular re-
sponse to oxidative stress. Moreover, because each individual
KD still expressed some levels of the proteins (15% for
RAD52 and 39% for OGG1), it may indicate that even small
amounts of RAD52 are sufficient to stimulate OGG1 incision
activity. This is supported by the very low apparent Kd for the
physical association of the two proteins (Fig. 1) and by the
stimulation of OGG1 incision activity in relatively low molar
ratios, from 1:20 to 1:5 (Fig. 4).

The present study is the first to directly connect RAD52 to
oxidative DNA damage response in mammalian cells. More-
over, these data demonstrate the interplay between what had
been considered distinct DNA repair pathways. In yeast cells,
it has recently become evident that a biological network exists
for preventing genomic instability caused by oxidative stress,
which involves other repair processes in addition to BER (17).
It is now important to identify additional participants in this
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network and to further dissect the molecular mechanisms me-
diating these interactions.
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