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Background: Oxidative stress-induced DNA damage is repaired by proteins in the base excision pathway.

Results: We identified a novel interaction between two DNA repair proteins, OGG1 and PARP-1.

Conclusion: OGG1-PARP-1 binding has both a functional and biological consequence.

Significance: These results provide insight into the factors that regulate DNA repair under normal and oxidative stress

conditions.

Human 8-oxoguanine-DNA glycosylase (OGG1) plays a
major role in the base excision repair pathway by removing
8-oxoguanine base lesions generated by reactive oxygen species.
Here we report a novel interaction between OGG1 and Poly-
(ADP-ribose) polymerase 1 (PARP-1), a DNA-damage sensor
protein involved in DNA repair and many other cellular pro-
cesses. We found that OGG1 binds directly to PARP-1 through
the N-terminal region of OGG1, and this interaction is
enhanced by oxidative stress. Furthermore, OGG1 binds to
PARP-1 through its BRCA1 C-terminal (BRCT) domain. OGG1
stimulated the poly(ADP-ribosyl)ation activity of PARP-1,
whereas decreased poly(ADP-ribose) levels were observed in
OGG1~/~ cells compared with wild-type cells in response to
DNA damage. Importantly, activated PARP-1 inhibits OGG1.
Although the OGG1 polymorphic variant proteins R229Q and
$326C bind to PARP-1, these proteins were defective in activat-
ing PARP-1. Furthermore, OGG1 ™/~ cells were more sensitive
to PARP inhibitors alone or in combination with a DNA-dam-
aging agent. These findings indicate that OGG1 binding to
PARP-1 plays a functional role in the repair of oxidative DNA
damage.

Exposure of DNA to reactive oxygen species results in lesions
that can have genotoxic or mutagenic consequences. Reactive
oxygen species are generated either as a byproduct of normal
cellular metabolism or through exposure to ultraviolet (UV)
and ionizing radiation and environmental carcinogens (1-3).
Different DNA repair mechanisms have evolved to combat the
genotoxic effects of reactive oxygen species and to protect the
integrity of the genome because the resulting lesions if unre-
paired may lead to genomic instability and ultimately cellular
transformation (4, 5).
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7,8-Dihydro-8-oxoguanine (8-0xoG)> is one of the major
lesions produced by oxidative damage. This adduct is highly
mutagenic because of its propensity to mispair with A residues
thereby generating a G:C to T:A transversion mutation (6).
These spontaneous mutations if unrepaired have been shown
to increase tumorigenesis in selected cell types. 8-oxoG and
other oxidatively modified bases is mainly repaired by the base
excision repair (BER) pathway. BER is a multistep process that
is initiated by the recognition and excision of the damaged base
by a DNA glycosylase (4). The main enzyme for repairing
8-0x0G is 8-oxoguanine-DNA glycosylase (OGG1) (7-11).
Although OGGL1 is a bifunctional enzyme with both excision
activity and the ability to cleave the abasic/apyrimidinic (AP)
site, its AP lyase activity is considered weak but can be further
stimulated by the AP endonuclease 1 (7-12). The resulting
steps for repair are coordinated by several different proteins in
the BER pathway (13).

It is important to determine the factors that influence the
repair ability of OGG1, as defective activity may lead to
increased mutations in genes that cause disease. In support of
this idea, there is a positive correlation between high levels of
8-0x0G and several human cancers and aging (14, 15). Addi-
tionally, chromosomal loss of OGG1 has been reported in
human lung, esophageal, and renal cancers, and OGG1 ™/~
mice have a predisposition toward the development of lung
adenoma/carcinomas (16-21). Recent findings suggest that
OGG]1 plays a role in preventing Ras mutations (22, 23), which
have profound implications as nearly one-third of all human
cancers harbor a Ras mutation (24). This accumulating evi-
dence points to an essential role for OGGI1 in maintaining
genomic integrity of cells and that disruption of OGG1 function
may be a critical step during carcinogenesis. Further evidence
for this idea is the fact that several OGG1 polymorphisms have
been found to be associated with various cancers (25, 26).

Multiple protein-protein interactions occur during the BER
pathway to coordinate the highly intricate process of this path-

2 The abbreviations used are: 8-0xoG, 7,8-dihydro-8-oxoguanine; PAR, poly-
(ADP-ribose); MEF, mouse embryo fibroblasts; BER, base excision repair;
OGG1, 8-oxoguanine DNA glycosylase; AP, abasic/apyrimidinic; PARP-1,
poly(ADP-ribose) polymerase 1; IP, immunoprecipitation; BRCT, BRCA1
C-terminal; WT, wild-type.
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way. In particular, recent evidence suggests that OGG1 can
bind to different proteins in the BER and nucleotide excision
repair pathways. Some of these binding partners have been
reported to affect the incision activity of OGG1 in vitro includ-
ing XRCC1, AP endonuclease 1, XPC, p300/CBP, Rad52, and
the Rad9-Rad1-Husl complex (12, 27-31). However, many of
these interactions have not been fully explored. In addition,
OGG]1 has been found to bind to other proteins, but little is
known about how these interactions affect the BER pathway or
whether complex formation has any biological or functional
consequences.

We used an unbiased biochemical approach to determine
functional binding partners for OGG1. Using this approach, we
determined that PARP-1 specifically interacts with OGGI.
PARP-1 is a molecular sensor of DNA breaks, and it plays a key
role in repair of these breaks by either physically associating
with or also by poly(ADP-ribosyl)ation of partner proteins
including various nuclear proteins, histones, single-strand
break repair proteins, BER proteins, and on PARP-1 itself (32,
33). Furthermore, PARP-1 is activated in response to DNA
damage, and studies using knock-out cells and PARP-1 inhibi-
tors show that PARP-1 is important for maintaining genomic
integrity (34 -36).

Here we have investigated the interaction of OGG1 and
PARP-1 and its biological significance. We report that OGG1
and PARP-1 bind directly, and this complex is enhanced by
oxidative stress. In support of a biological interaction, OGG1
stimulates PARP-1 activity, and cells deficient in OGG1 have
reduced levels of poly(ADP-ribosyl)ation after DNA damage. In
addition, inhibition of PARP-1 activity sensitizes OGG1~/~
cells to DNA damage. Interestingly, activated PARP-1 nega-
tively regulates OGGL1 activity. Altogether, our results suggest
that binding of OGG1 and PARP-1 plays a key role in the cel-
lular response to oxidative stress and DNA damage.

EXPERIMENTAL PROCEDURES

Cell Lines and Transfections—HeLa cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS). The pCMV-2B vector was from Strat-
agene, and the N-terminal FLAG-tagged wild-type OGG1
(pPCMV2B-WT OGG1) was previously described (37). Plasmids
were transfected into HeLa cells using FUGENE® 6 transfection
reagent from Roche Applied Science according to manufactur-
er’s directions. The cells were used 24 h after transfection.

Wild-type mouse embryo fibroblasts (MEF) and OGG1 ™/~
MEFs were a gift from Dr. Yie Liu (NIA, NIH) and were repeat-
edly passaged to establish immortalized cell lines using stand-
ard procedures (38). Cells were maintained in DMEM contain-
ing 10% FBS.

Plasmids containing pGEX4T2-WT OGG1, OGGI1 poly-
morphic variants, and OGG1 fragments were generated by PCR
using pET-28a-OGG1 plasmids as templates (37). The PCR
products were digested with EcoR1 and Xhol and ligated into
the pGEX4T2 vector. Plasmids were verified by sequencing.

Nuclear Extracts—Mouse brains and livers were harvested
fresh, washed in PBS, and incubated in Buffer A (10 mm HEPES,
pH 7.9, 1.5 mm MgCl,, 10 mm KClI with protease, and phospha-
tase inhibitors) for 10 min. Samples were then Dounce-homog-
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enized and centrifuged for 5 min at 400 X g. The supernatant
was collected for the cytoplasmic extract, and the nuclear pellet
was resuspended in 10 volumes of Buffer A and subsequently
washed 2 times. The pellet was then resuspended in 0.5 ml of
buffer A and centrifuged at 15,000 X g for 15 min. Nuclei were
resuspended in 0.5 ml Buffer C (20 mm HEPES, pH 7.0, 25%
glycerol, 0.42 M NaCl, 1.5 mm MgCl,, 0.2 mm EDTA with pro-
tease and phosphatase inhibitors), incubated for 30 min with
rotation, and centrifuged at 15,000 X g for 15 min. The super-
natant containing the nuclear extracts was collected, and the
nuclear pellet was saved. The extraction with Buffer C was
repeated, and the supernatants were pooled. Nuclear extracts
were frozen in liquid nitrogen and stored at —80 °C. Thawed
nuclear extracts were ultracentrifuged 2 times at 100,000 X g
for 10 min. The procedure was performed at 4 °C.

GST Purification and Precipitations—GST proteins were
purified using standard procedures with some exceptions. For
the OGGI fragments in Fig. 2F, the samples were incubated in
bacterial lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 2
mM EDTA, 1% Triton X-100, 10% glycerol) containing an addi-
tional 225 mm NaCl and 50 pg/ml lysozyme for 30 min before
sonication and subsequently 1% (w/v) sarcosine was added to
each sample. For Fig. 6D, the various GST-OGG]1 fusion pro-
teins were eluted from the glutathione-Sepharose beads by
thrombin cleavage.

HeLa cells were washed twice with PBS and lysed in IP buffer
(50 mm Tris-HCL pH 7.5, 150 mm NaCl, 1% Triton X-100, 2 mm
EDTA, 1 mm dithiothreitol, protease and phosphatase inhibi-
tors). Nuclear extracts were diluted 1:10 into IP buffer. Nuclear
extracts (300 ug) or lysates were incubated with 20 ug of the
appropriate GST fusion protein for 1 h at 4 °C. The samples
were washed at least four times with IP buffer, and bound pro-
teins were released from the beads by boiling in sample buffer.
Samples were separated by SDS-PAGE and probed by immu-
noblotting with anti-OGG1 antibodies (Novus Biologicals),
anti-PARP-1 polyclonal antibodies (Cell Signaling; clone
46D11), anti-Lamin B antibodies (Oncogene), or anti-HDAC2
antibodies (Abcam). In some cases, immunoblots were stained
with Ponceau S to visualize loading of the GST fusion proteins.
Alternatively, polyacrylamide gels were either stained with col-
loidal Coomassie Blue or with the Silver Stain Plus kit (Bio-
Rad). For mass spectrometry, bands were excised from colloidal
Coomassie Blue-stained gels and analyzed by nanoLC-MS/MS
peptide sequencing technology (ProtTech, Inc.).

For in vitro binding experiments, GST-OGG1, OGG1
mutants or fragments, or GST control (1 ug) was incubated
with recombinant high purity PARP-1 (250 ng; Alexis Bio-
chemicals) in binding buffer (50 mm Tris-HCI, pH 7.5, 150 mm
NaCl, 10% glycerol, 0.5% Triton X-100, 2 mm MgCl, 1 mMm
DTT) for 1 h at 4 °C. The samples were washed five times and
separated by SDS-PAGE followed by immunoblotting with
anti-PARP-1 (Clone 46D11 (Cell Signaling) or Clone C-2-10
(Biomol)) and reprobed with anti-OGG1 antibodies (Novus
Biologicals) or anti-GST antibodies (Z-5:Santa Cruz Biotech-
nology) as a loading control. Alternatively, membranes were
stained with Ponceau S to reveal both the GST and GST-OGG1
fusion proteins.
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For experiments in Fig. 2, A and C, after washing the samples
2 times with IP or binding buffer, samples were washed an addi-
tional 2 times with NT2 buffer (50 mm Tris-HCI, pH 7.4, 150
mMm NaCl, 1 mm MgCl,, 0.05% Nonidet P-40) and treated with
10 units of DNase I (RNase-free, Ambion) in 0.1 ml of NT2
buffer at 37 °C for 15 min. Samples were then processed as
above. In addition, DNase I-treated samples and controls were
run on a DNA-agarose gel to verify DNA degradation.
His-tagged Protein Purification—His-tagged proteins corre-
sponding to the BRCT domain (385-524 amino acids) and the
catalytic domain (656 —1014 amino acids) were purchased from
Alexa Biochemicals. We used PCR to clone the DNA binding
domain (1-373 amino acids) of PARP-1 into the pET28a His
vector using PARP-1 ¢cDNA as a template (39). We used a
standard purification procedure from Qiagen that included a
thrombin cleavage step to purify the protein to homogeneity.
The binding assay with the PARP-1 domains and GST-OGG1
was performed as described in the previous section.
Immunoprecipitations—Immunoprecipitations were per-
formed essentially as previously described (40). In brief, HeLa
cells were treated with 5 mm H,O, in serum-free media for 30
min, washed with PBS, and lysed in IP buffer (see above).
PARP-1 was immunoprecipitated with anti-PARP1 polyclonal
antibodies (Alexis Biochemicals; ALX-210-302). The immuno-
precipitates were separated by SDS-PAGE and probed by
immunoblotting with anti-FLAG® monoclonal antibodies
(Clone M2 (Sigma)) and reprobed with anti-PARP1 monoclo-
nal antibodies (Biomol International; Clone C-2-10).
Poly(ADP-ribose) (PAR) Assays—To measure whether
OGG]1 affects PARP activity, we used the HT Universal Color-
imetric PARP assay kit from Trevigen. PARP activity is deter-
mined by the amount of PAR deposited onto immobilized his-
tone proteins. The procedure was performed according to the
recommendations of the manufacturer with the exception that
0.5 ug of OGG1 (New England Biolabs) or Fpg (New England
Biolabs) was incubated with 2 ng of the PARP-high specific
activity-enzyme for 6 min before the addition of the PARP sub-
strate cocktail and activated DNA. Similar results were also
obtained with OGG1 from Trevigen. In Fig. 6D, we used recom-
binant wild-type (WT) OGG1, R229Q, and S326C proteins that
were purified as described in the GST purification section. In
Fig. 3B, the assays were performed without activated DNA.
Absorbance at 630 nm was measured using an ELISA plate
reader. Measurements were taken without PARP enzyme and
were subtracted as the background. The data were normalized
to PARP-1 incubated with activated DNA.
Immunofluorescence Microscopy—For PAR immunofluores-
cence, WT or OGG1~/~ MEFs were untreated or treated with
500 um H,O, for 10 min. Cells were then fixed and stained with
anti-PAR antibodies (Clone 10HA, Trevigen) and 4’,6-di-
amidino-2-phenylindole (DAPI) essentially as previously
described (39). Pictures were taken using a Zeiss Observer D1
microscope with a AxioCam1Ccl camera at a set exposure
time. Nuclei were counted as PAR-positive if the fluorescence
intensity was at least 200% above background levels for
untreated cells. The background fluorescence intensity was
indistinguishable between untreated WT and OGG1 ™/~ cells.
Percentage of PAR positive nuclei was calculated by counting
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the number of PAR positive nuclei per DAPI-stained nuclei in
the different cell lines. A total of ~1000-1300 cells were
counted from triplicate coverslips for each experiment and
repeated in three independent experiments.

Staining for 8-oxoG was performed as previously described
(30) with some modifications. In brief, cells were pretreated for
30 min with 5 uM ABT-888 and then treated with or without 25
M menadione for 30 min in serum-free media. Cells were fixed
for 20 min in acetone:methanol (1:1), washed with PBS, and
then incubated with 1 pg/ml pepsin in 0.01 N HCl for 30 min.
Cells were then incubated with 2 N HCI for 10 min and sodium
borate for 5 min, washed with PBS, and then blocked with PBS
containing 10% goat serum, 1% BSA for 30 min. After a quick
wash with PBS, cells were stained with anti-8-0xoG monoclo-
nal antibodies (Millipore, 1:250) for 30 min. After washing with
PBST (PBS, 0.5% BSA, 0.1% Tween 20), cells were exposed to
Alexa-488 conjugated secondary antibodies (Invitrogen) for 30
min, washed with PBST, and stained with DAPI. All incuba-
tions were performed at room temperature.

Single Cell Gel Electrophoresis (Comet) Assay—WT or
OGG1~/~ MEFs were untreated or treated for 30 min with 100
mm H,0,, which would induce various base lesions and also
single-strand breaks at this concentration (41). Comet assays
were performed under alkaline conditions as previously
described (42, 43). The comets were visualized using an Eclipse
E-400 fluorescence microscope (Nikon, Japan) attached to a
Pulnix video camera (Kinetic Imaging, LTD, Liverpool, UK)
and were analyzed using Komet 5.5 software (Kinetic Imaging
LTD). Olive tail moment was used as a measure of DNA dam-
age level (44, 45).

DNA Incision Activity Assay—A HPLC 30-mer oligonucleo-
tide (GAAGAGAGAAAGAGAXAAGGAAAGAGAGAA) con-
taining 8-0xoG at position X and the complementary oligo-
nucleotides containing a C opposite X were obtained from
Midland Certified Reagent Company (Midland, TX). The 5'-
32P_labeling of the duplex oligonucleotide was performed
essentially as previously described (46). To measure OGG1 gly-
cosylase/AP lyase activity, 320 nm OGG1 (New England Bio-
labs) was incubated with either 180 nm PARP-1, 1.2 ul of
PARP-1 cocktail, or 0.01 nm PAR (all from Trevigen) in 12-ul
reactions containing (20 mm Tris-HCl, pH 7.4, 100 mm NaCl,
and 0.15 pg/ul BSA) for 10 min at 4 °C, then 8 ul of radiolabeled
oligonucleotides (1.3 nm) were added. All molar values indicate
final concentration in the reaction. In Fig. 5, B and C, various
concentrations of both OGG1 and PARP-1 were used in the
incision assays as indicated in the figure. The reactions were
incubated at 37 °C for 30 min and incubated in stop solution (20
mwm HEPES, pH 7.5, 0.5% SDS, 5 mm EDTA, 40 pg/ml Protein-
ase K) for 15 min at 37 °C. To cleave DNA at abasic sites, 10%
piperidine (final concentration) was added to each sample, and
the reactions were incubated at 90 °C for 15 min. Samples were
then precipitated by the addition of 3 M sodium acetate, pH 5.3,
4 mg/ml glycogen in absolute ethanol and subsequently incu-
bated on dry ice for 15 min. The precipitates were collected by
centrifugation for 30 min at 20,000 X g. Samples were resus-
pended in loading buffer (1X Tris borate EDTA, 90% deionized
formamide, 0.1% bromphenol blue, 0.1% xylene cyanol), heated
at 95 °C for 5 min, and run on 20% acrylamide gels containing 7
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FIGURE 1. Identification of proteins binding to OGG1. A, Coomassie colloidal blue staining of purified GST and GST-OGG1 (20 ng) proteins is shown. B,
nuclear extracts from mouse brain and liver were immunoblotted with the indicated antibodies (cyt) cytosolic fraction (nuc) nuclear fraction. C, GST-OGG1 and
GST control were used to precipitate proteins from mouse brain and liver nuclear extracts (NE). GST precipitations were analyzed on a 12% polyacrylamide gel
and silver-stained. —, GST fusion protein alone. pdown, pulldown. D, GST-OGG1 was used to precipitate proteins from mouse brain and liver. Samples were
analyzed on an 8% polyacrylamide gel and stained with Coomassie colloidal blue. The arrow points to the band, corresponding to PARP-1, that was excised and

analyzed by mass spectrometry. —, GST fusion protein alone.

M urea. Radioactivity was measured using a Storm Phospho-
rimager and quantified using ImageQuant software (GE
Healthcare).

Colony Formation and Cell Survival Assays—For the colony
formation assays, 400 WT or OGG1 /= MEF cells were plated
in 60-mm dishes in triplicate and were untreated or treated
with 2.5 um ABT-888 (Enzo Life Sciences), 20 um H,O,, or
ABT-888 and H,O, for 7 days. ABT-888 was added 30 min
before the addition of H,O, The media with or without the
different treatments was changed once during the time of the
assay. Colonies were stained with crystal violet, and only colo-
nies with >50 cells were counted.

WT or OGG1 '~ MEF cells (3000/well) were plated in a
96-well plate. The following day cells were untreated or treated
for 24 h with 5 um ABT-888, 70 um H,0O,, or ABT-888 and
H,0,. Cells were pretreated with ABT-888 for 30 min before
the addition of H,O,. Cell survival was measured using a MTT
assay (Sigma).

RESULTS

PARP-1 Interacts with OGG1 in Vitro and in Vivo—To iden-
tify proteins that interact with OGG1, we first purified a GST
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fusion protein containing wild-type OGG1 (GST-OGGI; Fig. 1A).
We used this GST-OGG1 fusion protein to precipitate proteins
from mouse brain and liver nuclear extracts (Fig. 1) and confirmed
that our nuclear extracts contained nuclear proteins including
OGG], Lamin B, and HDAC2 (Fig. 1B). A prominent band of
~113 kDa was present in both GST-OGG1 precipitations from
mouse liver and brain but not with the GST-OGG1 protein alone
or with GST control (Fig. 1, Cand D). Mass spectrometry analysis
revealed that the prominent ~113-kDa protein associating with
GST-OGG1 in this band was PARP-1 (Fig. 1, C and D). This band
also contained a smaller number of peptides corresponding to
HNRP (Hnrpu, heterogeneous nuclear ribonucleoprotein U),
ZBP-148 (zinc finger protein 148), SP3 (Sp3 transcription factor
isoform 1), Lfc (Lymphoid blast crisis like 1), and Xrn2 (5'-3" exori-
bonuclease 2). However, we chose to focus on PARP-1 because
mass spectrometry identified this protein as the most prominent
binder to OGG1. An additional lower molecular weight band was
excised, and mass spectrometry analysis revealed that this band
contained XRCC1 peptides, indicating that our GST system can be
used to identify previously known binding partners of OGG1 (data
not shown) (31).
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FIGURE 2. 0GG1 binds directly to PARP-1. A, mouse liver nuclear extracts were incubated with immobilized GST or GST-OGG1 and were mock-treated (—) or
treated (+) with DNase1. The proteins remaining associated with the GST fusion protein were probed with anti-PARP-1 antibodies. The amount of GST-OGG1
in the precipitations was determined using anti-OGG1 antibodies. NE, nuclear extracts. B and C, binding to GST-OGG1 or GST was assessed using an in vitro
binding assay. GST-OGG1 or GST control (1 ng) were incubated with purified PARP-1 (0.25 g), and samples were immunoblotted with anti-PARP-1 antibodies
and reprobed with anti-OGG1 antibodies (C) or stained with Ponceau S (B) as loading controls. The arrow indicates GST-OGGT1. C, GST-OGG1 incubated with
PARP-1 in vitro was either mock-treated (—) or treated with DNase | (+). OGG1 retains binding to PARP-1 despite DNase treatment. D, Hela cells transfected
with FLAG vector control or FLAG-OGG1 were untreated (—) or treated for 30 min with 5 mm H,O, (+). PARP-1 immunoprecipitates or lysates were probed with
anti-FLAG antibodies or anti-PARP-1 antibodies. Increased binding of OGG1 to PARP-1 was also observed after treatment with lower concentrations of H,0,
(data not shown). E, schematic of GST-OGG1 fusion proteins is shown. HhH, Helix-hairpin-Helix; NLS, nuclear localization sequence; MLS, mitochondrial
localization sequence. F, an in vitro binding assay was used to assess the binding of GST control, WT OGG1, and various fragments of OGG1 (1 ng) to purified
PARP-1 (0.25 pg). GST precipitations were immunoblotted with anti-PARP-1 antibodies to identify PARP-1 binding and reprobed with anti-GST antibodies to
visualize fusion proteins. G, a schematic of PARP-1 proteins is shown. H, purified His-tagged PARP-1 domains (1 ug) were incubated with GST-OGG1 (1 ug), and
the precipitations were immunoblotted with anti-His antibodies and reprobed with anti-OGG1 antibodies to determine the amount of GST-OGGT1 in the
precipitations. The arrows indicate the bands corresponding to the DNA binding domain and the BRCT domain. Incubation with ethidium bromide (EthBr; +)
abrogates the interaction between GST-OGG1 and the DNA binding domain.

To confirm that PARP-1 associates with OGG1, we immu-
noblotted GST-OGG1 precipitations from mouse nuclear
extracts with PARP-1 antibodies. We observed that PARP-1
binds to OGGL1 in nuclear extracts from both the mouse liver
and brain and in whole cell lysates from HeLa cells (Fig. 24 and
supplemental Fig. S 14). Using an in vitro binding assay with
purified proteins alone, we found that OGG1 binds directly to
both unmodified and auto(ADP-ribosyl)ated PARP-1 (Fig. 2, B
and C; supplemental Fig. S3). The interaction between OGG1
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and PARP-1 was not disrupted by DNase or ethidium bromide
treatment, thus confirming that the binding observed between
OGG1 and PARP-1 is due to protein-protein interactions and
not through DNA (Fig. 2, A and C, supplemental Fig. S1). In
addition, we wanted to perform the reciprocal experiment to
determine whether we could detect OGG1 binding to PARP-1
in PARP-1 immunoprecipitations. Co-immunoprecipitation
experiments revealed that PARP-1 binds to OGGL1 in vivo. Fur-
thermore, this binding was enhanced by oxidative stress, sug-
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FIGURE 3. OGG1 stimulates the poly(ADP-ribosyl)ation activity of PARP-1. A and B, PARP-1 activity was measured by determining the amount of PAR
deposited on immobilized histones in an ELISA assay. The addition of OGG1 (0.5 ng) increased the amount of PAR synthesis by PARP-1 (2 ng). B, ELISA assays
were performed with or without activated DNA. The histograms show the averages + S.E. from triplicate (A) and quadruplicate (B) experiments. **, p < 0.01
compared with untreated control by Student’s t test for A. *, p < 0.05 and ***, p < 0.001 for the indicated comparisons in B using one-way analysis of variance

and Tukey's post-hoc test.

gesting that these proteins interact in response to oxidative
stress-induced DNA damage (Fig. 2D). Additionally, the
increased association of OGG1 and PARP-1 after oxidative
stress was observed despite DNase treatment, suggesting that it
is mediated through a protein-protein interaction (supplemen-
tal Fig. S1B).

To further characterize the interaction between PARP-1 and
OGG1, we generated GST-tagged fragments of OGGLI corre-
sponding to different and overlapping regions of OGG1 (Fig.
2E). Incubation of these fusion proteins with PARP-1 in an in
vitro binding assay (Fig. 2, E and F) revealed that PARP-1 binds
to the N-terminal region of OGG1, specifically within amino
acids 79-180 of OGG1 (Fig. 2F). In addition, we mapped the
region where OGG1 binds to PARP1 (Fig. 2, G and H). We
found that OGG1 binds to the BRCT domain of PARP-1, a
domain that is important in mediating protein-protein interac-
tions. To a lesser extent, GST-OGG1 also bound to the DNA
binding domain; however, this binding was abrogated by
ethidium bromide, suggesting that it is mainly mediated
through DNA (Fig. 2H).

OGG1 Stimulates PARP-1 Activity—We wanted to examine
whether OGG1 can affect PARP activity. We initially used an in
vitro assay to test this idea and found that OGG1 stimulates the
poly(ADP-ribosyl)ation activity of PARP-1 on immobilized his-
tones (Fig. 3A). This effect was more pronounced when the
assay was performed in the presence of activated DNA, which
stimulates PARP-1 activity (Fig. 3B). To make certain that
PARP-1 is directly activated by OGG1 and to exclude the pos-
sibility that purified OGG1 proteins were contaminated with
DNA, we used recombinant OGG1 purified from other labora-
tories. Consistent with the findings in Fig. 3 using commercial
OGG1 from New England Biolabs, recombinant OGG1 from
other sources also activated PARP-1 (supplemental Fig. S2A).
In addition, we found that the bacterial glycosylase Fpg, which
has cleavage activity similar to OGGI but lacks the specific
interaction with PARP-1, did not affect PARP activity (supple-
mental Fig. S2B). This suggests that under these experimental
conditions cleavage of 8-0x0G in the chromatin DNA does not
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substantially contribute to the OGG1-mediated activation of
PARP-1 in this assay.

To further address whether OGG1 affects PARP-1 function,
we examined whether the lack of OGG1 alters the poly(ADP-
ribosyl)ation activity of PARP-1 after oxidative stress. We
treated cells with 500 um H,O, for 10 min, which is a time
course, and concentration of this DNA-damaging agent that
has been commonly used to study the activation of PARP-1
(47). To examine how reduction of OGG1 may affect PARP-1
activity, we used mouse embryo fibroblasts (MEFs) derived
from OGG1 /= or WT mice (38). In both cell lines the basal
level of PAR production was very low, as observed by immuno-
fluorescence labeling of cells for PAR (Fig. 4A, left panels).
Treatment with H,O, for 10 min induced a dramatic increase
in the amount of PAR synthesis in the WT MEFs (Fig. 44, right
panels). However, there was a significant reduction in the syn-
thesis of PAR in OGG1 ™/~ cells. We quantified this and found
that there was a significant decrease in the number of PAR-
positive nucleiin OGG1 ™/~ cells compared with WT control in
response to oxidative stress (Fig. 4B). Impaired PAR formation
in response to H,0O, was also observed in HeLa cells that were
generated to stably knockdown OGG1 (data not shown).

It has previously been reported that PARP expression may
regulate the levels of OGG1 (48). However, the effects we
observed on PAR synthesis are likely not due to decreased
expression of PARP-1, as PARP-1 protein levels were not
changed significantly in the MEFs regardless of OGG1 expres-
sion (Fig. 4C). In addition, PARP-1 expression was not altered
during this time course of treatment with H,O, (Fig. 4C).

The lower amount of PAR in OGG1 ™/~ cells could also be
due to a decreased number of strand breaks as 8-oxoG and
possibly other lesions are not properly incised in these cells. To
test this possibility, we performed the single cell gel electropho-
resis (comet) assay under alkaline conditions, which measures
alkaline-sensitive sites that include single-strand breaks, alka-
line labile sites, and transient repair sites. In the absence of
DNA damage, there was very little difference in the amount of
endogenous DNA damage between WT and OGG1 ™/~ MEFs
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(Fig. 4D), consistent with the very low PAR levels in untreated
cells (Fig. 4A). However, after treatment with H,O, there was a
significant increase in the amount of DNA damage in
OGG1~/~ cells compared with WT cells (Fig. 4D), indicating
that the number of strand breaks in OGG1 ™/~ cells after H,O,
treatment may not explain the lower levels of PAR in these cells.
Nevertheless, we cannot exclude the possibility that we may be
unable to detect an in vivo difference in strand breaks, as differ-
ent alkaline-sensitive sites are measured under these experi-
mental conditions.

PARP-1 Modulates OGGI Activity—To determine whether
PARP-1 alters the incision activity of OGG1, we incubated the
purified proteins with a radiolabeled DNA duplex containing a
single 8-0x0G lesion. OGG1 effectively cleaved the substrate at
the 8-0x0G lesion (Fig. 5, A and C). Preincubation of PARP-1
alone with OGG1 has a slight concentration-dependent inhib-
itory effect on OGG1 activity, although this effect is non-signif-
icant (Fig. 5, A and B). However, activated PARP-1 significantly
inhibits the incision activity of OGG1 in a concentration-de-
pendent manner (Fig. 5, A and B). Furthermore, we found that
OGGL1 incision activity increased with its concentration and
that activated PARP-1 inhibited OGG1 activity at all concen-
trations (Fig. 5C). To ensure that decreased 8-0xoG cleavage
was due to PARP-1 activity and not factors such as NAD " that
are in the PARP-1 cocktail and necessary for PARP-1 activation,
we incubated OGG1 in the absence of PARP-1 and in the pres-
ence of the PARP-1 cocktail. We did not observe any significant
change in activity when OGG1 was incubated with the PARP-1
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to WT using Student’s t test.

cocktail relative to OGG1 alone (Fig. 54). In addition, similar to
these results, PARP-1 impaired OGG1 activity when incubated
with NAD™ alone (data not shown). Interestingly, under the
conditions of our assay, preincubation of OGG1 with PAR did
not significantly affect OGGL incision activity (Fig. 54), sug-
gesting that PARP-1 is important for modulating OGG1
activity.

Given our in vitro data that PARP-1 inhibits OGGI activity,
we wanted to qualitatively examine whether PARP-1 influences
the level of the OGG1-sensitive base lesion 8-0x0G in cells.
Consistent with previous reports, untreated cells have an
endogenous background level of 8-oxoG (Fig. 5D) (28, 30, 49).
The levels of 8-0xoG were similar to untreated cells when cells
were incubated with the PARP inhibitor ABT-888. However,
treatment of cells with the DNA-damaging agent menadione
increased the level of 8-0x0G. Interestingly, inhibiting PARP-1
in the presence of menadione reduced the levels of 8-0x0G to
close to background levels (Fig. 5D). These data suggest that
PARP-1 activity influences 8-0xoG levels in vivo.

Several OGG1 polymorphisms have been reported and cor-
relate with diseases including cancer and Alzheimer disease
(25, 26, 50, 51). Two frequently observed OGG1 polymor-
phisms include the R229Q and S326C mutations in the C ter-
minus of OGGL1 (17, 52). Previously, we and others have shown
that these OGG1 variants have defective enzymatic activity and
other unique properties distinct from the wild-type enzyme
(37, 52-54). Therefore, we wanted to investigate whether these
polymorphisms affect binding to PARP-1. We purified GST-
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tagged polymorphic variants of OGG1 and found that both the
S$326C and R229Q) proteins were able to bind PARP-1 similar to
OGG1 wild-type both in liver and brain nuclear extracts and in
an in vitro binding assay (Fig. 6, A—C).

To test whether the polymorphic variants activate PARP-1,
we initially performed ELISA assays that measure the amount
of PAR deposited by PARP-1 on immobilized histones. We
found that both the R229Q and S326C polymorphic proteins
were defective in activating PARP-1 compared with wild-type
OGG]1 (Fig. 6D). In addition, we incubated the various GST
fusion proteins with activated PARP-1, washed with buffer con-
taining detergent to remove unbound PARP-1, and ran these
samples on an SDS-polyacrylamide gel. As expected, immuno-
blotting with anti-PAR antibodies revealed that there was very
little PAR in the GST lane, indicating that activated PARP does
not bind to GST. We observed a decrease in poly(ADP-ribosy-
)ation when the R229Q and S326C polymorphic variants were
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incubated with activated PARP-1 compared with wild-type
OGG]1 (supplemental Fig. S3). Similar effects were observed
when the assays were performed without activated DNA (sup-
plemental Fig. S3). However, analogous to Fig. 3B, more sub-
stantial PARP-1 activation was observed when the assays were
performed in the presence of activated DNA. To confirm that
PARP-1 activation was not due to DNA contamination in our
OGG]1 preparations, we treated wild-type OGG1 with DNase
before adding it to the ribosylation reaction. We found that
DNase treatment did not affect the ability of OGGL to stimulate
PARP-1 activity (data not shown), indicating that OGG1 acti-
vates PARP-1 through a protein-protein interaction.

Loss of OGGI Sensitizes Cells to PARP-1 Inhibitors—Cur-
rently, PARP inhibitors are being used clinically as single-agent
anticancer drugs or in combination with different DNA-dam-
aging agents to enhance chemosensitization (55, 56). We
wanted to examine whether cells deficient in OGG1 display an
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OGGT1 antibodies were used to visualize the amount of GST-OGG1 fusion
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without the addition of PARP-1. D, an ELISA assay was used to measure the
amount of PAR deposited by PARP-1 on immobilized histones. WT, R229Q, or
$326C (0.5 ng) recombinant proteins were incubated with PARP-1 (2 ng) for 6
min before the addition of activated DNA and PARP-1 cocktail. The histo-
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and Tukey'’s post-hoc test.

altered sensitivity to PARP inhibitors alone or in combination
with a DNA-damaging agent. To mimic the physiological con-
ditions of treatment, we exposed cells to prolonged low doses of
the PARP inhibitor ABT-888 alone or in combination with
H,O,. Incubation with the PARP inhibitor alone had minimal
effects on WT cells, but both colony formation and cell survival
were significantly lower in OGG1 ™/~ cells than WT cells when
treated with ABT-888 alone (Fig. 7). Moreover, combining
ABT-888 and H,O, was also effective in reducing colony for-
mation and cell survival in OGG1 ™/~ cells compared with wild-
type cells (Fig. 7). In addition, a dose-dependent effect was
observed when we used varying concentrations of ABT-888
alone and in combination with a higher concentration of H,O,
over a shorter time course (supplemental Fig. S4). Similar to
previous findings, there was no significant difference in either
cell survival or colony formation between WT and OGG1 ™/~
cells when exposed to low doses of H,O, alone (57).

To confirm that the effects of ABT-888 that we observed are
through PARP inhibition, we used RNA interference to down-
regulate PARP-1 expression in WT and OGG1 '~ cells (sup-
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plemental Fig. S4, Cand D). ABT-888 decreased cell viability of
OGG1~/" cells transfected with control siRNA, similar to
untransfected OGG1 ™/~ cells (supplemental Fig. 4, B and D).
However, OGG1 /™ cells transfected with PARP-1 siRNA were
insensitive to the effects of ABT-888 alone or in combination
with H,O, (supplemental Fig. 4D), indicating that the
decreased cell survival caused by ABT-888 treatment is mainly
through inhibiting PARP.

DISCUSSION

Normal cells are continuously faced with oxidative DNA
damage. Various DNA repair mechanisms, including the BER
pathway, are important to protect genomic integrity and to aid
in the prevention of mutations that could cause disease or cell
death. It is, therefore, important to unravel the intricate works
of the different DNA repair pathways and to characterize the
various interactions that occur for repair to proceed. Here, we
have uncovered a novel protein-protein interaction between
the DNA glycosylase OGG1 and the DNA sensor protein
PARP-1. Our results indicate that PARP-1 binds to OGG1
through the N terminus of OGG1 and that this interaction is
enhanced by oxidative stress. Cells with decreased OGG1
expression have a defect in the poly(ADP-ribosyl)ation of cel-
lular proteins after treatment with a DNA-damaging agent.
This deficiency could be caused by decreased PARP-1 expres-
sion and/or activity. We found that PARP-1 expression is not
significantly altered in OGG1~/~ MEFs compared with WT
MEFs. Therefore, it is likely that decreased PARP-1 activity
contributes to impaired PAR synthesis of nuclear proteins after
DNA damage. In agreement with this idea, we found that
OGG1 can stimulate PARP-1 activity in vitro. Alternatively,
OGG1 expression may enhance only PARP-1 automodification
rather than influencing PAR formation on target proteins. Nev-
ertheless, our data demonstrate that OGG1 can stimulate
PARP-1 activity, which may explain the lack of poly(ADP-ribo-
syl)ation in cells with decreased levels of OGG1. However, we
cannot rule out that there may be differences in the protein
expression and/or activity of other components of the oxidative
stress pathway that may contribute to optimal PAR formation
in control versus OGG1 ™/~ cells. Nonetheless, these data indi-
cate a potential functional importance of the OGG1-/PARP-1
complex in the early response to DNA damage.

It is interesting that under our experimental conditions PAR
binding was not sufficient to affect OGG1 incision activity.
Rather, incubation of OGG1 with PARP-1 activated by a PARP
cocktail or NAD ™ alone inhibited the ability of OGG1 to excise
damaged DNA lesions, suggesting that PARP-1 activity is
important for regulating OGG1. In the absence of cofactors, we
did find that PARP-1 alone had a slight, although non-signifi-
cant effect on OGGL activity. This may be due to PARP-1 bind-
ing to DNA and occluding the target lesion. However, in
response to DNA damage, the catalytic activity of PARP-1 is
highly stimulated, which leads to automodification of PARP-1,
suggesting that under conditions of oxidative stress PARP-1
activity may be important for regulating OGG1. In support of
this idea, OGG1 binding to PARP-1 is enhanced by DNA dam-
age and OGG1 binds to auto(ADP-ribosyl)ated PARP-1. Fur-
thermore, inhibition of PARP-1 reduced the level of 8-0x0G in
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response to a DNA-damaging agent, indicating that PARP-1
plays a role in influencing the level of the OGG1 sensitive base
lesion 8-0x0G. It will be important in the future to examine the
effect of PARP-1 on 8-oxoG and potentially other oxidative
base lesions through direct measurements in the cellular DNA.

Taking these results together, we hypothesize that OGG1
binding to PARP is important for the early steps of repair of
oxidative DNA damage. At sites of DNA damage, OGG1 would
excise the damaged lesion and activate PARP-1. In vivo, OGG1
may also stimulate PARP-1 activity by creating abasic sites that
AP endonuclease 1 would convert to single-strand breaks (13).
Activated PARP-1 would then poly(ADP-ribosyl)ate itself and
other nuclear proteins. PAR synthesis at the damaged sites
would then serve to recruit important DNA repair proteins
such as XRCCI1. The scaffolding protein XRCC1 binds prefer-
entially to PARP-1 when it is poly(ADP-ribosyl)ated, and its
recruitment affects the repair process by stimulating most of
the repair enzymes (58). OGG1 and PARP-1 both bind to
XRCC1 and may form a multiprotein complex in cells (31, 58),
suggesting that OGG1/PARP1 binding may be important for
recruiting proteins to damaged sites. PARP-1 may then inhibit
the glycosylase activity of OGG1, and OGG1 would then be
released from the damaged DNA, enabling other proteins to
facilitate repair (4, 32, 33).

Our data indicate that in the absence of OGGI, the poly-
(ADP-ribosyl)ation activity of PARP-1 is impaired, and
decreased PAR was observed on nuclear proteins. This suggests
that the formation of PAR-dependent multiprotein complexes
may be impaired in cells lacking OGG1. This impairment in the
recruitment and binding of BER proteins may then delay the
DNA repair process or potentially lead to the accumulation of
damaged DNA. Importantly, several of the OGG1 polymor-
phisms have been shown to have decreased catalytic activity,
which may hinder the activation of PARP-1 and the early steps
in the BER pathway (37, 51-54). Indeed, both the R229Q and
$326C have an impaired ability to activate PARP-1 compared
with wild-type OGGLI. This difference may be due to the fact
that the S326C polymorphism exists as a dimer and has
decreased enzymatic activity compared with wild-type and the
R229Q polymorphism has decreased activity and is a thermo-
labile protein (37, 51-54). Future work lies in further under-
standing the interplay between the OGG1 polymorphisms and
PARP-1. Nevertheless, it is interesting to speculate that inade-
quate DNA repair by these polymorphisms could help to
explain the association of these proteins with increased cancer
risk (59, 60). In addition, loss of heterozygosity of OGG1 has
been observed in lung, renal, and esophageal cancers (17-21),
which may also contribute to the disease process. In support of
this idea, OGG1 ™/~ mice have a predisposition for the devel-
opment of lung tumors (16), and polymorphisms of OGG1,
including the S326C and R229Q variants, have been positively
associated with several diseases, such as various cancers and
Alzheimer disease (59, 60).

Our results provide evidence that in the absence of OGG1,
cells are more sensitive to PARP inhibitors as a single agent or in
combination with a DNA-damaging agent, H,O,. This
increased sensitivity could have clinical relevance because can-
cer cells that express lower levels of OGG1 may be more sus-
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ceptible to PARP inhibitors such as ABT-888, olaparib, or ini-
parib as single agents or when used in combination with other
chemotherapeutic agents. As many PARP inhibitors are cur-
rently being used to treat various cancers (55, 56), it will be
interesting to determine whether OGG1 tumor expression cor-
relates with efficacy of treatment with these anti-cancer drugs.
In addition, it will be important to further characterize the rela-
tionship between OGG1 and PARP-1 in various cancers.

To our knowledge this represents the first example of
PARP-1 binding to a DNA glycosylase. It will be interesting in
the future to determine whether PARP-1 binds to and regulates
the activity of other glycosylases. Nonetheless, the results
reported here provide important insight into the factors that
regulate the BER pathway and increase our understanding of
the complex interactions that occur in response to oxidative
stress.
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