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1. Introduction

ABSTRACT

Rad9-Rad1-Hus1 (9-1-1) is a checkpoint protein complex playing roles in DNA damage sensing, cell
cycle arrest, DNA repair or apoptosis. Human 8-oxoguanine DNA glycosylase (hOGG1) is the major DNA
glycosylase responsible for repairing a specific aberrantly oxidized nucleotide, 7,8-dihydro-8-oxoguanine
(8-0x0G). In this study, we identified a novel interaction between hOGG1 and human 9-1-1, and investi-
gated the functional consequences of this interaction. Co-immunoprecipitation assays using transiently
transfected HEK293 cells demonstrated an interaction between hOGG1 and the 9-1-1 proteins. Subse-
quently, GST pull-down assays using bacterially expressed and purified hOGG1-His and GST-fused 9-1-1
subunits (GST-hRad9, GST-hRad1, and GST-hHus1) demonstrated that hOGG1 interacted directly with the
individual subunits of the human 9-1-1 complex. In vitro excision assay, which employed a DNA duplex
containing an 8-0xoG/C mismatch, showed that hRad9, hRad1, and hHus1 enhanced the 8-0xoG excision
and B-elimination activities of hOGG1. In addition, the presence of hRad9, hRad1, and hHus1 enhanced the
formation of covalently cross-linked hOGG1-8-0x0G/C duplex complexes, as determined by a trapping
assay using NaBHy. A trimeric human 9-1-1 complex was purified from Escherichia coli cell transformed
with hRad9, His-fused hRad1, or His-fused hHus1 expressing vectors. It also showed the similar activ-
ity to enhance in vitro hOGG1 glycosylase activity, compared with individual human 9-1-1 subunits.
Detection of 8-o0xoG in HEK293 cells using flow cytometric and spectrofluorometric analysis revealed
that over-expression of hOGG1 or human 9-1-1 reduced the formation of 8-0xoG residues following the
H,0; treatment. The highest 8-0xoG reduction was observed in HEK293 cells over-expressing hOGG1
and all the three subunits of human 9-1-1. These indicate that individual human 9-1-1 subunits and
human 9-1-1 complex showed almost the same abilities to enhance the in vitro 8-oxoG excision activity
of hOGG1, but that the greatest effect to remove 8-0xoG residues in H,O,-treated cells was derived from
the 9-1-1 complex as a whole.

© 2009 Elsevier B.V. All rights reserved.

7,8-dihydroxy-8-oxoguanine (8-oxoguanine, 8-0x0G), is the most
abundant product of ROS-induced DNA lesion and is a key indica-

Reactive oxygen species (ROS) are generated during normal cel-
lular respiration or because of exposure to certain environmental
agents. ROS induce DNA damage that involves several oxidized base
modifications within free nucleotides or DNA strands [1,2]. Such
DNA damage may cause loss of both genomic integrity and aging-
associated cellular regulation; it is also associated with a variety of
diseases, including cancer [3,4]. A stable oxidized form of guanine,
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tor of cellular oxidative stress [5,6]. All organisms utilize DNA base
excision repair (BER) pathways to repair oxidatively induced DNA
lesions, including 8-0xoG [7,8]. BER is mediated by specific DNA gly-
cosylases that recognize and hydrolyze the modified base [7,9,10].
Human 8-oxoguanine DNA glycosylase (hOGG1) is a representa-
tive BER DNA glycosylase that removes mutagenic 8-0xoG lesions
situated opposite cytosines and generates apurinic/apyrimidinic
(AP) sites [11-13]. Although hOGG1 utilizes its AP-lyase activity
(B-elimination) to cleave the strand 3’ to the AP site [14], hOGG1
does not effectively catalyze stand cleavage; its AP-lyase activity is
significantly lower than its glycosylase activity. Instead, AP endonu-
clease I (APE1, or ref-1) recognizes the AP site and cleaves the DNA
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backbone 5’ to the AP site, generating a 3’ hydroxyl group and a 5/
phosphate group [15].

Human Rad9-Rad1-Hus1 (9-1-1) complex, a heterotrimeric
complex that is structurally homologous to the homotrimeric pro-
liferating cell nuclear antigen (PCNA), plays a key role in checkpoint
activation [16,17] and functions as a DNA damage sensor. The 9-1-1
subunits form a DNA damage-responsive complex that clamps
around the damaged DNA and transduces the damage signal to
downstream effectors. Replication stress or other types of DNA
damage result in phosphorylation and activation of checkpoint
kinase 1 (Chk1) through ataxia telangiectasia and Rad3-related
protein (ATR) [18]. Activated Chk1 plays a critical role in cellular
checkpoint responses by stabilizing stalled replication forks, block-
ing the firing of late origin of replication forks, and arresting cells
at G2/M phase. The human 9-1-1 complex is a key participant in
the ATR-dependent signaling pathway that mediates Chk1 activa-
tion. Together, these proteins play a critical role in facilitating DNA
replication and maintaining genomic integrity [19]. Recent work
suggested that the human 9-1-1 complex interacts with the BRCT
[-1Iregion of TopBP1. This interaction induces the TopBP1 activation
domain to bind and activate ATR, thus mediating Chk1 phosphory-
lation by ATR [20,21].

The 9-1-1 complex also functions as a collaborator to enhance
the repair activity of BER proteins. Specifically, the 9-1-1 complex
directly interacts with and stimulates the activation of the BER-
related proteins APE1, flap endonuclease I (FEN1), polymerase 3,
and DNA ligase I [22-26]. Additionally, the human 9-1-1 complex
physically and functionally interacts with DNA glycosylases such as
MutY homolog (MYH), Nei-like glycosylase I (NEIL1), and thymine
DNA glycosylase (TDG) [27-30].

To our knowledge, this work is the first to report that hRad9,
hRad1, and hHus1 physically and functionally interacted with
hOGG1, and that these interactions increased the catalytic activ-
ity of hOGG1 by enhancing its DNA binding activity. In addition,
HEK293 cells transiently over-expressing hOGG1 or human 9-1-1
dramatically reduced the levels of H,O,-induced 8-0xoG residues.

2. Materials and methods
2.1. Cell lines

Human embryonic kidney HEK293 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carls-
bad, CA) supplemented with 10% FBS (Invitrogen) and 1%
penicillin-streptomycin solution (Sigma, St. Louis, MO) at 37°C in
a 5% CO, incubator. HEK293 cells were seeded onto 6-well plates
at a density of 1 x 10° cells per well and incubated for 24 h before
experiments. Escherichia coli strain BL21 (DE3) was used as a host
for cloning and purification of recombinant proteins.

2.2. Expression plasmid construction

Gene fragments corresponding to the coding regions of hOGG1,
hRad9, hRad1, and hHus1 (accession numbers: hOGG1, NM016821;
hRad9, NM004584; hRad1, NM002853; hHus1, NM004507) were
amplified using PCR. The hOGG1 fragment was sub-cloned into
pCMV Tag3A using EcoRI and Sall sites (Stratagene, La Jolla, CA);
hRad9, hRad1, and hHus1 fragments were sub-cloned into pCMV
Tag2C using BamHI and Sall sites (Stratagene). To facilitate expres-
sion and purification of the recombinant hOGG1, hRad9, hRad1,
and hHus1 proteins, C-terminal polyhistidine-tagged DNA frag-
ments were generated from the pCMV Tag3A/hOGG1 or pCMV
Tag2C containing hRad9, hRad1, or hHus1 constructs using PCR.
These tagged constructs were then sub-cloned into the pGEX4T-
1 bacterial expression vector (GE Healthcare, Princeton, NJ).

Also, polyhistidine-untagged hRad9 (hRad9), polyhistidine-tagged
hRad9 (His-hRad9), polyhistidine-tagged hRad1 (His-hRad1), and
polyhistidine-tagged hHus1 (His-hHus1) fragments were sub-
cloned into pET-28a (EMD Chemicals Inc., San Diego, CA) or
modified pET-28a expression vectors containing different antibi-
otics (ampicillin, streptomycin, or chloramphenicol) resistance
genes. The identities of all constructs were confirmed by both
restriction enzyme mapping and DNA sequence analyses.

2.3. Transient expression of hOGG1, hRad9, hRad1, and hHus1

Expression vectors were transiently transfected into 80-90%
confluent HEK293 cells in 6-well plates or 100 cm? dishes using
Lipofectamine™ 2000 reagent (Invitrogen) according to the man-
ufacturer’s protocol. After a 36 h incubation, cells were lysed in
lysis buffer [50 mM Tris-HCl (pH 8.0), 100 mM NacCl, 5 mM EDTA,
1 mM NaF, 1 mM Na3VOy, 1% Nonidet P-40, 10 g/ml PMSF, protease
inhibitor cocktail (Sigma)] for 1h at 4°C with occasional vortex-
ing. After centrifugation, supernatants were collected and used in
the Western blot analysis and immunoprecipitation experiments
described below.

2.4. Co-immunoprecipitation

Total cell lysates were collected from the HEK293 cells trans-
fected with different sets of expression vectors and pre-cleared
with 30 wl protein G-Sepharose beads (Santa Cruz Biotech., Santa
Cruz, CA) to remove nonspecific proteins. After 1h incubation,
cell lysates were separated from the beads by centrifugation. Pre-
cleared supernatants were incubated for 3 h with 2 g of anti-c-myc
(Santa Cruz Biotech.) followed by 12h incubation with 30 ul of
protein A/G-Sepharose beads, all at 4°C under gentle rotation.
Protein—-bead complexes were precipitated by centrifugation at
600 x g for 5 min, washed five times with washing buffer (1:1 mix-
ture of lysis buffer and PBS), and mixed with 2 x SDS polyacrylamide
gelloading buffer. After boiling for 5 min, immunoprecipitated sam-
ples were resolved on SDS polyacrylamide gel and subjected to
Western blot analysis.

2.5. Expression and purification of hOGG1, GST-fused hRad9,
hRad1 and hHus1

E. coli cells harboring the expression vectors described above
(pGEX4T-1/hOGG1-His, pGEX4T-1/hRad9-His, pGEX4T-1/hRad1-
His, or pGEX4T-1/hHus1-His) were cultured in LB medium
supplemented with 50 pg/ml ampicillin. When cells reached an
Agoo of 0.6, protein expression was induced by adding isopropy-
Ithiogalactoside (IPTG, final concentration of 0.2 mM) to the cells
and incubating for 16 h at 18 °C. Cells were harvested, resuspended
in PBS (pH 7.4), and lysed by ultrasonication. Following centrifu-
gation at 16,000 x g for 30 min, the supernatant was applied to
glutathione-Sepharose 4B resin (GE Healthcare) pre-equilibrated
with PBS. After washing with five column volumes of PBS, the
GST fusion protein of interest (GST-fused hOGG1, hRad9, hRad1,
or hHus1) was eluted with a buffer containing 50 mM Tris-HCl
(pH 8.0) and 10 mM reduced glutathione. GST-fused hOGG1 was
subsequently cleaved with thrombin (10U/mg of fusion protein)
for 16 h at 4°C, and the resulting protein mixture was applied
to a Ni-NTA agarose resin (Qiagen, Valencia, CA) pre-equilibrated
with a binding buffer (50 mM NaH,PO4, 300mM NaCl, 10 mM
imidazole). After washing with five column volumes of binding
buffer, proteins bound to the resin were eluted with elution buffers
containing different concentrations of imidazole (from 100 to
500 mM). Protein fractions containing GST-fused hRad9, hRad1, or
hHus1, partially purified with the glutathione-Sepharose 4B resin
as described above, were further purified using the Ni-NTA agarose
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resin protocol as described above. Protein purity was verified using
SDS-PAGE and Coomassie brilliant blue staining. Purified proteins
were dialyzed, concentrated with Vivaspin columns (Vivascience,
Germany), and stored at —80 °C. Protein concentrations were deter-
mined using the Bio-Rad DC protein assay kit (Bio-Rad, Hercules,
CA).

2.6. Expression and purification of a trimeric 9-1-1 complex

E. coli cell co-transformed with hRad9, His-hRad1 and His-
hHus1 expressing vectors was cultured in LB broth medium
containing antibiotics (ampicillin, streptomycin and chlorampheni-
col). Protein expression was induced at an Aggg of 0.6 by adding
IPTG (a final concentration of 0.2 mM), and the cells were incu-
bated for 16h at 18°C. The cells were harvested, resuspended
in a binding buffer, and lysed by ultrasonication. Following cen-
trifugation at 16,000 x g for 30 min, the supernatant was applied
to a Ni-NTA agarose resin pre-equilibrated with a binding buffer.
After washing with five column volumes of binding buffer, pro-
teins bound to the resin were eluted with the elution buffers
containing 500mM imidazole. The fraction was dialyzed, con-
centrated with Vivaspin column, and applied to a Superdex 200
(10/30GL) column (GE Healthcare) pre-equilibrated with 50 mM
phosphate buffer (pH 7.0). Proteins were eluted with the equi-
librated buffer at 0.5ml/min flow rate. The presence of hRad9,
His-hRad1, and His-hHus1 in each elute fraction (2.0 ml) was ver-
ified using SDS-PAGE and Coomassie brilliant blue staining. Also,
His-hRad9, His-hRad1, or His-hHus1 was separately expressed from
E. coli cells transformed with polyhistidine-tagged hRad9, hRad1, or
hHus1 expressing vectors and purified by affinity chromatography
using Ni-NTA agarose resin as described above.

2.7. GST pull-down assay

Purified hOGG1-His (1 pg) was mixed with 1 g purified GST,
GST-hRad9, GST-hRad1, or GST-hHus1 in a 1.5-ml microcentrifuge
tube containing 300 .1 of pre-equilibrated glutathione-Sepharose
4B beads in PBS, followed by incubation for 12 h at 4°C with gen-
tle rotation. Beads were then centrifuged at 600 x g for 5 min and
washed five times with 1 ml of PBS. Proteins bound to the beads
were eluted [50 mM Tris-HCl (pH 8.0), 10 mM reduced glutathione]
and resolved on a 12% SDS polyacrylamide gel. The proteins were
subsequently analyzed by Western blot using anti-His (Santa Cruz
Biotech.).

2.8. Western blot analysis

Proteins resolved on 8-12% SDS-polyacrylamide gels were
transferred onto polyvinylidene difluoride (PVDF) membranes (GE
Healthcare). The membranes were blocked overnight at 4°C with
5% nonfat dried milk in TBS-T (TBS with 0.05% Tween-20) and then
incubated with anti-c-myc, anti-flag, anti-GST (Sigma), anti-His or
anti-hRad9 (Santa Cruz Biotech.), followed by an incubation with
appropriate horseradish peroxidase (HRP) conjugated secondary
antibodies (Santa Cruz Biotech.). Protein bands were detected using
ECL Pico Western blotting detection reagents (Pierce, Rockford, IL).

2.9. Invitro hOGG1 excision assay

DNA glycosylase activity was assayed using 39-mer duplex
oligonucleotide substrates carrying 8-oxoguanine (8-0xoG) at posi-
tion 16 [5'-GGA TCC TCT AGA GTC (8-oxoG)AC CTG CAG GCA
TGC AAG CTT GAG-3'] and complement oligonucleotides carry-
ing cytosine in the pairing position of 8-0xoG (3’-CCT AGG AGA
TCT CAG GTG GAC GTC CGT ACG TTC GAA CTC-5’) (Bio-Synthesis

Inc., Lewisville, TX). Oligonucleotides containing 8-oxoG were 5'-
end-labeled with T4 polynucleotide kinase (New England Biolabs.,
Ipswich, MA) in the presence of ['y-32P] ATP and purified through a
Microspin Sephadex G-50 column (GE Healthcare). Oligonucleotide
duplexes were prepared using annealing reactions containing a
1.5-fold molar excess of the unlabeled complementary oligonu-
cleotide. Activity assays were performed in 20 .l reaction volumes
with variable concentrations of protein and 1 pmol of the radiola-
beled 39-mer oligonucleotide duplex in a reaction buffer [50 mM
Tris—-HCI (pH 7.5), 100 mM NacCl]. After incubating at 37°C for 1h,
reactions were terminated using 2x alkaline loading buffer (95%
formamide, 10 mM EDTA, 0.05% bromophenol blue) and heated at
95 °C for 5 min. Reaction mixtures were resolved by electrophoresis
on a denaturing 18% polyacrylamide gel containing 7 M urea in 1x
TBE buffer (90 mM Tris, 90 mM boric acid, 2 mM EDTA). The gel was
dried and placed on an imaging plate; DNA cleavage products were
quantified using a BAS2000 image analyzer (Fuji, Tokyo, Japan).

2.10. hOGG1 trapping assay using NaBH4

Trapping assay mixtures were assembled in 20 pl volumes with
variable combinations of proteins and 1 pmol of the radiolabeled
39-mer oligonucleotide duplex in a reaction buffer [50 mM Tris—-HCI
(pH 7.5), 100 mM NaCl, 50 mM NaBHy]. After incubating at 37 °C for
30 min, samples were mixed with 5l of 5x SDS polyacrylamide
gel loading buffer, boiled at 95 °C for 5 min, and separated on a 12%
SDS polyacrylamide gel. The gel was dried and placed on an imag-
ing plate; trapped hOGG1-DNA complexes were quantified using a
BAS2000 image analyzer.

2.11. Immunofluorescence microscopy

To determine the subcellular location of hOGG1 and hRad9,
HEK293 cells seeded on polylysine-coated cover slips were tran-
siently transfected with c-myc-hOGG1 expressing vectors (pCMV
Tag 3A/hOGG1) for 24h and treated with 5mM H,0, for 1h. At
room temperature, cells were fixed with 4% paraformaldehyde in
PBS for 30 min and permeabilized with 0.25% Triton X-100 in PBS
for 30 min. After blocking with 1% BSA in PBS-T (PBS containing 0.5%
Tween-20) for 30 min, cells were incubated with Alexa Fluor 647-
conjugated mouse anti-c-myc (1:100; AbD Serotec, Oxford, UK) and
hRad9 polyclonal antibody (1:100; Santa Cruz Biotech.) for 2 h. The
cells were washed three times for 15 min each in PBS and incu-
bated with FITC-conjugated anti-rabbit IgG (1:100; Sigma) for 2 h.
Cells were rinsed three times with 1ml of PBS and viewed with
a confocal fluorescence microscope (Olympus FV-1000; software:
Olympus Fluoview; Olympus, Center Valley, PA).

2.12. Detection of 8-0xoG in cells

In vivo 8-0x0G lesions in cells were detected using a fluores-
cent probe that binds directly to 8-0xoG moieties in the DNA of
fixed cells (OxyDNA assay kit; Calbiochem, La Jolla, CA), according
to the manufacturer’s instructions. HEK293 cells were transfected
with hOGG1, hRad9, hRad1, or hHus1 expressing vectors, incubated
for 24h, and treated with 5mM H,0, for 1h. Cells harvested by
trypsinization were washed with PBS, fixed with 2% paraformalde-
hyde for 15 min on ice, and treated with ice-cold 70% ethanol for 1 h
at —20°C. After several washings with PBS and wash solution, cells
were blocked and stained with FITC-conjugated probes (fluores-
cence probes that bind 8-0x0G residues) for 12 h at 4 °C with gentle
shaking. Cells were washed five times with wash solution and ana-
lyzed with a flow cytometer (FACSCalibur, BD Bioscience, San Jose,
CA). Fluorescence emitted from the FITC-conjugated probes was
estimated using a minimum of 10,000 cells per sample and ana-
lyzed using Cell Quest Alias software (BD Biosciences).
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Fig. 1. hOGG1 interacted with hRad9, hRad1 and hHus1. (a) Co-immunoprecipitation and Western blot analysis were performed using lysates of HEK293 cells transfected
with c-myc-hOGG1, flag-hRad9, flag-hRad1, or flag-hHus1 expressing vector. After co-immunoprecipitation using c-myc antibody, the flag-hRad9, flag-hRad1, and flag-hHus1
that interacted with c-myc-hOGG1 were detected by Western blot analysis using anti-flag. The parental vector pCMV Tag3A (3A) was used as a negative control. (b) Expression
levels of each fusion protein in transfected HEK293 cell lysates were detected with Western blot analysis, using anti-c-myc or anti-flag. IP and IB represent immunoprecipitation
and immunoblotting, respectively. (¢) Co-immunoprecipitation using anti-c-myc was performed with the lysate of HEk293 cell transfected c-myc-hOGG1 expression vector,
pCMV Tag3A/hOGG1. The presence of endogenous hRad9 in immunoprecipitates was determined with Western blot analysis using anti-hRad9.

2.13. Statistical analysis

Experiments were performed three times and statistical anal-
ysis was conducted using Student’s t-test. Data are expressed as
means + SD and P<0.05 was considered significant.

3. Results
3.1. hOGG1 interacted with hRad9, hRad1, and hHus1

To determine whether hOGG1 interacted with human 9-1-1,
we transiently transfected HEK293 cells with expression vec-
tors encoding flag-tagged hRad9, hRadl, hHusl, or c-myc-
tagged hOGG1. Interacting proteins were detected by co-
immunoprecipitation and Western blot analysis using flag or
c-myc antibodies. The hRad1, hHus1, and hOGG1 proteins were
expressed as 34-, 38-, and 40-kDa bands, respectively, corre-
sponding to their expected sizes (Fig. 1b). The hRad9 protein
was expressed as several bands between 50 and 60kDa, prob-
ably due to post-translational modifications. The human 9-1-1
expression appeared constant regardless of c-myc-hOGG1 expres-
sion. Western blot analysis of immunoprecipitated samples using
anti-flag showed that flag-hRad9, hRad1 and hHus1l were co-
immunoprecipitated with hOGG1 (Fig. 1a). While the flag-hRad1,
flag-hHus1, and phosphorylated forms of flag-hRad9 were captured
by hOGG1 immunoprecipitation, the co-immunoprecipitation
of hyperphosphorylated-hRad9 was not observed. The interac-
tion between hOGG1 and hRad9 was further determined with
co-immunoprecipitation of endogenous hRad9 from HEK293
cell extracts being transfected with the c-myc-hOGG1 express-

ing vector, pCMV Tag3A/hOGG1. Endogenous hRad9 was co-
immunoprecipitated with anti-c-myc (Fig. 1c). This demonstrates
that endogenous hRad9 interacted with the over-expressed c-myc-
hOGG1.

We verified the purity of bacterially expressed and purified
hOGG1-His, GST, GST-hRad9, GST-hRad1, and GST-hHus1 using
SDS-PAGE and Coomassie brilliant blue staining (Fig. 2a and b). We
then used the purified proteins in GST pull-down assays to demon-
strate physical interactions between hOGG1 and hRad9, hRad1, and
hHus1. As shown in Fig. 2c, hOGG1-His was pulled down by GST-
hRad9, GST-hRad1, or GST-hHus1, but not GST. The presence of
hOGG1 and GST-fused hRad9, hRad1, hHus1 used in GST pull-down
assay were determined with Western blot analysis using anti-GST
and anti-His (Fig. 2d). Taken together, these results showed that
hOGGT1 directly interacted with all the three subunits of the human
9-1-1 complex.

3.2. hOGG]1 co-localized with hRad9

Since we had demonstrated that the proteins interacted, we next
investigated whether they occupied the same subcellular locations
during oxidative stress. To conduct these experiments, we treated
transiently transfected HEK 293 cells expressing c-myc-hOGG1
with 5 mM H, 0, for 1 h and subjected them to immunofluorescence
assays to explore the subcellular distributions of c-myc-hOGG1 and
endogenous hRad9. Over-expressed c-myc-hOGG1 appeared in the
nucleus of untreated cells (no H,0;; unstressed control) (Fig. 3b).
Endogenous hRad9 was distributed to both cytoplasm and nucleus
of untreated cells (Fig. 3c). A few sites of co-localization of c-myc-
hOGG1 and endogenous hRad9 were observed in nucleus of control
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Fig. 2. hOGG1-His, GST-fused hRad9, hRad1, and hHus1 were purified with a bacterial expression system, and the physical interactions between purified proteins were
analyzed with GST pull-down assays. (a) GST-hOGG1-His was bacterially expressed and purified by affinity chromatography using glutathione-Sepharose 4B and Ni-NTA
agarose resins. To evaluate the purity and estimate the molecular weight of the proteins, the product of each step was analyzed by SDS-PAGE and Coomassie brilliant
blue staining. The arrow indicates the purified hOGG1-His protein. M, molecular size marker: (1) soluble extracts of cells harboring GST-hOGG1-His; (2) GST-hOGG1-His
fraction obtained from affinity chromatography using glutathione-Sepharose 4B resin; (3) protein fractions after thrombin treatment; (4) hOGG1-His fraction purified by
affinity chromatography using Ni-NTA agarose resin. (b) GST-fused hRad9, hRad1, and hHus1 were bacterially expressed and purified by affinity chromatography using
glutathione-Sepharose 4B and Ni-NTA agarose resins. Purified proteins were analyzed by SDS-PAGE and Coomassie brilliant blue staining. (c) One microgram of GST-fused
hRad9, hRad1, hHus1, or GST was immobilized on glutathione-Sepharose 4B resin and incubated with 1 pg of hOGG1-His. The pulled down pellets were resolved using SDS
polyacrylamide gel and detected by Western blot analysis using anti-His. (d) Input proteins used in (c) GST pull-down experiment were determined with SDS-PAGE followed

by Western blot analysis using anti-GST or anti-His.

cells (Fig. 3d). In H,0,-treated cells, most of c-myc-hOGG1 and
endogenous hRad9 were distributed throughout the nucleus, with
occasional clusters (Fig. 3f and g). The majority of the nuclear c-
myc-hOGG1 signal overlapped with the endogenous hRad9 signal,
suggesting hOGG1 and the human 9-1-1 complex occupies some
common sites following DNA damage.

hRad9

hOGG1 Merge

Fig. 3. Co-localization of hOGG1 with hRad9 following H,0, treatment. HEK293
cells were transiently transfected with c-myc-hOGG1 expressing vector. After 24 h
incubation, cells were treated with 5mM H,0; for 1 h (e-h). The cells were stained
with Alexa Fluor 647-conjugated mouse anti-c-myc (red, b and f) and polyclonal anti-
hRad9 followed with FITC-conjugated anti-rabbit IgG (blue, ¢ and g). (a) and (e) are
the cell images. (d) and (h) are the merged images of (b)/(c) and (f)/(g), respectively.

3.3. hRad9, hRad1 and hHus1 enhanced the glycosylase activity
of hOGG1

In order to determine whether hRad9, hRad1, or hHus1 altered
the DNA glycosylase activity of hOGG1, we added purified GST-
hRad9, GST-hRad1 or GST-hHus1 (20 pmol) to increasing doses (5,
10, 20 pmol) of purified hOGG1-His in the presence of a radiola-
beled DNA duplex containing an 8-0xoG/C mismatch (Fig. 4). As
the concentration of hOGG1-His increased, the amount of cleaved
oligonucleotide also increased in a dose-dependent manner. Adding
GST alone did not affect the activity of hOGG1 (Fig. 4c). hOGG1
glycosylase activity was enhanced by the presence of GST-hRad9,
GST-hRad1, or GST-hHus1 (Fig. 4a, lanes 6-8, 10-12, and 14-16).
When 5pmol of hOGG1-His was reacted with 20 pmol of GST-
hRad9, GST-hRad1, or hHus1, hOGG1 activity was increased 3.4, 3.3
or 2.9 times, respectively. Incubating radiolabeled DNA duplexes
containing an 8-0xoG/C mismatch with GST-hRad9, GST-hRad1, or
GST-hHus1 alone (without hOGG1) did not produce cleaved prod-
ucts (Fig. 4a, lanes 5, 9, and 13). We also combined hOGG1-His
(20 pmol) with all the three subunits of the human 9-1-1 com-
plex (20 pmol each of GST-hRad9, GST-hRad1 and GST-hHus1) and
observed its effect on the 8-0xoG/C mismatch DNA (Fig. 4d and e).
GST was used to keep the overall protein concentration identical for
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Fig. 4. hRad9, hRad1, and hHus1 stimulated hOGG1 activity. (a) Purified hOGG1-His (5, 10, or 20 pmol) and GST-fused hRad9, hRad1, and hHus1 (20 pmol/subunit) were
reacted with 1 pmol of 5'-end-labeled 39-mer oligonucleotide duplexes containing an 8-0xoG/C mismatch. After 1 h incubation at 37 °C, the cleavage products were analyzed
using 18% denaturing polyacrylamide gel electrophoresis and a BAS2000 image analyzer. (c) 5'-end-labeled 39-mer oligonucleotide duplexes containing 8-oxoG/C mismatch
were reacted with the mixtures of purified hOGG1-His (5, 10, 20 pmol) and GST (20 pmol) or GST (5, 10, 20 pmol) alone for 1 h at 37 °C. (d) Purified hOGG1-His (20 pmol) and
GST, GST-fused hRad9, hRad1, or hHus1 (20 pmol) were reacted with 1 pmol of 5'-end-labeled 39-mer oligonucleotide duplexes containing an 8-0xoG/C mismatch. After 1h
incubation at 37 °C, the cleavage products were analyzed. (b and e) Cleavage products obtained from three independent experiments of (a) and (d) were quantified, estimated

as % cleavage and plotted with the diagram.

all reactions. Incubation of hOGG1-His with all the three subunits
of the human 9-1-1 complex mediated only a 1.7-fold increase in
hOGGT1 activity, which was less than increases mediated by individ-
ual subunits of the 9-1-1 complex (1.8- to 2.1-fold increases). Taken
together, these results demonstrated that human 9-1-1 enhanced
the in vitro 8-oxoG excision activity of hOGG1.

3.4. hRad9, hRad1, and hHus1 enhanced the DNA binding activity
of hOGG1

Sodium borohydride (NaBH,4) that traps the enzyme in the form
of a covalently bound enzyme-DNA complex [31,32] was treated

with hOGG1-His and the radiolabeled DNA duplex containing 8-
0x0G/C to determine the effect of hRad9, hRad1, and hHus1 on the
DNA binding activity of hOGG1. As shown in Fig. 5a, NaBHy4 treat-
ment resulted in the formation of hOGG1-His and 8-0xoG/C duplex
complexes (lane 2). No trapped complexes were observed when
we conducted the trapping assay without hOGG]1, i.e., using GST,
GST-hRad9, GST-hRad1, or GST-hHus1 by themselves in the reac-
tion with the duplexes (lanes 3-6). In contrast, when we incubated
hOGG1-His together with GST-hRad9, GST-hRad1, or GST-hHus1,
trapped complexes comprised of covalently linked hOGG1-His
and 8-0x0G/C duplex increased 2.2-, 2.0-, or 2.8-fold, respectively
(Fig. 5b lanes 4-6). We achieved a 2.6-fold increase in trapped com-
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Fig. 5. hRad9, hRad1, and hHus1 enhanced the DNA binding activity of hOGG1. (a and b) Purified hOGG1-His, GST, GST-fused hRad9, hRad1, and hHus1 (20 pmol) were mixed
and incubated for 30 min with 1 pmol of 5-end-labeled 39-mer oligonucleotide duplexes containing an 8-0xoG/C mismatch in the presence of 50 mM NaBH,4. Reactions
were terminated with 5x SDS polyacrylamide gel loading buffer, resolved on 12% SDS polyacrylamide gel, and analyzed with a BAS2000 image analyzer. Arrows indicate the
trapped complexes containing hOGG1-His and its DNA substrate. (c) Trapped hOGG1-His and DNA substrate complexes from three independent assays were quantified using
a BAS2000 image analyzer and the average and standard deviation (error bars) were plotted as a bar diagram. An average level of hOGG1-His-DNA trapped complex was

estimated as 1.

plexes by incubating hOGG1-His with all the three of the human
9-1-1 complex subunits (GST-hRad9, GST-hRad1, and GST-hHus1;
lane 7), similar to the results we observed when incubating hOGG1-
His and individual human 9-1-1 components. This result suggested
that human 9-1-1 enhanced the DNA binding activity of hOGG1.

3.5. Individual human 9-1-1 subunits and trimeric human
9-1-1 complex showed similar activities to enhance in vitro
hOGGT1 glycosylase activity

To express and purify 9-1-1 complex, E. coli cell expressing all
subunits of 9-1-1 complex was established by co-transformation
with expression vectors containing hRad9 (polyhistidine-untagged
hRad9), His-hRad1 and His-hHus1 genes. The expression of 9-1-1
was induced in selected cell and verified with SDS-PAGE followed
by Coomassie brilliant blue staining (data not shown). The purifi-
cation of His-tagged proteins (hRad1 and hHus1) was performed
with affinity chromatography using Ni-NTA agarose resin. Elutes
were applied to Superdex 200 (10/30GL) gel filtration column. The
elute fractions obtained from size fractionations by gel filtration
were verified with SDS-PAGE followed by Coomassie brilliant blue
staining (Fig. 6a). The elute fractions 11-18 contained His-untagged
hRad9 as well as His-tagged hRad1 and hHus1. His-untagged hRad9
could be purified by affinity chromatography using Ni-NTA agarose
resin and hRad9, His-hRad1 and His-hHus1 presented in the same
elute fractions of gel filtration chromatography. This means that

hRad9, His-hRad1 and His-hHus1 simultaneously expressed in
E. coli cell interacted with each other and could be purified as
a trimeric 9-1-1 complex. His-tagged hRad9, hRad1 and hHus1
were also purified from E. coli cells separately transformed with
His-hRad9, hRad1, hHus1 expressing vectors (Fig. 6b). hOGG1-His
(20 pmol) was combined with His-hRad9, His-hRad1, His-hHus1,
and a trimeric 9-1-1 complex (20 pmol each) and hOGG1 glycosy-
lase activity assay was performed (Fig. 6¢ and d). hOGG1 activity
was enhanced by the addition of His-hRad9, His-hRad1, His-hHus1
and a trimeric 9-1-1 complex in reaction mixtures. Incubation
of hOGG1-His with a trimeric 9-1-1 complex mediated a 4-fold
increase in hOGG1 activity, which was almost the same with those
obtained in incubations of hOGG1-His and individual subunits of
the 9-1-1 (3.8- to 3.9-fold increase).

3.6. Over-expression of human 9-1-1 subunits reduced
H,0,-induced 8-0x0G lesions

To investigate whether the human 9-1-1-mediated increase in
hOGGT1 activity was sufficient to decrease levels of DNA damage
in cells undergoing oxidative stress, we measured in vivo levels
of 8-0x0G residues in HEK293 cells transiently expressing hOGG1
or human 9-1-1 under ROS generating conditions. We treated
transiently transfected cells with a ROS generating agent, H,O5,
for 1h to mediate the formation of 8-0xoG lesions. We stained
cells with a FITC-conjugated probe that binds to 8-0xoG lesions,
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Fig. 6. Individual or a trimeric 9-1-1 complex showed a similar hOGG1 stimulation activity. (a) hRad9, His-hRad1 and His-hHus1 were expressed in E. coli cell co-transformed
with hRad9, His-hRad1 and His-hHus1 expressing vectors and purified with affinity chromatography using Ni-NTA agarose resin. Elutes containing hRad9, His-hRad1 and
His-hHus1 were subjected to gel filtration chromatography using Superdex 200 (10/30GL) column. The elute fractions obtained from gel filtration chromatography were
analyzed with SDS-PAGE followed by Coomassie brilliant blue staining. (b) His-hRad1, His-hRad1 or His-hHus1 was separately expressed in E. coli cells and purified with
affinity chromatography using Ni-NTA agarose resin. Purified His-hRad9, His-hRad1 and His-hHus1 were analyzed with SDS-PAGE followed by Coomassie brilliant blue
staining. M means a molecular size marker. (c) Purified hOGG1-His (20 pmol), His-hRad9, His-hRad1, His-hHus1 and a trimeric 9-1-1 complex (20 pmol each) were reacted
with 1 pmol of 5'-end-labeled 39-mer oligonucleotide duplexes containing an 8-0xoG/C mismatch. After 1 h incubation at 37 °C, the cleavage products were analyzed using
18% denaturing polyacrylamide gel electrophoresis and a BAS2000 image analyzer. (d) Cleavage products obtained from three independent experiments of (c) were quantified,

estimated as % cleavage and plotted with the diagram.

and we analyzed 8-0xoG residues in H,O,-treated cells using a
flow cytometry (Fig. 7). HyO, treatment increased the FITC fluo-
rescence (Fig. 7a, black solid line), but transient over-expression
of hOGG1 or individual components of human 9-1-1 decreased
this H,0,-induced FITC fluorescence (Fig. 7a-d, red solid lines). Co-
expression of all the three subunits of the human 9-1-1 complex
yielded a greater reduction in FITC fluorescence than expression
of isolated individual 9-1-1 components (Fig. 7e, red solid line).
In fact, over-expression of hOGG1 and all the three subunits of
human 9-1-1 mediated the greatest reduction in FITC fluores-
cence that we observed herein (Fig. 7f and g, red solid lines). The
reduction in HyO,-mediated FITC fluorescence was least to greatest
under the following expression conditions: all the three subunits
of human 9-1-1 but no hOGG1, hOGG1 but no 9-1-1 components,
and hOGG1 together with all subunits of human 9-1-1 (Fig. 7g red
dotted line, black dotted line, and red solid line).

The reduction of H,0,-induced 8-oxoG residues in hOGG1
and human 9-1-1 proteins expressed HEK293 cells was fur-
ther determined with spectrofluorometric analysis for a statistical
analysis of multiple independent experiments (Fig. 8). Over-
expression of hOGG1 or all the three subunit of human
9-1-1 reduced the FITC fluorescence intensity by 30% or 20%,
respectively, which was higher than those obtained from over-
expression of individual subunits (6-8% reduction). When hOGG1
was co-expressed with all subunits of human 9-1-1 pro-
teins, FITC fluorescence intensity was reduced by 43%. These
results suggested that individual components of human 9-1-1
might have slightly enhanced the 8-0xoG excision activity of hOGG1

in HyO,-treated cells, but the greatest effect was derived from the
entire human 9-1-1 complex.

4. Discussion

Cells repair oxidatively damaged DNA lesions mainly through
the BER pathway, which is tightly coupled with the cell cycle regula-
tion and DNA damage checkpoint systems. Together, these systems
function to preserve genome integrity and prevent carcinogenesis
by monitoring the cellular damage state [33-35]. Human 9-1-1
complexes recognize DNA damage and are loaded onto DNA by
Rad17/RFC2-5, an alternative complex of Rad17/RFC, to form DNA
damage-responsive complexes; these complexes then transduce
the damage signal to downstream effectors [16,36,37]. The human
9-1-1 complex is a proposed component of the BER pathway,
because it interacts with several BER-related proteins (APE1, Pol 3,
FEN1, and DNA ligase I) to enhance DNA repair activities [22-26].
The human 9-1-1 also interacts with several BER DNA glycosylases
(MYH, NEIL1, and TDG) to enhance their activity [28-30]. In our
preliminary work, we investigated interactions between hRad9 and
BER DNA glycosylases using co-immunoprecipitation in transiently
transfected HEK293 cells. We identified a novel interaction between
hRad9 and hOGG1 (data not shown).

In this work, we investigated the effect that human 9-1-1 had
on hOGGT1 activities, in addition to studying the physical interaction
between them. In co-immunoprecipitation experiments using tran-
siently transfected HEK293 cells, hOGG1 interacted with hRad9,
hRad1, and hHus1 as individual proteins (Fig. 1a). hOGG1 was



1198 M.J. Park et al. / DNA Repair 8 (2009) 1190-1200
(@ ) . ©
o g 0
S S S
N7 ™A o~
2 o 2o E
c 37 c ] c &3
3 (=] 1 (=] g o
§ 8 3 8 3 8
[=% [=F =¥
© (3] (e}
(=] T T o T o T T
107 102 101 102 101 102
FITC fluorescence FITC fluorescence FITC fluorescence
e Mock, 0 mM H202 e Mock, 0 mM Hz202 w Mock, 0 mM H20:2
— Mock, 5 mM Hz20:z — Mock, 5 mM Hz0:2 — Mock, 5 mM Hz20:z
-------- hOGG1, 0 mM Hz0:z - hRad9, 0 mM Hz202 - hRad1, 0 mM H20:
— hOGG1, 5 mM Hz0:2 — hRad9, 5 mM Hz0:2 — hRad1, 5 mM Hz0:
() _ @ _ M
w w4 04
S S S
Ik o o~
25 2 5 2 5
c &1 c ™7 c ™7
2 o 2 o 3 o
8 8 8 & 8 &
(= o] o]
(o] (2] [y}
o ] Qo 1 o 1

101 102

FITC fluorescence

e Mock, 0 mM Hz02
— Mock, 5 mM H202
~~~~~~~~ hHus1, 0 mM Hz20:2
— hHus1, 5 mM Hz202

101 102

FITC fluorescence

e Mock, 0 mM Hz202
— Mock, 5 mM Hz202
-------- 9-1-1, 0 mM Hz20:2

— 9-1-1, 5 mM H202

101 102

FITC fluorescence

e Mock, 0 mM Hz02
— Mock, 5 mM Hz20:2
~~~~~~~~ hOGG1 & 9-1-1, 0 mM Hz20:2
— hOGG1 & 9-1-1, 5 mM Hz0:

(9)

Counts

— Mock, 0 mM Hz02

-------- hOGG1, 5 mMH202

-------- 9-1-1, 0 mM Hz20:2

— hOGG1&9-1-1, 5 mM Hz0:2

0O 30 60 90 120 150
T e T T PR O

FITC fluorescence

Fig. 7. Flow cytometric analysis showed that the over-expression of hOGG1 and human 9-1-1 reduced the number of H,0,-induced 8-0xoG residues in cells. HEK293 cells
transfected with hOGG1, hRad9, hRad1, or hHus1 expressing vector were incubated for 24 h and treated with 5mM H, O for 1 h. After fixation, the cells were treated with a
FITC-conjugated 8-0xoG detection probe. FITC fluorescence was analyzed with a flow cytometer. Mock means the sample transfected with the empty parental vector, pPCMV

Tag3A.

shown to interact with the phosphoryated form of hRad9, not the
hyperphosphorylated form. The hRad9 contains several phosphory-
lation sites and exogenously over-expressed hRad9 has been known
to appear as several bands of different sizes in mammalian cells,
including HEK293 cells. hRad9 phosphorylation is most likely the
mechanism by which hRad9 is differently regulated in response
to DNA damage and cell cycle regulation [38,39]. A recent study
reported that the interaction of the 9-1-1 complex with the BRCT
I-1I region of TopBP1, an activator of ATR-ATRIP complex gener-
ated in response to incompletely replicated or damaged DNA, is
necessary in order for ATR-ATRIP to bind to the ATR-activating
domain of TopBP1. This interaction between the 9-1-1 complex
and TopBP1 depends on the phosphorylation of hRad9 at Ser387
[21], which is constitutively phosphorylated [39]. However, the
function of the hyperphosphorylated-hRad9, which is induced by
the phosphorylation of Ser272 and Thr292 residues in response

to ionizing radiation (IR) and mitotic signals [39], is inaccurate.
Although it is not clear why the interaction between hOGG1 and
the hyperphosphorylated-hRad9 was not observed, the interac-
tion between hOGG1 and hRad9 may be regulated by the status
of phosphorylated-hRad9.

We further confirmed the physical interaction between hOGG1
and human 9-1-1 using GST pull-down assays with purified
hOGG1-His, GST-fused hRad9, hRad1, and hHus1 (Fig. 2c). In pre-
vious studies concerning other BER components, MYH interacted
with the 9-1-1 complex mainly via the hHus1 subunit [28]. In
contrast, the present studies showed that hOGG1 possessed equiv-
alent affinities for hRad9, hRad1, and hHusl1, a result similar to
that obtained for TDG and NEIL1 [29,30]. These variable subunit
affinities for different DNA glycosylases have been suggested that
different BER pathways regulate the 9-1-1 complex in response to
different DNA damage signals [30].
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Fig. 8. The reductions of H,0,-induced 8-0xoG residues in hOGG1 or human 9-1-1
over-expressed HEK293 cells were determined with spectrofluorometric analysis.
HEK293 cells transfected with hOGG1, hRad9, hRad1, or hHus1 expressing vectors
were incubated for 24 h and treated with 5mM H,0, for 1h. After fixation, cells
were treated with a FITC-conjugated 8-0xoG detection probe. FITC fluorescence was
measured using a spectrofluorometer (Geminin EM, Molecular Devices, USA) with
excitation at 495 nm and emission at 515 nm. FITC fluorescences obtained from three
independent experiments were quantified and plotted with the diagram. FITC flu-
orescence obtained from Mock (H,0;-untreated HEK293 cells) was estimated as
100.

H,0, treatment enhanced co-localization of c-myc-hOGG1 and
endogenous hRad9 in the nucleus of transiently transfected HEK
293 cells, suggesting that hOGG1 and human 9-1-1 accumulated
in repair foci after DNA damage (Fig. 3 and Supplementary data
1 and 2). The hOGG1 protein has two specific enzymatic activi-
ties during its function as a DNA glycosylase: it excises 8-0xoG,
and it generates strand cleavage 3’ to the AP site by [B-elimination.
These functions could be enhanced by each of the individual 9-1-1
subunits (Fig. 4a); in contrast, MYH is stimulated only by hHus1
[28]. We confirmed stimulations of hOGG1 glycosylase activity by
hRad9, hRad1, or hHus1 in our trapping assay using NaBH,4. Accu-
mulation of covalent complexes between hOGG1 and the 8-0xoG/C
mismatched duplexes in the presence of hRad9, hRad1, or hHus1
suggested that human 9-1-1 enhanced the hOGG1 DNA binding
activity (Fig. 5).

Incubating hOGG1 with all the three subunits of the human
9-1-1 complex enhanced the DNA glycosylase and DNA binding
activities of hOGG1, but the effects were less than those obtained
from incubation with the individual subunits (Figs. 4d and 5). One
explanation for these results lies in our using bacterially expressed
fusion proteins for these assays. It is possible that the physical
and functional interactions between bacterially expressed and His-
tagged hOGG1 and GST-tagged human 9-1-1 proteins did not
perfectly replicate in vivo interactions. Although hRad9, hRadl,
and hHus1 purified from a bacterial expression system can form
a trimeric protein complex [40], we think that GST-fused hRad9,
hRad1, and hHus1 possess a reduced ability to make a trimeric
9-1-1 complex. As such, co-incubation with all the three subunits
of 9-1-1 complex did not mediate a stronger effect than treatment
with any of the individual subunits. Thus, we established an E. coli
cell simultaneously expressing all the three subunits (His-untagged
hRad9, His-tagged hRad1 and His-tagged hHus1) to form and purify
a trimeric 9-1-1 complex. His-untagged hRad9 could be purified
by affinity chromatography using Ni-NTA agarose resin and hRad9,
His-hRad1 and His-hHus1 were shown to present in the same elute
fractions of gel filtration chromatography (Fig. 6a). This strongly
indicates that a trimeric 9-1-1 complex is successfully formed and
purified in an E. coli cell simultaneously expressing hRad9, His-
hRad1 and His-hHus1. Incubation of hOGG1 and a trimeric 9-1-1
complex enhanced the hOGG1 activity by four times. However, this
was almost the same value with those obtained in incubations of

hOGG1 and individual subunits of the 9-1-1 complex (Fig. 6c and d).
Nonetheless, our findings strongly supported that hOGG1 interacts
physically and functionally with the human 9-1-1 complex, as pre-
viously demonstrated in other BER proteins, namely TDG and NEIL1,
which interacted with trimeric human 9-1-1 complexes purified
from yeast or insect cell-baculovirus expression systems [29,30].

The dramatic reductions in H,0O;-induced 8-o0xoG residues
in cells over-expressing hOGG1, hRad9, hRad1, and hHus1 were
observed in flow cytometric and spectrofluorometric analysis
(Figs. 7 and 8), which suggested that human 9-1-1 stimu-
lated the removal of 8-0xoG generated by H,0, in these cells.
Over-expression of all the three subunits of human 9-1-1
reduced FITC fluorescence more than over-expression of indi-
viduals (Figs. 7e, red solid line and 8). The reduction of FITC
fluorescence in H,0,-treated cells was maximal when hOGG1
and all the three subunits of human 9-1-1 were co-expressed
(Fig. 7g, red solid line and 8). Also, in the statistical analysis using
spectrofluorometer, over-expression of hOGG1 or all the three sub-
units of human 9-1-1 reduced the FITC fluorescence intensity by
30% or 20%, respectively. When hOGG1 was co-expressed with
all subunits of human 9-1-1 proteins, FITC fluorescence intensity
was reduced by 43%. However, co-expression of individual 9-1-1
proteins and hOGG1 did not further decrease the H,0,-induced
FITC fluorescence, compared with that of cells expressing only
hOGG1 (data not shown). These results strongly demonstrate that
the human 9-1-1 complex as a whole mediated the most effective
stimulation of 8-0xoG-removing activity of hOGG1 in H,0,-treated
cells.

DNA ligases I and III are involved in the long- and short-patch
BER pathways, respectively [26]. Previous work has suggested that
the 9-1-1 complex is mainly involved in the long-patch BER path-
way, because the 9-1-1 complex interacted with DNA ligase I but
not DNA ligase III. In contrast, the human 9-1-1 complex physi-
cally and functionally interacted with NEIL1, a component of the
non-replicative short-patch BER pathway [29]. Herein, the human
9-1-1 complex interacted with hOGG1 and enhanced its activity.
Previously, hOGG1 has been implicated in both the non-replicative
short-patch BER and the replication-associated long-patch BER
pathway, a repair mode activated when lesions persist or are
formed at replication [41-43]. Specifically, when 8-0x0G residues
are present in non-replicating DNA, hOGG1 is involved in the Pol
[3-dependent short-patch BER. However, when 8-0xoG residues are
formed at or near a replication fork, the replication-associated long-
patch BER pathway is the preferred repair mode [42]. The removal of
adenine from the 8-0xoG/A mismatch, generated while replicating
DNA strands containing 8-0xoG/C mismatch, is repaired by the BER
glycosylase MYH. This correction leads to the formation of 8-0xoG/C
mismatches, which are in turn corrected by hOGG1-mediated BER.
Although our results do not clarify whether the 9-1-1 complex is
directly involved in short-patch BER, the 9-1-1 complex might be
a component of both the short-patch and the long-patch BER that
repairs DNA lesions produced during replication.
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