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Abstract
Background—Mutations and polymorphisms of OGG1, the major mammalian 8-oxoguanine
repair activity, are associated with increased risk for several cancers. Decreased 8-oxoguanine repair
capacity due to variant forms of the OGG1 gene is a common feature of numerous cancer cell lines.
One such cell line, human KG-1 leukemia cells, has previously been demonstrated to be deficient in
the excision of 8-oxoguanine from oxidatively damaged DNA. KG-1 cells have a homozygous
R229Q amino acid substitution in OGG1 that has been presumed to alter the function of OGG1 and
result in elevated levels of genomic 8-oxoG and hypersensitivity to 8-hydroxydeoxyguanosine
nucleoside and ionizing radiation observed in KG-1 cells.

Methods—We characterized the enzymatic activity of R229Q OGG1 and the effect of the enzyme
on cell survival following treatment with DNA damaging agents.

Results—R229Q OGG1 had activity similar to the wild-type enzyme, yet was easily heat
inactivated at physiological temperature. R229Q OGG1 expressed in human cells had significantly
lower activity than wild-type OGG1 and was also highly thermolabile. Expression of R229Q OGG1
sensitized KG-1 cells to killing by menadione and 8-hydroxydeoxyguanosine, but not ionizing
radiation.

Conclusions—These results suggest that decreased 8-oxoguanine repair in KG-1 is due to
thermolability of R229Q OGG1 and that the enzyme variant increases cellular susceptibility to killing
resulting from oxidative DNA damage. The R229Q OGG1 variant is a validated polymorphism
prevalent in world populations and not an isolated mutation in KG-1 cells, thus the R229Q OGG1
allele may be a novel marker for cancer susceptibility.
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Introduction
Reactive oxygen species (ROS) produce numerous forms of DNA damage, including 7,8-
dihydro-8-oxoguanine (8-oxoG), a major mutagenic modification in DNA. 8-oxoG can mispair
with adenine during DNA replication and, if left unrepaired, result in the fixation of G:C to
T:A transversion mutations (1). Such transversions are common mutations at three major
mutational hotspots in the p53 gene in lung and head and neck cancers (2). The primary
mammalian enzyme for removing 8-oxoG from DNA is 8-oxoguanine-DNA glycosylase
(OGG1) (3). In human tumor cells, the OGG1 locus is frequently missing or mutated and
several cancer cell lines studied show decreased 8-oxoguanine excision activity, suggesting
that in some cases, 8-oxoG repair capacity may be associated with cancer incidence. The
importance of OGG1 as a tumor suppressor gene has been highlighted by numerous association
studies linking single nucleotide polymorphisms (SNPs) in the OGG1 gene with elevated risk
for lung, prostate, and orolaryngeal cancers (4). A single amino acid change in polymorphic
S326C OGG1 has recently been shown to affect intracellular localization and alter repair
activity, substrate specificity, molecular stoichiometry, and stimulation of the enzyme by AP-
endonuclease 1 (5,6). A decrease in 8-oxoG excision activity resulting from OGG1 deficiency
or polymorphisms could be anticipated to lead to increased genomic 8-oxoG and promote the
accumulation of ROS-induced mutations which may promote genomic instability and
carcinogenesis.

An increase in 8-oxoG in DNA was recently reported for a model human leukemia cell line,
KG-1, which was found to have a homozygous mutation in the OGG1 gene that results in the
substitution of arginine 229 for glutamine (R229Q) (7) in the expressed enzyme. KG-1 cells
have elevated levels of genomic 8-oxoG and are sensitive to killing via apoptosis when
challenged with 8-hydroxydeoxyguanosine nucleoside (8-oxodG) or ionizing radiation
exposure (7–9). Cellular extracts of KG-1 have markedly reduced 8-oxoG excision capacity
when compared with leukemic cells expressing wild-type OGG1 (7), thus it was proposed that
decreased repair of 8-oxoG and cellular sensitivity to ionizing radiation and 8-oxodG in KG-1
cells may be consequences of the R229Q mutation resulting in a dysfunctional OGG1 protein
(7–9). We characterized the enzymatic activity of R229Q and determined the effect of R229Q
expression on KG-1 survival following exposure to DNA damaging agents. Our results show
that R229Q OGG1 is highly thermolabile and rapidly inactivated at physiological temperatures
both in vitro and in vivo. Expression of both nuclear and mitochondrial R229Q OGG1
sensitized KG-1 cells to killing via an apoptotic pathway following exposure to menadione
and 8-oxodG, thus R229Q promotes apoptosis following ROS and oxidized nucleoside
exposure. Initially reported as a unique somatic mutation in KG-1 cells (7), we report that the
R229Q allele is a documented polymorphism in human populations. With the significant
incidence of the allele in the population, our observations of OGG1 structural destabilization
and increased cell killing following induction of oxidative DNA damage resulting from the
R229Q polymorphism suggest that the variant may be a potential marker for cancer
susceptibility.

Materials and Methods
Cell culture

Cells were obtained from ATCC and maintained in the recommended growth medium (Gibco)
in 5% CO2 at 37°C. KG-1 cells were transfected with Nucleofector R transfection reagents
(Amaxa) according to the manufacturer’s instructions. HeLa cells were transfected using
Fugene 6 transfection reagent (Roche) according to the manufacturer’s instructions. Nuclear
extracts were prepared using NE-PER extraction reagents (Pierce). Mitochondria were
prepared using a Mitochondria Isolation Kit for Mammalian Cells (Pierce). Mitochondrial
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extracts were prepared by lysing mitochondria from 20×106 cells in 25 μl of 1X SDS sample
buffer at 95°C for 5 min.

Expression and purification of OGG1 enzymes
Wild-type and R229Q OGG1 were purified to homogeneity as described previously (6).
Mammalian expression constructs were prepared by cloning the OGG1-1a coding sequence
into pCMV-2B N-terminal FLAG-tag vector (Stratagene) for nuclear expression. The R229Q
polymorphism was introduced into the OGG1 gene using a Quick Change XL mutagenesis kit
(Stratagene). Mitochondrial vectors were prepared by cloning PCR-generated wild-type and
R229Q OGG1 genes encoding a 13-amino acid C-terminal deletion into pCMV-4B C-terminal
FLAG-tag vector (Stratagene). Plasmid sequences were confirmed by bi-directional DNA
sequencing.

8-oxoguanine glycosylase activity assays
An HPLC-purified 31-mer oligonucleotide containing 8-oxoguanine (5′ GTG ACT ACG AGA
CCT XAT GTG ACT GAG AGA G 3′, where X denotes 8-oxoG) was purchased from Midland
Certified Reagent Company. A complementary oligo having C opposite 8-oxoG and an
additional 5′ G was obtained from Invitrogen. Radiolabeled duplex DNA substrate having 8-
oxoG paired with C was prepared by 3′-end labeling as described previously (6). OGG1
enzymes were reacted with duplex 8-oxoG:C substrate at 37°C in 20 mM Tris-HCl, pH 7.4,
100 mM NaCl, and 0.15 μg/μl BSA. Reactions were terminated by adding SDS and piperidine
to 5% and 200mM, respectively, and heating to 95°C for 5 min. Reactions were electrophoresed
on 20% acrylamide gels containing 7 M urea in TBE (Tris-borate-EDTA) buffer and
radioactivity was quantified using a Storm Phosphorimager and Image Quant software
(Molecular Dynamics).

Cell survival assays
Viability of KG-1 cells was measured following treatment with DNA damaging agents. Cells
were transfected 24 hrs prior to treatments. Transfected cells (1×106) were plated in 100 mm
dishes in 6 ml of growth medium. KG-1 cells were treated with menadione (Sigma) for 1 hr.
Following menadione treatment, growth medium was replaced and cells were maintained for
7 days prior to analysis of cell survival. For 8-oxodG exposure, cells were maintained in
medium supplemented with the indicated concentrations of 8-oxodG (8-hydroxy-2′-deoxy-
guanosine, Sigma) for 7 days. Cells were exposed to ionizing radiation at a rate of 1 Gy/min
in a Nordion Gammacell 40 Exactor Irradiator and analyzed for cell killing after 7 days. Cell
viability was measured directly by flow cytometry. Cells were stained with Annexin V and PI
(Roche) and 10,000 cells were analyzed for viability on a Becton Dickinson FACSCalibur
(Becton Dickinson).

Results
R229Q OGG1 is thermolabile in vitro and in vivo

Since amino acid substitutions in proteins can often result in thermolability, we examined the
effect of preincubating purified R229Q OGG1 and the wild-type enzyme (Fig. 1A) at 37°C
prior to measuring excision activity. Surprisingly, purified R229Q OGG1 had 8-oxoG excision
activity comparably to wild-type OGG1 (Fig. 2A). However, R229Q OGG1 was highly
sensitive to heat inactivation and nearly completely inactivated by a 30 min preincubation at
37°C (Fig. 2B). Therefore, the R229Q substitution results in a thermolabile OGG1 protein that
has near normal function at low temperature, but undergoes significant structural
destabilization at physiological temperature. We then examined the effect of the R229Q
polymorphism on OGG1 function with enzymes expressed in human cells. Wild-type and
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R229Q OGG1 enzymes were expressed at identical levels in KG-1 cells (Fig. 2C inset). Nuclear
extracts from these transfectants were examined for 8-oxoG excision activity (Fig. 2C). Wild-
type OGG1 expressed in nuclei produced high levels of 8-oxoG excision, while OGG1 activity
in cells expressing R229Q OGG1 was roughly half that in cells expressing the wild-type
enzyme (Fig. 2C). R229Q OGG1 expressed in vivo in KG-1 cells was easily inactivated by
preincubating nuclear extracts prior to measuring enzymatic activity (Fig. 2C), in agreement
with the observation of R229Q thermolability with purified enzyme (Fig. 2B). Purified OGG1
enzymes were expressed in E. coli at 16°C, whereas enzymes in nuclei of human cells were
expressed at 37°C. The difference in temperature during enzyme expression explain why
purified R229Q OGG1 had activity similar to the wild-type enzyme prior to preincubation,
while R229Q expressed in human cells had significantly lower activity than the wild-type
enzyme prior to preincubation. Similar thermolability of R229Q OGG1 was observed in
nuclear extracts of HeLa cells expressing the polymorphic enzyme (data not shown). No change
in the levels of wild-type or R229Q OGG1 in nuclear extracts was observed following
preincubations (data not shown), thus R229Q OGG1 is heat inactivated and not selectively
degraded in both KG-1 and HeLa cells.

Effects of wild-type and R229Q OGG1 expression on KG-1 survival
The possibility of a role for OGG1 and the R229Q polymorphism in cellular sensitivity to DNA
damaging agents was examined by directly measuring the effect of expression of wild-type or
R229Q OGG1 on the survival of KG-1 cells after treatment with menadione, 8-oxodG
nucleoside, or ionizing radiation (Fig. 3). Since a previous report showed targeted expression
of OGG1 to mitochondria increased cell survival following ROS treatment (10), effects of both
nuclear and mitochondrially expressed OGG1s on KG-1 survival were investigated (Fig. 3).
OGG1 enzymes expressed in KG-1 cells were highly active and resulted in a greater than 100-
fold increase in intracellular 8-oxoG excision activity (Fig. 2C). Interestingly, expression of
nuclear or mitochondrial wild-type OGG1 in KG-1 had no effect on cellular survival after
menadione, 8-oxodG or radiation exposure, although all three treatments are known to
introduce 8-oxoG into DNA. These results suggest that the susceptibility of KG-1 to killing
following each treatment is not influenced by high levels of OGG1 activity (Fig. 3), therefore
the decreased enzymatic activity of R229Q OGG1 may not underlie KG-1 sensitivity to DNA
damaging agents. Expression of R229Q OGG1 in either the nucleus or mitochondria of KG-1
sensitized cells to killing via apoptosis following exposure to menadione and 8-oxodG, but not
ionizing radiation (Fig. 3). Thereby, R229Q OGG1 expression is not generally cytotoxic but
introduces selective sensitivity to menadione and 8-oxodG exposure.

Discussion
Our observations of R229Q thermolability in vitro and in vivo explain previous reports of low
8-oxoguanine excision activity in KG-1 cells. Interestingly, thermolability of R229Q (Fig. 2B
and C) is not the first reported instance of a thermolabile mammalian OGG1. SAMP1 mice,
which exhibit premature senescence, shortened lifespan, and elevated levels of 8-oxoG in
DNA, have a homozygous R304W mutation in OGG1, which results in a thermolabile OGG1
protein that is devoid of enzymatic activity (11). It was shown that knockout mice deficient in
the repair of 8-oxoguanine have significant increases in both basal mutation frequency and
late-onset lung tumor incidence compared to normal animals (12–14). Because of the
destabilization of OGG1 resulting from the substitution of a large basic amino acid (arginine)
for a small neutral amino acid (glutamine) at position 229 (Fig. 2), cells such as KG-1 harboring
the R229Q variant can be anticipated to have a significantly elevated spontaneous mutation
frequency due to increased 8-oxoguanine in DNA.
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Though it is well established that OGG1 activity is required for repair of 8-oxoG and
suppression of 8-oxoG related transversion mutations in vivo (15), the role of OGG1 in cell
survival following DNA damage insults is less understood. OGG1 is believed to function as a
tumor suppressor with a major role in protecting the genome from ROS-mediated genomic
instability. However, since 8-oxoguanine in DNA is not cytotoxic, a clear role for OGG1 in
short-term cell survival is not apparent. Because 8-oxoG does not pose a block to replicative
DNA polymerases (16), its accumulation in nuclear DNA following ROS treatment could be
expected to be largely mutagenic. If 8-oxoG is present at elevated levels in DNA, excessive
levels of OGG1 activity may produce abundant abasic sites and overwhelm downstream repair
machinery resulting in exposed cytotoxic abasic lesions, therefore lower OGG1 activity may
favor survival in some instances. In contrast, the efficient removal of cytotoxic lesions formed
by ROS exposure, which block DNA polymerases such as Tg (thymine glycol) and fapyA (4,6-
diamino-5-formamidopyrimidine), is important for cell survival following DNA damage. In a
report by Rosenquist, et al. (17), siRNA disruption of expression of NEIL1, an enzyme
repairing Tg and fapyA, resulted in cellular sensitivity to ionizing radiation. Both menadione
and ionizing radiation treatments produce increases in 8-oxoG in DNA via production of
hydroxyl radical but also result in a myriad of cytotoxic lesions not repaired by OGG1,
including Tg, numerous modified bases and single- and double-stranded breaks (18,19). It was
previously shown that exogenous 8-oxodG administered to KG-1 cells is not incorporated into
DNA, but stimulates DNA synthesis via error-prone non-replicative polymerase β (POLB)
which may result in increased incorporation of endogenous 8-oxodGTP into DNA (20). In
addition to the incorporation of mutagenic 8-oxodG, activation of error-prone DNA synthesis
by POLB may enhance the incorporation of modified or cytotoxic nucleotides that could
contribute to the cell killing observed in KG-1 following 8-oxodG treatment. The introduction
of cytotoxic lesions not repaired by OGG1 may explain the failure of the wild-type enzyme to
enhance KG-1 survival following menadione, 8-oxodG and ionizing radiation exposure (Fig.
3). Thereby, OGG1 may have a minor role in KG-1 survival following DNA damaging agent
exposure, as suggested by our results in survival experiments with cells expressing the wild-
type OGG1 (Fig. 3). Our finding that expression of wild-type OGG1 in the nucleus and
mitochondria of KG-1 cells does not significantly influence toxicity of DNA damaging agents
suggests that DNA repair enzymes or pathways distinct from those dependent upon OGG1
may be causative in the DNA damaging agent sensitivity of KG-1 (Fig. 3). A recent study
similarly showed that overexpression of OGG1 in the nucleus of SH-SY5Y neuroblastoma
cells was found to reduce oxidative DNA damage in nuclear DNA but not significantly
influence cell survival following ROS treatment (21). In contrast, in a recent study using TK6
lymphoblastoid cells, overexpression of OGG1 was found to decrease survival following
gamma irradiation and increase survival following hydrogen peroxide exposure (22). In
another study, OGG1 was conditionally targeted to mitochondria and was found to increase
cell survival following ROS treatment (10). The effects of DNA glycosylases such as OGG1
on survival following DNA damage requires further investigation and may vary with cell type
and be dependent on the type of DNA damage induced and intracellular levels and localization
of the requisite repair enzymes.

Further sensitization of KG-1 cells to DNA damaging agents by overexpression of R229Q and
the failure of the wild-type enzyme to enhance survival suggests that R229Q may sensitize
cells to apoptosis via a mechanism not directly related to the repair of 8-oxoG (Fig. 3).
Alternatively, the R229Q allele could function as a dominant negative, since expression of the
wild-type OGG1 did not significantly increase survival of KG-1 cells endogenously expressing
the R229Q variant (Fig. 3). It is unclear why overexpression of R229Q OGG1 in KG-1
significantly sensitized cells to menadione and 8-oxodG, but not ionizing radiation (Fig. 3). It
is possible that differences in the spectrum of DNA and cellular damages introduced by agents
used may underlie the lack of sensitization to ionizing radiation by R229Q OGG1. At any rate,
cells other than KG-1 endogenously expressing the R229Q variant may have decreased survival
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ability following ROS exposure. This possibility is supported by the observation that HeLa
cells expressing R229Q OGG1 were similarly sensitized to induced oxidative DNA damage
(23).

In addition to R229Q OGG1 playing a significant role in the decreased cell survival of KG-1
following induction of DNA damage, the decreased stability and lower in vivo activity of the
enzyme reported here may result in significant 8-oxoG accumulation in individuals carrying
the R229Q allele. The observation that both OGG1 knockout mice tissue and KG-1 cells have
dramatically elevated levels of 8-oxoG in genomic DNA compared to similar cells expressing
wild-type OGG1 supports this possibility (3,7). To our knowledge, KG-1 is the only
documented R229Q OGG1 variant cancer cell line. We searched the NIH dbSNP database and
found that R229Q is in fact a validated OGG1 polymorphism for which approximately 6% of
the US population, or 18 million individuals, may be heterozygous (Table I). Such individuals
may have decreased 8-oxoG repair capacity and increased cellular sensitivity to ROS-induced
DNA damage that could promote susceptibility to carcinogenesis. Like the more prevalent
cancer-associated S326C OGG1 polymorphism, the frequency of the R229Q OGG1 allele
varies significantly with ethnicity, with particularly high incidence in a West African
population (Table I). Individuals comprising the NIHPDR sample set are US residents who
have ancestors from the major geographic regions of the world. Although ethnicity is not known
for individuals in the NIHPDR, the exclusive presence of the R229Q allele in an African
population, when looking at individual geographic regions, suggests individuals with the
R229Q allele in the NIHPDR may be of African descent. On the basis of the sensitization to
DNA damaging agents, thermolability and reduced 8-oxoguanine excision activity resulting
from the R229Q polymorphism, in the context of the established in vivo mutagenicity of
genomic 8-oxoguanine, the R229Q OGG1 allele may be an indicator for ROS-associated
cancer susceptibility and warrants consideration in clinical cancer-genotype association
studies.
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Figure 1.
Purification of wild-type and R229Q OGG1 and mammalian expression constructs. (A) Lane
1, 0.5 μg wild-type OGG1, lane 2, 0.5 μg R229Q. (B) OGG1 coding sequences cloned into
pCMV-2B (nuclear) or pCMV-4B (mitochondrial) mammalian FLAG-tag expression vectors
(Stratagene). M and N denote intrinsic OGG1 mitochondrial and nuclear localization
sequences, respectively. The nuclear vector encodes full-length OGG1 with an N-terminal
FLAG-tag. The mitochondrial vector encodes OGG1 with the C-terminal 13 amino acids
comprising the nuclear localization signal deleted and replaced with a FLAG-tag.
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Figure 2.
in vitro and in vivo thermolability of polymorphic R229Q OGG1. (A) Purified wild-type and
R229Q OGG1 (12.5 nM) were reacted with 50–200 nM duplex 8-oxoG:C substrate for 5 min.
Reactions were performed in 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 0.15 μg/μl BSA.
(B) Wild-type and R229Q OGG1 at a concentration of 5 ng/μl were preincubated at 37°C for
0, 5, 15 or 30 min. in 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.15 μg/μl BSA prior to being
reacted at 12.5 nM with 250 nM 8-oxoG:C substrate for 10 min. (C) KG-1 cells were transfected
with pCMV-2B vector or pCMV plasmids encoding N-terminally FLAG-tagged wild-type or
R229Q OGG1. Nuclear extracts (2 μg) from KG-1 cells expressing wild-type or R229Q OGG1
at identical levels were assayed for 8-oxoG excision activity with 25 nM substrate for 5 min,
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with or without preincubating the extracts at 30°C for the indicated times prior to analysis.
Panel C inset, anti-FLAG western blot of 2 μg of nuclear extract from KG-1 cells transfected
with pCMV vector (lane 1), wild-type (lane 2), or R229Q (lane 3) expressing plasmids.
Reactions were terminated and analyzed as described in Materials and Methods. All
experiments were performed in triplicate and are shown with standard deviation.
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Figure 3.
Effect of nuclear and mitochondrial wild-type and R229Q OGG1 expression on cell survival
following menadione, 8-oxodG and ionizing radiation exposure in KG-1 cells. KG-1 cells were
transfected with nuclear (left panels) or mitochondrial (right panels) pCMV vector, wild-type,
or R229Q expressing plasmids and exposed to menadione (Panels A and B), 8-oxodG
nucleoside (Panels C and D), or ionizing radiation (Panels E and F). Seven days after
treatments, cells were assayed for viability by flow cytometry. For each treatment, 10,000 cells
were analyzed. Each column represents the average of three independent experiments (30,000
cells total) with standard deviation. Statistically significant differences in survival (p<0.05) are
indicated with an asterisk. Panel B inset, anti-FLAG and cytochrome C western blots of 2 μg
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of mitochondrial extract of KG-1 cells transfected with mitochondrial pCMV vector (lane 1),
wild-type (lane 2), or R229Q (lane 3) expressing plasmids.
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