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ABSTRACT

7,8-Dihydro-8-oxo-2’-deoxyguanosine (8-oxodG) is
a well-known marker of oxidative stress. We report
a mechanistic analysis of several pathways by which
8-oxodG is converted to nucleotide triphosphates
and incorporated into both DNA and RNA. Exposure
of MCF-7 cells to [14C]8-oxodG combined with
specific inhibitors of several nucleotide salvage
enzymes followed with accelerator mass spectro-
metry provided precise quantitation of the resulting
radiocarbon-labeled species. Concentrations of
exogenously dosed nucleobase in RNA reached
one per 106 nucleotides, 5–6-fold higher than the
maximum observed in DNA. Radiocarbon incorpora-
tion into DNA and RNA was abrogated by Immucillin
H, an inhibitor of human purine nucleoside phos-
phorylase (PNP). Inhibition of ribonucleotide reduc-
tase (RR) decreased the radiocarbon content of
the DNA, but not in RNA, indicating an important
role for RR in the formation of 8-oxodG-derived
deoxyribonucleotides. Inhibition of deoxycytidine
kinase had little effect on radiocarbon incorporation
in DNA, which is in contrast to the known ability of
mammalian cells to phosphorylate dG. Our data
indicate that PNP and RR enable nucleotide salvage
of 8-oxodG in MCF-7 cells, a previously unrecog-
nized mechanism that may contribute to mutagen-
esis and carcinogenesis.

INTRODUCTION

Reactive oxygen species (ROS) are important metabolic
by-products that cause cellular damage, particularly to

proteins, lipids and nucleic acids (1,2). ROS are pro-
duced through normal cellular metabolism in most cell
types, primarily through oxidative phosphorylation.
Incomplete transfer of electrons to O2 during oxidative
phosphorylation yields products such as hydrogen per-
oxide, hydroxyl radicals and singlet oxygen species, which
jointly comprise ROS (3). The oxidative modifications
caused by ROS lead to cell dysfunction and possibly cell
death (4) and are implicated in aging, cancer and other
diseases (5,6).

Much has been published as to how ROS chemically
modify DNA and the nature of these modifications. It has
been well characterized that when nucleotides are exposed
to ROS, a variety of altered bases are formed (7,8).
Amongst the four normal nucleobases, guanine (Gua) is
the most susceptible to oxidation due to its low oxidation
potential (9–11). The most abundant oxidized nucleobase
found in DNA is 7,8-dihydro-8-oxoguanine (8-oxoGua,
Figure 1A) (12). When present in DNA, 8-oxoGua can
pair with both cytosine and adenine leading to G!T
transversion mutations during replication and DNA
repair. Likewise, 8-oxodGTP can mispair with adenine
nucleotides to cause A!C transversion point mutations.

The formation of 8-oxoGua in DNA has been shown to
occur via two pathways: (i) through direct oxidation of
Gua in DNA or (ii) indirectly via oxidation of dGTP in
the nucleotide pool to 8-oxodGTP, followed by incor-
poration of 8-oxodGTP into the DNA by DNA poly-
merase(s) (1,13). A third pathway, metabolism of the
20-deoxynucleoside 7,8-dihydro-8-oxo-20-deoxyguanosine
(8-oxodG) to 8-oxodGTP has only recently been reported
(14,15), but with incomplete mechanistic detail. The
nucleotide pool containing 8-oxodG may be modulated
by extracellular sources. It is known that the repair
products from other cells, cell turnover and the diet of
the individual contribute to the 8-oxodG load as well.
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Extracellular 8-oxodG has been identified in human
plasma (16,17) and cerebrospinal fluid (18).

8-OxoGua is premutagenic and the cell employs a
number of repair pathways to limit the presence of this
species in DNA. Cells primarily use base excision repair
(BER) to remove oxidized purines (19). In humans, the
hOGG1 glycosylase removes 8-oxoGua from DNA when
incorporated opposite cytidine (20,21). The Escherichia
coli (E. coli) MutY homolog, MYH, removes the
misincorporated adenine when opposite 8-oxoGua in
DNA (19,22). In the nucleotide pool, the E. coli
MutT homolog, hMTH1, hydrolyzes 8-oxodGTP to
8-oxodGMP to prevent 8-oxoGua incorporation into
DNA (23,24). More recently, evidence has emerged that
mismatch repair is synergistic with both hMTH1 and
hOGG1 in lowering mutation frequencies due to 8-
oxodG-derived species (22,24,25).

In contrast to 8-oxoGua in DNA, little information is
available on the mutagenic potential and cellular
responses to the 8-oxodG. Based upon known nucleotide
salvage pathways (26,27), we hypothesized that 8-oxodG
(Figure 1A) can be metabolized in two different ways.
Direct mono-, di- and triphosphorylation of the nucleo-
side would result in formation of 8-oxodGTP, a substrate
for DNA replication. Alternatively, processing of
8-oxoGua (free nucleobase) can form the nucleotide
triphosphates 8-oxoGTP and 8-oxodGTP for both RNA
and DNA synthesis after removal of the 20-deoxyribose
moiety. Both pathways reflect the known metabolism of
the canonical 20-deoxynucleoside dG (28) (Figure 1B).

Briefly, as shown in Figure 1B, in the cytoplasm of
human cells, dG undergoes phosphorolysis to the free
nucleobase Gua and 20-deoxyribose-10-phosphate by
purine nucleoside phosphorylase (PNP). The resulting
free base is then phosphoribosylated by hypoxanthine–
guanine phosphoribosyltransferase (HGPRT) (16). Two
additional phosphorylation steps result in the formation
of GTP, which serves as a substrate for RNA polymerase-
dependent incorporation into RNA. Alternatively,
deoxycytidine kinase (dCK) in the cytoplasm, or deoxy-
guanosine kinase (dGK) in mitochondria, phosphorylates
dG to form dGMP. The monophosphate is subsequently
phosphorylated to form dGTP, a substrate for DNA
polymerase-dependent incorporation into DNA. These
two major salvage pathways are connected by ribonucleo-
tide diphosphate reductase (RR), which forms dGDP
from GDP by replacement of the 20-OH with a hydrogen
atom. Upon subsequent phosphorylation, the resulting
dGTP serves as a nucleotide for DNA synthesis.
In the present article, we report evidence that 8-oxodG

is a substrate for nucleotide salvage. We investigated
whether cells dosed with extracellular [14C]8-oxodG are
able to employ either the dCK- or the PNP-dependent
pathway (via RR) by quantitation of the radiocarbon on
the nucleobase portion of the molecule present in the
nucleotide pool and nucleic acids of MCF-7 cells under a
variety of conditions. Using accelerator mass spectro-
metry (AMS), we measured the radiocarbon content
in DNA and RNA of cells dosed with [14C]8-oxodG
in concert with inhibitors of several nucleotide salvage
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enzymes. AMS is a well-established technology for radio-
carbon dating and is now in development for tracing
14C-labeled compounds in biological systems, affording
sub-attomole 14C per milligram of total carbon sensitivity
with a few percent precision (15,29,30). This sensitivity
allowed us to observe 8-oxodG metabolism in cells
without using large concentrations of 8-oxodG that may
have rendered artifactual data due to pathway saturation.
Our combined results support the conclusion that the
PNP-dependent mechanism is the major pathway by
which 8-oxodG is incorporated both into DNA and
RNA of MCF-7 breast cancer cells.

MATERIALS AND METHODS

Cell culture and incubation with [14C]8-oxodG

MCF-7 human breast cancer cells originally obtained
from ATCC were maintained in DMEM-F12 (Invitrogen/
Gibco, Carlsbad, CA, USA) media supplemented with
10% fetal bovine serum (FBS) (Invitrogen/Gibco) and
10 mg/ml insulin (Invitrogen/Gibco). A total of 5� 105

cells were plated and grown for 24 h in a 10-cm dish before
dosing. Cells were incubated with radiocarbon-labeled
8-oxodG for time periods indicated in figure legends, prior
to harvest (10.8 pmol per plate with a specific activity
of 12.5mCi/mmol, measured as 300 d.p.m./ml by liquid
scintillation counter). [14C]8-OxodG synthesis was per-
formed as described (14).

DNA and RNA extraction fromMCF-7 cells

At harvest, the media was removed and the cells were
washed with phosphate-buffered saline (PBS, Invitrogen/
Gibco), removed from the plate with trypsin (Invitrogen/
Gibco) and washed by centrifugation in PBS. DNA and
RNA were harvested using Trizol (Invitrogen, Carlsbad,
CA, USA). To remove RNA contamination, the DNA
was treated with RNase and purified using a DNeasy
reverse-phase cartridge (Qiagen, Valencia, CA, USA).
Likewise, for RNA samples, contaminating DNA was
removed using an RNeasy kit from Qiagen and the on-
column DNase kit was employed. The [14C]8-oxodG was
�99% chemically and radiochemically pure; the DNA
isolation method was previously reported to not cause
spurious oxidation of [14C]8-oxoG in DNA (15). In the
previously reported work, the DNA was digested to
deoxyribonucleosides and there were negligible ribonu-
cleotides as assayed by HPLC. Furthermore, exposure of
the purified DNA to the DNA glycosylase, Fpg, which
excises 8-oxodG from duplex DNA, resulted in loss of
>95% of the radiocarbon from the DNA, indicating little
or no contamination from [14C]RNA. AMS samples were
prepared in triplicate from purified DNA or RNA (1mg)
after addition of carrier carbon in the form of 1 ml
of tributyrin (ICN Chemical Co.). AMS samples were
analyzed as described (15).

Inhibitor studies

Cells were dosed for inhibitor studies in combination
with [14C]8-oxodG as described earlier, except with a

pre-treatment with the inhibitor 6 h prior to [14C]8-oxodG
dosing (30 h total inhibition). Inhibitor doses were chosen
such that the maximum dose displayed no effect on cell
proliferation and cell death compared to a no-dose
control. Immucillin H was prepared as described (31,32)
and was used in concentrations increasing 10-fold from
10 nM to 10 mM. Deoxycytidine (dC, Sigma Chemical
Co.) was used at 20 mM, 100 mM and 1mM concentra-
tions, and when dosed in combination with [14C]8-oxodG
and 100 nM Immucillin H, 100 mM dC was used.
Hydroxyurea (HU, Sigma Chemical Co.) was used at
100 mM, 250 mM and 500 mM.

HPLC separation following cell lysis

After 2 days of incubation with [14C]8-oxodG, the media
was removed and the cells were washed three times with
PBS. Cells were removed from the plate with trypsin,
washed by centrifugation in PBS and lyzed with 1ml of
Lysis Solution from the DNA Extractor WB Kit (Wako
Pure Chemical Industries, Ltd.). The resulting lysate was
filtered using a Millipore Ultrafree-MC centrifugal filter.
The lysate (100ml) was analyzed by reverse-phase (RP)
and anion-exchange (AE) HPLC–AMS using published
protocols (15,33–35). Radiocarbon content and elution
times were calibrated with authentic mono-, di- and
triphosphorylated 20-deoxyribosyl and ribosyl derivatives
of 8-oxoGua. The standards were purchased from Trilink
BioTechnologies Inc. (San Diego, CA, USA), except for
8-oxodGMP, which was synthesized according to the
literature (15,36).

Proliferation assay and cell death assay

Cells were plated and incubated for 24 h before treatment.
Samples were dosed in triplicate for a total of 30 h with
each specific inhibitor. For cell death, cells were plated
in 60-cm plates and harvested by trypsination. At least
200 cells per plate were counted using the trypan blue
exclusion assay. The mean for the replicates is represented
and standard error is shown.

Cell proliferation was measured by reduction of
the yellow tetrazolium 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma, St. Louis,
MO, USA) by metabolically active cells, following
quantitation of the resulting intracellular purple forma-
zan. Cells were plated into a 96-well plate at �1000 cells/
well. After 24 h incubation, cells were dosed with indicated
concentrations of Immucillin H, dC and HU. After
additional 24-h incubation, 100ml of 12.1mM each
compound was added per well and incubated for 3 h at
378C. The MTT was removed and 100 ml of 100% DMSO
was added to each well and the plate was read at 550 nm.

Statistical analysis

For each experiment, the calculated mean of a represen-
tative example is shown. Each point was conducted
in triplicate and standard error is indicated. For the
Student’s t-test, Microsoft Excel was used to calculate one
tail and two tail probabilities and the results were
considered significant if p< 0.05.
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RESULTS

Incorporation of radiocarbon from [14C]8-oxodG
into DNA and RNA

MCF-7 cells grown in the presence of radiolabeled
8-oxodG for up to 5 days were harvested and analyzed
by AMS for radiocarbon content in DNA and RNA
(Figure 2A). The maximal incorporation of 8-oxoGua
into DNA after 24 h was 3.4� 0.2 fmol per microgram of
DNA compared to 13.0� 0.2 fmol per microgram of
RNA. After washing the cells and replenishing with
radiocarbon-free media, the radiocarbon content in DNA
decreased by roughly half, each day during a 3-day time
course. This reduction is likely due to DNA repair and
dilution of signal due to cell division, approximating the
doubling time of MCF-7 cells common in our laboratory.
After 3 days of growth, the average daily reduction was
only 17% probably due to the slowed growth as the cells
reached confluence. Average radiocarbon content in RNA
decreased by 35% each day.

Cell lysates from MCF-7 cells grown in the presence of
radiolabeled 8-oxodG for 2 days were syringe-filtered in
preparation for HPLC–AMS. The samples were injected
onto a reverse phase (RP) HPLC system in order to
characterize the formation of 8-oxodG metabolic products
in the nucleotide pool (34,35). Fractions collected at 1-min
intervals were analyzed by AMS for radiocarbon content.
The elution times of fractions containing elevated radio-
carbon concentrations were compared to those of
authentic standards of mono-, di- and triphosphorylated
20-deoxyribosyl and ribosyl derivatives of 8-oxoGua, for
which the retention times were 9.1, 6.1, 4.7, 3.3, 2.9 and
2.8min, respectively. The fractions containing elevated
radiocarbon levels corresponded to retention times con-
sistent with these authentic standards (Figure 2B).
Importantly, we also found elevated radiocarbon levels
that co-eluted with unmodified 8-oxodG (retention time of
22.6min).

In addition, the samples were also injected onto an AE
HPLC column in order to alternatively confirm the
formation of 8-oxodG metabolism products in the
nucleotide pool (Figure 2C). Fractions collected at 1-min
intervals were analyzed by AMS for radiocarbon content,
as described earlier. The elution times of fractions
containing elevated radiocarbon concentrations were
comparable to those of authentic standards of 8-oxodG,
mono-, di- and triphosphorylated 20-deoxyribosyl and
ribosyl 8-oxoGua, of which the retention times are 4.5,
7.4, 9.7, 12.4, 7.7, 10.6 and 13.1min, respectively. The
fraction co-eluting with 8-oxodG shown in panel 2B has
relatively low radiocarbon content, whereas the content of
radiocarbon in the component co-eluting with 8-oxodG
shown in panel 2C dominates the content of radioactivity.
A significant amount of radiocarbon was found for
fractions eluting between 8-oxoGMP and 8-oxodGTP.
This raises the possibility of the presence of significant
amount of unknown radiocarbon-containing components
present in the cell lysate. These differences may, in part, be
due to specific characteristics of the HPLC method, such
as elution of radiocarbon with the solvent front, as is
likely in panel 2C. Also, we did not use a standard of

8-oxoGua, since there is an issue of poor solubility in the
buffers used. Since AMS–HPLC relies on coelution with
standards, the method is limited in capability for
producing new molecular information. However, it is
clear that 8-oxodG is metabolized in these cells.
To test the PNP involvement in 8-oxodG metabolism

directly, we used Immucillin H, a PNP-specific inhibitor,
in cell culture experiments. Immucillin H is a transition-
state analog inhibitor that is currently in Phase II trials as
an anti-leukemia agent (32,37). Cells were pre-treated with
Immucillin H for 6 h and then dosed with [14C]8-oxodG.
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Figure 2. 8-OxodG incorporates into DNA and RNA. (A) AMS data
from a 5-day time course after exposure to [14C]8-oxodG in MCF-7
cells. (DNA in white, RNA in gray) (B) Reverse-phase HPLC–AMS
and (C) anion-exchange HPLC–AMS data from cell lysates after
a 2-day exposure to [14C]8-oxodG in MCF-7 cells. HPLC trace
represented on right axis, AMS data represented as a bar graph for
each HPLC fraction, with axis on the left.
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After 24 h, the 14C content in both DNA and RNA was
measured by AMS in triplicate samples. We found 1.5
(�0.2) fmol 14C per microgram of DNA and 8.9 (�0.4)
fmol 14C per microgram of RNA when the cells were
dosed with [14C]8-oxodG in the absence of inhibitor
(Figure 3A). At 10 nM Immucillin H, there was no
significant inhibition (Student’s T-test p< 0.05) of [14C]8-
oxodG incorporation in DNA and a relatively small, but
significant inhibition of incorporation into RNA (34%).
In contrast, 100 nM Immucillin H resulted in nearly
complete inhibition of incorporation into both DNA and
RNA (86% and 74% average reduction, respectively). At
this dose, the reduction of 8-oxodG incorporation into
DNA was not statistically significant when compared to
micromolar concentrations of Immucillin H. The 1 mM
dose, but not the 10 mM dose, resulted in a significant
reduction of incorporation into RNA compared to the
100 nM concentration, although overall the magnitude of
the change at any dose was small. Combined, these data
suggest that PNP is a primary nucleotide salvage pathway
mediator of 8-oxodG metabolism.
We also examined the contribution of direct phosphor-

ylation of 8-oxodG via the dCK pathway. dC is a known
inhibitor of dCK and operates through competition
between dCTP and dC to act as a substrate. Cells were
pre-treated with increasing concentrations of dC for 6 h
prior to the addition of [14C]8-oxodG (Figure 3B).
Incorporation of 14C 24 h after 8-oxodG dosing was
examined in both DNA and RNA using AMS. We
observed no significant reduction of radiocarbon incor-
poration in both DNA and RNA compared to untreated
cells regardless of the concentration of dC used. These
data support that dCK does not contribute to 8-oxodG
incorporation from the nucleotide pool into nucleic acids.
Since there was a residual amount of incorporation

observed even in the presence of high concentrations of
Immucillin H and dC, it was possible that the inhibition of
PNP caused shunting of purine salvage through the dCK
pathway. If this is true, then inhibition of PNP and dCK
should result in a complete depletion of incorporation
of 14C into DNA or RNA. When we performed this

experiment at the highest concentrations of Immucillin H
and dC used for the previous experiments there was no
further reduction in the 14C incorporation (Figure 3B, far
right). This result suggests either incomplete inhibition
of the enzymes or the use of another pathway that makes
a minor contribution to 8-oxodG metabolism and
incorporation into DNA and RNA compared to the
PNP-mediated nucleotide salvage.

Assuming that PNP is the primary participant in the
nucleotide salvage of 8-oxodG, the incorporation of
[14C]8-oxodG into DNA would depend on the activity
of RR to form the 8-oxodGTP derivative required by
DNA polymerase. In this case, inhibition of RR should
result in 14C incorporation into RNA but not into DNA.
To test this possibility, we used HU to inhibit RR. HU is a
radical scavenger that inactivates RR by directly reducing
the tyrosyl radical of an RR subunit during catalysis.
Unlike many other RR inhibitors, it does not require
activation by dCK (38,39).

We incubated MCF-7 cells with HU for 12 h and then
added [14C]8-oxodG for 24 h before harvesting the DNA
and the RNA (Figure 4). 14C incorporation into DNA was
reduced by an average of 21% and 42% at 250 and
500 mM, respectively. This inhibition was statistically
significant compared to the untreated control (p< 0.05),
whereas no change was observed in the incorporation of
[14C]8-oxodG into RNA. These observations are con-
sistent with 8-oxoGua forming from 8-oxodG via PNP-
mediated N-glycosidic bond cleavage, with subsequent
phosphoribosylation and conversion to 8-oxoGTP prior
to incorporation into RNA. Our data indicate that the
primary mechanism of 8-oxodG metabolism is through
the PNP and RR enzymes, which supports our observa-
tion that [14C]8-oxodG can be incorporated into both
RNA and DNA.

An alternative possibility is that the reduced incorpora-
tion observed was due to the toxicity of the inhibitors,
or modulation of proliferation rates. Immucillin H is
potentially toxic because dG is shunted through dCK
possibly causing accumulation of enough dGTP to block
DNA synthesis (32).
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To address these concerns, we tested the toxicity of
the inhibitors for 30 h (6 h of pre-treatment plus 24 h of
8-oxodG exposure) at the highest concentrations used
in the 8-oxodG metabolism studies. Cells were dosed,
harvested and assessed for cell death using the trypan blue
exclusion assay, where dead cells are counted by virtue
of their ability to absorb the dye. We found that the
treatments were not substantially toxic compared to the
untreated control (Figure 5A).

Additionally, we examined the effects of these inhibitors
on cell proliferation (Figure 5B) using the MTT assay,
where only living cells are capable of carrying out the
enzymatic reaction necessary for the colorimetric change.
There was no difference in proliferation in the dosed cells
compared to controls at all inhibitor concentrations.
Therefore, we could conclude that the reduced incorpora-
tion of [14C]8-oxodG in the presence of Immucillin H or
HU was due to enzyme-specific inhibition, and not due to
toxicity or growth arrest artifacts.

DISCUSSION

Given the high levels of 8-oxodG found excreted from
cancer patients (40), and its prominent accumulation as an
oxidized nucleobase, 8-oxodG has been regarded as a
biomarker of disease. There are many reports examining
the role that the nucleotide pool plays in contributing to
the mutagenic consequences of 8-oxodG (7,8), but
measurement of the effects of oxidative stress in a cellular
environment is often hampered by poor measurement
sensitivity and precision. Our present data make use of the
highly sensitive AMS technology to follow radiocarbon-
labeled 8-oxodG as it is metabolized by human breast
cancer cells. Experiments from multiple laboratories
conducted in parallel by ESCODD reported that
8-oxodG levels are within 0.3 and 4.2 per 106 guanines
in human lymphocyte DNA (41). Our results fall within

these levels. Furthermore, Park and coworkers (16) found
concentrations of 69� 15 fmol/ml of 8-oxodG in human
plasma. Our supplemental concentration of 108 fmol/ml
of 8-oxodG is roughly equivalent to this, thus making our
dosage physiologically relevant to the study.
There are conflicting reports as to the ability of different

cell types to incorporate exogenous 8-oxodG into nucleic
acids and by which mechanisms. For example, there is
evidence that neither dCK nor dGK is able to metabolize
8-oxodG (42,43). There is also evidence that [14C]8-oxodG
is not a substrate for the PNP enzyme, nor for DNA
polymerases (42). Importantly, however, these published
data were gathered using purified enzymes and cell
extracts that may lack cofactors or cellular integrity
required for full utilization of the proposed pathways for
8-oxodG metabolism. In contrast, our data were obtained
in intact cells containing all known or unknown cofactors
required for nucleotide salvage cells, using physiologically
relevant concentrations of 8-oxodG. Our results are
facilitated by the use of AMS. AMS is specific only to
the labeled compound in any biological or chemical
medium without prior speciation or introduction of
molecular modifications or internal standards.
The observed incorporation of 8-oxodG into DNA in

MCF-7 cells seems to contrast with Kim and Chung (43)
who found incorporation of [3H]dG but not [3H]8-oxodG
in similar experiments using scintillation counting.
However, the mechanistic analysis presented herein
provides an explanation, since the tritium label from
Kim et al. was located on the 20-deoxyribose ring.
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PNP phosphorylates the ring as it removes the purine
nucleobase, which would preclude incorporation of the
tritium label into DNA and RNA. In our present article,
8-oxodG was labeled with 14C on the nucleobase, allowing
tracking of its metabolism in the absence of the sugar ring,
which allowed elucidation of the contribution of the PNP-
mediated salvage pathway. The reported elevated incor-
poration of [3H]dG into DNA compared to [3H]8-oxodG
supports more facile direct phosphorylation of dG,
compared to 8-oxodG, which is independent of PNP.
Our experiments clearly demonstrate that 8-oxodG

from the nucleotide pool is incorporated both into the
DNA and the RNA (Figure 2). 14C content in RNA was
measured to be 5–6 times higher than in DNA, which may
be explained by the constitutive transcription of RNA or
the larger pool size of ribonucleotides (42). The radio-
carbon concentrations that we observed for this work are
higher than previously reported (15,44), possibly due to
optimized media composition with respect to supplemen-
tal insulin. While there could be trace amounts of RNA
in the harvested DNA, our samples were digested with a
protocol that was optimized against residual RNA (15).
We attribute these higher levels of incorporation to the
higher proliferation rate of MCF-7 cells in the presence of
supplemental insulin, which resulted from optimization of
the cell culture conditions. The levels of 8-oxodG reported
here are approximately 1 molecule per 106 nucleotides,
which is equivalent to the background level of 8-oxodG
in many cell types (45). Our results remain consistent
with the levels of 8-oxodG in the cells as predicted by
ESCODD by labs using HPLC with electrochemical
detection (46).
The RP HPLC–AMS data support that 8-oxodG in the

nucleotide pool is metabolized to the corresponding
ribosyl and 20-deoxyribosyl triphosphorylated species

that serve as substrates for both RNA and DNA
polymerases (Figure 2B), which is consistent with the
same experiment performed with AE HPLC–AMS
(Figure 2C). Since these experiments simply show co-
elution of 8-oxodG metabolites with authentic standards,
these data alone do not prove the conversion of 8-oxodG
to triphosphorylated 20-deoxyribosyl and ribosyl deriva-
tives of 8-oxoGua. It would be desirable to have better
separation of the HPLC peaks in order to allow
quantitation of [14C]8-oxodG metabolites, particularly
with exposure of cells to Immucillin H. The data support
that the radiolabeled compound is metabolized to several
species whose retention times are consistent with nucleo-
sides and nucleotides.

The HPLC–AMS data combined with the observation
that [14C]8-oxodG incorporates into both DNA and RNA
strongly support the interpretation that, free 8-oxodG
is converted to triphosphorylated derivatives prior to
incorporation into DNA and RNA. The RP- and AE-
HPLC–AMS data are consistent with metabolism of
8-oxodG to several phosphorylated species that are
expected to be existent based upon the PNP- and RR-
mediated nucleotide salvage of dG.

Our results further demonstrate that the PNP enzyme is
important to the incorporation of 8-oxoG into RNA and
that RR is used to form the deoxyribonucleotides
necessary for incorporation into DNA (Figure 6). At
this point, the perturbation of other pathways relevant to
nucleotide salvage by Immucillin H cannot be ruled out,
but there are currently no reports of other enzymes for
which Immucillin H is a substrate. However, Immucillin H
is now in phase IIb clinical trials and has had extensive
testing in cells, animals and humans. To date, no
additional effect other than PNP inhibition has been
attributed to the inhibitor. For example, administration
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of Immucillin-H causes a change in blood patterns in
humans that are the same as those found in humans with
a genetic deletion in PNP (47).

Each inhibitor experiment was carried out at least three
times with triplicate plates of cells for each inhibitor
concentration sampled. AMS measurements were taken
repeatedly on each sample until a threshold number of
counts were recorded. The variation in the data is certainly
due to differences in the cell culture experiments. We do
not understand the small but statistically significant
increase in the DNA radiocarbon from the 100 mM dose
of HU shown in Figure 4. The minimal role for dCK in
8-oxodG salvage is consistent with previous publications
that argue against a step-wise phosphorylation mechanism
for 8-oxodG incorporation (42,43). Given that the
inhibition of dCK and PNP concurrently did not reduce
incorporation to zero, an alternative pathway may
function in a minimal capacity.

This work re-identifies 8-oxoGua as an important and
potentially mutagenic substrate for incorporation into
DNA. Our results ultimately imply that 8-oxoGua
generated by the BER process may be cycled back for
incorporation into DNA. Furthermore, since 8-oxodG is
first converted to 8-oxoGua, extracellular 8-oxodG likely
contributes more to mutagenesis than previously recog-
nized. Given the metabolism of 8-oxoGua to a substrate
that can be incorporated into DNA, the role of the Nudix-
hydrolases becomes much more central to prevent
mutations. In light of these new data, the contribution
of the nucleotide pool with respect to oxidation of DNA-
incorporated modified guanines becomes significant and
needs to be assessed further (48). Future work will
examine the cell-specific nature of these results, since
there are several reports that support the possibility that
8-oxoG levels DNA may be enhanced in cancer cells (49).

ACKNOWLEDGEMENTS

We acknowledge Kurt Haack for preparation of AMS
samples and Kenneth W. Turteltaub for technical discus-
sions. This work was performed at the Research Resource
for Biomedical Accelerator Mass Spectrometry, operated
at University of California Lawrence Livermore National
Laboratory under the auspices of the US DOE by
Lawrence Livermore National Laboratory under
Contract DE-AC52-07NA27344 and partially supported
by National Institutes of Health Grants RR13461 (to
J.M.M., S.S.H., and P.T.H.) and CA55861 (to J.M.M.
and R.A.S.) and by the California Breast Cancer Research
Program Grant 9KB-0179 (to S.S.H. and P.T.H.).
Funding to pay the Open Access publication charges for
this article was provided by The National Institutes of
Health (NIH) (grant RR13461).

Conflict of interest statement. None declared.

REFERENCES

1. Sekiguchi,M. and Tsuzuki,T. (2002) Oxidative nucleotide damage:
consequences and prevention. Oncogene, 21, 8895–8904.

2. Droge,W. (2002) Free radicals in the physiological control of cell
function. Physiol. Rev., 82, 47–95.

3. Bohr,V.A. (2002) Repair of oxidative DNA damage in nuclear and
mitochondrial DNA, and some changes with aging in mammalian
cells. Free Radic. Biol. Med., 32, 804–812.

4. Nakabeppu,Y., Tsuchimoto,D., Furuichi,M. and Sakumi,K. (2004)
The defense mechanisms in mammalian cells against oxidative
damage in nucleic acids and their involvement in the suppression of
mutagenesis and cell death. Free Radic. Res., 38, 423–429.

5. Greenberg,M.M. (2004) In vitro and in vivo effects of oxidative
damage to deoxyguanosine. Biochem. Soc. Trans., 32, 46–50.

6. Valko,M., Izakovic,M., Mazur,M., Rhodes,C.J. and Telser,J. (2004)
Role of oxygen radicals in DNA damage and cancer incidence.
Mol.Cell.Biochem., 266, 37–56.

7. Cadet,J., Douki,T., Gasparutto,D. and Ravanat,J.L. (2003)
Oxidative damage to DNA: formation, measurement and
biochemical features. Mutat. Res., 531, 5–23.

8. Neeley,W.L. and Essigmann,J.M. (2006) Mechanisms of formation,
genotoxicity, and mutation of guanine oxidation products. Chem.
Res. Toxicol., 19, 491–505.

9. Steenken,S. and Jovanovic,S.V. (1997) How easily oxidizable is
DNA? One-electron reduction potentials of adenosine and
guanosine radicals in aqueous solution. J. Am. Chem. Soc., 119,
617–618.

10. Goyal,R.N. and Dryhurst,G. (1982) Redox chemistry of guanine
and 8-oxoguanine and a comparison of the peroxidase-catalyzed
and electrochemical oxidation of 8-oxoguanine. J. Electroanal.
Chem., 135, 75–91.

11. Berger,M., Anselmino,C., Mouret,J.-F. and Cadet,J. (1990) High
performance liquid chromatography-electrochemical assay for
monitoring the formation of 8-oxo-7,8-dihydroadenine and its
related 20-deoxynucleoside. J. Liq. Chromatogr., 13, 929–932.

12. Nishimura,S. (2002) Involvement of mammalian ogg1(mmh) in
excision of the 8-hydroxyguanine residue in DNA. Free Radic. Biol.
Med., 32, 813–821.

13. Maki,H. and Sekiguchi,M. (1992) MutT protein specifically
hydrolyses a potent mutagenic substrate for DNA synthesis. Nature,
355, 273–275.

14. Hah,S.S., Kim,H.M., Sumbad,R.A. and Henderson,P.T. (2005)
Hydantoin derivative formation from oxidation of 7,8-dihydro-
8-oxo-20-deoxyguanosine (8-oxodG) and incorporation of
C-14-labeled 8-oxodG into the DNA of human breast cancer cells.
Bioorg. Med. Chem. Let., 15, 3627–3631.

15. Hah,S.S., Mundt,J.M., Kim,H.M., Sumbad,R.A., Turteltaub,K.W.
and Henderson,P.T. (2007) Measurement of 7,8-dihydro-8-oxo-20-
deoxyguanosine metabolism in MCF-7 cells at low concentrations
using accelerator mass spectrometry. Proc. Natl Acad. Sci. USA,
104, 11203–11208.

16. Park,E.M., Shigenaga,M.K., Degan,P., Korn,T.S., Kitzler,J.W.,
Wehr,C.M., Kolachana,P. and Ames,B.N. (1992) Assay of excised
oxidative DNA lesions: isolation of 8- oxoguanine and its nucleo-
side derivatives from biological fluids with a monoclonal antibody
column. Proc. Natl Acad. Sci. USA, 89, 3375–3379.

17. Bogdanov,M.B., Beal,M.F., Mccabe,D.R., Griffin,R.M. and
Matson,W.R. (1999) A carbon column-based liquid
chromatography electrochemical approach to routine 8-hydroxy-
20-deoxyguanosine measurements in urine and other biologic
matrices: a one-year evaluation of methods. Free Radic.Biol. Med.,
27, 647–666.

18. Cooke,M.S., Evans,M.D., Dove,R., Rozalski,R., Gackowski,D.,
Siomek,A., Lunec,J. and Olinski,R. (2005) DNA repair is respon-
sible for the presence of oxidatively damaged DNA lesions in urine.
Mutat. Res.-Fundamental and Molecular Mechanisms of
Mutagenesis, 574, 58–66.

19. David,S.S. and Wiliams,S.D. (1998) Chemistry of glycosylases and
endonucleases involved in base-excision repair. Chem. Rev., 98,
1221–1261.

20. Banerjee,A., Yang,W., Karplus,M. and Verdine,G.L. (2005)
Structure of a repair enzyme interrogating undamaged DNA
elucidates recognition of damaged DNA. Nature, 434, 612–618.

21. Bruner,S.D., Norman,D.P.G. and Verdine,G.L. (2000) Structural
basis for recognition and repair of the endogenous mutagen
8-oxoguanine in DNA. Nature, 403, 859–866.

Nucleic Acids Research, 2008, Vol. 36, No. 1 235



22. McGoldrick,J.P., Yeh,Y.C., Solomon,M., Essigmann,J.M. and
Lu,A.L. (1995) Characterization of a mammalian homolog of the
Escherichia coli MutY mismatch repair protein. Mol. Cell. Biol., 15,
989–996.

23. Hayakawa,H., Uchiumi,T., Fukuda,T., Ashizuka,M., Kohno,K.,
Kuwano,M. and Sekiguchi,M. (2002) Binding capacity of human
YB-1 protein for RNA containing 8-oxoguanine. Biochemistry, 41,
12739–12744.

24. Russo,M.T., De Luca,G., Degan,P., Parlanti,E., Dogliotti,E.,
Barnes,D.E., Lindahl,T., Yang,H.J., Miller,J.H. et al. (2004)
Accumulation of the oxidative base lesion 8-hydroxyguanine in
DNA of tumor-prone mice defective in both the Myh and Ogg1
DNA glycosylases. Cancer Res., 64, 4411–4414.

25. Colussi,C., Parlanti,E., Degan,P., Aquilina,G., Barnes,D.,
Macpherson,P., Karran,P., Crescenzi,M., Dogliotti,E. et al. (2002)
The mammalian mismatch repair pathway removes DNA
8-oxodGMP incorporated from the oxidized dNTP pool. Curr.Biol.,
12, 912–918.

26. Arner,E.S.J. and Eriksson,S. (1995) Mammalian
deoxyribonucleoside kinases. Pharmacol.Ther., 67, 155–186.

27. Van Rompay,A.R., Johansson,M. and Karlsson,A. (2000)
Phosphorylation of nucleosides and nucleoside analogs by
mammalian nucleoside monophosphate kinases. Pharmacol. Ther.,
87, 189–198.

28. Mathews,C.K. (2006) DNA precursor metabolism and genomic
stability. FASEB J., 20, 1300–1314.

29. Vogel,J.S., Ognibene,T., Palmblad,M. and Reimer,P. (2004)
Counting statistics and ion interval density in AMS. Radiocarbon,
46, 1103–1109.

30. Lappin,G. and Garner,R.C. (2005) Applications of AMS anal PET
in toxicology and human microdosing. Toxicology, 213, 206–207.

31. Ting,L.M., Shi,W.X., Lewandowicz,A., Singh,V., Mwakingwe,A.,
Birck,M.R., Ringia,E.A.T., Bench,G., Madrid,D.C. et al. (2005)
Targeting a novel Plasmodium falciparum purine recycling pathway
with specific immucillins. J. Biol. Chem., 280, 9547–9554.

32. Kicska,G.A., Long,L., Horig,H., Fairchild,C., Tyler,P.C.,
Furneaux,R.H., Schramm,V.L. and Kaufman,H.L. (2001)
Immucillin H, a powerful transition-state analog inhibitor of purine
nucleoside phosphorylase, selectively inhibits human T lymphocytes.
Proc. Natl Acad. Sci. USA, 98, 4593–4598.

33. Nunoshiba,T., Ishida,R., Sasaki,M., Iwai,S., Nakabeppu,Y. and
Yamamoto,K. (2004) A novel Nudix hydrolase for oxidized purine
nucleoside triphosphates encoded by ORFYLR151c (PCD1 gene)
in Saccharomyces cerevisiae. Nucleic Acids Res, 32, 5339–5348.

34. Bialkowski,K. and Kasprzak,K.S. (2003) Inhibition of 8-oxo-20-
deoxyguanosine 50-triphosphate pyrophosphohydrolase (8-oxo-
dGTPase) activity of the antimutagenic human MTH1 protein by
nucleoside 50-diphosphates. Free Rad. Biol. Med., 35, 595–602.

35. Bialkowski,K. and Kasprzak,K.S. (1998) A novel assay of 8-oxo-20-
deoxyguanosine 50-triphosphate pyrophosphohydrolase

(8-oxo-dGTPase) activity in cultured cells and its use for evaluation
of cadmium(II) inhibition of this activity. Nucleic Acids Res., 26,
3194–3201.

36. Meyer,F., Fiala,E. and Westendorf,J. (2000) Induction of 8-oxo-
dGTPase activity in human lymphoid cells and normal fibroblasts
by oxidative stress. Toxicology, 146, 83–92.

37. Clinch,K., Evans,G.B., Fleet,G.W.J., Furneaux,R.H.,
Johnson,S.W., Lenz,D.H., Mee,S.P.H., Rands,P.R., Schramm,V.L.
et al. (2006) Syntheses and bio-activities of the L-enantiomers of
two potent transition state analogue inhibitors of purine nucleoside
phosphorylases. Org. Biomol. Chem., 4, 1131–1139.

38. Cerqueira,N.M.F.S., Pereira,S., Fernandes,P.A. and Ramos,M.J.
(2005) Overview of ribonucleotide reductase inhibitors: an
appealing target in anti-tumour therapy. Curr. Med. Chem., 12,
1283–1294.

39. Nandy,P., Lien,E.J. and Avramis,V.I. (1999) Inhibition of
ribonucleotide reductase by a new class of isoindole derivatives:
drug synergism with cytarabine (ara-C) and induction of cellular
apoptosis. Anticancer Res., 19, 1625–1633.

40. Loft,S. and Poulsen,H.E. (1996) Cancer risk and oxidative DNA
damage in man. J. Mol. Med., 74, 297–312.

41. Gedik,C.M. and Collins,A. (2005) Establishing the background
level of base oxidation in human lymphocyte DNA: results of
an interlaboratory validation study. FASEB J., 19, 82–84.

42. Hayakawa,H., Hofer,A., Thelander,L., Kitajima,S., Cai,Y.,
Oshiro,S., Yakushiji,H., Nakabeppu,Y., Kuwano,M. et al. (1999)
Metabolic fate of oxidized guanine ribonucleotides in mammalian
cells. Biochemistry, 38, 3610–3614.

43. Kim,J.E. and Chung,M.H. (2006) 8-Oxo-7,8-dihydro-20-deoxygua-
nosine is not salvaged for DNA synthesis in human leukemic U937
cells. Free Radic. Res., 40, 461–466.

44. Spyrou,G. and Reichard,P. (1983) Ribonucleotides are not
channeled into dna in permeabilized mammalian-cells. Biochem.
Biophys. Res. Commun, 115, 1022–1026.

45. Beckman,K.B. and Ames,B.N. (1999) Endogenous oxidative
damage of mtDNA. Mutat. Res, 424, 51–58.

46. Collins,A.R., Cadet,J., Moller,L., Poulsen,H.E. and Vina,J. (2004)
Are we sure we know how to measure 8-oxo-7,8-dihydroguanine in
DNA from human cells? Arch. Biochem. Biophys., 423, 57–65.

47. Gandhi,V., Kilpatrick,J.M., Plunkett,W., Ayres,M., Harman,L.,
Du,M., Bantia,S., Davisson,J., Wierda,W.G. et al. (2005) A
proof-of-principle pharmacokinetic, pharmacodynamic, and clinical
study with purine nucleoside phosphorylase inhibitor immucillin-H
(BCX-1777, forodesine). Blood, 106, 4253–4260.

48. Cooke,M.S. and Evans,M.D. (2007) 8-Oxo-deoxyguanosine: reduce,
reuse, recycle? Proc. Natl Acad. Sci. USA, 104, 13535–13536.

49. Cooke,M.S., Rozalski,R., Dove,R., Gackowski,D., Siomek,A.,
Evans,M.D. and Olinski,R. (2006) Evidence for attenuated cellular
8-oxo-7,8-dihydro-20-deoxyguanosine removal in cancer patients.
Biol. Chem., 387, 393–400.

236 Nucleic Acids Research, 2008, Vol. 36, No. 1


