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Oxidative base lesions, such as 8-oxoguanine (8-oxoG),

accumulate in nuclear and mitochondrial DNAs under

oxidative stress, resulting in cell death. However, it is

not known which form of DNA is involved, whether

nuclear or mitochondrial, nor is it known how the death

order is executed. We established cells which selectively

accumulate 8-oxoG in either type of DNA by expression

of a nuclear or mitochondrial form of human 8-oxoG

DNA glycosylase in OGG1-null mouse cells. The accumula-

tion of 8-oxoG in nuclear DNA caused poly-ADP-ribose

polymerase (PARP)-dependent nuclear translocation of

apoptosis-inducing factor, whereas that in mitochondrial

DNA caused mitochondrial dysfunction and Ca2þ release,

thereby activating calpain. Both cell deaths were triggered

by single-strand breaks (SSBs) that had accumulated in

the respective DNAs, and were suppressed by knockdown

of adenine DNA glycosylase encoded by MutY homolog,

thus indicating that excision of adenine opposite 8-oxoG

lead to the accumulation of SSBs in each type of DNA. SSBs

in nuclear DNA activated PARP, whereas those in mito-

chondrial DNA caused their depletion, thereby initiating

the two distinct pathways of cell death.
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Introduction

Reactive oxygen species (ROS), generated as byproducts of

mitochondrial respiration or as a consequence of exposure to

environmental agents, are known to oxidize DNA. Oxidative

damage to cellular DNA often causes mutagenesis as well as

programmed cell death; and the former might result in

carcinogenesis, whereas the latter often causes degenerative

disorders (Ames et al, 1993; Nakabeppu et al, 2006, 2007).

8-Oxoguanine (8-oxoG) is one of the major oxidative base

lesions in DNA or nucleotides (Kasai and Nishimura, 1984),

and is highly mutagenic as it can pair with adenine as well as

cytosine (Maki, 2002). Studies of error-avoiding mechanisms

directed against 8-oxoG revealed that organisms are equipped

with elaborate means of minimizing the accumulation of

such lesions in DNA, and that these strategies are conserved

from bacteria to mammals. In mammals, MutT homolog-1

(MTH1) hydrolyzes oxidized purine nucleoside triphosphates

to the monophosphate forms (Nakabeppu et al, 2006). 8-

OxoG DNA glycosylase-1 (OGG1) excises 8-oxoG paired with

cytosine in DNA (Boiteux and Radicella, 2000; Nakabeppu

et al, 2006), whereas MutY homolog (MUTYH) removes

adenine misincorporated opposite 8-oxoG in template DNA

(Slupska et al, 1999; Nakabeppu et al, 2006). These three

enzymes play major roles in suppressing spontaneous muta-

genesis initiated by oxidation of nucleic acids. Mutant mice

lacking one of these genes exhibit an increased spontaneous

mutation rate and an increased susceptibility to carcinogen-

esis (Nakabeppu et al, 2006).

Several isoforms of human OGG1 (hOGG1) are known to

be generated by alternative splicing, all of which share their

N-terminal end with the common mitochondrial targeting

signal. The two major isoforms are hOGG1-1a and hOGG1-2a;

the former carries the nuclear localization signal at its C-

terminal end and is localized in the nucleus, while the latter

carries a hydrophobic/acidic region at its C-terminal end and

is localized in mitochondria (Nishioka et al, 1999). 8-OxoG

accumulated in either nuclear (nDNA) or mitochondrial DNA

(mtDNA) is known to be efficiently repaired in mammals by

OGG1-initiated base excision repair (BER) (Stuart et al, 2005).

8-OxoG accumulates in cellular DNA during aging and the

level of accumulation is known to increase in patients with

various neurodegenerative diseases such as Parkinson’s dis-

ease (PD) or Alzheimer’s disease (AD) (Shimura-Miura et al,

1999; Nunomura et al, 2001), suggesting that an accumula-

tion of 8-oxoG in cellular DNA contributes to cell

death. MTH1-null mice exhibited a strong accumulation of

8-oxoG in mtDNA of striatal nerve terminals of dopamine

neurons, accompanied by the increased degeneration of these

terminals after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP) administration (Yamaguchi et al, 2006). Furthermore,

in MTH1-null mouse embryonic fibroblasts (MEFs), accumula-

tion of 8-oxoG in cellular DNA was induced by H2O2, resulting in

mitochondrial dysfunction and finally cell death (Yoshimura

et al, 2003). However, it is not known which form of DNA

was responsible for such cell death, whether nDNA or mtDNA or

both, nor is it known how the death order was executed.

In the present study, we found that OGG1-null MEFs

exhibited an increased rate of cell death under oxidative
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stress, in comparison to the wild type. To elucidate the effects

on cell death of 8-oxoG accumulated in either nDNA or

mtDNA, we established and characterized MEF lines which

selectively accumulate 8-oxoG in either type of DNA by

expressing nuclear or mitochondrial forms of hOGG1.

Results

Ogg1�/� MEFs are highly susceptible to cell death under

oxidative stress

Spontaneously immortalized MEF lines were established

from wild-type and Ogg1�/� mouse embryos (Supplementary

Figure S1). 8-OxoG DNA glycosylase activity was not detected

in the extracts prepared from Ogg1�/� MEFs (Supplementary

Figure S1). We then examined whether the deficiency in OGG1

altered susceptibility to cell death caused by 2-methyl-1.

4-naphthoquinone (menadione), which produces ROS within

cells (Supplementary Figure S2; Frei et al, 1986). The median

lethal dose of menadione (LD50¼18.5mM) for Ogg1�/� MEFs

was significantly lower than that for the wild type (32mM)

(Figure 1A).

Establishment of Ogg1�/� MEF lines expressing either

the nuclear or mitochondrial form of human OGG1

protein

To establish cell lines carrying a functional 8-oxoG DNA

glycosylase in either nuclei alone or mitochondria alone, a

cDNA expression vector for either the nuclear (hOGG1-1a) or

mitochondrial (hOGG1-2a) form of hOGG1 (Figure 1B) was

introduced into Ogg1�/� MEFs (7L). The 8-oxoG DNA glyco-

sylase activity that was absent in OGG1-null MEFs was

recovered only in the nuclear extract of Nu-hOGG1 MEFs or

only in the mitochondrial extract of Mt-hOGG1 MEFs (Figure

1C and D, upper panels). A 36-kDa hOGG1-1a polypeptide

was detected only in a nuclear extract prepared from Ogg1�/�

MEFs carrying hOGG1-1a cDNA. A 40-kDa polypeptide and

to a lesser extent, its precursor, a 43-kDa polypeptide, were

detected only in a mitochondrial extract prepared from MEFs

carrying hOGG1-2a cDNA (Figure 1C and D, lower panels),

and these were mostly colocalized with a mitochondrial

protein, HSP60 (Figure 1E). These cell lines were therefore

designated Nu-hOGG1 MEF and Mt-hOGG1 MEF, respec-

tively. Ogg1�/� MEFs into which an empty vector was

introduced as a control, were designated the OGG1-null

MEF line.

8-OxoG accumulated in nDNA or mtDNA independently

induces cell death

Next, we examined the 8-oxoG content in nDNA and mtDNA

of each MEF line after exposure to menadione. The content of

8-oxoG in nDNA was determined by HPLC-MS/MS

(Figure 2A). In all types of MEFs, the nuclear content of

8-oxoG increased to more than twofold above the basal level

during the 1 h exposure to menadione. The content in

Nu-hOGG1 MEFs, as well as in wild-type MEFs, was signi-

ficantly decreased within 1 h after the exposure, and returned

to the basal level 24 h after exposure, suggesting that there

are rapid and slow rates of repair of 8-oxoG in nDNA. In

contrast, the levels remained high in OGG1-null and

Mt-hOGG1 MEFs 24 h after exposure.

The content of 8-oxoG in mtDNA was monitored by

immunofluorescence microscopy (Figure 2B). Cytoplasmic

8-oxoG immunoreactivities were colocalized with mitochon-

drial transcription factor A (TFAM), which is known to bind

mtDNA (Alam et al, 2003), in Nu-hOGG1 MEFs 1 h after

exposure to menadione (Supplementary Figure S3A). Since

the 8-oxoG immunoreactivities were greatly reduced by

pretreatment with either MutM, a bacterial 8-oxoG DNA

glycosylase or DNase I, we concluded that the cytoplasmic

8-oxoG immunoreactivities represent the level of 8-oxoG in

mtDNA (Supplementary Figure S3B). The 8-oxoG index

indicating the level of 8-oxoG present in mtDNA increased

to 1.5-fold or more above the basal level within 1 h after

exposure to menadione in all types of MEFs. This may be

because mitochondria damaged by menadione gradually

undergo increased formation of ROS. In Mt-hOGG1 MEFs,

as well as in wild-type MEFs, the 8-oxoG index was signifi-

cantly decreased 8 h after exposure, whereas indices in

OGG1-null and Nu-hOGG1 MEFs remained high. These

results indicated that repair of 8-oxoG in mtDNA has faster

kinetics than in nDNA, suggesting that the chromosomal

structure of nDNA might be responsible for the slow repair

of 8-oxoG in this latter material.

We further established Ogg1�/� MEFs expressing both the

nuclear and mitochondrial forms of hOGG1, namely cells

of the Nu/Mt-hOGG1 MEF line, and then compared their

viabilities after exposure to menadione (Figure 3A and B).

The LD50 were 18 mM for OGG1-null, 23 mM for Mt-hOGG1,

35 mM for Nu-hOGG1, and 51 mM for Nu/Mt-hOGG1 MEFs.

The former three types of MEFs exhibited the same order of

sensitivity to menadione in a colony-forming assay (data not

shown). These results demonstrated that the nuclear and

mitochondrial forms of hOGG1 independently initiated BER

of the 8-oxoG accumulated in each type of DNA, and incre-

mentally improved cell viability under oxidative stress. MEFs

expressing both forms exhibited the strongest resistance,

suggesting that a deficiency in the repair ability in either

nDNA or mtDNA induces cell death.

Twenty-four hours after exposure to 25 mM menadione,

42.3% of cells remaining in the culture of OGG1-null MEFs

were dead cells that were stained with both Hoechst and PI,

and their nuclei were condensed but not fragmented, indicat-

ing that they were pyknotic (data not shown). Cultures of Nu-

hOGG1 and Mt-hOGG1 MEFs contained more cells than the

culture of OGG1-null MEFs, and 26 and 30.9% of the remain-

ing cells in the former cultures showed evidence of pyknosis,

respectively. There were far fewer pyknotic cells (6.3%) in

the Nu/Mt-hOGG1 MEF culture.

8-OxoG accumulated in nDNA activates poly-ADP-

ribose polymerase accompanied by nuclear

translocation of apoptosis-inducing factor, resulting in

caspase-independent cell death

To elucidate whether caspase(s) is involved in menadione-

induced cell death, MEF lines were exposed to menadione

or staurosporine in the presence of a general caspase

inhibitor, Z-VAD-fmk. Z-VAD-fmk efficiently suppressed

staurosporine-induced cell death, which is dependent on

caspases (Yoshimura et al, 2003), but did not suppress

menadione-induced death (Supplementary Figure S4). We

thus concluded that the menadione-induced cell death was

independent of caspase activity.

Next, MEFs were pre-cultured in the presence of 3-amino-

benzamide (3-AB), an inhibitor of poly-ADP-ribose polymer-
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ase (PARP), and then exposed to menadione (Figure 4A).

Only the Mt-hOGG1 MEFs exhibited a significantly increased

viability (þ 25.6%), in comparison with that in the absence

of 3-AB. In contrast, OGG1-null but not Nu-hOGG1 MEFs

exhibited only a slightly increased viability. Western blotting

and immunofluorescence microscopy revealed that the ex-

posure to menadione increased poly-ADP ribosylation only in

Mt-hOGG1 MEFs (Figure 4B and C).

It is known that PARP-dependent cell death is accompa-

nied by nuclear translocation of apoptosis-inducing factor

(AIF) (Yu et al, 2002). We thus examined the intracellular

localization of AIF. As shown in Figure 4D, only Mt-hOGG1

MEFs exhibited an exclusive nuclear localization of AIF 6 h

after exposure to menadione, which was completely abol-

ished in the presence of 3-AB.

8-OxoG accumulated in mtDNA activates calpains

accompanied by mitochondrial dysfunction, resulting

in caspase-independent cell death

Menadione-induced ultrastructural alterations were exam-

ined by electron microscopy. No alteration in the nuclear

structure was observed (data not shown), whereas mitochon-

drial cristae in OGG1-null and Nu-hOGG1 MEFs were highly

degenerated and electron-dense deposits (EDDs), which are

the hallmark of mitochondrial dysfunction under oxidative

damage (Yoshimura et al, 2003), had accumulated in

Figure 1 Establishment of Ogg1�/� MEFs expressing either the nuclear or mitochondrial form of human OGG1. (A) Cell viability 24 h after
exposure to menadione. Results from three independent experiments, each of which was run in triplicate, are shown (mean7s.d.). The Tukey–
Kramer test revealed that cell viability with 25 and 50mM menadione was significantly different between wild-type and Ogg1�/� MEFs, with a
P-value o0.05. (B) Structural comparison of hOGG1 proteins. hOGG1-1a is a nuclear form with a C-terminal nuclear localization signal (NLS),
while hOGG1-2a is a major mitochondrial form with a C-terminal acidic and hydrophobic domain. MTS, mitochondrial targeting signal. (C) 8-
OxoG DNA glycosylase in whole-cell extracts was determined as an activity introducing a nick adjacent to 8-oxoG opposite cytosine in duplex
oligonucleotides, in which 8-oxoG was placed at the sixteenth residue in a 50-fluorescence-labeled oligonucleotide (upper panel). The arrow
and arrowhead indicate the substrate (35-mer) and the cleaved product (15-mer), respectively. Western blotting analysis was performed using
anti-HCD (lanes 1 and 2) or anti-2a-CT (lane 3), (lower panels). Whole-cell extracts (20 mg of protein) from OGG1-null (lane 1), Nu-hOGG1
(lane 2), and Mt-hOGG1 MEFs (lane 3) were analyzed. (D) 8-OxoG DNA glycosylase activity in nuclear or mitochondrial extracts (upper panel).
Detection of hOGG1 in nuclear or mitochondrial extracts (lower panels). PCNA (35.5 kDa) or HSP60 (60 kDa) were detected as a nuclear or
mitochondrial marker. Nuclear (N) and mitochondrial (Mt) extracts (5mg of protein) from Nu-hOGG1 (lanes 1 and 2) and Mt-hOGG1 (lanes 3
and 4) were analyzed. (E) Intracellular distribution of hOGG1-2a in Mt-hOGG1 MEFs. Bar, 10 mm.
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degenerating mitochondria from 4 to 24 h after exposure to

menadione (Figure 5A). Swollen mitochondria were also

observed in Nu-hOGG1 MEFs after the exposure (data not

shown). In OGG1-null MEFs, mitochondria were hardly

identified 24 h after exposure, indicating that most of their

mitochondria were degraded. Since degenerating mitochon-

dria were infrequently observed in Mt-hOGG1 MEFs, we

concluded that 8-oxoG accumulated in mtDNA triggered

this mitochondrial degeneration.

To delineate the process of mitochondrial degeneration and

cell death triggered by 8-oxoG accumulation in mtDNA, we

examined the levels of mtDNA, ATP, mitochondrial mem-

brane potential, and Ca2þ in Nu-hOGG1, Mt-hOGG1, and

Nu/Mt-hOGG1 MEFs. In Nu-hOGG1 MEFs but not the other

two MEF lines, the level of mt-Co1 DNA encoding cytochrome

c oxidase I was significantly decreased within 2 h after the

exposure, compared with nuclear Gapdh DNA (Figure 5B).

The intracellular ATP level was also rapidly decreased to 30%

of the level of the control in Nu-hOGG1 MEFs within 2 h of

the exposure, whereas the level in Mt-hOGG1 or Nu/Mt-

hOGG1 MEFs gradually decreased to 60 or 80% that of the

control within 6 h of the exposure (Figure 5C). Furthermore,

in Nu-hOGG1 MEFs, the mitochondrial membrane potential

and mitochondrial Ca2þ level started decreasing 2 h after the

exposure (Figure 5C). These results indicate that 8-oxoG

accumulation in mtDNA resulted in rapid depletion of

mtDNA and intracellular ATP, followed by a decline in the

mitochondrial membrane potential, namely, mitochondrial

membrane permeability transition (MMPT), which further

allowed Ca2þ to leave mitochondria prior to cell death.

Figure 2 OGG1 deficiency results in the accumulation of 8-oxoG in
nDNA or mtDNA. (A) 8-OxoG accumulation in nDNA after expo-
sure to menadione. The content of 8-oxoG in nDNA (8-oxoG
residues per 106 residues of guanine) prepared from wild-type,
OGG1-null, Nu-hOGG1, and Mt-hOGG1 MEFs was determined by
HPLC-MS/MS analysis at certain time points (0–24 h) after a 60-min
exposure to 50 mM menadione. Results from one of two independent
experiments are presented (mean7s.d., n¼ 3 per experiment). C,
control with no exposure. Student’s t-test, **Po0.01. (B) 8-OxoG
accumulation in mtDNA after exposure to menadione. The top
panels show 8-oxoG immunoreactivity for mtDNA of wild-type,
OGG1-null, Nu-hOGG1, and Mt-hOGG1 MEFs at 1 and 8 h, after a
60-min exposure to 50mM menadione. Nuclei were counterstained
with PI. Control, no exposure. Bar, 20 mm. The bottom graphs show
the 8-oxoG index representing mitochondrial 8-oxoG immuno-
reactivity in each cell (mean7s.e.m., 30 cells). Student’s t-test,
**Po0.01.

Figure 3 The accumulation of 8-oxoG in nDNA or mtDNA inde-
pendently causes cell death. (A) Establishment of OGG1-null MEFs
expressing both the nuclear and mitochondrial forms of hOGG1.
Expression of both hOGG1 proteins was confirmed by western
blotting analysis using anti-HCD. (B) Cell viability 24 h after ex-
posure to menadione. Results from three independent experiments,
each of which was run in triplicate, are presented (mean7s.d.). The
Tukey–Kramer test revealed that the cell viability was significantly
different between each type of MEF with 25 and 50mM menadione
(P-valueo0.05) except between Nu-hOGG1 and Mt-hOGG1 MEFs
with 50mM menadione.
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The Ca2þ efflux from mitochondria might have resulted in

activation of harmful calcium-dependent proteases in the

cytoplasm such as calpains, which are known to mediate

some types of cell death (Saito et al, 1993; Bizat et al, 2003).

We thus examined calpain activation in each MEF line after

exposure to menadione. Calpain activity in whole-cell ex-

tracts had remarkably increased 10-fold in Nu-hOGG1 MEFs

6 h after exposure to 50mM menadione (Figure 5D). A calpain

inhibitor, MDL28170, significantly suppressed the mena-

dione-induced death of Nu-hOGG1 MEFs, but not that of

the other two types of MEFs (Figure 5E). We also observed

that the menadione-induced death of OGG1-null MEFs

was partly suppressed in the presence of both 3-AB and

MDL28170 (Supplementary Figure S5).

We next examined whether cyclosporin A (CsA), which

suppresses MMPT by inhibiting cyclophilin D present in the

MMPT pore (Baines et al, 2005), would increase the viability

of each type of MEF after exposure to menadione. As a result,

the viability of Nu-hOGG1 MEFs but not that of the other two

types was significantly improved in the presence of CsA

(Figure 5F). The increased calpain activity in Nu-hOGG1

MEFs after the exposure was also markedly suppressed in

the presence of CsA (Figure 5G).

Furthermore, we observed that Nu-hOGG1 and Mt-hOGG1

MEFs exhibited a partial resistance to H2O2-induced cell

death accompanying the activation of calpain in the former

or the nuclear translocation of AIF in the latter, respectively

(Supplementary Figure S6), thus confirming that the two

distinct cell death pathways are also induced by H2O2 as

well as by the intracellular ROS generated in cells after

exposure to menadione.

Accumulation of 8-oxoG in either nuclear or mtDNA

results in buildup of DNA single-strand breaks, which

depends on the action of MUTYH

PARP was activated before cell death triggered by the accu-

mulation of 8-oxoG in nDNA, suggesting that DNA single-

strand breaks (SSBs), which are known to activate PARP

(de Murcia and Menissier de Murcia, 1994), have accumulated

in the nDNA. We therefore examined the extent of nDNA

fragmentation after exposure to menadione using a comet

assay employing alkaline denaturation of the nuclei, which

converts abasic sites to SSBs and releases single-stranded

DNA (ssDNA). As shown in Figure 6A, nuclei with a long

comet tail were observed only in Mt-hOGG1 MEFs 6 h after

exposure. Following the exposure, less than 5% of nuclei

in Nu-hOGG1 MEFs exhibited a very short tail (o5mm)

(Supplementary Figure S7), whereas 20% of nuclei in

Mt-hOGG1 MEFs had a significantly longer comet tail

(430mm) (Figure 6B). Double-immunofluorescence micro-

scopy with antibodies against PARP and ssDNA revealed that

PARP and ssDNA were mostly colocalized in the nuclei of

Figure 4 Menadione-induced death of Mt-hOGG1 MEFs is
mediated by PARP activation with PARP-dependent nuclear trans-
location of AIF. (A) Suppression of menadione-induced death of Mt-
hOGG1 MEFs by a PARP inhibitor. Each type of MEF was exposed to
50mM menadione in the presence or absence of 10 mM 3-AB and
was incubated in fresh medium with or without 3-AB for 24 h, and
cell viability was determined. Results from three independent
experiments, each of which was run in triplicate, are presented
(mean7s.d.). Student’s t-test, **Po0.01. (B) Increased poly ADP-
ribosylation in Mt-hOGG1 MEFs after exposure to menadione.
Nuclear extracts (5 mg of protein) prepared from each type of MEF
at the indicated times after exposure to 50 mM menadione were
subjected to western blotting with anti-PAR. PAR immunoreactivity
of the 70-kDa band in each lane (upper panels) was normalized by
the staining intensity of the 60-kDa band in each respective lane of
a gel stained with GelCode Blue Stain (lower panel, staining), and
the relative PAR immunoreactivity of each sample to that of the
untreated Nu-hOGG1 sample (C) is shown under each lane in the
upper panels. (C) Intracellular localization of PAR. Each type of
MEF was exposed to 50mM menadione for 60 min, and then
incubated in fresh medium for 6 h. Nuclei were stained with
DAPI. Control, no exposure. Bar, 20 mm. (D) Intracellular localiza-
tion of AIF. Each type of MEF was exposed to 50mM menadione in
the presence or absence of 10 mM 3-AB for 60 min, and then
incubated in fresh medium with or without 3-AB for 6 h. Nuclei
were stained with DAPI. Control, no exposure. Bar, 20mm.
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Mt-hOGG1 MEFs within 4–6h after the exposure (Figure 6C).

As shown in Figure 6D, about one-third of Mt-hOGG1 MEFs

incorporated 5-bromodeoxyuridine (BrdU) within 6 h after

exposure to menadione, and all of the BrdU-positive cells

exhibited nuclear accumulation of ssDNA only after exposure

to menadione, thereby indicating that SSBs in the nDNA were

generated during S phase of the cell cycle.

During replication, adenine can be inserted opposite

8-oxoG accumulated in DNA as a result of an OGG1

deficiency, thereby forming a considerable number of

A:8-oxoG pairs. MUTYH excises adenine opposite 8-oxoG

through its adenine DNA glycosylase activity, and forms

abasic sites that are converted to SSBs by AP endonuclease.

Since SSBs observed in nDNA or mtDNA after exposure to

Cell death triggered by oxidative DNA damage
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menadione are likely to be generated by the action of

MUTYH, we examined the effects of MUTYH knockdown

on either nDNA fragmentation or depletion of mtDNA using

Mutyh-siRNA. The levels of Mutyh mRNA were found to be

significantly decreased to 2.3% that of the control cells

transfected with scrambled-siRNA (Supplementary Figure

S8). In the presence of the Mutyh-siRNAs, the number of

nuclei with a long comet tail and an accumulation of ssDNA

in Mt-hOGG1 MEFs exposed to menadione were significantly

decreased (Figure 6A and B; Supplementary Figure S9).

The extent of mtDNA fragmentation after exposure to

menadione was evaluated by Southern blotting (Figure 6E).

Fragmented mtDNA was detected in Nu-hOGG1 MEFs 8 h

after the exposure, whereas such fragmentation was not

observed in Mt-hOGG1 MEFs. This result was consistent

with the depletion of mt-Co1 DNA in Nu-hOGG1 MEFs

shown in Figure 5B. Moreover, menadione-induced depletion

of mt-Co1 DNA in Nu-hOGG1 MEFs was also efficiently

suppressed in the presence of Mutyh-siRNAs (Figure 6F).

These findings indicated that accumulation of 8-oxoG in

either nDNA or mDNA results in the buildup of SSBs, which

depends on the action of MUTYH, before cell death.

Cell death triggered by 8-oxoG accumulated in either

nDNA or mtDNA is mediated by MUTYH

We next examined whether Mutyh knockdown would

abrogate the activation of cell death executors, such as AIF

or calpains, in either Mt-hOGG1 or Nu-hOGG1 MEFs after

exposure to menadione. Nuclear translocation of AIF as well

as accumulation of PAR in the nuclei of Mt-hOGG1 MEFs,

which were induced as a result of PARP activation after the

exposure, were efficiently suppressed in the presence of

Mutyh-siRNAs (Figure 7A and B). Furthermore, activation

of calpains in Nu-hOGG1 MEFs after the exposure was also

suppressed to the basal level or lower (Figure 7C).

We found that the percentage of dead cells in the

Nu-hOGG1 (20.7%) and Mt-hOGG1 MEFs (24.3%) cultures

after exposure to menadione had decreased to 9.3 and 9%,

respectively, in the presence of only Mutyh-siRNAs but

not control siRNA (Figure 7D). However, cultures of MEFs

expressing both nuclear and mitochondrial hOGG1 (Nu/

Mt-hOGG1) contained essentially the same percentage of

dead cells in the presence of either Mutyh-siRNAs or control

siRNA, and their levels were almost equivalent to those of

Nu-hOGG1 and Mt-hOGG1 MEFs in the presence of the

Mutyh-siRNAs.

Discussion

Our major conclusion in the present study is that accumula-

tion of 8-oxoG in nDNA and mtDNA independently triggers

two distinct cell death pathways; one depends on PARP and

the nuclear translocation of AIF, and the other depends on

the opening of the MMPT pore and calpains. Moreover, we

demonstrated that both are caspase-independent and are

initiated by the accumulation of SSBs in either nDNA or

mtDNA, which is mediated by MUTYH.

Cell death triggered by 8-oxoG accumulated in nDNA

Mt-hOGG1 MEFs were deficient in BER of 8-oxoG in their

nDNA but not in their mtDNA. Therefore, only the nDNA

showed an accumulation of 8-oxoG after exposure to

menadione, as well as a massive buildup of SSBs, followed

by PARP activation with increased poly-ADP ribosylation of

cellular proteins. Thus, these MEFs underwent caspase-in-

dependent cell death after nuclear translocation of AIF. In the

presence of PARP inhibitor or Mutyh-siRNA, the nuclear

translocation of AIF was efficiently diminished, resulting in

the suppression of the cell death command. Furthermore,

Mutyh-siRNA suppressed the massive buildup of SSBs or

ssDNA in the nDNA.

PARP is a known molecular nick sensor that binds speci-

fically to SSBs, and its specific activity catalyzing poly-ADP

ribosylation of cellular proteins or of PARP itself can increase

approximately 500-fold (de Murcia and Menissier de Murcia,

1994). Our data clearly indicate that MUTYH is responsible

for the generation of SSBs in nDNA, with accumulation

of 8-oxoG. Since MUTYH functions as an adenine DNA glyco-

sylase, by excising adenine inserted opposite 8-oxoG in template

DNA during replication, many abasic sites can be generated

Figure 5 Menadione-induced death of Nu-hOGG1 MEFs is accompanied by mitochondrial dysfunction and activation of the calpain pathway.
(A) Suppression of mitochondrial degeneration by hOGG1-2a. At least 50 mitochondrial sections of MEFs were examined, and percentages of
mitochondria with EDDs are shown. In OGG1-null MEFs, most mitochondria were degenerated and hardly identifiable 24 h after the exposure
(z). Fisher’s exact probability test, *Po0.05, **Po0.01. (B) Depletion of mtDNA in each type of MEF after exposure to menadione. mt-Co1
DNA was amplified from total cellular DNA prepared from MEFs, which were harvested 2–6 h after a 60-min exposure to 50 mM menadione.
The intensity of mt-Co1 DNA was normalized to that of nuclear Gapdh DNA, and the relative intensity of each sample to that of the control
sample is shown at the bottom of each lane. (C) Time-dependent alterations in the intracellular ATP level, mitochondrial membrane potential,
and mitochondrial Ca2þ level in each type of MEF after exposure to menadione. The ATP index in each type of MEF after a 60-min exposure to
50mM menadione was determined, and levels are shown as a percentage of the untreated control (mean7s.e.m., n¼ 6). The mitochondrial
membrane potential was monitored by JC-1 and the mitochondrial Ca2þ level was monitored with rhod-2. Fluorescence intensities of JC-1 and
rhod-2 of 30 and 50 cells, respectively, were examined, and are shown as a percentage of the untreated control (mean7s.e.m.). Top panel,
Nu-hOGG1 MEFs; middle panel, Mt-hOGG1 MEFs; bottom panel, Nu/Mt-hOGG1 MEFs. (D) Activation of calpain after exposure to menadione.
Calpain activity in a whole-cell extract prepared from OGG1-null (Null), Nu-hOGG1 (Nu), and Mt-hOGG1 MEFs (Mt) was determined 6 h after
exposure to menadione (25, 50mM). Control, no exposure. Relative calpain activities normalized to that of the untreated control for OGG1-null
MEFs are shown (mean7s.d., n¼ 3 per experiment). (E) Suppression of cell death by calpain inhibitor. OGG1-null, Nu-hOGG1, and Mt-hOGG1
MEFs were preincubated in the presence or absence of 20mM MDL28170 (þMDL28170) for 60 min and were exposed to menadione for 60 min.
Cell viability at 24 h after the exposure was determined by the trypan blue exclusion test. Results from three independent experiments, each of
which was run in triplicate, are presented (mean7s.d.). Student’s t-test with or without MDL28170, *Po0.05. (F) Suppression of cell death by
CsA. OGG1-null, Nu-hOGG1, and Mt-hOGG1 MEFs were preincubated for 60 min in the presence or absence of 100 nM CsA, and then exposed
to 50 mM menadione for 60 min. Cell viability at 24 h after the exposure was determined by the trypan blue exclusion test, and results from three
independent experiments, each of which was run in triplicate, are presented (mean7s.d.). Student’s t-test with or without CsA, *Po0.05.
(G) Suppression of calpain activation by CsA. Nu-hOGG1 MEFs preincubated for 60 min in the presence or absence of 100 nM CsA were
exposed to menadione (25, 50mM) for 60 min, then calpain activity was determined periodically (mean7s.d., n¼ 3 per experiment). Relative
calpain activities normalized to that of an untreated control (open bar) are shown. Student’s t-test, **Po0.01.
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opposite 8-oxoG (Tominaga et al, 2004). During BER, abasic

sites are concomitantly converted to SSBs by the action of AP

endonuclease or AP lyases, thereby activating PARP.

Recently, it has been reported that PAR polymer induces

mitochondrial AIF release and translocation to the nucleus

(Yu et al, 2006), thus executing the cell death command,

Figure 6 DNA SSBs are generated by the action of MUTYH in either nDNA or mtDNA with 8-oxoG accumulation. (A) Menadione-induced
nDNA fragmentation. Nu-hOGG1 (Nu), Mt-hOGG1 (Mt), and Nu/Mt-hOGG1 MEFs (Nu/Mt) transfected with (bottom panels) or without
(middle panels) Mutyh-siRNAs were cultured for 24 h, and then exposed to 50mM menadione for 60 min. Six hours after the exposure, the
extent of nDNA fragmentation was examined using a comet assay. Control, no exposure. Results from one of two independent experiments are
presented. Bar, 20 mm. (B) Suppression of menadione-induced nDNA fragmentation in Mt-hOGG1 MEFs by Mutyh-siRNA. Comet tail lengths of
50 nuclei of Mt-hOGG1 MEFs (control, menadione, menadioneþMutyh siRNA) shown in panel A were measured, and percentages of nuclei
with various tail lengths (0–5, 5–10, 10–20, 20–30, 430mm) are shown in the bar graph. (C) Menadione-induced nuclear accumulation of
ssDNA and PARP activation in Mt-hOGG1 MEFs. Mt-hOGG1 MEFs were exposed to 50mM menadione for 60 min, and then subjected to
immunofluorescence microscopy with anti-ssDNA and anti-PARP. nDNA was stained with DAPI and merged images are shown (merged).
Control, no exposure. Bar, 20 mm. (D) Menadione-induced accumulation of SSBs in S-phase nuclei. Mt-hOGG1 MEFs were exposed to
menadione (50 mM) for 60 min in the presence of BrdU (1mg/ml), and were then cultured in fresh medium containing BrdU (1 mg/ml) for 5 h.
Cells were subjected to immunofluorescent microscopy with anti-BrdU (red) and anti-ssDNA (green). Nuclei were counterstained with DAPI
(blue). Control, no exposure; Bar, 20mm. The number of BrdU-positive nuclei and that of ssDNA-positive nuclei per 100 nuclei are shown under
each panel. Percentages of ssDNA-positive nuclei among BrdU-positive nuclei are shown in parentheses. (E) Menadione-induced mtDNA
fragmentation. Total cellular DNA was prepared from each type of MEF 4 or 8 h after a 60-min exposure to 50mM menadione, and PstI-digested
DNA was subjected to Southern blotting for mtDNA. Control, no exposure. (F) Suppression of menadione-induced depletion of mtDNA by
Mutyh-siRNA. Total cellular DNA was prepared from Nu-hOGG1 MEFs 6 h after a 60-min exposure to 50mM menadione, and mt-Co1 and Gapdh
DNA were amplified. Control, no exposure. The intensity of mt-Co1 DNA was normalized to that of nuclear Gapdh DNA, and the relative
intensity of each sample to that of the control sample is shown at the bottom of each lane.
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thereby leading us to conclude that accumulation of 8-oxoG

in nDNA causes massive buildup of SSBs through MUTYH-

initiated BER, resulting in PARP-dependent cell death. PARP

catalyzes poly-ADP ribosylation using nicotinamide adenine

dinucleotide (de Murcia and Menissier de Murcia, 1994).

Excessive activation of PARP leads to its auto-consumption,

resulting in delayed depletion of ATP, as observed with

8-oxoG accumulation in nDNA (Figure 5F), and thus an

energy crisis might also contribute to cell death (Figure 8).

Cell death triggered by 8-oxoG accumulated in mtDNA

Nu-hOGG1 MEFs were deficient in BER of 8-oxoG in mtDNA

but not nDNA, thereby causing 8-oxoG to accumulate only in

mtDNA after exposure to menadione. These cells exhibited

depletion of mtDNA and ATP after the treatment, followed by

MMPT and Ca2þ release from mitochondria, thus activating

calpains to execute caspase-independent cell death.

Accumulation of 8-oxoG in mtDNA rapidly resulted in the

depletion of mtDNA, which was efficiently suppressed in

the presence of Mutyh-siRNA; therefore, we again conclude

that MUTYH-initiated BER is responsible for the depletion of

mtDNA. This depletion results in the simultaneous depletion

of ATP, probably because of a decreased supply of mito-

chondrially encoded proteins, as well as tRNAs and rRNAs,

which are all essential for mitochondrial respiratory function.

Depletion of ATP is known to open the MMPT pore,

allowing Ca2þ to leave mitochondria (Simbula et al, 1997),

indicating that mitochondrial dysfunction initiated by accu-

mulation of 8-oxoG in mtDNA causes MMTP, thereby increas-

ing the cytoplasmic concentration of Ca2þ , which in turn

activates calpains. Activated calpains are known to induce

lysosomal rupture, causing release of cathepsin, which ulti-

mately executes the cell death command (Yamashima, 2004).

MUTYH-initiated cell death and its implication in

carcinogenesis and neurodegeneration

Several germline mutations in the human MUTYH gene have

been found in patients with autosomal recessive familial

adenomatous polyposis (Al-Tassan et al, 2002). We recently

confirmed that MUTYH-deficient mice exhibit an increased

occurrence of spontaneous or ROS-induced adenoma/adeno-

carcinoma in the small intestine and colon (Sakamoto et al,

2007). Based on our present findings, we propose that a

loss in MUTYH function in stem or progenitor cells in the

intestinal epithelium results in escape from cell death

under oxidative stress; however, accumulated 8-oxoG results

in mutations in proto-oncogenes or tumor-suppressor genes

in these proliferative cells, thereby promoting tumorigenesis.

We and others have shown that an accumulation of 8-oxoG

in mtDNA with increased expression of MTH1, OGG1 and

MUTYH in the brains of PD and AD patients (Shimura-Miura

et al, 1999; Iida et al, 2002; Fukae et al, 2005; Arai et al,

2006), and involvement of the calpain–cathepsin pathway,

are implicated in various neurodegenerative disorders includ-

ing PD and AD (Saito et al, 1993; Mouatt-Prigent et al, 1996).

We have also demonstrated that 8-oxoG accumulation in

mtDNA of striatal dopaminergic nerve terminals triggers

their retrograde degeneration in a mouse model of PD

(Yamaguchi et al, 2006). We therefore propose that an

accumulation of 8-oxoG in mtDNA under oxidative stress

causes mitochondrial dysfunction and activation of the cal-

pain–cathepsin pathway, ending in neuronal loss (Figure 8).

We previously reported that alternative transcription in-

itiation and splicing generating 10 different transcripts en-

coded by the human MUTYH gene yielded seven isoforms of

MUTYH protein (Ohtsubo et al, 2000). We recently found

that expression of an isoform lacking 106 residues of the

N-terminus of a major form of MUTYH was significantly

increased in mitochondria of surviving dopamine neurons

in the substantia nigra of PD brains (Arai et al, 2006). This

mitochondrial isoform is not likely to be fully active as an

adenine DNA glycosylase. Therefore, it is very important to

elucidate whether its expression in PD brains exacerbates

neuronal loss or rather protects neurons in these patients. A

study to address this question is now under way.

Figure 7 Cell death triggered by 8-oxoG accumulated in cellular
DNA is mediated by MUTYH. (A) Suppression of menadione-
induced poly-ADP ribosylation in Mt-hOGG1 MEFs by Mutyh-
siRNA. Mt-hOGG1 MEFs were exposed to 50mM menadione for
60 min in the presence or absence of Mutyh-siRNA, and were
subjected to immunofluorescence microscopy with anti-PAR.
nDNA was stained with DAPI. Bar, 20 mm. (B) Suppression of
mendione-induced nuclear translocation of AIF in Mt-hOGG1
MEFs by Mutyh-siRNA. Mt-hOGG1 MEFs were exposed to 50mM
menadione for 60 min in the presence or absence of Mutyh-siRNA
and were subjected to immunofluorescence microscopy with anti-
AIF. nDNA was stained with DAPI. Bar, 20mm. (C) Suppression of
menadione-induced activation of calpain in Nu-hOGG1 MEFs by
Mutyh-siRNA. Calpain activity was determined in Nu-hOGG1 MEFs
exposed to 50 mM menadione for 60 min in the presence or absence
of Mutyh-siRNA. Control, no exposure. Relative calpain activities
normalized to that of an untreated control are shown. Results from
one of two independent experiments are presented (mean7s.d.,
n¼ 3 per experiment). Student’s t-test, **Po0.01. (D) Suppression
of menadione-induced cell death by Mutyh-siRNAs. Each type of
MEF was transfected with Mutyh-siRNAs or control-siRNA, cultured
for 24 h, and then exposed to 25mM menadione. Percentages of
dead cells were determined 24 h after the exposure. Results from
one of two independent experiments are presented (mean7s.d.,
n¼ 3 per experiment). Student’s t-test, **Po0.01.
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Materials and methods

Antibodies, western blotting and nicking assay
The rabbit polyclonal antibodies anti-2a-CT against the C-terminal
region unique to hOGG1-2a and anti-HCD against the highly
conserved domain of hOGG1 isoforms, have been described
(Nishioka et al, 1999). Antibodies against PCNA (PC10; Abcam),
HSP60 (LK-1; StressGen), AIF (E-1; Santa Cruz), poly-ADP-ribose
polymers (PARs) (MC-100; Trevigen), ssDNA (IBL, Japan), and
8-oxoG (N45.1; Japan Institute for the Control of Aging) were also
used. Western blot analysis (Tsuchimoto et al, 2001) and subcellular
fractionation (Kang et al, 1995) were performed as described. Gels
stained with GelCode Blue Stain (Pierce) were used to obtain
loading controls. The nicking assay to detect 8-oxoG DNA
glycosylase activity was also performed as described (Nishioka
et al, 1999).

Immunostaining
hOGG1-2a protein was detected using anti-2a-CT in combination
with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Molecular
Probes). To detect ssDNA, the slides were incubated with 5 mg/ml
RNase for 60 min at 371C, and reacted with anti-ssDNA in
combination with Alexa Fluor 488-conjugated goat anti-rabbit
IgG. Nuclei were counterstained with 40-diamino-2-phenylindole
(DAPI, 50 ng/ml; Vector). HSP60 or PAR was detected using anti-
HSP60 or anti-PAR in combination with Alexa Fluor 546-conjugated
goat anti-mouse or anti-rabbit IgG. Digitized images were separately
captured from identical fields using an LSM-510 Meta confocal
microscopy system (Carl Zeiss). AIF was detected using anti-AIF in
combination with Alexa Fluor 488-conjugated goat anti-mouse IgG,
and the signal was observed using a Bio-Rad Radiance 2100
confocal microscopy system.

Quantification of 8-oxoG in nDNA and mtDNA
Purified nDNA was enzymatically hydrolyzed to nucleosides and
subjected to HPLC-MS/MS analysis. The amount of 8-oxo-20-
deoxyguanosine was measured and the number of 8-oxoG residues
per 106 guanine residues in nDNA was determined as described
(Tsuruya et al, 2003). Confocal microscopy (Radiance 2100) with
anti-8-oxoG and Alexa Fluor 488-conjugated goat anti-mouse IgG
was used to quantify the 8-oxoG level in mtDNA, and the 8-oxoG
index representing mitochondrial 8-oxoG immunoreactivity per cell
was determined as described (Yoshimura et al, 2003).

Cell viability assays and morphological examination of cells
Cultured cells were incubated in medium containing various
concentrations of menadione for 60 min, and then cultured in fresh
medium for 24 h. Cell viability was determined by the trypan blue

exclusion test. Numbers of unstained living cells were counted and
cell viability in each experiment was determined as a percentage of
the untreated control. To determine the percentage of dead cells in
each culture, the number of dead cells stained with both
Hoechst33342 and PI was divided by the total number of cells
stained with Hoechst. MDL28170 was obtained from BIOMOL and
CsA and 3-AB were from Sigma. Electron microscopy was
performed as described (Yoshimura et al, 2003).

Intracellular ATP levels
Intracellular ATP level was measured using a CellTiter-GloR Assay
kit (Promega), according to the manufacturer’s instructions. MEFs
were cultured in two sets of 96-well plates for each experiment, and
exposed to medium containing 50mM menadione for 60 min,
and then cultured in fresh medium. One set of plates was subjected
to the luciferase reaction to monitor the intracellular ATP level
using a spectrofluorometer (Wallac 1420 ARVOsx multilabel
counter), and the other set was subjected to staining with
Hoechst33342 and PI. To determine the ATP index representing
the relative amount of ATP per cell, the luminescence signal was
divided by the number of living cells stained only with
Hoechst33342.

Determination of mitochondrial membrane potential and
levels of Ca2þ in mitochondria
The mitochondrial membrane potential was detected using
5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolylcarbocyanine
iodide (JC-1; Molecular Probes). JC-1 forms red fluorescent
aggregates in energized mitochondria with high membrane
potential, whereas it dissociates to monomers with green fluores-
cence at low membrane potential. Levels of Ca2þ in mitochondria
were monitored by rhod-2 AM (Molecular Probes) according to the
procedure of Hajnoczky et al (1995). Rhod2-AM, a Ca2

þ -sensitive
fluorescent indicator, has a net positive charge, and thus accumu-
lates in the negatively charged mitochondrial matrix. MEFs were
incubated in medium containing 50 mM menadione for 60 min, and
then cultured in fresh medium for various periods. At certain time
points, MEFs were incubated in the presence of 5mg/ml JC-1 or
4.5mM rhod-2 AM for 20 min at 371C, and were observed under an
Axio-Skop2-equipped Axio Cam after washing twice with PBS.
Signal intensities of JC-1 (red-fluorescent) and rhod-2 were
measured using Image Gauge V4.0 (Fuji Film).

Amplification of mt-Co1 DNA
Using a primer set for the mt-Co1 gene (mCOX1s: 50-TGATTATTCT-
CAACCAATCAC-30; mCOX1a: 50-TGGTGGAGGGCAGCCATGAAG-30),
a 1438-bp fragment of mtDNA (residues 5393–6831) was amplified
from total cellular DNA (500 ng) prepared using ISOGEN (Nippon

Figure 8 Model of cell death triggered by accumulation of 8-oxoG in nDNA and mtDNA.
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Gene). The relative amount of mt-Co1 DNA normalized with
nuclear Gapdh DNA was amplified using a set of primers (mGA5-1:
50-CTGCCATTTGCAGTGGCAAAG-30; mGA3-1:50-TGGTATTCAAGA
GAGTAGGGA-30).

Calpain activity
Calpain activity was measured using a Calpain Activity Assay kit
(BioVision). The calpain substrate (Ac-LLY-AFC) was incubated
with cell lysates (10mg protein) for 60 min at 371C in the dark.
Fluorescence of released free AFC was monitored using a Wallac
1420 ARVOsx multilabel counter (Perkin Elmer).

Southern blotting and the comet assay
Southern blotting of mtDNA was performed as described (Miyako
et al, 2000). nDNA Fragmentation was detected using a Comet
assayTM kit (Trevigen), according to the manufacturer’s instruc-
tions. The slide was observed under an Axio-Skop2-equipped Axio
Cam. Comet tail lengths were measured using Image Gauge V4.0.
For each experiment, 50 cells were classified according to the five
stages (0–30mm) based on their tail length, and the percentage of
cells in each stage was determined.

siRNA and transfection
siRNAs against mouse MUTYH (#86583, #86769) and a scrambled-
siRNA (#4603G) as control siRNA were purchased from Ambion
Inc. MEFs were transfected 24 h before exposure to menadione with
both Mutyh-siRNAs, using an siPORT Amine, Silencer TM siRNA
Transfection kit (Ambion).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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