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Abstract

8-oxoguanine DNA glycosylase (Oggl) repairs 8-oxo-7,8-dihydroxyguanine (8-oxoG), one of the 

most abundant DNA adducts caused by oxidative stress. In the mitochondria, Oggl is thought to 

prevent activation of the intrinsic apoptotic pathway in response to oxidative stress by augmenting 

DNA repair. However, the predominance of the β-Oggl isoform, which lacks 8-oxoG DNA 

glycosylase activity, suggests that mitochondrial Oggl functions in a role independent of DNA 

repair. We report here that overexpression of mitochondria-targeted human α-hOggl (mt-hOggl) in 

human lung adenocarcinoma cells with some alveolar epithelial cell characteristics (A549 cells) 

prevents oxidant-induced mitochondrial dysfunction and apoptosis by preserving mitochondrial 

aconitase. Importantly, mitochondrial α-hOggl mutants lacking 8-oxoG DNA repair activity were 

as effective as wild-type mt-hOggl in preventing oxidant-induced caspase-9 activation, reductions 

in mitochondrial aconitase and apoptosis suggesting that the protective effects of mt-hOgg 1 occur 

independent of DNA repair. Notably, wild-type and mutant mt-hOggl co-precipitate with 

mitochondrial aconitase. Furthermore, overexpression of mitochondrial aconitase abolishes 

oxidant-induced apoptosis whereas hOggl silencing using shRNA reduces mitochondrial aconitase 

and augments apoptosis. These findings suggest a novel mechanism that mt-hOggl acts as a 

mitochondrial aconitase chaperone protein to prevent oxidant-mediated mitochondrial dysfunction 

and apoptosis that might be important in the molecular events underlying oxidant-induced toxicity.
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Introduction

Reactive oxygen species (ROS) produced under physiologic conditions mediate various 

cellular signaling pathways but higher levels of ROS can induce oxidative DNA damage and 

apoptosis that contribute to tumorigenesis, aging, and degenerative diseases (1–3). As 

compared to nuclear DNA, mitochondrial DNA (mtDNA) is far more susceptible to ROS 

mediated damage because of its proximity to the electron transport chain and the relatively 

limited mitochondrial DNA repair capacity (1,4). One of the most abundant DNA adducts 

caused by oxidative stress, 8-oxo-7,8-dihydroxyguanine (8-oxoG), is causally associated 

with several cancers and neurodegenerative diseases because it induces mutations by 

preferentially mispairing with adenosine during replication (5,6). In mitochondria, the base 

excision repair pathway is primarily responsible for removing 8-oxoG from DNA (1). In 

humans, 8-oxoG is repaired by the 8-oxoguanine DNA glycosylase (hOggl), an enzyme that 

recognizes and hydrolyzes the aberrant base from the DNA backbone (7–9). Mutations or 

polymorphisms of the hOGGl gene, which is located on chromosome 3p26.2, increase the 

risk of various malignancies, including lung cancer (1,10–13). Alternative splicing of the 

hOGGl transcript results in two major isoforms: αOggl and βOggl. Mitochondria-targeted α-

hOggl (mt-hOggl) overexpression blocks mitochondria-regulated apoptosis caused by 

oxidative stress in part by augmenting mtDNA repair mechanisms (14–17). Curiously, the 

mitochondrial levels of βOggl are 20-fold greater than αOggl, yet βOggl lacks 8-oxoG DNA 

glycosylase activity (18). The predominance of βOggl in the mitochondria suggests that 

hOggl may function in a role independent of DNA repair.

In this study, we explored the interaction between Oggl and mitochondrial aconitase, an 

iron-sulfur-containing tricarboxycylic acid (TCA) cycle enzyme that is vulnerable to 

oxidative inactivation and has been implicated as a mitochondrial redox sensor (19). 

Aconitase, which is crucial for maintaining mtDNA in yeast (20), co-precipitates with 

frataxin, an iron chaperone protein that blocks aconitase oxidative inactivation and/or 

potentiates its reactivation (21). We demonstrate that mt-hOggl overexpression prevents 

oxidant-induced mitochondrial dysfunction and apoptosis by blocking the decrease in 

mitochondrial aconitase. This function of mt-hOggl is independent of its DNA repair 

function as mt-hOggl mutants that lack 8-oxoG DNA glycosylase activity were as effective 

as wild-type mt-hOgg 1 in preventing oxidant-induced mitochondrial dysfunction, the 

decrease in aconitase activity and DNA fragmentation. We show that mt-hOggl co-

precipitates with mitochondrial aconitase and that this blocks oxidant-induced decreases in 

mitochondrial aconitase protein expression and activity. Our results suggest that 

mitochondrial Oggl may act as a chaperone protein of aconitase to prevent oxidant-induced 

degradation of aconitase and mitochondria-regulated apoptosis. These data provide a novel 

mechanism linking oxidant-mediated DNA damage, aconitase and apoptosis.
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Experimental Procedures

Reagents

All reagents were purchased from Sigma Inc (St Louis, MO) unless otherwise noted. 

Amosite asbestos fibers used in these experiments were Union International Centere le 

Cancer reference standard samples kindly supplied by Drs. V. Timbrell (22) and Andy Ghio 

(Environmental Protection Agency). These amphibole fibers are 70% respirable (length 

between 2–5 µm) while the remainder are > 5 µm in length. Stock solutions (5 mg/ml) were 

prepared in Hanks balanced salt solution (HBSS) with calcium, magnesium, and 15 mM 

HEPES. All suspensions were autoclaved and stored at 4°C. Samples were warmed to 37°C 

and vigorously vortexed prior to usage to ensure a uniform suspension and used as 

previously described (23–26).

Cell Culture

A549 cells, human lung adenocarcinoma cells with some features of alveolar epithelial type 

II (AT2) cells and a wild-type p53, were obtained from the American Type Culture 

Collection (ATCC, Rockville, MD). In general, A549 cells were plated in 6 well plates at a 

seeding density of 1 × 106 and grown to confluence over 24 h in Dulbeco's modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) while in a humidified 

37°C incubator containing 5% CO2. To limit cell proliferation, the media was changed to 

DMEM with 0.5% FBS for an additional 24 h before adding either an endogenous (H2O2) or 

exogenous (asbestos) oxidative stress for an additional 24h in DMEM without serum.

Transient Transfection Protocols

Mitochondrial overexpression of the α-isoform of the hOGGl gene (kind gift from Dr. 

Glenn Wilson described elsewhere [14,27]) in A549 cells was accomplished by transient 

transfection using either recombinant Adenovirus (16) or by lipofectamine according to 

established protocols. Recombinant Adenoviruses used in these studies, which have been 

described by others elsewhere (16), consisted of an empty vector Ad.889 lacking the first 

cistron as a control for non-specific viral effects, and Ad.979 that encodes the α-isoform of 

the hOGGl gene using a CMV promoter and a mitochondrial targeting sequence for human 

manganese superoxide dismutase (SOD2) and modified to incorporate a stop codon. Nearly 

confluent A549 cells were transfected with Ad.889 or Ad.979 with viral particle 

concentrations corresponding to multiplicity of infections (MOI) of six (6×), ten (lO×), 

fifteen (15×) or twenty (20×) viral particles per A549 cell. The cells were studied 48 h after 

transfection. The optimal mt-hOggl protein expression was noted with a MOI of lO× and 

that was utilized for all subsequent experiments.

In separate experiments, wild-type and mutant α-Oggl plasmid constructs previously 

described with the modifications detailed below (18) were transiently transfected into A549 

cells using lipofectamine 2000 (Invitrogen) according to the manufacture’s 

recommendations. Briefly, A549 cells (1 million cells in 2 ml of DMEM without antibiotics) 

were placed in each well of a 6 well plate for 24 h in a humidified 37°C incubator containing 

5% CO2 so that the cells were ~95% confluent at the time of transfection the next day. For 

each transfection, complexes were prepared in a Opti-MEM® (Invitrogen) using 4 µg of 
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plasmid DNA and 10 µl of Lipofectamine™ 2000, incubated for 20 min at room 

temperature, and then incubated at 37°C in a CO2 incubator for 4–6 h before the medium 

was changed to DMEM with 10% FBS. After incubation for 48 h, the cells were tested for 

oxidant-induced caspase-9 activation, mt-aconitase activity and DNA fragmentation.

Western Analysis

Cell lysates were collected and immunoblotting were performed as described (26). For 

localization studies, we separated the total cellular protein into the mitochondrial and the 

cytosolic fractions using an Apoalert fractionation kit (BD Biosciences Clontech, Palo Alto, 

CA) as described (26). The antibodies for Western blotting included polyclonal antibodies 

directed against hOgg 1 (Novus Biological, Littleton, CO), mitochondrial aconitase (kind 

gift of Dr L. Sweda; 21), cytochrome oxidase IV (1:1000; COX IV; Cell Signaling 

Technology) and beta tubulin (1:1000; Santa Cruz Biotechnologies; Santa Cruz, CA). The 

protein bands were visualized by enhanced chemiluminescence reaction (Amersham 

Biosciences, Indianapolis, IN) and quantified by densitometry using Eagle Eye software 

(Stratagene, La Jolla, CA).

8-Oxo-Guanine Incision Assay

A549 cell 8-oxoG incision was performed using mitochondrial extracts as previously 

described (18). Briefly, empty vector control and mt-hOggl overexpressing A549 cells were 

treated with asbestos 25 ug/cm2 for 24 h and mitochondrial protein was extracted as 

described (26). 8-oxoG-containing 21-mer with the sequence5’-

CAGCCAATCAGTXCACCATTC-3’ (X: 8-oxoG), and its complementary strand were 

chemically synthesized (The Midland Certified Reagent Co., Midland, TX), 3’-end-labeled 

using terminal transferase and [32P]ddATP (Amersham Biosciences, 3000 Ci/mmol), and 

annealed with its complementary oligonucleotide to form the duplex DNA that was used as 

the assay substrate. The duplex substrate DNA (20 pmol) was incubated with the 

mitochondrial extracts (25 µg of protein) at 37°C for 1 h in 1 ml of reaction mixture (50 mM 

Tris-HCl, 50 mM KC1, and 1 mM EDTA, pH 7.5). As a negative control, substrate DNA 

that was not exposed to mitochondrial extracts was subjected to the same procedure. The 

reaction was terminated by heating at 90°C for 3 min. Reaction products were 

electrophoresed on 20% denaturing (7 M urea) polyacrylamide gels (DNA sequencing gel). 

After electrophoresis, the gels were wrapped in Saran Wrap and the amounts of the cleaved 

substrate were determined by autoradiography and Quantity One software (Bio-Rad 

Laboratories). 8-oxoG incision activity was calculated from the ratio of the radioactivity in 

the band corresponding to the damage-specific cleavage product (13-mer) divided by the 

total radioactivity in the lane (13mer plus 21mer) and expressed as fold control levels.

Mitochondrial and Apoptosis Assays

AEC AΔΨm and caspase-9 activation were assessed as we have described (24–26). Briefly, 

AEC ΔΨm was based upon the percentage difference in the ratio of tetramethylrhodamine 

ethyl ester (TMRE) and MitoTracker green fluorescence corrected for the background 

fluorescence. Caspase-9 activity was assessed by a commercially available fluorometric 

assay kit (Roche Diagnostics, Indianapolis, IN). Apoptosis was assessed using a histone-
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associated DNA fragmentation (mono and oligo nucleosomes) ELISA assay (Roche 

diagnostics, Indianapolis, IN).

Measurement of ROS production by Dichlorofluorescence

A549 cell ROS production was determined using 2', 7’-dichlorodihydrofluorescein diacetate 

(DCFH-DA; Molecular Probes, Eugene, OR) as described (25). Briefly, after the cells were 

transfected with mt-hOggl or empty vector controls for 48 h, they were treated for various 

times (1 h or 24 h) with control media, asbestos (5 or 25 µg/cm2), or Antimycin A (10 nM), 

washed with PBS and then loaded for 30 min with DCFH-DA (10 µM) in MEM without 

phenol red. The acetoxymethyl group on DCFH-DA is cleaved by nonspecific esterases 

within the cell, resulting in a nonfluorescent charged molecule that does not cross the cell 

membrane. Intracellular ROS irreversibly oxidize the DCFH-DA to dichlorofluorescein 

(DCF), which is a fluorescent product. After treatment, the media were removed, the cells 

were lysed, centrifuged to eliminate debris, and the fluorescence in the supernatant was 

assessed using a fluorometer (excitation 500 nm/emission 530 nm). The data are expressed 

as relative fluorescence units (fold control).

Measurement of ROS production by targeted-redox sensors

We also used reduction-oxidation sensitive green fluorescent protein (roGFP) targeted to the 

mitochondria or cytosol that enables real time visualization of the oxidative state of the 

indicator by displaying rapid and reversible ratiometric changes in fluorescence in response 

to changes in redox potential (28,29). Briefly, A549 and mt-hOggl overexpressed cells were 

infected with an adenovirus encoding roGFP with or without a mitochondrial localization 

sequence. Forty-eight hours after infection, the cells were exposed to vehicle or asbestos for 

24h. The cells were then removed from the plate with trypsin and equal aliquots of the 

resulting suspension were transferred to tubes containing media alone or media containing 

lmM DTT or lmM t-butyl-hydroperoxide (t-BOOH). After 10 min, the ratio of fluorescence 

(em=535nm) at ex=400 and 490 nm was measured in 5,000 cells per condition by flow 

cytometry using a DakoCytomation MoFlo high speed multilaser droplet cell sorter, which 

allows for high speed analysis of a single cell at multiple excitation wavelengths. The 

oxidation state of the probe was calculated as the completely reduced ratio (DTT) less the 

untreated value divided by the difference in the ratio observed with DTT and t-BOOH. As a 

control, cells not expressing Ro-GFP were grown under identical conditions and subjected to 

the same procedure.

Aconitase Activity

Aconitase activity was measured by a commercially available spectrophotometric assay 

(OxisResearch, Portland, OR) that measures the formation of NADPH at 340 nm in a 

coupled assay with citrate as the substrate of aconitase and the isocitrate formed is converted 

to alpha-ketoglutarate by NADP+-dependent isocitrate dehydrogenase (19). The data were 

expressed as RU / µg protein and expressed as fold-control levels.
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Aconitase Immunopurification

Mitochondrial extracts (150 µg in 100 µ1) prepared as previously described (26) were 

incubated with 10 µ1 of anti-hOggl at 4°C for 1 h. The mixture was then treated with protein 

G-Sepharose, incubated for 16 h (4°C), centrifuged at l000g for 5 min, the beads were 

washed three times with PBS, pH 7.6 containing 1% NP-40 and resuspended in gel-loading 

buffer containing SDS but without reductant. The membrane was then probed by Western 

blot analysis with antibodies directed for mitochondrial aconitase, IgG or hOggl.

Mitochondrial-targeted Wild-type α-Oggl and α-Oggl Mutant Plasmid Constructs

To determine whether 8oxoG DNA glycocylase activity is required to mediate the protective 

effects of mt-hOggl, we utilized wild-typeα-Oggl and mutantα-Oggl plasmid constructs 

with specific amino acid substitutions in theα-0 helix ofαOggl to that of theβOggl isoform 

that lacks 8-oxoG DNA repair (V317G lacks 8-oxoG binding and has decreased 8-oxoG 

incision activity; longα/β-317–323 completely lacks both 8-oxoG binding and incision 

activity) as previously described (18) with the modification of its vector backbone from the 

pQE vector to pcDNA3.1 (+) (Invitrogen), the addition of 5’ mitochondrial localizing 

sequence from the aminoterminal region of subunit IV of the cytochrome c oxidase gene, 

partial deletion of the nuclear localizing sequence (NLS, 335–342; ΔNLS 329–344) from the 

3’ terminus and 3’ addition of myc tag for all the constructs. These constructs were verified 

by DNA sequencing. Mitochondrial localization of the proteins was confirmed by 

immunostaining using C-Myc mouse monoclonal antibodies (Santa Cruz Biotechnology). 

The plasmids were transiently transfected into A549 cells using lipofectamine 2000 

(Invitrogen) according to the manufacture’s recommendations.

To determine whether mitochondrial aconitase co-immunoprecipitates with overexpressed 

wild-type α-Oggl and mutant longaα/β317–323-Oggl, mitochondrial extracts (150 µg/µl) 

from A549 cells overexpressing either wild-typeα-Oggl or mutant longα/β317–323-Oggl 

were obtained and then incubated with 10 µ1 of antimyc (Abeam Inc, Cambridge, MA) at 

4°C for 1 h. Immunoprecipitation was performed using the Seize X protein A 

immunoprecipitation kit (Pierce Biotechnology Inc, Rockford, IL) according to the 

manufacture’s recommendation and prepared for Western blot analysis as described above 

using antibodies directed against mitochondrial aconitase, hOggl, or COX IV.

Overexpression of Aconitase

An aconitase 2 construct (Invitrogen; full length clone CS0DL005YJ10 in pCMV-SPORT6) 

was transiently transfected into A549 cells using lipofectamine 2000 (Invitrogen) as 

described above. After incubation for 48 h, the cells were tested for mitochondrial aconitase 

transgene expression (activity and protein expression) as well as caspase-9 activity and 

DNA fragmentation in the presence and absence of asbestos.

Transient RNA Interference Transfection

Small double-stranded shRNAs that silenced hOGGl and scrambled shRNA controls were 

purchased from Invitrogen. All experiments were performed with the shRNA sense, 5'UCC 

AAG GUG UGC GAC UGC UGC GAC A3' and antisense, 5'-UGU CGC AGC AGU CGC 

ACA CCU UGG A3' and a scrambled dsRNA negative control HI GC (Invitrogen). Briefly, 
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A549 cells were seeded at 8 × 105/6-well dish or 1 × 107 /150 mm dish 24 h before 

transfection using 5 µ1 or 180 µ1 of lipofectamine 2000, respectively and a total of 100 pmol 

(6-well) and 1000 pmol (150 mm Dish) of RNA. The cells were harvested 1 d later by 

trypsinization and used for isolation of RNA and determination of protein concentration.

Real-time RT-PCR

Total RNA was isolated from transfected cells using Trizol Reagent (Invitrogen) and cDNA 

was prepared using 0.5 µg of oligo-d(T) primers and the Superscript III RNase H reverse 

transcriptase (Invitrogen) according to the manufacturer's protocol. Real time RT-PCR was 

used to verify the differential expression of selected human genes (OGGl and actin). Briefly, 

specific target primers and probe sets (Taqman Assays, Applied Biosystems), their 

corresponding probes, and template RNA were combined with TaqMan mastermix solution 

(Universal PCR Mastermix, Applied Biosystems) according to the manufacturer’s protocol. 

Amplified target sequences were detected with the ABI Prism 7300 sequence detector 

(Applied Biosystems). All reactions were run in triplicate and OGGl gene expression values 

were expressed as fold-control normalized to actin.

Statistical analysis

The results of each experimental condition were determined from the mean of triplicate 

trials. Data were expressed as the means ± SEM (n=6 unless otherwise stated). A two-tailed 

Student's t-test was used to assess the significance of differences between two groups. 

Analysis of variance was used when comparing more than two groups; differences between 

two groups within the set were analyzed by a Fisher's protected least significant differences 

test. Probability values <0.05 were considered significant.

Results

Mitochondrial targeted hOggl blocks oxidant-induced mitochondrial dysfunction and 
apoptosis

To investigate the mechanism by which mt-hOggl prevents ROS-induced apoptosis, we 

transiently overexpressed mt-hOggl in A549 cells using an adenoviral vector containing the 

α isoform of the hOGGl gene driven by the CMV promoter and containing an appended 

mitochondrial targeting sequence from human SOD2 as previously described (16). We used 

human A549 cells, which are derived from tumors of AT2 cells, because they facilitate 

molecular studies that are not feasible with primary isolated AT2 cells. We previously 

showed that A549 cells, similar to rat AT2 cells, undergo ROS (H2O2 and amosite 

asbestos)-induced p53-dependent transcription that mediates mitochondria-regulated 

apoptosis (23–26). In accord with studies in other cell types (16), transient transfection of 

A549 cells increased the levels of mitochondrial targeted hOggl protein as compared to 

controls (nontransfected or empty vector-treated) (Fig 1A). We detected minimal 

mitochondrial hOggl protein expression in control, nontransfected (M-Con lane) or empty 

vector-transfected (M-EV lane) A549 cells but noted more than a ten-fold increase in 

mitochondrial hOggl protein expression after adenoviral transient transfection (M-hOggl 

6×-, 10×-, 15×-, and 20×-viral particles per A549 cell lanes) despite similar mitochondrial 

protein loading as assessed by COX IV expression. Consistent with previous reports 
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showing that overexpression of mt-hOggl promotes mt-DNA repair after oxidative stress 

(14–17), we confirmed that mitochondria obtained from mt-hOggl overexpressing A549 

cells increase 8-oxoG DNA repair activity as compared to mitochondria from empty vector-

treated cells controls (~40% increase; p < .05 v. control; n=3) (Fig 1B). Although asbestos 

can augment 8-oxoG DNA repair by hOggl, mitochondrial 8-oxoG DNA repair has not been 

investigated (30). As shown in Figure 1B, asbestos did not augment mitochondrial 8-oxoG 

DNA repair as compared to empty vector treated cells nor did it alter the increased activity 

noted in mt-hOggl overexpressing cells.

Empty vector-treated A549 cells exposed to H2O2 or amosite asbestos for 24 h demonstrated 

mitochondrial dysfunction, as assessed by a loss of mitochondrial membrane potential 

(ΔΨm), activation of caspase-9, and apoptosis, as assessed by DNA fragmentation (Fig 2). 

These findings with empty vector-treated cells were comparable to our earlier studies using 

A549 and rat AT2 cells (23–25). Furthermore, we have shown that the levels of H2O2- or 

asbestos-induced A549 cell apoptosis assessed by DNA fragmentation parallel the levels of 

apoptosis assessed by other measures including TUNEL staining, nuclear morphology, 

annexin V staining and caspase-3 activation (23–26). Notably, A549 cells overexpressing 

mt-hOggl completely blocked H2O2- or asbestos-induced mitochondrial dysfunction and 

DNA fragmentation (Fig 2). Asbestos (25 µg/cm2) increased TMRE fluorescence by ~10% 

(Figure 2A) but this difference did not reach statistical significance as compared to untreated 

mt-hOggl overexpressing A549 cells and we did not detect evidence of asbestos-induced 

caspase 9 activation or DNA fragmentation in mt-hOggl overexpressing cells (Fig 2).

Mitochondrial targeted hOggl does not prevent ROS production but does block oxidant-
induced decreases in mitochondrial aconitase activity and protein expression

To determine whether mt-hOggl decreases the levels of oxidative stress, we used a 2’,7’-

dichlorodihydro-fluorescein diacetate assay as described (24). We found that mt-hOggl did 

not alter the levels of oxidative stress caused by either asbestos or Antimycin A, the latter of 

which induces mitochondrial ROS production by blocking complex III in the respiratory 

chain (Fig 3A). To specifically assess mitochondrial oxidant stress, we used an adenovirally 

expressed roGFP targeted to the mitochondrial matrix or cytosol that enables real-time 

visualization of the oxidation status in the subcellular compartment where it is expressed 

(28,29). Asbestos increased ROS production in the mitochondria and, to a lesser extent, the 

cytosol (Fig 3B). The targeted roGFP sensors revealed more asbestos-induced oxidant stress 

in the mitochondria as compared to cytosol (22% v. 8% oxidized, respectively), which is in 

accord with our prior report implicating mitochondrial ROS in mediating asbestos-induced 

AT2 cell apoptosis (25). Similar to the DCF data (Fig 3A), mt-hOggl overexpression did not 

attenuate asbestos-induced oxidative stress (Fig 3B). Thus, we could not detect any 

attenuation of oxidant stress by mt-hOggl that would account for its protective effect.

To determine whether the protective effects of mt-hOggl are mediated by preserving 

mitochondrial aconitase against oxidant-induced degradation (31), we assessed aconitase 

activity and protein expression. In accordance with the rapid onset of H2O2-induced 

decreases in aconitase activity in cardiac mitochondria (19), we noted that a 30 min 

exposure to either 100 µM of H2O2 or 25 µg/cm2 of asbestos reduced mitochondrial 
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aconitase activity in A549 cells (fold control: 0.80 ± 0.10 and 0.80 ± 0.03, respectively; n = 

6; p < 0.05 v. control) and these changes persisted at 24 h (Fig 3C). Notably, mt-hOggl 

overexpression completely blocked oxidant-induced decreases in mitochondrial aconitase 

activity (Fig 3C). Similar to mitochondrial aconitase activity, asbestos decreased 

mitochondrial aconitase protein levels and mt-hOggl overexpression abolished this effect 

(Fig 3D). Collectively, these data show that mt-hOggl overexpression preserves 

mitochondrial aconitase activity and protein expression in the setting of oxidative stress 

from either H2O2 or asbestos.

Mitochondrial hOggl prevents oxidant-induced toxicity independent of its 8-oxoG DNA 
repair activity

Because human mitochondria contain ~20-fold more of the βOggl isoform that lacks 8-oxoG 

DNA glycosylase activity (18), we reasoned that mt-hOggl might prevent oxidant-induced 

aconitase inactivation by acting as a molecular chaperone similar to frataxin (21). Although 

stable protein-protein interactions between various base excision repair members have not 

been demonstrated, hOggl does interact with select proteins such as XRCC1, a scaffolding 

protein, and protein kinases (e.g. Cdk4 and C-Abl) (32,33). Notably, mitochondrial 

aconitase co-immunoprecipitated with endogenous mitochondrial hOggl (Fig 4A; lane 1) 

and exposure to asbestos decreased this association (Fig 4A; 2nd lane). Further, 

mitochondria-targeted hOggl overexpressing A549 cells also produced a protein that co-

immunoprecipitated with mitochondrial aconitase (Fig 4A; lane 3) and completely blocked 

asbestos-induced decreases in mitochondrial aconitase (Fig 4A; 2nd and 4th lanes). The 

changes in mitochondrial aconitase co-immunoprecipitation with hOggl parallel our earlier 

findings with aconitase activity and protein expression (Fig 3C and D).

As βOggl lacks the C-terminal αO helix (aa 317–323) present in αOggl that is necessary for 

DNA binding and 8-oxoG DNA glycosylase activity (18), we reasoned that the protective 

effects of mitochondrial αOggl occur independent of 8oxoG DNA glycosylase activity by 

preserving mitochondrial aconitase. To address this possibility, we assessed the protective 

effects of two previously described mutant mt-Oggl proteins completely lacking in 8-oxoG 

DNA glycosylase activity (18). Specifically, the αO helix of the αOggl isoform was mutated 

by changing valine at amino acid 317 to the aliphatic amino acid glycine in the βOgg-l 

isoform (V317G) or by changing the entire 317–323 amino acid stretch of the αO helix of 

the αOggl isoform to the corresponding βOggl isoform (long α/β317–323) as characterized 

elsewhere (18). The wild-type and mutant Ogg 1 plasmid constructs were modified by 

placement in a mammalian expression vector, the addition of a mitochondrial localizing 

signal, partial deletion of the nuclear localizing sequence and the addition of a myc tag. 

After transient transfection with lipofectamine, we noted that either the V317G or the long 

α/β317–323 mt-hOggl mutants, similar to the wild-type mt-hOggl overexpression, 

completely blocked oxidant (H2O2 [100 µM for 24 h] or asbestos [25 µg/cm2 for 24h])-

induced caspase-9 activation (Fig 5A), DNA fragmentation (Fig 5B), and fully preserved 

mitochondrial aconitase activity (Fig 5C). Taking advantage of the myc tag in our 

overexpressed mitochondrial wild-type and longα/β317–323-Oggl mutant constructs, we 

find that mitochondrial aconitase co-precipitates with both the wild-type and mutant hOggl 

(Fig 6). However, COX IV, a mitochondrial protein, does not co-precipitate with either 
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construct but was present in all the mitochondrial protein extracts as expected prior to 

immunoprecipitation. These data demonstrate that mt-hOggl protects lung epithelial cells 

exposed to oxidative stress by a mechanism that does not require 8-oxoG DNA glycosylase 

activity but does involve its interaction with mitochondrial aconitase.

Mitochondria-targeted aconitase overexpression prevents oxidant-induced DNA 
fragmentation and caspase-9 activation

Because constitutively expressed mitochondrial aconitase promotes mtDNA stability in 

yeast (20), we tested whether mitochondrial aconitase overexpression could prevent oxidant-

induced mitochondrial dysfunction and apoptosis in human A549 cells. We transiently 

overexpressed mitochondrial aconitase in A549 cells using an expression plasmid that 

encodes the cis-aconitase protein that functions in the mitochondria catalyzing citrate to 

isocitrate in the TCA cycle and is one of the mitochondrial matrix proteins that are 

preferentially degraded by Lon protease after oxidative modification (19,21,31). Compared 

to controls, overexpression of mitochondrial aconitase increased mt-aconitase protein 

expression (Fig 7A) and activity 4-fold (175±30 v. 714±167 RU / µg mitochondrial protein, 

respectively; n=3; Fig 7B). Notably, mt-aconitase overexpression blocked H2O2(100 µM)- 

and asbestos (25 µg/cm2)-induced DNA fragmentation and caspase-9 activation (Fig 7C).

Our finding that mitochondrial aconitase overexpression blocks oxidant-induced 

mitochondrial dysfunction and apoptosis (Fig 7) and that mitochondrial aconitase co-

precipitates with wild-type and mutant Oggl (Fig 4 and 6) suggests that Oggl functions as a 

molecular chaperone of aconitase protecting it from oxidative degradation by Lon protease 

(31). Support for this possibility comes from our finding that MG132 (250 µM), a protease 

inhibitor that blocks mitochondrial Lon protease activity (34), abolishes asbestos (25 

µg/cm2)-induced reductions in mitochondrial aconitase activity after 24h (fold-control: 

Asbestos 0.6 ±0.1 (3) * and MG132 + Asbestos 1.4 ± 0.1 (3) †; * p < 0.05 v Control; † p < 

0.05 v. Asbestos).

To address whether Oggl is necessary to prevent oxidant-induced changes in aconitase and 

apoptosis, hOggl mRNA levels were silenced using shRNA. Compared to scrambled control 

shRNA, shRNA against hOgglreduced hOggl mRNA expression by ~90% as assessed using 

real time PCR (Fig 8A). Notably, silencing of hOggl reduced mitochondrial aconitase levels 

by ~30% (Fig 8B) and enhanced oxidant-induced apoptosis (Fig 8C).

Discussion

Mitochondrial oxidative DNA damage is implicated in the pathogenesis of malignancy, 

aging and degenerative disorders. The major findings in this study are that A549 cells 

overexpressing mt-hOggl block oxidant-induced ΔΨm, caspase-9 activation, and DNA 

fragmentation by preserving mitochondrial aconitase activity and protein levels. Further, we 

show that mt-hOggl co-precipitates with mitochondrial aconitase and that the protection 

conferred by mt-hOggl is independent of its 8-oxoG DNA glycosylase activity. Finally, we 

demonstrate that overexpression of mitochondrial aconitase abolishes oxidant-induced 

caspase-9 activation and DNA fragmentation.
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Our findings with A549 lung cancer cells showing that mt-hOggl overexpression prevents 

oxidant-induced mitochondrial dysfunction and apoptosis are consistent with reports from 

several groups of investigators working in different model systems (14–17,35). In contrast, 

some investigators have shown enhanced cytotoxicity by chemotherapeutic agents after 

overexpression of mitochondrial hOggl type 2a in hepatocytes or N-methylpurine DNA 

glycosylase in human breast cancer cells (36,37). The explanation for these results is likely 

due to various factors including the cell type, specific DNA glycosylase overexpressed, the 

extent of oxidative mt-DNA damage, and the availability of down-stream base excision 

DNA repair enzymes to restore the apurinic/apyrimidinic (AP) sites generated by 

glycosylases (e.g. AP endonuclease, DNA polymerase, and DNA ligase).

An important observation in this study is that mt-hOggl overexpression blocks the decrease 

in mitochondrial aconitase activity and protein expression caused by oxidative stress (Fig 

3C/D) without altering the levels of oxidative stress as assessed by both a fluorescence assay 

(Fig 3A) as well as with highly sensitive roGFP sensors targeted to either the mitochondria 

or cytosol (Fig 3B). Thus, unlike SOD2, a mitochondrial antioxidant that preserves 

mitochondrial aconitase activity and protein expression (38,39), we could not detect that mt-

hOggl overexpression decreased the levels of oxidative stress. Further, that mt-hOggl co-

precipitates with mitochondrial aconitase (both wild-type and long α/β 317–323 mutant) and 

that the overexpression of mt-hOggl prevents oxidant-induced reductions in aconitase 

whether or not mt-hOggl is capable of 8-oxoG DNA repair suggests a unique mitochondrial 

function of mt-hOgg 1 in preventing oxidative modifications of aconitase that might lead to 

its degradation by mitochondrial Lon protease (31). Mitochondrial hOggl may act as a 

molecular chaperone of aconitase in a manner similar to frataxin, a mitochondrial localized 

iron chaperone protein that blocks aconitase iron/sulfur disassembly by oxidative stress (21). 

Targeted depletion of hepatic frataxin in mice promotes tumor formation in livers that 

occurs in association with increased hepatocyte mitochondrial dysfunction, oxidative stress 

and apoptosis (40). However, unlike frataxin, we are unaware of any iron chelating 

properties of mt-hOggl and we did not detect any decrease in mitochondrial oxidative 

generation when mt-hOggl was overexpressed (Fig 3). Another possibility is that mt-hOggl 

blocks key oxidative modification sites on mitochondrial aconitase responsible for activating 

proteolytic degradation by mitochondrial Lon protease (19,31). Our finding that MG132, 

which is a protease inhibitor that blocks mitochondrial Lon protease activity (34), prevents 

asbestos-induced reductions in mitochondrial aconitase activity provides some support for 

this possibility. Although the sites of interaction between mt-hOggl and aconitase are 

unknown, one candidate involves the R229Q hOGGl mutation, which results in a protein 

that is unable to prevent oxidative stress-induced cell death when overexpressed in the 

mitochondria (41). Future studies are required to clarify these issues as well as to determine 

precisely how mt-hOggl interacts with aconitase to prevent oxidative modification that 

triggers aconitase degradation by Lon protease and whether other mtDNA repair proteins act 

similarly.

A novel finding in this study is that mt-hOgg 1 mutants lacking the key amino acids in the 

C-terminal αO helix necessary for 8-oxoG DNA repair prevent oxidant-induced 

mitochondrial dysfunction, decreases in mitochondrial aconitase and DNA fragmentation in 

a manner comparable to wild-type mt-hOggl (Fig 5). Because the mt-Oggl mutants used in 
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this study were altered to the corresponding mitochondrial β0gg-l isoform (18), our data 

suggest that the βOggl isoform might function primarily to prevent oxidative modification of 

mitochondrial aconitase. The protective effect of hOggl mutants lacking DNA repair 

capacity on mitochondrial function and mitochondrial aconitase activity are in accord with 

the observation that 8-oxoG levels per se do not cause mitochondrial dysfunction (42). 

Several lines of evidence firmly implicate a novel interactive effect between mitochondrial 

hOggl and aconitase in preserving mitochondrial function and blocking oxidant-induced 

intrinsic apoptosis. First, overexpression of either mitochondrial hOggl (wild-type or 

mutants lacking DNA repair) or aconitase prevents mitochondria-regulated apoptosis caused 

by either asbestos or H2O2. Second, we showed that endogenous hOggl (Figure 4; lane 1), 

mitochondria-targeted wild-type hOggl (Figure 4; lanes 3 and 4) and mutant hOggl (Figure 

6; Lαβ lane) co-precipitates with mitochondrial aconitase and that mitochondria-targeted 

hOggl overexpression prevents aconitase degradation caused by oxidative stress. Finally, 

hOggl underexpression reduces mitochondrial aconitase protein expression and augments 

apoptosis. Although the precise molecular mechanism(s) that account for mitochondrial 

protection are unclear, future studies are currently directed at determining whether aconitase 

stabilizes mtDNA in the setting of oxidative stress. A study in yeast showed that 

mitochondrial aconitase overexpression can rescue severe mtDNA instability in strains 

lacking Abf2p, a crucial mtDNA-binding protein, and that this occurs independent of 

aconitase catalytic activity (20). These investigators suggested that mitochondrial aconitase, 

a TCA cycle enzyme important for ATP production, might link cellular metabolism to 

mtDNA maintenance. As compared to untreated controls, mt-hOggl overexpressing cells 

have increased mitochondrial aconitase protein levels (Fig 3D) and augmented aconitase 

activity in the setting of oxidative stress (asbestos and H2O2). We detected negligible 

changes between untreated controls and mt-hOggl overexpressing cells in terms of 

mitochondrial membrane potential change (Fig 2), caspase-9 activation (Fig 2 and 5), 

aconitase activity (Fig 3C) and DNA fragmentation (Fig 2 and 5) that were statistically 

significant. Although the explanation accounting for these observations are not established, 

we speculate that this is in part due to the interactive effects reported herein that these two 

molecules co-precipitate and prevent oxidant-induced apoptosis by preserving mitochondrial 

function. Given that frataxin stabilizes mitochondrial aconitase (21) and has a role in 

regulating hepatocyte apoptosis (40), it will also be of interest understanding whether 

frataxin modulates oxidant-induced alveolar epithelial cell apoptosis, but such experiments 

are beyond the scope of the current paper.

We observed that silencing of hOgg 1 mRNA reduced mitochondrial aconitase levels and 

augmented oxidant-induced DNA fragmentation (Fig 8). Several recent studies have shown 

that hOggl underexpression affects oxidant-induced apoptosis. Youn and coworkers (43) 

showed that hOggl silencing using siRNA techniques modestly augments H2O2-induced 

apoptosis in human fibroblasts and lung carcinoma H1299 cells in a manner comparable to 

our findings with A549 cells. Similarly, hOGGl-deficient A549 cells established using a 

ribozyme gene targeting technique demonstrated enhanced DNA damage and reduced 

viability after exposure to cooking oil fumes (44). In contrast, oxidant-exposed murine 

embryonic fibroblasts deficient in both OGG1 and MYH (another mammalian enzyme 

involved in oxidative DNA repair) had no detectable apoptosis but did have increased G2/M 
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cell cycle arrest (45). Our data support a role for Oggl in preventing oxidant-induced 

apoptosis in lung epithelial cells and extend the work of others by showing that Oggl acts in 

part by preserving mitochondrial aconitase.

In conclusion, our data establish an innovative role for mt-hOggl protecting mitochondrial 

aconitase against oxidant-induced mitochondrial dysfunction and apoptosis. The protective 

effects of mt-hOggl occur independently of any antioxidant function and mitochondrial 8-

oxoG DNA glycosylase activity. We demonstrate that mt-hOggl co-precipitates with 

mitochondrial aconitase and that over-expression of mitochondrial aconitase abolishes 

oxidant-induced lung epithelial cell apoptosis. A hypothetical model illustrating how these 

events might be coordinated is shown in Fig 9. Under physiologic conditions, mt-hOggl is 

associated with mitochondrial aconitase in the TCA cycle facilitating normal cellular 

metabolism by preventing oxidative modification of aconitase. Oxidative stress (e.g. H2O2 

or asbestos fibers) induces mtDNA damage, such as 8-oxoG DNA adducts, which is a potent 

stimulus for the αhOggl isoform to bind mtDNA (46). Although the βOggl isoform does not 

bind mtDNA or repair 8-oxoG DNA adducts after oxidative stress (18), it might function to 

shield mitochondrial aconitase from oxidative inactivation, perhaps by working in 

conjunction with frataxin (21). In the setting of low levels of oxidative stress, the normal 

physiologic state is restored. However, in the setting of high levels of oxidative stress that 

overwhelm the antioxidant defenses and DNA repair capacity, mitochondrial aconitase is 

irreversibly altered leading to its breakdown, the release of redox-active iron from aconitase 

and apoptosis. This model concurs with a recent study showing that long-term iron overload 

results in mtDNA damage and subsequent reduction in the synthesis of respiratory chain 

subunits encoded by the mtDNA (47). The coupling of mt-hOggl to mitochondrial aconitase 

demonstrated herein represents a novel mechanism linking metabolism to mtDNA that may 

be important in the pathophysiologic events leading to oxidant-induced toxicity as seen in 

various tumors, degenerative disorders, cardiac diseases (e.g. hemochromatosis), respiratory 

disorders (e.g. asbestosis, pulmonary fibrosis) and aging.
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Abbreviations

Oggl 8-oxoguanine DNA glycosylase

8-oxoG 8-oxo-7,8-dihydroxyguanine

mt-hOggl mitochondria-targeted human α-hOggl

ROS reactive oxygen species

mtDNA mitochondrial DNA

SOD2 manganese superoxide dismutase
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AT2 alveolar epithelial type II

ΔΨm mitochondrial membrane potential

ro-GFP redox-sensitive green fluorescent protein mutant

TCA tricarboxycylic acid
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Figure 1. Mitochondria-targeted hOggl augments hOggl mitochondrial protein and 8-oxoG DNA 
glycosylase activity in A549 cells
(A) Mt-hOggl was transiently overexpressed using an adenovirus containing the α isoform 

of the hOGGl gene with a mitochondrial targeting sequence. A representative Western blot 

analysis of hOggl protein expression in mitochondrial (M) and cytosolic (C) fractions of 

control (con), empty vector (ev), and hOggl overexpression in A549 cells exposed to various 

multiplicity of infection (MOI) for 48 h. A MOI of lOx was used for all subsequent 

adenoviral transient transfection experiments. The Western blot is representative of three 

separate experiments. (B): Mitochondria-targeted hOggl augments 8-oxoG DNA 

glycosylase activity. A549 cells were transiently transfected with empty vector control 

(lanes 1 and 2) or mt-hOggl (lanes 3 and 4) as described in the Experimental Procedures and 

then treated with control media or asbestos (25 µg/cm2) for 24 h. 8-oxoG incision activity 

was calculated as described in the Experimental Procedures and expressed as fold control 

levels. (* p < .05 v. empty vector controls; n=3).
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Figure 2. Mitochondria-targeted hOggl blocks oxidant-induced A549 cell mitochondrial 
dysfunction and apoptosis
(A) Mt-hOgg-1 overexpression prevents amosite asbestos-induced ΔΨm as assessed using a 

tetramethylrhodamine ethyl ester (TMRE) fluorometric technique. (B): Mt-hOggl 

overexpression abolishes asbestos-induced caspase-9 activation and DNA nucleosomal 

fragmentation.(C): Mt-hOggl overexpression blocks H2O2-induced ΔΨm (TMRE 

fluorescence) and DNA fragmentation. * p < .05 v. no asbestos or H2O2; † p < .05 v. empty 

vector cells exposed to the same dose of asbestos or H2O2.
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Figure 3. Mitochondria-targeted hOggl does not alter oxidant-induced ROS production but does 
prevent reductions in mitochondrial aconitase
(A) Mt-hOggl overexpression does not alter amosite asbestos- or Antimycin A-induced ROS 

production as assessed by a dichlorofluorescein (DCF) assay. (B) Mt-hOggl overexpression 

does not block asbestos-induced ROS production as assessed by a roGFP sensor targeted to 

the mitochondria or cytosol. (C) As expected, mitochondrial aconitase activity is reduced by 

oxidative stress (24 h exposure to amosite asbestos or H2O2). Notably, mt-hOggl 

overexpression completely preserves mitochondrial aconitase activity in the setting of 

oxidative stress. (D) Amosite asbestos decreases mitochondrial aconitase protein expression 

and mt-hOggl overexpression blocks this. The levels of mitochondrial aconitase expression 

from three experiments are shown in a densitometric analysis. Expression of cytochrome 

oxidase IV (COX IV) was used to confirm the presence of mitochondrial protein and 

comparable loading. * p < .05 v. empty vector controls not exposed to H2O2, Antimycin A, 

or asbestos; † p < .05 v. empty vector cells exposed to the same dose of H2O2 or asbestos.
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Figure 4. Mitochondrial hOggl co-precipitates with mitochondrial aconitase
Immunoprecipitation (IP) using a hOggl antibody was performed on mitochondria proteins 

obtained from control and mt-hOggl overexpressing A549 cells in the absence or presence 

of asbestos (25 µg/cm2) for 24 h as described in the Methods. Mitochondrial aconitase and 

loading controls (IgG and hOggl) were assessed by Western blotting (WB). The 

immunoprecipitation blots are representative of three independent experiments.
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Figure 5. Mitochondrial hOggl prevents oxidant-induced toxicity independent of its 8-oxoG DNA 
repair activity
Transient overexpression of empty vector control, wild-type mt-hOgg-1 as well as two 

previously described hOgg-1 mutant plasmid constructs lacking 8-oxoguanine DNA repair 

capacity (317–323 long alpha/beta and V317) were done by lipofectamine as described in 

the Methods (18). Mitochondrial localization was confirmed by C-Myc immunostaining. 

Similar to wild-type mt-hOgg-1, overexpression of mt-hOgg-1 mutants 317–323 long alpha/

beta or V317 completely blocked oxidant induced caspase-9 activation (A), DNA 

fragmentation (B), and the decrease in mitochondrial aconitase activity (C) caused by H2O2 

(100 µM) or asbestos (25 µg/cm2) for 24h. * p < .05 v. no H2O2 or asbestos; † p < .05 v. 

empty vector cells exposed to the same dose of 2O2 or asbestos.
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Figure 6. Mitochondrial wild-type and long alpha/beta 317–323 hOggl mutant co-precipitate 
with mitochondrial aconitase
Mitochondrial proteins obtained from control (Con) and mt-hOggl (wild-type [WT] and long 

α/β 317–323 [Laβ]) overexpressing A549 cells were subjected to Western blot analysis 

before and after immunoprecipitation (IP) using antimyc performed as described in the 

Experimental Procedures. As expected, mitochondrial proteins probed before IP 

demonstrated hOgg 1 and c-myc only in the hOgg 1 overexpressing cells (either wild-type 

or Lαβ mutant hOggl) despite similar levels of mitochondrial aconitase and COX IV as 

control cells. After IP with c-myc, mitochondrial aconitase and hOggl, but not COX IV, co-

precipitated with the myc constructs containing either wild-type or Lαβ mutant hOggl.
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Figure 7. Mitochondria-targeted aconitase overexpression prevents oxidant-induced A549 cell 
DNA fragmentation and caspase-9 activation
(A) Mitochondria-targeted aconitase augments aconitase protein levels as assessed by 

Western blotting and (B) mitochondrial aconitase activity (n=3). (C) Mitochondria-targeted 

aconitase overexpression blocks oxidative stress-induced DNA fragmentation and caspase-9 

activation caused by H2O2 (100 µM) or asbestos (25 µg/cm2) for 24h. * p < .05 v. no H2O2 

or asbestos; † p < .05 v. empty vector cells exposed to the same dose of H2O2 or asbestos.
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Figure 8. shRNA-mediated down-regulation of hOGGl mRNA reduces mitochondrial aconitase 
and augments oxidant-induced apoptosis
Cells were transfected with mock, control shRNA or hOGGl shRNA for 24 h as delineated 

in the Experimental Procedures. As compared to mock shRNA controls, shRNA against 

hOGGl reduces OGG1 mRNA levels by ~90% (n=6) (A) and decreases mitochondrial 

aconitase levels by ~30% (n=3) (B). As compared to Mock shRNA-treated controls (Con), 

DNA fragmentation caused by asbestos (5–25 µg/cm2) or H2O2 (100 µM) for 24h was 

augmented by shRNA against hOGGl (n=6); data expressed as fold control (mock shRNA-

treated) (C) * p < .05 v. Control; † p < .05 v. Mock shRNA.
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Figure 9. Hypothetical model in which mt-hOggl and aconitase interact in the setting of oxidative 
stress to promote cell life or death
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