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Abstract

8-Oxo-7,8-dihydroguanine (8-oxoG) is one of the most abundant DNA base lesions induced by

reactive oxygen species (ROS). Accumulation of 8-oxoG in the mammalian genome is considered

a marker of oxidative stress, to be causally linked to inflammation, and is thought to contribute to

aging processes and various aging-related diseases. Unexpectedly, mice that lack 8-oxoguanine

DNA glycosylase-1 (OGG1) activity and accumulate 8-oxoG in their genome have a normal

phenotype and longevity; in fact, they show increased resistance to both inflammation and

oxidative stress. OGG1 excises and generates free 8-oxoG base during DNA base-excision repair

(BER) processes. In the present study, we report that in the presence of the 8-oxoG base, OGG1

physically interacts with guanine nucleotide-free and GDP-bound Rac1 protein. This interaction

results in rapid GDP→GTP, but not GTP→GDP, exchange in vitro. Importantly, a rise in the

intracellular 8-oxoG base levels increases the proportion of GTP-bound Rac1. In turn Rac1-GTP

mediates an increase in ROS levels via nuclear membrane-associated NADPH oxidase type 4.

© 2013 Elsevier Inc. All rights reserved.

Corresponding author: Istvan Boldogh, PhD, Department of Microbiology and Immunology, School of Medicine, University of Texas
Medical Branch at Galveston, 301 University Blvd, Galveston, Texas 77555, Telephone: 409-772-9414, Fax: 409-747-6869,
(sboldogh@utmb.edu).
ePermanent address: Department of Immunology, Medical and Health Science Center, University of Debrecen, Debrecen, H-4012,
Hungary
fPermanent address: Research Institute of Sport Science, Faculty of Physical Education and Sport Science, Semmelweis University,
Budapest, H-1025, Hungary
gPermanent address: Institute of Genetics and Cytology, Northeast Normal University, Changchun, 130024, China

Conflict of interest statement
There are no conflicts of interest

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2014 October 13.

Published in final edited form as:
Free Radic Biol Med. 2013 August ; 0: 384–394. doi:10.1016/j.freeradbiomed.2013.04.011.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Repository of the Academy's Library

https://core.ac.uk/display/42938969?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


These results show a novel mechanism by which OGG1 in complex with 8-oxoG is linked to

redox signaling and cellular responses.
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Introduction

Environmental pollutants, accidental chemical exposures, and ionizing and ultraviolet

radiation increase the cellular levels of reactive oxygen species (ROS), directly or via

activation of oxido-reductases and/or induction of mitochondrial dysfunction. ROS from

various sources and mitochondria (with or without mitochondrial dysfunction) are

modulators of cellular signaling pathways [1]. On the other hand, modify proteins, lipids,

and DNA [reviewed in [2]. Among DNA and RNA bases, guanine is the most susceptible to

oxidation [3]. One of the most frequent oxidation products of guanine in DNA is 8-oxo-7,8-

dihydroguanine (8-oxoG) [4]. It is recognized and excised as a base by 8-oxoguanine DNA

glycosylase-1 (OGG1) during the DNA base excision repair (BER) pathway, both in the

nucleus and in mitochondria [5, 6]. OGG1-initiated BER encompasses four key steps,

including damaged base recognition and excision, 2′-deoxyribose-3′-phosphate end

processing by AP endonuclease 1 (APE1), filling in the nucleotide gap by DNA polymerase

β, and nick-sealing by DNA ligase [5]. OGG1’s repair activity is modulated by post-

translational modifications, including phosphorylation [7], acetylation [8], and by

interactions with canonical repair and non-repair proteins [9]. Studies have also unveiled a

redox-dependent mechanism for the regulation of OGG1 activity [10].

Accumulation of 8-oxoG in DNA has conventionally been associated with inflammatory

processes, various diseases, accelerated telomere shortening, and aging processes [11–13].

In addition, unrepaired 8-oxoG is potentially one of the most mutagenic lesions among

oxidatively modified DNA bases, because its pairing with A will cause a GC=>TA mutation

[14]. Unexpectedly, Ogg1 knock out (Ogg1−/−) mice have an unaltered lifespan, show only

moderate increases in tumor formation, and exhibit slight patho-physiological changes

despite the supraphysiological levels of 8-oxoG in their DNA [15, 16]. Furthermore,

Ogg1−/− mice showed an increased resistance to inflammation [17, 18] and lack of Ogg1

activity protected mice from the trinucleotide repeat expansions underlying Huntington’s

disease [19]. It also appears that a lack of Ogg1′ activity is accompanied by dysfunction of

signaling pathway(s) linking oxidant stress to cellular responses. These observations raise

the possibility that the 8-oxoG base released from the genome by OGG1 could have

physiological/patho-physiological relevance. Previous studies have implied roles for OGG1

in multiple cellular processes in addition to that of being a canonical DNA BER protein [6,

20]. For example, it has been shown that OGG1 co-localizes with centrioles (microtubule

organizing center), microtubule networks, and mitotic chromosomes, [7, 21, 22]. Moreover,

we have previously shown that OGG1 binds its excision product, the 8-oxoG base, but not

8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) or 2,6- diamino-4-hydroxy-5-

formamidopyrimidine (FapyG) or other intact or oxidized nucleotides and nucleosides, at a
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site independent from its catalytic active site. In complex with the 8-oxoG base, OGG1

interacts with canonical Ras family members and induces guanine nucleotide exchange [23].

Activated Ras then initiates signal transduction via Raf1-MEK1,2/ERK1,2, leading to the

transcriptional activation of genes as shown by microarray analysis (NCBI, GEO #

GSE26813) [23]. These data and those showing the implication of OGG1 in chromatin

remodeling and transcriptional initiation [24, 25] imply a role of OGG1 in 8-oxoG-

dependent regulation of cellular signaling. Elegant studies have demonstrated that a DNA

repair product of nucleotide excision repair (NER) plays a role in the cellular response to

DNA damage [26] and a failure in degradation of this NER product by endo/exonuclease(s)

has been associated with various immune disorders [27].

In a previous study using biochemical and cell biological assays, we showed that in the

presence of molecular oxygen the 8-oxoG base is transformed to a catalase- and glutathione

peroxidase-sensitive hydroperoxide. It rapidly oxidizes Amplex red to resorufin, H2DCF to

DCF, Fe2+ to Fe3+, and GSH to GSSG and when added to cells caused an oxidative burst

[28]. Interestingly, the addition of 8-oxoG base to cells also increases cellular ROS levels;

however, the kinetics are different from those induced by the hydroperoxide form of 8-

oxoG. The present study hypothesizes that the increase in cellular ROS levels by 8-oxoG

base is due to the activation of cellular oxido-reductases, which may require small

GTPase(s). Here we document that in the presence of 8-oxoG base the OGG1 protein

physically interacted with GDP-bound Rac1. This interaction catalyzed a guanine nucleotide

exchange and increased the GTP-bound form of Rac1 in vitro, in cultured cells and the

tissue environment (animal model). In turn, Rac1-GTP resulted in a transient increase in

ROS levels via nuclear membrane-associated NADPH oxidase type 4. Our novel

observations suggest that the OGG1-mediated repair of 8-oxoG not only prevents

mutagenesis, but also induces cellular responses via a Rac1-dependent mechanism.

Material and Methods

Cells cultures

A549 type II alveolar epithelial cells (ATCC # CCL-185) were cultured in Ham’s F12

(GIBCO-BRL). Human embryonic fibroblasts (MRC-5) were grown in EMEM (GIBCO-

BRL). All media were supplemented with 10% FBS (Atlanta Biologicals, Lawrenceville,

GA), penicillin (100 units/ml; GIBCO-BRL), and streptomycin (100 μg/ml; GIBCO-BRL).

Animals and challenge

Six- to 8-week-old female BALB/c mice (purchased from Harlan Sprague-Dawley; San

Diego, CA) were used for these studies. While mice were under mild anesthesia, their lungs

were challenged intranasally with 8-oxoG [29]. The animals were sacrificed and their lungs

were homogenized in a buffer (25 mM Tris-HCl/pH 7.5/, 150 mM NaCl, 1% NP-40, 1 mM

DTT, 5% glycerol, 20 mM NaF, 1 mM sodium orthovanadate, 1 μg/ml leupeptin and 1

μg/ml aprotinin) and GTP bound levels of Rac determined as described in “Assessment of

GTP-bound Rac1 levels.” All experiments were performed according to the NIH Guidelines

for the Care and Use of Experimental Animals. The protocol used was approved by the

University of Texas Medical Branch Animal Care and Use Committee (#0807044A).
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Reagents

We obtained reagents from the following sources: 8-oxoG (Cayman Chemical, Ann Arbor,

MI); diphenyleneiodonium chloride (DPI), 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG)

and guanine (Sigma-Aldrich, St. Louis, MO); 8-oxo-7,8-dihydroadenine (8-OH-Ade; Biolog

Life Science Institute, Bremen, Germany); 2,6-diamino-4-hydroxy-5-formamidopyrimidine

(FapyG) from Dr. Miral Dizdaroglu (Chemical Science and Technology Laboratory,

National Institute of Standards and Technology, Gaithersburg, MD); N-acetyl-L-cysteine,

Rac1 antibody (Ab; Thermo Fisher Scientific, Rockford, IL); Rac2 and Rac3-, NADPH

oxidase subunit Abs (Epitomics, Burlingame, CA); recombinant human Rac1 protein

(Cytoskeleton, Denver, CO); OGG1 Ab (Abcam, Cambridge, MA); recombinant human

OGG1 (Novus Biological, Littleton, CO) HRP-conjugated anti-rabbit Ab (Southern Biotech,

Birmingham, AL); 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (eBioscience, San

Diego, CA); H2SO4 (Fisher Scientific, Fair Lawn, NJ); (Mant)-GTP (2′-(or-3′)-O-(N-

methylanthraniloyl)guanosine 5′-triphosphate, trisodium salt, MantGTP) and (Mant)-GDP

(2′-(or-3′)-O-(N-methylanthraniloyl)guanosine 5′-diphosphate, disodium salt, and MantGDP)

(Invitrogen, Carlsbad, CA). GDP and GTPγS were purchased from Cytoskeleton.

Assessment of cellular ROS levels

To asses cellular ROS generation the hydrogen peroxide sensor pHyPer (Evrogen, Axxora

Inc., Farmingdale, NY) was used [30, 31]. Vectors include pHyPer-Cyto (without targeting

signal); pHyPer-dMito (mitochondria targeting signal fused to HyPer N-terminus) or

pHyPer-Nuc (nuclear localization signal fused to the C-terminus of HyPer). Vectors were

introduced into cells by using Lipofectamine™ 2000 as described by the manufacturer’s

instructions (Invitrogen, Life Technologies Corporation). Seventy two hours after

transfection cells were incubated in medium containing 1% FBS for 4h and challenged with

8-oxoG (10 μM) or H2O2 (10 μM). At times 0, 12, 20 and 60 min post-exposure cells were

fixed in formalin (3.7%), dried and mounted on microscope slides. Images were taken by

NIKON Eclipse Ti System.

Changes in cellular ROS levels were also determined by using the fluorogenic probe

carboxymethyl 2′-7′-dihydro-dichlorofluorescein-DA (H2DCF; Molecular Probes, Eugene,

OR) [32]. Briefly, cells were grown to 70% confluence and starved in medium containing

1% FBS for 4h, and 50 μM H2DCF-DA was added at 37°C for 30 minutes. Cells were then

washed twice with PBS and exposed to nucleotides, nucleosides, or solvent. Changes in

DCF fluorescence were recorded in an FLx800 (Bio-Tek Instruments Inc., Winooski, VT)

microplate reader at 485 nm excitation and 528 nm emission. In selected experiments,

changes in cellular ROS levels were determined by flow cytometry (BD FACSCanto flow

cytometer; BD Biosciences, Franklin Lakes, NJ).

Protein-protein binding assays

To determine interactions between OGG1 and Rac1, we used enzyme-linked

immunosorbent assays (ELISA). Briefly, Rac1 antibody-coated wells were washed with

PBS-T (2.68 mM KCl, 1.47 mM KH2PO4, 136.8 mM NaCl, 9.58 mM NaH2PO4, 0.05%

Tween-20), and then guanine nucleotide free (empty) Rac1 (5.3 pmol), GDP-, or GTP-

loaded Rac1 protein (5.3 pmol) was added to parallel wells in PBS-T alone or together with
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OGG1 (5.3 pmol) and 8-oxoG (5.3 pmol) for 1 h at room temperature. Unbound proteins

were removed by washing before incubation with anti-OGG1 Ab (1 h). HRP-conjugated

secondary Ab was added for 45 min, and color was developed by using 3,3′,5,5′-

Tetramethylbenzidine (TMB) substrate. Absorbance was determined on a SpectraMax 190

Microplate Reader (Molecular Devices, Sunnyvale, CA). To confirm protein-protein

interactions by His-affinity pulldown assays, nickel-nitrilotriacetic acid- (Ni-NTA)-agarose

beads (Qiagen Inc., Valencia, Ca) were mixed with His-Rac1 protein (6 pmol)

(Cytoskeleton) in 300 μl interaction buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM

imidazole, 0.05% Tween 20, pH 7.5) [33]. After a 30 min incubation at 4°C, His-Rac1-

bound beads were washed 3 times, and equimolar, non-tagged OGG1 alone or OGG1 (6

pmol) plus 8-oxoG (6 pmol) was added to the interaction buffer. Samples were incubated for

30 min at 4°C, then washed twice with interaction buffer, and proteins eluted with Laemmli

buffer (0.125 M Tris-HCl, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, pH 6.8) at

100°C for 5 min. The eluants were analyzed on Western immunoblots as described below.

Assessment of GTP-bound Rac1 levels

Changes in the levels of GTP-bound Rac1 were analyzed by using the Active Rac1 pull-

down and detection kit (Pierce, Thermo Scientific Inc) per the manufacturer’s instructions

with slight modifications. Briefly, cells were washed once with ice-cold TBS and lysed with

1x Lysis/Binding/Washing buffer (25 mM Tris-HCl/pH 7.5/, 150 mM NaCl, 1% NP-40, 1

mM DTT, 5% glycerol, 20 mM NaF, 1 mM sodium orthovanadate, 1 μg/ml leupeptin and 1

μg/ml aprotinin). Cell/tissue extracts were cleared by centrifugation, and GTP-bound Rac1

was captured by the Rac-binding domain of p21/Cdc42/Rac1-activated kinase 1 bound to

GST beads [34]. GST beads were washed with lysis buffer and bound proteins were

fractionated on a 4 to 20% PAGE. Changes in Rac1 levels were determined by Western

immunoblot analysis.

Guanine nucleotide exchange assays

The GDP-GTP and GTP-GDP exchange on Rac1 was determined by real-time fluorescence

spectroscopic analysis [35]. Rac1 (6 pmol) was loaded with the nucleotide analog (2′-

(or-3′)-O-(N-methylanthraniloyl)guanosine 5′-triphosphate (Mant)-GTP (MantGTP) or GDP

(MantGDP) in exchange buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM

dithiothreitol, 50 μg of bovine serum albumin for 30 min. In the case of GDP-GTP

exchange, Rac-1-MantGDP and OGG1 protein (6 pmol) + 8-oxoG base (6 pmol) were mixed

with untagged GTP. A similar strategy was used to monitor GTP-GDP exchange. Kinetic

changes in the fluorescence of Rac1-MantGDP or Rac1-MantGTP were determined by using a

POLARstar Omega reader (BMG: Bio Medical Gurrat; LABTECH). Curves were fitted by

using MS Excel. The half-life of Rac1-MantGDP was determined using POLARstar Omega

software.

Western blot analysis

Cells were harvested and incubated for 15 min with lysis buffer (25 mM Tris-HCl, pH 7.5;

150 mM NaCl; 1% NP-40; 1 mM DTT; 5% glycerol; 20 mM NaF; 1 mM sodium

orthovanadate; 1 μg/ml leupeptin and 1 μg/ml aprotinin). The lysates were clarified by
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centrifugation, and the supernatants were collected. Protein samples were mixed with

sample loading buffer, heated for 5 min at 95°C, and separated by 4–20% SDS-PAGE.

Proteins were transferred to Hybond-ECL nitrocellulose (Amersham Biosciences UK Ltd,

Uppsala, Sweden) membrane by electroblotting. The membranes were then blocked with 3%

BSA in TBS containing 0.1% Tween (TBS-T) for 3 h and incubated overnight at 4°C with

the primary anti-Rac1 Ab diluted in 3% BSA in TBS-T. The blots were then washed 4x with

TBS-T and incubated for 1 h with HRP-conjugated secondary HPR-conjugated Ab (anti-

mouse IgG, GE Healthcare UK Ltd, Pittsburgh, PA) in 5% non-fat dry milk in TBS-T. After

washing, immunoreactive bands on membranes were visualized by chemiluminescence

using an ECL substrate (Amersham Biosciences).

siRNA ablation of gene expression

siRNAs were introduced into A549 and MRC-5 cells by using INTERFERin™ (Polyplus-

transfection Inc., New York, NY) transfection reagent per the manufacturer’s instructions.

Briefly, siRNAs (20 nM final concentrations, as determined in preliminary studies) were

mixed with INTERFERin™ transfection reagent and added to cells. After 3 h incubation in

serum-free medium, growth medium was added for 72 h. Control and Rac1 siRNAs

(siGENOME SMARTpool) were obtained from Dharmacon (Thermo Fisher Scientific,

Inc.); control and p22phox siRNA were purchased from Santa Cruz Biotechnology, Inc.

(Santa Cruz, CA). siRNA to OGG1 (siGENOME SMARTpool) was obtained from

Dharmacon. OGG1 was depleted via a simultaneous siRNA transfection and plating method

[23]. Depletion of the target genes’ mRNA levels was determined by qRT-PCR and Western

blot analysis.

Quantitative real-time PCR

qRT-PCR was done by the SYBRGreen method using an ABI 7000 System equipment and

software (Applied Biosystems, Foster City, CA) per the manufacturer’s recommended

protocol.. The thermal profile was: 50°C for 2 min, 95°C for 10 min, and 45 cycles of 95°C

for 15 sec, followed by 60°C for 1 min. A dissociation stage was added at the end of the run

to verify the primers’ specificity (95°C for 15 sec, 60°C for 20 sec and 90°C for 15 sec).

Expression levels (fold change) were determined by the delta-delta Ct method (33Ct) [36,

37]. Primers: p22phox, F: 5′-AACGAGCAGGCGCTGGCGTCCG-3′; R: 5′-

GCTTGGGCTCGATG GGCGTCCACT-3′; Rac1, F: 5′-CTGATGCAGGCCATCAAGT-3′

R: 5′-CAGGAAATGCATTGGTTG TG-3′; OGG1, F: 5′-

GCATCGTACTCTAGCCTCCA-3′ R: 5′-GCTCTTGTCTCCTCGGTACA-3′; NOX4, F:

5′-CTGGAGGAGCTGGCTCGCCAACGAAG-3′; R: 5′-

GTGATCATGAGGAATAGCACCACCACCATGCAG-3′; GAPDH, F: 5′-

GAAGGTGAAGGTCGGAGT-3′; R: 5′-GAAGATGGTGATGGGATTTC-3′

Microscopic imaging

Cells on microscope coverslips were mock-treated or pulsed for 30 min with 10 μM 8-oxoG

base, fixed in 4% paraformaldehyde at 4°C and then permeabilized with Triton X100 for 30

min at 37°C. The cells were then incubated for overnight at 4°C with primary antibody to

OGG1 (1:200), Rac1 (1:400), and NADPH oxidase type 4 antibody (1:300). After washing

(PBS-Tween 20: PBS-T) cells were incubated for 1 h at room temperature with Alexa 488-,
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Alexa-594 and/or Texas Red-conjugated secondary antibodies. Nuclei of cells were stained

for 15 min with DAPI (4′6-diamidino-2-phenylindole dihydrochloride; 10 ng/mL). Cells

were then mounted in anti-fade medium (Dako Inc. Carpinteria, CA) on a microscope slide.

Microscopy was performed on a NIKON Eclipse Ti System. Magnification: x125. Co-

localization was visualized by superimposition of green and red images by using Nikon NIS

Elements Version 3.5 (NIKON Instruments, Tokyo, Japan).

The overlap coefficient of proteins was calculated according to Manders [38]. R = ΣS1 ×

S2/√Σ(S1)2 × Σ(S21)2 where S1 represents the signal intensity of pixels in channel 1 and S2

represents signal intensity of pixels in channel 2. This coefficient is not sensitive to the

limitations of typical fluorescence imaging, such as efficiency of hybridization, sample

photobleaching, and camera quantum efficiency [39]. The overlap coefficients k1 and k2

split the value of co-localization into a pair of separate parameters: k1 = ΣS1 × S2/Σ(S1)2;

k2 = ΣS1 × S2/Σ(S2)2, where S1 represents the signal intensity of pixels in channel 1 and S2

represents signal intensity of pixels in channel 2 [38].

Preparation of 8-oxoG Solution

8-OxoG is provided as a hydroacetate salt, and was dissolved in 10 mM NaOH (4 mM final

concentration). An 8-OxoG stock solution was prepared freshly, diluted in PBS (w/o

Ca2+/Mg2+, pH: 7.4), and used within 1 h for experiments. All other intact and oxidized

nucleotide bases and nucleosides were dissolved in the same manner.

Assessment of 8-oxoG’s Cellular Uptake

MRC-5 cells at 80% confluence were washed, and PBS containing 10 μM of 8-oxoG (final

concentration) was added. Aliquots were removed at 0, 1, 30 and 60 min, lyophilized, and

re-dissolved in 200 μl of 10 mM NaOH. An aliquot of 2.8 nmol of 8-oxoG-13C3, 15N was

added to 20 μl of this solution as an internal standard. The sample was lyophilized overnight

and then derivatized and analyzed by gas chromatography/mass spectrometry (GC/MS) to

determine the level of 8-oxoG [40].

Statistical Analysis

The data are expressed as the mean ± SD. Results were analyzed for significant differences

using ANOVA procedures and Student’s t-tests (Sigma Plot 11.0). Differences were

considered significant at p<0.05 (*p<0.05, **p<0.01, ***p<0.001, ****p< or =0.0001).

Results

Rac1 GDP-GTP exchange by OGG1 in the presence of 8-oxoG

First we examined whether OGG1 in the presence of 8-oxoG [OGG1(8-oxoG)] interacts

with Rac1 in vitro. The result summarized in Fig. 1A shows that OGG1 protein alone

interacted poorly with guanine nucleotide-free (empty) Rac1 protein. However, in the

presence of 8-oxoG, physical interactions between OGG1 and empty Rac1 were

significantly increased, as shown by ELISA and Ni-NTA pull-down assays (Fig. 1A, and

Fig. 1A inset). OGG1(8-oxoG) bound most extensively to GDP-loaded Rac1 (Fig. 1A),

while binding to Rac1-GTP was significantly lower than to both empty and GDP-Rac1 (Fig.
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1A). Together these data reveal an unexpected physical interaction of the OGG1(8-oxoG)

complex with Rac1, and also suggest that the conformation of GDP-bound Rac1 allows the

most stable interaction with OGG1(8-oxoG).

To examine the possibility that OGG1(8-oxoG) may serve as a guanine nucleotide exchange

factor (GEF) and increase Rac1-GTP levels, we performed guanine nucleotide exchange

assays utilizing fluorescently labeled guanine nucleotides (MantGDP and MantGTP) [35].

When Rac1 protein was loaded with MantGDP (1:1 molar ratio), the fluorescence intensity

of MantGDP was increased from 1.36 ×105 fluorescence unit (FU) to 1.9 ×105 FU, as

determined by spectroscopic analysis (Fig. 1B). Upon addition of OGG1 and 8-oxoG along

with unlabeled GTP to Rac1-MantGDP, the fluorescence rapidly decreased, indicating that

Rac1-bound MantGDP was replaced by non-fluorescent GTP (Fig. 1B). The release

of MantGDP and replacement with GTP was rapid, as during a 45-sec time period more that

50% of MantGDP was exchanged for GTP (Fig. 1B). In controls, OGG1 plus GTP did not

change Rac1-MantGDP fluorescence (Fig. 1B), and OGG1 alone also had no effect (data not

shown). Next, we found that the fluorescence intensity of MantGTP was increased (from 1.38

×105 FU to 2.02 ×105 FU) (Fig. 1C) when bound to Rac1 in a manner similar to that

observed for Rac1-MantGDP (Fig. 1B). Addition of OGG1 plus 8-oxoG along with non-

labeled GDP resulted in a slow guanine nucleotide exchange (Fig. 1C). OGG1 caused no

change in Rac1-MantGTP fluorescence in the presence of GDP; OGG1 alone also had no

effect (data not shown). These data are in line with the poor interaction of OGG1 with Rac1-

GTP (Fig. 1A). These results thus show that OGG1 in complex with 8-oxoG catalyzes the

release of GDP efficiently, and may function as a GEF in the intracellular environment.

To examine this possibility, we further investigated whether OGG1 protein in the presence

of 8-oxoG base increases Rac1-GTP levels in cell extracts. Our results showed that addition

of 8-oxoG base to the extract from A549 cells increased Rac1-GTP levels in a time-

dependent manner (Fig. 1D, upper panel). There was no change in the level of Rac1-GTP

with cell lysates without OGG1 (Fig. 1D, lower panel). Our results also showed that the

lowest dose of the 8-oxoG base that increased levels of Rac1-GTP was 0.1 μM (Fig. 1E).

There was no concentration-dependent increase in Rac1-GTP levels above 10 μM of 8-oxoG

(data not shown), possibly due to 8-oxoG’s low solubility at physiological pH [3]. Together

these data suggest that OGG1 in the presence 8-oxoG base catalyzes the replacement of

Rac1-bound GDP by GTP in cellulo.

Increased Rac1-GTP levels in 8-oxoG-exposed cultured cells and an animal model

Next, we explored whether exposing cells to the 8-oxoG base changes cellular Rac1-GTP

levels. MRC-5 and A549 cells were maintained in low serum (1%)-containing medium for

24 h and exposed to 8-oxoG base (10 μM) for increasing time intervals. The results,

summarized in Fig. 2A, showed a rapid increase in Rac1-GTP levels in MRC-5 cells

between 1 and 5 min of treatment, which peaked at 5 min and then decreased nearly to basal

levels by 30 min. Similar results were obtained by using A549 cells (Fig. 2B). Fig. 2C

shows the percent changes in Rac-1 GTP levels after 0, 1, 3, 5, 15 and 30 min of 8-oxo-G

exposure. At time 0, the percentage of GTP-bound Rac1 was 0.78± 0.2 % and 0.74± 0.1% in

MRC-5 and A459 cells, respectively, whereas after a 5-min exposure to 8-oxoG, the
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percentage of GTP- bound Rac1 levels increased to 6.5± 2% (MRC-5) and 7.05± 1,7%

(A459) cells. To further confirm that the 8-oxoG-induced increase in Rac1-GTP levels in

cellulo required OGG1, we decreased its levels with siRNA [23]. In OGG1-depleted cells

(MRC-5, A549), there was no significant increase in Rac1-GTP levels after 8-oxoG addition

(Fig. 2D, upper and lower panels) when compared to Rac1-GTP levels in the OGG1-

expressing cells. The extent of OGG1 depletion was confirmed by Western blot analysis

(Fig. 2E). Importantly, the guanine base, FapyG (another BER product of OGG1) and 8-OH-

Ade or uric acid did not increase Rac1-GTP levels in MRC5 and A549 cells (data not

shown). On the other hand, 8-oxodG slightly inhibited Rac1 activation (data not shown), as

shown in previous studies [41]. MRC5 and A549 cells abundantly express Rac1, whereas

the expression of Rac3 (closely related to Rac1 in functions and nucleotide binding; rev in

[42]) was approximately 22- and 43-times lower than that of Rac1 in MRC-5 and A549

cells, respectively (Fig. 2F). Rac2, primarily expressed in myeloid cells [42], was not

detectable in these cells at the protein level (Fig. 2F). Therefore, we were unable to show

changes in Rac2-GTP or Rac3-GTP levels in these cells (data not shown). In control

experiments, we demonstrated a rapid decrease in 8-oxoG base levels in cell supernatant,

suggesting that 8-oxoG is taken up by cells (Fig. 2G). Together, these data demonstrate that

the 8-oxoG base is unique in increasing GTP-bound Rac-1 levels, and suggest that OGG1(8-

oxoG) interacts with Rac1-GDP and catalyzes guanine nucleotide exchange in cellulo.

Next, we examined whether 8-oxoG base increases Rac1-GTP levels in a tissue

environment. The 8-oxoG base was instilled into the lungs of mice, and Rac1-GTP levels

were determined as described in Materials and Methods. Compared to saline-challenged

lungs (Fig. 2H, mice # 1 and 2) there was a robust increase in Rac1-GTP levels at 15 min

post-challenge (Fig. 2H, mice # 3, 4, 5, and 6), consistent with our in vitro and in cellulo

studies. Specificity of Rac1 activation by 8-oxoG exposure is supported by data showing

that FapyG, 8-OH-Ade, uric acid and guanine base did not alter Rac1-GTP levels in lungs

(Fig. 2H, lower panels). 8-OxodG slightly lowered Rac1-GTP levels (data not shown) as

documented previously [41]. As shown by immunoblot analysis, Rac1 is abundantly

expressed in lung tissues (Fig. 2H, total Rac1), while Rac2 and Rac3 expression was nearly

undetectable (data not shown). Although the significance of Rac1 activation in lungs by the

8-oxoG base is yet to be defined, these results are in line with those generated with normal

diploid lung fibroblasts (MRC5) and A549 cells (type II alveolar lung epithelial cells).

Transient increase in ROS levels in OGG1-expressing, 8-oxoG-exposed cells

Rac1 is a multifunctional GTPase, e.g., it is clearly involved in the modulation of cellular

redox state via regulating NADPH oxidase(s) activities [42]. Here we show that the addition

of 8-oxoG to the cells increased the intracellular ROS levels (Fig. 3A–D). Pre-treating the

cells with N-acetyl-L-cysteine (NAC; 10 mM, for 3 h), a precursor of glutathione

biosynthesis and a scavenger of oxygen radicals [43], prevented the 8-oxoG-mediated

increase in intracellular ROS levels (Fig. 3B). 8-OxoG induced a significantly lower levels

of ROS in OGG1-depleted cells (Fig. 3C), consistent with decreased Rac1 activation (Fig.

2D). The 8-oxoG base is unique in increasing ROS levels, because neither the guanine base,

FapyG, 8-OH-Ade, adenine or uric acid (deaminated form of 8-oxoG) has this activity (Fig.

3D).
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Treating the cells with DPI (10 μM, determined in preliminary studies), an NADPH oxidase

(NOX) inhibitor, before 8-oxoG addition decreased cellular ROS levels by 62±3% and

70±7% in MRC-5 and A549 cells, respectively, compared to cells exposed to 8-oxoG alone

(Fig. 4A). p22phox is an essential regulatory subunit of NOX1-4 [42]. siRNA-mediated

depletion of p22phox lowered ROS levels by 64±8% (MRC-5 cells) and 69±6% (A549 cells)

in 8-oxoG-exposed cells, which further confirmed the involvement of NOXs in ROS

generation (Fig. 4B). siRNA to NOX 1, 2 and 3 only somewhat (data not shown), but NOX4

siRNA significantly decreased (67±9.5% for MRC5; 76±4% for A549) ROS levels (Fig.

4C). Depletion of Rac1 decreased ROS levels by 72±3% in MRC-5 and 68±7% in A549

cells after 8-oxoG exposure (Fig. 4B). The siRNA-mediated decrease in Rac1, p22phox and

NOX4 expression is shown in Fig. 4D.

NOX type 4 (NOX4) have been reported to be localized to cytoplasmic compartments and

nuclear membranes, and are involved in multiple cellular processes, including localized

redox modulation, and cellular signaling [42, 44]. To determine the cellular localization of

NOX4 that generate ROS in response to 8-oxoG exposure, cells were transfected with the

biosensor pHyPers [30, 31], expressed in cytoplasm (pHyPer-Cyto) or targeted to nucleus

(pHyPer-Nuc), and mitochondria (pHyPer-Mito). Seventy two h later cells were challenged

with H2O2 (as control; 10 μM) or 8-oxoG (10 μM). Intracellular site of fluorescence were

recorded by microscopic imaging. As shown in Fig. 5A, H2O2-induced pHyPer signal was

localized to cytoplasm, mitochondria and nuclei of cells. When cells were exposed to 8-

oxoG pHyPer-Nuc fluorescence appeared first at the perinuclear region (10 to 12 min post-

exposure) and then a nuclear fluorescence was observed (~20 min). pHyPer-Nuc signal

decreased to the basal level by 60 min. pHyPer-Cyto-mediated fluorescence was initiated

around the nuclei of cells (10 to 12 min after post-exposure) then spread to the cytoplasm

(20 min; Fig. 5). The pHyPer-Mito fluorescence appeared at 20 min after 8-oxoG addition.

Interestingly, only few mitochondria showed fluorescence suggesting that pHyPer-Mit

oxidation is a secondary event and possibly due to ROS generated by NOX4. There were no

increased fluorescence of biosensors observed at 60 min post exposure with 8-oxoG.

Together these data suggest that NOX4 generating ROS is localized to the nuclear

membrane and 8-oxoG exposure-induced ROS generation is transient.

To obtain an insight on close proximity of OGG1, Rac1 and NOX4 at perinuclear regions,

we immuno-stained A549 cells by using specific antibodies to these proteins. Fig. 6A, B and

C show that OGG1 was primarily localized to the cell nuclei, but a fraction of it was

associated with the nuclear membrane. Microscopic imaging showed that like NOX4, Rac1

is associated with the nuclear membrane. Lamin A/C antibody stained the nuclear membrane

exclusively (Fig. 6C). We utilized digital imaging tools to examine the co-localization of

OGG1 with Rac1 and NOX4 in images obtained by fluorescence microscopy. The

fluorescence intensities emitted by OGG1, Rac1 and NOX4 were different, so we employed

and calculated overlap coefficients according to Manders, a method which allows a reliable

estimation of close proximity localization of proteins [38, 39]. Manders’s formula (Materials

and Methods) showed a close proximity localization of OGG1 and Rac1 (Mander’s

overlap=0.935431; overlap coefficients k1=0.886159 and overlap coefficients k2=0.987443)

and NOX4 (Mander’s overlap=0.909245, overlap coefficients k1=0.872817, and overlap

coefficients k2=0.980908). In controls, OGG1 was localized to the nuclear membrane, like
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lamin A/C; however, according to the Manders’ equation (overlap=0.898948, coefficients

k1=1.341340, coefficients k2=0.602463) showed that OGG1 and lamin A/C are not in close

proximity. The close proximity of OGG1 with Rac-1 (Fig. 6A) and NOX4 (Fig. 6B) is

consistent with an increase in Rac1-GTP levels and the observed nuclear membrane-

associated ROS generation (Fig. 5).

Discussion

Among multiple types of DNA base damage generated by ROS, 8-oxoG has received the

most attention, as its accumulation in the genome has been associated with increased

mutations, various diseases, and aging processes. 8-OxoG is excised from DNA via the

OGG1-initiated BER pathway, producing an 8-oxoG base which, when measured in serum

and urine is one of the best markers of oxidative exposures. Here we show that in the

presence of the 8-oxoG base, OGG1 interacts with the GDP-bound Rac1 protein and

promotes the exchange of GDP for GTP in vitro. Importantly, in OGG1-expressing cells the

8-oxoG base increased Rac1-GTP levels. Activated Rac1 then facilitated a spatially

controlled increase in cellular ROS levels via NADPH oxidase type 4, which is associated

with the nuclear membrane. These results suggest that OGG1, in association with the 8-

oxoG base, has a role in cellular physiological and/or patho-physiological signaling via the

activation of Rac1.

Our recent study showed that OGG1 binds to the free 8-oxoG base with high affinity

[binding constant (Kd) of 0.56±0.19 nM] in the absence of duplex DNA [23], which was

unexpected for binding to a product of an enzyme. It has also been shown that interaction of

OGG1 with 8-oxoG allowed its binding with canonical Ras family proteins and,

importantly, induced guanine nucleotide exchange [23]. In the present study, OGG1 protein

alone showed poor binding to guanine nucleotide-free (empty) Rac1 protein, but the 8-oxoG

base increased this interaction. On the other hand, OGG1 showed poor interactions with

Rac1-GTP in the presence of 8-oxoG – however, less than with the empty protein. These

observations resemble those showing binding of OGG1(8-oxoG) with canonical Ras family

proteins [23] and those reporting interaction between Rac1 and GEFs such as T lymphoma

invasion and metastasis (Tiam) protein [45], Son of sevenless 1 (SOS1) [46], or Vav2 (a

homolog of the vav proto-ocogene) [47]. The interaction of OGG1 with GDP-loaded Rac1

suggested that 8-oxoG binding results in a conformational change which allows OGG1 to

bind to Rac1. In support of this hypothesis, it has been shown that GEFs require either post-

translational modification(s) or binding to regulatory molecules for interaction and catalysis

of guanine nucleotide exchange on Rac1 GTPases [48, 49]. Tiam1’s interaction with Rac1

and its GEF activity are increased by association with phosphoinositides in its N-terminal

pleckstrin homology domain [50]. The GEF activity of Ras guanine nucleotide release factor

2 requires Ca2+/calmodulin binding to its IQ motif structure [48, 49]. The activity of Ras

guanine nucleotide release protein is regulated by Ca2+- and diacylglycerol [51]. Together

these data suggest that the OGG1 protein is functionally similar to other Rac1 GEFs, as it

requires binding of a co-factor (8-oxoG) to gain the proper conformation necessary for its

binding to Rac1-GDP.
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During guanine nucleotide exchange, GEFs first interact with GDP-bound GTPase and

dissociate GDP at an increased rate, and then the bound GTP promotes the release of GEF

by the GTPase [52, 53]. In the presence of 8-oxoG, OGG1 was effective only in promoting

GDP release in parallel with GTP incorporation onto Rac1 in vitro. OGG1 did not promote

the release of GTP, consistent with its poor interaction with Rac1-GTP indicating that

OGG1 functions as a Rac1 GEF similar to Tiam1 [45], SOS1 [46] or Vav2 [47].

An increase in the cellular level of 8-oxoG base rapidly enhanced the GTP-bound level of

Rac1. The results obtained by using cultured cells and those generated in the lungs are

consistent. Changes in Rac1-GTP levels were time- and 8-oxoG dose-dependent.

Importantly, an increase in Rac1-GTP levels did not take place in cells lacking OGG1,

suggesting that OGG1 is the primary protein that binds the 8-oxoG base, and is required for

Rac1 GDP-GTP exchange. The increase in Rac1-GTP levels upon 8-oxoG addition to the

lungs was specific, as it did not occur after challenge with 8-OH-Ade, uric acid, guanine, 8-

oxodG or FapyG (the latter two are equally good substrates for OGG1 in DNA [6]).

A549 and MRC-5 cells as well as lung tissues abundantly express Rac1, while Rac2 was

nearly undetectable. Expression of Rac3 protein (closely related to Rac1 with respect to

function and nucleotide binding) was low in these cells, as well as in mouse lungs.

Accordingly, we were unable to show Rac2 or Rac3 activation in either cultured cells or

mouse lungs. These data are consistent with those showing that Rac1 is ubiquitously

expressed in non-phagocytic cells, including lung epithelial cells and fibroblasts. Rac2 is

expressed primarily in myeloid cells (e.g., human neutrophils [54]), and Rac3 is

predominantly found in the central nervous system [42].

The physiological functions of the Rac1 family GTPases are diverse, including modulation

of the cellular redox state, regulation of cell movements, cellular signaling, gene expression,

and cell differentiation (rev in [42]). Rac1 is one of the three Rac family molecules that

control NADPH oxidase activity (NOX1, NOX2 and NOX4 as well as NOX3) both in

phagocytes and non-phagocytic cells [42, 55]. To gain insight into the possible biological

consequences of OGG1(8-oxoG)-mediated Rac1 activation, we examined changes in the

cellular redox state. After 8-oxoG addition to cells, there was a >2-fold increase in cellular

ROS levels. This effect of 8-oxoG was specific, as FapyG, guanine, 8-oxo-Ade, adenine and

uric acid showed no such properties. In contrast to 8-hydroperoxyguanine, the 8-oxoG base

has no direct redox properties [28], and thus our present data may mean that the 8-oxoG

base increases cellular ROS levels in OGG1-expressing cells via Rac1 activation. This

observation was supported by data showing that siRNA-mediated depletion of Rac1 itself,

NOX4 or the p22phox regulatory subunit of NOXs (rev in [42, 55]) significantly decreased

ROS levels upon 8-oxoG addition. These observations are consistent with those showing

that both A549 and MRC5 cells express NOX4 [42, 55]. We found that 8-oxodG decreased

Rac1-GTP levels (data not shown) – an observation in good agreement with previous studies

showing a decrease in NOX activity by 8-oxodG [41].

Redox sensors (pHyPer-Nuc and pHyPer-Cyto) showed changes in ROS levels first at the

perinuclear region of cells, which seems suggestive of localized ROS generation. These

results are supported by our data showing that Rac1, NOX4, as well as OGG1 are in close
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proximity in the nuclear membrane of A549 cells. Similarly Rac1, NOX4 and OGG1

proteins were localized to the nuclear membrane of MRC5 cells (data not shown). Co-

localization in the nuclear membrane of OGG1 with Rac1, and NOX4 (based on Manders

overlap coefficients [38]) are novel observations, while another report has already

documented the nuclear membrane localization of NOX4 (and NOX1, 2) and their activators

of Rac1, as well as p22phox (and p47phox), and their contribution to localized ROS

generation [56]. Although the biological significance of our findings will be the focus of

future investigations, at first glance it seems feasible that ROS could alter OGG1’s repair

activity as well as subcellular localization in response to the cell’s need to repair oxidatively

damaged DNA [21, 57]. It has been shown that OGG1 is redistributed in response to locally

generated oxidative stress within the nucleus, as shown by the accumulation of OGG1-GFP

specifically at sites of laser-targeted ROS/DNA damage [58]. On the other hand, ROS

generated locally could produce oxidative modifications at cysteine residues, especially

those at 253 and 255, in close proximity to OGG1’s active site [59], which may thereby

result in decreased OGG1’s activity. This hypothesis is consistent with functional studies

observing decreases in OGG1’s activity by oxidative modifications at cysteine residues [10].

It has also been shown that NOX4-derived ROS cause DNA oxidation resulting in 8-oxoG

and alterations in gene expression, especially those associated with inflammation [44, 60].

OGG1 is considered to be a canonical DNA BER protein [5]; however, our unexpected

observations show that OGG1(8-oxoG) functions as a Rac1 GEF. Although we only show

that activated Rac1 increases ROS levels via NOX4, it could also be involved in other

cellular processes such as regulation of the cytoskeletal network. Indeed, OGG1 was also

observed to be associated with the microtubule organizing center and microtubule network

[7, 21]. Thus, by activating Rac1 OGG1 may participate in the organization of microtubules

and the mitotic spindle assembly and centrosomes, and thereby could play a critical role in

cell cycle progression, including mitosis as previously proposed [21]. These data point to

controlled DNA damage and repair in physiologic cellular signaling as shown by others [24,

25, 61] and the OGG1(8-oxoG) may be among these.

In conclusion, while the biological significance of our unexpected findings has yet to be

fully elucidated, it appears that activation of the small GTPase Rac1, leading to localized

ROS generation could be part of a physiological DNA damage/repair response initiated by

OGG1. As the OGG1(8-oxoG) not only activates Rac1 but also the canonical Ras family

GTPases [23], it could be that Rac1/NOX4/ROS and Ras-mediated signaling are involved in

maintaining cellular homeostasis. We also speculate that a failure in the control of OGG1

activity may lead to excessive release of 8-oxoG from DNA, resulting in unscheduled

activation of Rac and Ras family GTPases that could result in pathophysiological cellular

responses, contributing to diseases, cellular senescence and aging processes.
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Abbreviations

8-oxoG 8-Oxo-7,8-dihydroguanine

8-oxodG 8-oxo-7,8-dihydro-2′-deoxyguanosine

8-OH-Ade 8-oxo-7,8-dihydroadenine

APE1 apurinic/apyrimidinic endonuclease 1

DNA BER base excision repair

FapyG 2,6- diamino-4-hydroxy-5-formamidopyrimidine

FU fluorescence unit

GEF guanine nucleotide exchange factor

GC/MS gas chromatography/mass spectrometry

GST Glutathione-S-Transferase

H2DCF-DA 2′-7′-dihydro-dichlorofluorescein diacetate

MantGTP GTP (2′-(or-3′)-O-(N-methylanthraniloyl)guanosine 5′-triphosphate

MantGDP GDP (2′-(or-3′)-O-(N-methylanthraniloyl)guanosine 5′-diphosphate

NAC N-acetyl-L-cysteine

NOX4 NADPH oxidase type 4

OGG1 8-oxoguanine DNA glycosylase-1

p22phox regulatory subunit of NOXs

Rac1-GTPase Ras-related C3 botulinum toxin substrate 1

Rac1-GTP GTP bound Rac1-GTPase

Rac1-GDP GDP-bound Rac1-GTPase
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Research Highlights

• 8-oxoguanine DNA glycosylase-1 (OGG1) excises it from DNA and generates

free 8-oxoG base.

• In the presence 8-oxoG base, OGG1 interacts with GDP-bound Rac1 and

induces GDP→GTP exchange.

• Rac1-GTP mediates a localized increase in ROS levels via NADPH oxidase

type 4.
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Figure 1.
Interaction of Rac1 with OGG1 protein in the presence of 8-oxoG base and guanine

nucleotide exchange. (A) Physical interaction of OGG1 protein with Rac1. Rac1 protein was

added to Rac1 Ab-coated wells and incubated with OGG1±8-oxoG in the presence or

absence of GDP or GTP. OGG1 binding was detected by HRP conjugated Ab at 450 nm

(Materials and Methods). Results are means ±SEM (n = 3–7). * = p<0.05 *** = p<0.001.

Inset: Interaction of OGG1 with Rac1 shown by pull-down assay. Rac1 was bound to Ni-

agarose beads, and OGG1 ± 8-oxoG was added. After washing, the amount of OGG1 bound

to Rac1 was analyzed by Western blot (Materials and Methods). (B) Exchange of Rac1-

bound GDP for GTP by OGG1 in the presence of the 8-oxoG base. Rac1 protein was loaded

with MantGDP, and nucleotide exchange was initiated by adding OGG1 + 8-oxoG and GTP

(6 pmol) (△). In controls, GTP alone was added to Rac1-MantGDP (□). Fluorescence

of MantGDP alone (◇). (C) OGG1 does not catalyze Rac1-GTP- GDP exchange. Rac1

protein was loaded with MantGTP and OGG1 + 8-oxoG and GDP (▲) or GDP alone (■) was

added. Fluorescence of MantGTP alone (◇). In B and C, changes in fluorescence of

Rac1-MantGDP and Rac1-MantGTP were determined by real-time measurements by using a

POLARstar Omega (BMG Germany). Curves were fitted by using MS Excel (Materials and

Methods) n = 3–5. (D, E) Time- and dose-dependent increase in Rac1-GTP levels in cell

extracts upon addition of 8-oxoG base. D, Cell extracts were prepared, 1 μM 8-oxoG base

was added (upper panel) or not (lower panel), and aliquots (250 μg) were taken at 0, 2.5, 5

and 10 min. E, increasing (0, 0.1, 1 and 10 μM) 8-oxoG was added to cell extracts. In D and
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E, Rac1-GTP levels were determined by using active Rac1 GST pull-down assays (Material

and Methods). The total Rac1 level is shown in 20-μg cell extracts.
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Figure 2.
Increase Rac1-GTP levels in OGG1-expressing cells upon 8-oxoG exposures. (A, B)

Changes in Rac1-GTP levels in MRC-5 (A) and A549 (B) cells. The 8-oxoG base (10 μM)

was added to cells and extracts were made at indicated times points. Rac1-GTP levels were

determined by GST pull-down assays (Materials and Methods). Upper panels: Rac1-GTP

levels were determined in 100 μg cell extract. Lower panel: total Rac1 protein levels in 10

μg cell lysate. n = 3–8. (C) Graphical depiction of the percentage of Rac-1GTP levels. Rac1-

GTP band intensities were determined by densitometry (Image J 1.44), and the percentage

changes were calculated by using MS Excel. (D) Depletion of OGG1 expression decreased

8-oxoG exposure-induced Rac1-GTP levels. MRC-5 and A549 cells were transfected with

OGG1 siRNA or control siRNA (Materials and Methods) and then exposed to 8-oxoG (10

μM) for 10 min. Rac1-GTP levels were determined as in the legends to panels A and B. (E)

siRNA-mediated decrease in OGG1 levels. GAPDH is shown for equal protein loading. (F)

Expression of Rac family proteins in MRC-5 and A549 cells. Cells were lysed and protein

levels were determined in 10 μg (Rac1); and 25 μg (Rac2 and Rac3) per lane extract by

immunoblotting. Results of a representative set of experiments are shown. GAPDH is shown

for equal protein loading. (G) Cellular uptake of 8-oxoG base. The medium of MRC5

monolayers was replaced with PBS (pH 7.4), and 10 μM (final concentration) of 8-oxoG

was added. Aliquots of the medium were taken at 0, 1, 30 and 60 min. In controls (□), 8-

oxoG was added to PBS in the absence of cells. The 8-oxoG content in the aliquots was

determined by GC/MS [40]. (H) Activation of Rac1 by 8-oxoG challenge in lungs. The

lungs of mice were challenged intranasally with saline ± 1 μM 8-oxoG. In controls, mice

were challenged with 1 μM of FapyG, 8-oxo-Ade, uric acid or guanine. At 15 min thereafter

Rac1-GTP levels were determined by GST pull-down assays in 125 μg lung extracts.
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Figure 3.
Changes in ROS levels in OGG1-expressing cells after exposure to 8-oxoG base. (A)

Kinetic changes in ROS levels in MRC-5 and A459 cells after 8-oxoG treatment. □, A549;

■, MRC-5; △, mock-treated A549; ◇, mock-treated MRC-5. (B) 8-OxoG base exposure

failed to increase ROS levels in N-acetyl-L-cysteine (NAC)-pretreated cells. (C) Depletion

of OGG1 prevented the 8-oxoG-mediated increase in ROS levels. Cells were transfected

with OGG1 siRNA (Materials and Methods) and exposed to 8-oxoG. ROS levels were

determined at 30 min. (D) Exposure of cells to FapyG, 8-oxo-Ade, adenine, guanine or uric

acid failed to change intracellular ROS levels. In panels A, B, C, and D, cells at 80%

confluence were kept in 0.1% serum-containing media for 4 h, H2DCF-DA-loaded, then

exposed for 30 min before DCF fluorescence was assessed (Materials and Methods). 8-

oxoG, 8-oxo-7,8-dihydroguanine; FapyG, 2,6-diamino-4-hydroxy-5-formamidopyrimidine;

8-oxoAde, 8-oxo-7,8-dihydroadenine. Results are means ± SEM (n=7–15) ***= p<0.001,

**** = p< 0.0001.
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Figure 4.
An increase in cellular ROS levels in 8-oxoG-exposed cells. (A) DPI pre-treatment of cells

lowered ROS levels in MRC-5 and A549 cells after exposure to 8-oxoG. Cells were

pretreated with DPI (15 μM) for 1 h and then H2DCF-DA-loaded and exposed to 8-oxo-G.

Changes in ROS levels were determined after 30 min (Material and Methods). (B, C)

Depletion of p22phox, NOX4 or Rac1 decreased ROS levels. Parallel cultures of cells

(MRC-5, A549) were transfected with siRNA to p22phox, NOX4 or Rac1, and 48 h later

cells were exposed to 8-oxoG base (10 μM). Changes in ROS levels were determined as in

the legend to panel A. (D) mRNA levels of p22phox, NOX4 and Rac1 48 h after siRNA

transfection of cells. RNA isolation and qRT-PCR were carried out as in Material and

Methods. Abbreviations: DPI, diphenyleneiodonium chloride; Cont, control; p22phox,

NOX4, NADPH oxidase type 4; siRNA, small interfering RNA. Results are means ±SEM

(n=3–6) ***p<0.001.
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Figure 5.
Transient and localized changes in cellular ROS levels in response to 8-oxoG exposure.

Cells were transfected with pHyPer-Cyto, pHyPer-dMito or pHyPer-Nuc and 72h later

challenged with 8-oxoG (10 μM) or H2O2 (10 μM). At times indicated, cells were washed in

PBS, fixed with formalin (3.7%), dryed and mounted on microscope slides. Images were

taken by a NIKON Eclipse Ti System (magnification x125). (A), H2O2 exposure-induced

changes in fluorescence in sub-cellular compartments of cells. (B), Localized ROS

generation by 8-oxoG exposure of cells. Scale bars: 20 μm.
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Figure 6.
Co-localization of Rac1 and OGG1 with NADPH oxidase 4 in nuclear membrane. A549

cells were cultured on microscope coverslips, then incubated with Abs to OGG1, Rac1

(panel A) and/or NOX4 (panel B). Panel C shows OGG1’s localization to the nuclear

membrane based on Lamin A/C. Binding of primary Abs was visualized by using Alexa

488- and Alexa 594-conjugated secondary Abs. Staining of cells was carried out as

described in Materials and Methods.. Images were captured with a NIKON Eclipse Ti

System (magnification: 125). Co-localization was visualized by superimposition of green

and red images using Nikon NIS Elements Version 3.5 (NIKON Instruments, Tokyo,

Japan). Scale bars: 20 μm. Mander’s overlap coefficient is 0.935431 for OGG1 and Rac1

(upper right panel); 0.909245 for OGG1 and NOX4 (middle right panel). DAPI = 4′6-

diamidino-2-phenylindole dihydrochloride.
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