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Abstract

The common oxidatively generated lesion, 8-o0xo-7,8-dihydroguanine (8-oxoGua), is removed
from DNA by base excision repair. The glycosylase primarily charged with recognition and
removal of this lesion is 8-oxoGuaDNA glycosylase 1 (OGG1). When left unrepaired, 8-0xodG
alters transcription and is mutagenic. Individuals homozygous for the less active OGG1 allele,
Ser326Cys, have increased risk of several cancers. Here, small molecule enhancers of OGG1 were
identified and tested for their ability to stimulate DNA repair and protect cells from the
environmental hazard paraquat (PQ). PQ-induced mtDNA damage was inversely proportional to
the levels of OGG1 expression whereas stimulation of OGG1, in some cases, entirely abolished its
cellular effects. The PQ-mediated decline of mitochondrial membrane potential or nuclear
condensation were prevented by the OGG1 activators. In addition, in OggZ~~ mouse embryonic
fibroblasts complemented with AOGG1s324¢, there was increased cellular and mitochondrial
reactive oxygen species compared to their wild type counterparts. Mitochondrial extracts from
cells expressing hOGG1s36c Were deficient in mitochondrial 8-oxodG incision activity, which
was rescued by the OGG1 activators. These data demonstrate that small molecules can stimulate
OGGL1 activity with consequent cellular protection. Thus, OGG1-activating compounds may be
useful in select humans to mitigate the deleterious effects of environmental oxidants and
mutagens.
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INTRODUCTION

DNA in the nucleus and in the mitochondria is vulnerable to oxidative damage from
endogenous and exogenous sources [1]. These non-bulky lesions are most often repaired by
the base excision repair (BER) pathway [2]. The first step of this pathway, glycosylase
incision, is an important point of specification, while other steps are common to any lesion
repaired through BER [3]. A common and biologically important, mutagenic DNA lesion
resulting from oxidative stress is 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-0xodG). The
glycosylase primarily tasked with removal of 8-0xodG from the genome is 8-oxoGua DNA
glycosylase (OGG1). OGGL is present in both the nucleus and mitochondria, however,
mitochondria accumulate 8-oxodG at rates 20-fold greater than the nucleus in mice deficient
in Oggl [4]. In the absence of efficient glycosylase activity, oxidative stress can be highly
mutagenic in both cellular compartments. In the mitochondria, DNA polymerase gamma
(polvy), normally a high-fidelity replicative polymerase, inserts adenine opposite 8-oxodG
greater than 25% of the time, resulting in a G-C to T-A transversion [5, 6]. Given that
mtDNA is guanine-rich combined with its proximity to the primary cellular source of
reactive oxygen species (ROS), it is particularly vulnerable to lesion formation and mutation.
In the nucleus, the adduct is also mutagenic, as DNA polymerase delta (pol8) inserts A
instead of C approximately 50% of the time opposite 8-oxodG, and may cooperate with
translesion synthesis DNA polymerase eta (poln) to bypass this lesion [7]. In addition, RNA
Polymerase 11 can readily bypass this lesion, but frequently misincorporates adenine
opposite 8-oxodG lesions within coding regions, resulting in miscoded or prematurely
terminated mRNAs [8]. Thus, fully active OGGL1 is important for the clearance of 8-oxodG
from the nuclear and mitochondrial genomes to prevent mutagenesis and transcriptional
infidelity.
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Although no disease has been associated with the loss of OGG1, several human OGG1
variants have been identified and correlated with disease risk. The most common disease-
associated variant of h/OGG1 is a single nucleotide substitution resulting in a serine to
cysteine missense mutation at position 326 (hWOGG1s3060). The Cys-326 allele occurs at
frequencies of ~25-40% within Caucasian populations and ~40-60% in Asians [9].
Homozygotes of the /OGG1s304¢ allele are at elevated risk for developing several types of
cancer [10-13] as well as the age-related degenerative disorder, macular degeneration [14].
A longevity study involving 7170 subjects, aged 55 to 70 at high risk for cardiovascular
disease was recently reanalyzed for the S326C mutation and cancer, cardiovascular disease,
and all-cause mortality [15]. Cys/Cys individuals had a hazard ratio of 1.69 over Ser carriers.
The only dietary intervention that could be analyzed given the number of subjects in each
group was vegetable intake as it related to variant vs. serine carriers. Cys/Cys individuals
with low vegetable intake had significantly higher cardiovascular disease mortality
(p<0.001). But Cys/Cys individuals that ate >314 g of vegetables per day were not at
significantly higher risk than Ser/Ser (p=0.671). These data demonstrate that intervention
can alter mortality risk in genetically predisposed individuals.

Biochemical evidence demonstrates that 7 OGG1s306¢ is less active than the serine variant,
particularly under oxidative conditions [16] where AOGG1 5306 dimerizes through sulfide
bonds of the cysteine residues [17]. The dimerized form of the enzyme cannot be stimulated
by the downstream enzyme, apurinic/apyrimidinic endonuclease 1 (APE1). Stimulation by
APEL1 allows OGGL1 to disassociate from the DNA more rapidly and repair more damaged
substrate [17]. Consequently, the presence of the common variant adversely affects the
efficiency of cellular DNA repair and may promote mutagenesis, especially within the
mitochondrion, where oxidative stress is more severe.

Earlier work demonstrated that the bi-functional catalysis of OGG1, which includes a
glycosylase step and an apurinic/apyrimidinic (AP) lyase reaction, could be stimulated by as
much as 75-fold via a mechanism referred to as “product-assisted” catalysis [18]. In brief,
the authors showed that nucleobase removal followed by the slower reaction controlled by
the AP lyase could be improved by the presence of the guanine analogs, 8-bromoguanine or
8-aminoguanine. The question therefore arose as to whether small molecules with more
“drug-like” properties could enhance Ogg1l activity to positively influence cellular function
of either the serine or cysteine OGGL1 variants. To explore the cellular benefits of enhancing
OGGL1 activity, we identified small molecule enhancers of OGG1 8-0xodG incision activity
through an /n vitro fluorescence-based screen and examined the cellular consequences of
these molecules after oxidative stress. We identified compounds that lowered the cellular
content of the 8-0xoG lesion, presumably through OGG1 activity.

The use of the toxic herbicide, paraquat is restricted in many countries, but is still widely
used in Asia. PQ increases oxidative stress and has been shown to decrease function and
increase damage in lung mitochondria of rodents [19]. Because of the prevalence of
hOGG1s306c, particularly in Asian populations, and the importance of OGGL in the cellular
response to oxidative stress, we examined the role of OGG1 in PQ-induced oxidative
damage and repair. We also investigated the potential of OGG1 stimulation to protect cells
expressing NOGG1s326c. We utilized compounds that stimulated wild-type OGG1 or the
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S326C variant, or both. These tool compounds provide proof of concept that DNA repair can
be stimulated and result in cellular improvement.

MATERIALS AND METHODS

Cell culture

Type Il alveolar epithelial cells, A549 cells (ATCC; Manassas, VA), were grown to sub-
confluence using complete Ham’s F12 medium containing 10% heat inactivated fetal bovine
serum (FBS), and 1X GlutaMAX supplement (Life Technologies; Carlsbad, CA). The cells
were maintained in a humidified atmosphere of 95% 02:5% CO, at 37°C and the medium
was replaced every 2-3 days. To sub-culture, A549 cells were treated with Trypsin/EDTA
(Lonza Inc.; Walkersville, MD), counted using Trypan blue (Life Technologies; Carlsbad,
CA) exclusion, and were seeded at a density of 100,000 cells/mL with 100 pL/well using 96-
well black micro-clear bottom plates. Cells were incubated for 24 hours, medium was
exchanged, and the cells were returned to the incubator until time of experimentation.

To generate cells devoid of functional mitochondria, i.e., r0? cells, A549 cells were treated
with ethidium bromide (50 ng/mL; Life Technologies; Carlsbad, CA plus 100 pg/mL
pyruvate, Life Technologies; Carlsbad, CA, and 50 pg/mL uridine, Sigma; St. Louis, MO) as
noted previously (Brar et al., 2012; Holmuhamedov et al., 2002). The cells were sub-
cultured through 14 population doublings (about 30 days) and A549 rho? were seeded into
96-well plates.

In some cases, the cells were exposed to paraquat (N,N’-dimethyl-4,4" -bipyridinium
dichloride; Sigma; St. Louis, MO) at varying final concentrations (0.01 to 3 mM) and
incubation periods (refer to figure legends). Paraquat was dissolved in Dulbecco’s phosphate
buffered saline (PBS) and stored in aliquots (1M, —20°C) until use. It was thawed prior to
use and diluted in cell culture medium. All measures were performed in triplicate.

OGG1 over expression

To alter the content of OGG1 in A549 cells, BacMam virus constructs were generated using
expression vector, PDONRhumanOGG1vla_FL (GeneCopoeia; Rockville, MD). This was a
Gateway PLUS shuttle clone containing the full-length human OGGL transcript variant 1a
(8-oxoGua DNA glycosylase, OGG1, nuclear gene encoding mitochondrial protein,
transcript variant 1a, reference sequence NM_002542.5). The cDNA of OGG1vla fl was
sub-cloned into a pFNCMV-DEST vector using a LR clonase reaction. The resulting
expression OGG1vla construct was transfected into SF9 insect cells for BacMam virus
production (Life Technologies Bac-to-Bac Baculovirus Expression Systems version 1.2,
Carlsbad, CA, Kost et al., 2008). After A549 cells were seeded into 96-well plates and
incubated overnight, the culture medium was replaced with complete medium containing
(v:v) full length OGG1 BacMam virus, MnSOD-OGG1-GFP, or null virus. Successful
transduction was completed within 48 hours and cells were exposed to paraquat.
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OGG1 siRNA

To lower the OGG1 content, A549 cells were subjected to OGGZ SMARTpool siRNA
(Thermo Scientific; Waltham, MA) according to the manufacturer’s instructions. The siRNA
(20 uM) was diluted 1:20 in Opti-MEM® | buffer (Life Technologies; Carlsbad, CA) and
incubated at room temperature for 5 min. Dharmafect® 1 (Thermo Scientific; Rockford, IL)
that was diluted (1:75 v:v) with Opti-MEM® I buffer was mixed with an equal volume of
the diluted siRNA, incubated for 20 min at room temperature and further diluted (1:5, v:v) in
Ham’s F12 medium. The latter replaced the cell medium and contained 100 nM human
OGG1 SMARTDpool siRNA. Controls were included on each cell plate with cells treated
with Dharmafect® 1 transfection reagent or media and siRNA buffer. A scrambled non-
targeting siRNA and a non-affected gene control (GAPDH) were included to assess non-
specific effects of the siRNA treatment. The cells were incubated for 48 hours followed by
exchange of the serum-free medium for complete culture medium. Under these conditions
OGG1 gene expression was down-regulated as measured by PCR (data not shown).

Activators of OGG1 (Table 1) were identified from a high-throughput screen of the
GlaxoSmithKline compound collection using a fluorescent OGG1 enzymatic assay. Briefly,
a hairpin oligonucleotide containing an 8-oxoG base pair was used as a fluorescence labeled
substrate. The assay measured an increase in fluorescence in response to dissociation of the
5'FAM (fluorescein) from the FRET (fluorescence resonance energy transfer) quench pair
coupled to the 3° DAB (Dabcyl) fluorescent quencher upon cleavage of the DNA substrate
at the nucleobase 8-0xoG by purified hOGGL. In the presence of an activator, the very low
basal catalytic activity of OGG1 was accelerated by 1-2 orders of magnitude, enabling this
assay to detect activators present in the compound collection. 8-Bromoguanine was used as a
positive control on each plate along with buffer only controls (Lukina et al., 2013). All the
OGGL1 activators used in the present study were shown to positively bind purified OGG1
through surface plasmon resonance assays (data not shown). The OGG1 activators (Table 1)
were dissolved in 100% dimethyl sulfoxide (DMSO, final concentration = 0.1%, Thermo
Scientific; Rockford, IL) and were added 4 hours prior to paraquat exposure. Control
samples in the absence of OGG1 activators also contained 0.1% DMSO.

8-OxoGua Immunofluorescence

For determination of 8-oxoGua, cell culture medium from A549 cells was aspirated and
initially replaced with 250 nM MitoTracker® orange in serum-free medium, and incubated
for 30 min (37°C, 5% CO,). Fixation of the cells was accomplished by the addition of an
equal volume of 8% paraformaldehyde (4% final concentration, Electron Microscopy
Sciences; Hatfield, PA). The cell plates were incubated for 20 min at room temperature in
the dark, rinsed with media and stained for 8-oxoGua using methods adapted from previous
methods (Marella et al., 2007; Moiseeva et al., 2009; Richardson et al., 2009). The fixative
was aspirated, and the cells were washed once with phosphate buffered saline (PBS). RNase
A (100 pg/mL in PBS, Qiagen; Valencia, CA) was added to the cells and incubated for 1
hour at 37°C, and the cells were subjected to an acidic wash of hydrochloric acid (2M) and
then pH was rebalanced with 0.1 M sodium borate, pH 8.5. A549 cells were washed and
blocked in PBS containing 3% bovine serum albumin (BSA, Sigma; St. Louis, MO), 5%
donkey serum (Millipore; Billerica, MA), and 0.1% Triton X-100 (Sigma; St. Louis MO).
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The blocking buffer was then exchanged with additional blocking buffer containing diluted
mouse anti-8-oxoGua antibody (1:100, Millipore; Billerica, MA). Wells containing mouse
IgM were included as an isotype control on each cell plate. Following incubation overnight,
the cell plates were brought out to room temperature, washed and diluted labeled goat-anti-
mouse IgG (H &L)-Alexa Fluor® 647 (1:500, Life Technologies; Carlsbad, CA) and 5
pg/mL Hoechst 33342 in PBS containing 3% BSA was added for 1 hour at RT. Afterward,
the cells were washed again, and the plates were imaged and analyzed using the Operetta
Imaging system (Perkin Elmer, Waltham, MA). Segmentation was performed using the
Hoechst 33342 and MitoTracker® orange dyes, and the fluorescence intensity of 8-oxoGua
was quantified in the cytoplasmic region. Single cell analysis was performed, and the cells
were classified and selected based on their initial un-corrected mean cytoplasmic region
intensity of 8-oxoGua. Cells with 8-oxoGua intensity above the peak mean distribution from
the untreated control were characterized as a “high responding” by using several
experiments to establish threshold settings. The percentage of cells in this group was
calculated based on the total number of cells imaged in each well. The shape and size of
both the nuclear and the cellular regions were measured for area, width/length, and
roundness as part of the morphological assessment. Finally, the mean fluorescence intensity
for the isotype control was subtracted from each treatment group, correcting the value based
on non-specific binding.

Mitochondrial Membrane Potential (A549 cells)

The cationic carbocyanine, ratiometric dye JC-1 (5,57,6,6 -tetrachloro-1,1",3,3’-
tetraethylbenzimidazolycarbocyanine iodide; Life Technologies; Carlsbad, CA) was used to
measure mitochondrial membrane potential [20]. Cells were stained using the
manufacturer’s suggested protocol for JC-1 (2 pg/mL, Life Technologies; Carlsbad, CA).
The dye was incubated for 30 min (37°C, 5% CO») and then 5 pg/mL Hoechst 33342 and 5
pg/mL CellMask™ deep red were added to the cells. Following an additional 30 min (37°C,
5% CO») incubation, the medium was exchanged for live cell imaging solution. Image
analysis was performed with Hoechst 33342 and CellMask™ deep red stain for nuclear and
cytoplasmic region identification, respectively. Mean fluorescence intensity of the JC-1
aggregate and the JC-1 monomer were each quantified within the cellular region and the
data was reported as a ratio of the average fluorescence intensity of the monomer relative to
the aggregate.

Image acquisition

Ab549 cells in black, micro-clear bottom 96-well plates were imaged using an Operetta
Imaging platform (Perkin Elmer; Waltham, MA) with the following settings: four fields per
well, 20X, long-working distance objective, and in wide-field mode. The cell plates were
exposed to varying excitation spectra depending on the dyes in each well, and the emission
spectrum for each dye was detected. Each dye was added to untreated cells (controls) to
adjust for background staining and to assess dye interference from each color overlay. Cells
intersecting the border of each image were excluded from the data analysis. Each image
contains a reference bar which describes the level of spatial resolution.
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Purification of hOGG1 and hOGG1lg3z6c

A plasmid including the open reading frame (ORF) encoding human OGG1, 1a transcript
variant, was purchased from GeneCopoeia (catalog number GC-S0001). The ORF was PCR-
amplified and subcloned into pENTR/TEV/D-TOPO to insert a TEV-protease cleavage site
at the N-terminus, and then subcloned via GATEWAY cloning (Invitrogen) into pDEST-
T7FLAGHIs6-ST. The S326C mutant was generated by site directed mutagenesis of the wild
type ORF in the pENTR/TEV/D-TOPO vector using PCR with Pfu UltraHF polymerase
(Agilent Technologies) and forward primer: 5’-
GCCGACCTGCGCCAATYCCGCCATGCTCAGGAG-3’ and reverse primer: 5'-
CTCCTGAGCATGGCGGCATTGGCGCAGGTCGGC-3". The mutant ORF was transferred
to the pDest-T7FLAGHIs6-ST expression vector using GATEWAY cloning as above.

The expression plasmid was co-transformed into BL21(DE3) * Escherichia coli cells along
with pRR692, a plasmid encoding rare tRNA species to aid recombinant protein expression.
One ml of the expression strain was inoculated into 1 L of LB broth supplemented with 1%
glucose, 100 mg/ml carbenicillin, and 25 mg/ml chloramphenicol, and grown overnight at
37°C with shaking. For production, the seed culture was inoculated into an Applikon 343
bioreactor containing 19 L 2xYT broth supplemented with Vogel-Bonner salts (8.4 mM
sodium citrate, KHoPOy4, 25mM NH4NO3, 0.81mM MgSOy, 0.68mM CaCl,, 23.8mM citric
acid, 17.4mM ZnSOy, 2.55mM Fe(NH4)2(SO4)2, 1ImM CuSQOy, 0.27mM MnSOy, 0.81mM
H3BO3, 0.21mM Nay;Mo0Oy,, 20.5nM biotin), 1% glucose, 100 mg/ml carbenecillin, and 25
mg/ml chloramphenicol. The culture grown in the reactor at 37 °C to an ODggg ~ 5, at which
point the reactor temperature was reduced to 15°C and protein expression was induced by
the addition of 0.2 mM IPTG. The cells were harvested 20 h post-induction by
centrifugation at 10,000 x g in a PSAngelus Powerfuge.

For purification, 100 g w/w of cell paste was resuspended in 1L of buffer A (50 mM Tris
HCI, pH7.5, 250 mM NaCl, 0.1 mM TCEP) and lysed with two passes through an Avestin
Emulsiflex homogenizer at 10,000 psi. Twenty microliters of Benzonase® nuclease (Sigma)
were added to the homogenate and the mixture was clarified by centrifugation at 38,000 x g
at 4°C for 30min. The protein was affinity purified by batch capture from the supernate on
20 ml of NiNTA agarose resin for 4h at 4°C. The resin was packed into an XK26 column
(GE Healthcare) and equilibrated with buffer A. The protein was stepwise eluted from the
column using 100 mM imidazole and 250 mM imidazole in buffer A. Fractions containing
the protein of interest were identified by analysis on SDS-PAGE, pooled, and the tags
removed by overnight cleavage with 20 mg TEV protease. LC/MS analysis confirmed that
the tags were 100% removed from the Oggl protein. The pooled and cleaved OGG1 protein
was desalted on a G25 column in buffer B (50 mM MES, pH 6.0, 1 mM EDTA, 20%
glycerol, and 10 mM B-mercaptoethanol), and loaded onto a 10/100 GL Mono S column
(GE Healthcare) equilibrated in buffer B. The protein was eluted with a 0-1 M gradient of
NaCl in buffer B. The protein peak fractions were collected, pooled and stored in buffer B
+ 400 mM NaCl at —80°C until further use [21].
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In vitro incision assays, purified hOGG1

The indicated concentrations of hOGG1 and hOGG1gzp6c Were incubated with 48 fmol of
5" y-32P-ATP labeled substrate (Figure 1A). The reaction buffer consisted of: 70 mM
HEPES-KOH, pH 7.6, 5 mM EDTA, 1 mM DTT, 75 mM NacCl, and 10% glycerol in a 20 puL
total volume [22]. Reactions were incubated at 37°C for 1 hour. Reactions were terminated
with 10 pL formamide gel loading dye (96% formamide, 10 mM EDTA, 1 mg/ml xylene
cyanol FF and 1 mg/ml bromophenol blue), heated to 95°C for 5 minutes and separated by
electrophoresis in a 20% denaturing polyacrylamide and 7 M urea gel. Results were
visualized via phosphoimaging (Typhoon, GE Healthcare Life Sciences) and were
quantitated via ImageQuant TL software (Molecular Dynamics). The data are presented as
the ratio of product to the total radioactivity in the lane.

Preparation of whole cell extracts

Proteins were extracted from cell pellets by homogenizing with an equal cell volume
(1XCV) of Buffer I (10 mM Tris-HCI, pH 8.0, 200 mM KCI), followed by addition of
another 1XCV of Buffer 11 (10 mM Tris-HCI, pH 8.0, 200 mM KCI, 2 mM EDTA, 40%
glycerol, 0.5% NP-40, 2 mM DTT) and protease inhibitors (1X total volume, ThermoFisher,
Rockville, IL). Extracts were incubated at 4°C for 2 hours with rotation, followed by
centrifugation at 14,000 rpm at 4°C for 15 minutes. Supernatants were removed to a new
tube and protein concentrations were determined (ThermoFisher) followed by storage at
-80°C [23].

Mitochondrial isolation

Mitochondria were isolated from cells using the Abcam mitochondrial isolation kit for
cultured cells (ab110170) using manufacturers recommended protocol.

In vitro incision assays, cell extracts

Ten micrograms of whole cell or mitochondrial extract were incubated with 48 fmol of 5
v-32P-ATP labeled substrate (Figure 2A). The reaction buffer consisted of: 70 mM HEPES-
KOH, pH 7.6, 5 mM EDTA, 1mM DTT, 75 mM NacCl, and 10% glycerol and protease
inhibitors in 20 pl total volume [22]. Reactions were incubated at 37°C for 30 minutes.
Reactions were terminated with 10 pL formamide gel loading dye (96% formamide, 10 mM
EDTA, 1 mg/ml xylene cyanol FF and 1 mg/ml bromophenol blue), heated to 95°C for 5
minutes and separated by electrophoresis in a 20% denaturing polyacrylamide and 7M urea
gel. Results were visualized via phosphoimaging (Typhoon, GE Healthcare Life Sciences).
Results were quantitated via ImageQuant TL software (Molecular Dynamics). Results are
presented as the ratio of product to the total radioactivity in the lane.

OGG1 MEF stable cell lines

Mouse embryonic fibroblasts (MEFs) lacking Oggl were prepared from breeding Ogg1*"
mice, embryos were extracted at day 14 per standard methods [24]. All experiments were
approved by the Animal Care and Use Committee and performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals (NIH Publication 85-23). Resulting
MEF cells were immortalized spontaneously during continuous cell culture. The h/OGG1
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gene constructs and empty vector control were introduced to the knockout MEFs via
retroviral gene transfer (Clontech). Clones were selected by resistance to 400 pg/ml
geneticin G418 (Teknova) and isolated via serial dilution. Expression levels of hOGG1
protein in individual clones were monitored periodically by western analysis. Clones were
chosen for study based on equal hOGG1 content.

Rabbit polyclonal anti-OGG1 antibody was obtained from GeneTex (#GTX20204, Irvine,
CA). Antibody against PCNA (mouse monoclonal # 13-3900) was obtained from
ThermoFisher (Waltham, MA). Total OXPHOS rodent western blot antibody cocktail was
obtained from Abcam (ab110413, Cambridge, MA).

Flow cytometry analysis of mitochondrial parameters (MEFs)

Cells were plated in at 6-well dish and treated as indicated in text. Cells were harvested for
flow cytometry analysis after the incubation time indicated, when cells were approximately
90% confluent. Cells were washed in 1X PBS, trypsinized, and resuspended in DMEM
media with 10% FBS and 1% Pen Strep. Cell suspensions were aliquoted into Eppendorf
tubes and kept at 37 °C. Cells were treated with 20 nM TMRM (ThermoFisher Scientific),
100 nM Mitotracker Green (ThermoFisher Scientific), DHE (ThermoFisher Scientific), or
Mitosox (ThermoFisher Scientific). The same cells were never treated with multiple dyes.
Cells treated with TMRM or Mitotracker were incubated for 15 min at 37°C and cells
treated with DHE and Mitosox were treated for 30 min at 37°C. Samples were analyzed
using an Accuri BD C6 flow cytometer. Live cells were gated and at least 5000 events were
recorded per sample. TMRM samples were analyzed at FL2A, Mitotracker samples were
analyzed at FL1A, and DHE and Mitosox samples were analyzed at FL3A. Further analysis
was conducted using FlowJo software. All experiments included at least three biological
replicates.

Cellular oxygen consumption

Oxygen consumption and extracellular acidification rate measurements were performed
using the Seahorse XF-24 instrument (Seahorse Biosciences). Cells were seeded into a
Seahorse tissue culture plate at a density of 25,000 cells per well and 16 hours later media
was changed to unbuffered XF assay media at pH 7.4 (Seahorse Biosciences), supplemented
with 11 mM glucose (Sigma-Aldrich), 1 mM sodium-pyruvate, and 1 mM glutamate
(Invitrogen). Cells were incubated for 1 h at 37°C at ambient O, and CO» concentration
before measurements were taken. Respiration was measured in four blocks of 3 x 3 min. The
first block measured the basal respiration rate. Next, oligomycin (EMD) was added to a final
concentration of 0.1 uM to inhibit complex V and the second block was measured. Then,
FCCP (Sigma-Aldrich) was added to a final concentration of 0.5 uM to uncouple respiration
and the third block was measured. Finally, antimycin A (Sigma-Aldrich) was added to a
final concentration of 0.2 uM to inhibit complex 3 and the last measurements were
performed. All compound concentrations used had been optimized for that cell line.
Immediately after finishing the measurements, cells were trypsinized and counted using a
Coulter counter (Beckman Coulter).
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RESULTS

PQ-induced mitochondrial DNA damage is inversely related to OGGL1 expression

PQ is an herbicide and environmental toxin banned from many countries but still widely
used in Asia. PQ cycles redox equivalents within the mitochondria, producing ROS
primarily at Complex | of the respiratory chain [25]. To determine the effects of PQ on the
development of 8-0xodG lesions, A549 cells were incubated with ascending concentrations
of paraquat (PQ) for a period of 24 or 48 hours. Quantitation of the 8-oxodG was measured
using a previously verified antibody against 8-oxodG [26]. Graphical representation (Figure
1A) of optical images obtained in the presence or absence of PQ show that the cellular level
of 8-o0xodG rose in a concentration-dependent, sigmoidal fashion at both time points with
maximal content resulting from 1 mM PQ, and an ECgg value of 0.3 mM. The amount of 8-
oxodG was increased by > 2-fold at 48 hours compared to the 24-hour timepoint. The
corresponding images obtained at 48 hours post PQ (Figure 1B) demonstrate that the 8-
oxodG lesion mostly localizes outside of the nucleus. Further, the merged image of Mito-
tracker and 8-oxodG staining suggest that much of the lesion has formed in association with
the mitochondrial space, likely mtDNA. Mitochondrial localization of the lesion was
confirmed by high-powered laser confocal microscopy (Supplemental Figure 1). In separate
experiments, A549 cells were treated with ethidium bromide for 14 population doublings to
produce cells devoid of fully competent mtDNA (A549 rho(0) cells), and then exposed to
PQ. Application of 3 mM PQ to cells containing fully functional mitochondria resulted in
the expected increase of 8-oxodG whereas the A549 rho(0) cells were essentially free of any
8-0x0dG despite the exposure to high concentrations of the herbicide (Figure 1C and 1D).

Previous investigations showed that transient over-expression of OGGL1 targeted to the
mitochondria prevented mtDNA damage resulting from exposure of rat pulmonary artery
endothelial cells to the oxidant-generating system, xanthine oxidase plus hypoxanthine [27,
28]. In these studies, overexpression of OGG1 was associated with improved viability
despite the presence of excessive superoxide. In the present work, the over-expression of
OGG1 protein in A549 cells appeared to show benefit. Despite equivalent seeding
procedures, cells overexpressing OGG1 were approximately 70% more abundant under
basal conditions than their vector counterparts. PQ induced 8-oxodG was comparable for
both cell constructs (ECgg = 0.52 and 0.45 mM, respectively). However, maximal content of
the 8-0xodG lesions elicited by PQ (3 mM) was markedly suppressed, by about 50%
(p<0.001), in cells overexpressing OGG1 as compared to vector control cells (Figure 1E).

By contrast, knockdown of OGG1 by siRNA rendered the cells (siOGG1) more vulnerable
to PQ, as demonstrated by increased 8-o0xodG levels compared with scrambled controls
(siCtrl) (Fig 1F). The magnitude of change in 8-0xo0G elicited by 3mM PQ in siOGG1 cells
was more than 5-fold greater than that obtained in the scrambled control cells. In addition,
the basal levels of 8-0xoG were approximately 200% higher in siOGGL1 cells compared with
siCtrl cells. Although the number of seeded cells was similar for both conditions, OGG1-
knockdown cells grew more slowly, resulting in approximately 25% fewer cells before
treatment with PQ as compared to those expressing the fully competent protein or those
treated only with the transfection reagent (Dharmafect). Moreover, the concentration of PQ
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required to decrease the number of cells by 50%, (ECsq value), was significantly lower
(p<0.05) for the OGGL1 siRNA treated cells than for the control cells (EC50 values were 462
vs 519 mM, respectively). These data demonstrate a greater sensitivity of the cells to PQ
when OGG1 content has been diminished. OGG1 reduction verified by
immunofluorescence, where cells treated with paraquat demonstrated a significant reduction
in OGG1 content within the cells, including within the mitochondria (data not shown).

Purified hOGGlg3z6c is less efficient in 8-o0xodG incision than WT hOGG1

In vitro oligonucleotide incision assays were used to examine basal OGGL1 activity, wild
type versus the common hOGG1S326C variant. A duplexed, 5’-labeled oligonucleotide
substrate (Figure 2A) containing a unique 8-oxodG adduct was used under reducing
conditions to eliminate sulfide bonds between variant molecules. However, even without
oxidizing conditions, the S326C variant was less active than wild type (Figure 2B),
suggesting that dimer formation is not the only limitation for hOGG1S326C function.
Quantitation of activity (Figure 2C) translates to a 40.8% decrease across all concentrations
of the enzyme (area under curve, 70.32 vs. 41.61). These results are consistent with those
found by others comparing purified OGGL1 incision activity [17, 29]. Abundant evidence of
this deficiency and associated pathology stimulated our interest to try and rescue the
glycosylase activity of the S326C variant by small molecule intervention.

Characterization of small molecule activators of Ogg1l

Small molecule activators were used to determine whether enhancement of Ogg1 activity
would benefit cells upon challenge with PQ or make up for the catalytic deficiencies in
hOGG1g306c. Identification of small molecules using a fluorescence-based 8-oxoGua-DNA
cleavage assay within the GlaxoSmithKline chemical collection yielded “tool” molecules,
low potency and lacking appropriate pharmacokinetic properties, to further explore whether
OGGL1 activation would be beneficial.

Several OGG1 activators were evaluated for their ability to stimulate the /n vitro activity of
purified OGG1 wild type and S326C variant. Of six compounds tested (Table 1), four could
enhance the activity of both wild-type and S326C OGGL1 (Figure 2D-H) using the current
paradigm. Compounds varied in both specificity for the OGG1 variant and effect.
Compound A, at 100 pM, maximally stimulated wild-type OGG1 5.4-fold, but only
marginally affected the S326C variant. In contrast, compound D, at 100 M, increased the
activity of S326C, 5.5-fold over untreated, but had no effect on wild-type OGG1.
Compounds B, C, E, and F activated both OGG1 proteins. Compound F was very potent,
increasing activity of both proteins at concentrations as low as 0.1 uM. These tool
compounds demonstrate the potential for direct stimulation of OGG1-mediated 8-oxodG
incision.

To determine the effects of the OGG1 activators on functional cellular processes, compounds
were evaluated in two cellular models: PQ-induced 8-0xoG in A549 cells and in a MEF
model. In the latter case, stable cell lines lacking endogenous mouse Oggl were created to
express either hOGG1yiig type OF NOGGlszpec. Figures 3A and 3B show the 8-0x0G
concentration response curve elicited by PQ treatment in A549 cells and the modulation of
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these values in the presence of the small molecule activators. When the compounds (3-100
uM) were incubated with the cells up to 4 hours prior to PQ (0.6 mM) exposure, attenuation
of the development of 8-0xoG resulted. The lone exception was compound C. The
compound did not induce a concentration-dependent change in 8-0xoG. Representative
images clearly depict a rise in red fluorescence associated with the PQ-induced increase of
8-0x0G in the absence of the compounds (Fig. 3B). By comparison, there was a reduced
level of red emission in images obtained from cells that were incubated with the activators
prior to PQ exposure.

The changes in 8-oxodG that were stimulated by PQ were not evenly distributed across all
cells within a given cell culture well. It was not apparent what the cause of this heterogeneity
was, but some cells were affected more than others. PQ must be transported into cells due to
its structure (di-quaternary amine), which does not readily diffuse across cell membranes
and thus may have introduced a given level of heterogeneity. To correct for this
phenomenon, a single-cell analysis was constructed in which the shift in the mean frequency
distribution of 8-oxodG fluorescence intensity for each cell was compared to the mean value
across the untreated cell population in the absence of PQ (histograms of the frequency
distributions are not shown). This analysis yielded a cell population termed “high
responders” which refers to those cells that express high levels of 8-oxodG (Figure 3C). In
the absence of PQ, 10-15% of the cells were classified in this category whereas the relative
numbers in the PQ-treated population of cells increased significantly (at 0.6, 1 and 3 mM,
p<0.001). With this analysis, compounds A, B, D and F prevented the PQ-induced shift in
the rise of 8-oxodG high responders at 0.6 mM PQ. For compounds B, D, and F at 30 pM,
there was essentially no PQ-induced shift to the 8-oxodG high responder category.

Corresponding with 8-oxodG development, the nuclear area was also adversely affected by
PQ in a concentration-dependent manner (Figure 3D). The images show that as the nucleus
diminishes in size, it appears as a brighter blue and even white as the Hoechst dye
intercalates into the DNA. Quantification of these changes show that the nuclear area was
decreased, by more than 50% at 0.6 mM PQ. In the presence of the compounds (excluding
Compound C, which was also ineffective against 8-oxodG), this nuclear condensation was
prevented in a concentration-dependent fashion for compound B or in a bell-shaped response
for compounds A and D (compound F was tested at only one concentration, 30 uM, but
prevented nuclear condensation).

Given the impact of PQ on the development of oxidatively generated lesions, especially
within the mtDNA, it was possible that mitochondrial function was similarly affected. When
PQ was incubated with the A549 cells, it lowered mitochondrial membrane potential (MMP)
as measured by changes in fluorescence emission associated with the aggregate:monomer
ratio of JC-1 dye (Figure 4A). Also, shown in Figure 4A is the response of cells to the
uncoupler, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 3 uM), which
was used as a positive control to define complete collapse of MMP. When the cells were pre-
treated with compound D, it partially prevented the fall in MMP, at least when determined at
24 hours, post-incubation with 0.3 mM PQ (Figure 4B). Compound F did not protect against
the PQ effect on MMP (the other compounds were not evaluated).
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Mitochondrial OGG1g306c is as abundant as, but less active than, wild-type OGG1

Cellular and
hOGG1g306

0OggI~" MEF cells were generated by the mating of heterozygous mice as described in
methods. MEFs were passaged continuously in culture until they spontaneously
immortalized. MEFs were considered immortalized after a period of slow growth, followed
by continuous exponential growth [30]. Spontaneously immortalized Oggl ™~ MEF cells
were transduced with cDNA of wild-type hOGGI1, hOGG1s324c, Or a vector control and
subsequently single-cell cloned. Clones that expressed equal levels of OGGL1 protein were
selected. Clones were randomly selected for the vector control cells that express no OGG1
protein. Because the transduced construct is a cDNA, the mitochondrial splice variant of
OGGl1 is not produced. However, mitochondrial isolation revealed that the ectopic protein is
also expressed in the mitochondria. BER occurs in both the nuclear and mitochondrial
compartments. Because we previously found that mtDNA was particularly vulnerable to 8-
oxodG accumulation in mice lacking Ogg1l [4], we compared mitochondrial preparations of
each cell line for OGGL1 protein content by western blot and found the wild type and S326C
variant have equal levels of OGG1, and no OGGL1 expression in vector control cells (Figure
5A). Next, we compared mitochondrial extracts for 8-oxodG incision activity and found that
the S326C variant was 30% as active as wild type (Figure 5B). In contrast, 8-0xodG incision
activity in whole cell extracts was comparable between the two cell lines (Figure 5B),
suggesting that the variant is only deficient in 8-oxodG incision activity in the mitochondria,
perhaps due to pro-oxidant environment in the mitochondria versus the nucleus [31]. To
promote the generation of ROS in the mitochondria, we exposed cells to rotenone, an
inhibitor of complex | of the electron transport chain [32]. We expected the variant mtOGG1
to be less active in the presence of rotenone as it has been reported that OGG1lg3ogc is less
active when oxidized [16], but we found that both wild-type and variant mtOGG1 were both
inhibited by rotenone treatment (Figure 5B). Because mtOGG1,yjjq type has more basal
activity than the serine variant, after rotenone treatment, it retained more activity upon
rotenone treatment, suggesting vulnerability following oxidative stress for individuals
expressing only the serine allele.

Because compound F stimulated the activity of purified OGG1 and the variant at relatively
low concentrations, we treated cells with 15 um compound F to determine if the level of
activity by the variant could also be improved in cells. We found that both the wild type and
S326C variant were stimulated by compound F, and that the level of activity of the variant
was fully restored to values achieved from the wild-type extracts (Figure 5C).

mitochondrial superoxide are reduced by expression of hOGG1 but not

To determine the health of the mitochondria of each cell line, we measured four
mitochondrial parameters: mitochondrial membrane potential (TMRM), mitochondrial
content (Mitotracker Green), cellular superoxide (DHE), and mitochondrial superoxide
(MitoSox). We observed no statistical difference in membrane potential among the three
cells lines (Figure 6A). Wild-type complementation appeared to increase mitochondrial
content, although it only reached statistical significance in comparison to the S326C variant-
complemented cells. However, the differences in cellular superoxide were quite striking. The
S326C variant-expressing cells appear very similar to cells expressing only the vector. Cells
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expressing wild-type hOGG1 show an almost 50% decrease in cellular superoxide compared
with either of the others (Figure 6A). These cells also showed a smaller (~20%) decrease in
mitochondrial superoxide, when compared with the vector. The variant cells were not
statistically different from the vector under any parameter.

To determine if we could stimulate the variant to more closely approximate wild-type OGG1
with regards to mitochondrial parameters, we treated cells with compound F and measured
mitochondrial parameters. We found no significant changes in cellular or mitochondrial
superoxide after treatment with compound F in any of the cell lines (Figures 6B and 6C).

To further examine the mitochondrial phenotype of S326C variant-expressing cells, we
performed mitochondrial bioenergetics analysis on all three cell lines and found no
difference in basal, maximal or non-mitochondrial oxygen consumption rate (Figure 6D).
Additionally, it has been reported that OGG1 is important for overall mitochondrial health
[33]. Because of this, we explored the possibility of altered mitophagy, a process essential
for a healthy population of mitochondria. All three cell lines displayed equal basal
mitophagy levels, but vector and wild-type OGG1 cells showed increased mitophagy
following rotenone treatment, approximately 30% over basal conditions. Interestingly, the
variant-expressing cells did not increase mitophagy over basal levels after rotenone
treatment, suggesting a possible defect in mitophagy in response to agents that damage
mitochondria (Figure 6E). Finally, we examined apoptosis among the cell lines and again
found that although there was an overall effect of rotenone treatment (p=0.0355) there was
no statistical difference in either basal or induced apoptosis among the three cell lines Figure
6F).

DISCUSSION

A decrease in the ability to repair DNA results in persistent lesions that can result in
mutagenesis and altered transcription. Individuals homozygous for the common OGG1
variant, Ser326Cys, are at increased risk of disease in multiple organ systems. The risks
associated with this variant tend to be age-related illnesses such as cancer [11-13],
cardiovascular disease [15] and macular degeneration [14]. The risk is compounded by
environmental exposure such as smoking and pollution [9, 34, 35]. Asian populations have
the highest allele frequency of the Ser326Cys variant and increased environmental risk due
to substantial pollution [36—38]. There are over 250 publications demonstrating a correlation
between this variant and significant disease risk. To our knowledge, this is the first
publication to demonstrate rescue of 8-oxodG incision activity to wild-type levels in cells
expressing hOGG1lgzogc.

Both exogenous and endogenous sources of DNA damage can overwhelm cellular health if
not repaired efficiently. Oxidative damage is easily bypassed by replicative and specialized
polymerases, but not without substantial risk of mutagenesis. We demonstrate that the
mitochondria are a target of the environmental toxicant, PQ, and that the ensuing damage
sustained from oxidative stress is at least partially determined by OGG1 expression (Figure
1). Moreover, the adverse changes brought about by the mitochondrial toxin were prevented
in the presence of a small molecule OGGL1 activator. Importantly, some of these benefits
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were also obtained when using cells containing the common variant allele, termed S326C.
These findings support a series of investigations using cultured cells [27, 28, 39] that
demonstrate that mitochondrial-targeted overexpression of OGG1 ameliorates oxidative
stress-mediated pathophysiological consequences such as cytotoxicity and apoptosis.
Although it cannot be ruled out that these cellular benefits obtained in the presence of
increased DNA glycosylase content may have been by mechanisms other than enhanced
DNA repair [40], the data suggest that improved mtDNA integrity provides a basis to
counter disease(s) related to oxidative conditions. Recent literature (reviewed by [41])
suggests that pharmacological enhancement of DNA repair may be a viable clinical strategy
to, for example, prevent lung ischemia reperfusion injury in response to graft transplant
dysfunction. Although more work is necessary to improve the qualities of the
pharmacophores used in the present study, these pre-clinical data are consistent with the
notion that improved DNA repair, particularly, mtDNA repair, could benefit oxidative stress-
related pathophysiology.

To this end, targeting of mtDNA repair is limited by those pathways in operation within the
mitochondrial compartment and those that affect the removal of oxidatively generated
lesions. Choosing base excision repair served both purposes. OGG1 was chosen for a target
of activation based on early evidence suggesting that the activity of the protein could be
modulated in the presence of the guanine analogs, 8-bromoguanine or 8-aminoguanine [18].
The authors showed that the cleaved 8-0xoG residue was not catapulted out of the enzyme-
substrate complex, but rather, it remained in the recognition pocket during the B-lyase step.
Structural data indicated that the oxoG nucleobase served as a co-factor in catalysis and the
reaction was termed “product-assisted” catalysis. This was the first evidence of this type of
reaction scheme; however, this type of enzyme-mediated event would not lend itself to drug
discovery. Consequently, efforts were initiated to explore whether small molecules were a
viable alternative (subject of a separate publication in preparation) and culminated in finding
a set of small molecule activators described herein.

OGGL1 activity must be optimal to combat endogenous and environmental sources of DNA
damage. The common variant allele of OGG1, S326C, has reduced capacity for DNA repair
and results in risk to individuals homozygous for the allele. We find that cells have an
increase in cellular and mitochondrial superoxide. It was observed that the half-maximal
effective concentrations of PQ were similar across the OGG1 siRNA treatment groups.
These data suggest that the mechanism of action for PQ is unchanged, but in the absence of
OGGL1 activity, the 8-0xodG lesion begins to accumulate with time. Moreover, the current
work support previously published reports demonstrating the beneficial and deleterious
effects of, respectively, increasing or decreasing OGGL1 content within the cell [42] [43].

While it has been shown previously that molecules such as 8-bromoguanine can exert a feed-
forward effect by activating 8-oxodG DNA repair through OGG1 [18], it has not been
previously shown that a small molecule OGG1 activator could have an impact on reducing
overall oxidative DNA damage. A drug screening effort identified potential OGG1 activators
considered to be early stage “tool” molecules. These compounds were capable of activating
and accelerating repair of PQ-induced 8-oxodG by almost 60%. Furthermore, some of the
compounds were shown to have a functional impact by blocking PQ-induced mitochondrial
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membrane depolarization as assessed by JC-1 aggregation. This lent support for the OGG1
activators to have a functional impact, through the reduction of PQ-induced mitochondrial
DNA damage whereby mitochondrial membrane potential could remain intact.

In our ex vivo studies with MEFs expressing no OGG1, wild-type OGG1, or the S326C
variant, we found that compared with no OGG1, the wild-type OGG1 cells had lower
cellular and mitochondrial superoxide, but the S326C expressing cells were not significantly
different than cells with no OGG1 at all (Figure 6A). Additionally, we find that compound F
did not reduce cellular and mitochondrial superoxide in any of the cell lines (Figures 6B and
6C), but the increase in mitochondrial 8-0xo0-dG incision provided by compound F (Figure
5C) provides a mechanism to cope with the genotoxic effects of increased superoxide in
S326C-expressing cells.

In response to mitochondrial damaging agents, such as rotenone, cells increase mitophagy to
eliminate damaged mitochondria. Curiously, both the wild-type and vector cells responded
as expected to rotenone (increased mitophagy) but the variant cells did not (Figure 6E). This
raises the possibility that hOGG1g306c may participate in preventing efficient mitophagy.
More research is needed to fully explain the mechanism.

Over time, wild type and Cys/Cys genotype differences may lead to larger cellular problems.
Our data suggest that due to an increased basal level of superoxide, variant cells are
particularly vulnerable to an oxidative event, which may result in residual damage (Figure
6). Of note, the variant allele is often attributed to increased lung cancer and COPD disease
progression [10, 44]. Because the lungs are continually exposed to elevated levels of
oxidative stress, both endogenously and through exposure to environmental toxins such as
PQ, small changes are compounded, especially over a human lifetime.

Increasingly, personalized medicine offers the promise of identifying patients at particular
risk for disease, based on complex combinations of genetic variants as well as environmental
factors. For instance, it has been shown that there is an interactional effect of the variant
genotype with cigarette smoking [34, 35]. For individuals with the Cys/Cys genotype, it is
particularly important to avoid cigarette smoking and poor air quality. The compounds
developed here demonstrate that small molecule intervention can potentially modulate this
risk by increasing the activity of the protein, thus providing protection in patients at genetic
and environmental risk. Previously, we demonstrated that OGGL1 is important for recovery
from stroke [45]. These compounds may also prove to be beneficial to boost the activity of
OGGL1 following a stroke. Similarly, several labs have identified OGG1 as an important
factor following lung injury [46, 47]. Indeed, it has consistently been seen that oxidative
stress plays a critical role in both risk of and recovery from heart attack [48], stroke [49],
Parkinson’s disease [50], diabetes [51], and many other age-associated diseases [52-54].
The future availability of small molecules that enhance the activity of protective enzymes
could provide a benefit to patients genetically or environmentally predisposed to such
diseases.
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HIGHLIGHTS

. This manuscript demonstrates that the OGG1 S326C variant has a
mitochondrial defect in both 8-0x0-dG incision activity and ROS
accumulation.

. We demonstrate in cells expressing only the human OGG1 variant, the 8-o0xo-
dG incision defect can be rescued by small molecule intervention.

. We demonstrate in human cells that stimulation of OGG1 by small molecule
intervention decreases 8-0xo-dG accumulation in response to exogenous
oxidation.
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Figure 1. Paraquat-induced mitochondrial DNA damage is inversely related to OGG1 expression
Ab549 cells were treated with paraquat for 24 or 48 hr and subjected to formaldehyde fixation

prior to immunofluorescence detection of 8-oxoguanine. (A) Graphical representation of the
percent change in 8-oxoguanine intensity within the cytoplasm region following 24- and 48-
hr treated cells with increasing concentrations of paraquat. Significance was determined
using a 1-way ANOVA with a Dunnett’s posttest comparing treatment groups to an
untreated control (* p<0.05, ** p<0.01, *** p<0.001, **** P<0.0001). B. Changes in 8-
oxoguanine are depicted in sample images (Hoechst33342, overlaid blue; MitoTracker®
orange, overlaid orange; 8-0xoG, overlaid red) from cells exposed to increasing
concentrations of paraquat in panel B (line = 40 um). (C/D) A549 cells were treated with 50
ng/mL ethidium bromide for 14 population doublings to generate A549rhog cells devoid of
functional mitochondrial DNA. A549 and A549rhog cells were treated with paraquat for 24
hr, followed by staining for 8-o0xoG. (C) Sample images of A549 cells from wells containing
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untreated cells and cells exposed to 3 mM paraquat for 24 hr (line = 40 um). (D) Sample
images like Panel C, but with A549rhog cells (line = 40 pm). (E) A549 cells were incubated
with 5% v.v. Oggl-BacMam for 48 hours prior to treatment with varying concentrations of
paraquat for 24 hr. The cells were subjected to formaldehyde fixation for
immunofluorescence detection of 8-oxoguanine and the percent change in 8-oxoguanine
intensity within the mitochondria of the cells from varying concentrations of paraquat
compared to control cells. (F) A549 cells were incubated with 100 nM Oggl siRNA
containing Dharmafect® in serum-free conditions. Following 48-hr incubation, the medium
was replaced to complete culture medium and the A549 cells were treated with varying
concentrations of paraquat for 24 hr. The cells were stained and imaged for 8-oxoguanine.
The figure represents the percent change in 8-oxoguanine intensity within the mitochondria
of paraquat treated cells compared to media control.
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Figure 2. Purified hOGG1S326C protein incises 8-oxoguanine less efficiently than purified
hOGGL1 protein
A. Incision of 8-oxodG was assayed using a duplex oligonucleotide containing a single 8-

oxodG residue at position 11. Proteins were purified and diluted to indicated concentrations
in reaction buffer. B. After 1 hour at 37°C, fragments were separated by denaturing
electrophoresis and visualized using phosphoimaging. C. Results were quantitated by
comparing incised bands to total radioactivity in lane. D-1. hOGG1wild type (5 nM) or
hOGG1S326C (10 nM) were stimulated with compounds: A (D), B (E), C (F), D (G), E (H),
or F (1) at the indicated concentrations. Black bars indicate hOGG1wild type and gray bars
indicate hOGG1S326C. Asterisks represent statistical differences between untreated and
indicated concentration of compound. All experiments were completed three times.
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Statistical analysis by 2-way ANOVA, with Tukey post-hoc multiple comparisons. (*
p<0.05, ** p<0.01, *** p<0.001, **** P<0.0001)
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Figure 3. OGG1 activators attenuate paraquat-induced oxidative damage in A549 cells
Ab549 cells were pre-treated for 4 hr with small molecule OGG1 activators or 0.1% DMSO

prior to addition of 0.6 mM paraquat for 48 hr. The cells were stained and imaged for 8-
oxoG content and the average fluorescence intensity within the cell was normalized based on
the number of cells imaged. (A) Graphical representations of the change in 8-0xoG intensity
within the cytoplasm of cells compared to 0.6 mM paraquat treated cells (dashed line). (B)
Representative images of cells from panel A depict changes in mitochondrial 8-oxoG
staining (Hoechst 33342, overlaid blue; MitoTracker® orange, overlaid orange; 8-0x0G-
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AleaFluor®-647, overlaid red; line = 40 um). (C) The percent of the cell populations labeled
as high responders is shown for A549 cells pre-incubated with OGG1 activators (4 hr) prior
to exposure to a single concentration of paraquat (0.6 mM, dashed line) for 48 hr. (D) The
images from panel A were analyzed further by examining morphology changes. The mean
nuclear area (dashed line indicates no treatment, 0.6 mM PQ) for A549 cells was graphed
depicting a change in overall cell health. Significance was determined using a 1-way
ANOVA with a Dunnett’s posttest comparing paraquat alone treated groups to untreated
control (0 mM) and OGG1 activator treated groups to 0.6 mM paraquat control (** p<0.01,
*** pn<0.001, **** p<0.0001). Data shown are from a representative experiment, performed
three times.
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Figure 4. OGGL1 activators protect against paraquat-induced loss of mitochondrial membrane
potential in A549 cells

Ab549 cells were pre-treated for 4 hours with the OGG1 small molecule activators or 0.1%
DMSO prior to exposure to 0.3 mM paraquat for 24 hr. Mitochondrial membrane potential
was measured from images captured as described in the methods. (A) Graphical
representation of the change in the JC-1 ratio with increasing concentration of paraquat and
cells pre-treated with the OGG1 activators prior to exposure to a single concentration of
paraquat (0.3 mM) for 24 hr. (B) Representative images from untreated, 3 mM paraquat, 0.3
mM paraquat, and Compound D (30 uM) with 0.3 mM paraquat exposed cells (Hoechst
33342, overlaid blue; JC-1 monomer, overlaid green; JC-1 aggregate, overlaid orange;
CellMask™ Deep Red, overlaid red; line = 40 um). Significance was determined using a 1-
way ANOVA with a Dunnett’s posttest comparing paraquat alone treated groups to untreated
control (0 mM) and OGG1 activator treated groups to 0.3 mM paraquat control (* p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001).
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Figure 5. Incision of 8-0xodG is less efficient in mitochondria isolated from hOGG1S326C cells
than hOGGL cells

A. Cells were grown in the presence of DMSO (0.1%) or rotenone (5 uM) for 24 hours and
then harvested. Western blot demonstrates equal expression of hOGGL1 protein in
hOGG1s36cand hOGGI cells and no hOGG1 expression in vector cells. COX IV
expression is shown as a mitochondrial marker. B. Cell extracts were diluted to protein equal
concentrations in reaction buffer and incubated with substrate shown in Figure 1A.
Fragments were separated by denaturing electrophoresis and visualized using
phosphoimaging. Graphs show quantitation of incised band relative to total radioactivity in
lane. The percent incised was divided by the OGG1 content in each sample and normalized
to activity of hOGG1yjiq type €Xtracts in each experiment. Significance was determined by 2-
way ANOVA. C. Cells were grown in the presence of DMSO (0.1%) or compound F (15
uUM) and harvested after 24 hours. Incision of 8-oxodG was assessed as above. All
experiments included three biological repeats. Significance was determined by 2-way
ANOVA.
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Figure 6. MEFs expressing hOGG1 demonstrate marked differences in mitochondrial
parameters from those expressing no OGG1 or hOGGlszoec

A. Cells were analyzed for mitochondrial parameters via flow cytometry. Stains for
mitochondrial membrane potential (TMRM), mitochondrial content (Mitotracker Green),
total cellular ROS (DHE) or mitochondrial ROS (Mitosox Red) were added to 90%
confluent cells and fluorescence was measured in appropriate channels using a flow
cytometer. All results were normalized to vector control. Results analyzed by 2-way
ANOVA. B-C. Cells were grown in the presence of 0.1% DMSO, 0.1 uM, or 0.3 uM
compound F for 24 hours. Measurements of mitochondrial ROS (B) and cellular ROS (C)
were analyzed via flow cytometry and normalized to DMSO treated vector cells. D. Cells
were analyzed via Seahorse XF24 for basal oxygen consumption, maximal oxygen
consumption, and non-mitochondrial oxygen consumption, and results from three
independent experiments were graphed and analyzed by 1-way ANOVA. E. Cells were
grown in the presence of 0.1% DMSO or 1 uM rotenone and analyzed for mitophagy using a
pH sensitive dye via flow cytometry. Results were normalized to vector DMSO control and
compared for significance by 2-way ANOVA. F. Cells were grown in the presence of 0.1%
DMSO, 1 uM rotenone, or 5 uM rotenone and analyzed via flow cytometry after 24 hours.
Results analyzed by 2-way ANOVA. All experiments were performed repeated three times.
Mean results were graphed with standard error of the mean for error bars.
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Table 1

Tool OGG1 small molecule activators

Number Name

Compound A | (S)-2-((6-methyl-2-(phenylamino)pyrimidin-4-yl)amino)-N-phenylpropanamide

Compound B | 2-(4-fluorophenyl)-N,1,7-trimethyl-1H-pyrrolo[2,3-d]pyridazin-4-amine

Compound C | N-cyclohexyl-2-cyclopropylquinazolin-4-amine

Compound D | 2-(4-(4-(1H-imidazol-1-yl)phenoxy)-5-methylpyrimidin-2-yl)octahydropyrrolo[1,2-a]pyrazine

Compound E | 1-(4-(4-ethylphenyl)-6,7-dihydro-1H-imidazo[4,5-c]pyridin-5(4H)-yl)-2-(1-methyl-1H-indol-3-yl)ethanone
Compound F | 1-cyclohexyl-1-(2,4-dichlorophenyl)-2-(1H-imidazol-1-yl)ethanol
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