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This dissertation describes new findings abouiN& glycosylase (OGG1) as an initiator of
cellular responses in complex with its substrate dkidized base 8-oxo-7,8-dihydroguanine
(8-0x0G).

1. Introduction

Oxidative stress is an evolutionary driving forbattoften defined as an imbalance between
the prooxidative and the antioxidative sourceshds been connected to serious health
disorders like Parkinson’s disease (Valko, Leibfrgt al. 2007), Alzheimer's disease
(Pohanka 2013), cancer (Halliwell 2007), myocartiédrction (Ramond, Godin-Ribuot et al.
2013), chronic fatigue syndrome (Kennedy, Spena. &005). On the other hand, organisms
wouldn’t be able to survive without the controlleaduction of reactive oxidative molecules.
Redox sensitive amino acids like methionine playnaportant role in cellular signaling. The
reversible oxidation of methionine can inhibit fitesphorylation of adjacent Tyr/Ser/Thr site

influencing main signaling pathways (Hardin, Lagtel. 2009).

1.1 Oxidative stress

The environment is becoming richer and richer ssuof prooxidants because of the
increasing amount of pollutants, chemicals, iorgzamd ultraviolet radiation. These sources
act directly or via activation of oxido-reductasesd/or induction of mitochondrial

dysfunction. When the antioxidant system of thescehnnot balance out the increased
concentration of reactive oxygen species (ROS)sehmolecules indiscriminately modify

proteins, lipids, and DNA (D'Autreaux and ToledaB0807) and disrupt normal cellular
signaling processes.

As a part of their normal physiological activityllsgproduce ROS molecules. Notable
cellular sources of ROS are: mitochondrial leakafyging oxidative phosphorylation,
xanthine oxidase, cytochromes P450 and NADPH orglgdOX1-5, DUOX1-2). These
enzymes have the ability to transport electronssacthe plasma membrane and to generate
superoxide and other downstream reactive oxygeitaisd Phagocytic cells use NADPH
oxidase 2 (gp91phox) to produce ROS after engulbiacteria or viruses (Nathan and Shiloh
2000). In case of frustrated phagocytosis thesec tagents are released and damage
surrounding tissues (Cannon and Swanson 1992).

The most common ROS molecules are: superoxide af@@4), hydroxyl radical

(OHse), alkoxy-radicals (ROe¢), peroxy-radicals (RQOmydrogen peroxide (#D,), organic



hydroperoxides (ROOH), hypochlorous acid (HOCI) geroxynitrite (ONOO). The free-
radicals can damage lipids via oxidation, whicleofteferred to as lipid peroxidation. During
the reaction the free radicals "steal" electromsnfrthe lipids in membranes. They mostly
affect polyunsaturated fatty acids, because of theitiple double bonds. Lipid peroxides can
participate in chain reactions that further inceeaamage to biomolecules like proteins
(Negre-Salvayre, Coatrieux et al. 2008). Not oilg tipid peroxides, but their degradation
products (hydroxy-alkenals) can generate a vargdtyntra- and intermolecular covalent
adducts that have influence on cell signaling,dcaiption factors and gene expression (Catala
2009).

As a major consequence of ROS formation, proteiasraquently damaged either at
specific side chains of amino acids (i.e. by hyérogeroxide) or non-specifically throughout
the backbone (i.e. by hydroxyl radicals). Hydrop@es can induce further oxidation, chain
reactions and stable products that can be usetasikers. Most protein damage results in
loss of function (enzyme activity, signaling), mibelil structure (unfolding, aggregation) and
altered interactions with other molecules. Most dmed proteins undergo selective
proteolysis by proteasomal and lysosomal pathwayisin some cases, they may contribute to
multiple human pathologies (Davies 2012).

One of the most common reactive oxygen specieshyleoxyl radical reacts with
DNA by addition to double bonds of heterocyclic DiAses and by abstraction of an H atom
from the methyl group of thymine and each of théd®onds of 2deoxyribose (Teoule
1987). In case of purines, hydroxyl radical canadeed to the C4, C5, and C8 positions,
generating OH adduct radicals. Depending on tleglox properties, the redox environment
and the reaction partners, radicals are reducedidized. Product types and yields depend on
absence and presence of oxygen and on other coml{fDizdaroglu 1992). So far more than
20 base lesions have been identified (Fig. 1.) ddresequences of these DNA lesions are
diverse: they can cause mutations, conformatiohahges in DNA, deletions, epigenetic

changes among others /reviewed by Cooke at aCaoKe, Evans et al. 2003)/.
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Figure 1. Oxidized DNA bases

DNA base products of interaction with reactive aetygnd free radical species (Cooke, Evans et &3P0

1.1.1 Formation of 8-oxo0-7,8-dihydroguanine (8-0%oG

The most susceptible base among the DNA and RNAsb&s oxidative modification is
guanine, due to its lowest reduction potential @idt potential is—1.29 mV vs. nickel-
hydrogen electrode) (Jovanovic and Simic 1986)\ivo, guanine in DNA and RNA can be
modified not only by «OH but also by other reactispecies, including reactive oxygen
(superoxide anion: ), nonradical (ozone: £ singlet oxygen:'O,; hydrogen peroxide:
H,0,), and nitrogen species (nitric oxide: NOe; perdaxite: ONOO), as well as
nitrosoperoxycarbonate (ONOOGEQ carbonate anions (GO and the UVA component of
solar light (Dizdaroglu, Jaruga et al. 2002; Cadeiuki et al. 2006). The reaction of «OH
with guanine can result in guanine C8-OH-adduanfation (Fig. 2). One-electron oxidation
of guanine C8-OH-adduct results in 7,8-dihydro-&guxanine (8-oxoG), while one-electron
reduction of the guanine C8-OH-adduct radical leads ring opening, resulting in 2,6-
diamino-4-hydroxy-5-formamidopyrimidine (FapyG) its isomer 2,5-diamino-4- hydroxy-6-
formamidopyrimidine (Dizdaroglu, Kirkali et al. 280Jaruga, Kirkali et al. 2008). The free



8-0x0G base exists in both neutral (N9-H) and anigN9:") forms at physiologic pH. Its
presence as a free base in extracellular fluidenis of the most reliable gauges of the
oxidative stress load of an organism (Fraga, Slagaret al. 1990; Svoboda, Maekawa et al.
2006). Due to its low redox potential, 8-oxoG isrmoeactive than guanine and serves as a
primary target of reactive oxygen species and damed as a protective element in DNA
(Sheu and Foote 1995). These observations wereosgedpby findings showing that
oligodeoxynucleotide damage and plasmid cleavageeagtive oxygen species (ROS) were
inhibited in the presence of 8-oxodG (Kim, Choakt2004).

Q O
N §
7 NH  oxidation NH
P
- =
N™ N7 UNH, 4 N NH;
Guanine 8-oxoguanine

Figure 2. Guanine and 8-oxoguanine

Estimates show that under physiological conditi@eyeral hundred 8-oxoG lesions
could be formed in DNA per eukaryotic cell dailyifdahl and Barnes 2000). It has been
determined that 8-0xoG is one of the most abunBéiA lesions formed in oxidative stress
conditions, such as those that exist in diseased amed cells/tissues (Dizdaroglu 1985;
Dizdaroglu, Jaruga et al. 2001). In mammals, theaihelical 8-oxoG is recognized by its
unique electronic properties (Markus, Daube et2808) and excised by the E. coli Fpg
homolog 8-oxoguanine DNA glycosylase 1 (OGG1) framelear and mitochondrial genomes
during base excision repair (BER) processes (Mirami et al. 2002; Dizdaroglu 2005).
Unrepaired 8-0xoG may be paired with adenine durfdigA replication, resulting in
transversion mutations (Nishimura 2002). During mRdynthesis, it may serve as a template
to transcriptional mutagenesis (Saxowsky, Meadavad. £2008). Kaneko and his co-workers
showed a non-linear accumulation of 8-oxoG in nacl@NA isolated from brain, heart, liver,
and kidneys of rats, detecting a 2-fold increas&@nmonth-old tissues compared to 2-24
month-old ones (Kaneko, Tahara et al. 1996). liabeved that this accumulation is caused
by higher levels of ROS and/or decreased inactditpGG1 during the aging process (Chen,
Hsieh et al. 2003).

As RNA molecules are present mostly in single steahforms without protecting
proteins, they are even more prone to oxidativeatpgam(Li, Wu et al. 2006; Kong and Lin

2010). It is estimated that 30-70% of messenger RNAtains 8-oxoG because of the low
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redox potential of guanine and the lack of repgsteams (Thorp 2000; Hayakawa, Kuwano et
al. 2001; Hayakawa, Uchiumi et al. 2002). Thus, 8h@xoG level in RNA is estimated ten

times higher than in DNA (Shen, Wu et al. 2000; ¢fpBadouard et al. 2005; Hofer, Seo et
al. 2006). As the amount of RNA is approximatelyrfaimes higher than DNA, and both

guanine and 8-oxoG are susceptible to further dxidaan antioxidant protective role has
been hypothesized for the RNA pool (Martinet, Deylteet al. 2005; Kong and Lin 2010).

1.1.2 Defense mechanisms against ROS

Cells have enzymatic and non-enzymatic antioxidagsprotection against ROS. Non-
enzymatic antioxidants are often reducing agenth as glutathione, ubiquinone, tocopherols
(vitamin E), thiols (cysteine), ascorbic acid (wiia C), beta carotene (precursor to vitamin
A) or polyphenols. Hydrophilic antioxidants reacttiw oxidants in the cytosol, while
lipophilic antioxidants protect cell membranes frdipid peroxidation (Sies 1997). Many of
the non-enzymatic agents are synthesized in tHs, aghers must be acquired from outer
sources (Vertuani, Angusti et al. 2004). Cells dlswe interacting network of antioxidant
enzymes such as glutathione enzymes (glutathiodectase, glutathione peroxidase and
glutathione S-transferase), catalases, superoxgiruthses (SOD) and various peroxidases
that protect against oxidative stress by metabwlinxidative intermediates.

Oxidative stress activates the expression of atyatif defensive genes in order to
eliminate ROS and to prevent free radical genanadind further damage (Dhakshinamoorthy,
Long et al. 2000; Jaiswal 2004). The Nrf2 (NF-ERted factor 2) pathway is regarded as the
most important one in the cells to protect agaimxstative stress (Nguyen, Huang et al. 2000;
Jaiswal 2004). Nrf2 binds to antioxidant respongiements (ARE) that regulates the basal
and inducible expression of antioxidant genes gpoese to UV light, xenobiotics, oxidants,
heavy metals (Venugopal and Jaiswal 1996; Alamw&tieet al. 1999; Wild, Moinova et al.
1999; Maher, Dieter et al. 2007; Copple, Goldrihgle 2008). Some of these genes encode
enzymes such asglutamylcysteine synthetase, glutathione S-traasts, heme oxygenase
1, quinone oxidoreductases, and ubiquitination ermesy (Dhakshinamoorthy, Long et al.
2000; Kwak, Cho et al. 2007). Other genes encodelatory proteins with wide variety of
cellular activities including signal transductioproliferation, and immunologic defense
reactions. Other factors associated with oxidasitress-induced cellular responses are: NF-
KB, heat shock response activator protein 1, p38ddnc-jun N-terminal kinases (JNKs) and
TP53 (Halliwell and Gutteridge 2007; Wakabayaslhoc8m et al. 2010; Marinho, Real et al.
2014).
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ROS molecules can cause DNA damage and start DNdage response networks.
These DNA damage sensing and signaling pathwaydeetiee cell either to eliminate or cope
with the damage or to activate a programmed celthidprocess, presumably to remove cells
with potentially catastrophic mutations (Sancandsey-Boltz et al. 2004). The DNA damage
response networks try to preserve genome integrty prevent tumor growth while DNA

repair mechanisms help to restore the damaged [DN#& original form.

1.2 DNA repair mechanisms

Elevated levels of ROS can generate over a hundsedative DNA adducts such as
single/double-strand brakes, deoxyribose oxidatibiNA-protein cross-links and base
modifications (Cadet, Berger et al. 1997). The mgjoof DNA damage has endogenous
origin (De Bont and van Larebeke 2004) and onehef most common among them is
spontaneous hydrolysis of theglycosidic bond between the DNA base and the deloaye
(Lindahl and Nyberg 1972). The nucleobase loss rg¢e® an apurinic/apirimidic site (AP
site), which is estimated to occur at a rate ofttesusand per cell per day (Lindahl 1993).
Another example of spontaneous hydrolysis is thamdieation of DNA bases containing
exocyclic amino groups. Uracil from cytosine occorgst frequently (Sugiyama, Fujiwara et
al. 1994), but guanine or adenine can also deamittaform xanthine and hypoxanthine,
respectively at a much lower rate (Kow 2002).

Among the ROS generated DNA adducts 8-oxoG is thst rextensively studied and
generally used as an indicator of DNA damage (Fr&fagenaga et al. 1990; Svoboda,
Maekawa et al. 2006). Endogenous nitric oxide (N@ed its derivatives can produce
oxidative adducts too (Burney, Caulfield et al. 9p9.ipid peroxides can generate reactive
alkylating agents such as methyl radicals, S-adémathionine and nitrosated amines (De
Bont and van Larebeke 2004). Nucleobases are kaidated on the O- and N-atoms
primarily. DNA polymerases also can cause endogemorors by misincorporation of bases
or chemically altered nucleotide precursors, sicB-axo-dGTP and dUTP (Shimizu, Gruz et
al. 2003; McCulloch and Kunkel 2008). Even DNA nepaechanisms may be sources of
DNA damage (Bridges 2005).

The environment serves with numerous forms of damgaggents. UV light may
induce atypical covalent bond between adjacentnpgiine bases (Ravanat, Douki et al.
2001). lonization radiation is another external dging source, which can be both artificial
(X-rays) and natural (gamma radiation). The mostmifial damages they induce either

indirectly or through generating ROS are doublarsirbreaks and other DNA lesions (Ward

12



1988).Chemical agents are very potent at damaging DTopoisomerase | or Il inhibitc

are used for treating cance(camptothecin, etoposide, respectively) by inducsinggle or
double strand break$inha 199t. Others can be originated from food such as heyetic

amines (Sugimura 1990r N-nitrosoaminegJakszyn and Gonzalez 20 from which the
latter alsocan be found in tobacc(Schaal and Chellappan 2014hese type of chemice
also induce DNA adducts by covalentlyinding to DNA bases similarly to aflatoxir
produced byAspergillusflavusandA. parasiticugBedard and Massey 20( found in various
crops.

e o UV light X-rays
X-rays Replication . . - i
: Polycyclic aromatic lonizing radiation
Alkylating agents errors .
. hydrocarbons Anti-tumor agents
Spontaneous reactions
- - | |

Oxidation (8-0x0G) A-G mismatch

Uracil T-C mismatch Bulky adducts Double strand break
Abasic site Insertion Intrastrand crosslink Interstrand crosslink
Single strand break Deletion
. . Mismatch Nucleotide Double Strand
Base Excision . L. . .
Repair Excision Repair Break Repair

A (MMR)  (GG-and TC-NER) (NHEJ and HR)

Figure 3. DNA damage and repair mechanisms
The diagram illustrates common DNA damaging agestamples of DNA lesions caused by these agerd:
the relevant DNA repair mechanism responsible li@irtremoval. (DNA Repair of Cancer Stem Cepage 21,
Springer Link, 2013)

Depending on the type of damage, organisms developed multiple pathways t
correct DNA lesions.There are five major DNA repair mechanism (Fig. 3) that
mammalian cells can utilize: mismatch repair (MMR), nucleotide excision repair
(NER), base excision repair (BER), homologous recombination (HR) and non-

homologous end joining repair (NHEJ) (Christmann, Tomicic et al. 2003).

1.2.1 Mismatch Bpair (MMR

The MMR system recognizes and corrects misincorporated bases, erroneous
insertion and deletion made by DNA polymerases. Cells lacking MMR have increased
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number of mutations, organisms with defective MMR genes are characterized by
variety of cancers including Lynch syndrome or also known as hereditary non-
polyposis colon cancer (Peltomaki 2001).

The MMR is a strand specific pathway that remained quite conservative from
bacteria to primates. The process consists of three main steps: recognition, excision
and repair. In the first step mispaired bases are recognized, in the second one the
error containing strand is partially degraded, leaving a gap, and in the third one DNA
is synthesized to fill the gap (Fukui 2010). The initiation of the mismatch repair is
carried out by two protein complexes: MutS (MutSo and 3 in humans) and MutL
(MutLa, B andy in humans). MutS is responsible for the mismatetognition and MutL
couples the recognition with downstream eventsihegatb the removal of the error containing
strand. Both Mut8 and Mut$ are heterodimers (homodimers En col)) consisting of a
common MSH2 subunit and one MSH6 in Mat&nd one MSH3 in Muf® (Modrich 2006).
The MSH2-MSH6 heterodimer represents the 80-90%mefcellular MSH2 and recognizes
insertion/deletion (ID) mispairs and base-base ratshes (Drummond, Li et al. 1995;
Palombo, Gallinari et al. 1995). M@Srecognizes larger (2-10 IDs), but no base-base
mismatches (Genschel, Littman et al. 1998). Atter MutS-DNA complex is formed, a MutL
homologue (MLH) heterodimers are recruited. The IMut(MLH1-PMS2 heterodimer)
carries out 90 % of the MutL activities, and supgdhe repair initiated by either MuSor
MutSB. The other two MutL homologues MBL(MLH2-PMS2) and Mutly (MLH1-MLH3)
may have not known or minor roles in MMR (RaschMiarra et al. 1999; Cannavo, Marra et
al. 2005).

The assemblage of ATP-driven MutS-MutL-DNA ternacgmplex activates the
exonuclease 1 (Exol) and degrades the error congpiDNA strand (Galio, Bouquet et al.
1999). Exol has a 5>3’ exonucleotic activity and required for repaiethase-base and single
nucleotide ID mismatches (Tran, Erdeniz et al. 200%e incision needed for Exol is made
by PCNA/replication factor C (proliferating cell clear antigen/RFC)-dependent activity of
MutLa (Kadyrov, Dzantiev et al. 2006). DNA polymera8eaccompanied by PCNA and
replication protein A (RPA) fills the gap left byx& and the repair is completed by DNA

ligase | sealing the nick.
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1.2.2 Nucleotide Excision Repair (NER)

NER machinery recognizes the bulky distortions of the double helix. Such DNA
distorting lesions are cisplatin-DNA intrastrand crosslinks, pyrimidine dimers and 6-4
photoproducts caused by UV light. The process consists of the same biochemical
steps both in prokaryotes and in eukaryotes: damage recognition, verification, dual
incisions, excision, repair synthesis and ligation (Costa, Chigancas et al. 2003; Gillet
and Scharer 2006). While the NER in prokaryotes takes only six proteins, in
eukaryotes more than thirty proteins are involved. The process mediated by the
sequential assembly of repair proteins and the correct positioning at the site of the
DNA lesion. Defects in NER lead to severe diseases including xeroderma
pigmetosum, Cockayne syndrome and trichothiodystrophy, caused by genetic
mutations of NER proteins. All of them characterized by extreme sun sensitivity and
predisposition to cancer, neurodegeneration, immunological defects and premature
aging (Nouspikel 2008; Cleaver, Lam et al. 2009). The NER system contain two
subpathways: global genome repair (GG-NER) and transcription-coupled repair (TC-
NER). The two differ in the damage recognition step and while GG-NER eliminates
lesions from the whole genome, TC-NER initiated by the stalling of the RNA
polymerase on the coding strand of DNA being transcribed. In GG-NER the damage
recognition carried out by XPC/HR23B/CEN2 (XP complementation group C/Rad23
homolog B/Centrin-2) protein complex (Sugasawa, Ng et al. 1998) and in some cases
by the UV-damaged DNA binding complex (UV-DDB1, 2) (Sugasawa 2006). The UV-
DBB binding to the damaged DNA increases the distortion of the helix and helps the
recruitment of the XPC complex to the lesion site (Sugasawa 2010).

TC-NER damage recognition initiated when RNA polymerase Il (RNAPII) stalls
at the site of the DNA damage (Fousteri and Mullenders 2008). Cockayne syndrome
A (CSA) and B (CSB) recruited to the site displacing RNAPII and allow NER proteins
to continue with the repair progress (Tornaletti 2009). Following initial damage
recognition the two subpathways proceed through the same NER reactions recruiting
the ten subunit containing transcription factor TFIIH to the site of damage. With the
help of two ATP-dependent helicases (XPB and XPD) TFIIH unwind the DNA helix to
form a ~30 nucleotide bubble exposing the lesion. The unwinding allows another
protein, XPA access the damaged region and a second level damage recognition
(Schaeffer, Roy et al. 1993; Evans, Moggs et al. 1997). The binding of XPA recruits

replication protein A (RPA), which helps to stabilize the pre-incision complex. The
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lesion is excised by the endonucleases ERCC1-XPF and XPG at positions 3’ and 5’
relative to the damage, respectively (O'Donovan, Davies et al. 1994). Finally DNA
polymerase 0 or € resynthesize the gap using the undamaged strand as a template.
The nick is sealed by DNA ligase | or XRCC1-DNA ligase llla, completing the NER
process (Moser, Kool et al. 2007).

1.2.3 Double-Strand Break Repair

DNA double strand breaks (DSBs) are amongst theathrthat endanger genome stability and
cell viability. They can be generated naturallyidgrprogrammed genome rearrangement by
nucleases (Paques and Haber 1999), V(D)J reconumn@ranco, Alt et al. 2006) and from
damaging agents, including ionizing radiation (Khamand Jackson 2001), UV lights (Limoli,
Giedzinski et al. 2002) and chemicals (Bosco, Maybkeal. 2004). Failure to repair them can
cause chromosomal aberrations, deletions leadirgetmmic instability or development of
cancer (Khanna and Jackson 2001). Organisms uspathvays to repair DBSs: homologous

recombination (HR) and non-homologous end-joiniNglEd).

1.2.3.1 Homologous recombination (HR)

HR pathway utilizes the undamaged sister chromadidemplate (Li and Heyer 2008) and
restricted to the late S and G2 phases of thecgele (Morrison, Sonoda et al. 2000). The
process starts with generation of 3’-single-stranads by the MRN complex (Mrel1l-Rad50-
Nbs1l) together with CtIP (RBBP8) at the DNA endshef DSB (Sartori, Lukas et al. 2007).
Next, BLM helicase (Bloom syndrome, RecQ helicake}land Exol exonuclease continue
the 5’ to 3’ resection (Nimonkar, Ozsoy et al. 2)@ghich enables RPA to bind to the single
stranded tails and prepare the environment for Raeéombinase and several other mediator
protein such as Rad52, BRCA2 and Rad51 paralogd5H®BC,D, XRCC2,3) (Forget and
Kowalczykowski 2010). Then the single-stranded DN# coated Rad51 searches for the
homologue DNA sequence and once it has been igghtRad51 starts the DNA strand
invasion. During this process, the damaged DNAnstrevades the template DNA (sister
chromatids) and DNA polymerasgstarts synthesizing DNA from the 3’-end of theading
strand followed by DNA ligase |, creating a fourywgunction intermediate structure
(Mcllwraith, Vaisman et al. 2005). This so calleddlliday junction” is cleaved by either
Genl/Yenl (symmetrically) or SIx1/SIx4 (asymmetigaor dissolved by the BLM-Topt
complex (Seki, Nakagawa et al. 2006; Ip, Rass.&x(4l8) finishing the correction of DSB.
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1.2.3.2 Non-Homologous End-Joining (NHEJ)

This DSB repair pathway was named "non-homologdesause the break ends are directly
ligated without the need for a homologous templBlidEJ considered to be an error-prone
repair, which operates in all phases of the cetlecySonoda, Hochegger et al. 2006). The
repair process starts with the recognition and iboef Ku70/80 heterodimer (Ku) to the
DSB (Mari, Florea et al. 2006). Ku produces a rétgyped structure that encircles the DNA
helix by binding to the sugar backbone allowing lie¢erodimer to be sequence independent
(Walker, Corpina et al. 2001). Once Ku is boundh® DNA, the heterodimer-DNA complex
recruits the catalytic subunit of DNA-dependenttero kinase (DNA-PKcs) to create the
DNA-PK holoenzyme. The binding of the DNA-PKcs opposing ends of DSBs makes a
synapsis of the two DNA molecules and results imatophosphorilaton of the DNA-PKcs
promoting an accessible DNA termini (DeFazio, S¢aes$ al. 2002). In case the DNA termini
have single-stranded overhangs, DNA polymegase A can resynthesize the missing strand
or Artemis, a NHEJ-specific nuclease can exciseaverhangs (Jeggo and O'Neill 2002;
Lieber, Lu et al. 2008). Other options for make ¢lverhangs ligatable are the lesion-specific
base excision repair (BER) enzymes, such as TdgkPPand APE1 (Chappell, Hanakahi et
al. 2002), or exonucleases Exol and WRN (Bahmeth 8eal. 2011). The final step is the
ligation of the DNA ends by DNA ligase IV/XRCC4 cpiex with the help of an additional
factor called XLF (XRCC4-like factor) (Ahnesorg, 8met al. 2006).

1.2.4 Base Excision Repair (BER)

Base excision repair pathway removes small, noix-lagtorting lesions from the DNA. The
process initiated by DNA glycosylases which exaisismatched (uracil) or damaged bases
derived from alkylation (3-methyladenine), deamimat (hypoxanthine) or oxidation (8-
oxoguanine) (David, O'Shea et al. 2007; Zharkov820Uhere are at least twelve DNA
glycosylases with very narrow substrate specifi¢gcobs and Schar 2012). They all use a
common “flipping” mechanism by which the damagedebas flipped to an extrahelical
position for excision (Hitomi, Iwai et al. 2007).NA glycosylases cleave the N-glycosidic
bond between the base and its deoxyribose leavirgpasic (AP) site. These AP sites then
processed by apurinic/apyrimidic endonuclease 1 E@P which hydrolyzes the
phosphodiester backbone 5’ to the AP site, gemgratisingle-strand break bordered by 3'-
OH and 5-deoxyribose phosphate (5-dRP) terminblgatts and Madhusudan 2010). The
resulting single-strand break can be further preegdy either short patch repair with a single

nucleotide replacement or long patch repair whet® 2ucleotides are replaced (Matsumoto,
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Kim et al. 1999; Pascucci, Stucki et al. 1999). 8ahthe DNA glycosylases (i.e. NEIL1 and
2) have AP endonuclease activity too, and can elehg AP site vig elimination reaction
resulting s 3'-phosphos; B-unsaturated aldehyde and 5’-phosphate at the @ntte break.
This break contains 3'- and 5'- blocking lesiondjieh first must be changed to 3'-OH and
5’-phosphate in order to be processed by the sules¢dNA polymerase, then DNA ligase
reactions. APEL also has an intrinsic 3’-phosphsidi@ase activity which enables it to restore
3’-OH from 3’-phosphoa,-unsaturated aldehyde. The 3’-phosphate productsrged by
the bifunctional glycosylases, are converted t®Bi-by the 3’-phosphatase activity of PNKP
(polynucleotide kinase 3’-phosphatase). The 5-dBfoval is primarily executed by DNA
polymerasef3 (PoPB) which has an intrinsic dRP lyase activity (LoefdaVionnat 2008).
Besides P@, DNA polymerasex (Polh) and DNA polymerase (Pol) are also capable of
removing 5’-dRP terminal groups (Bebenek, Tissieale2001; Garcia-Diaz, Bebenek et al.
2001). Because of the many types of termini, DNAJ-processing is a very diverse
enzymatic step of BER. Besides the classic endgssiog enzymes mentioned before, there
are specific ones for the removal of “non-schedulgdgle-strand 3’- and/or 5’- blocking
lesions, such as tyrosyl-DNA phosphodiesterasedpJ (Interthal, Chen et al. 2005) and
aprataxin (APTX) (Ahel, Rass et al. 2006).

After the hydroxyl group at the 3'-, and the phosghgroup at the 5 ends are
restored, the PPl synthesizes the missing base for the short patbile Poh and Pat in
conjunction with proliferating cell nuclear antigddCNA) are believed to be responsible for
the DNA synthesis of the long patch pathway (Ramert Klungland et al. 2009). The Rol
and Pat perform a strand displacement synthesis wheredtvenstream 5’ DNA end is
displaced to create a flap intermediate. The degula@DNA strand is removed primarily by
flap endonuclease 1 (FEN1) leaving a ligatable @terici, Henneke et al. 2002) for DNA
ligase | to seal the nick.

There are additional proteins facilitating the BRRcess. For example X-ray repair
cross-complementing protein 1 (XRCC1) functionga asaffold that coordinates the assembly
of BER protein including DNA glycosylases, DNA poigrasep, APE1, APTX, PNKP,
Tdpl, and ligase Ill (Caldecott 2003). Another epéars poly (ADP-ribose) polymerase 1
(PARP1), which functions as a sensor of DNA breakd catalyzes the ADP-rybosilation of
itself and other proteins enabling the recruitmehtepair proteins (Malanga and Althaus
2005).
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1.2.5 OGG1, a versatile DNA repair enzyme

OGGL1 is the dedicated enzyme to excise the 8-oxathg the DNA base excision repair
process. OGGL is a bifunctional glycosylase, ah$e to both cleave the glycosidic bond of
the mutagenic lesion and the phosphodiester bdiden@ 5’) causing a strand break in the
DNA backbone (Chung, Kasai et al. 1991; Chung, Kimal. 1991). OGGl-initiated BER
encompasses four key steps (Fig. 4), including dgchabase recognition and excision,
3'deoxyribose phosphate end-processing by AP erdease 1 (APE1), filling in the
nucleotide gap by DNA polymerafeand nick-sealing by DNA ligase (Mitra 2001). OG§&1
repair activity is modulated by post-translatiomabdifications, including phosphorylation
(Dantzer, Luna et al. 2002), acetylation (Bhakatkkhpati et al. 2006), and by interactions
with canonical repair and non-repair proteins (Heddegde et al. 2011). Studies have also
unveiled a redox-dependent mechanism for the régolaf OGGL1 activity (Bravard, Vacher
et al. 2006; David, O'Shea et al. 2007).

\ 8-oxoG
5’@@3 TRoBAES’
5 s CEALACAA R
0GG1 DNA Ligase lIlIXRCC1
E@%@ FEEELET)
3 5 CLLAAAR R

e DNA Polﬂ?
_3ARPR 5P .

5 — 3 30H W 5.p ,
Fis hEs 3
[P s
5 3-OH 5'-P 3
3 5

¢ 8-0x0G base O Guanine V Cytosine O Thymine tJ Adenine
QB-oxoguanine DNA glycosylase-1 (OGG1)

Figure 4. Graphical illustration of 8-oxoguanine BNylycosylase-1 (OGG1)-initiated genome damageirepa
(Ba, Aguilera-Aguirre et al. 2014)

Depending on the last exon sequence of the C-tatmagion of the OGG gene there
are two major splice variants of OGG: nuclear (typeith 3 isoforms) and mitochondrial
(type 2 with 5 isoforms) (Aburatani, Hippo et aB9r; Nishioka, Ohtsubo et al. 1999). All
variants have the N-terminal region in common. ikagyotes, the N-terminus of this gene

contains a mitochondrial targeting signal, essefdiamitochondrial localization (Nishioka,
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Ohtsubo et al. 1999). A conserved N-terminal domeamtributes residues to the 8-
oxoguanine binding pocket (van der Kemp, Charbaretial. 2004).

Accumulation of 8-o0xoG in DNA has conventionallyelpeassociated with various
diseases, accelerated telomere shortening, inflaomygnand aging processes (Markesbery and
Lovell 2006; Radak, Bori et al. 2011). In additiemrepaired 8-oxoG lesion is potentially one
of the most mutagenic lesions among oxidatively ifiredi DNA bases, because its pairing
with A will cause a GE>AT transition. Unexpectedly, OGG1 knock out (OGG1mice
have an unaltered lifespan, and show only modenateases in tumor formation. In these
animals, no organ failure can be observed dedpgtestipraphysiological levels of 8-0xoG in
their DNA (Klungland, Rosewell et al. 1999; Minowaai et al. 2000). Furthermore, OGG1
" mice showed an increased tolerance to chronic tixilastress (induced by KBEO
treatment), while 8-oxoG levels in the DNA incradd®y 250- to 500-fold compared to the
wild type. Interestingly, lack of OGGL1 activity geated mice from the trinucleotide repeat
expansions underlying Huntington's disease (Kowtiunget al. 2007).

Mabley and co-workers studied the role of OGGlnflammatory processes. They
used three models of inflammation: endotoxic shat#betes, and contact hypersensitivity.
According their results the OGG1 knockout mice axtremely resistant to most of the
lipopolysaccharide-induced effects: LPS-inducedaarglysfunction, neutrophil infiltration
and oxidative stress, when compared to wild-typ&@2"*) controls. Furthermore, OGG1
mice had decreased serum cytokine and chemokiméslend prolonged survival after LPS
treatment. In case of multiple low-dose streptoziotinduced type | diabetes, OGG1mice
were found to have significantly lower blood glueand higher insulin levels followed by
fewer incidence of diabetes as compared with witeetmice. These knockout mice also have
higher levels of protective Th2 cytokines (IL-4,1Q) while lower levels of chemokine MIP-
1o and Th1 cytokines (IL-12, TNE} compared to the levels measured in GG€ontrols. In
a model of oxazolone-induced contact hypersensitivesults showed reduced neutrophil
accumulation, chemokine (MIP-1, MIP-2), Thl (ILANF-a) and Th2 cytokine levels (IL-4)
in the ear tissue of OGG1 mice. Their results suggest that OGG1 may pripaghulate
Thl cytokine levels rather than Th2 (Mabley, Paatteal. 2005). On the other hand, mice
lacking OGG1 have been shown to be susceptiblaegto-fat diet induced insulin resistance
and obesity as well (Sampath, Vartanian et al. 20Qthers demonstrated that under chronic
inflammatory conditions, cytokine-induced nitric id& inhibits the activity DNA repair
enzymes, including OGG1 (Jaiswal, LaRusso et &l020aiswal, LaRusso et al. 2001). It has

been hypothesized that DNA-dependent kinases remmdhe single strand gaps made by
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OGG1 and trigger inflammation. In this point of wieit looks more advantageous to down-
regulate OGGL1 and leave the 8-0xoG in the DNA (Radal Boldogh 2010). This hypothesis
also can explain why OGGI mice with significantly fewer DNA nicks are lessope to
inflammation. In support, OGG1 expression was iasegl in islet cells of type 2 diabetes
patients compared to healthy controls (Tyrberg, ochkav et al. 2002). Although oxidative
stress increases 8-o0xoG in the DNA, but observatghowed a decreased OGG1 activity
until normal redox status returned (Bravard, Vaateal. 2006).

Besides redox modulation, OGG1 activity can also Iadtered by
acetylation/deacetylation. OGGL1 activity can bereased by acetylation by transcriptional
coactivator p300 in the presence of APE1l (Bhakapkhapati et al. 2006). Recent
publications suggest that sirtuins, a group of laguy proteins with NAD-dependent
deacetylase (or mono-ADP-ribosyltransferase) dgtivhave important role modifying
OGG1's glycosylase activity. Cheng and colleaguesrved a regulatory role of Sirt3 in the
maintenance of mitochondrial DNA and turnover of @I They found that by deacetylation,
Sirt3 modified OGG1 incision activity and preventési degradation leading to cell survival
under oxidative stress. (Cheng, Ren et al. 2018dtiAer paper revealed an inverse correlation
between Sirtl and OGGL1 in animal studies. Theydadimat rats with higher aerobic capacity
had increased Sirtl and lower acetylated OGG1 de\llwer repair capacity), when
compared to low aerobic capacity rats (Sarga, etaat. 2013).

OGGL1 has been associated with aging because attugnulation of 8-0xoG in DNA
(Dherin, Radicella et al. 1999; Cortopassi 20023czesny and co-workers showed a
difference in efficiency of import of OGG1 (and APEinto nuclear and mitochondrial
compartments of young and aged cells. They hypath@ghis phenomenon as reason for
age-related DNA damage (Szczesny, Hazra et al.)2@8/sical exercise can upregulate
OGG1 activity in the liver of old (21 month) ratacareduce the 8-oxoG content of both
nuclear and mitochondrial DNA to the level of yourags (11 month) after 2 months regular

exercise (Nakamoto, Kaneko et al. 2007).

1.3 Small GTPases

Small GTPases are a type of G-proteins found ircyesol that are homologous to the alpha
subunit of heterotrimeric G-proteins (large GTPasekhey can hydrolyze guanosine
triphosphate (GTP) to form guanosine diphosphat@R)J5Bourne, Sanders et al. 1990). The
GDP-bound form is their inactive state while theRsGound form is their active form (Fig. 5)

in which they can activate downstream pathways iogibg to effectors. Small GTPases
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work like nolecular switches with the help guanine nucleotide exchange factors (GE
that facilitate GDP dissociation and of GTPasevatitig proteins (GAPSs) that stimulate G
hydrolysis(Bos, Rehmann et al. 20(.

“Off” “Oon”
@ Downstream pathway active
GTP

Figure 5. The GTPase activity cycle

GTPases cycle between the inactive ‘off (-bound state and the active ‘on’ GT#und state. The inacti
state occurs by stimulation of intrinsic GTPase roysis activity by GAPs. Activation is facilitatéy GEFs tc
load GTP and dissociate GDP, allcng interaction with downstream effectors and inntwactivation of

downstream signaling pathway®©r{ginal picture from Biochemical Society Transactic.

1.3.1 Ras

The name “Rasfs an abbreviation of “Resarcoma’referring the way the first members
the protein family were discovered. Ras proteinifammembers belong tsmall GTPases
(Wennerberg, Rossman et al. 2(, as they can bind and hydrolyze nosine triphospha.
Ras is encoded by theas gene an the prototypical member of thRas superfamilyof
proteins, which are all related in 3D structureeylmegulate diverse cell behaviors and
involved in transmitting signa(Fig. 6) within cells(Bourne, Sanders et al. 19. The family
membersshare a set of conserved G box GDP/-binding motif elemnts beginning athe
N-terminus(Bourne, Sanders et. 1991). Togther, these elements make 1 ~20 kDa G
domain (Ras residues 1%6) that has a conserved structure and biochemskaredby all
Ras superfamily protein&kas (p21) proteircontains a sistranded beta sheet and 5 al
helices(Vetter and Wittinghofer 200.
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Activation of Ras GTPases involves the displacensérGEDP with GTP, a proce:
mediated by GEFg{Bourne, Sanders et al. 19. GEFs first interact with GTPase a
dissociate GDP at an increased rate, and then dhe@db GTP promotes the release
exchange factor leaving the GTPase in an activa (Bourne, Sanders et al. 1990; Bori-
Sjodin, Margarit et al. 199. Well known GEFs are Son of Sevenless (S(Rogge,
Karlovich et al. 1991)and cdc25(Sadhu, Reed et al. 1990). RasP binds to the RBI
domain of the Rdf serine/threonine kina(Block, Janknecht et al. 199@nd its subseque
phosphorylation is essential, but not sufficieot,hediating Rafl’s mitoge«activated protein
kinase (MAPK) activity, as phosphorylated Rérequiresadditional protei-protein and
membrane-lipid interaction&yriakis, App et al. 992) The MAPK cascade transmits sign
downstream and results in the transcription of gengolved in cell growth and divisio
While RasGEFs catalyze a "push and pull" reactibickvreleases GDP from Ras, RasG;
enhance the catalytic machinery Ras, since the protein intrinsic GTPase activityesy
slow. Thus, GAPs accelerate Finactivation.An inorganic phosphate is released and the
molecule is now bound to a GDP which turns “offtther signaling(McCormick 1989.
Because intracellular concentrin of GTP is approximately 10-fokigher than that cGDP,
GTP predominantly renters the nucleotide binding pocket of Ras. Therlze between GE

and GAP activity determines the guanine nucleositteus of Ras, thereby regulating f
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activity. Another protein may augment the activity Ras is GDI (GDP Dissociation
Inhibitor). This protein functions by slowing thexahange of GDP for GTP and thus,
prolonging the inactive state of Ras (Boguski antCldrmick 1993).

Ras-regulated signal pathways control cell growtigration (Lee, Feig et al. 1996),
differentiation (Crespo and Leon 2000), actin clggdstal integrity, cell adhesion (Chambers,
Hota et al. 1993), apoptosis (Kauffmann-Zeh, RadrigyViciana et al. 1997), proliferation
and survival (Bonni, Brunet et al. 1999). The dally most notable members of the Ras
subfamily are H-RAS, K-RAS and N-RAS, mainly forifg implicated in many types of
cancer (Bos 1989). Ras proteins are attached tocéte membrane because of their
prenylation and palmitoylation (H-RAS and N-RAS)pmrenylation and a polybasic sequence
adjacent to the prenylation site (K-RAS). Depaliyliion releases the proteins from the
membrane, and allows them to enter another cycfmlwhitoylation and depalmitoylation. It
is assumed that this cycle prevents the N-RAS aiRiAIS to attach to other membranes over
time and to maintain their localization along thelgs apparatus, secretory pathway, plasma
membrane and inter-linked endocytosis pathway (RoEleyker et al. 2006). Ras inhibitor
trans-farnesylthiosalicylic acid (FTS) disrupts thembrane attachment of Ras, thus works as
an anti-oncogenic drug in many cancer cell linekifB Jacob-Hirsch et al. 2005; Rotblat,
Ehrlich et al. 2008). Ras and Ras-related protaresoften deregulated in cancers, leading to
increased invasion and metastasis, and decreasetbas. Mutations imas genes can result
the production of continuously active Ras proteifs. a result, the signaling pathway(s)
remain “switched-on” and the overactive signalirag dead to uncontrolled cell growth and
cancer (Goodsell 1999). Ras mutations are four2D#25% of all human tumors and up to
90% in certain types of cancer (e.g. pancreaticegr(Downward 2003).

H-Ras is involved in regulating cell division insponse to growth factor stimulation.
Growth factors act by binding cell surface receptibrat span the cell’s plasma membrane.
Once activated, receptor stimulate signal transdoictvents in the cytoplasm, a process by
which proteins and second messengers relay si¢noasoutside the cell to the cell nucleus
and instructs the cell to grow or divide. Oncesitturned on, K-Ras recruits and activates
proteins necessary for the propagation of growthofaand other receptors' signal, such c-Raf

and PI 3-kinase (Castellano and Downward 2011).

1.3.2 Rac

Racl, also known as Ras-related C3 botulinum texibstrate 1 is a protein ubiquitously

expressed and involved in signal pathways (Fighd) regulate mobility and other processes
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related to membrane trafficking and cell morphol¢Bidley 2001; Vega and Ridley 2008). It
is encoded by theacl gene (Didsbury, Weber et al. 1989; Jordan, Braaal. 1999). The
Rac protein belongs to the Rho GTPase family. Tagseal members of the four subfamilies
of Rho are: Rac, Cdc42, Rho and Rif. Similarly tbew GTPases, the classical Rho GTPases
cycle between active GTP-bound forms and inactiMeP@ound forms (Symons and
Settleman 2000). Their cycle is also controlledirge types of regulatory proteins: guanine
nucleotide exchange factors (GEFs), GTPase-aciyaproteins (GAPs) and guanine
nucleotide dissociation inhibitors (GDIs) (Boguskid McCormick 1993). Rac subfamily has
three Rac isoforms: Racl, Rac2 and Rac3. Raclipratewidely expressed in different
tissues, whereas as Rac2 expression is restrioteglis of hematopoietic origin. Rac3 is
predominantly found in the central nervous systBedard and Krause 2007).

Rac can regulate cell survival and proliferatioa @ell cycle progression by activating
p42/p44 and p38 MAPK, JNK, and Akt kinases (Yantkidson et al. 2001; Gu, Filippi et al.
2003; Cancelas, Lee et al. 2005; Carstanjen, Yamaet al. 2005). Racl is a well
characterized member of the Rac subfamily. Previiudies found that Racl regulates a
diverse array of cellular events, including thenfation of lamellipodia and membrane
ruffles, cell cycle, cell adhesion and mobility @iy 2006). In addition, Racl regulates
endocytic and exocytic trafficking pathways. Racds ha characterized role in clathrin-
dependent endocytosis (Lamaze, Chuang et al. 1996gr physiological functions of the
Racl GTPase includes: modulation of the celluldoxestate, regulation of cell movements,
cellular signaling, gene expression, and cell déffiiation (Bedard and Krause 2007). In most
types of cells, Rac is connected to the productibriow levels of ROS which have an
implicated role in growth, differentiation, migrati, and angiogenesis, as well as in
inflammation (Sulciner, Irani et al. 1996; SundaresYu et al. 1996; Irani, Xia et al. 1997;
van Wetering, van Buul et al. 2002). Racl is ulimusly expressed in nonphagocytic cells,
including lung epithelial cells and fibroblasts.d®das one of the three Rac family molecules
that control NADPH oxidase (NOX) activity (NOX1, M@, and NOX4 as well as NOX3)
both in phagocytes and in nonphagocytic cells (klord006; Lambeth, Kawahara et al.
2007).

26



N s seesessrrTeTyy .Mlﬂmﬂuiﬁl. ? ﬂ*t

1““?’ j {I

PLD ho:phlﬂdlc
Acid Level

Actin
Palymerization
t'ﬁmsllﬂnn

m Membrane
) ot

7

Ruffling

Actin
Polymerization
and Cell-Cell
Adhesion

Pathway

MTOC
Orientation

Cell
Proliferation

Actin Nucleation
and Polymerization

Figure 7. Racl related pathways

(Original picture from SABiosciences)

Rac2 is expressed primarily in myeloid cells (dugman neutrophils) (Hordijk 2006).

Rac2 have a crucial role generatimgh levels of ROS in neutrophils upon cell stintaa

and phagocytosis, and these ROS aid in the kitinggested pathogen$o assemble a fully

active oxidase complex, Rac2 with three other afiosproteins - p40phox, p47phox,

p67phox - translocate to the plasma membrane amédtive complex uses electrons from

NADPH to reduce oxygen to form superoxi{®abior, Lambeth et al. 2002). Abnormal

activation of Rac has been shown in a number ofeaand chronic leukemias, including

chronic myelogenous leukemia, chronic lymphocytigkemias and acute myeloid leukemias
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(Wertheimer, Gutierrez-Uzquiza et al. 2012). Racthbught to play a significant role in the
development of various cancers, including melan{Baaier, Chen et al. 2007; Krauthammer,
Kong et al. 2012) and non-small cell lung cancercAllister 2012; Stallings-Mann,
Waldmann et al. 2012). Another example that Rackexpression may play a role in tumors
was shown in pancreatic cancer progression (Wenreand Kazanietz 2011). Rac2 has been
linked to leukemias (Muller, Schore et al. 2008¥ anutations in the Rac2 gene have been
found in human brain tumors (Hwang, Lieu et al. 200

Rac3 was originally identified from a chronic mygémous leukemia cell line and has
been implicated in human breast cancer (Mira, Beeaal. 2000; Morris, Haataja et al. 2000;
Baugher, Krishnamoorthy et al. 2005), ovarian cgneellular transformation (Keller, Gable

et al. 2005) and tumor invasion (Chan, ConiglialeR005).

1.4. DNA repair-independent functions of OGG1

Previous studies have implied roles for OGG1 intipld cellular processes in addition to that
of being a canonical DNA BER protein (Mitra 2001iz&8aroglu, Kirkali et al. 2008). For
example, it has been shown that OGG1 colocalizéls eéntrioles (microtubule organizing
center), microtubule networks, and mitotic chrommes (Dantzer, Luna et al. 2002,
Szczesny, Hazra et al. 2003; Conlon, Zharkov €2@)4). These data show the implication of
OGG1 in chromatin remodeling and transcriptionatiation. In mitochondria, aconitase
enzyme has been suggested as a redox sensor betaisseulnerability to oxidative stress
leading to inactivation or disassembly (Bulteawed&-Saito et al. 2003). OGG1 was reported
to act as a chaperon for aconitase and to preveatmondrial dysfunction and apoptosis by
interacting with it. They found that OGGL1 silenciaggmented oxidant induced caspase-9
activation (Panduri, Liu et al. 2009; Kim, Chereglal. 2014).

As described above, OGG1 mice have increased resistance to inflammation
(Mabley, Pacher et al. 2005). This observationesaithe possibility that it may not be the
genomic level of 8-o0xoG but the free 8-0xoG gerestdly BER that provides the linkage to
disease/aging processes. While several aspecke ohvolvement of OGG1 in DNA repair-
independent cellular functions have already beeealed, the role of OGG1 and free 8-0x0G
in the activation of canonical small GTPase-medigtathways has not been investigated so

far.
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2. Objectives of the study

Previous studies on OGG1mice suggest that a lack of OGG1 activity is acoamed by

dysfunction of signaling pathway(s) linking oxidagi stress to cellular responses. These

observations raise the possibility that the 8-oxu#Se released from the genome by OGG1

could have physiological/pathophysiological relesanThe aim of this study was to reveal

whether 8-0xoG and/or OGGL1 are able to activatdl<aTd@Pase-related signaling pathways.

Our hypotheses were the following:

- 8-0xo0G has a biological role after being excised aot just a neutral byproduct of DNA
repair,

- both exogenously added and endogenously excisead@-mduces cellular responses,

- free 8-0xoG base can bind to OGG1,

- 8-0x0G/OGG1 complex can activate small GTPasesaRd$Racl,

- 8-0x0oG/OGG1 complex can induce ROS production vDRH oxidases by activating
Racl.
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3. Materials and methods

3.1 Reagents

8-Ox0G was from Cayman Chemicals (Ann Arbor, MIB-dihydro-8-oxoadenine (8-0x0A)
was from Axxora, LLC/BioLog Life Science Institu(an Diego, CA); 8-aminoguanine was
purchased from Carbosynth Inc, (Berkshire, UK). @o@, 8-oxo-deoxyguanosine (8-
oxodG), maleic acid diethyl ester (DEM), N-acetytysteine (NAC), L-glutathione reduced
(GSH); B-nicotinamide adenine dinucleotide 2’-phosphateuced tetrasodium saltf{
NADPH); 2’-deoxyguanosine, adenine, guanosine, irera Sigma-Aldrich (St. Louis, MO).
8-0Oxo0-7,8-dihydroadenine (8-OH-Ade); Biolog Life i&ace Institute, Bremen, Germany);
2,6-diamino-4-hydroxy-5-formo-midopyrimidine (FapyGvas a kind gift of Dr. Miral
Dizdaroglu (National Institute of Standards and hredogy, Gaithersburg, MD). Racl
antibody (Thermo Fisher Scientific, Rockford, 1IBac2 and Rac3, NADPH oxidase subunit
Abs (Epitomics, Burlingame, CA); recombinant huniacl protein (Cytoskeleton, Denver,
CO); recombinant human OGG1, H-Ras, N-Ras, and &-Rateins (Novus Biological,
Littleton, CO); OGG1 Ab (Abcam, Cambridge, MA). GTBDP, and GT¥S were from
Cytoskeleton (Denver, CO); Pan-Ras antibody wam fMillipore (Darmstadt, Germany);
nickel-nitrilotriacetic acid-agarose beads wererfrQiagen (Valencia, CA); K-Ras and N-Ras
antibodies were from Santa Cruz Biotechnology (&a@tuz, CA); antibodies to ERK1/2,
MEK1/2, phospo- ERK1/2, -MEK1/2 were from Cell Sajimg (Danvers, MA); and FITC-
and Alexa Fluor 488-conjugated antibodies were frimwitrogen (Carlsbad, CA). HRP-
conjugated anti-rabbit Ab (Southern Biotech, Birghiam, AL), anti-mouse IgG, GE
Healthcare UKLtd, (Pittsburgh, PA). Active Ras and Rac pull-doassay kit was from
Pierce Biotechnology (Thermo Fisher Scientific, Waim, MA); and siRNAs for Ras, Racl,
NOX4, and OGG1 depletion were from Dharmacon (TheRisher Scientific Inc. Waltham,
MA). Diphenyleneiodonium chloride (DPI),; 3,3,5-Tetramethylbenzidine (TMB) substrate
(eBioscience, San Diego, CA)>80, (Fisher Scientific, Fair Lawn, NJ); (Mant)-GTP-(2r-
3)-0-(N-methylanthraniloyl)guanosine-&iphosphate, trisodium salf®"GTP) and (Mant)-
GDP (2-(or-3)-O-(N-methylanthraniloyl)guanosine "-Biphosphate, disodium salt, and
ManiGDP) (Invitrogen, Carlsbad, CA). CD11a, CD11c, CPT®34, CD58, CD64, HLA-DR
purchased from Immunotech (Commerce, CA), CD11b3Z,0CD36, CD45RA, CD45R0,
CD95 (Fas), IL-3R, avp3, CD206 obtained from BD Pharmingen (San Diego),G¥*CR5,
CCR6, CCRY7, GITR, E-cadherin purchased from R&Dt&ys (Minneapolis, MN)avp5
(Chemicon, Temecula, CA). The MDR-specific monoeloantibody was a generous gift

from Gabor Szabo, (Department of Biophysics and Brllogy, University of Debrecen).
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Isotype-matched antibodies labeled with the samerdichrome (all from BD Pharmingen).
pHyPer-Cyto, pHyPer-dMito and pHyPer-Nuc were acgpi from Evrogen (Moscow,

Russia).

3.2 Cell cultures

MRC-5, a human diploid lung fibroblast (ATCC# CCIz4) and human cervix carcinoma
(HeLaS, ATCC# CCL-2.2) cells were maintained in I&ar minimum essential and
Dulbecco’s modified Eagle’s low glucose medium, pexgively. A549 type Il alveolar
epithelial cells (ATCC # CCL-185) were cultured Ham’'s F12 (GIBCO-BRL), U937, a
human monocytic cell line (ATCC# CRL-1593.2), wegeown in and RPMI-1640. The
human myelomonocytic KG-1 (ATCC# CCL-246) cells eagrown in Iscove's Modified

Dulbecco's Medium. All media were supplemented WidB6 fetal bovine serum, glutamine,
penicillin, and streptomycin; cells were grown a 3C in a 5% C@ KG1 cells were

stimulated with 10 ng/ml PMA (Sigma-Aldrich, Steeim, Germany) and 100 ng/ml
ionomycin (Sigma-Aldrich) for 4 days as describadvously (St Louis, Woodcock et al.
1999).

Monocyte-derived DCs were developed as describedausly (Thurner, Roder et al.
1999). Briefly, mononuclear cells were isolated niroBuffy Coat by Ficoll-Pacque
(Amersham Biosciences, Uppsala, Sweden) gradientritggation and monocytes were
isolated by magnetic cell separation using posigeéction with anti-CD14-coated beads
(Miltenyi Biotech, Bergish Gladbach, Germany). fled monocytes were plated at 210
cells/ml concentration and cultured in serum-frd®¥X medium (Gibco) in the presence of
100 ng/ml IL-4 and 75 ng/ml GM-CSF (Peprotech EGndlon, UK) given on days 0 and 2.
Cells were differentiated for 5 days and immatuf@ Were characterized by flow cytometry
using anti-CDla fluorescent antibody (Immunotechardéille, France). Activation of
immature DC was induced by an inflammatory cocktaittaining 10 ng/ml TN, 5 ng/ml
IL-13, 20 ng/ml IL-6, 75 ng/ml GMCSF and dg/ml PGE2 (Sigma-Aldrich). Mature DC
were identified by anti-CD83 mAb (Immunotech).

3.3 Animals and treatments
Animal experiments were performed according toNlagonal Institutes of Health Guidelines

for Use of Experimental Animals and approved by thmeversity of Texas Animal Care and
Use Committee (Protocol number: 0807044A). Eighekveld female BALB/c mice (The
Jackson Laboratory) were challenged intranasalti @0 pl of 8-oxoG (1 uM) in saline (or
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with control saline) under mild anesthesia (BoldoBlacsi et al. 2005). The animals were
sacrificed after 15 min, their lungs homogenizedysis buffer (detailed in “Assessment of
GTP-bound Ras and Rac levels”) then extracts wespaoed for measuring the Ras-GTP
levels. For Racl measurement, mice were sacrigcgtitheir lungs homogenized in a lysis
buffer and GTP bound levels of Rac determined asrd®ed in “Assessment of GTP-bound

Ras and Rac levels.”

3.4 Assessment of GTP-bound Ras and Rac levels

Ras-GTP levels were quantified with the Active Rad-down assay kits. Briefly, the cells
were lysed in 25 mM Tris-HCI, pH 7.5, 150 mM Na6@ mM MgCb, 1% Nonidet P-40, and

5% glycerol, and Ras-GTP in 250 pug extracts wasucap by the Ras-binding domain of
Rafl immobilized to glutathione resin (Block, Jaekht et al. 1996; Taylor, Resnick et al.
2001). After washing with binding buffer, the actied Ras was eluted with Laemmli buffer
(0.125 M Tris-HCI, 4% SDS, 20% glycerol, 10% 2-naptoethanol, pH 6.8) and quantified
by Western blotting and densitometry.

Changes in the levels of GTP-bound Racl were aedlysing the Active Rac pull-
down and detection kit (Pierce, Thermo Scientific.IWaltham, MA) per the manufacturer's
instructions with slight modifications. Briefly, ke were washed once with ice-cold TBS and
lysed with 1x Lysis/Binding/Washing buffer (25 mMi3-HCI /pH 7.5/, 150 mM NaCl, 1%
NP-40, 1 mM DTT, 5% glycerol, 20 mM NaF, 1 mM sadiworthovanadate, Lg/ml
leupeptin and Jug/ml aprotinin). Cell/tissue extracts were cleal®d centrifugation, and
GTP-bound Racl was captured by the Rac-binding domf p21/Cdc42/Racl-activated
kinase 1 bound to GST beads (Benard and Bokoch)2®®T beads were washed with lysis
buffer and bound proteins were fractionated onta 20% PAGE. Changes in Racl levels

were determined by Western immunoblot analysis.

3.5 Assessment of 8-oxoG’s cellular uptake

MRC-5 cells at 80% confluence were washed, and &®faining 10 uM of 8-0xoG (final
concentration) was added. Aliquots were remove@, dt, 30 min, then immersed into liquid
nitrogen, then transferred to a freeze-dryer (ODra-MP, Stone Ridge, NY) and lyophilized
at -80°C. The lyophilized materials were reconstdun 10 mM NaOH and the 8-oxoG levels
were measured by liquid chromatography and isotlilpon mass spectrometry (LC/IDMS).
As an internal standard, a stable isotope-labetedog of 8-0x0G (8-0x0G3C31°N) was

used as previously described (Dizdaroglu, Jarug& €001).
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3.6 Protein interaction assays

The interaction of OGG1 with H-, N-, or K-Ras wasablzed as described previously (Lali,
Boguski et al. 1993; Chataway and Barritt 1995)ey, individual His-Ras proteins were
immobilized on nickel-nitrilotriacetic acid (Ni-NT)Aagarose beads in interaction buffer (50
mM NaH,PQ,, 300 mM NaCl, 20 mM imidazole, 0.05% Tween 20, pH) and incubated for
30 min at 4 °C. After three washes in interactiaffdr, untagged OGGL1 * 8-o0xoG was added
in the presence or absence of GTP or GDP. The samy#re incubated for 30 min at 4 °C
and washed twice with interaction buffer, and tihetgins eluted with Laemmli buffer were
analyzed by Western blotting.

To determine interactions between OGG1 and Racl, used enzyme-linked
immunosorbent assays (ELISA). Briefly, Racl antypodated wells were washed with PBS-
T (2.68 mM KCl, 1.47 mM KHPQ,, 136.8 mM NacCl, 9.58 mM NaiRQ,, 0.05% Tween-20),
and then guanine nucleotide free (empty) Racl fm®l), GDP-, or GTP-loaded Racl
protein (5.3 pmol) was added to parallel wells BSPT alone or together with OGG1 (5.3
pmol) and 8-oxoG (5.3 pmol) for 1 h at room tempumex Unbound proteins were removed
by washing before incubation with anti-OGG1 Ab (1 HRP-conjugated secondary Ab was
added for 45 min, and color was developed using538Tetramethylbenzidine (TMB)
substrate. Absorbance was determined on a Spectrd®@ Microplate Reader (Molecular
Devices, Sunnyvale, CA). To confirm OGG1-Racl iattions by His-affinity pull-down
assays, Ni-NTA-agarose beads (Qiagen Inc., Vale@@awere mixed with His-Racl protein
(6 pmol) (Cytoskeleton, Denver, CO) in 300 ul iatgron buffer (50 mM NabkPQO,, 300 mM
NaCl, 20 mM imidazole, 0.05% Tween 20, pH 7.5) (Qfe et al. 2009). After a 30 min
incubation at £C, His-Racl-bound beads were washed 3 times, amdelar, non-tagged
OGGL1 alone or OGG1 (6 pmol) plus 8-0xoG (6 pmolswaded to the interaction buffer.
Samples were incubated for 30 min atGlthen washed twice with interaction buffer, and
proteins eluted with Laemmli buffer at 10C for 5 min. The eluants were analyzed on

Western immunoblots as described below.

3.7 Western blot analysis

Extracts from lung or cell lysates were clarifieg dentrifugation, and the supernatants were
collected. Protein (25 pg Ras, 10 pug Rac per laagjples were mixed with sample loading
buffer, heated for 5 min at 95 °C, and separated5t#0% SDS-PAGE. Proteins were

transferred to Hybond-ECL nitrocellulose (GE Heedtte Biosciences, Pittsburgh, PA)
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membrane by electroblotting. The membranes wera tilecked with 3% BSA in TBS
containing 0.1% Tween (TBS-T) for 3 h and incubatedrnight at 4 °C with the primary
antibody diluted in 3% BSA in TBS-T. The blots weteen washed 4x with TBS-T and
incubated for 1 h with HRP-conjugated secondaryirA8% non-fat dry milk in TBS-T. After
washing, immunoreactive bands on membranes wewnalized by chemiluminescence using
an ECL substrate (GE Healthcare Biosciences, Bitf$h PA).

3.8 Preparation of 8-oxoG solution

8-Ox0G is provided as a hydroacetate salt, anddiss®lved in 12 mM NaOH (4 mM final
concentration). An 8-oxoG stock solution was pregarfreshly, diluted in PBS (w/o
cd'/Mg?*, pH: 7.4), and used within 1 h for experiments! Alcleotide bases and
nucleosides (2’-deoxyguanosine, guanine, adeninaanasine, 7,8-dihydro-8-oxo-2'-
deoxyguanosine, 8-hydroxyadenine and 2,6-diamihgdtoxy-5-formamidopyrimidine)

were solubilized in the same manner.

3.9 Fluorescence spectroscopy

The binding of 8-0xoG to OGG1 was assessed by mami the decrease in intrinsic
tryptophan fluorescence (Hegde, Theriot et al. 2088efly, 0.5 uM OGG1 (100 pl) was
incubated with increasing concentrations of 8-oXu&Se (or 8-oxodG and FapyG as controls;
0, 10, 50, 100, 200, 400, 800, 1200, 1600, or 20@Y for 10 min at 24 °C in 25 mM Tris-
HCI (pH 7.6) containing 1 mM DTT. The tryptophandtescence atem = 290-400 NnmXNgx =
280 nm) was analyzed in a SPEX FluoroMax spectooflmeter (Horiba Jobin Yvon Inc.,
Edison, NJ). The binding constak§ was calculated by plottingF (change in fluorescence
emission maximum, 336 nmjersusligand concentration according to the equatldn =
AFnax [ligand]/Kq = [ligand] (Hegde, Theriot et al. 2008).

3.10 Guanine nucleotide exchange assay

Nucleotide-free H-Ras (6 pmol) was loaded with gnimolar amount of GDP or GTP in a
buffer containing 20 mM Tris (pH 7.5), 150 mM NaGluM MgCh, 1mM dithiothreitol, and
50 pg of bovine serum albumin at 24 °C (Field, Breteal. 1987; Lai, Boguski et al. 1993).
Guanine nucleotide exchange assays were initiageithdo addition of OGG1+8-0x0G in the
presence of a 10-fold excess of GBPor GDP. The molecular ratio of Ras and OGG1+8-
oxoG was 1:1 or 10:1. After 0, 0.5, 1, 2, 4, 8, @632 min, nucleotide exchange reactions

were terminated by adding 60 mM MgCRas-GTP levels were determined using Active Ras
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pull-down assays. Changes in Ras levels were agallgy Western blotting. The GDP-GTP
and GTP-GDP exchange on Racl were determined Iyimeafluorescence spectroscopic
analysis (Qin, Xie et al. 2009). Racl (6 pmol) waeded with the nucleotide anal(g-(or-
3)-0-(N-methylanthraniloyl)guanosine -Giphosphate (Mant)-GTP "*"GTP) or GDP
M"GDP) in exchange buffer containing 20 mM Tris (pt5)7 150 mM NaCl, 1 mM
dithiothreitol, 50 pg of bovine serum albumin f&@ &in. In the case of GDP-GTP exchange,
Rac-1Y*"GDP and OGG1 protein (6 pmol) + 8-0xoG base (6 prma@re mixed with
untagged GTP. A similar strategy was used to moi@bP-GDP exchange. Kinetic changes
in the fluorescence of Ra¢f™"GDP or RacT®"GTP were determined using a POLARSstar
Omega reader (BMG: Bio Medical Gurrat; LABTECH). r€es were fitted using MS Excel.
The half-life of Rac1**"GDP was determined using POLARstar Omega software.

3.11 Gene expression and molecular network analysis

MRC-5 cells were treated with 10 uM 8-o0xoG or msokution and harvested at various time
points. RNA was isolated, and after synthesis afbdl®-stranded cDNA and biotin-labeled
CcRNA, the cRNA was hybridized to Affymetrix Gene@® Human Genome Focus Arrays.
The initial data were produced by Affymetrix Microay Suite software and further processed
for network, pathway, and functional analyses ushegIngenuity Pathways Analysis (IPA)
software (Ingenuity Systems) in accordance with I§#idelines. A 3.25x10 normalized
gene expression level (corresponding to ~200 wfituorescent intensity level in the raw
data file) was established as the background thlésfBenes with altered expressieni(5-
fold) were overlaid onto a global molecular netwddveloped from information contained in
the IPA Knowledge Base; networks of these geneg wam algorithmically generated based
on their connectivity. These data were depositeBN Gene expression Omnibus#
GSE26813). Canonical pathway analysis identified eanked the signaling pathways from

the IPA library that were most significant to thegabket, based on IPA statistical analysis.

3.12 Flow cytometry

Cells were harvested by pipetting, washed twicé \wdline and resuspended in the staining
buffer /PBS supplemented with 0.5% BSA and 0.05#is0 azide (Sigma-Aldrich)/. 3 x 10
cells were labeled with fluorescent monoclonal lmody conjugates. Control samples were
labeled with isotype-matched antibodies labeledhilite same fluorochrome (all from BD
Pharmingen). Expression level of cell surface markeas measured after direct or indirect

immunofluorescence labeling using FACSCalibur floytometer (BD Biosciences, Franklin
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Lakes, NJ, USA). Ten-thousand cells were countetlaaralyzed by the CellQuest program.
Subcellular particles were gated out on the baki®rmvard and side scatter, the list-mode

data were analysed by the WinMDI software.

3.13 Latex bead uptake

Unstimulated and activated cells (5%40l) were incubated with 5x20nl carboxylate
modified latex beads of 1 um diameter (Sigma-Aldyior 48 h at 37 °C, washed three times
with staining buffer and analyzed by flow cytometGontrol cells were incubated at 4 °C

under the same conditions.

3.14 Lucifer Yellow uptake
Unstimulated and control cells (11f1) were incubated with 250 pg/ml Lucifer Yellow
(Sigma-Aldrich) at 37 °C for 1 h, washed three 8meth the staining buffer and analyzed by

flow cytometry. Control cells were incubated aCitthder the same conditions.

3.15 FITC-dextran uptake

FITC-dextran uptake was measured as describedgusyi (Sallusto, Cella et al. 1995).
Briefly, 1 mg/ml FITC-dextran (Sigma-Aldrich) wasded to 1x1®unstimulated or activated
cells and incubated for 1 h. Cells were washedethiimes with the staining buffer and

analyzed by flow cytometry. Control cells were ibated at 4 °C under the same conditions.

3.16 Chemotaxis assay

Cell migration was assessed in a multiwell micrasbtaxis chamber (Neuroprobe,
Gaithersburg, MD, USA). 1x£&ells were resuspended in 1 ml RPMI 1640 mediuign(s-
Aldrich) supplemented with 0.5% BSA (Sigma-Aldrict8.5 x 16 cells in 350 pl RPMI
medium were placed into the upper well chamberschwivere separated by a filter of 5 um
pore size from the lower wells containing 430 pdmen containing various concentrations of
the recombinant chemokine MIB-3Peprotech) or medium alone. Cells were allowed to
migrate for 3 h, 4 h and 5 h at 37 °C in a,@@ubator. Non-migrating cells were removed by
washing the filter with PBS containing 2 mM EDTAel3, which migrated to the lower wells
were centrifuged and resuspended in 50 pl mediune dmount of migratory cells was
assessed by MTT assay.
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3.17 Down-regulation of gene expression

Cells were transfected with control siRNA (siGENOMibntargeting siRNA) or target-
specific siRNA: Harvey (H)-Ras), Kirsten (K)-Raseumoblastoma Ras viral oncogene
homolog (N)-Ras, OGG1, Racl and NOX4 siRNAs (siGENEOSMARTpool, Dharmacon,
Thermo Scientific) using INTERFERI transfection reagent (Polyplus Transfection Inc.)
per the manufacturer's instructions. Briefly, siRNA20 nM final concentrations, as
determined in preliminary studies) were mixed WMTERFERIn " transfection reagent and
added to cells. After 3 h incubation in serum-freedium, growth medium was added for 72
h. p22phox siRNA and a second control were purchf&sen Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). OGG1 was depleted via a simuttasesiRNA transfection and plating
method (Boldogh, Hajas et al. 2012). Depletion lné target genes’ mRNA levels was
determined by gRT-PCR and Western blot analysis.

3.18 Quantitative real-time PCR

gRT-PCR was done by the SYBRGreen method using Bin7A00 System equipment and
software (Applied Biosystems, Foster City, CA) pae manufacturer's recommended
protocol. The thermal profile was: 50 °C for 2 m@g, °C for 10 min, and 45 cycles of 95 °C
for 15 sec, followed by 60 °C for 1 min. A dissdma stage was added at the end of the run
to verify the primers’ specificity (95 °C for 15ce60 °C for 20 sec and 90 °C for 15 sec).
Expression levels (fold change) were determinethkydelta-delta Ct methodACt) (Livak
and Schmittgen 2001; Aguilera-Aguirre, Bacsi et 2009). Primers: p22phox: F:. 5'-
AACGAGCAGGCGCTGGCGTCCG-3' R: 5-GCTTGGGCTCGATG GGCGCACT-3;
Racl: F: 5-CTGATGCAGGCCATCAAGT-3"' R: 5-CAGGAAATGETTGGTTG TG-3
GAPDH: F: 5-GAAGGTGAAGGTCGGAGT-3’; R5'-GAAGATGGTGATGGGATTTC-3’

3.19 Oligonucleotide excision assay

OGG1’ base excision repair activity in nuclear tgsawas determined by using“®-labeled
31-mer oligonucleotide (5'-GAA GAG AGA AAG AGA *GAASGA AAG AGA GAA G-35
Midland Certified Reagent Co., Midland, TX) substraontaining one 8-oxoG as previously
described (Bhakat, Mokkapati et al. 2006). Thewdegoroduct was separated from the intact
substrate in a 20% polyacrylamide gel containingl 8irea in Trisborate-EDTA buffer, pH
8.4. Radioactivity in the separated DNA bands wasialized by using a Storm 860
Phosphorimager (Molecular Dynamics) and quantifigddensitometry using ImageQuant

software.

37



3.20 Assessment of cellular ROS levels

Changes in intracellular ROS levels were determiogdising the fluorogenic probe 2'-7'-
dihydro-dichlorofluorescein diacetate APICF-DA; Molecular Probes, Eugene, OR) (Das,
Hazra et al. 2005; Bacsi, Chodaczek et al. 200eflB, cells were grown to 70% confluence
and loaded with 5@M H,DCF-DA at 37 °C for 30 minutes. Cells were then ke twice
with PBS and exposed to nucleic acid bases, nudessor solvent. Changes in DCF
fluorescence were recorded in an FLx800 (Bio-Tektriiments Inc., Winooski, VT)
microplate reader at 485 nm excitation and 528 mmisson. Alternatively, in parallel
experiments, changes in cellular ROS levels werergened by flow cytometry (BD
FACSCanto flow cytometer; BD Biosciences, Franklakes, NJ).

3.21 Microscopic imaging

Cells were transfected with pHyPer-Cyto, pHyPer-wMior pHyPer-Nuc and 72 h later
challenged with 8-oxoG (10M) or H,O, (10 uM). At times indicated, cells were washed in
PBS, fixed with formalin (3.7%), dried, and mounted microscope slides. Images were
taken by a NIKON Eclipse Ti System (magnificatiat25).

To visualize colocalization, cells were cultured raicroscope coverslips then mock-
treated or pulsed for 30 min with 101 8-0xoG base and fixed in 4% paraformaldehyde at
4 °C and then permeabilized with Triton X100 for @i at 37 °C. The cells were then
incubated for overnight at 4 °C with primary antiyoto OGG1 (1:200), Racl (1:400),
NADPH oxidase subunit 4 antibody (1:300). After wiag with PBS-Tween 20 (PBS-T)
cells were incubated for 1 h at room temperaturh Viexa 488-, Alexa-594 and/or Texas
Red-conjugated secondary antibodies. Nuclei ofsoetre stained for 15 min with DAPI
(4'6-diamidino-2-phenylindole dihydrochloride; 1@/ml). Cells were then mounted in anti-
fade medium (Dako Inc. Carpinteria, CA) on a micape slide. Microscopy was performed
on a NIKON Eclipse Ti System (magnification: x12%)olocalization was visualized by
superimposition of green and red images using NiKé® Elements Version 3.5 (NIKON
Instruments, Tokyo, Japan).

Colocalizations (overlap coefficient) of proteinen& calculated according to Manders
(Manders, Verbeek et al. 1993). RES1 x S2 A 3(S1Y x £(S2))? whereSl represents the
signal intensity of pixels in channel 1 a82 represents signal intensity of pixels in chariel
This coefficient is not sensitive to the limitatgwof typical fluorescence imaging, such as

efficiency of hybridization, sample photo bleachingnd camera quantum efficiency
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(Zinchuk, Zinchuk et al. 2007). The overlap coeéfits k and k split the value of

colocalization into a pair of separate parameterss £S1 x S2 /£(S1f; k, = 2S1 x S2 /

¥(S2¥, whereSl represents the signal intensity of pixels in cferi andS2 represents signal
intensity of pixels in channel 2 (Manders, Verbeekl. 1993).

3.22 Statistical analysis

Data are expressed as the mean = S.D. Resultsawelgzed for significant differences using
ANOVA procedures and Student’s t-tests (Sigma RItbO). Differences were considered
significant at p<0.05 (*p<0.05, **p<0.01, ***p<0.0Q ****p< or =0.0001).

39



4. Results and Discussion

4.1 Signaling pathways induced at the transcriptomidevel by 8-oxoG

The free 8-0x0G base is generated exclusively duhe repair of 8-0xoG in DNA, initiated

by OGG1 (Mitra, Hazra et al. 1997). To mimic a si@mt increase in its intracellular level,
we added 8-oxoG base to OGG1-proficient cells (MB3@Gnd analyzed the impact on the
transcriptome using Affymetrix GeneChip. Ingenuftgthways Analysis (IPA) of microarray
gene expression data showed that 8 of the top thvpgs that responded to 8-oxoG involved
the small G protein Ras (Fig. 8.). These data wagposited to National Center for
Biotechnology Information (NCBI), GEO accession ran GSE26813.

-log(p-value)
0.00 0.25 0.50 0.751.00 1.251.50 1.75 2.002.25 2.50 2.75
1 1 I 1 | ! | | 1 1

I I

i

Coagulation system
*Hepatic Stellate cell activation
*PDGF signaling

*Cell cycle: G1/S checkpoint
regulation
*GM-CSF signaling

IL-10 signaling
*EGF-10 signaling
*PI3K/AKT signaling
*PTEN signaling

* Acute-phase response signaling

I ] | I | I | | | ]
0.000 0.025 0.050 0.075 0.100 0.1250.150 0.1750.200 0.225
Ratio

Figure 8. Signaling pathways induced at the traiomal level in human diploid fibroblasts
after 8-oxoG exposure

MRC-5 cells were exposed to 8-0xoG base () or mock-treated and harvested at various timén{so
thereafter. Data for the 6-h time point are shoBars correspond to -log(p-value). *Ras-regulatedhpeays.

-m-, Ratio. The significance of the association betwthe dataset and a canonical IPA pathway wasrchited

as a ratio of the number of genes from the dattisdgtmap to the pathway divided by the total nundfegenes
that map to the canonical pathway. Fisher's exasdt twas used to calculate a p-value determining the
probability that the association between the genebe dataset and the canonical pathway is notampd by

chance alone. A cutoff p-value o&f®.05 was used to determine significantly alteretivorks.
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4.2 Ras activation in cell culture and lungs
To confirm Ras activation, we showed that the aoldibf 8-oxoG increased GTP-bound Ras
levels in a time- (Fig. 9A) and dose-dependent.(Bi§) manner. The time course of Ras
activation was in line with rapid cellular uptake&oxoG base (Fig. 9C). For example, at 1
min after the addition, ~70% of 8-oxoG was takenbypthe cells, as shown by LC/IDMS
analysis (Fig. 9C).
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Figure 9. 8-o0xoG activates Ras GTPases
Ras activation in time-A) and dose-depender) manner in MRC-5 cellsC 8-oxoG uptake by MRC-5 cells.
(D) Only 8-0x0G but not other bases induces Ras a&ativ. Parallel cell cultures were exposed taM (A, D)
or increasing concentration of 8-oxoG (B). Cellragts were made at the times points indicated (A)5min
after treatment (B, D).H) Increase in Ras-GTP levels in murine lungs. BALBIfice were challenged
intranasally with 60ul of 1 uM 8-0x0G, and the lungs were excised after 15 rRias-GTP levels were
determined by GST pull-down assays.

The lowest dose of 8-0x0G base that increased R&stG a detectable level was 100
nM in MRC-5 cells (Fig. 9B). There was no concetbradependent increase in Ras-GTP
levels above 10 pM of 8-oxoG (e.g., 30 uM, Fig. 9Bue to its low solubility at
physiological pH (Qi, Spong et al. 2009). Free ®Gxwas unique in increasing Ras-GTP
levels as neither 8-oxodG nor other oxidized b&sapyG, 8-0x0A) nor the original guanine
base displayed this activity (Fig. 9D). To test thevivo relevance of these findings we

challenged mice intranasally with 8-oxoG and inigeged the activated Ras levels in the
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lungs excised after 15 min. We found that exposidrmice to 8-oxoG markedly increased
Ras-GTP levels in the lungs (Fig. 9E).

4.3 Ras is not activated when OGG1 silenced

As 8-0x0G is recognized and excised by OGG1 inggmeome, we hypothesized that 8-oxoG
bound to OGG1 mediates Ras activation. To provehgpothesis we down-regulated OGG1
in MRC-5 (Fig. 10A) and HeLaS (Fig. 10B) cells ameasured the Ras-GTPase levels after
8-o0x0G treatment (Fig. 10C, D). OGG1-depleted MRC~g. 10A, C) or HeLaS cells (Fig.
10B, D) showed reduced OGG1 RNA levels (20% congaoecontrol cells) and adding
8-0x0G did not cause an increase in Ras-GTP levels.
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Figure 10. OGG1 down-regulation prevents Ras atitwain 8-oxoG exposed cells
Silencing RNA-mediated OGG1 depletion at the RN#&ldein MRC-5 A) and HelaS B) cells. Cells were
transfected with silencing (si)RNA to OGG1 or coh#iRNA using two cycles of transfection and suilucng.
RNA levels were determined by qRT-PCR. Ras adivat OGG1 depleted MRC-&) and HeLaS D). Ras-
GTP levels were determined from control siRNA- @@iG1-specific siRNA-transfected cells by GST poiiadl

assays.

In the experiments described above we have obsénatedxternally added 8-oxoG is
able to increase GTP-bound Ras levels both in @dtaells and in the lungs of experimental

animals. Our further question was if Ras can bwatetd by 8-oxoG excised from DNA?
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4.4 Ras activation by excised 8-0xoG: the KG-1 molde

To investigate the effects of intracellularly geated 8-0xoG on Ras activation we used KG-1
cell line. The KG-1 is a human acute myelogenoug&denia cell line that represents an early
stage of hematopoietic differentiation. KG-1 camrgpneously differentiate to granulocyte
and macrophage like cells and they show a goodnsgpto colony stimulating factor (CSF)
(Koeffler and Golde 1978). KG-1 cells have sevégatures that make them a good model to
study various cell functions. Hulette and his cadeos induced DC morphology and
phenotype by using a defined cytokine cocktail. Tdedls grew hair-like cytoplasmic
projections and expressed MHCII, CD80, CD86 and Ebhtlecules. Functionally, KG-1-
derived DCs were able to induce allogenic T-ceBpmnse and phagocyte latex beads.
Furthermore, KG-1 cells also respond to inflammatoytokines like IL-18 and TNIe-
(Nakamura, Otani et al. 2000).

We previously described some important functioealdires of KG-1 cells compared
to immature dendritic cells (DCs) of monocytic anigWWe found that the efficiency of Lucifer
Yellow uptake by pinocytosis is similar in monocgerived DCs and in KG-1 cells (Fig.
11A). Phagocytosis of latex beads, however, was kfficient by KG-1 cells than by
immature DCs (Fig. 11B). Both immature DCs and K@ells internalized FITC-dextran and
expressed the mannose receptor (MR) as shown in JAID and C, respectively. The
difference in the efficacy of receptor-mediateckintlization correlated with MR expression
(CD206), which was higher in monocyte-derived immatDCs than in KG-1 cells (Fig.
11C).
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Figure 11. The internalizing capacity of immaturemacyte-derived DCs and KG-1 cells
The uptake of Lucifer Yellovd), latex beadsR) and FITC-dextran@) was measured as described in Materials
and Methods. Bold lines represent cells incubate8i7ePC, hairpin lines correspond to control cetisubated at
4 °C. PanelC shows cell surface expression of mannose recgptdmmature monocyte-derived DC and KG-1
cells. Bold line represents mannose receptor eswasas compared to isotype-matched control antibod

(hairpin line).
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We also investigated the migratory capacity of noyte-derived DCs and KG-1 cells.
The expression of the CCR7 chemokine receptor aninmd@Cs, naive and central memory
T-cells is essential for their migration to the @lt@reas of draining lymph nodes (Scandella,
Men et al. 2002). We found that immature monocyewed DCs express the CCR7 receptor
at low levels (Fig. 12A), but significant up-regtibm was detected in a small population of
mature monocyte-derived DCs followed by their aaiimn with inflammatory cytokines (Fig.
12A). Our results show that unstimulated as welhas/ated KG-1 cells express high levels
of the chemokine receptor CCR7 (Fig. 12B).

CCR7 MDR
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Figure 12. Cell surface expression of CCR7 cheneimd MDR transporter on
monocyte-derived DC#\(C) and KG-1 cells§, D)
Monocyte-derived DCs were activated by an inflanamyatocktail for 24 h, KG-1 cells were activated PyIA

and ionomycin for 4 days. Dotted line: isotype rhattcontrol.

Next, we compared the migratory capacity of monedgrived mature DCs and
KG-1 cells towards a chemokine gradient. In comttasmonocyte-derived DCs (Fig. 13A)
KG-1 cells were not able to migrate to the dirattid chemokine attraction (Fig. 13B). These
results show that high cell surface expression@RT is not sufficient for inducing migration

of KG-1 cells and its lower expression on DCs akows mobilization.
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It has been proposed that the ABC transportersy@sgtotein/MDR-1 and Mrp-1 are
involved in the mobilization of DC cells from tisssito draining lymph nodes (Robbiani,
Finch et al. 2000). We could not detect MDR-1 ia Hurface of monocyte-derived DC (Fig.
12C) but KG-1 cells expressed high level of thasporter (Fig. 12D). These results suggest
that the defect in chemokine driven migration of -KCcells is conferred by factors

independent of the expression of CCR7 or MDR-1.
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Figure 13. Chemokine-mediated migration of monodgtiéved DCs and KG-1 cells
The migration of cells was measured in the presafce0 and 200 ng/ml MIP-3 (CCL19) in a 4-h in witr
chemotactic assay. Empty columns correspond to tommanonocyte-derived DC#&) and unstimulated KG-1
cells B), respectively. Dark columns show activated moteedgrived DCsA) and activated KG-1 cellsBj.
Monocyte-derived DCs were activated by an inflanamyatocktail for 24 h, KG-1 cells were activated PyIA

and ionomycin for 4 days.

Our observations altogether suggest that KG-1 cedemble professional myeloid
antigen presenting cells but also possess spdwagbypic and functional characteristics.

The unique feature that makes KG-1 cell line aaflé& model for study the 8-oxoG-
mediated Ras activation is the expression of anthlbile OGG1 mutant (OGG1?9. At
physiological temperature (37 °C), these cells amdate 8-0xoG in their genome due to the
lack of OGGT?*%s enzymatic activity (Hill and Evans 2007). Shifji KG-1 cell cultures
from 37 °C to a lower temperature (e.g., 25 °Cjores the 8-oxoG excision activity of
OGGT?#? Since KG-1 cells cultured at 37 °C have supraiplygical 8-0xoG levels in their
genome they mimic normal cells in tissues exposedoxidative stress generated by
endogenous and exogenous mechanisms. Intriguitigdyiability of KG-1 cells is similar to
that of cells expressing wild-type OGGL1. Importgnthe KG-1 cell model allowed us to
examine the consequences of 8-0xoG repair withkxuagng cells to ROS.
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To confirm that the catalytic activity of OGG1 in&K1 cells is defective under our
culture conditions, nuclear extracts were prepaned 8-oxoG excision assays were carried
out. Figure 14 shows that there was no detectaldeo& excision activity at 37 °C. The
activity of OGGT?#°? was re-established at 25 °C, in line with dataliphked previously
(Hyun, Choi et al. 2000; Hill and Evans 2007). ontrol experiments, nuclear extracts of
U937 cells expressing wild-type OGG1 showed nemliyntical 8-oxoG excision activity at
both 25 °C and 37 °C (Fig. 14).

To determine if the release of 8-oxoG from the ge@ds associated with an increased
level of Ras-GTP, cultures of KG-1 cells were tfangd from 37 °C to 25 °C for 45 min or
90 min, cell extracts were prepared, and GTP-bdRasl levels were determined using active
Ras pull-down assays. Control cells were kept &d@GTFig. 15). The results summarized in
Figure 15 show that at 25 °C, GTP-bound Ras lewels elevated at 45 min and further
increased at 90 min. In contrast, U937 cells (esging wild-type OGG1) showed no change
in active Ras levels at 25 °C. Incubation of KGrl &J937 cells at 25 °C resulted in no
alteration in total Ras levels (Fig. 15). Thesedatpport the idea that OGG1-initiated BER is

associated with activation of Ras GTPase as weogggppreviously.
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Figure 14. OGGL1 activity in KG-1 and U937 cells24t°C vs. 37 °C
Nuclear extracts were prepared from KG-1 and U98llscand DNA repair assays were carried out at G7 °
and 25 °C as we previously described. Upper paBehd intensities were quantified by densitometryising
ImageQuant software and graphically illustrated wer panel). S: substrate; P: product; (+): 25 fmol
recombinant OGG1; (-)**P-labeled substrate only.
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Figure 15. Levels of activated Ras in KG-1 and UB8&Ifs at 25 °C vs. 37 °C

Cultures of KG-1 and U937 cells were incubated @C3or transferred to 28C, and Ras-GTP levels were
assessed at 45 min and 90 min. Upper panels: R&18/ls in KG-1 and U937cells. Lower panels: T&Rak
levels in KG-1 and U937 cells.

It has been reported that GEFs’ and GAPs’ actwitieere affected by temperature
change (Chan, Stang et al. 1999), so they couldein€e the relative levels of Ras-GTP and
Ras-GDP in KG-1 cells. For example, Ras GAP coednibited at 25 °C, resulting in the
accumulation of Ras-GTP. To exclude this possihil@GG1 expression in KG-1 cells was
downregulated using siRNA, and the cells then iated at 25 °C for 90 min (Fig. 16).
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Figure 16. Lack of Ras activation in OGG1-deplete&st-1 cells
(A) OGG1-depleted and control (control siRNA-trangdel} cells were transferred to 25 °C for 90 min &tes-
GTP levels were determined in cell extrac&) Changes in OGG1 RNA levels after transfectiocedls with
control and OGG1-specific siRNA. ***p < 0.001.

OGG1-depleted cells showed no increase in Ras-@V&ld (Fig. 16A). In contrast,
Ras-GTP levels were increased in cells transfestddcontrol siRNA (Fig. 16A). The extent
of OGG1 downregulation is shown in Figure 16B. Enhessults confirmed that in KG-1 cells,
activation of OGGT??*? and generation of 8-0xoG base is the primary cafisacreased
Ras-GTP levels, rather than an inhibitory effedioaf temperature on Ras GAP.
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4.5 OGG1 binds free 8-oxoG at an independent sitend not in the DNA lesion-
recognition site

Next, we investigated the interaction between OG@&d free 8-0xoG. In many cases, the
binding of the ligand to the protein changes itiimsic tryptophan (Trp) (or tyrosine)
fluorescence. If the ligand is close enough tottietophan(s) or if a conformational change
is associated with ligand binding and this bringguanching group into the vicinity of the
fluorophore, then the intensity decreases and theakue of protein-ligand binding can be
determined (Royer and Scarlata 2008). Based ore thesvious observations the binding of
free 8-0x0G base to OGG1 was analyzed by changéseinntrinsic Trp fluorescence of
OGG1 (Hegde, Theriot et al. 2008). A concentratiependent decrease in Trp fluorescence
(Fig. 17A) indicated the OGG1 conformational chaage result of the interaction.
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Figure 17. Fluorescent spectroscopic analysis ok8G binding to OGG1

(A) Changes in the intrinsic Trp fluorescence of OG@Bter addition of increasing concentrations of &
base were assessed by fluorescence spectrometigdiehates fluorescenceB) Ky was calculated from binding

isotherm.

The binding constant (X 0.56 + 0.19 nM calculated from the binding isaths (Fig.
17B) indicates its high affinity for 8-oxoG, whietas unexpected. In controls, OGG1 did not
bind either 8-oxodG or free FapyG base (data notval, the latter one with abundance
similar to that of 8-oxoG in oxidatively damaged Rldnd an equally good OGG1 substrate
(Hu, de Souza-Pinto et al. 2005). Additionally, 8v®x0G base did not affect the intrinsic
fluorescence of Ras protein (data not shown). Tthes 8-o0xoG base is unique in its strong
affinity for OGG1, which functions not only in repag oxidized purines, but together with
8-0x0G, has an independent function in cellulanaiigg.

We observed that 8-oxoG base stimulated OGG1'svictin a concentration-
dependent fashion, which indicates that the 8-oka&e serves as a cofactor to OGG1 (Fig.
18). This observation also implies that the 8-oxu#Se binds tightly at an independent site of
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OGG1 and not in the DNA lesion-recognition site evhiwas previously suggested by

Fromme and coworkers (Fromme, Bruner et al. 2003).
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Figure 18. OGGL1 binds 8-0x0G base at an indepensiémind not in the DNA lesion recognition site
OGG1 was incubated with 0, 0.1, 0.5, 1.0, 5, andal® molar excess of 8-0x0G, and OGG1's repailivaigt
was assayed using*aP-labeled 31-mer oligonucleotide (5'-GAA GAG AGAAAGA *GAA GGA AAG AGA
GAA G-3'; substrate containing one 8-oxoG (at theThe excision reactions were carried out as déscr in
the Materials and methods section. The cleaved yrbdvas separated from the intact substrate in a
polyacrylamide gel. Radioactivity in the separatetlA bands was visualized with a Phosphorimager and
quantified by densitometry by using ImageQuantwsof. Upper panel: a representative image showing

cleavage of*’P-labeled 31-mer oligonucleotide. Lower panel: draal depiction of radioactivity in the

product.
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4.6 OGG1/8-0x0G complex functions as a GEF on Ras

Activation of GTPases involves displacement of GBPGTP, a process mediated by GEFs
(Bourne, Sanders et al. 1990). GEFs acceleratexttigange of GDP for GTP in Ras-GTPase,
and active GTP-bound Ras releases GEF (Boriacki§jdthrgarit et al. 1998; Meller, Irani-
Tehrani et al. 2002). Next, we explored a possiteraction between OGG1 and Ras (Lali,
Boguski et al. 1993; Mosteller, Han et al. 1994atway and Barritt 1995) and observed that
in the presence of 8-0xoG, OGGL1 was able to birtd-Ras (Fig. 19Alane 2.
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Figure 19. Physical interactions of OGG1 with Rastpin
(A) Interaction of OGG1 with Ras protein requires 86 base. H-Ras (2.7 pmol) was bound to nickel-aggr
beads and OGG1148-0x0oG was added. After washingettires, the amount of OGG1 bound was analyzed by
immunoblotting. B) Guanine nucleotides decrease the OGG1 interactiith Ras. His-H-Ras (2.7 pmol) bound
to agarose beads was incubated with untagged O@G1 {.35, 0.67, and 0 pmol) and equimolar 8-0x0G30
min, and a 10-fold molar excess of GTP or GDP v tadded for 30 min at 24 °C. Levels of elutedgins
were determined by Western blotting.

However, OGGL1 alone did not interact with H-Ras amidlentical conditions (Fig.
19A, lane 1), suggesting that an 8-oxoG-induced conformati@hainge in OGGL1 allows its
binding to Ras. Furthermore, GTP was more effedtimam GDP in inhibiting the interaction
between Ras and OGG1/8-oxoG (Fig. 19B). These d#tangly suggest that the
conformation of nucleotide-free Ras allows the nsiable interaction with OGG1/8-0x0G,
which is weakened in the presence of guanine ntide Similar interactions of K-Ras and
N-Ras with OGG1/8-0xoG were also observed, and igeanucleotides, especially GTP,
decreased these interactions (data not shown).oDservations are consistent with those
showing high affinity binding between nucleotidedrRas and GEFe(g.CDC25), which is
decreased to an undetectable level by guanine otidds, especially GTP, due to nucleotide-
induced conformational changes in the Ras prot&ymigkis, App et al. 1992; Lai, Boguski et
al. 1993). In controls, other oxidized base-spedNA glycosylases (NEIL1 and NEIL2) did

not interact with H-Ras (data not shown).
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Increases in the Ras-GTP level upon exposure t weB-oxoG (Fig. 9) and physical
interaction between Ras and OGG1 (Fig. 19A and &)lcc cause guanine nucleotide
exchange. Indeed, in the presence of 8-oxoG, OGHB%ed replacement of GDP-bound to
Ras with GTP (Fig. 20A) at equimolar or higher mnolatios of H-Ras:OGGl. We
subsequently showed that OGG1 also catalyzed tRasdbound GTP replacement with GDP

(Fig. 20B).
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Figure 20. OGG1/8-0x0G complex can exchange bothtieand GDP and GTP for free GTP/GDP
(A) H-Ras protein (6 pmol) was loaded with GDP (6 pmand nucleotide exchange was initiated by adding
OGG1 (6 pmol) plus 8-oxoG& | or 0.6 pmol of OGG1 plus 8-oxo@), OGG1 ) or 8-0xoG ) alone,
together with GTPS (60 pmol). B) GTP-GDP exchange by OGG1. H-Ras protein (6 pmal loaded with
GTP, and guanine nucleotide exchange was initiateddding 6 pmol of OGG1 plus 8-oxo) (or 0.6 pmol of
OGG1 plus 8-oxoGH),0GG10), or 8-0xoG Q) alone, together with 10-fold excess GDP. Ras-G&R
qguantified using pulldown immunoblot assays. Righnhels: bands in left panels were quantitated by

densitometry, and the time course of nucleotiddaxge is depicted graphically.
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OGG1 or 8-0xoG alone did not induce guanine nuideogxchange (Fig. 20. A and
B). Densitometric analysis of the bands in Fig. 28Ad B (left panels) shows striking
similarities between the kinetics of GDB GTP and GTRP—» GDP exchange on Ras (Fig.
20A and B, right panels), suggesting that OGG1l/8xindiscriminately releases the
nucleotidein vitro and allows rebinding; thus its activity is simitarthat of other Ras-GEFs
(Kyriakis, App et al. 1992; Lai, Boguski et al. 39In the intracellular environment, due to
the high GTP:GDP ratio /~10-fold higher GTP than5@Meller, Irani-Tehrani et al. 2002)/,
the released GDP is exchanged for GTP in the Rateipr OGG1/8-0x0G induced similar

guanine nucleotide exchange with N-Ras and K-Rais (dot shown).

4.7 Ras activation induced by 8-oxoG treatment leadto phosphorylation of MAPKs
Ras-GTP binds to the Ras-binding domain (RBD) ef®afl serine/threonine kinase (Block,
Janknecht et al. 1996), and its subsequent phogpkion is necessary, but not sufficient, for
mediating the mitogen-activated protein kinase (MARctivity of Rafl as phosphorylated
Rafl requires additional protein-protein and memérkpid interactions (Kyriakis, App et al.
1992). An increase in the cellular 8-oxoG leveMRC-5 cells induced rapid phosphorylation
of the MAPK kinase (MEK1/2) and extracellular signegulated kinase (ERK1/2) (Fig. 21A)
and the nuclear translocation of the latter (FigCR The MEK1/2 inhibitor PD98059
decreased phosphorylation and the nuclear tranglacaf ERK1/2 after treatment of cells
either with 8-oxoG base or PDGF (Fig. 21B and C).
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Figure 21. Activated Ras-mediated phosphorylatibMAPKs in 8-0xoG treated cells

(A) MRC-5 cells were exposed to 1 uM 8-oxoG and lgsdbe times indicated, and phosphorylated MEK 1/2
(p-MEK1/2) and -ERK1/2 (p-ERK1/2) levels were deieed (upper panels) by Western blotting. Total MIEK
and ERK1/2 levels served as loading controls (loweanels). B) 8-oxoG or PDGF induced ERK1/2
phosphorylation was prevented by PD98059 a MEKdkibitor. (C) 8-o0xoG induces ERK1/2 translocation into
the nucleus. The 8-0xoG base exposure, similaDiGPtreatment, induces nuclear accumulation of (KER.
ERKZ1/2 translocation was inhibited by PD98059. Grdadirect labeled ERK1/2 (Alexa 488). Blue: DARI6-
diamidino-2-phenylindole dihydrochloride)-stainedctei (scale bars: 10 um).

To confirm that ERK1/2 phosphorylation is indeedsRigpendent in 8-oxoG-exposed
cells, we depleted the canonical Ras family membersK- and N-Ras with siRNA (Fig.
22A, upper panel). The results showed a decreadeiphosphorylation of ERK1/2 after 8-
oxoG addition, primarily in N-Ras-ablated MRC-5Isd€Fig. 22A, middle panel, last lane).
To test which Ras isoform mediated MEK1,2/ERK1,»gphorylation in MRC-5 cells, first
we demonstrated that the majority of Ras consistedN-Ras (>60%) and K-Ras (36%)
proteins, while H-Ras was nearly undetectable (RBB middle panel). After 8-0xoG
exposure of MRC-5 cells, ~14% of total N-Ras and’% of K-Ras was in GTP-bound form
(Fig. 22B upper panel). These data are in line wiibse showing that sSiRNA to N-Ras
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significantly decreased ERK1/2 phosphorylation, lesla marginal effect of K-Ras-siRNA
was observed (Fig. 22A middle panel).
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Figure 22. Isotype-specific ERK1/2 phosphorylatimdl Ras activation in MRC-5 cells
(A) Upper panel, levels of total Ras after depletignsiRNA to H-, K-, and N-Ras, shown by Westerttilodp
SiRNA-transfected cells were treated with 1 pM 8&or 15 min, and phosphorylated ERK1/2 and ERK1/2
levels were assessed by Western blot analysis lgréaid lower panels)B) Isotype-specific activation of Ras in
8-oxoG-exposed MRC-5 cells. Upper panel: activatibRas isoforms after 8-oxoG addition (15 min)sfarP
levels were determined in 250 ug of cell extragtpbll-down assay. Middle panel: H-, K-, and N-Ragls in
mock- and 8-oxoG-treated cells. Lower panel: tdRas in cell extracts (25 pg/lane) is shown by pas-R

antibody.

These results so far suggest a complex signalimgonk activated by OGG1, and

triggered by the generation and repair of 8-oxo@egenome.

4.8 Treatment with 8-oxoG also increases cellular®S levels

Li and co-workers have recently showed that downegmpn of OGG1 decreases the house
dust mite (HDM) extract induced ROS in MLE-12 cell$iey also proposed that expression
of OGG1 affects the levels of oxidative stress miyrasthmatic conditions (Li, Yuan et al.
2012). Based on these previous observations wetedsed whether upon addition of free 8-
0xoG base to the cells it increases cellular RQ@8lsevia an OGG1 dependent mechanism.
We found that the treatment of MRC-5 or A549 cellith 8-0x0oG elevated the intracellular
ROS levels (Fig. 23A-D). Pretreating the cells viHacetyl-L-cysteine (NAC; 10 mM, for 3
h), a precursor of glutathione biosynthesis andawenger of oxygen radicals (Das, Bacsi et
al. 2006), prevented the 8-oxoG-mediated increasmtracellular ROS levels (Fig. 23B).
Furthermore, 8-0xoG induced significantly lowerdés/of ROS in OGG1-depleted cells (Fig.
23C). The 8-0x0G base is unique in increasing R&8I$, because the guanine base, FapyG,
8-OH-Ade, adenine, and guanine do not have thigigc(Fig. 23D).
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Figure 23. Changes in ROS levels in OGG1-expressifig after exposure to 8-oxoG base
(A) Kinetic changes in ROS levels in MRC-5 and Ad&l% after 8-oxoG treatment:, A549; m, MRC-5; 4,
mock-treated A549¢, mock-treated MRC-5B] 8-OxoG base exposure failed to increase ROS deneN-
acetyl-L-cysteine (NAC)-pretreated cell€) (Depletion of OGG1 prevented the 8-oxoG-mediatexease in
ROS levels. Cells were transfected with OGGL1 siRiNAexposed to 8-oxo@) Exposure of cells to FapyG, 8-
oxo-Ade, adenine, guanine, or 8-OH- adenine faitedhange intracellular ROS levels. In panels ACBand
D, cells at 80% confluence were kept in 0.1% secomtaining media for 4 h, CF-DA-loaded, and then

exposed for 30 min before DCF fluorescence wassaese

We previously showed that in a solution the 8-oxn@ecule slowly transforms into a
hydroperoxy form, which in turn serves a substréde peroxidases (i.e. glutathione
peroxidase) and catalase (Hajas, Bacsi et al. 28i@)can increase cellular ROS levels. The
kinetics of intracellular ROS increase induced tBshly dissolved 8-0xoG indicate that an
indirect mechanism is responsible for the obsermphdnomenon and the involvement of

regulator molecules.
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4.9 8-OxoG induces ROS via activating NADPH oxidase
We hypothesized that the increase in cellular R&&Il$ by 8-oxoG base is due to the

activation of cellular oxido-reductases, which nmaguire small GTPase(s). One particular
protein that has a direct role in ROS productioRas1 a multifunctional GTPase, e.g., that is
clearly involved in the modulation of cellular redstate via regulating NADPH oxidase(s)’
activities (Bedard and Krause 2007). To prove oqoolthesis we pretreated cells with DPI, a
widely used inhibitor of NADPH oxidases, prior espoe to 8-o0xoG (Fig. 24A). Pretreating
the cells with DPI (15 puM, the sufficient concetitta was determined in preliminary studies)
before 8-oxoG addition decreased cellular ROS bl 62+3 and 70£7% in MRC-5 and
A549 cells, respectively, compared to cells expased-oxoG alone (Fig. 24A). Then we
used siRNA-mediated depletion of p22phox, an egderggulatory subunit of NOX1-4
(Bedard and Krause 2007), Racl, and NOX4, expressdibth MRC-5 and A549 cells
(Bedard and Krause 2007; Lambeth, Kawahara etQfl7)2to get further evidence of the
association of NADPH oxidase activity with cellulROS increase after 8-oxoG treatment

(Fig. 24B, C).
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Figure 24. Inhibition of NOX4 or its regulatory sutits decrease cellular ROS levels in 8-oxoG-exposds
(A) DPI pretreatment of cells lowered ROS levels RGA5 and A549 cells after exposure to 8-0x0G. Gedlise
given DPI (15u«M) for 1 h and then loaded with,BCF-DA and exposed to 8-oxo-G. Changes in ROSdevel
were determined after 30 mirB,(C) Depletion of p22phox, NOX4 or Racl decreased R®&s. Parallel
cultures of cells (MRC-5, A549) were transfectethwiRNA to p22phox, NOX4 or Racl, and 48 h laédisc

were exposed to 8-0xoG base ().
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The siRNA mediated depletion of p22phox lowered R&&ls by 64+8% (MRC-5
cells) and 69+6% (A549 cells) in 8-oxoG-exposedisgelvhich further confirmed the
involvement of NOXs in ROS generation (Fig. 24BYOX4 specific SIRNA significantly
decreased (67+£9.5% for MRC-5; 76+4% for A549) R@&&Is (Fig. 24C). Depletion of Racl
decreased ROS levels by 72+3% in MRC-5 and 68+7%549 cells after 8-oxoG exposure
(Fig. 24B). These data show the significance oflRadhe 8-oxoG mediated ROS production
via NADPH oxidase so next we investigated the odl©GGL1 in the activation of this small
GTPase.

4.10 Racl activation in cultured cells
First we explored whether exposure of the cellshtd 8-o0xoG base changes cellular Racl-
GTP levels. MRC-5 and A549 cells were maintainetbim serum (1%)-containing medium

for 24 h and exposed to 8-0xoG base for increasing intervals.
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Figure 25. Changes in Rac1-GTP levels in MRC-5 ABd9 cells after 8-oxoG exposure

(A) 8-0x0G base (1aM) was added to cells and extracts were made atateld times points. Racl-GTP levels
were determined by GST pull-down assays. UpperlpaRacl-GTP levels were determined in 100 ug cell
extract. Lower panel: total Racl protein levelslid pg cell lysate.K) Graphical depiction of percentage of

Rac-1-GTP levels. Racl-GTP band intensities werergéned by densitometry (Image J 1.44), and the

percentage changes were calculated with MS Excel.

The results, summarized in Fig. 25A, showed a rapicease in Racl-GTP levels in
MRC-5 cells between 1 and 5 min of treatment, wipelaked at 5 min and then decreased
nearly to basal levels by 30 min. Similar resules@vobtained by using A549 cells (Fig. 25A
lower panel). Figure 25B shows the percentage @wmigRacl-GTP levels after 0, 1, 3, 5,
15, and 30 min of 8-0x0G exposure. At time 0, taecpntage of GTP-bound Racl was 0.78 +
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0.2 and 0.74 + 0.1% in MRC-5 and A459 cells, retpely, whereas after a 5-min exposure
to 8-o0x0G, the percentage of GTP-bound Racl leweleased to 6.5 + 2% (MRC-5) and
7.05 = 1.7% (A459) cells. These data indicate thatkinetics of Racl activation in these
cells was faster than that we observed in caseasf@&TPase. It also correlates with the rapid
cellular uptake of 8-oxoG we showed earlier (Fig 8€d the beginning of cellular ROS level
increase after 8-oxoG exposure (Fig 23A).

To further confirm that the 8-oxoG-induced inceeasRacl-GTP levels required

OGG1, we decreased its levels with siRNA.
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Figure 26. Depletion of OGG1 decreased 8-o0xoG exmesduced Racl-GTP levels

(A) MRC-5 and A549 cells were transfected with OG@deigic SIRNA or control siRNA and then expose8-to
0x0G (10uM) for 10 min. Racl-GTP levels were determined udirgown assays.B) siRNA-mediated decrease
in OGGL1 levels. GAPDH is shown for equal proteiadimg.

In OGG1-depleted cells (MRC-5, A549), there wassignificant increase in Racl-
GTP levels after 8-oxoG addition (Fig. 26A, upp&ddower panels) when compared to
Racl-GTP levels in the OGG1-expressing cells. Mient of OGG1 depletion was confirmed
by Western blot analysis (Fig. 26B). These reguligate that similarly to Ras protein, Racl

also requires the presence of OGGL1 in order tagigtated by free 8-oxoG.
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4.11 Racl activation in lung
Next, we examined whether 8-0xoG base increase$-8a® levels in a tissue environment.
The 8-0x0G base was instilled into the lungs ofeanand Racl-GTP levels were determined

as described in Materials and methods section.
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Figure 27. Activation Racl by 8-0xoG challengeuings

Mice were challenged intranasally with saline + AWM 8-o0xo0G. At 15 min thereafter Racl-GTP levels were
determined by GST pull-down assays in 28Qung extracts. Total Racl, Rac2 and Rac3 level®wmssessed

by immunoblotting (2g extract per lane).

Compared to saline-challenged lungs (Fig. 27, mios. 1 and 2) there was a robust
increase in Racl-GTP levels at 15 min post-chadlefidg. 27, mice Nos. 3, 4, 5, and 6),
consistent with our cell culture studies. As shoby immunoblot analysis, Racl is
abundantly expressed in lung tissues (Fig. 27] ®&&l), while Rac2 and Rac3 expression
was nearly undetectable. Although the significapicRacl activation in lungs by the 8-oxoG
base is yet to be defined, these results are enviith those observed in normal diploid lung
fibroblasts (MRC-5) and A549 cells (type Il alveolang epithelial cells). Racl has various
roles in lung tissues. One of them is taking parthie reorganization of actin cytoskeleton,
which leads to endothelial barrier recovery anthelation of interendothelial gaps (Vogel
and Malik 2012). Lung endothelial cells (EC) haWlecamponents of NOXs and are major
contributors of ROS related lung inflammation (Pgald, Usatyuk et al. 2009).
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4.12 Changes in ROS levels begin at perinuclear ménane

NOX type 4 (NOX4) have been reported to be locdlie cytoplasmic compartments and
nuclear membranes, and are involved in multipleutzel processes, including localized redox
modulation, and cellular signaling (Bedard and ke@007; Gordillo, Fang et al. 2010). To
determine the cellular localization of NOX4 thatngeate ROS in response to 8-0xoG
exposure, cells were transfected with the biosepblyrPers (Belousov, Fradkov et al. 2006;
Malinouski, Zhou et al. 2011), expressed in cyteplapHyPer-Cyto) or targeted to nucleus
(pHyPer-Nuc), and mitochondria (pHyPer-Mito). Imtedular sites of fluorescence were

recorded by microscopic imaging.

pHyper-Cyto pHyper-Mito pHyper-Nuc Time

12 min

pHyper-Cyto pHyper-Mito pHyper-Nuc

0 min

12 min

8-0x0G

20 min

60 min

Figure 28. Transient and localized changes in datliROS levels in response to 8-oxoG exposure
Cells were transfected with pHyPer-Cyto, pHyPeraMiiar pHyPer-Nuc and 72 h later challenged withX®G
(10 uM) or H,O, (10 uM). At times indicated, cells were washed in PB&dfwith formalin (3.7%), dried, and
mounted on microscope slides. Images were takem KON Eclipse Ti System (magnification: x123) (
H,0, exposure-induced changes in fluorescence in shuiteelcompartments of cells.Bf Localized ROS
generation by 8-0xoG exposure of cells. Scale Hsm.
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As shown in Figure 28A, ¥D,-induced pHyPer signal was localized to cytoplasm,
mitochondria, and nuclei of cells. When cells weargposed to 8-oxoG pHyPer-Nuc
fluorescence appeared first at the perinucleaoreffio to 12 min after exposure) and then a
nuclear fluorescence was observed (~20 min). pH)XRersignal decreased to the basal level
by 60 min. pHyPer-Cyto-mediated fluorescence wdgted around the nuclei of cells (10 to
12 min after post-exposure) and then spread toctheplasm (20 min; Fig. 28B). The
pHyPer-Mito fluorescence appeared at 20 min aftex@®@G addition. Interestingly, only few
mitochondria showed fluorescence, suggesting titPpr-Mit oxidation is a secondary
event and possibly due to ROS generated by NOXdreTtvere no increased fluorescence of
biosensors observed at 60 min post-exposure widko&. Together these data suggest that
NOX4 generating ROS is localized to the nuclear brame and 8-oxoG exposure-induced
ROS generation is transient.

Redox sensors (pHyPer-Nuc and pHyPer-Cyto) showadges in ROS levels first at
the perinuclear region of cells, which seems suggesf localized ROS generation. These
results were supported by our data showing thatlRAIOX4, and OGG1 are in close
proximity in the nuclear membrane of A549 cells.

4.13 Racl and OGGL1 colocalize with NOX4 in nucleanembrane

To obtain an insight on the close proximity of OG®&hcl and NOX4 at perinuclear regions,
we immunostained A549 cells by using specific adibs to these proteins. Figure 29A, B,
and C show that OGG1 was primarily localized to ¢ledl nuclei, but a fraction of it was

associated with the nuclear membrane. Microscaopaging showed that like NOX4, Racl is
associated with the nuclear membrane. Lamin A/Gbady stained the nuclear membrane
exclusively (Fig. 29C). We utilized digital imagirtgols to examine the colocalization of
OGG1 with Racl and NOX4 in images obtained by fsoence microscopy. The
fluorescence intensities emitted by OGG1, Racl,M@X4 were different, so we employed
and calculated overlap coefficients according tontas, a method which allows a reliable
estimation of close proximity localization of prote (Manders, Verbeek et al. 1993; Zinchuk,
Zinchuk et al. 2007).
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Figure 29. Microscopic imaging of OGGL1 colocalizatiwith Racl and NOX4

A549 cells were cultured on microscope coverslipsn incubated for 1h with Abs to OGG1, Racl (p&jel
and/or NOX4 (paneB). PanelC shows OGGL1’s localization to the nuclear membrbased on lamin A/C.
Binding of primary Abs was visualized using Aleg8-4and Alexa 594-conjugated secondary Abs. Stgiafn
cells was carried out as described in Materials didthods. Images were captured with a NIKON Eclipse
System (magnification: x125). Colocalization wasuglized by superimposition of green and red imagssg
Nikon NIS Elements Version 3.5 (NIKON Instrumentkyo, Japan). Mander's overlap coefficient is 6481

for OGG1 and Racl (upper right panel); 0.909245 @GG1 and NOX4 (middle right panel). DAPI = 4'6-
diamidino-2-phenylindole dihydrochloride.

Manders’ formula (see Materials and methods) shoavelbse proximity localization
of OGG1 and Racl (Manders’ overlap=0.935431, opedaefficients k=0.886159 and
overlap coefficients %&0.987443) and NOX4 (Manders’ overlap=0.909245, rlaye
coefficients k=0.872817, and overlap coefficients=R.980908). In controls, OGG1 was
localized to the nuclear membrane, like lamin AMXwever, the Manders’ equation
(overlap=0.898948, coefficientg*l.341340, coefficients,k0.602463) showed that OGG1
and lamin A/C are not in close proximity. The clggeximity of OGG1 with Rac-1 (Fig.
29A) and NOX4 (Fig. 29B) is consistent with an e&se in Racl-GTP levels and the
observed nuclear membrane-associated ROS gener@d@ign 28). Colocalizations in the
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nuclear membrane of OGG1 with Racl and NOX4 (basetlanders overlap coefficients)
are novel observations, while another report hesadlyy documented the nuclear membrane
localization of NOX4 (and NOX1, 2) and their actmas of Racl, as well as p22phox (and
p47phox), and their contribution to localized RCGfhgration (Spencer, Yan et al. 2011).

4.14 OGGL1 physically interacts with small GTPase R4
Next, we investigated the molecular mechanism ofGQ@&nediated Racl activation. We

tested if physical interaction between OGG1 andlRaxcurs similarly to that we experienced

with Ras proteins.
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Figure 30. Racl binding to OGG1 measured with EL&84 pull-down assays

Racl protein was added to Racl Ab coated wellsimoubated with OGG148-0x0G in the presence or absen

of GDP or GTP. OGG1 binding was detected by HRAugated Ab at 450 nm (Materials and methodis¥et:
Interaction of OGG1 with Racl shown by pull-dowisags Racl was bound to Ni-NTA-agarose beads, and
OGG1148-0x0G was added. After washing, the amour®@®f51 bound to Racl was analyzed by Western blot

(Materials and methods).

The results summarized in Figure 30 show that O@fb1ein alone interacted poorly
with guanine nucleotide-free (empty) Racl protéttowever, in the presence of 8-0xoG,
physical interactions between OGG1 and empty Ragxe wignificantly increased, as shown
by ELISA and Ni-NTA pull-down assays (Fig. 30, ijseOGG1/8-0xoG bound most
extensively to GDP-loaded Racl (Fig. 30), whiledong to Racl-GTP was significantly
lower than to either empty Racl or GDP-Racl (Fij. 3ogether these data reveal a physical
interaction of the OGG1/8-0xoG complex with Racid also suggest that the conformation

of GDP-bound Rac1l allows the most stable interactith OGG1/8-0x0G.
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4.15 OGG1/8-0x0oG complex acts as a GEF on Racl
To examine the possibility that OGG1/8-0xoG maywseaxs a GEF and increase Racl-GTP
levels, we performed guanine nucleotide exchangayas utilizing fluorescently labeled
guanine nucleotided?"GDP and"®"GTP) (Zhang, Zhang et al. 2000).
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Figure 31. The OGG1/8-0x0G complex has guanineemticle exchange factor activity

(A) Exchange of Racl-bound GDP for GTP by OGG1 inpiflesence 8-oxoG base. Racl protein was loaded
with M™GDP, and nucleotide exchange was initiated by aglddGG1 + 8-0x0G and GTP (6 pmol))( In
controls, GTP alone was added to RAEI'GDP (o). Fluorescence df*"GDP alone ¢). (B) OGG1 does not
catalyze Racl-GTP- GDP exchange. Racl protein oaded with"2"GTP and OGG1 + 8-0xoG and GDR|

or GDP alone &) was added. Fluorescence8f'GTP alone ¢). In A and B, changes in fluorescence of Racl-
Ma'GDP and RacI®™GTP were determined by real-time measurements ing asPOLARstar Omega (BMG

Germany). Curves were fitted by using MS Excel.

When Racl protein was loaded witi"GDP (1:1 molar ratio), the fluorescence
intensity of M®™GDP increased from 1.36x1Gluorescence unit (FU) to 1.9x10FU, as
determined by spectroscopic analysis (Fig. 31A).addition of OGG1 and 8-oxoG along
with unlabeled GTP to Rad{®"GDP, the fluorescence rapidly decreased, indicativag
Racl-bound"GDP was replaced by nonfluorescent GTP (Fig. 31M)e release of
Man'GDP and replacement with GTP were rapid, as dwid§ s time period more that 50% of
ManiGDP was exchanged for GTP (Fig. 31A). In contr@&G1 plus GTP did not change
Rac1Y"GDP fluorescence (Fig. 31A), and OGG1 alone alsbrimeffect (data not shown).
Next, we found that the fluorescence intensityBIGTP was increased (from 1.38X1eU to
2.02x1G FU) (Fig. 31B) when bound to Racl in a mannerlsinib that observed for Racl-
ManiGDP (Fig. 31A). Addition of OGG1 plus 8-0xoG alowith non-labeled GDP resulted in
a slow guanine nucleotide exchange (Fig. 31B). O@@&used no change in RAGTP
fluorescence in the presence of GDP, and OGG1 atszehad no effect (data not shown).
These data are in line with the poor interactiorO&G1 with Racl-GTP (Fig. 30). These
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results thus show that OGG1 in complex with 8-oxo&alyzes the release of GDP
efficiently, and may function as a GEF in the ing#ular environment.

OGG1 protein alone showed poor binding to guanineleotide-free (empty) Racl
protein, but the 8-oxoG base increased this interacOn the other hand, OGG1 showed
poor interactions with Rac1l-GTP in the presenc&-okoG - however, less than with the
empty protein. These observations resemble ourinigsd that OGG1/8-0x0G binds to
canonical Ras family proteins and those reportmegraction between Racl and GEFs such as
T lymphoma invasion and metastasis (Tiam) protelaesler, Blumenstein et al. 2003) or
Vav2 (a homolog of the vav protooncogene) (Sauz8auilla et al. 2010). The interaction of
OGG1 with GDP-loaded Racl suggested that 8-oxo@ifgnresults in a conformational
change which allows OGG1 to bind to Racl. In suppbthis hypothesis, it has been shown
that GEFs require either posttranslational modifocgs) or binding to regulatory molecules
for interaction and catalysis of guanine nucleotsdehange on Racl GTPases (Fan, Koch et
al. 1998; Innocenti, Zippel et al. 1999). Tiamiteraction with Racl and its GEF activity are
increased by association with phosphoinositidetsiN-terminal pleckstrin homology domain
(Fleming, Gray et al. 2000). The GEF activity ofsRguanine nucleotide-releasing factor 2
requires C&/calmodulin binding to its 1Q motif structure (Fafioch et al. 1998; Innocenti,
Zippel et al. 1999). The activity of Ras guaninecleatide release protein is regulated by
Ccd*- and diacylglycerol (Buday and Downward 2008). @ihgr these data suggest that the
OGG1 protein is functionally similar to other R&GEFs, as it requires binding of a cofactor

(8-0x0G) to gain the proper conformation necesgarits binding to Rac1-GDP.

4.16 The role of ROS-OGG1-Racl/Ras triangle in cellar responses

Although the biological significance of our findsmgeeds further investigation, at first glance
it seems feasible that ROS could alter OGG1's repaiivity as well as subcellular
localization in response to the cell's need to irepaidatively damaged DNA (Conlon,
Zharkov et al. 2004; Szczesny, Bhakat et al. 2004has been shown that OGG1 is
redistributed in response to locally generated atxve stress within the nucleus, as shown by
the accumulation of OGG1-GFP specifically at sitdslaser-targeted ROS/DNA damage
(Zielinska, Davies et al. 2011). On the other haR@S generated locally could produce
oxidative modifications at cysteine residues, esplgcthose at 253 and 255, in close
proximity to OGG1's active site (Qi, Spong et a009), which may thereby result in
decreased OGG1's activity. This hypothesis is sterisi with functional studies observing

decreases in OGG1's activity by oxidative modifara at cysteine residues (Bravard, Vacher
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et al. 2006). It has also been shown that NOX4vedrROS cause DNA oxidation resulting
in 8-0xoG and alterations in gene expression, esipethose associated with inflammation
(Gordillo, Fang et al. 2010; Weyemi and Dupuy 2012BG1 is considered to be a canonical
DNA BER protein (Mitra, 1zumi et al. 2002); howeye@ur observations show that OGG1/8-
oxoG complex functions both as a Ras and Racl @ekldgh, Hajas et al. 2012; Hajas,
Bacsi et al. 2012). We propose that the complexondt activates small GTPase dependent
pathways, but initiates signal transduction fons@iptional activation of downstream genes.
As a matter of fact, in a 2014 study, Ba and cokers have reviewed the biological
significance of the 8-oxoG base and the role of Q@ER in the activation of small
GTPases and changes in gene expression, includogg tthat regulate pro-inflammatory
chemokines/cytokines and cause inflammation (Bayildgp-Aguirre et al. 2014). Another
report show an OGG1-BER induced K-Ras activatioadileg to innate inflammatory
responses in mouse airways via MAP kinases, Plaskis, mitogen-stress-related kinase-1
and NF«B activation (Aguilera-Aguirre, Bacsi et al. 2019GG1 was found to play a role in
innate immunity by enhancing Cxcl2 (a chemokinedpied by monocytes and macrophages)
expression after TNE-treatment. The TN induced ROS increased the 8-oxoG levels in
the genome, including the promoter region(s) legqdm the accumulation of inflammatory
cells in the airways and a quick expression of aignes/cytokines. OGG1 facilitated the
recruitment of transcription initiation factor II;INFKB/RelA, Spl (specificity protein 1) and
p-RNA pol 1l (p-RNA polymerase II) by binding toghCxcl2 promoter region. The authors
suggest that OGG1 binding to the 8-oxoG in the mt@mregion could be an epigenetic
mechanism to prompt gene expression for innate inemasponse (Ba, Bacsi et al. 2014).
Although we only show that activated Racl incred®8@sS levels via NOX4, it could
also be involved in other cellular processes swhegulation of the cytoskeletal network.
Indeed, OGG1 was also observed to be associatbdivatmicrotubule organizing center and
microtubule network (Dantzer, Luna et al. 2002; Ban Zharkov et al. 2004). Thus, by
activating Racl OGG1 may patrticipate in the orgatimn of microtubules and the mitotic
spindle assembly and centrosomes, and thereby qaald a critical role in cell cycle
progression, including mitosis as previously praabgConlon, Zharkov et al. 2004).
Supporting this hypothesis, Luo and her colleagwe® shown that similarly to Racl, in the
presence of 8-oxoG, OGG1 physically interacts viRtio GTPase and increases Rho-GTP
levels in cultured cells and lungs, which mediatesmooth muscle actina{SMA)
polymerization into stress fibers. This way OGG.uldobe involved in the cytoskeletal

changes and organ remodeling observed in variowsichdiseases (Luo, Hosoki et al. 2014).
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5. New scientific results

The new scientific results claimed by the authertae following:

- By binding 8-0x0G, OGG1 goes through sterical clesngvhich enable its physical
interaction with small GTPases.

- These interactions result in GDP to GTP exchangeading both Ras and Racl.

- Both externally added and intracellularly gener&exkoG bases are able to induce
Ras activation.

- Administration of 8-0xoG increases both Ras-GTPRad1-GTP levels in the lungs
of experimental mice.

-  0GG1/8-0x0G complex formation can lead to MEK/ER¥ogphorylation via Ras,
or a NOX4-mediated increase in cellular ROS levasRacl.

Fig. 32 shows a summarized working model of the @QB&xoG complex-mediated events

leading to cellular signaling after repair of oxiste DNA damage.
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Figure 32. Schematic picture of OGG1/8-0x0oG compiduced events
OGG1 excises 8-o0xoG from DNA and binds the oxidieesk at a non-catalytic site. The complex fornmatio
results in sterical changes which enable OGG1 twhido Ras/Racl and work as a GEF. The activatiosntdll
GTPases is followed by MEK, ERK activation and Rp@@luction via NOX4.
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6. Summary

DNA is a frequent target of oxidative agents froothbinner and outer sources. One of the
most studied DNA adduct among the oxidized bas&sasoG and determination of its level
can be used as a reliable gauge of the oxidatieesstoad of an organism. The 8-oxoguanine
DNA glycosylase 1 is the dedicated enzyme to exthee 8-o0xoG during the DNA base
excision repair process from nuclear and mitoch@hdenomes. Accumulation of 8-0xoG in
the DNA connected to various disorders like caneging, Alzheimer disease, although
OGG1 knock-out mice have normal life span, showyomloderate increases in tumor
formation, have an increased tolerance to chroridative stress and are less susceptible to
inflammatory processes. In this work we descrils@ tBAGG1 can exert non-repair functions
after binding its excised product, 8-oxoG. We desti@ted that OGG1 has a non-catalytic
binding site for 8-oxo0G. In a complex with its pumi, OGG1 not only becomes more
efficient removing oxidized guanine, but also gdesugh sterical changes, which enable its
physical interaction with small GTPases, Ras andlRaoteins. These interactions result in
GDP to GTP exchange activating these small GTPa¥és. found that intranasal
administration of 8-oxoG increases both Ras-GTP BRadl-GTP levels in the lungs of
experimental mice. Our results also show that betternally added and intracellularly
generated 8-0xoG bases are able to form a comptexQGG1 leading to Ras activation. We
revealed that OGG1/8-o0xoG complex formation cauwl lEaMEK/ERK phosphorylation via
Ras or a NOX4-mediated increase in cellular RO8l$evia Racl.

While the biological significance of our findingsas yet to be fully elucidated, it
appears that activation of the small GTPase Raeallimg to localized ROS generation could
be part of a physiological DNA damage/repair resgoimitiated by OGGL1. As the OGG1/8-
oxoG not only activates Racl but also the canonkRas family GTPases, it could be
considered that Rac1l/NOX4/ROS and Ras-mediatedalgignare involved in maintaining
cellular homeostasis. We also speculate that aréih the control of OGG1 activity may
lead to excessive release of 8-oxoG from DNA, tesylin unscheduled activation of Rac and
Ras family GTPases that could result in pathoplhygical cellular responses, contributing to

diseases, cellular senescence, and aging processes.
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Osszefoglalas

A DNS gyakori célpontja mind a kilsmind a bel§ eredeti oxidativ agenseknek. Az egyik
legtobbet tanulmanyozott oxidalt DNS bazis az 8gmwamin (8-ox0G), aminek mért
mennyisége a szervezetet ért oxidativ stressz jekérd hasznalhaté. A 8-oxoG kivagasaért
a 8-oxoguanin DNS glikozildz-1 (OGG1) a fékelenzim, ami a bazis-eltavolitd javitas soran
kivagja az oxidalt guanint mind a nuklearis, minchigokondrialis genombdl. Annak ellenére,
hogy a 8-oxoG akkumulalédasa a DNS-ben dsszekbthigan rendellenességekkel, mint a
rak, Alzheimer-kér, dregedés, az OGG1 knock-outr@gelettartama nem csokken, tumor
képadeési hajlamuk csak kevéssé emelkedik, valamint nairktonikus oxidativ stresszel,
mind a gyulladasos folyamatokkal szembeni alloké@gsk megnovekszik. Ebben a tézisben
az OGGL1 egy olyan Uj tkddését irjuk le, amit a kivagott 8-oxoG megkoté&sékeépes
kifejteni. Bemutatjuk, hogy az OGG1 rendelkezik elggtalitikustol fuggetlen 8-oxoG
kotéhellyel és a kivagott termékével komplexben nemesakal hatékonyabban tavolitja el
az oxidalt guanint, hanem olyan térszerkezeti vakon megy at, ami lelie€ teszi Ras és
Racl szabdalyz6 GTP-azokhoz valé ddiisét. Ez a kapcsoldédasésgiti a GDP
lecserébdését GTP-re, ami ezen a szabalyz6 GTP-azok aksigiabz vezet. Kimutattuk, hogy
8-0x0G intranazalis beadasa utan ash@h megnovekszik a Ras és a Racl fehérjék szintje.
Az eredmeényeink szerint mind a hozzaadott, mincjters belul keletkezett 8-oxoG bazis
képes az OGG1l-el komplexet képezni és aktivalnias Rehérjét. Kimutattuk, hogy az
OGG1/8-0xoG komplex képdése MEK/ERK aktivacibhoz vezethet a Ras proteimig
reaktiv oxigén gyokok (ROS) képréséhez a Racl/NOX4 aktivalasan keresztuil.
Konklazioként levonhatjuk, hogy habar ezen eredreknjelenbsége még nem teljesen
ismert, agy tinik, hogy a szabalyz6 GTP-az, Racl aktivacidjaadgi ROS keletkezése egy
DNS javit6 mechanizmus OGG1l-en keresztili fiziodggivalasz részét képezi. Mivel az
OGG1/8-0xoG komplex nemcsak a Racl-et, hanem acRalad klasszikus GTP-azait is
aktivalja, lehetséges, hogy a Rac1/NOX4/ROS ésadRak jelatvitel a sejt homeosztazisanak
fenntartasaban is szerepet jatszik. Szintén elképi@daek tartjuk, hogy az OGG1 szabalyozas
feletti kontrol elvesztése a 8-oxoG molekula naggnnyiséd eltavolitdsahoz, és ez altal a
Racl-, és Ras GTP-azok soron Kkivili aktivalasdhezety ami hozzajarulhat koéros

sejtvalaszok, valamint betegségek és dregedeésirfajok kialakulasahoz.
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