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ABSTRACT

The effect of DNA repair system on the oxidative s¢ss-mediated

apoptosis.

Youn Cha-Kyung
Advisor : Prof. Ho Jin Y&h.D.
Department of Bioteraal Engineering
Graduate School of 8o University

I. hOGG1-deficient fibroblasts undergo p53-dependentoxidative stress-

induced apoptosis

Human 8-oxoguanine DNA glycosylase (hOGG1) is trennuefense enzyme against
the mutagenic effects of cellular 8-0xoG. In thisdy, we investigated the biological role
of hOGG1 in response to,8,-derived oxidative stress in human fibroblast GMBD6
cells. A large proportion of hOGGL1 silencing celshich were generated by stably
introducing small interfering RNA (siRNA), led tosignificant increase in apoptotic cell
death through the activation of p53-mediated agappathway, and a range of genomic

instability of human fibroblasts in response tgOslexposure. The hOGG1-depleted cells
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lacking p53 did not undergo apoptosis upon treatmagtl similar HO, concentrations.
The p53-siRNA transfection markedly inhibited thatiwation of p21, Noxa and caspase-
3/7, which were significantly induced by,® treatment, resulting in the increased cell
viability in hOGG1-deficient cells. The overexpriessof p53 in p53-deficient H1299 cells
lacking hOGG1 by siRNA transfection significantlaused in the decrease of their cell
viability in a H,O, dose dependent manner. The overexpression of hQGGMO00637
resulted a significant increase in the cell vidpiind a decrease in p53 phosphorylation
upon exposure to 4D,. These results indicate that hOGG1 plays an importole in
protecting cells against p53-mediated apoptosid,raaintaining the genomic stability in

response to pD,-induced oxidative stress.

II. hAMTH1 knockdown by small interfering RNA increases oxidative stress-
induced cell death and chromosomal instability in bman fibroblast GM00637

cells

Human MTH1 (hMTH1) exhibits oxidized purine nudiele triphosphatase activity,
which repairs oxidized forms of dGTP such as 8-8xdeoxyguanosine'&riphosphate
(8-0x0-dGTP) and 2-hydroxy-2leoxyadenosine '#riphosphate (2-OH-dATP). In this
study, we investigated the biological role of hMTiHIresponse to }D,-derived oxidative
stress using hMTH1-depleted GM00637 cells, whichewgenerated by stably introducing
hMTH1-siRNA. The hMTH1 deficient cells caused arsfigant increase in apoptotic cell
death through the activation of p53-mediated apapfpathway in response to,6,.
oxidative stress. The level of,8,-induced Noxa expression and H2AX phosphorylation
(y-H2AX) was significantly higher in hMTH1 deficiemells than in hMTH1 proficient

cells. The cells lacking Noxa and p53 did not ugdecell death in response to the



similar HO, concentration in hMTH1-depleted cells. Apoptosistled hMTH1-depleted
cells associated with Noxa expression is depenoleqt53 phosphorylation. Furthermore,
the ablation of hMTH1 protein by hMTH1-siRNA occedr over a range of genomic
instability of human fibroblasts in response tgOktoxidative stress. After the long term
culture of the hMTH1-depleted cells, increasedaicetiular ROS generation and apoptosis.
These results suggest that hMTH1 plays an impontalet in protecting cells against
oxidative stress and maintaining the genomic stgbiaused by HO,-induced DNA

damage.



INTRODUCTION

DNA lesions are constantly produced in living cedg the deleterious actions of both
endogenous and environmental DNA-damaging agentsiormal cells, several DNA
repair pathways remove these lesions to maintargémomic integrity. According to the
class of lesions, two major excision repair pathsvaye acting in the cell : (i) the
nucleotide excision repair(NER) able to detect esrdove bulky DNA adducts( like the
UV-induced lesions) and (ii) the base excision iefBER) able to detect and repair non-

helix-distorting DNA lesions ( like base modificais ).

8-Oxoguanine (8-oxoG) is formed by oxidation of theanine residue by various
oxidizing agents such as ionizing radiations, UMAreactive oxygen species produced
through normal oxygen metabolism. 8-Oxoguanine X®3) is a major oxidized base
found in DNA due to endogenous or exogenous prdaski agents. In the absence of
repair, this lesion has a high mutation potencyingivrise mainly to G;C to AT

transversions. 8-0xoG can pair either with a cyiekin the anti-conformation) or with an
adenine (in the syn-conformation) (Figl) but dismigation of base pairing in neigh-
bouring sequences has been described (1, 2). Drepiigation, DNA polymerases, such
as polymerase delta or the translesional polymestssecan easily incorporate A opposite
8-0x0G. Thus 8-0x0G is a strong premutagenic DN#ole in the absence of full repair
capacities (3, 4). It's repair deficiency leadspecific G:C to T:A transversions. Indeed,
there are three different mechanisms to ensureo&adetection and removal in human
cells (Fig2). The glycosylase hOGG1 removes 8-oxsl®En paired with a cytosine

through the BER pathway (5) and the glycosylase kM¥move adenine when mispaired
with 8-0x0G, also through BER(6). The hMTH1 genedurct is able to sanitize the pool of
dGTP(7) from contaminaing 8-oxodGTP. These threthvpays are conserved from

bacteria to humans (Fig.2).
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Fig.1. Structure of 8-0xo0G base pairs8-0xoG can pair with C in an anti-conformation or
with A in a syn-conformation. Replication of 8-oxgfaired with C by DNA polymerases
is a hon-mutagenic process. Replication of 8-oxaed with A results in GC to TA or

TA to GC transversions
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Fig.2. Major pathway for 8-oxoG repair in the global genone. Proteins from
bacteria are represented in green. Proteins fromaha are represented in yellow.
Presence of 8-oxoG in DNA can be due to directchtaf DNA structure of to the
oxidation of the pool of guanine nucleotides. la flist case, the lesion can be repaired by
Fpg/hOGG1 in a base excision error-free mannerrefilication takes place before
repairing, 8-oxoG can pair with C and then be megghby Fpg/hOGG1. When replication
machinery incorporates A opposite to 8-0xoG, thispair is recognized by MutY/hMYH
that will excise A, and then A or C can be incogied. Oxidized guanines from the

nucleotide pool can be sanitized by MutT/hMTH1.



Reactive oxygen species(ROS) can damage biomokané have been postulated as
an important cause of aging, cancer, and varionsahudegenerative diseases(8, 9). The
increased amount of ROS in cancer cells may hageifisiant consequenes, such as
stimulation of cellular proliferation, promotion ofiutations and genetic instability, and
alteration in cellular sensitivity to anticancereats. ROS-mediated DNA lesions and
mutations are likely to provide a mechanism throughich drug-resistant variants
constantly evolve. However, because ROS are chéiaetive and can inflict severe
cellular damage, the very fact that cancer cekswarder increased intrinsic ROS stress
may also provide a unique opportunity to kill thealignant cells based on their
vulnerability to further ROS insults. As such, thi®chemical characteristic is likely to
have significant therapeutic implicantions. In bgkal systems, ROS are constantly
generated through a variety of pathways, includioth enzyme-catalyzed reactions and
non-enzyme reactions. During oxidative phosphoigttain mitochondria, electrons are
delivered through the respiratory chain, and aqorajradient is established across the
inner mitochondrial membrane as energy source foP Asynthesis. One important
biochemical event associated with this metabolacess is the production of superoxide.
Some electrons may escape from the mitochondrédtrein transport chain, especially
from complexes | and Ill, and react with molecuwaygen to form superoxide (10,11,12).
It is estimated that about 2% of the oxygen conslmethe mitochondria is reduced by
the bifurcated electrons to form superoxide, whicbubsequently converted to hydrogen
peroxide (13). Because superoxide radicals aretaathg generated during respiration and
can be converted to,B, and other reactive oxygen species, mitochondeacansidered
the major source of cellular ROS(14,15), and delyito play a significant role in ROS
stress in cancer cells. In addition, ROS can as@doduced by a family of membrane-
bound enzymes such as NAD(P)H oxidases, which geeaffect cell proliferation and
apoptosis(16, 17). Induction of gene mutations togenous and exogenous free radicals

through ROS-mediated DNA damage has long been nizexd( 18,19). Damage caused
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by ROS is considered the most common type of DN#olg20). Due to their reactive
chemical nature, ROS are capable of attacking uartmmponents of DNA, leading to the
generation of a variety of ROS-mediated modifieddpicts including oxidized bases ,
DNA strand breaks, DNA intra-strand adducts, andAB¥otein crosslinks (21, 22). The
superoxide radicals generated in mitochondria naayse damage not only to mtDNA, but
also to nuclear DNA(NDNA) by their conversion tadnygen peroxide, which is relatively
stable and able to travel to the nucleus. In tlesgamce of iron catalyst, hydrogen peroxide
can give rise to hydroxyl radical and cause sewdaeage to nDNA. Oxidative
modifications of the DNA bases may result in mutas, largely due to base pair
mismatching during DNA replication across the RO&dified bases or nucleotide
insertion(23,24). It should be noted that compacedDNA, mtDNA is more susceptible
to damage by ROS due to its close proximity to ge of ROS generation, its lack of
introns and histones, and limited DNA-repair cafiéds in mitochondria(14,25). The
ROS-mediated damage to mtDNA may cause malfunatiothe respiratory chain and
further amplify the generation of ROS, which inrtupromote mutatins and genetic
instability. It has been hypothesized that in ndreglls, DNA damage is balanced by
multiple pathways for DNA repair to eliminate thengtic errors, whereas in tumor cells
this balance may be shifted such that the increR§28-mediated damage overwhelms the

repair capacity, resulting in the accumulation afitiple mutations( 26).

One of the most widely used compounds to produaatixe stress, both in vitro and in
vivo biological studies, is hydrogen peroxide(d). Unlike other ROS, KD, is not
charged and is therefore freely diffusible withire tcell. It can arise spontaneously or be
generated from superoxide by superoxide dismubdeee importantly, in the presence of
metal ions such as copper or iron(H can undergo Fenton chemistry and give rise to the
potent hydroxyl radical. This radical is extremelactive and can damage different

components of the cell( 27). The responses of mdtaells to HO, vary according to cell



type and are known to be both time- and especiddige-dependent(28). For example, low
concentrations (3-15uM) of J, were shown to activate a mitogenic response (29),
whereas higher doses can have either cytostatigtotoxic effects. It was observed that
concentrations ranging from 50-150uM promote DNAmdge(30, 31) replicative
senescence (32-34), sustained p21 levels, celecymlest, transient elevation of p53
protein (35) , and temporary growth arrest follovildincreased resistance to subsequent
oxidative stress (29, 36). In contrast(H doses of 200uM and higher were demonstrated
to induce apoptosis (37), necrosis (37, 38) , pnoteiidation (39), as well as lesions in

both nuclear and mitochondrial genomes (30, 31).

DNA damage stresses induce apoptotic cell deatvelisSenescence and apoptosis, the
two irreversible states of cellular life, were foeatly shown to be induced by different
doses of the same stress. Senescence is inducdbaoptotic doses, suggesting that
more severe DNA damage induces apoptotic respombie less severe one causes
cellular senescence(40). It appears that p53 pratiginds at the center of the complex
signal transduction pathways for DNA damage respgnActivated p53 induces a variety
of genes whose products, respectively, functionsragxecuter in DNA repair, G1 check
point(p21), apotosis( Baxl, PIG3, p53AIPI, POX, arhs ligand ), and auto-
regulation(MDM2)(41). p53 is activated either ditgcby the ATM/ATR/DNA-PK
kinases or indirectly through Chk2, a kinase attigaby ATM, and is also regulated by
acetylation/deacetylation at lys382(42). Phosplatiyh at Serl5, Thrl8, and Ser376, and
dephosphorylation at Ser392 has been detectedbiobfasts undergoing replicative
senescence. p53 activation is likely involved, sipd3 induces several known genes
involved in ROS generation. Recently, it was regabrthat p53-induced senescence and
ROS generation are subject to an inhibition by JBgl-suggesting Bcl-xL is involved in
the ROS generation pathway(43). ROS disrupts thecmondrial membrane potential, and
therefore, have been proposed as an additionad tutvhich p53 induce apoptosis.(44).



Cells in senescence condition, are typified witghhlevel ROS accumulation, transient
p53 activation, and sustained p21 expression, whibse in apoptosis condition, were
devoid of a significant ROS, prolonged p53 and E2iptegulation, and lack of p21.
Furthermore, it was demonstrated that ATM/ATR atfian is an upstream event required

for both ROS accumulation and senescence expré4sion

Accumulation of nuclear and mitochondrial DNA damag though to be particularly
deleterious in cells, which cannot be replaced uiho cell division. Base excision
repair(BER) is the main pathway for the removaswiall DNA base modifications, which
are generated as products of normal metabolism amecdmulate with age in various
experimental models(46). mtDNA is believed to betipalarly sensitive to oxidative
agents due to its proximity to the inner mitochaadmembrane, where oxidants are
formed, and to the lack of protective histones(4id).addition , oxidative damage to
MtDNA in the heart and brain is inversely relatedrtaximum lifespan of mammals(48),
suggesting that accumulation of mtDNA damage playsausative role in the various

disorders that are associated with aging, canatnaarodegeneration.

Once DNA damage has been generated, it is the ableellular repair systems to
prevents its accumulation. However, studies hawsvehthat aging is associated with a
general reduction in DNA repair capacity. Overalclear BER activity in whole mouse
brain extracts, measured using an in vitro uraxilated BER assay, was reduced by 85%
in old compared with neonatal mice(49). Overall auitondrial BER activities in rat
cerebral cortices were shown to gradually decliite age, reaching 80% lower activity in
30month old rats compared with 17day old rat embryidhey observed a significant age
dependent decrease in uracil, 8-oxoG and 5-OH-@iort activities in the mitochondria

of all brain regions, whereas variable patternshainges were seen in nuclei(50).
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I. hOGG1-deficient fibroblasts undergo p53-dependentoxidative stress-

induced apoptosis.

Various cellular metabolites and exogenous DNA-dzingamaterials routinely induce
cellular DNA damage, which, unless promptly andperty repaired, can cause simple
base or more complex changes including deletiarsoifis, translocations, or aneuploidy

resulting in cancer and a variety of genetic disosd51).

Cellular responses induced by DNA damage inclu@eaittivation of several distinct
biochemical pathways (52-55). First, various DNApaie enzymes are activated to
recognize and eliminate the damage. Second, DNAadanstimulates the specific
mechanism related to cell cycle checkpoints thegsarcell cycle progression and aid in
cellular survival under most circumstances. Thaqgbptosis is stimulated by DNA damage
to eliminate heavily damaged or seriously deregdlaells. Although these DNA damage-
induced biochemical pathways function independeutigier certain circumstances, there
are extensive interactions between these reactikorsexample, the regulatory factors in
the checkpoints of cell cycle serve not only taagiehe cell cycle but also to mediate DNA
repair, both directly and indirectly (53-56). Hoveey the precise mechanisms how to
access DNA damage both quantitatively and qualiéhti so as to choose between

mediating DNA repair and apoptosis are not completederstood.

Reactive oxygen species (ROS) are produced asdaupis of cellular metabolism as
well as through exposure to ultraviolet (U\pnizing radiation and environmental
carcinogens (57)The ROS react with DNA to produce a myriad of oykit and
mutagenidase lesions (57). Among the oxidative lesions;dh§dro-8-oxoguaninés-
0x0G) is the major base damage produced by ROS (B8ke normal guanine, 8-0xoG
has the propensity tnispair with adenine during DNA replication andritgy gives rise
to G:C to T:A transversion mutations (58). Oxidaljunodified bases, such as 8-0xoG,

are mainly repaired through thase excision repair pathway (BER), the first stegisg
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the recognition and excision of the damaged base BpecifidNA glycosylase. The
major mammalian enzyme for removing 8-ox®&@m DNA is 8-oxoguanine-DNA
glycosylase (OGG1), which is a bifunctional enzywith both 8-0xoG excision activity
and weak AP-lyase strand incision activity at thasac sites (59). Following the excision
of 8-0xoG by OGG1, the resultaatasic site is further processed in sequentiaksbgp
severaknzymes to complete repair (52). The OGGL1 play®itapt roles in eukaryotes by
preventing the accumulation of oxidative DNA damaigethe nuclear and mitochondrial

both genomes, thereby suppressing carcinogeneasisedirdeath (60).

The suppression of oxidative DNA repair activityshzotential drawbacks; one is that
the incomplete repair might result in the accumoltabf mutagenic lesions in the cellular
DNA. This leads to illness, death of cells and apptble excessive cell division resulting
in cancer and acceleration of aging process (60, 6% human OGG1 (hOGGL1) gene is
found on chromosome 3p26.2, and its allelic defstim this region frequently occur in a
variety of human cancers (59). It is somaticallytaed in some cancer cells and is highly
polymorphic between human population groups (62)e Bccumulation of 8-oxoG is
likely to increase dramatically in patients withrieais neurodegenerative diseases such as
Parkinson’s disease (63), Alzheimer’'s disease (@4amyotrophic lateral sclerosis (65),
which are associated with the progressive los&lg.cThe hOGGL1 level was also found to
be lower in the orbitofrontal gyrus and the entoahicortex in Alzheimer's disease
patients than in control cases. The accumulatid®t@foG increased in a majority of large
motor neurons in the amyotrophic lateral scleroséses with decreased hOGG1
expression (64). Furthermore, several reports hehwawvn a correlation between the
induction of apoptosis by oxidative stress andrépair of oxidative DNA lesions (66-68).
Thus, mutations and deletions in the cellular DNvkich could arise from unrepaired

oxidative DNA lesions, have been linked to the d@wament of apoptosis. However, the
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exact mechanism by which oxidative stress-medi&ithd damage causes cell death is

unknown.

In this study, we investigated the effect of hOGG tesponse to ¥D,-oxidative stress
on DNA damage-related apoptotic responses includingnges of apoptotic effector
caspase activity, p53 phosphorylation and the asgpva pattern of its up or downstream
proteins, together with genomic DNA stability folling oxidative DNA damage in human

fibroblasts.

II. hMTH1 knockdown by small interfering RNA increases oxidative stress-
induced cell death and chromosomal instability in bbman fibroblast GM00637

cells

Reactive oxygen species (ROS) are produced as prooyict of thecellular
metabolism as well as exposure to ultravioiehizing radiation and environmental
carcinogens (93)he ROS causes a significant harm to DNA includixgdized bases,
abasic (AP) sites, strand breaks and DNA-proteiss:tinks (93). These oxidative DNA
lesions cause either spontaneous mutagenesis lbidesth. Hence, ROS have been
implicated in various age-related diseases suataaser and neurodegeneration. Among
the oxidative DNA lesions, 8-oxoguanine (8-oxoGdtie of the major base lesions formed
after oxidative attack to DNA (94). The 8-oxoG mguced by two distinct pathways such
as the incorporation of an oxidized precursor, 8-d6TP into DNA during DNA
synthesis, and the direct oxidation of guanine lia$eNA (95). Free guanine nucleotides
have been shown to be more susceptible to oxiddtian guanine in double-stranded
DNA (96), and 8-ox0-dGTP can be incorporated it mascent strand opposite adenine
and cytosine in the template with almost equatificy (95, 97). Unlike normal guanine,

8-0xoG preferentially mispairs with adenosine dgniaplication giving rise to G:C to T:A
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transversion mutation (98). Because of their pgrstggeneration, relative abundance, and
potent mutagenicity, 8-0xoG is believed to be aamapurce of spontaneous mutagenesis

in all aerobic cells.

Escherichia coli(E. coli) contains a GO system revpnt the mutagenic effect of 8-
0x0G (99). The bacterial GO system consists ofetim®teins: MutM (also known as the
Fpg protein), a DNA glycosylase/lyase that recogsiB-oxoG:C and catalyzes the
excision of 8-o0xoG; MutY, which is a DNA glycosyashat recognizes 8-oxoG:A and
catalyzes the excision of A; and MutT, a specifiogphatase that cleaves 8-oxo-dGTP.
One of potential drawbacks caused by the suppressicoxidative DNA repair is an
incomplete repair, which results in the accumufatd mutagenic lesions in the cellular

DNA, leading to iliness, cell death, cancer, anckterated aging (100, 101).

Human MTH1 (hMTH1) gene is a homolog of bacterialtMprotein that is found on
chromosome 7p22 (102). hMTH1 efficiently hydrolyzesdized dGTP, GTP, dATP and
ATP such as 'Zeoxy-8-oxoguanosine triphosphate (8-oxo-dGTP) &@ideoxy-2-
hydroxyadenosine triphosphate (2-OH-dATP) in nutidieo pools (103). The muiT
mutant strain of E. coli have a significantly higlisxquency of a point mutation (104).
The expression of hMTHL1 in mufTE. coli cells suppresses the elevated level of
spontaneous mutagenesis to an almost normal [£892|X05). In addition, Mth1-knockout
mice showed a significantly more 8-oxoG accumutatio DNA as well as a higher level
of spontaneous carcinogenesis particularly in Jileng and stomach than control mice
(106). Therefore, hMTHL1 is believed to play an impot antimutagenic role in cells by
preventing the incorporation of oxidatively moddigurine nucleotides into DNA during

replication (100).

The accumulation of 8-0xoG is likely to dramatigailhcrease in patients suffering
from various neurodegenerative diseases such &ngam's disease (107), Alzheimer’s

disease (108) or amyotrophic lateral sclerosis X1®&ich are associated with the
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progressive loss of cells. The hMTH1 level is digantly higher in the substantia nigral
neurons of Parkinson’s disease patients (110) a@hénentorhinal cortex of Alzheimer’'s
disease patients (111) showing the accumulati@®@{oG. Moreover, hMTH1 appears to
play a role in protecting neurons from oxidativeess (112-114). Recently, several studies
also reported a correlation between the inductioapoptosis by oxidative stress and the
accumulation of oxidative DNA lesions (115-117)ggesting that oxidative DNA damage

derived from oxidized purine nucleotides causegaurgenerative disease and cancer.

In this study, we examined the effect of hMTH1 ba HO, oxidative stress-induced
DNA damage by analyzing caspase enzyme activifEEs phosphorylation, Noxa
induction,y-H2AX foci formation and array comparative genonyéridization damage in
human fibroblast GM00637 cells. The results indidiiat h(MTH1 deficient cells exhibit
the increased level of B.-induced cell death through Noxa-dependent pathwayd
hMTH1 plays an important role in maintaining genorsiiability after HO,-induced DNA
damage in GM00637 cells.
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MATERIALS AND METHODS

1. Maintenance of Cell Lines

Human fibroblast GM00637 cells (Coriell Institutar Medical Research, Camden, NJ)
were maintained in Earle’s minimum essential medisupplemented with 10% fetal
bovine serum, 100 units/ml of penicillin, and 10@/ml of streptomycin (Invitrogen,
Carlsbad, CA). Human lung carcinoma H1299 (p53)na#lls were purchased from
American Type Culture Collection (ATCC number CR863; Manassas, VA) and grown
in RPMI 1640 medium supplemented with 10% fetal ibevserum, 100 units/ml of
penicillin, 100 mg/ml of streptomycin (InvitrogerCarlsbad, CA). The cells were

maintained in a humidified incubator in an atmosphmntaining 5 % COat 37°C.

2. Plasmid Constructs of hOGG1 and transfection t&sM00637 cells

The human OGG1 cDNA was amplified by RT-PCR ugimghOGG1 oligo primer:
sense 5-ATGCCTGCCCGCGCGCTTCTGCC-3' and antisensETAGCCTTCCGGC

CCTTTGGAAC-3' from human fibroblast GM00637 cell$he amplified hOGG1
cDNA construct was inserted into a pcDNA3.1/ mamamkxpression vector driven by
the CMV promoter (Invitrogen Life Technologies).té&f confirming the DNA sequence
and orientation, the hOGG1 construct was trandfert® cells using the Lipofectamine
transfection reagent (Invitrogen Life Technologiem)cording to the manufacturer’s
instructions. After transfection, cells were inctdshwith complete medium containing

200ug/ml G418 for 4 weeks. The cell clones resigtai418 were isolated and analyzed.
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3. hOGG1-siRNA design, synthesis and transfection

Three target sites within human OGG1 genes werasathdrom the human OGG1
MRNA sequence (Gene Bank accession number AFO03&8ih was extracted from the
NCBI Entrez nucleotide database. After selectiachetarget site was searched with NCBI
BLAST to confirm the specificity only to the hum&GG1. The sequences of the 21-
nucleotide sense- and antisense-RNA are as follo®©OGG1-siRNA, 5'-
GUACUUCCAGCUAGAUGUUUU-3' (sense) and 5-AACAUCUAGGBEGAAGUA-
CUU-3'(antisense) for the hOGG1l gene (nt 292-3123¢Z siRNA, 5-CGUACG-
CGGAAUACUUCGAUU-3" (sense), 5-AAUC GAAGUAUUCCGCGUBGUU-3’
(antisense) for the LacZ gene. These siRNAs weepgred using a transcription-based
method with a Silencer siRNA construction kit (Ambj Austin, TX) according to the
manufacturer’s instructions. LacZ siRNA was usedhas negative control. Cells were
transiently transfected with SiRNA duplexes usingig@ectamine (Invitrogen). The
SiRNA expression vector(pSilencer hygro) for hOGIBH a control vector were employed.
The construction of siRNA-expression plasmid wasseban the pSilencer hygro
vector(Ambion,Texas,USA). The vector included a hanJ6 promoter, a hygromycin
resistance gene. We purchased synthetic oligo-atidés(Xenotech, Korea). After
anneling, DNA fragments were ligated into the p&ikr hygro. Cells were transfected
with the siRNA vector by using Lipofectamine( Imagen. Carlsbad.CA). After
transfection with the hygromycin-resistance vectesistant colonies were grown in the

presence of Hygromycin( 100ug/ml)(Invitrogen. Chald.CA).

4. Western blot analysis

The cell were washed with phosphate-buffered s@iB8&) and lysed on ice for 10
minutes in the M-PER mammalian protein Extracticagent (PIERCE) added protease

Inhibitor Cocktail tablet (Roch). After incubatioextracts were vortexed for 5min and
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centrifuged at 13000rpm for 15min. The supernateas$ diluted with 5X SDS-sample
buffer and boiled. After cellular protein concetitvtas were determined using the dye-
binding microassay (Bio-Rad, Hercules, CA), andg26liprotein per lane were separated
by 10% SDS-polyacrylamide gel electrophoresis ($BSE). After SDS-PAGE, the
proteins were transferred onto Hybon ECL membraf@mersham Biosciences,
Piscataway, NJ). After electroblotting, the memiesawere blocked by 5% skim-milk in
Tris buffer saline containing 0.05% Tween-20(TB%W, MM Tris-HCI, pH 7.4, 150 mM
NacCl, 0.1 % Tween-20) at room temperature for 2fi0lhe membranes were rinsed with
TBST and then incubated with appropriate primarybadies in TBST at £ overnight.
All antibodies used in this study are anti-humanGlGoolyclonal antibody (pAb) (Santa
Cruz Biotechnology, Santa Cruz, CA); anti-p53 panti-p53-P(Serl5) pAb, anti-p53-
P(Ser20) pAb (Cell Signaling Technology, Danvergd)Manti-p21 monoclonal antibody
(mAb) (BD Phamingen, San Jose, CA); anti-Noxa mABallbiochem, Darmstadt,
Germany); anti-b-actin mAb (BD Phamingen, San J&&); anti-a-tubulin mAb (BD
Phamingen, San Jose, CA); anti-DNA-PKcs mAb (St Biotechnology, Santa Cruz,
CA); anti-DNA-PKcs-P(T2609) (abcam, Cambridge, Ukipti-ATM mAb (Santa Cruz
Biotechnology, Santa Cruz, CA); anti-ATM-P (Ser1p&iAb (Cell Signaling Technology,
Danvers, MA); anti-Chk1-P (S345) pAb, anti-Chkl pAGell Signaling Technology,
Danvers, MA); anti-Rad51 mAb (Oncogene, San Di€ib). We followed manufacturer’s
protocol for dilution of all primary antibodies. #hmembranes were then washed,
incubated with the biotinylated secondary antibedil:4,000) in a blocking buffer for 2
hours at room temperature , and washed again.bldteed proteins were developed

using an enhanced chemiluminescence detectiomsys8t#RON, Biotech, Seoul, Korea).
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5. Semiquantative Reverse Transcriptase-Polymeragghain Reaction

RNA extraction was carried out using the RNA-STAT-Gccording to the
manufacturer’s instructions (TEL-TEST, Inc., Frismaod, TX). 2ug of the total RNA
was reverse-transcribed using a M-MLV cDNA synthesystem (Promega, San Luis
Obispo, CA), and the reverse-transcribed DNA wadsjesied to PCR. The profile of
replication cycles was denaturation at 94 °C forsB@onds, annealed at 58 °C for 50
seconds, and polymerized at 72 °C for 1 min. Inheeagaction, the expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDMedes the internal control. The
primers used for PCR are as follows: hOGG1 forwak@ TG CCT TCT GGA CAATCT
TT-3'; hOGG1 reverse, 5'-TAG CCC GCC CTG TTC TTCesigned to amplify a 551-
bp region; GAPDH forward, 5-CCA TGG AGA AGG CTG &33'; and GAPDH
reverse 5-CAA AGT TGT CAT GGA TGA CC-3' designed amplify a 194-bp region
(total number of cycles: 26). The PCR products weselved on 1 % agarose gels, stained

with ethidium bromide, and then photographed.

6. 8-0x0G Glycosylase Activity Assay( Endonucleadicking Assay)

The cells at the exponential phase were centrifiege8D0 x g for 5 minutes. The cell
pellets (16 cells per each assay) were then suspended inutnesl of a homogenization
buffer (50 mM Tris-HCI, 50 mM KCI, 1 mM EDTA, 5 %lgerol, and 0.05 % 2-
mercaptoethanol, pH 7.5) and homogenized. After dhpernatants were obtained by
centrifugation, followed by dialyzing against thenfiogenization buffer, they were used
for the endonuclease-nicking assay as cell extr&txoG-containing 21-mer with the
sequence 5-CAGCCAATCAGTXCACCATTC-3' (X=8-0xoG) alg with its
complementary strand was chemically synthesizea (Wiidland Certified Reagent Co.,
Midland, TX). The synthetic oligonucleotide wasedid-labeled using terminal transferase

and [a®*P]ddATP (Amersham Biosciences, 3000 Ci/mmol). The-kabeled oligomer was
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annealed with its complementary oligonucleotide] te resulting duplex DNA was used
as the assay substrate. The duplex substrate DB AI®DI) was incubated with the cell
extracts (10 mg of protein) at 3T for 1 hour in 1 ml of reaction mixture (50 mM 3xi
HCI, 50 mM KCIl and 1 mM EDTA, pH 7.5). The reactiatas quenched by heating at 90
°C for 3 minutes, followed by electrophoresis on 20 denaturing (7Murea)
polyacrylamide gels (DNA sequencing gel). The geéye wrapped in saran wrap and

exposed to Kodak film for visualization.

7. Cytotoxicity Assay by trypan blue

The extent of cell death was determined by trydae bxclusion. Cells were seeded on
well plate. After 24 h, cells were treated withkQ4(uM). After 24 hours, The floating and
trypsin-detached GMO00637 cells were collected arashed once with ice-cold PBS.
Trypan blue (0.2% in PBS, Invitrogen) was addedhi® cells. The cell counted using
Cedex AS20(INNOVATIS). The cell viability was measd as a percentage of the total

cell number that remained unstained.

8. Cytotoxicity Assay by MTT

The cell cytotoxicity was also assessed using &,3-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT)-based colorimetassay. Cells were seeded on well
plate. After 24 h, cells were treated with@4(uM) for 24 hours. MTT(10mg/ml) was
incubated with cells in a plate for 4 h at@7The medium containing MTT was removed,
and dimethyl sulfoxide (DMSO) was added. cells evarcubated for 15min at room
temperature with gentle shaking. The absorbance reagd on a scanning elisa reader
(BIO-TEK INSTRUMENTS,INC.) using a 540nm filter. Ceiability was calculated from

relative dye intensity compared with untreated dasip

_20_



9. Flow cytometry by PI staining

The floating and trypsin-detached GM00637 cellsenasllected and washed once with
ice-cold PBS, followed by fixing in 70% cold ethdufar 30minutes at £. The cells were
then stained in PBS and Pl (5@/ml), RNase A (5Qug/ml), and 0.05 % Triton X-100.
The DNA content of the GM00673 cells was analyzgdiorescent-activated cell sorting
(FACSort, Becton Dickinson, Franklin Lakes, NJ).laast 10000 events were analyzed,
and the percentage of cells in supgépulation was calculated. Aggregates of cell idebr

at the origin of histogram were excluded from thb-&, cells.

10. Caspase-3/7 activity assay

The caspase-3/7 activity was detected by A CasBése3/7 Assay system (Promega)
after preincubating the GM00637 cells (1 X/60-mm plate) with/without 6QiM caspase
inhibitor | (CALBIOCAM, La Jolla, CA) for 12 hourdpllowed by treating with various
H,O, concentrations (0 to 7@M) for another 12 hours. The background lumineseenc
associated with the cell culture and assay redtpanrtk reaction) was subtracted from the
experimental values. The activity of caspase-3/as presented as the means of triplets for

the given cells.

11. p53-siRNA transfection and Cytotoxicity Assapy MTT

The Stealth TP53 RNAiI was purchased from Inviérg TP53 Validated
StealthTM RNAi DuoPak( #45-149), primar accessidM_000546.2, coding regin: 252-
1433). The target sequence of sSiRNA for p53 is GAUCCACUACAAC-
UACAUGUGUAA-3'( GC40%) and 5-CCAGUGGUAAUCUACUGGGAGGAA-
3'(GC52%). GM00637 cells were transfected with ghdsuble-stranded siRNAs(5pmol)
for 48hr by the Lipofectamine RNAIMAX method accorg to the manufaturer's
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protocol(Invitrogen Life Technologies Carlsbad.CAXells were treated with J3,(uM)
for 24 hours. The cell cytotoxicity was also asedsssing a 3-[4,5-dimethylthiazol-2-yl]-

2,5-dipheny-Itetrazolium bromide (MTT)-based cahogtric assay.

12. Transfection with p53 plasmid and CytotoxicityAssay by MTT

The human full-length p53 DNA construct was synittess by PCR amplification of the
wt p53 plasmid ( Invitrogen Life Technologies), ngsithe following primer: sense 5'-

TCGAATTCGCCACCATGGAGGAGCCGCAGTCAGAT-3 and antisenS'-GCGAAT

TCTCAGT CTGAGTCAGGCCCTTCTGT-3. The amplified fuéngth p53 DNA
construct was inserted into a pcDNA3.1/ plasmidtame¢invitrogen Life Technologies).
After verifying DNA sequence and orientation, th&3pconstruct was transfected into
H1299 cells using the Lipofectamine LTX Reagennhsfaction reagent (Invitrogen Life
Tech-nologies). The expression of p53 protein waisfioned by western blot anaysis.
After cells were cultured for 48 hours, treatednwkbO,(UM) for 24 hours. The cell cyto-
toxicity was also assessed using a 3-[4,5-dimditadbl-2-yl]-2,5-dipheny-ltetrazolium

bromide (MTT)-based colorimetric assay.

13. Bacterial artificial chromosome (BAC)-array canparative genomic
hybridization (array-CGH)

Human fibroblast genomic DNAs derived from consd®NA and hOGG1-siRNA
transfected GM00637 were prepared by using the REENE DNA Isolation kit (Gentra
D5500A, Minneapolis, MN). For each CGH hybridizatjove digested |&y of genomic
DNA from the reference and the corresponding expental sample with Dpnll. All
digests were done for a minimum of 2 hours at'@7and then verified by agarose gel

analysis. The samples were then filtered by usimg @IAQuick PCR clean-up kit
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(Quiagen, Valencia, CA). Labeling reactions werdgqgrened with 0.8ug of purified DNA
and a Bioprime labeling kit (Invitrogen) accorditigthe manufacturer’s instructions in a
volume of 50ul with a modified dNTP pool containing 128 each of dATP, dGTP,
dTTP, 6QuM dCTP, and 6@M Cy5-dCTP (for the reference from control-siRNA
transfected GM00637) or Cy3-dCTP (for the experitmesample from hOGG1-siRNA
transfected GM00637). Experimental and referencgeta for each hybridization were
pooled and mixed with 5Qg of human Cot-1 DNA (Invitrogen). The target mbduwwas
ethanol-precipitated and resuspended to a finalimel of 4@l hybridization buffer.
Before hybridization to the array, the hybridizatimixtures were denatured at %0 for
15 minutes and applied to the array CGH chip siMacArray“Karyo 4000 (Macrogen
Korea, Seoul, South Korea). Hybridization was earout for 48 to 72 hours at 3Z in a
rotating chamber (MAUI, BioMicro Systems Inc., Shtike City, UT). The arrays were
then disassembled in 50 % formamide, 2 X SSC atGifor 15 minutes, followed by
washing with 2 X SSC, 0.1 % SDS at 4B for 30 minutes. Slides were dried and scanned
with a GenePix4000B microarray scanner (Axon Imsgnts-Molecular Devices,
Sunnyvale, CA). Microarray images were analyzed using Macviewer software
(Macrogen). Default settings were used. Whole-ganamay CGH profiles showed log
transformed hybridization ratios of test DNA versmntrol-reference DNA as described

in figure legend.

14. Statistical analysis

Results are expressed as mean * standard devig8ioh For statistical analysis,
ANOVA with P values were performed for both the w@le (P) and the pair-wise

comparison as indicated by asterisks. Values of@ere considered to be significant.
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15. Maintenance of Cell Lines

Human fibroblast GM00637 cells (Coriell Instituter iMedical Research, Camden, NJ)
were maintained in Earle’s minimum essential medisumpplemented with 10% fetal
bovine serum, 100 units of penicillin/ml, and L@0of streptomycin/ml (Invitrogen,
Carlsbad, CA). The cells were maintained in a hified incubator in an atmosphere

containing 5 % CO2 at 37C.

16. Western Blotting

The cell were washed with phosphate-buffered sgBS) and lysed on ice for 10
minutes in the M-PER mammalian protein Extracticagent (PIERCE) added protease
Inhibitor Cocktail tablet (Roch). After incubatioextracts were vortexed for 5min and
centrifuged at 13000rpm for 15min. The supernateas$ diluted with 5X SDS-sample
buffer and boiled. After cellular protein concetitvas were determined using the dye-
binding microassay (Bio-Rad, Hercules, CA), andg206tiprotein per lane were separated
by 10% SDS-polyacrylamide gel electrophoresis ($BSE). After SDS-PAGE, the
proteins were transferred onto Hybon ECL membraf@mersham Biosciences,
Piscataway, NJ). After electroblotting, the memiesawere blocked by 5% skim-milk in
Tris buffer saline containing 0.05% Tween-20(TB%W, MM Tris-HCI, pH 7.4, 150 mM
NacCl, 0.1 % Tween-20) at room temperature for 2610lhe membranes were rinsed with
TBST and then incubated with appropriate primarybadies in TBST at £ overnight.
All antibodies used in this study are polyclonatilkody against human MTH1 was
obtained from BD Biosciences (San Diego, CA), aalygonal antibodies against human
p53, phosphorylated p53 on serine 15 and 20, akagspase-3 and cleaved caspase-7
were obtained from Cell Signaling Technology (DasyeMA). Monoclonal antibody

against Noxa was produced from Calbiochem (Darmst@#rmany) and polyclonal

_24_



antibody againsy-H2AX was obtained from Upstate (Lake placid, NYYe followed
manufacturer’s protocol for dilution of all primagntibodies. The membranes were then
washed, incubated with the biotinylated secondaribodies (1:4,000) in a blocking
buffer for 2 hours at room temperature , and waisdigain. The blotted proteins were
developed using an enhanced chemiluminescencetidetesystem (iNtRON, Biotech,

Seoul, Korea).

17. Semiquantative Reverse Transcriptase-Polymera<hain Reaction.

RNA extraction was carried out using the RNA-STAT-Gccording to the
manufacturer’s instructions (TEL-TEST, Inc., Friewdsd, TX). 2 g of the total RNA
was reverse-transcribed using a M-MLV cDNA synthesystem (Promega, San Luis
Obispo, CA), and the reverse-transcribed DNA wdsesitied to PCR. The profile of the
replication cycles was denaturation at 94 °C forsB@onds, annealed at 58 °C for 50
seconds, and polymerized at 72 °C for 1 min. Inheegaction, the expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDMedes the internal control. The
primers used for PCR are as follows: hMTH1 forwaBdGTT TTA TGA GTG GAA
TTA GC-3’; hMTHL1 reverse, 5-GTG GAA TTT CTT CTT GI A-3' designed to
amplify a 475-bp region; GAPDH forward, 5-TGA CCBAG TCC ATG CCA TC-3';
and GAPDH reverse 5-TTA CTC CTT GGA GGC CAT GT-@ésigned to amplify a
492-bp region (total number of cycles: 26). The P@Bducts were resolved on 1 %

agarose gels, stained with ethidium bromide, aed gfhotographed.

18. hMTH1-siRNA design, synthesis and transfection

Three target sites within human MTH1 genes weresehdrom the human MTH1 mRNA

sequence (Gene Bank accession no. AB025240), whiah extracted from the NCBI
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Entrez nucleotide database. After selection, eacbet site was searched with NCBI
BLAST to confirm the specificity only to the humadTH1. The sequences of 21-
nucleotide sense- and antisense-RNA are as folloM3:H1-siRNA, 5-GAA GAA AUU
CCA CGG GUA CUU-3 (sense) and 5-GUA CCC GUG GAAUU CUU CUU-3
(antisense) for the hMTH1 gene (nt 540-560); LaigZNg\, 5'-CGU ACG CGG AAU
ACU UCG AUU-3' (sense), 5-AAU CGA AGU AUU CCG CGUWACG UU-3
(antisense) for the LacZ gene. These siRNAs weepased using a transcription-based
method with a Silencer siRNA construction kit (Ambj Austin, TX) according to the
manufacturer’s instructions. LacZ siRNA was usedhasnegative control. The cells were
transiently transfected with the siRNA duplexesngsDligofectamine (Invitrogen). The
siRNA expression vector(pSilencer hygro) for hMTHihd a control vector were
employed. The construction of siRNA-expression pidswvas base on the pSilencer hygro
vector(Ambion,Texas,USA). The vector included a hantJ6 promoter, a hygromycin
resistance gene. We purchased synthetic oligo-atidés(Xenotech, Korea). After
anneling, DNA fragments were ligated into the p&ikr hygro. Cells were transfected
with the siRNA vector by using Lipofectamine(lngtren. Carlsbad.CA). After
transfection with the hygromycin-resistance vectesistant colonies were grown in the

presence of Hygro-mycin( 100ug/ml) (Invitrogen. Gbad.CA).

19. Cytotoxicity Assay by trypan blue

The extent of cell death was determined by trydae bxclusion. Cells were seeded on
well plate. After 24 h, cells were treated withkQ4(uM). After 24 hours, The floating and
trypsin-detached GMO00637 cells were collected aratshed once with ice-cold PBS.
Trypan blue (0.2% in PBS, Invitrogen) was addedhi® cells. The cell counted using
Cedex AS20(INNOVATIS). The cell viability was measd as a percentage of the total

cell number that remained unstained.
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20. Cytotoxicity Assay by MTT

The cell cytotoxicity was also assessed using &,3-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT)-based colorimetassay. Cells were seeded on well
plate. After 24 h, cells were treated withG4(uM). After 24 hours, MTT(10mg/ml) was
incubated with cells in a plate for 4 h at@7The medium containing MTT was removed,
and dimethyl sulfoxide (DMSO) was added. cells evercubated for 15min at room
temperature with gentle shaking. The absorbance reag on a scanning elisa reader
(BIO-TEK INSTRUMENTS,INC.) using a 540nm filter. Ceiability was calculated from

relative dye intensity compared with untreated dasip

21. Flow cytometry by PI staining

The floating and trypsin-detached GM00637 cellsenasllected and washed once with
ice-cold PBS, followed by fixing in 70% cold eth&n®he cells were then stained in PBS
and PI (50ug/ml), RNase A (5Qug/ml), and 0.05 % Triton X-100 for 45 min. The DNA
content of the GM00673 cells was analyzed by flsoeat-activated cell sorting (FACSort,
Becton Dickinson, Franklin Lakes, NJ). At least Q0Cevents were analyzed, and the
percentage of cells in subr@opulation was calculated. Aggregates of cell ideat the

origin of histogram were excluded from the supe€lls.

22. Noxa-siRNA transfection and Cytotoxicity Assaypy MTT

The Noxa siRNA duplex oligoribonucleotides were gharsed from Invitrogen(primar

accession: NM_021127). The target sequence of siRiNAloxa is 5-UUGAGUAGCA

CACUCGACUUCCAGC-3'(sence) and 5-GCUGGAAGUCGAGUGUGEBC UCAA-
3'(antisence). GM00637 cells were transfected withse double-stranded siRNAs(5pmol)
for 48hr by the Lipofectamine RNAIMAX method accorg to the manufaturer's
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protocol(Invitrogen Life TechnologiesCarlsbad.CA).  Cells were treated with
H202(uM) for 24 hours. The cell cytotoxicity wassal assessed using a 3-[4,5-

dimethylthiazol-2-yl]-2,5-dipheny-Itetrazolium brage (MTT)-based colorimetric assay.

23. p53-siRNA transfection and Cytotoxicity Assapy MTT

The Stealth TP53 RNAi was purchased from InvierggTP53 Validated StealthTM
RNAI DuoPak( #45-149), primar accession: NM_0003460ding regin: 252-1433J.he

target sequence of siRNA for p53 is 5-CCAUCCACUASBUACAUGUGUAA-

3'( GC40%) and 5-CCAGUGGUAAUCUACUGGGACGGAA-3'(GCB2). GM00637
cells were transfected with these double-strand&NAs(20pmol) for 48hr by the
Lipofectamine RNAIMAX method according to the maairer's protocol(Invitrogen
Life TechnologieLarlsbad.CA). Cells were treated with B@,(uM) for 24 hours. The
cell cytotoxicity was also assessed using a 3-fHhiethylthiazol-2-yl]-2,5-dipheny-

Itetrazolium bromide (MTT)-based colorimetric assay

24. Immunolocalization of phosphorylated-H2AX (H2AX).

Cells were fixed in methanol for 15 minutes at ra@mperature, followed by washing
in phosphate buffered saline (PBS; 0.01 M, pH 7T&ey were then incubated in 10%
goat serum containing 1 % bovine serum albumirifbour at room temperature to reduce
the binding with nonspecific antibodies. After ihation overnight at 4C with the rabbit
derived specific anti-humagH2AX antibodies (1:100) (Upstate, Lake Placid, NDGA),
the immunoreactivity was detected using 2 mg/mixAlé&luor 488 (Molecular Probes,
Eugene, OR, USA). As a control, the same cells warebated with an isotype matched

antibody using identical experimental conditionese Tmmunolocalization ofyfH2AX was
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observed and photographed by FV300 laser micros@@fympus, Japan) at an excitation

wavelength 488 nm.

25. Measurement of intracellular ROS by FACS

The intracellular production of ROS was assayed using the CM-H2DCFDA probe
(Molecular Probes). Briefly, after addition of CM-H2DCFDA(5uM) the cells were
incuvated for 15min in the dark at 37°C. CM-H2DCFDA is oxidized by ROS to the
highly fluorescent CM-DCF compound. After two washes with PBS, the cells were
detached by Trypsin-EDTA and immediately analyzed by flow cytometry (FACSort,
Becton Dickinson, Franklin Lakes, NJ). Ten-thousand individual data points were

collected for each sample.

26. Bacterial artificial chromosome (BAC)-array canparative genomic
hybridization (array-CGH).

Human fibroblast genomic DNAs derived from contsd®NA and hMTH1-siRNA
transfected GM00637 were prepared by using the REENE DNA Isolation kit (Gentra
D5500A, Minneapolis, MN). For each CGH hybridizatjove digested (& of genomic
DNA from the reference and the corresponding erpemial sample with Dpnll. All
digests were done for a minimum of 2 hours at'@G7and then verified by agarose gel
analysis. The samples were then filtered by ushg @IAQuick PCR Purification kit
(Quiagen, Valencia, CA). Labeling reactions wergfgrened with 0.8 g of purified DNA
and a Bioprime Array CGH Genomic labeling kit (lmeigen) according to the
manufacturer’s instructions in a volume ofub@vith a modified dNTP pool containing
120uM each of dATP, dGTP, dTTP, M dCTP, and 60M Cy5-dCTP (for the reference
from control-siRNA transfected GM00637) or Cy3-dC{fer the experimental sample
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from hMTH1-siRNA transfected GM00637). Experimenaald reference targets for each
hybridization were pooled and mixed with 50 g ofrfain Cotl DNA (Invitrogen). The
target mixture was ethanol-precipitated and requdpe to a final volume of 40
hybridization buffer. Before hybridization to theray, the hybridization mixtures were
denatured at PC for 15 minutes and applied to the array CGH clsijde,
MacArray“Karyo 4000 (Macrogen Korea, Seoul, South Korea)bridjzation was
carried out for 48 to 72 hours at 3Z in a rotating chamber (MAUI, BioMicro Systems
Inc., Salt Lake City, UT). The arrays were theradgembled in 50 % formamide, 2 X SSC
at 46°C for 15 minutes, followed by washing with 2 X SSX1 % SDS at 46C for 30
minutes. Slides were dried and scanned with a Ge4@B0B microarray scanner (Axon
Instruments-Molecular Devices, Sunnyvale, CA). Mamray images were analyzed by
using Macviewer software (Macrogen). Default sgtinwere used. Whole-genome array
CGH profiles showed lggtransformed hybridization ratios of test DNA vesstontrol-

reference DNA as described in figure legend.

27. Data Analysis.

The data is represented as the mean = SD. Statisbmparisons were carried out using

an unpaired t test. p values < 0.05 were considgggrficant
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RESULTS

|. hOGG1-deficient fibroblasts undergo p53-dependen
oxidative stress-induced apoptosis.

1. Suppression of hOGG1 gene expression enhances ttytotoxic effects of
H»0O, in human fibroblast GM00637.

Semiquantitative RT-PCR was performed using hOGEkific synthetic primers, as
described in “Materials and Methods”, to determihahe constitutive expression of
human OGG1 is specifically inhibited by hOGG1-siRNA cultured human fibroblast
GMO0063 cells. Two transfectants of hOGG1-silendilig00637 cells blocked the normal
expression of hOGGL1 up to 80-90%, compared todhebntrol-siRNA transfectants (Fig.
3A, 3C). Western blotting was also carried out &tedmine if the inhibition of hOGGL1
MRNA corresponds to that in the hOGG1 protein le&sldemonstrated in Figure 3B and
3C, hOGG1 protein expression was also 60-65% itddlddy hOGG1-siRNA transfection.
In order to determine the functional significandettee inhibited hOGG1 expression, the
parental-, control-siRNA and hOGG1-siRNA transfectell lysates were prepared and
examined their abilities to cleave 8-o0xoG usinglanier oligonucleotide containing a
single 8-oxoG at nucleotide 13. As shown in FigBite hOGG1-siRNA transfected cells
resulted in the inefficient cleavage of the 8-ox6Gubstrates compared with the parental
or control-siRNA transfected cells, demonstratigatt hOGG1-siRNA can cause a
reduction in the hOGGL1 protein level, followed Ipesific inhibition of the hOGG1 repair
activity in human fibroblast GM00637 cells.

The effect of hOGGL1 on the,8.-induced cytotoxicity was next investigated in paaé
cells, control-siRNA and hOGGL1-siRNA transfectedlsceThe cell viability of the
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hOGG1-siRNA transfected GM00637 was significanthyér than that of the control-
siRNA transfected cells and parental cells (Fig). 3this indicates that the inhibition of

hOGG1 expression reduces the cell viability ofdlidasts in response to oxidative stress.

In order to determine if hOGG1 depletion has arfigatfon HO,-induced apoptosis, the
nuclei of GM00637 cells were stained with a propidiiodide dye for flow cytometric
detection. As shown in Figure 3F, the control-siRtd@nsfected cells, which were treated
with 0 to 60uM H,0,, showed an apoptotic sub-GNA content of 4.12 % to 12.35 %.
However, transfection with hOGG1-siRNA increased froportion of apoptotic sub:G
DNA content. The apoptotic subf®NA content of the hOGG1-siRNA transfected cells
ranged from 4.97 % to 24.17 % at the same oxidasivess. This shows that the

suppression of hOGG1 expression triggers the medsapoptosis in response teCHin
GMO00637 human fibroblasts.
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Figure 3.
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Figure 3. Knockdown of hOGG1 expression by siRNA inference ssitizes human
fibroblast GM00637 cells to HO,-induced apoptosis.The human fibroblast GM00637
cells were stably transfected with the control-sfRahd two different hOGG1-siRNA as
described in “Experimental Procedures”. The expoassf hOGG1 was then analyzed by
RT-PCR using hOGGL1 specific synthetic primers (@)d by Western blot using anti-
hOGG1 polyclonal antibodies (B). The data was ndim@d with GAPDH and a-tubulin
expression, respectively. Panel C is the grapluldlbased on panel A and B. All values
are expressed as mean * standard deviation (S&Xjstially significant differences in
OGG1 expression were determined by the ANOVA witlvdfues given for both the
overall (P) and the pair-wise comparisons as iniditdy asterisks (*, P<0.05). (D) The
OGG1 enzyme activities were analyzed by 8-oxoG ingkassay using the parental,
control-siRNA and two different hOGG1-siRNA transtied cell lysates as described in
“Experimental Procedures”. Purified hOGG1l and huffdone served as positive and
negative control, respectively. The arrow indicates DNA cleavage products (13-mer).
(E) Parental, control-siRNA and hOGG1-siRNA tracsée cells were cultured to 70-80%
confluence, and treated with the indicated conedintn of HO, for one hour. The media
were then changed to fresh one, and the extenglbfieath was assayed by Trypan blue
exclusion 24 hours after the treatment. Cell vigbivas determined as the percentage of
total cell number that remained unstained. Theaeshepresent the means + SD from six
separate experiments. (F) Apoptotic SubEINA contents were estimated by FACScan
analysis after treatment with the indicategDkiconcentration under the same experimental

condition with (E).
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2. hOGG1-knockdown GMO00637 cells lead to the significd increases of

caspase-3 and caspase-7 activities in response #ptoxidative stress.

The activation of caspases is one of the major gzses in DNA damage-induced
apoptosis. In order to understand the protectiiecefof hOGG1 on kD.-induced
apoptosis, we examined the levels of caspase-Zasphse-7, which are the key caspases
in the apoptotic pathways, by Western blottinghia tontrol-siRNA and hOGG1-siRNA
transfected GMO00637 cells. There was no significdifiterence in the levels of the
procaspase-3 and procaspase-7 between control-si@MIAhOGG1-siRNA transfected
GMO00637 cells (data not shown). In addition, noféhe active processed products of
both enzymes were detected in the control-siRNAstiected GM00637 cells up to 48 hr
after the HO, treatment. On the other hand, the cleavage ofappase-3 and procaspase-7
into the active subunit was clearly observed inHE5G1-siRNA transfected GM00637
cells from 24 hr after b, treatment (Fig. 4A). The observation of activatelbaved)
caspase-3 and caspase-7 is consistent with theobtgtimmed from their enzymatic activity
assay, which were performed using a Promega Cdaspms®7 kit, as described in
“Materials and Methods.” As demonstrated in Figdi®, the enhanced caspase-3 and
caspase-7 activity induced by,®}-treatment of hOGG1-siRNA transfected cells was
significantly inhibited by a treatment with caspas@bitors. Furthermore, the level of cell
viability in the hOGG1-siRNA transfected fibroblastvas almost completely reversed to
those of the control-siRNA transfected cells aftee treatment with caspase-3 and
caspase-7 inhibitors (Fig. 4C). This indicates ttie caspase-3/7 activation plays an
important role in the development ob®}-induced apoptosis in hOGG1-depleted human

fibroblast GM00637 cells.
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Figure 4.
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Figure 4. Silencing hOGGL1 triggers caspase-3 and caspase-tiaation in response
to H,O, in GM00637 cells.(A) Cells were treated with B® H,O, for one hour. The
activated (cleaved) caspase-3 and caspase-7 wedatkby Western blot analysis using
specific antibodies for caspase-3 and caspasdhgé andicated time-points after the®}
treatment. The data was normalized with-tubulin expression. (B) After control-siRNA
and hOGG1-siRNA transfected GM00637 cells weretekavith/without 6QIM caspase
inhibitor and the indicated concentration ofQ4, caspase-3/7 activities were analyzed
using Promega Caspase Glo 3/7 kit as describe&péerimental Procedures”. The data
was plotted as the relative units of luciferasensity of three separate experiments. All
values are expressed as mean + SD. (C) Cell viahiths determined by MTT assay Kkit.
The Cell viability was determined after being tezhtith different doses of &, under
the same experimental condition with (B). All vaduare expressed as mean + SD. The
parental GM00637 and control-siRNA transfectedsceirved as experimental controls in

this study.
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3. Requirement of p53 activation for HO,-induced cell death in hOGG1

deficient cells.

In response to a variety of death stimuli, p53tébidized andapidly activated in many
cell types (69). One importamechanism through which p53 promotes caspase agtiva
is by transactivation of the proapoptotic proteins (70). order to determine the
requirement of p53 activation for,8,-induced apoptosis in hOGG1-depleted cells, we
investigated the activation of p53 and its dowrastréarget protein such as p21 and Noxa
in control-siRNA and hOGG1-siRNA transfected fibiadis after a treatment with 100
UM H,0,. As shown in Figure 5, #, significantly activated p53 phosphorylation (Fig.
5A) and strongly increased the expression of p2l Moxa (Fig. 5B) in hOGG1-siRNA
transfected fibroblasts in a time-course dependasminer compared with those of the
control siRNA transfected cells, indicating that3p&ontributes to the oxidative stress-
induced cellular apoptotic responses in hOGG1-aaficGM00637 cells. Thus, wesed
p53-siRNA to silence p53 expression to determimeettiecion HO,-induced apoptosis in
hOGG1-deficient cells. Expression of p53-siRNA ie=iiin reduceg53 levels and a
concomitant decrease in p21 levels (Fig. 5C). Ingpuly, a decrease in p53 levels in
hOGG1-deficient cells resulted in the inhibition adspase-3 and caspase-7 cleavage in
response to D, (Fig. 5C). Consistently, determination of caspasend caspase-7
enzymatic activityalso gave similar results (Fig. 5D), indicatingtttize HO,-induced
caspase-3/7 activation in hOGG1-deficienct celtedsiced when p53 levels are reduced.
We next examined the cell cytotoxicity in respomnseH,O, treatment under the same
experimental conditions (Fig. 5E). Significantlyp3siRNA caused a large increase in the
percentage of viable hOGG1 deficient cells in resgao HO,. Taken together, these data
suggest that p53 contributes to thgdkinduced apoptosis in hOGG1-depleted GM00637

cells.
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To test again the role of p53 in the®-mediated cell death in hOGG1-deficient cells,
H1299 lung carcinoma cells (p53 null) were transféavith either control GFP-siRNA or
hOGG1-siRNA, together with control-pcDNA3.1 vector p53-pcDNA3.1 expression
vector. The expression of hOGG1 was specificallwrioegulated up to 25-35 %, and the
p53 expression was clearly identified in H1299 p&8 cells based on these transfection
(Fig. 5A). Twenty-four hours after transfectionetbells were treated with various®j
doses, and the cellular sensitivity was determimeTT assay. As shown in Figure 6B,
the hOGGL1 silenced H1299 exhibited the slightlyrdased cell viability to the 4D,
treatment compared with those of control-siRNA sfanted cells. However, the cell
viability of hOGG1-siRNA plus p53 expression vectimansfected H1299 cells was
significantly reduced up to less than 10% in respoio >40QuM H,0O, , indicating that
p53 clearly modulates cell viability in response HgO, oxidative stress in hOGG1-

deficient H1299 cells.

Figure 5.
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Figure 5.
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Figure 5. H,O,-induced changes in the expression levels of phosphlated p53,
p21 and Noxa, and significant protection by p53-siRA against H,O.-induced
cytotoxicity in hOGG1 silencing GM00637 cells After control-siRNA and hOGG1-
siRNA transfected GM00637 cells were treated wdBM H,0O,, whole cell lysates were
prepared after incubation with,8, for the indicated times. Western blot analysis was
carried out using specific antibodies against pa® the phosphorylated p53 such as p53-
P(serl5) and p53-P(ser20) (A), and using speciftbadies against p21 and Noxa (B).
The data was normalized toa-tubulin expression. The results are representativhree
independent experiments. (C) After control and hQGieficient GM00637 cells were
transfected with p53-siRNA, the cells were therated with 50uM H,O, for 24 hours.
Whole cell lysates were analyzed by Western blgttising specific antibodies against p53,
p21 and caspase 3/7. The data were normalized withactin expression. (D) After
hOGGL1 silencing cells were transfected with corsiBINA and/or p53-siRNA, the cells
were treated with the indicated®, concentrations. Caspase-3/7 activities were aadlyz
by Promega Caspase Glo 3/7 kit as described in€fxgntal Procedures”. The data was
plotted as the relative units of luciferase intgnéiom three separate experiments. All
values are expressed as mean = SD. (E) Cell viahilds determined by MTT assay
after being treated with different doses ofOz under the same experimental condition

with (D). All values are expressed as mean + SD.
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Figure 6.
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Figure 6. The role of p53 in HO,-mediated cell death of hOGG1-deficient H1299
lung carcinoma cells (p53 null).(A) After H1299 cells were transfected with comtro
and/or hOGG1-siRNA together with pcDNA3.1 and/oBf£DNA3.1 expression vector,
whole cell lysates were prepared and Western biatyais was performed using anti-
hOGG1 polyclonal antibodies and anti-p53 antibadié® data was normalized with -
actin expression and the graphical plot based emdsults from Western blot analysis was
shown as mean * SD. Statistically significant difeces in the expression of hOGG1 and
p53 were determined by the ANOVA with P values gifer both the overall (P) and the
pair-wise comparisons as indicated by asterisk®€9.05). (B) The cells of panel A were
cultured to 70-80 % confluence, and treated withitidicated concentration of,8, for
one hour. The media were then changed to fresh am the extent of cell death was
estimated with MTT assay kit as described in “Expental Procedure”. All values are

expressed as mean * SD.
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4. hOGG1 overexpression plays an important role tprotect GM00637 against

H,O.-induced apoptosis.

GMO00637 cells were stably transfected with hOGGfression vector or the control
empty vector pcDNA3.1, as described previously (76 determine if hOGG1
overexpression suppressesgOstinduced p53 phosphorylation and apoptosis. The BDG
expression was highly augmented in two of hOGGIresgion vector-transfectants (Fig.
7A), and their 8-0xoG cleavage enzyme activitie@21-mer oligonucleotide containing
a single 8-0xoG at nucleotide 13 were significanitigreased compared with those of
parental and pcDNA3.1 control vector-transfectafig. 7B). The overexpression of
hOGG1 decreased the level of p53-phosphorylatioregponse to 10QM H,O, in the
overall time points (until 8 hours) (Fig. 7C). Téffect of overexpressed-hOGG1 op(H
induced apoptotic responses in GM00637 cells, whagth been transfected with either the
hOGG1 expression vector or control pcDNA3.1, watemained by estimation of their
sub-G DNA contents. As shown in Figure 7D, while the tohempty vector transfected
cells showed an apoptotic suR-GNA content ranging from 1.21 % to 18.41 % in
response to 0 to §M H,0O,, the hOGG1 overexpressed cells showed an apoptdiics
DNA content ranging from 4.61 % to 10.10 % under same oxidative stress, indicating
that hOGGL1 overexpression significantly inhibite tHO,-induced apoptotic responses in
GMO00637 cells. Taken together, these results slnatvdxidative stress-induced cellular
apoptotic responses are specifically inhibited IYGIG1 overexpression in GM00637

fibroblast cells.
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Figure 7.
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Figure 7. The overexpression of hOGG1 inhibits apoptotic celtleath through p53
phosphorylation in GM00637 cells.(A) After cells were transfected with either empty
vector or hOGG1 expression vector, whole cell lgsatere then separated by 12 % SDS-
PAGE. The expression of hOGG1 was analyzed by Whedstetting using anti-hOGG1
polyclonal antibodies. The data was normalized wittubulin expression. (B) The OGG1
enzyme activities were analyzed by an 8-oxoG nigkigsay using the parental-, empty
vector transfected- and hOGGL1 expression vectosfieated cell lysates, as described in
“Experimental Procedures”. Purified hOGG1 was usedpositive control. (C) After
control and hOGG1l-overexpressed GM00637 cells weeted with 100M H,O, for the
indicated times, the level of phosphorylated p53s wxamined by Western blot analysis
using specific antibodies against phosphorylate8 pGch as p53-P(serl5) and p53-
P(ser20). The data was normalized dotubulin expression. This experiment is
representative of three independent experimen)sAfptotic sub-GDNA contents were
estimated by FACScan analysis using control and&G1 expression vector transfected

GMO0O0637 cells after treatment with the indicatedaantration of HO, for one hour.
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5. Involvement of ATM and DNA-PK in the HyOz-induced p53
phosphorylation of hOGG1-deficient GM00637 cells.

Several protein kinases have been identified tleéail genotoxic stress and initiate
signaling pathway through p53 phosphorylation etgérine or threonine residues. Among
them, ATM and DNA-PK play an essential role in wanitting DNA damage signals
through phosphorylation of p53. Thus, we next exaaiHO.-induced phosphorylation
of the ATM and DNA-PK in hOGGL1 deficient and hOG@ibficient cells. To determine
whether these protein kinases participate in chaokpcontrol in response to ,B8.-
oxidative stress in hOGG1 deficient cells, we &datontrol-siRNA and hOGG1-siRNA
transfected GM00637cells with 1M H,O, for 0.5, 2 or 8 hours. As shown in Figure 8A,
the HO, treatment caused a modest increase in ATM and BPKAshosphorylation in the
control-siRNA transfected GM00637 cells. In contréise magnitude of increase in ATM
and DNA-PK phosphorylation in response tg0sltreatment was greater hOGG1-siRNA
transfected cells. The hOGGL1 defect also causeshbanced Chkl phosphorylation and
an increased expression of Rad51 protein, whiclkraoen to be ATM downstream signal

molecules, in response ta®} treatment (Fig. 8A).

To more specifically investigate whether ATM and SRK activation contributes to
the oxidative stress-induced p53 phosphorylatioh@GG1 deficient GM00637 cells, we
pretreated control-siRNA and hOGG1-siRNA transféatells either with caffeine, which
is a potent ATM inhibitor, or wortmannin, whichaspotent DNA-PK inhibitor. As shown
in Figure 8B, HO.,induced phosphorylation of p53-Serl5 and p53-Sem2®OGG1
deficient cells was significantly reduced by caiteipretreatment, and the®}-induced
phosphorylation of p53-Ser20 in hOGG1l-deficientlscelvas markedly reduced by
wortmannin pretreatment. These results suggestahhanced p53 phosphorylation of
hOGG1 deficient cells following #D, treatment was caused by an ATM and DNA-PK

activation.
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Figure 8.

A.
control-siRNA hOGGI1-siRNA
0,100pM): 0 05 2 8 0 05 2 8(hr)
DNA-PKcs-P(T2609) - « - . e
DNA-PKes [ M0 ol D e | | OO 0 O
ATM-P(S1981) - ”_
ATM | - i e — -
Chk1-P(S345) —
Chkl o e i ST
Rad51 — i — — . e — G
B-actin | = e——— s ok
B.
hOGG1-siRNA
H,?%’ff}i,‘}ﬁff{’e'; DPBS ‘Wortmannin Caffein
100uM, H,0_(hr) 0 2 4 o 2 4

pS3-P(ser15) m“ I

pS3-P(ser20)

. —

-
- -
e o e || -

p-actin

——-
—

_48_



Figure 8. The specific activation of DNA-PKcs, ATM, Chkl andRad51 was related
with H,O.-induced p53 phosphorylation in hOGG1-deficient GM0637 cells.(A)
After transfection with control- and/or hOGG1-siRNie cells were treated with 10
H,0, for the indicated times. The level of normal ambgphorylated DNA-PKcs, ATM,
and Chk1 together with the expression of Rad51 exasnined by Western blot analysis
using each specific antibodies as described in &Erpental Procedure”. (B) After
hOGG1 silencing cells were pretreated either witmMb caffeine and/or 30M
wortmannin for 30 minutes, the cells were then batad with 100M H,O, for the
indicated times. The level of phosphorylated p®8gther with normal p53 was examined
by Western blot analysis using specific antibodéggminst all related proteins. This
experiment is representative of three independep¢raments. All data were normalized

to B-actin expression.
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6. Array CGH characterization of the hOGG1 deficien fibroblasts following

H,0, treatment.

In order to identify the genetic copy number changgsociated with the knockdown of
hOGG1, an array comparative genome hybridizatiorayaCGH) was performed using the
genomic DNA derived from hOGG1 knockdown cells awatrol cells, which had been
treated with 1QuM H,O, for 4 weeks (Fig. 9A) and 8 weeks (Fig. 9B). TheaCGH is a
powerful molecular cytogenetic method, which englgjenome-wide screening for copy-
number losses and gains of the chromosomal parsinigle hybridization (72). Currently,
array-based comparative genomic hybridization yai@GH) using bacterial artificial
chromosome (BAC) arrays spanning the entire hunemiome is used to examine genomic
alterations (73). The advancements in genome-wid€ Rrray CGH technology have
contributed to the understanding of the underlyiignetic changes that correspond to
disease progression. The extent and location ofenicai changes in the DNA content
induced by HO, in the control and hOGG1-deficient cells were exan. The HO,-
treated hOGGL1 deficient cells showed more sigmfigachanges in the copy number of
large regions of the chromosomes, compared withie-treated control cells. The array
CGH data provided a precise measurement of thé tdvgains (log ratio>0.225: green
arrows) and losses (lpgatio less than -0.225, red arrows) of all chroomoss. The array
CGH data revealed 1944 (gene loci of LOC339529, Z38and LOC440742) and 7936.3
(gene loci of VIPR2 and LOC442366) of chromosoneakes, and 17g11.2 (gene loci of
MYO18A), 18923 (gene locus of FLJ25715 and CTDRid #q13.1 (gene loci of PJA1
and RP13-153N15.1) of chromosomal gains, respédgtidese results suggest that the
suppression of hOGGL1 repair activity can lead taléeration of the gene copy number in

response to pD,-oxidative stress.
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Figure 9.
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Figure 9. Array Comparative Genomic Hybridization (array CGH) of the
control-siRNA and hOGG1-siRNA transfected GM00637 ells. The cells were stably
transfected with control- and/or hOGG1-siRNA, ahdrt treated with 10 mM J@, for 4
weeks (A) and 8 weeks (B). The genomic DNA wasasted and digested with Dpnll,
followed by random prime labeling with Cy3 for tiest DNA derived from hOGG1-
SiRNA transfected cells and Cy5 for the referen®¢ACirom control-siRNA transfected
cells. Whole-genome array CGH profiles showed-tognsformed hybridization ratios of
the test DNA versus the control-reference DNA. Repntative chromosomal gains gog
ratio>0.25: green arrows) and losses {logtio less than -0.25, red arrows) are also

indicated along with their chromosomal locationd aandidate genes.
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Figure 10.
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Figure 10. p53-mediated apoptotic pathway in response to ¥, exposure in hOGG1
silencing GM00637 cells.
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. hMTH1 knockdown by small interfering RNA

increases oxidative stress-induced cell death and
chromosomal instability in human fibroblast GM00637
cells

7. The inhibition of hMTH1 expression by siRNA lead to an increase of HO,-
induced cytotoxicity in GM00637.

The biological role of hMTH1 in response to oxidglatistress was determined using
hMTH1-siRNA transfectants, which contain 21-bp hMITltargeting RNA duplexes to
inhibit hMTH1 expression in human fibroblast GM0G68ells. The human fibroblast
GMO00637 cells were stably transfected with consi®lNA or hMTH1-specific SIRNA.
Semiquantitative RT-PCR was carried out using hMTdp&cific synthetic primers, as
described in “Materials and Methods”, to determihahe constitutive expression of
hMTH1 is specifically inhibited by hMTH1-siRNA in uttured human fibroblast
GMO00637 cells. Three different hMTH1-siRNA complgtdlocked the normal mRNA
expression of hMTH1 in the parental GM00637 cefigy( 11A). Western blotting was
performed to determine if the inhibition of hAMTH1RNA corresponds to that in the
hMTH1 protein level. As demonstrated in Figure 1bBITH1 protein expression was also

specifically inhibited by hMTH1-siRNA transfection.

We next investigated the effect of hMTH1 on thgOKinduced cytotoxicity of the
parental cells, stable control-siRNA and hMTH1-siRNells. The cell viability of
hMTH1-siRNA cells was significantly lower than that either control-siRNA cells or
parental cells (Fig. 12A), indicating that the inition of hMTH1 expression reduces the
cell viability of fibroblasts in response to oxidle stress. In order to determine if hMTH1
depletion has an effect onp®b-induced apoptosis, we analyzed subBBA contents of

control-siRNA and hMTH1-siRNA stable cells by floaytometry after staining their
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nuclei with propidium iodide. As shown in FigureBl,2the control-siRNA cells, which
were treated with 0 to 8§0M H,0,, showed apoptotic subi®NA contents from 3.38 %

to 11.96 %. However, hMTH1-siRNA increased the prtipn of apoptotic sub-GDNA
content. The apoptotic subr®NA contents of hMTH1-siRNA transfected cells radg
from 6.17 % to 23.94 % under similar same oxidasitress. These results suggest that the

suppression of hMTH1 expression triggers apoptasigesponse to ¥D, in human
fibroblasts GM00637.

Figure 11.
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Figure 11. siRNA-mediated down-regulation of hMTH1 in human fibroblast
GMO00637 cells.The human fibroblast GM00637 cells were stablygfacted with the
control-siRNA and hMTHZ1-specific sSiRNA. The expriessof hMTH1 was then analyzed
by RT-PCR using hMTH1 specific synthetic primerg,(And by Western blot using anti-

hMTH1 polyclonal antibodies (B). The data was ndimeal to GAPDH anda-tubulin,
respectively.
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Figure 12.
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Figure 12. hMTH1 knockdown increases the level of KHO,-induced cytotoxicity in
GMO00637 cells.(A) The parental, control-siRNA and hMTH1-siRNAllsewere cultured
to 70-80% confluence, and treated with the indidddgO, concentration and the extent of
cell death was measured by Trypan blue exclusiorh@4rs after treatment. The cell
viability was determined to be the percentage @l toell number that remained unstained.
The values represent the means + S.D. from sixraepaxperiments. (B) The apoptotic
Sub-G DNA contents were estimated by FACScan analysiy &feing treated with the

indicated HO, concentration under the same experimental comditith (A).
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8. hMTH1 knockdown augments the expression of Noxa and caspase—
3/7 activation, but it does not affect p53-phosphorylation in

response to HyOg—oxidative stress.

p53 is stabilized andapidly activated in many cell types in responsetaeariety of
death stimuli in many cell types (118). Transadiowa of proapoptotic proteins is an
importantmechanism through which p53 promotes caspase totivgl19). In order to
determine if p53 is involved in the,B,-mediated apoptosis of h(MTH1-depleted cells, we
examined the levels of p53 phosphorylation anddenstream target proteins such as p21
and Noxa were examined in control-siRNA and hMTHRMNA after a treatment with
30uM H,0,. As shown in Figure 13A, the,B,treatment increase the expression of Noxa
in hMTH1-siRNA compared to those in control-siRNAlls in a time-course dependent
manner. However, the level of p53 phosphorylatiechsas p53-P(serl5) and p53-P(ser20)
induced by the kD.-oxidative stress was similar in h(MTH1-siRNA anslc¢ontrol.

The activation of caspases is one of the major ggocn DNA damage-induced
apoptosis. In order to understand the protectiiecefof hMTH1 on HO.induced
apoptosis in GM00637 cells, the levels of caspasex® caspase-7, which are the key
caspases in the apoptotic pathways, were examipedebtern blot analysis in control-
siRNA and hMTH1-siRNA cells. As demonstrated in tFigg 13B, the kD, treatment
induced the cleavage of inactive 32kDa procasfda&s smaller detectable active forms
of caspase-3 such as 14 kDa and/or 22 kDa fragmant$ induced the cleavage of
inactive 32 kDa procaspase-7 into detectable adtums of caspase-7 such as 26 kDa
fragment. The cleavage of procaspase-3 and progmaspanto the active subunit was
clearly observed in the hMTH1-siRNA from 24hr aftésO, treatment (Fig. 13B). The
observation of activated (cleaved) caspase-3 asgase-7 is consistent with the data
obtained from their enzymatic activity assay, whighre performed using a Promega

CaspaseGlo 3/7 kit, as described in “Materials lstethods.” As demonstrated in Figure
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13C, the enhanced caspase-3 and caspase-7 adtidilged by HO,-treatment of
hMTH1-siRNA was significantly inhibited by a treatmt with caspase inhibitors.
Furthermore, the level of cell viability in the hMI-siRNA was almost completely
reversed to those of the control-siRNA transfectelts after the treatment with caspase-3
and caspase-7 inhibitors (Fig. 13C). This indic#es the caspase-3/7 activation plays an
important role in the development of®}-induced apoptosis in hMTH1-depleted human
fibroblast GM00637 cells.
Figure 11.
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Figure 13. H,O, increases the expression level of Noxa and casp&éé activation,
but does not affect the level of p53 phosphorylattoin hMTH1-siRNA. (A) Control-
siRNA and hMTH1-siRNA cells were treated with| 3@ H,O,. The whole cell lysates
were then prepared at the indicated time pointd,\@estern blot analysis was performed
using specific antibodies against hMTH1, Noxa, pi8 phosphorylated p53 such as p53-
P(serl5) and p53-P(ser20). The membrane was drigpé probed with anti-tubulin
antibody to normalize the variation in protein lved The results are representative of
three independent experiments. (B) The cells weeatead with the indicated .8,
concentration for one hour, and the level of attigigcleaved at arrow points) caspase 3/7
was determined by Western blot analysis using Speamtibodies for caspase 3/7. The
data was normalized to a-tubulin. All results are representatives from thiseparate
experiments. (C) After control-siRNA and hMTH1-siRNells were treated with/without
60uM caspase inhibitor and the indicated concentratibid,O,, caspase-3/7 activities
were analyzed using Promega Caspase Glo 3/7 kitdemsribed in “Experimental
Procedures”. The data was plotted as the relathits wf luciferase intensity of three
separate experiments. All values are expressedeas m SD. (D) Cell viability was
determined by MTT assay after being treated wifferdnt doses of KD, under the

same experimental condition with (C). All values axpressed as mean * SD.
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9. Noxa and p53 knockdown in hMTH1 deficient cellsestores the decreased

cell viability in response to HO,-oxidative stress.

We further investigated the role of Noxa inQ4-induced cell death using hMTH1
deficient cells, which were specifically inhibitélde expression of Noxa by Noxa-siRNA
transfection (Fig.14A). The J@.-induced expression of Noxa in hMTH1-siRNA was
significantly inhibited at the level of mMRNA expsisn (Fig. 14A) and the protein level
(Fig. 14B) by Noxa-siRNA transfection. The decrehsell viability derived from hMTH1
deficient cells was restored to 80% of the nornmadtiol by the Noxa knockdown using
Noxa-siRNA transfection (Fig. 14C). Therefore, #hessults suggest that the expression

of Noxa contributes to theB.-induced cell death in h(MTH1-depleted GM00637 cells

Noxa expression pathways involved are still not pletely understood. Two majar
signaling pathways leading to Noxa expression lan identified. One is p53-dependent,
resulting from phosphorylation of p53 at ser-15A4¥M kinase(120-122). The other is
E2F1 dependent, Cyclin D: cdk4/6 mediated phospatoyn of Rb and dissociation of Rb
from the Rb:E2F:DP-1 complexes(123, 124). In ordadd@termine the requirement of p53
activation for HO.-induced Noxa expression and apoptosis in hMTH1edeg cells. we
used p53-siRNA to silence p53 expression to deternthe effecon HO,-induced
apoptosis in hMTH1-deficient cells. The,®b-induced expression of Noxa in hMTH1-
siRNA was inhibited at the level of protein (FigB)4oy p53-siRNA transfection. We next
examined the cell cytotoxicity in response tgstreatment under the same experimental
conditions (Fig. 14C). Significantly, p53-siRNA cad a large increase in the percentage
of viable hMTH1 deficient cells in response tgQ4d The decreased cell viability derived
from hMTH1 deficient cells was restored to 90% b€ tnormal control by the p53
knockdown using p53-siRNA transfection (Fig. 14Therefore, these results suggest that
the p53 contributes to the,Bh-induced Noxa expression and cell death in hMTH1-

depleted GM00637 cells but how to expression ofNbra protein by p53 still not know.
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Figure 14.
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Figure 14. Noxa ans p53 siRNA provides significant protection against
H50s-induced cytotoxicity in hMTH1 silencing GM00637 cells. The control and
hMTH1-deficient GM00637 cells were transfected witbxa-siRNA or p53-siRNA . The
cells were then treated with 38 H,O,. The whole cell lysates were analyzed by
comparative RT-PCR using Noxa-specific primers @id by Western blotting using
specific antibodies against Noxa , p53 (B). The déaa normalized to GAPDH and a-
tubulin, respectively. This experiment is repreagwe of three independent experiments.
(C) The control and hMTH1-deficient GM00637 cellere transfected with Noxa-siRNA
or p53-siRNA or control-siRNA. The cell viabilityftar exposure to 3(M H,O, was
determined by MTT assay. This experiment is repregiwe of three independent

experiments. All values are expressed as mean.+ SD
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10. Requirement of p53 for Noxa expression and J@,-induced cell death in
hMTH1 deficient cells.

In response to a variety of death stimuli, p53abiized and rapidly activated in many
cell types (69). One importamechanism through which p53 promotes caspase agtiva
is by transactivation of the proapoptotic proteins (7@).test again the role of p53 in the
H.O,-mediated cell death in hMTH1-deficient cells, H28%3 null) lung carcinoma cells
were stably transfected with either control GFPMN#Ror hMTH1-siRNA. Semi-
guantitative RT-PCR was carried out using hMTH1 c#pe synthetic primers, as
described in “Materials and Methods”, to determihahe constitutive expression of
hMTHZ1 is specifically inhibited by hMTH1-siRNA inuttured H1299(p53 null) lung
carcinoma cells. Two different hMTH1-siRNA complgtdlocked the normal mRNA
expression of hMTH1 in the parental H1299 cellsg(5A). Western blotting was
performed to determine if the inhibition of hAMTH1RNA corresponds to that in the
hMTH1 protein level. As demonstrated in Figure 1BBITH1 protein expression was also
specifically inhibited by hMTH1-siRNA transfectiotrd1299-siGFPsiRNA and H1299-
hMTH1siRNA cells were treated with different dagH,0, , and the cellular sensitivity
was determined by MTT assay. As shown in Figure,1th€ hMTH1 silenced H1299
exhibited the slightly decreased cell viabilitythe HO, treatment compared with those of
GFP-siRNA cells. The p53 expression was cleargnitfied in H1299 p53 null cells
based on these transfection (Fig.15E). Twenty-faaurrs after transfection, the cells were
treated with various cellular sensitivity was detgred by MTT assay. However, the cell
viability of hMTH1-siRNA plus p53 expression vecttransfected H1299 cells was
significantly reduced up to less than 10% in respomo >200uM H,O,(Fig.15D),
indicating that p53 clearly modulates cell vialyilih response to #D, oxidative stress in
hMTH1-deficient H1299 cells. In order to determihe requirement of p53 activation for

H,O,-induced apoptosis in hMTH1-depleted cells, we gtigmted the activation of p53
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and its downstream target protein such as p21 and M hMTH1-siRNA transfected
p53 after a treatment with 8QM H,O,. As shown in Figure 15, significantly expressed
p53 (Fig.15E) and strongly increased the expressibmp2l and Noxa (Fig.15E) in
hMTH1-siRNA transfected cells in a time-course defmnt manner compared with those

of the control pcdna3.1 vector transfected celtglicating that p53 contributes to the

cellular apoptotic responses in hMTH1-deficient B 2ells.
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Figure 15.
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Fig 15. The role of p53 in HO,-mediated cell death of hMTH1-deficient H1299
lung carcinoma cells (p53 null).The H1299 lung carcinoma cells were stably trariefi
with the control-siRNA and hMTH1-specific siRNA. &lexpression of hMTH1 was then
analyzed by RT-PCR using hMTHL1 specific synthetienprs (A), and by Western blot
using anti- hMTHL1 polyclonal antibodies (B). Thetalavas normalized to GAPDH and

a-tubulin, respectively. (C) The cells of panel Areeultured to 70-80 % confluence,
and treated with the indicated concentration gdHor 24hr. The cell death was estimated
with MTT assay kit as described in “Experimentabé&dure”. (D) After the cells of panel
C were transfected with pcDNA3.1 and/or p53-pcDNIA8xpression vector, and treated
with different of HO, concentrations. The cell viability was determingdMTT assay.
All values are expressed as mean + SD. (E) Aftera#lls of panel C(H1299- hMTH1-
siRNA) cells were transfected with pcDNA3.1 andf&3-pcDNA3.1 expression vector,
and treated with different of J&, 800uM. The whole cell lysates were prepared and
Western blot analysis was performed using antigeiodies and anti-p21 antibodies and

anti-Noxa antibodies. The data was normalized wittubulin expression.
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11. DNA damage accumulation induced intra cellulaROS and apoptosis.

DNA repair gene silencing for long-term in humariscéighly sensitive, suggestive of
irreversible damage following long-term DNA repgéne silencing(125). Accumulation of
nuclear and mitochondrial DNA damage is thoughdophrticularly deleterious in cells,
which cannot be replaced through cell division. 8agcision repair(BER) is the main
pathway for the removal of small DNA base modificas, which are generated as
products of normal metabolism and accumulate wggh ia various experimental models.
(126). Several groups have documented the accuwnlati oxidative DNA damage
during aging in the mammalian brain (127-131) fouhet oxidative DNA damage
accumulates preferentially in the promoter regiohseveral genes involved in synaptic
plasticity, vesicular transport and mitochondriahdtion. Once DNA damage has been
generated, it is the role of cellular repair systdm prevents its accumulation. However,
studies have shown that aging is associated witferseral reduction in DNA repair
capacity. Overall nuclear and mitochondrial BERMiiés , measured using an in vitro
uracil-initiated BER assay, were shown to gradudkiygline with age, reaching 80-85%
lower activity in 30month old rats compared withday old rat. They observed a
significant age dependent decrease in uracil, &oand 5-OH-C incision activities in the
mitochondria of all brain regions, whereas variap#dterns of changes were seen in
nuclei(132,133). mtDNA is believed to be particlyasensitive to oxidative agents due to
its proximity to the inner mitochondrial membraméhere oxidants are formed, and to the
lack of protective histones(134). In addition ,dative damage to mtDNA in the heart and
brain is inversely related to maximum lifespan ochmmals(135,136),suggesting that
accumulation of mtDNA damage plays a causative mlthe various disorders that are
associated with aging, cancer and neurodegenerafldrat studies suggest that
modifications in mMtDNA repair may contribute to tlecumulation of DNA damage

associated with aging. It is imported to note #ge-related accumulation of DNA damage
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and alteration in DNA repair processes in the matiamaTo test cell senstivity in long-
term cultured hMTH1-deficient cells, GM00637 calisd control-siRNA , hMTH1-sRNA
cells were grown for 12weeks. The cell viabilitytoe hMTH1-siRNA was significantly
lower than that of the control-siRNA cells in noedted HO, (Fig.16A). In order to
determine if hMTH1 depletion has an effect on daenagcumulation-induced apoptosis,
we analyzed sub-GDNA contents of control-siRNA and parental celi$/TH1-siRNA
stable cells by flow cytometry after staining theirclei with propidium iodide. As shown
in Figure 16C, the control-siRNA cells and paremils showed apoptotic subrGNA
contents 3.12 % and 3% . However, hMTH1-siRNA iasedl the proportion of apoptotic
sub-G DNA content. The apoptotic subrGNA contents of h(MTH1-siRNA cells 40.34%.
These results suggest that the suppression of hM@xptession triggers apoptosis in
response to age. This finding suggests that remtuati DNA repair capacity is related to
maximum life span. In order to determine if p53nigolved in the apoptosis of hMTH1-
depleted cells, we examined the levels of p53 phagpation were examined in parental
cells and hMTH1-siRNA cells after long-term cultdreAs shown in Figure 16D, the
grown increase the level of p53 phosphorylatiochsas p53-P(serl5) and p53-P(ser37)
in hMTH1-siRNA compared to those in parental calls time-course dependent manner.
The activation of caspases is one of the majorgg®in DNA damage-induced apoptosis.
As demonstrated in Figure 16D, the grown induceal dleavage of inactive 32 kDa
procaspase-7 into detectable active forms of caspasuch as 26 kDa fragment. The
cleavage of procaspase-7 into the active subunit elearly observed in the hMTH1-
siRNA from 12weeks after grown(Fig.16D). ROS aratowiously formed as consequence
of normal cellular metabolism and in response tarenmental factors such as UV light,
ionizing radiation, heat, and pollution. This RO®duction may significantly increase
when cells are under metabolic stress and/or haidN/ mutations. These endogenous
ROS may damage mtDNA, leading to increased mtDNAatians, which in turn cause

malfunction of the respiratory chain componentsoeied by mtDNA, and thus further
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increase electron leakage and ROS generation. Wigd result in an amplification of
ROS stess and cause further damage to mtDNA andAn[@islding to genetic instability in
cells(137). Earlier studies have demonstratedapaptotic characteristics were correlated
with reactive oxygen species (ROS) production,dligieroxidation, p53 and Noxa
expression, and mitochondrial cytochrome c releaflewing treatment of apoptosis
induced agent(138). DNA damage stresses cause r@asecin cellular level of ROS(139-
141). P53 activation is likely involved, since pB8uces several known genes involved in
ROS generation(142). We investigated the effedDfA repair gene silencing for long-
term on intracellular ROS accumulation by measutimg amount of fluorescent DCF
produced from the oxidative reaction of DCF-DA. Tlmmg-term hMTH1 deficient
cells(12weeks) significant increased in intraceluROS generation compared with
control-siRNA cells and parental cells(Fig 16B)3gBdependent events such as NOXA
expression may be involved in apoptotic proceskesugh a complex network of p53-
dependent and —independent transcriptional reguladind protein interactions. In an
earlier related study, they found that the apopt@sponse we reduced and delayed in p53
mutant cells compared with p53 wild-type cells(14@)is may in part be due to the direct
involvement of p53 as a transcription factor ad wela “damage sensor” in the regulation
of cell proliferation and death. In addition, theitant p53 cells may also exhibit so-called
“gain of function” effects in apoptosis(144-146)eWivestigated the effect of p53 protein
for long-term DNA repair gene silencing on cell hilay treated with HO,. The H1299
lung carcinoma and H1299-GFPsiRNA and H1299-hMTHB\Rcells were grown for
12weeks. The cells were treated with different doiebl,O,, and the cellular sensitivity
was determined by MTT assay. The cell viabilityttoed hMTH1-siRNA was significantly
lower than that of the control-siRNA cells and paat cells(Fig. 16E). DNA repair gene
silencing for long-term in human cells highly seing, suggestive of irreversible damage
following long-term DNA repair gene silencing. Thwge propose that there are at least

two different pathways of apoptosis: one mediatedugh p53 activation in response to
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ROS stresses and the other through p53 indeperidenésponse to DNA damage

accumulation.
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Figure 16.
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Figure 16. Increased generation of intracellular RG and apoptosis in long-
term cultured hMTH-sIRNA cells. (A) After long-term culture(12weeks) increased
death of the hMTH1 deficient cells. The cell vi#lyiwas measured as a percentage of the
total cell number that remained unstained by tryiplae. Data represent mean + S.D. from
three separate experiments. (B) The hMTH1 deficiealls(12weeks) increased
intracellular ROS generation was measured by flooroetry analysis. Red curve,
GMO00637; Blue curve, control-siRNA cells; greenvayrhMTH1-siRNA cells labeled
with CM-DCFDA for 15min. The numbers indicate theean ROS contents for the
respective curves(displayed in log scale). (C) &peptotic Sub-G1 DNA contents were
estimated by FACScan analysis after long-term ce(fiRweeks). (D) Control-siRNA and
hMTH1-siRNA cells were grown for 8-12weeks. The Vehaell lysates were then
prepared at the indicated time points, and Weshbéoh analysis was performed using
specific antibodies against hMTH1, p53, phosphoeglap53 such as p53-P(serl5) and
p53-P(ser37) and caspase 3/7. The membrane wgsestrand probed with ardHubulin
antibody to normalize the variation in protein lved The results are representative of
three independent experiments. (E) The H1299 lumgimoma and H1299-GFPsiRNA
and H1299-hMTHSsIiRNA cells were grown for 12weekfeTcells were cultured to 70-
80 % confluence, and treated with different dosebl®, for 24hr. The cell death was
estimated with MTT assay kit as described in “Ekpental Procedure”. This experiment

is representative of three independent experim@dfitsalues are expressed as mean + SD.
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12. hMTH1 knockdown increases HO,-induced histone H2AX phos-
phorylation in GM00637 cells.

In response to DNA double-strandeeaks, histone H2AX is rapidly phosphorylated by
upstream kinases the chromatin microenvironment flanking the siieDNA damage.
Sincephosphorylated H2AX\H2AX) facilitates the focal assembly of checkpoartid
DNA repairfactors in many somatic cells (147), it is consédeto be a sensor of DNA
double strand breaks (148). We investigated theceféf hMTH1 knockdown on the
formation of y-H2AX induced by HO, in control-siRNA and/or hMTH1-siRNA
transfected fibroblasts. Western blot analysis sltbthat the increased formation \of
H2AX occurred in the hMTH1-siRNA transfected cedféer a treatment with 25 to §0/
H.O; in a dose-dependent manner. However, there wasgndicanty-H2AX increase in
the control-siRNA transfected GMO00637 cells (FigAL7 Furthermore, immuno-
fluorescent staining showed that the nuclear laatibn ofy-H2AX in response to 5AM
H,0O, was higher in hMTH1-siRNA transfected cells thartontrol-siRNA transfectants in
a time-course dependent manner (Fig.17B). Thes#tsesiggest that 40, produces DNA
double strand breaks in hMTH1-deficeint GM00637scel

Figure 17.
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Figure 17.
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Figure 17. hMTH1 knockdown enhances H2AX phosphorgtion in response to
H,0,. (A) The control and hMTH1-deficient GM00637 cellere treated with 0 to 80
UM H,0,. The whole cell lysates were prepared 24 houer &0, treatment, and
Western blot analysis was performed using speaeifitbodies againsy-H2AX. The
membrane was stripped and probed with artitbulin antibody to normalize the
variation in protein loading. This experiment ipnesentative of three independent
experiments. (B) The control and hMTH1 deficient GM37 cells were incubated with
50 uM H,0, for 0, 6 and 12 hours at 3Z. The cells were then fixed and analyzed by
immunofluorescent staining with antHH2AX monoclonal antibody. All results are

representatives of three independent experiments.
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13. Increased chromosomal instability in hMTH1-siRM\ stable cells.

The chromosomal copy number changes on a genome-wile determined by
performing an array comparative genome hybridiratamray CGH) using genomic DNAs
derived from hMTH1-siRNA and control-siRNA cells high were treated with 1QM
H,O, for 4 weeks. The array CGH is a powerful molecaldogenetic method that enables
genome-wide screening for copy-number losses airg gd chromosomal parts through
single hybridization (149). Currently, array CGHings bacterial artificial chromosome
(BAC) arrays spanning the entire human genome se&d to examine genomic alterations
(150). The advances in genome-wide BAC array CGtihrtelogy have contributed to
understanding the underlying genetic changes traeéspond to disease progression. The
extent and location of numerical changes in the Débhtents induced by B, were
examined in hMTH1-deficient cells and its contrells. As shown in Figure 18A, the
H,O,-treated hMTH1 deficient cells showed significantlyore changes in the copy
number of large regions of chromosomes than tf@,#teated control cells. The array
CGH data provided a precise measurement of thé téwgains (log ratio>0.225: green
arrows) and losses (lggatio less than -0.225, red arrows) of all chroomoss. Based on
the data, we identified the hMTH1-regulatory genoregions particularly to harbor
critical cancer-related genes, such as regions avigossibly high-level amplification or
high-magnitude deletion in response tgOhH The array CGH data revealed 7g36.3 (gene
loci of FAM62B, WDR60, LOC442366, VIPR2 and PTPRN3Q13.2 (gene loci of
VEST1) 8g21.12 (gene loci of IL-7) and 12g21.31n@éoci of PPFIA2) of chromosomal
losses (Fig. 18B), and 14qg11.2 (gene loci of RNABRGd OR6S1), 18912.3 (gene locus
of FLJ44087) and 22g11.1 (gene loci of LOC391280C400879 and LOC441969) of
chromosomal gains (Fig. 18C), respectively. Theseallts suggest that the suppression of
the hMTHL1 protein can lead to occur over a ranggesfomic instabilities in response to

H,O,-oxidative stress.
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Figure 18.
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Figure 18. Array Comparative Genomic Hybridization (array CGH) of control-
SiRNA and hMTH1-siRNA cells. The control and hMTH1-deficient GM00637 cells
were treated with 1M H,O, for 4 weeks. Their extracted genomic DNA was diggs
with Dpnll, followed by random prime labeling wity3 for test DNA derived from
hMTH1-siRNA transfected cells and Cy5 for the refare DNA from control-siRNA
transfected cells. Whole-genome array CGH profilskowed logtransformed
hybridization ratios of test DNA versus controleefnce DNA (A). Representative
chromosomal losses (logatio less than -0.25, red arrows) (B) and gaiog; (atio>0.25:
green arrows) (C) are also indicated. The posgibiteal cancer-related genes based on

the chromosomal alterations are denoted by reaang|
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DISCUSSION

|. hOGGL1-deficient fibroblasts undergo p53-dependen
oxidative stress-induced apoptosis.

Reactive oxygen species (ROS) such as superoxidizoxyl radicals and hydrogen
peroxide oxidize macromolecules in living cellsliding lipids, proteins and nucleic acids
leading to various types of cellular dysfunctiongliiding cell death and mutagenesis (74).
These oxidative stresses can cause an enormowstyvarfi natural and pathological
processes such as aging, cancer, diabetes meltitherosclerosis, and neurological
degeneration such as Alzheimer’s disease, schieorand autoimmune disorders like
arthritis (63-65). Hence, understanding the medmsifor processing oxidative DNA
damage is likely to be important in elucidating timechanisms of oxidative stress-
mediated diseases. Among the many modified DNA oubs generated by oxidative
stresses, 8-0x0G is the most stable product ofatixiel DNA damage and appears to play
a major role in mutagenesis and carcinogenesis @&ently, it was reported that the
frequency of apoptosis and necrosis is relatedhéonon-repair oxidative DNA adducts.
For example, the expression of hOGG1 suppressesitorée DNA damage and enhances
cell survival against oxidative stress (75-77).abidition, a decrease in hOGG1 confers
cellular hypersensitivity to ¥D,(78), and hOGG1 deficient human leukemia cells (KG-
could be forced to undergo apoptosis by 8-hydroapgsine (8-OH-Gua) (79). Thus,
hOGG1, a major enzyme for the repair of 8-oxoG frime cellular DNA, plays a

protective role to confer a survival advantage.

In this study, we examined the role of hOGG1 inotyticity of human fibroblast
GMO00637 cells in response to®h—oxidative stress. This was achieved by manipudatin

the cells’ capability to perform 8-oxoG repair oéd radical damages and assessing the
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effects of this manipulation on the cellular sualiafter HO, treatment. Human fibroblast
GMO00637 cells, which were engineered for the RNi&riference-mediated knockdown of
hOGG1, lost 80 to 90% of their endogenous hOGGIesgon (Fig. 3). The siRNA-
mediated inhibition of hOGG1 expression increaseddellular sensitivity to $D,. Flow
cytometry of Pl-labeled cellgas used to demonstrate a significant increasheirstib-G

populationin hOGG1-silencing cells but not in the controlSiRtransfectedells.

Apoptosis is associated with the activationcapases by a cytosolic multiprotein
complex formed upon the release of cytochrorfrem permeabilized mitochondria (80).
This may result in the loss of the mitochondrialnmheane potential or the activation of a
proapoptotic protein such as Bax. The release tdcbyomec induces the proteolytic
activation of procaspase 9 and the downstreamadidivof caspases-3 and caspase-7 (81).
During the apoptosis induced by,® in hOGG1-knockdown cells, 8, induces the
cleavage of inactive 32 kDa procaspase-3 into emd#tectable active forms of caspase-3
such as 14 kDa and/or 22 kDa fragments, and tlavadge of inactive 32 kDa procaspase-
7 into detectable active forms of caspase-7 suthea26 kDa fragment (Fig. 4). Moreover,
the caspase-3/7 inhibitor suppresse®@thduced apoptosis in hOGG1-knockdown cells.
Since caspases-3 and caspase-7 are key mediataiolfiondria-induced apoptosis (82),
H,0, induced apoptosis in the hOGG1-depleted cells appemabe controlled by the
mitochondrial apoptotic pathway. Therefore, althouthe direct activation of the
mitochondrial proapoptotic protein and the direassl of the mitochondria membrane
potential are known to be involved in,®-induced cell death (83), the specific non-
repaired oxidative DNA lesion such as 8-oxoG mighty an important role in D,

induced apoptotic process in hOGG1-depleted cells.

p53 is a tumor suppressor protein that transmésitinals arising from various forms of
cellular stress, including DNA damage, to the geaesvell as the factors that induce cell

cycle arrest and apoptosis (69, 70). p53 is noy amliuced by a variety of apoptotic
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stimuli but the overexpression of p53 has also lsksmonstrated to induce apoptosis in a
variety of cell types (69, 70). In this study, weseéstigated the role of p53 in hOGG1-
depleted cells to figure out the more detailed mlE mechanisms of J@.-induced
apoptosis in hOGG1-depeleted cells. We found tB&t ghosphorylation at serinel5 and
20 was significantly induced by .8, in hOGG1-dificient GM00637 cells (Fig. 5). In
addition, HO, markedly induced p21 and Noxa expression in hO@&itient GM00637
cells, which are downstream targets of p53. Seydal target mitochondrial proteins
including Bax, Noxa and PUMA affect the mitochomadimembrane potential, which is an
importantdeterminant of mitochondrial apoptotic signalind);7p53 can also directly
engage in the major cellulapoptotic pathways, promoting both death recegtpraling
and mitochondrial perturbations, without requirthg induction of genes (70). A close
correlation between p53 phosphorylation and apaptpsompted us to confirm the
contribution of p53 to the apoptosis in hOGG1 defit GM00637 cells. We found that
the inhibition of p53 by p53-siRNA resulted in tbecrease of p53 phosphorylation and
caspase-3 and caspase-7 cleavage@-Heated hOGOG1-deficient GM00637 cells (Fig.
5). Most strikingly, cell viability was markedly daced upon treatment with,8, in
hOGG1-deficient GM00637 cells. However, down-retjata of p53 by p53-siRNA in
hOGG1-deficient cells resulted in the almost redton of cell viability in response to
H.O, indicating that p53 plays an important role inCtinduced apoptotic cell death in
hOGG1 deficient GM00637 cells. We confirmed theeeffof hOGG1 on the J@,-
induced cell death in p53 knockout human lung carcia H1299 cells. The level of cell
death induced by #0, was modest increased in siOGG1-deficient H1298,cebmpared
to that of control H1299 cells. However, transfectof hOGG1-deficient H1299 cells with
wild-type p53 resulted in the markedly increaselll death in response to,B, (Fig. 6).
These results suggest that p53 is a major modutétblsO, induced cell death in hOGG1
deficient cells. Recently, Chatterjeeal. (84) have shown that combined suppression of

hOGG1 and p53 further reduced cell viability whemmpared with suppression of each
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gene individually . This discrepancy between thespnt and the previous studies may be
attributable to the differences between employédidines. Although we focused our work
on studying the role of the hOGG1 repair abilitylggb3 phosphorylation in cell death to
H,O, treatment, it is possible that many other cellplarcesses such as MAPK activity are
also affected by the hOGG1 defect followingdH treatments, which may contribute to the
increased sensitivity of the hOGG1-deficient cedl®xidative stress. Further studies need
to identify these pathways and determine theirsrale HO,-oxidative stress-induced

cellular responses in hOGG1-deficient cells.

p53 is phosphorylated at multiple sites by sevditierent protein kinases including
ATM and DNA-PK, enhancing its tetramerization, diay and activity (69). The
activation of ATM kinases, which is an importantdizors of signals originating from
DNA damage, is caused by ionizing irradiation aedi@oxic drugs (85). DNA-PK has
recently been identified as a crucial moleculevatitng apoptotic machinery in response to
DNA damage, particularly DSBs (86). DNA-PK compleith p53 has been shown to act
as a sensor of abnormal DNA structure, in which DRI selectively regulates a p53-
dependent apoptotic response (87). Therefore,aittivof these protein kinases in®4-
treated hOGG1-deficient cells would shed light lo@ activation of its upstream signaling
molecule. To evaluate this possibility, we deterdiATM and DNA-PK phosphorylation
in response to ¥, in hOGG1-deficient and proficient cells. The réswbtained from
Western blot experiments revealed that phosphaoylaif ATM protein at Ser-1981 and
DNA-PK protein at Tyr-2609 was significantly highén hOGG1-deficient cells in
response to ¥D, compared with those of hOGG1 proficient cells (RBy Additionally,
the phosphorylation of Chkl in response teO§ which has been shown to act
downstream of ATM as signhal transducers in DNA daenaignaling (85), was also
significantly increased in hOGG1-deficient cellsit l,0,-mediated phosphorylation of

Chk1 does not significantly occur in hOGG1-profitieells. Moreover, FD, treatment
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increased the level of the Rad51 protein, which Iteesn reported to be upregulated by
post-translational modifications mediated by ATM)8in hOGG1-deficient cells, but not
in the OGG1-proficient cells. To identify the regidry pathways of p53 activation in
hOGG1-deficient GM00637 cells under our study ctods, we used caffeine, a potent
inhibitor of ATM, and wortmannin, a potent inhibitef DNA-PK. Pre-treatment with
caffeine significantly abolished the increased phasylation of p53-Serl5 and p53-Ser20
in response to HD,. In addition, wortmannin almost completely attedaHO»-induced
p53-Ser20 phosphorylation in the hOGG1-deficiedlscdhis can be explained by the
accumulation of 8-0xoG in DNA to activate ATM andNB-PK through an yet unknown
mechanism and subsequent phosphorylation of p&Beltly leading to activation of p53

apoptotic pathways.

Normally, the ATM and DNA-PK protein is activated lblouble stranded breaks or
DNA replication arrest generated by DNA damagireatments (85-87). In comparison,
the major DNA damage generated byOslin hOGG1-deficient cells is an oxidized purine
base such as 8-0xoG DNA adducts. The mechanismistliasponsible for these protein
kinases activation following #D, treatment in hOGG1-deficient cells is unknown.
However, ATM and DNA-PK phosphorylation in hOGGIfidient cells following HO,
treatment suggest that the accumulation of 8-oxa@Glead to multiple cycles of attempted
repair and ultimately to the formation of secondesions such as DNA double strand
breaks. It is possible that DNA nicking repair messes such as DNA glycosidase and
apurinic nuclease action at lesions within the teltssof damage or closely spaced lesions
on both DNA strand lead to the direct formatiorDMA double strand breaks. Because 8-
0xoG adducts have shown to inhibit transcriptiorhiman cells, on the other hand, the
accumulation of oxidized DNA lesions may lead @n8cription block and/or replication
fork stalling, followed by formation of a doublerastd break at the site of a stalled fork

(89). Taken together, activation of ATM and DNA-Pkotein may represent an important
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signal of HO,-oxidative stress and the hOGG1 defect may enhtnisesignal to lead to
increased p53 phosphorylation, resulting in inedampoptotic cell death (Fig. 10).

It is widely accepted that the accumulation of aexiee DNA damage over time can lead
to cancer. The role of OGGL1 in tumor suppressiguggested by the frequent loss of the
OGG1 chromosomal locus in human lung and renalezanand by the significantly lower
OGG1 activity in lung cancer patients (59). Yeashins containing OGG1 mutations
show a spontaneous mutator phenotype (90), anth#dlotivation of OGG1 gene in mice
leads to the accumulation of 8-oxoG and an incradas¢he spontaneous mutation
frequency in liver and kidney cells (91). Furthermdnockout mice deficient in the repair
of 8-0xoG have an increased rate of cancer (92¢rdfbre, the defect of hOGG1, that
affect its repair ability, might be involved in carogenesis by enhancing mutation rates of
the key genes, such as oncogenes or tumor suppigsses. To detect small, high-level
gains or losses that are capable of harboring tatidg specific oncogenes and tumor
suppressor genes, we used the high-resolution &Gty in this study. An analysis of the
overall genomic integrity revealed a significantiigher level of alteration of particular
gene copy number inJ,-treated hOGG1-deficient cells than in thglgttreated control
cells (Fig. 9). This global difference in the genomrofiles suggests that the chronic
exposure of kD, significantly affects the nature of the accumulatagtations in hOGG1
depleted GMO00637 cells. The BAC array profiles be thydrogen peroxide-treated
hOGG1 knockdown cells showed chromosomal lossesL©fC339529, ZNF238,
LOC440742, VIPR2 and LOC442366, and chromosomaisgaf MYO18A, FLJ25715,
CTDP1, PJAl1 and RP13-153N15.1. This suggests &Gl plays an important role in
maintaining the genomic stability against oxidatsteess. Ongoing experiments are being
carried out to determine the functionalities of sogenomic target genes in hOGG1

knockdown GMO00637 cell$n vitro andin vivo.
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In summary, we demonstrate in this study that tlesvrdregulation of hOGGL1
expression can trigger the hydrogen peroxide-mediapoptosis of human fibroblast
GMO00637 cells via the p53-dependent pathway. Th& BO-mediated protection against
oxidative stress-induced apoptosis is achievedutiirahe negative regulation of caspase
3/7 and p53 phosphorylation. Although, the preamhanism, whereby the inhibition of
the hOGGL1 repair activity affects p53 dependenptgsis, remains to be determined, it is
believed that it may be related to the shift in tadance of the damage/repair process
towards the accumulation of greater oxidative DNAsidbns such as 8-0xoG..
Chromosomal instability is also believed to playréical role in tumor evolution by
increasing the rate of genetic selection of cageses with altered DNA copy number in
hOGG1-deficient cells. The futuchallenge is to define the target molecules thigger
the signaltransduction pathways leading to oxidative streslsitted p53 activation in
hOGG1- deficient cells and to defitie biological significance of these activated sgre
signaling pathways. Studies focusing on thbemhemical steps would extend our
understanding of the oxidative DNA damage signatiagcades stimulated by ROS during

normal metabolic and pathological processes.
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. hMTH1 knockdown by small interfering RNA

increases oxidative stress-induced cell death and
chromosomal instability in human fibroblast GM00637
cells

Recently, the frequency of apoptosis and necrosis rported to be related with the
non-repair oxidative DNA adducts (112-117, 151-153For example, hOGG1
overexpression enhances the repair of oxidativieriesn the cellular DNA and increases
the cellular survival against oxidative stress (15B). On the other hand, hOGG1
deficient cells show hypersensitivity to,® (154). 8-OH-Gua is involved in the
development of apoptosis in hOGG1-deficient cedsd an increase in 8-OH-Gua
accumulation is related to cell death (116). Furtteee, MTH1-null mouse embryo
fibroblasts are highly susceptible to cell dysfimetand death caused by®} exposure
with the morphological features of pyknosis and #wumulation of electron dense
deposits in the mitochondria (112). All of the®4-induced alterations observed in MTH-
null mouse embryo fibroblast were effectively siggsed by the expression of wild-type
hMTH1. The MTHL1 also protects the dopamine neurbam oxidative damage (114).
Therefore, the accumulation of oxidative DNA lesamight play an important role in

oxidative stress induced cell death.

In this study, we investigated the role of hMTH1aytotoxicity of human fibroblast
GMO00637 cells in response to free radical damagdh |18 hydrogen peroxide. It was
achieved by manipulating the cells’ capability terform the repair of oxidized purine
nucleoside triphosphate and assessing the effécthio manipulation on the cellular
survival after HO, treatment. Human fibroblast GM00637 cells, whiclrevengineered
for the RNA interference-mediated knockdown of hMIIH lost 90 to 95% of their
endogenous hMTH1 expression (Fig.1). The siRNA-mtedi inhibition of hMTH1
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expression increased the cellular sensitivity @41 Flow cytometry of Pl-labeled cells
was used to demonstrate a significant increadecisibG populatiorin hMTH1-silencing

cells but not in the control-siRNA transfectals (Fig. 2).

Many DNA-damaging agents have been shown to indpogtosis through p53-dependent
mechanism (155). In general, the p53 protein ignaot suppressor protein that transmits
the signals arising from various forms of celludaess, including DNA damage, to genes
as well as the factors that induce cell cycle araesl apoptosis (156). It has also been
reported that the phosphorylation of p53 at Seatid Ser-20 increase in response to DNA
damaging agents (157,158). Thus, we investigatethig study the role of p53 in the
hMTH1-mediated cellular response tgQ4 and its molecular mechanism related with cell
death caused by JB.-induced oxidative DNA damage in hMTH1-depeletedisce
Although the HO,-oxidative stress induced p53 phosphorylation at1Seand Ser-20, the
level of p53 phosphorylation was similar in hMTHifidlent cells and control cells,
indicating that p53 may not be an important mediatb H,O.-induced cell death in
hMTH1-depeleted cells. The activation of caspasesnie of the major process in DNA
damage-induced apoptosis. we clearly observed afgaof procaspase-7 into the active
subunit was clearly observed in the hMTH1 deficieglts after HO, treatment (Fig. 13B).
These results are different from the previous regabthat caspases do not contribute to the
oxidative stress-induced cell death in MTH1 nulcen{112). These differences may be

due to cell or tissue specificity.

Most importantly, the expression level of Noxa, apoptotic BH3-only family member,
was significantly increased in hMTH1-deficent cediier HO, exposure in this study.
Noxa is commonly described as a p53 target gendsamdkey mediator of p53 dependent
apoptosis (159-160). The p53 response elementsrasent in the Noxa promoter and are
up-regulated by p53 (159). However, the up-regoitatif Noxa has also been described by
p53-independent mechanisms, and Noxa can directilyate apoptotic pathway (163-166).
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In this study, we confirmed the contribution of Moto the HO,-induced cell death in
hMTH1-deficient cells. The level of Noxa inhibitidny siRNA was quite good with a
knockdown of 85 to 90% after the treatment @Ok which resulted in protection of cell
death induced by 1D, in hMTH1-deficient cells. These results indicatatthloxa may be
an important modulator of #.-induce cell death in hMTH1 deficient cells. Wea|s63
inhibition by siRNA, which resulted in protectiorf gell death induced by J@, in
hMTH1-deficient cells and in slight inhibition ofdXa expression. Therefore, these results
suggest that the p53 contributes to th®Hnduced Noxa expression and cell death in
hMTH1-depleted GM00637 cells but how to expressibthe Noxa protein by p53 still
not know. Although detailed mechanism of Noxa induc by HO,in hMTH1 deficient
cells is not completely understood, it may be eslato the shift in the balance between
oxidative damage and repair process towards theinadation of oxidized purine

triphosphate such as 8-oxo-dGTP.

DNA repair gene silencing for long-term in humariscéighly sensitive, suggestive of
irreversible damage following long-term DNA repgéne silencing(125). Accumulation of
nuclear and mitochondrial DNA damage is thoughdophrticularly deleterious in cells,
which cannot be replaced through cell division. é8al groups have documented the
accumulation of oxidative DNA damage during aginghe mammalian brain (127-131)
Once DNA damage has been generated, it is theofaellular repair systems to prevents
its accumulation. However, studies have shown #uiihg is associated with a general
reduction in DNA repair capacity. Overall nucleadanmitochondrial BER activities , were
shown to gradually decline with age, reaching 8%86wer activity in old rats compared
with young rat. Oxidative damage to mtDNA in theahieand brain is inversely related to
maximum lifespan of mammals(135,136), suggestingt thccumulation of mtDNA
damage plays a causative role in the various dissrthat are associated with aging,

cancer and neurodegeneration. That studies sutiggsiodifications in mtDNA repair
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may contribute to the accumulation of DNA damageoaisted with aging. It is imported
to note that age-related accumulation of DNA damagd alteration in DNA repair
processes in the mammalian. To test cell sensiivityng-term cultured hMTH1-deficient
cells were grown for 12weeks. The cell viabilitytbb hMTH1-siRNA was significantly
lower than that of the control-siRNA cells in no¢dted HO, (Fig. 16A). As shown in
Figure 16C the hMTH1 deficient cells increased thaportion of apoptotic sub-GNA
content 40.34%. These results suggest that theesgipn of hAMTH1 expression triggers
apoptosis in response to age. This finding sugdgkatgeduction in DNA repair capacity is

significantly decreased maximum life span.

ROS are continuously formed as consequence of alocedlular metabolism and in
response to environmental factors such as UV lighizing radiation, heat, and pollution.
This ROS production may significantly increase wleatls are under metabolic stress
and/or have mtDNA mutations. The superoxide radicgnerated in mitochondria may
cause damage not only to mtDNA, but also to hudl#A(NDNA) by their conversion to
hydrogen peroxide, which is relatively stable amdeato travel to the nucleus. These
endogenous ROS may damage mtDNA, leading to inedeagDNA mutations, which in
turn cause malfunction of the respiratory chain ponents encoded by mtDNA, and thus
further increase electron leakage and ROS generafidis would result in an
amplification of ROS stress and cause further dantagntDNA and nDNA, leading to
genetic instability in cells(137). We investigatdn effect of DNA repair gene silencing
for long-term on intracellular ROS accumulation. gk®wn in Fig.16B, hMTH1- deficient
cells increase of ROS production. Earlier studieseh demonstrated that apoptotic
characteristics were correlated with reactive orygmecies(ROS) production, lipid
peroxidation, p53 and Noxa expression, and mitodtiahcytochrome c release following
treatment of apoptosis induced agent(138). DNA dpmstresses cause an increase in

cellular level of ROS(139-141). P53 activation ikely involved, since p53 induces
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several known genes involved in ROS generation(142jis results suggest that
irreversible damage following modification in DN&pair may contribute to increase in
cellular level of ROS. Accumulative evidence indézh that ROS may play a role as
trigger or signaling molecules in p53 modulatedppsis as reviewed by Carmody and
Cotter(167). However, hMTH1-deficient cells highbensitive treated 1@,. This cell

death is p53-independent events. Thus, we profguwetiiere are at least two different
pathways of apoptosis: one mediated through p58aticin in response to ROS stresses

and the other through p53 independent in respanB&A damage accumulation.

H2AX, a variant form of histone H2A, is rapidly pmhorylated at serine 139 in
response to DNA double strand break inducing agéis8). Phosphorylated histone
H2AX, which is designateg-H2AX, forms distinct nuclear foci at or near th&B sites,
and is considered to be important role for medgtDNA damage-related cellular
responses (147). In this study, we demonstratet HkH H1-deficient GM0O0637 cells
contained significantly highey-H2AX levels than normal control cells after,®}
treatment, suggesting that® produces DNA double strand breaks in hMTH1-deficein
GMO00637 cells. hMTH1 hydrolyzes oxidized purine leatides 8-oxodGTP, 2-OH-dATP
or their ribo-forms to their monophosphates (108nhrepaired oxidized purines in
hMTH1-deficient cells cause the accumulation odeéd DNA adducts (106), which can
lead to multiple cycles of attempted repair andmadtely to the formation of secondary
lesions such as DNA double strand breaks. Howekrermechanisms by which oxidized
purines induce this DNA damage response are unkradvthis point. It is possible that
DNA nicking repair processes such as DNA glycossdasd apurinic nuclease action at
lesions within the clusters of damage or closebcep lesions on both DNA strand lead to
the direct formation of DNA double strand breaks. e other hand, the accumulation of
oxidized DNA lesions may lead to replication fotkléng and/or collapse, and formation

of a double strand break at the site of a stalbek, ffollowed by the onset of homologous
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recombination.

It is widely accepted that the accumulation of atice DNA damage promotes
mutagenesis, which can lead to cancer (168). TleeofoMTH1 in tumor suppression has
been suggested from mice lacking the Mthl genechwlhow an increased spontaneous
mutation rate as well as an increased incidenspaifitaneous carcinogenesis in liver, lung
and stomach (106). Moreover, hMTH1 expression ismnmaitch-deficient mouse embryo
fibroblasts efficiently suppresses the increasemhtgmeous mutagenesis (169). Therefore,
defects in hMTHL1 that affect its repair ability még involved in carcinogenesis by
enhancing the rate of mutation of the key genesh s1$ oncogenes or tumor suppressor
genes. The technique of CGH was used for the gendde characterization of the
genetic imbalances present in this study. The kelpdical value of high-resolution array
CGH lies in its ability to detect small, high-levgdins that can harbor specific oncogenes
and tumor suppressor genes (149,150). Ti@tireated hMTH1-deficient GM00637 cells
were subjected to array-CGH analysis. An analy$ithe overall genomic integrity, as
measured by the loss and gain of the DNA copy numbgealed a significantly higher
level of alterations of a particular gene copy nemim HO,-treated hMTH1 deficient
cells than in HO,-treated control cells. This global difference e tgenomic profiles
indicates that the chronic exposure tgOH significantly affects the nature of the
accumulated mutations in hMTH1 depleted GMO00637Iscelt is believed that
chromosomal instability plays an important roleumor evolution by increasing the rate
of the genetic selection of cancer genes with edteDNA copy number (170). The
biological significance of the genomic target gerinshMTH1-deficient cells after

oxidative stress is currently under investigation.

In summary, we demonstrate in this study that tlevrdregulation of hMTH1
expression can trigger ,B,-mediated cell death via Noxa-dependent pathway an

increase thg-H2AX foci in response to ¥D,. Although the precise mechanism how the
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suppression of hMTH1 expression affects this DNAndge response remains to be
determined, it may be related to the accumulatiboxidized purine triphosphate. The
BAC array CGH showed significant ,8,-associated differences between the hMTH1
deficient and proficient cells in terms of the amlegenome-wide degree of amplifications
and deletions reflected in the width of data ranfmsthe array CGH signals. The
accumulation of oxidative DNA lesions in proliferay cells is believed to promote
mutagenesis and chromosomal instability, whicthéinitial step for the development of
cancer. On the other hand, the accumulation ofatixied DNA lesions in non-proliferating
neurons promotes cell death resulting in neurodegdion. Further studies will be
required to define the target molecule that trigiper signatransduction pathways leading
to oxidative stress induced Noxa expression in hiTdéficient cells and to defiribe
biological significance of these activated strégsaing pathways. Studies focusing on
thesebiochemical steps would extend our understandinthefimportant role of hMTH1

in preventing the development of cancer and thgnession of neurodegenerative diseases.
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