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ABSTRACT

The study of the P3 on the neur oprotective effect against DNA

damage

Kim Seung-Gon
Advisor : Prof. Kim Hack RyM.D.,Ph.D.
Department of Medicine, Grate School of

Chosun University

P3 is initially identified as a p53 downstream @&rmvolved in the ROS generation.
Here we report that knockdown of P3 sensitizes dellUV and radiomimetic drugs,
impaired DNA repair, and defects both in intra-&gd and G2/M checkpoints in
response to DNA damage. P3 formed DNA damage-irtuuelear foci that is
phosphatidylinositol 3-kinase-like family of seritfeeonine protein kinases (PIKKs)
dependent. Notably, P3 agegH2AX coimmunoprecipitate and colocalization in DNA
damage foci, and efficient induction and maintemanoicH2AX phosphorylation after
DNA damage is impaired in P3 knockdown cells. Reitgy DNA damage, P3
colocalized and associated with several DNA dansgesors and mediators, and
contribute to the recruitment of these elementshensites of DNA break lesions.

Importantly, early cellular response to DNA damagesuppressed in p53-deficient



cells, and expression of P3 in a p53-deficientsaalbtoreg-H2AX signals as well as
the recruitment of 53BP1 and Mrell at DNA brealsemgas, in p53 gain of function
mutant cells, these response is not affected by QRB. results suggest that P3
contributes to upstream induction of DNA damag@eaigdepending on the p53 status
of the cells, and is an essential for p53-medigigdering the appropriate early DNA

damage response.



INTRODUCTION

The DNA damage response is a complex signaling gscinvolving the
orchestration of a variety of cellular events tragtidly activate in response to DNA
damage. This signaling process involves a numbéacibrs to either arrest the cell
cycle and facilitate DNA repair (called the DNA dage checkpoint) or, if the DNA
damage is too extensive to be repaired, inducetagpigp(1-4). The members of
phosphatidylinositol 3-kinase-like kinases (PIKKgtaxia telangiectasia mutated
(ATM), ATM and Rad3 related (ATR), and DNA-depentprotein kinase (DNA-PK),
become activated following DNA damage and transdsigmals to downstream
targets, including p53 and the checkpoint effe&inase Chk2 and Chkl (5-9). The
DNA damage response is considered to be a linegrgssion beginning with sensors
that convey the initial damage signal to mediatmsl transducers, which in turn
transmit the signal to numerous effectors. Dysfioncof the DNA damage response
pathways in human cells leads to genomic instghdlitd an increased risk of cancer
progression (10, 11). Therefore, it is important uaderstand these complex
mechanisms at the molecular level to further ovedge of cancer progression and
treatment. During the past few years, many stutli@de been conducted on how
damage signals coordinately execute cellular resgono DNA damage; however,
much less is known about the mechanisms that tmittee early events prompted by
DNA damage that precede the spread of the damggal $hroughout the cell.

The p53 tumor suppressor has been described asiadign of the genome”
because of its critical role in coordinating calulresponses to genotoxic stress,
including cell cycle arrest, DNA repair and apopgod?2, 13). p53 is constitutely

expressed at low levels but undergoes a signifigarease in protein stability and



activity after DNA damage (14, 15). These eventstaought to depend mainly on
posttranslational modification that include phosptation by ATM/ATR, Chk1, and
Chk2 kinases (9, 16-18). In cells derived from &aelangiectasia individuals, in
which ATM is missing or inactivated, the DNA damguethway and p53 response is
abnormal (5, 19). Similarity, in some Li-Fraumeatipnts with a defective Chk2, the
p53 response is also compromised (20).

A major consequence of p53 activation following DHAmage is the induction of
cell-cycle arrest at the G1/S or G2/M transitioagsts. This is achieved primarily
through p53-induced expression of target genesethebde factors such as p21 that
induces G1/S arrest (21), and proteins such as GEDdhd 14-3-3 that are needed
for an efficient G2/M arrest following DNA damagé@2). Although a number of
transcriptional targets of p53 have been identifipf3 effector functions remain
incomplete (23). For example, even though p21 Wleparticipates in the G1
checkpoint responses, p21-/- mouse embryonic fiastd are only partially deficient
in the G1 arrest elicited by p53, suggesting thstemce of additional p53-dependent
targets involved in cell-cycle regulation (24, 2%jurthermore, given that cells
deficient for p53 apoptotic target genes typicaligplay only partially compromised
apoptosis (26), it is probable that there remaihaddentified other mediators critical
for p53-dependent apoptosis. Thus, there are likelype additional, unidentified
function of p53-inducible genes involved in medigtthese different p53 responses.
P3 was originally identified through a serial ams#&yof gene expression study
designed to identify genes induced by p53 befoeedhset of apoptosis (27). p53
interacts with a pentanucleotide microsatellite ueege within the P3 promoter
(TGYCC)(Y=C or T), which is required for transcriptionatt&ation of the P3

promoter by p53 (28). Analysis of the amino-acid usswe for P3 indicates



significant amino-acid homology with NADH quinineidoreductase 1 (NQO1) and
suggests that, like NQO1, P3 is contributed to dheeration of reactive oxygen
species (ROS) (27), which are important downstre@diators of the p53-dependent
apoptotic response. Moreover, human cellular apiptesusceptibility protein
(hCAS/CSELL) interacts with P3 promoter and affqu#8-dependent apoptosis by
regulating P3 expression (29). However, becausexp@ssion alone is insufficient to
induce apoptosis, it is assumed that several factooperate to cause apoptotic cell
death (27). On the other hand, UV irradiation ireladternative splicing of P3 pre-
MRNA to produce a splice variant protein, which repidly degraded by the
proteasome degradation pathway, implicate theigglimachinery as a component of
the cellular response to DNA damage (30). Theretbepossibility may exist that P3
mediates unknown functions via cooperation of DN#ndge response pathway. Here
we show that P3 colocalized with several DNA damsgesors and early mediators
upon DNA damage and is required for foci formataond phosphorylation of these
molecules in ATM/ATR pathway. Furthermore, P3 iguieed for p53-mediated early
DNA damage response, as demonstrated by inducfigmtial y-H2AX signals and
recruitment of DNA damage sensors and mediatorMNA lesions. Thus, we
proposed that P3 functions as an upstream compafieghe DNA damage pathways
that are critical for the activation and mainteraaraf DNA damage checkpoint

signaling pathway and DNA repair.



MATERIALSAND METHODS

1. Cell culture and treatment

Neuro2A p53+/+ and p53-/- neuroblastome cells veerdéured in Iscove’s modified
Dulbeco’s medium (IMDM, Gibco-BRL, Grand island, N¥upplemented with 10%
heat-inactivated fetal bovine serum (Camblex, WaNi#e, MD), 100units/ml
penicillin and 10Qug/ml streptomycin sulfate (Invitrogen, Carlsbad,)@fa 5% CQ
humidified incubator at 3T. HelLa cervix adenocarcinoma cells were maintained
Dulbecco’s modified Eagle Medium (DMEM, Gibco-BRahd U20S osteosarcoma
cells were grown in McCoy’s 5A medium (Camblex)oS& osteosarcoma cells and
SW480 colon carcinoma cells were cultured in RPM4A medium (Gibco-BRL).
Radiomimic drug, Bleomycin (Sigma, St. Louis, MG)daNeocarzinostatin (Sigma)
were added to fresh cell media final concentratib®mU, and 500ng/ml, respectively.
For UV treatment, cells were rinsed in culture raedind exposed to 254nm UVC
lamp (UVP; Model UVGL-25) in a minimal volume ofrsen free culture media at a
dose of 10J. After exposure of UV, changed comptetéure media followed by
continued culture at 3C. To induce other DNA damages, fresh cell growtdia
containing 0.5uM doxorubicin, 10mM hydroxyurea, M camptothecin, 1Q@M
H202 and 32.M cisplatin was added for appropriate times.

2. Small interfering RNAs (SSRNA) and transfection

For knockdown of P3 expression, the target sitiiRNA was chosen from the human
tumor protein p53 inducible protein 3 (TP53I3, RBRNA sequence (Gene Bank
accession number NM_004881), which was extractemm fthe NCBI Entrez

nucleotide database. This target site was alscclsedrwith National Center for



Biotechnology Information BLAST to confirm the sjfggty only to the human P3.
The sequences of the 21-nucleotide sense and rss@ideNA are as follows : 5°-
AAAUGUUCAGGCUGGAGACUAdTAT-3 and 5-
UAGUCUCCAGCCUGAACAUUUIT dT-3". Negative control d¥A duplex was
purchased from  Bioneer. The  sequences are follows 5'-
CCUACGCCAAUUUCGUdTAT-3" and 5 -ACGAAAUUGGUGGCGUAGGAdT-
3". siRNA duplexes were transiently transfected itihe cells using RNAimax
according to the manufacturer’s instructions (irogen). These siRNAs were
prepared by a transcription-based methods usingiteacer siRNA construction kits
according to manufacturer’s instructions (Ambionusfin, TX). Cells were
transfected with the constructed siRNA expressiasmid based on pSilencer-hygro
vector (Ambion), which includes a human U6 promated a hygromycin resistance
gene, using LipofectAMINE 2000 (Invitrogen). FoaBly knockdown of P3, after
transfection withpsilencer-empty or -P3 vector, we selected several resis@lonies
against 300ug/ml hygromycin in the culture medium. ATM, ATR arieNA-PK
siRNA duplex was purchased from Santa cruz bioteiciyy.

3. Transfection of plasmid

For manufacture of P3 expression vector, the enticing region of human P3 cDNA
was amplified by RT-PCR using the P3 oligo primersense 5-ATGTTAG
CCGTGCACTTTGACAA-3" and antisense 5-TCACTGGGGCAGITAGGAC-3°
from human fibroblast GM00637 cells. The amplifie8 PCR products were inserted
into a mammalian expressiopcDNA3.1 neo vector orpcDNA3.1 zeo vector
containing a CMV promoter and neomycin resistarem@egor zeocin resistance gene,

respectively (Invitrogen). P3 sequences and oriemavere confirmed by automated



DNA sequencing. If required, we selected antib®tiesistant colonies after

transfection. To produce p&3®*" and p532"%"

mutants, pcDNA-myc3-wtp53 (a gift
from JH Jeong, National University of Seoul) wasdisas template DNA. Site
directed mutagenesis of p53 was performed usingaMitect™ Site-Directed
Mutagenesis kits according to manufacturer’s irstoms (iINtRON Biotech, Seoul,
Korea). The sequences of mutagenesis-primer arfellasvs : forward primer 5'-
ATGGGCGG CATGAACTGGAGGCCCATCCTC-3" and reverse pim5'-

GAGGATGGGCCTCC AGTTCATGCCGCCCAT-3' for p5%®" construct, and
forward primer 5-AACAGCTTT GAGGTGCATGTTTGTGCCTGT-3and reverse
primer 5 -ACAGGCACAAACATGCA CCTCAAAGCTGTT-3' for pst¥

construct. Cells were transfected with approprigiiesmid using LipofectAMINE

2000 (Invitrogen) according to manufacturer’s instions.

4. Céll survival assay

After UV radiation or treatment of NCS or BLMx5Q cells were immediately
seeded onto 60mm dish in triplicate and grown fe&8 ®eeks at 3T to allow
colonies to form. Colonies were stained with 2% hylkene blue / 50% ethanol and
counted. The fraction of surviving cells was caltetl as the ratio of the plating
efficiencies of treated cells to untreated cellfie Tmean valuet SD. for three

independent experiments was determined.

5. PFGE analysis of DSB repair
For determination of DSB rejoining, cells were esgd to UV at 10J. After various
recovery times, cells were resuspended 05 cells/mL in 1% CleanCut agarose

solution and cast into an agarose plug. Solidiigdrose plug lysed for overnight in



1% N-Lauroyl sarcosine, 100mM EDTA (pH8.0), 0.2%dbBon deoxycholate, and
1mg/ml proteinase K according to the instructiorfstlte manufacturer (Roche
Diagnostic corp., Indianapolis, IN). The plugs wavashed in Washing buffer and
CHEF gel electrophoresis is performed in CHEF Difdparatus (Bio-Rad, Hercules,
CA) in 0.5<TBE at 14C with field strength of 1.7V/cm. Pulse times wasreased

from 50 to 200s for 31h and then from 200 to 60fis¥1h followed by increased
from 2000 to 2200s for 31h. The gel was stainedh Wi6 pg/ml ethidium bromide.

The fraction of DNA migrating from the plug intogtane (% DNA extracted) was
measured using a UV transilluminator and imageyaimbising Scion image software

(Scion corp.).

6. Comet assay

Cells were treated with UV, trypsinized and resusigel in PBS. Aliquots of the cell
suspension (20, 1x10° cells) were transferred to 1.5 mL tubes and thedwith
200 pl low-melting agarose and distributed onto convardl microscope slides. The
slides were precoated with normal melting agar0se%4 in PBS) and dried at room
temperature. The agarose had solidified 4 for 10 min. The slides were then
immersed in lysis solution (2.5 mol/L NaCl, 100 mfadNa,EDTA, 10 mmol/L Tris-
HCI (pH 10), containing freshly added 1% Triton Béland 10% DMSQ]) for 1 h at
4°C and

then placed into a horizontal electrophoresis agiparfilled with freshly made buffer
(1 mmol/L NaEDTA, 300 mmol/L NaOH (pH >13)). Electrophoresis waa for 30
min at 300 mA. At the end of the electrophoredigsies were washed with the 70%
ethanol, stained with 30-p0ethidium bromide (4Qug/ml) for 1h, and kept in a moist

chamber in the dark at@ until analysis. Cells were analyzed 24h afteingtg at



x400 magnification using a fluorescence microscafeisg, R.G.) equipped with a
50-W mercury lamp. The microscope images revealezllar shapes, indicating
undamaged DNA, and comet-like shapes, indicatiegiNA had migrated out from
the head to form a tail (damaged DNA).The extensibeach comet was analyzed
using a computerized image analysis system (Kometndor Technology) that
provided a “tail moment,” which is defined as theoduct of DNA in the tail and the
mean distance of its migration in the tail and a&r®ed to be the variable most
directly related to DNA damage. Calculation of #sdent of DNA damage, which
was not homogeneous, was based on analysis of 20 tandomly selected comets

from each slide.

7. Immunoprecipitation assay and Western Blot analysis

The cells were lysed in RIPA buffer (50mM Tris-HGIH7.5, 150mM sodium

chloride, 1% Nonidet P-40, 0.5% sodium deoxychglai&% sodium dodecy sulfate)
or M-PER buffer (Mammalian Protein Extraction Reatg®ierce, Rockford, IL) with

protease inhibitor (Roche Diagnostic corp., Indfois, IN). Equal amounts of
protein were separated by 6-15% SDS-PAGE followgdelectrotransfer onto a
polyvinylidene difluoride membrane (Millipore, Bexte, MA). The membranes were
blocked with TBS-t (10 mM Tris-HCI, pH 7.4, 150 mN&Cl)containing 5% non-fat

milk for 1h and then incubated at room temperatuite primary antibodies. Blots

were washed four times for 15 min with 0.5% Twe@rc@ntaining TBS-t and then
incubated for 1h with peroxidase conjugated seagndatibodies (1:5000, Jackson
immunoResearch Inc. West Grove, PA). The membravere washed again four
times and developed using an enhanced chemilurmoeseetection system (ECL,

Amersham Corp., Cardiff, UK). For immunoprecipitati assay, the RIPA extracts

10



were pre-cleared with protein A-agarose bead (Ah@rsCorp., Cardiff, UK), and
then incubated at°€ overnight with fresh protein A-bead in the preserof
appropriate antibodies. The beads were washedtifives in RIPA buffer without
protease inhibitor, resuspended in SDS sample huaifel boiled for 5 min. Samples
were analyzed by Western blotting using the appetprantibodies to detect protein

expression.

8. Preparation of Subcellular fractions

Neuro2A cells were harvested, and lysed in cytesttaction buffer (CEB, 10mM
HEPES, pH7.5, 3mM MgGl 14mM KCI, 5% glycerol, 1mM DTT) with protease
inhibitor (Roche) for 10min in ice. For completesily, 0.2% NP-40 was added
followed by vortexing for 10s. After centrifugatioat 8,600g for 2 min, the
supernatant (cytosolic extracts) was transferrexeto tubes. The pellet was washed
three times in CEB, and lysed in Nuclear extractiffer (NEB, 10mM HEPES,
pH7.5, 3mM MgC}, 400mM NaCl, 5% glycerol, 1mM DTT) with proteasdibitor
for 30min at 4C followed by centrifugation at 13,200rpm for 30nmThe supernatant

is nuclear extracts.

9. Antibodies

Antibodies against of P3 used in this study aréHBB0 (Santa Cruz Biotechnology,
Santa Cruz, CA), P3 C-20 (Santa cruz) and P3 A@dlbjochem). P3 protein was
detected by Western blotting (WB) with a rabbit yobbnal P3 H300 antibody at
1:1000 dilution and P3 foci was also detected bgnimofluorescence staining (IF)
using P3 H300 antibody at 1:50 dilutiopd2AX was detected by IF and WB with
mouse monoclonal antibody, clone JBW301 (UpstateeBhnology, Temecula, CA)

11



at 1:200 and 1:1000 dilution, respectively. H2AXtibody was purchased from
Upstate. Following antibodies were used for immuwnaigscence staining : anti-
53BP1 polyclonal antibody (Santa cruz, 1:50), Mr&11 monoclonal antibody (BD
Phamingen, San Jose, CA, 1:200), anti-Nbsl1 polatl@mtibody (Cell Signaling
Technology, Danvers, MA, 1:200), anti-Rad50 monnalantibody (BD Phamingen,
1:200), anti-ATM protein kinase pS1981 monoclonahtittody (Rockland,

Immunochemicals Ins., Philadelphia, PA, 1:500)-8MiA-PK polyclonal antibody

(Santa cruz, 1:50), anti-ATR-p(S428) polyclonalilzody (Cell Signaling Technology,
a:200) and anti-p53 DO-1 monoclonal antibody (Saataz, 1:50). Following

antibodies were used for Western blot analysisti-AV 5C2 mAb (1:500), anti-

ATR N-19 pAb (1:300), anti-DNA-PKcs G4 mAb (1:50@nti-p53 DO-1 mAb

(1:2000), antiaTubulin TU-02 mAb (1:5000), anti-Cdc25A mAb (1:50@nti-myc

mAb (1:1000) and anti-53BP1 pAb (1:500, Santa cruahnti-Chkl pAb (1:1000),
anti-Chk1-p(S345) pAb (1:1000), anti-Chk2 pAb(1:0p0anti-Chk2-p(T68) pAb
(1:1000), anti-p38 pAb (1:1000), anti-p38-p(T18082) pAb and anti-p53-p(S15)
pAb (1:1000, Cell Signaling Technology); anti-Rad&8b (1:750), anti-Mre1l mAb
(1:2000) and anti-Nbs1 mAb (1:1000, BD Phamingen).

10. Immunofluorescence microscope

Cells cultured on coverslips coated with poly-Lihes (Sigma) were treated UV, NCS
or BLM followed by recovery for adequate times. I€avere then washed with PBS
twice, fixed with 4% paraformaldehyde for 10 mirdahen permeabilized with 0.3%
Triton X-100 for 10 min at room temperature. Afferrmeabilization, coverslip were
washed PBS three times and then blocked with 5% BSRBS for 1h. Cells were

single or double immunostained with primary antilesdagainst various proteins for

12



overnight at 4C. Cells were washed with PBS and then stainedoapipte Alexa
Fluor 488-(green, Molecular Probe), Alexa Fluor §62H, Molecular Probe)
conjugated secondary antibodies. After washing,Iscelere mounted using
Vectashield mounting medium with 4,6 diamidino-Zpilindole (Vector
Laboratories, Burlingame, CA). Fluorescence imagese taken using Zeiss
Axioplan 2 imaging epifluorescent microscope egaibpwith a charge-coupled

device camera and ISIS software (MetaSystems, gsltieim, Germany).

11. BrdU incor por ation assay

To determine cell populations in the S phase, theorporation of BrdU was
monitored as a parameter for DNA synthesis accgrdinthe instructions of the
manufacturer (Roche Diagnostic corp.). Mock- amB giells were plated in 48-well
plate and treated with indicated dose of NCS, BUMJY. After 24h, 10uM BrdU
was added to the culture medium for 2 h at 37°Cifieorporation into freshly
synthesized DNA. Following fixation of the cell€liclar DNA was partially digested
by nuclease treatment. A peroxidase-labeled angitodBrdU and a peroxidase
substrate were sequentially added to yield a cdlaeaction product, which is
proportional to the level of BrdU incorporated irgellular DNA. Colored products
were measured at microplate reader at 405nm widliesence wavelength at approx.
490nm. The relative DNA synthesis was calculatethagpercentage of absorbance of
cells treated with DNA damaging agents from theodi@nce of control cells. The

data are presented as the avera&® value of representative triplicate experiments.

12. Cytotoxicity assay- MTT assay
To show the effect of P3 on DNA damage-induced SW48Il death, 2-(4,5-

13



dimethyl-triazol -2-yl)-2,5-diphenyl tetrazolium dmide (MTT, Sigma) assay was
performed. The control or P3 siRNA, and mock oreRBression vector-transiently
transfected SW480 cells were seeded at a densityxd/well in 96well plate and
then treated with 20J UV (middle) or 5mU BLM (righ&fter indicated times 1l of
MTT reagent was added to each well and incubated3fo MTT crystals were
dissolved with isopropanol containing 0.04N HCI aaldsorbance at 570nm was
measured. The relative cell survival was calcula®the percentage of absorbance of
cells treated with DNA damaging agents from theodbesnce of control cells. Assays
were repeated at least three times independemtty ttze data are presented as the

averaget SD value of representative triplicate experiments.

13. G2/M checkpoint analysis

HelLa-sihygro and Hela-sip3 cells were treated viif®ng/ml nocodazole for 3h
following addition of 200ng/ml NCS or 10J UV. Aft@ah, cells were harvested and
washed with PBS and then fixed with 1% formaldehjate10min at 37C. Cells
were immediately chilled on ice for 1min and thewlls were permeabilized with
90% methanol at -2@ overnight. Fixed cells were washed with PBS aludked
with incubation buffer (0.5% BSA in PBS) for 10 mi@ells were stained with anti-
phospho-Histone H3(S10)-Alexa Fluor 647 conjugatdibady (Cell signaling
Technology) at 1:10 dilution in incubation buffeorflh in the dark at room
temperature. Cells were washed and then resuspénd@BS containing 5@ug/ml
propidium iodide. At least 10,000 cells were anatydy fluorescent-activated cell
sorting (FACSort, Becton Dickinson, San Jose, G¥)quired data were analyzed by

cell Quest Pro software. (Becton Dickinson).

14



14. Flow cytometry by Propidium | odide staining

The trypsin-detached cells were collected and wahstith cold PBS, followed by
fixing in 70% cold-ethanol for 30min at'@. The cells were then stained with PBS
containing 50ug/ml propidium iodide. Fluorescence emitted frome tRI-DNA
complex in each cell nucleus was measured after &gitation at 488nm with a flow
cytometry (FACSort, Becton Dickinson). For measwamof cell death, the
percentage of cells in sub-G1 population was catedl Aggregates of cell debris at

the origin of histogram were excluded from the &ibcells.

15. Dephosphorylation with A-protein phosphoatase

The cells were lysed in RIPA buffer (50mM Tris-HGIH7.5, 150mM sodium
chloride, 1% Nonidet P-40, 0.5% sodium deoxychol@i&% sodium dodecy sulfate)
with protease inhibitor (Roche Diagnostic corpdiémapolis, IN). 10Qg lysates were
incubated with 400 unita-protein phosphoatase (New England Biolabs, Ipswich
MA) in phosphatase buffer (50mM Tris, pH7.5, 0.1mMa&EDTA, 5mM
dithiothreitol, 2mM MnC}) for 30 min at 30C.

15



RESULTS

1. P3 knockdown cells display increased sensitivity to DNA damage agents and
DNA repair defective phenotype

To determine whether P3 is involved in the DNA dgenduced cell death, we
created Neuro2A and Hela cell lines containingtablyg integrated P3-targeting
small hairpin RNA (shRNA) expression vector thd¢rsted P3 expression with high
efficiency. we then examined these and scrambleNshRxpressing cells for
analyzing their response to DNA damaging reagentsitrél and P3 knockdown
HelLa and Neuro2A cells were treated with ultravidgV) or radiomimetic drug
bleomycin (BLM), clonogenic survival assay was perfed. Although pig3 is known
to play a role in p53-mediated proapoptotic sigmalihrough ROS generation (27),
interestingly and surprisingly, the P3 knockdowrllscavere significantly more
sensitive to UV (Figure 1A) and BLM (Figure 1B) thavere control cells. This
increased sensitivity in P3 knockdown cells coudd ditributed to defect of DNA
damage repair that is distinct from its ROS gememaand proapoptotic role. To
explore this possibility, we directly monitored taetivity of UV-induced DNA repair
in P3 knockdown cells using pulsed-field gel eleghoresis (PFGE). We observed
that, following UV irradiation, the percentage oEBs remaining more increased in
P3 knockdown cells than control cells (Figure 1C9ntrol Neuro2A cells efficiently
repaired the majority of DSBs, with ~20% of DNA &ks remain unrejoined up to 20
h. In contrast, P3-depleted Neuro2A cells show medefects in DSB repair, with
more than 50~60% of DSBs remain unrejoined. To h&rtconfirm that P3
knockdown impairs DNA repair, we used a alkali corassay that detect single or

double strand breaks in DNA of single cells. 24tter UV irradiation, tail movement
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were analyzed in 30~50 single cells per sample. fovind that control and P3-
depeleted Neuro2A cells have comparable amount®MA damage after UV
irradiation. However, DNA repair was almost comeldty 24 hr in control cells,
whereas comet tails were still visible in P3 knamkd cells (Figure 1D), indicating

that P3 knockdown compromises the ability of cellsepair to DNA damage.

2. P3 knockdown results in defects at intra-S and G2/M DNA damage
checkpoints.

Since induced DNA repair and DNA checkpoint acimatare generally accepted
as critical components of cell survival followingp®sure to DNA damage, we next
investigated whether P3 is involved in the regalatdf intra S-phase and G2/M
checkpoints following DNA damage. The S-phase cpeitik has a critical role in
preventing spontaneous replication-fork collapse @nresponsible for inhibiting S-
phase progression after DNA damage. We observédNtB&- and UV-treated control
Neuro2A cells exhibited significant inhibition of NA synthesis (Figure 1E). In
contrast, P3 depleted cells did not efficientlyiates the S-phase checkpoint, as
demonstrated by only small amounts of DNA synthesisbition (Figure 1E),
indicating that P3 contributes to the intra-S phaseckpoint.

We next examined whether P3 plays a role in theviG&teckpoint. The G2/M
checkpoint is activated to prevent cells with daethddNA or incomplete DNA
replication from undergoing mitosis. Cells that fai activate an S-phase checkpoint
should prevent movement into mitosis by activatimg G2/M checkpoint. To
examine the effects of P3 on the G2/M checkpomtitrol and P3-depeleted Neuro2A
cells were mock treated or exposed to NCS or U\ dren labeled with anti-

phosphohistone (Ser10) antibody, a marker for celldV phase. In one set of
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experiments, the microtubule-disrupting agent, dazole was added 3 hr following
UV or NCS, to stop the cell cycle at mitosis. Inntast to control cells, which

arrested in G2, a significantly higher proportioh R3 knockdown cells entered
mitosis (Figure 1F), indicating that P3 is alsodlved in the G2/M phase checkpoint
in response to DNA damage.

To evaluate the molecular nature of the cell-cydiefects observed in P3
knockdown cells, we examined the phosphorylatiaiust of checkpoint-regulated
molecules required for cell cycle arrest in respaitsDNA damage. Chkl and Chk2,
and p53 are key regulators in the control of il8rand G2/M checkpoints, and are
ATM and ATR downstream targets. In control HelLalsseChkl and Chk2 were
phosphorylated on their ATM/ATR target residuest3%@ and Thr68, respectively,
after DNA damage. However, there was significamtiguced phosphorylation of
Chk1, as well as Chk2, in P3-depleted Hela cedatad with UV (Figure 1G) or
NCS (Figure 1H). We also found that p53 phosphtighaon Serl5 was markedly
inhibited in UV-irradiated P3 knockdown MCF7 anduXae2A cells, compared with
their control cells. Another indicator of a functad ATM/Chk2 cascade, phosphatase
Cdc25A (31) was also failed to rapidly decline ia éepleted HelLa cells following
NCS treatment. Since p38 MAPK activity has beeemdyg reported to be involved in
the G2/M transition and S phase progression in Ua@& HelLa cells following UV
exposure (32-34), we also examined the levels 8fgg®sphorylation in control and
P3-deficient cells exposed to UV. In control cep88 phosphorylation was detected
as early as 6~12 hr after UV irradiation. In markeatrast, P3-depleted U20S and
HeLa cells showed significant suppression of p38sphorylation at any time point.
Taken together, our results indicate that P3 pdaysnportant role in mediating DNA

damage checkpoint responses.
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Figure 1. P3-deficient cells exhibit impaired DNA damage checkpoint activation.

(A and B) P3 knockdown sensitized Neuro2A and Hedlés to UV (A) and BLM (B).
Data are presented as meaastandard deviation.

(C) PFGF analysis in indicated Neuro2A cells afiidt (10 J/nf). Data are presented
as meart standard deviation.

(D) DNA damages of indicated Neuro2A cells indudeg UV (10 J/m) were
analyzed by single-cell gel electrophoresis. Datamesented as meanstandard
deviation.

(E) Neuro2A cells depleted of endogenous P3 weaded with indicated doses of UV
or BLM, and the percentage of S-phase cells inqatpwg BrdU was determined.
Data are presented as meaastandard deviation.

(F) Indicated Neuro2A cells were untreated or &gatith UV (10 J/f) or BLM ( 5
mU) in the presence or absence of nocodazole, eliglioc mitosis were determined
by staining with propidium iodide and phospho-higoH3 antibody. Data are
presented as meanstandard deviation.

(G and H) Indicated Neuro2A cells were treated With (10 J/nf) (G) or NCS (200
ng/ml) (H), harvested at indicated times and thelnjested to immunoblotting with

indicated antibodies. Data are presented as matamdard deviation.
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3. DNA damage-induced phosphorylation of H2AX is suppressed in P3-depleted
cells

To address whether the lack of damage-induced poétis was the results of a
defect in DNA damage sensor and mediator signgdatbway, we analyzegH2AX
signal in UV- or NCS-treated Neuro2A and HelLa celsie of the earliest signal in
the DNA damage response is phosphorylation of iéstaariant H2AX at Ser13%-
H2AX is required for the sustained localization af number of DNA-damage
mediator/repair factors at or near the sites of Dinage (35-38). Thereforg,
H2AX plays an important role in initial recognitiaaf DNA damage and recruiting
DNA damage checkpoint proteins (36, 39). As showrFigure 2A and 2B, after
exposure to NCS or UV, H2AX phosphorylation rapitigreased within 1 h or 3 hr
in control Neuro2A and Hela cells, respectivelyd anached the peak at the 3~6 h
time point. However, in P3 knockdown cells, H2AX osphorylation was
significantly diminished after UV or NCS and failemlpropagate.

We next investigated whether P3 would affe¢i2AX foci formation after DNA
damage by immunofluorescence assay. Consistent tih phosphorylation, P3
depleted cells exhibited significantly impairgdH2AX foci formation after UV and
NCS treatment. In control cells, tiggH2AX foci became bigger and brighter as early
as about 30 min and 3 hr after NCS (Figure 2C) did(Figure 2D) treatment,
respectively, and the number wH2AX foci decreased 12-24 hr after NCS and UV
treatment (data not shown). However, althoygH2AX foci rapidly formed foci
following NCS and UV in P3 knockdown cells, theensity of y-H2AX foci was
significantly reduced in P3-depleted cells thansthin control cells. The nhumber of
foci observed did not correspond to predicted DSBss is probably due to weakgr
H2AX signals that were below the threshold of diétec Thus, these results suggest
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that P3 has an important role in initiating or aifyplg H2AX phosphorylation after
DNA damage.

To address whether P3 also have the capacityggetriH2AX phosphorylation in
response to other type of genotoxic insult, contnol P3-deficient Neuro2A cells
were treated with doxorubicin (topoisomerase libitbr), hydroxyurea (ribonuclease
reductase inhibitor), camptothecin (topoisomeragehibitor), H202 (single strand
break inducer), and  cisplatin (DNA cross-link aigg, and analyzed cell lysates for
y-H2AX signals. As shown in Figure S6, H2AX phosplation was also

significantly suppressed in P3-deficient Neuro2Asce
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Figure 2. P3 knockdown impairsy-H2AX signalsin response to DNA damage
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(A and B) H2AX phosphorylation analysis of P3-dépteHCT16 and Hela cells.
Time-course analysis of H2AX phosphorylation by lomablotting after 200 ng/mli
of NCS (A) or 10 J/rhof UV (B).

(C and D) Control or P3-depleted Neuro2A cells weeated with 200 ng/ml of NCS
(C) or 10 J/rhof UV (D) and immunostained witaH2AX antibody.
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4. P3formsnuclear foci and colocalizeswith y-H2AX in response to DNA damage.
Several DNA damage signaling proteins are targets ATM/ATR-mediated
phosphorylation and participate in transmitting tBNA damage signal to
downstream targets. After DNA damage, those prstai recruited to the sites of
DNA damage and form discrete DNA damage-inducedeaudoci. The order and
timing of these events are thought to be critical dheckpoint response and DNA
repair (40). Thus, we were interested in knowingethier P3 is also formed UV- or

NCS-induced nuclear foci.

Previous report showed that P3 was localized toctfteplasm in H1299 cells
expressing p53 (41). However, we observed thatpatth P3 mainly localized in
cytosolic fraction, about 30% of total P3 was ghsesent in nucleus. Moreover, we
demonstrated that N-terminal region (1-460 nt) & B essential for nuclear
localization of P3, suggesting that P3 was locateabth the nuclear and cytoplasm.
Immunofluorescence staining indicated that P3 skiodifuse staining of nuclei in
Neuro2A, HelLa, and MCF7 cells without UV or NCS.waver, P3 formed nuclear
foci promptly and the number of P3 foci promptlycrieased after NCS or UV
treatment (Figure 3A). The induction of P3 foci By, NCS, or BLM raises the
possibility that these foci represents actual sfeBNA breaks. In fact, we observed
that the number of P3 foci was remarkable coloatibn to that ofy-H2AX
throughout the course of the experiment (Figure. 32 also found that P3 and
H2AX physically interact after UV irradiation (Figal 3C), indicating that P3 very
upstream of the DNA damage signaling. The ATM, ATl DNA-PK patrticipates in
the foci formation of the MRN complexH2AX and 53BP1 (11, 42). Thus, we
investigated whether P3 foci formation was PIKKspeledent. Treatment of

wortmannin, inhibitors of the PIKKs, severely dinsimed P3 foci formation in
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response to DNA damage (Figure 3D). We then exaini®&foci formation in HelLa
cells deficient in ATM, ATR, or DNA-PK by transidpttransfection of their specific
siRNAs. ATM, ATR, or DNA-PK siRNA nearly completeljepleted the ATM, ATR,
and DNA-PK proteins. However, there was no sigaiiic difference in P3 foci
formation after DNA damage between control and ATKIR, or DNA-PK
knockdown cells, respectively. These data indictttetl P3 foci can be constituted by
more than one member of the PIKKs family. Additibpebecause P3 is downstream
target gene of p53, we also investigated whethdo&3ormation is dependent to p53.
We observed that P3 foci was also formed in Neump22'~ cells transfected with P3
(Figure 3E) after DNA damage, indicating that P8i fimrmation is independent of
p53.
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Figure 3. P3 forms nuclear foci that colocalizeswith y-H2AX after DNA damages.
(A) Neuro2A cells were treated with UV(10 Fmor BLM (5 muU) and
immunostained with P3 antibody.

(B) Neuro2A cells were coimmunostained with anti-#8 antiy-H2AX antibodies
before and after treatment with UV (10 3/nBLM (5 mU), or NCS (200 ng/ml).

(C) Unirradiated or UV (10 J/pirradiated Neuro2A cells were immunoprecipitated
with P3 antibody and detected withdicated antibodeis.

(D) Neuro2A cells were pretreated with wortmanniipto exposure to UV (10 Jin
BLM (5 mU), or NCS (200 ng/ml), and immunostaineithWP3 antibody.

(E) Neuro2A p53 cells were transiently transfected with controlR8 expression
vectors. 48 hr after transfection, cells were gdatith UV (10 J/rf), BLM (5 mU),
or NCS ( 200 ng/ml ), and immunostained with P3baaty.

34



5. Accumulation of 53BP1, Mrell, Rad50, Nbsl, and DNA-PK at the site of DNA
damage foci isreduced in P3-depleted cells

Based on the current model, after DNA damagkl2AX marks the chromatin
region at or near the DNA damage site and servaspéatform for the recruitment of
DNA damage response proteins including 53BP1, MDUIRN (Mrell-Rad50-
Nbsl) complex, ATM, ATR, and DNA-PK. The appeararufethese protein foci
seems to be coincident with formation of theH2AX. To further assess the possible
role of P3 in the checkpoint signaling and its posiwithin the signaling pathway,
we determined whether P3 foci colocalizes with ¢h@®teins after DNA damage and
whether P3 expression was required for the formaiofoci containing these early
response elements. We first analyzed foci formatiming immunofluorescence
staining with specific antibodies to P3, 53BP1, MreRad50, Nbs1,phospho-ATM
(p-S1981), and DNA-PK. After UV, NCS, or BLM treatmt, the numbers of P3 foci
colocalized with 53BP1 (Figure 4A). Pig3 foci alsolocalized with Mrell, Rad50,
Nbsl, p-ATM, and DNA-PK foci following UV irradiatin (Figure 4B). To confirm
the colocalization between P3 and these proteinsge vperformed
coimmunoprecipitation assay from Hela total exsatihmunoprecipitation with P3
antibody revealed that endogenous P3 bound 53B#dpanent of MRN complex,
ATM, ATR, and DNA-PK, and UV and NCS treatment imased the amount of P3
that bound to these proteins (Figure 4C). Howeaegther DNA damage response
proteins, BRCA1 and MDC1, were not associated p&h

Because P3 colocalized and associated with sel@#l damage sensors and
mediators, we explored possible effects of P3 oalipation of these proteins to DNA
damage-induced foci. We observed that, followingosure of control HCT 116 cells

to NCS (Figure 4D), UV and BLM, 53BP1, MRN compl&N\A-PK, ATM, and ATR
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were readily recruited to DNA-damage sites. HoweR&rknockdown cells exhibited
a marked reduction in 53BP1, component of MRN compknd DNA-PK foci

formation. On the other hand, P3 depletion did affect the ATM and ATR foci

formation. In contrast to its effects on foci forioat pig3 knockdown did not change
total levels of 53BP1, ATM, ATR, DNA-PK, Mrell, Nbsor Rad50. Thus, P3 is
likely to function upstream of 53BP1, MRN complexd DNA-PK, and contributes
to the selective recruitment of these proteins thw sites of DNA break, leading to

activation of DNA damage checkpoint pathway.
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Figure 4. P3 is affecting the recruitment of the DNA damage sensors and
mediators at the sites of DNA damage.

(A) Neuro2A cells were coimmunostained with antBP3 and anti-P3 antibodies
before and after treatment with UV (10 3/nBLM (5 mU), or NCS (200 ng/ml).

(B) Neuro2A cells were untreated or treated with W¥ hr after treatment, cells were
coimmunostained with indicated antibodies.

(C) Neuro2A cells were untreated or treated with (19 J/m) (left panel) and NCS
(200 ng/ml) (right panel). Immunoprecipitation angmunoblotting were carried out
using indicated antibodies.

(D) Control and P3-depleted Neuro2A cells were eoimostained with indicated

antibodies before and a 3 hr after treatment witSN200 ng/ml).
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6. P3isrequired for p53-mediated early DNA damage response

Although p53 is known to be a downstream effectorA@M/ATR signaling
pathway, recent data also provide evidence foriplesivolvement of p53 in early
DNA damage response. However, it is unclear whigib8 is indeed contributed to
the early response to genotoxic stress, and $ ihow p53 functions to this process.
To evaluate the ability of p53 to early cellulaspense to DNA damage, we treated
p53 proficient and deficient cells with UV and BLMnd analyzed initiay-H2AX
signals. We observed that the degree of H2AX phagdition is distinctly lower in
Neuro2A p53~ (Figure 5A) and Saos-2 cells compared to Neura®h @20S cells,
respectively. Similarityy-H2AX foci formation after DNA damage was dramallica
decreased in p53-deficient cells compared with p&Sicient cells.

Because P3 knockdown failed to efficient H2AX pHusylation andy-H2AX foci
formation in p53 wild type cells following DNA dame (Figure 2), the reduction in
P3 levels might cause decreaged2AX signals in p53-deficient cells. To explore
this possibility, we investigated whether P3 expi@s could be restoregtH2AX
signals in p53 deficient cells. Indeed, ectopicrespion of P3 in Neuro2A p33and
Saos-2 cells almost completely restored both UVd awCS-induced H2AX
phosphorylation as well 3sH2AX foci formation (Figure 5B and 5C).

To rule out the possibility that the impaired H2AKosphorylation we observed is
simply caused by a defect in p53 and subsequerprasgion of DNA damage
response, we compared the H2AX phosphorylation By it p53-proficient cells
transiently transfected control siRNA or p53 siRN#Aportantly, downregulation of
p53 for up to 48 hr did not cause any significatuction of P3 levels. We found that
transient transfection of p53 siRNA in Neuro2A dddOS cells had no effect on

H2AX phosphorylation following BLM treatment, inditing that the reduced DNA
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damage-induceg-H2AX signals cannot be ascribed simply to defagys3 function.
Instead, endogenous level of P3 may be sufficientie activation of early cellular
response to DNA damage.

To further address whether the suppression of €l damage response in p53
null cells was resulted from a downregulation of ®@8 analyzed foci formation of
53BP1 and MRE11, which are early markers of DNA dge in UV-, BLM-, and
NCS-treated p53 null cells transfected with P3. deerved that, after UV, BLM, or
NCS treatment, Neuro2A p33 and Saos-2 cells were severely suppressed foci
formation of 53BP1 (Figure 5D) and MRE11l (Figure) &S compared those of
Neuro2A p53* and U20S cells, respectively. However, ectopicaikpressed P3
restored the 53BP1 and MRE11 foci formation in oese to UV or NCS in Neuro2A
p53" and Saos-2 cells. These results suggest that w%3idns to promote early

response to DNA damage and P3 is required for tlesgmnse.
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Figure5. P3isrequired for p53-mediated early DNA damage response.

(A) Neuro2A p53™* and Neuro2A p53 cells were treated with 10 FraV (left) and
5 mU BLM (right). At the indicated times after ttesent, immunoblotting
experiments were performed using indicated antdzsdi

(B) Neuro2A p53~ cells overexpressed of P3 were treated with 18 Wh(left) or
200 ng/ml NCS (right), and immunoblotting experingenvere performed using
indicated antibodies.

(C-E) Neuro2A p53* cells depleted of endogenous P3 and Neuro2A p58lls
overexpressed of P3 were untreated or treated Wit{10 J/nf), BLM (5 mU), or
NCS (200 ng/ml), and immunostained wifH2AX (C), 53BPI (D), or Mrell (E)
antibodies. The percentage of cells with the respmedoci are indicated>100 cells
were analyzed. Data are presented as mesdandard deviation.

The number of nuclei positive for respective foesameasured in 100 cells for each

transfectants.
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DISCUSSION

The results presented in this study establisheddp®stream target P3 as a novel
and functional component in the DNA damage chealpsignaling pathway, thereby
expanding the scope of p53 targets to early DNAatgresponse (mediating DNA
damage signaling). Our data strongly suggest tl@atcéntributes to the H2AX
phosphorylation and foci formation at DNA damagdessto promote the accumulation
of checkpoint proteins, such as 53BP1, MRN compdi/, and ATR. Moreover, we
show that P3 contributes to the maintenance ofrifne-S and G2/M checkpoint and
its downregulation by shRNA accumulates DNA damagel confers increased
sensitivity to DNA damaging reagents. We also fothat this role of P3 in the DNA
damage response is independent of p53 but is itdkeaby p53 mutation status.

P3 depletion impairsthe upstream induction of DNA damage signals

Surprisingly, although P3 is know to be a p53-dejpen proapoptotic factor, P3 loss
resulted in increased susceptibility to apoptodilt death on exposure to UV radiation
and radiomimetic drug. P3 knockdown Neuro2A and &leklls display increased
susceptibility to apoptotic cell death on exposiraJV radiation and radiomimetic

drug. The current study also shows that cells Whsilencing showed a significantly
reduction in DNA repair. Based on the CHEF and doassay, we estimate 2- to 3-
fold more unrepaired DNA damage in P3-deficientsc#ian control cells (Figure 1C

and 1D). Moreover, P3 knockdown cells display aqiod defect in the intra-S and
G2/M checkpoint in response to UV or NCS. Thesesplations may have been due
to the impaired DNA damage response in P3 knockdoslis. Indeed, we show here

that P3 to be an important sensor/mediator pradéithe core of the DNA damage
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response pathway, possibly involved in relaying sigmal due to DNA damage to
different effector pathways involved in DNA damaggeckpoint and DNA repair. In
fact, P3 foci rapidly accumulated at the sites &fADstrand breaks following UV,
NCS, or BLM treatment, and P3 foci was formed byerithan one members of PIKK
family (Fig. 2B and Fig. S6). While P3 colocalizegh and associated with a variety
of DNA damage checkpoint proteins suchyda$2AX, 53BP1, MRN complex, ATM,
and ATR, it also affects recruitment of 53BP1 anBMicomplex to damaged DNA
loci. Of interest is that P3 did not affect localibn of MDC1 and BRCAL to sites of
DNA damage, suggesting that the latter are subpegtdifferent regulation, somewhat
similar to the parallel interacting pathways shofen 53BP1 and MDCL1 in ATM
activation (50). We also show that P3 depletioeriiered with the formation of UV-
and NCS-induced H2AX phosphorylation aptH2AX foci formation analyzed by
Western blot analysis (Figure 2A and 2B) and flsoent staining (Figure 2C and 2D),
indicating P3 functions in parallel with or upstmeaf y-H2AX in the signal pathways.
Although we do not yet understand the function ®fifPthe DSB-flanking chromatin
compartment, one intriguing possibility is that Bt8ind DNA damage sensor proteins
accumulates on chromatin regions near DSBs, wigiatd to further spread of H2AX
phosphorylation into more distal chromatin regiotimsis helping to trigger a DNA
damage response event even in the presence ofloxergumber of DNA damage.
Phosphorylation and relocalization of H2AX are tefahe earliest events after DNA
damage and are ATM/ATR-dependent. Thus, P3 mighke feacrucial role in early
DNA damage responses in both ATM and ATR pathwa&though some crosstalk
exists between ATM and ATR kinase pathways (51)MAS activated primarily by
DNA double-strand breaks (DDBs) induced by ioniziragliation, whereas ATR

responds to ultraviolet (UV) radiation or stallexgplication forks (11). Recent studies
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also suggest the Mrell1/Rad50/NBS1 (MRN) complesesponsible for the optimal
activation and initial recruitment of ATM to DSBSQ, 52-58). This initial recruitment
of ATM by MRN complex could result in the initial ZAX phosphorylation (6, 55,
59). Our current findings showed that P3 contridute the recruitment of MRN
complex, 53BP1 to damaged DNA loci, it may functamna key regulator in initiating
the ATM/ATR-dependent response. In fact, P3 wasbliegndao ATM and ATR
autophosphorylation following DNA damage (data m&liown). However, P3
preferentially affects ATM and/or ATR to phosphattd its substrate Chk2, Chkl, p53,
and H2AX, and the defect of Chk2 phosphorylation AB-deficient cells also
correlated with reduced degradation of Cdc25A, eadtigg that P3 regulates
ATM/ATR downstream of its activation. In additiowe provided evidence that P3
and phospho-ATM are co-localized wH2AX foci after DNA damage, and we
detected an interaction between P3, and ATM or ATRus, P3 may amplify
ATM/ATR activity through its involvement in the ieftaction of ATM/ATR or through
regulation of some of DNA damage sensor proteish sis MRN complex and 53BP1
aty-H2AX foci.

A number of DNA damage response proteins undergalaged phosphorylation.
Therefore, we sought to determine whether P3 ispinarylated after DNA damage.
There are two SQ/TQ phosphorylation motifs (threenl1l6 and serine 174) in P3
(Figure S24A), which may be targets for PIKKs . Wserved that, after UV or NCS
treatment, mobility shift of P3 occurred in humardblast GM00637 cells (Figure
S24B). UV- and NCS-induced supershift of P3 was tdughosphorylation because it
was eliminated by treatment of P3 with protein giadase (Figure S25C). We also
confirmed this using monoclonal anti-threonine laodiy after immunoprecipitation of

the protein with anti-P3 antibody (Figure S24C, B24nd S24E). Thus, P3 is
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hyperphosphorylated in response to DNA damagehbwt this is controlled remains
unclear. However, it is very difficult to obtainregistent phosphorylation (band shift )
results with the P3 protein in Neuro2A and Heldsgehus it is believes that this
protein is very sensitive to extraction procedarreis very unstable depending on cell

lines.

P3iscritical factor in the p53-mediated DNA damage response.

p53 is a major downstream effector of DNA-damageke pathways, as evidenced
by reports demonstrating that activation of ATM/ATRK1/Chk2 triggers p53
phosphorylation that leads to cell-cycle arrest/@ndipoptosis. However, recent
studies have shown that the function of p53 in Db&mage response is more
complex than this model. DNA damage sensor/medidd@C1 regulates p53-
depedent DNA damage response through associatitin pg3 (60). Additionally,
gain-of-function p53 mutant (p53R248W and R273Hgclly disrupt the recruitment
of nuclear MRN complex to the site of DNA damageotilgh physical interaction
between p53 mutants and MRN complex, leading taimp recruitment of ATM to
the sites of DNA damage (48). Moreover, p53 dovaastr target DNA polymerasg
contribute to the regulation of ATM and ATR actwafter DNA damage (61). Thus,
p53 may be involved in the initial phase of the DN#@mage response thorough its
downstream targets and/or association with semsediators, however, p53 plays a
poorly understood, potential role in early DNA dajmaresponse, which appears
distinct from its role in downstream effect of ATANI/R signaling. Here we suggest
that p53 downstream target P3 is a critical mediat@53 functions in early response
to DNA damage. In fact, not only does p53 null €ahow significantly suppressed

UV- or NCS-induced H2AX phosphorylation, but p53phkigion has also shown to
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interfere with the formation of-H2AX, 53BP1, and MRE11 foci. Because of diverse
function of p53, it is possible that multiple factomay be involved in this
phenomenon. However, overexpression of P3 almoshplaiely rescued the
suppression of early DNA damage response imposedp3® deficiency, and
furthermore, the absence of P3 led to defect ircdtlellar responses to DNA damage
in p53 proficient cells. Instead, knockdown of @8ne dose not result in a interfere
of this response, gsH2AX, 53BP1, and Mrell that accumulate at DNA dgenfoci
were not significantly affected by transiently tséatted with p53 siRNA in p53 wild
type cells. Thus, P3 is specifically required fioe p53-mediated early DNA damage
checkpoint activation. Interestingly, there wassignificant different control SW480
cells and P3 expressed or P3 knockdown SW480 iceli2AX phosphorylation as
well asy-H2AX and 53BP1 foci formation. Since gain-of-fuiect p53 mutant blocks
MREZ11 function, these data suggest that P3 mighttion parallel or downstream of
MRE11. Thus, although P3 plays a crucial role ansducing early DNA damage
checkpoint response, P3 differently functions adiewy to p53 mutation status on
mediating DNA damage signaling pathway.

Previous studies have suggested that P3 is indacegsponse to excessive DNA
damage in a p53-dependent manner (62, 63). Incr&@eaxkpression modulates the
levels of intracellular reactive oxygen species §fQeading to triggering apoptosis
(27, 64-66). However, we discovered that knockd@ivendogenous of P3 provoked
a DNA damage-induced cell death, which was attethud the defect of DNA damage
response in P3-deficient cells. This effect wasassiociated with enhanced P3 levels
because basal level of P3 in p53 proficient celss venough to facilitates DNA
damage response. Following DNA damage, the celisdvaide to activate a survival

system through cell cycle checkpoint and DNA repaiin the face of extensive or
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irreparable damage, the cell may activate apoptaiicdeath. Thus, our data can be
explained in the context of the model in FiguréN& propose that in p53 wild type
cells, after DNA damage, P3 facilitates the DNA dgm checkpoint signaling
pathway that can efficiently repair DSBs, which hiiggerve as a mechanism to
activate a prosurvival activity of P3. However, lnigvels of P3 induced by prolong
and/or excessive DNA damage may sensitize celBNA damage-induced apoptotic
cell death, emphasizing the importance of propedutaiion of P3 protein levels to
ensure normal DNA damage checkpoint progressionth@nother hands, p53 null
cells fail to efficient induction of early DNA dame response, which might be
attributed to the lack of the P3 function in DNAwge checkpoint, because the basal
P3 levels were very low in these cells. DNA dameggponse is abnormal in gain-of-
function p53 mutant SW480 cells, and P3 expressgiothese cells resulted in a
hypersensitivity to UV radiation and radiomimetiuigs. Surprisingly, overexpression
of P3 itself caused a induction of apoptotic celhtth in these cells. This abnormality
may be attributed to defect in pig function andfiikire to execute an efficient DNA
damage response, thereby allowing high levels oftd®8nhance the proapoptotic
function of this protein. Since p53 and ATM/ATR amgical for maintaining genome
stability, defect of P3 function in DNA damage ckgaint in both p53 null cells and
p53 gain of function mutant cells may lead to chwepmal instability. Future studies
of P3 will lead to a better understanding of itkerm the DNA damage response as
well as in the p53 pathway.

In conclusion, we have identified p53 target Paaww component of the DNA
damage response and have established that thempistcrucial for cells to mount
effective responses to DNA damaging reagents. Spaty, following UV, BLM, or

NCS, P3 is activated by PIKKs and cooperated withARlamage response proteins
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to elicit the activation of ATM/ATR and therebydger cell cycle checkpoint and
DNA repair events. Our studies provide a esseruial of P3 in early events of DNA
damage signaling pathway and revealed the physoalbdunction of P3 in p53-

mediated DNA damage checkpoint activation and raaiivig chromosome stability.

53



10.

11.

REFERENCES

Bartek, J. and Lukas, J. DNA damage checkpointen initiation to recovery or
adaptation. Curr Opin Cell Biol9: 238-245, 2007.

Harper, J. W. and Elledge, S. J. The DNA damagponse: ten years after. Mol Cell,
28: 739-745, 2007.

O'Driscoll, M. and Jeggo, P. A. The role of deustrand break repair - insights from
human genetics. Nat Rev Genét45-54, 2006.

Rouse, J. and Jackson, S. P. Interfaces betiveettetection, signaling, and repair of
DNA damage. Scienc@97: 547-551, 2002.

Shiloh, Y. ATM and ATR: networking cellular respses to DNA damage. Curr Opin
Genet Devll: 71-77, 2001.

Falck, J., Coates, J., and Jackson, S. P. Gatserodes of recruitment of ATM, ATR
and DNA-PKcs to sites of DNA damage. Natutg4: 605-611, 2005.

Abraham, R. T. Pl 3-kinase related kinases! fbimyers in stress-induced signaling
pathways. DNA Repair (Amst}; 883-887, 2004.

Khanna, K. K. and Jackson, S. P. DNA doublenstiareaks: signaling, repair and the
cancer connection. Nat Gen2T; 247-254, 2001.

Canman, C. E., Lim, D. S., Cimprich, K. A., Taya, Tamai, K., Sakaguchi, K.,
Appella, E., Kastan, M. B., and Siliciano, J. D.ti&xation of the ATM kinase by
ionizing radiation and phosphorylation of p53. &cie,281: 1677-1679, 1998.

Kastan, M. B. and Bartek, J. Cell-cycle chedhfsoand cancer. Naturé32: 316-323,
2004.

Zhou, B. B. and Elledge, S. J. The DNA damaggponse: putting checkpoints in

perspective. Naturd08: 433-439, 2000.

54



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Levine, A. J. p53, the cellular gatekeepergimwth and division. Cell88: 323-331,
1997.

Vogelstein, B., Lane, D., and Levine, A. J.figrthe p53 network. Naturd(8: 307-
310, 2000.

Ryan, K. M., Phillips, A. C., and Vousden, K. Reegulation and function of the p53
tumor suppressor protein. Curr Opin Cell Bit8; 332-337, 2001.

Prives, C. and Hall, P. A. The p53 pathwayath®,187: 112-126, 1999.

Banin, S., Moyal, L., Shieh, S., Taya, Y., Aratm, C. W., Chessa, L., Smorodinsky,
N. I., Prives, C., Reiss, Y., Shiloh, Y., and 2% Enhanced phosphorylation of p53 by
ATM in response to DNA damage. Scieng8]: 1674-1677, 1998.

Shieh, S. Y., Ahn, J., Tamai, K., Taya, Y., drives, C. The human homologs of
checkpoint kinases Chkl and Cdsl (Chk2) phospheryiédb3 at multiple DNA
damage-inducible sites. Genes Dk, 289-300, 2000.

Hirao, A., Kong, Y. Y., Matsuoka, S., Wakehai, Ruland, J., Yoshida, H., Liu, D.,
Elledge, S. J., and Mak, T. W. DNA damage-inducetivation of p53 by the
checkpoint kinase Chk2. Scien@8/7: 1824-1827, 2000.

Abraham, R. T. Cell cycle checkpoint signalthgpugh the ATM and ATR kinases.
Genes DeV]5: 2177-2196, 2001.

Bell, D. W.,, Varley, J. M., Szydlo, T. E., Karg. H., Wahrer, D. C., Shannon, K. E.,
Lubratovich, M., Verselis, S. J., Isselbacher, KRdaumeni, J. F., Birch, J. M., Li, F.
P., Garber, J. E., and Haber, D. A. Heterozygousmdme hCHK2 mutations in Li-
Fraumeni syndrome. Scien@86: 2528-2531, 1999.

Bartek, J. and Lukas, J. Mammalian G1- and &@ltheckpoints in response to DNA
damage. Curr Opin Cell Biol3: 738-747, 2001.

Taylor, W. R. and Stark, G. R. Regulation af tB2/M transition by p53. Oncogene,

55



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

20: 1803-1815, 2001.

Vousden, K. H. and Lu, X. Live or let die: tbell's response to p53. Nat Rev Cancer,
2: 594-604, 2002.

Brugarolas, J., Chandrasekaran, C., Gorddn,Beach, D., Jacks, T., and Hannon, G.
J. Radiation-induced cell cycle arrest compromisgd21 deficiency. Nature377:
552-557, 1995.

Deng, C., Zhang, P., Harper, J. W., Elledge,JJS.and Leder, P. Mice lacking
p21CIP1/WAF1 undergo normal development, but arfeatiee in G1 checkpoint
control. Cell,82: 675-684, 1995.

lhrie, R. A. and Attardi, L. D. Perp-etratin§3dependent apoptosis. Cell Cyc3e,
267-269, 2004.

Polyak, K., Xia, Y., Zweier, J. L., Kinzler, KV., and Vogelstein, B. A model for p53-
induced apoptosis. Naturgg9: 300-305, 1997.

Contente, A., Dittmer, A., Koch, M. C., Roth, d@nhd Dobbelstein, M. A polymorphic
microsatellite that mediates induction of PIG3 BBpNat Genet30: 315-320, 2002.
Tanaka, T., Ohkubo, S., Tatsuno, I., and Pri¢@shCAS/CSE1L associates with
chromatin and regulates expression of select pifetayenes. Cell130: 638-650,
2007.

Nicholls, C. D., Shields, M. A., Lee, P. W.,bbins, S. M., and Beattie, T. L. UV-
dependent alternative splicing uncouples p53 dgtamd PIG3 gene function through
rapid proteolytic degradation. J Biol Che?79: 24171-24178, 2004.

Sancar, A., Lindsey-Boltz, L. A., Unsal-Kacmak,, and Linn, S. Molecular
mechanisms of mammalian DNA repair and the DNA dgeheckpoints. Annu Rev
Biochem,73: 39-85, 2004.

Manke, I. A., Nguyen, A., Lim, D., Stewart, ., Elia, A. E., and Yaffe, M. B.

56



33.

34.

35.

36.

37.

38.

39.

40.

41.

MAPKAP kinase-2 is a cell cycle checkpoint kinadett regulates the G2/M
transition and S phase progression in responsé/torddiation. Mol Cell,17: 37-48,
2005.

Reinhardt, H. C., Aslanian, A. S., Lees, J.aid Yaffe, M. B. p53-deficient cells rely
on ATM- and ATR-mediated checkpoint signaling thghuthe p38MAPK/MK2
pathway for survival after DNA damage. Cancer Céli,175-189, 2007.

Bulavin, D. V., Higashimoto, Y., Popoff, |. GGaarde, W. A., Basrur, V., Potapova, O.,
Appella, E., and Fornace, A. J., Jr. Initiationaof52/M checkpoint after ultraviolet
radiation requires p38 kinase. Natu&]: 102-107, 2001.

Celeste, A., Fernandez-Capetillo, O., KruhMk,J., Pilch, D. R., Staudt, D. W., Lee,
A., Bonner, R. F, Bonner, W. M., and Nussenzwefy, Histone H2AX
phosphorylation is dispensable for the initial gaition of DNA breaks. Nat Cell
Biol, 5: 675-679, 2003.

Fernandez-Capetillo, O., Lee, A., Nussenzwdig,and Nussenzweig, A. H2AX: the
histone guardian of the genome. DNA Repair (An&t959-967, 2004.

Motoyama, N. and Naka, K. DNA damage tumor seggor genes and genomic
instability. Curr Opin Genet Det4: 11-16, 2004.

Paull, T. T., Rogakou, E. P., Yamazaki, V.,dlgessner, C. U., Gellert, M., and
Bonner, W. M. A critical role for histone H2AX irecruitment of repair factors to
nuclear foci after DNA damage. Curr BidD: 886-895, 2000.

Bassing, C. H. and Alt, F. W. H2AX may functias an anchor to hold broken
chromosomal DNA ends in close proximity. Cell Cy@e149-153, 2004.

Stewart, G. S., Wang, B., Bignell, C. R., Tayls. M., and Elledge, S. J. MDC1 is a
mediator of the mammalian DNA damage checkpointuiga42l: 961-966, 2003.

Flatt, P. M., Polyak, K., Tang, L. J., ScatebaD., Westfall, M. D., Rubinstein, L. A.,

57



42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

Yu, J., Kinzler, K. W., Vogelstein, B., Hill, D. Eand Pietenpol, J. A. p53-dependent
expression of PIG3 during proliferation, genotostiess, and reversible growth arrest.
Cancer Lett]156: 63-72, 2000.

Bakkenist, C. J. and Kastan, M. B. Initiatireglalar stress responses. Céll8: 9-17,
2004.

Efeyan, A. and Serrano, M. p53: guardian of gemome and policeman of the
oncogenes. Cell Cyclé; 1006-1010, 2007.

Hollstein, M., Sidransky, D., Vogelstein, BndaHarris, C. C. p53 mutations in
human cancers. Scien@53: 49-53, 1991.

Roemer, K. Mutant p53: gain-of-function oncdpies and wild-type p53 inactivators.
Biol Chem,380: 879-887, 1999.

Sigal, A. and Rotter, V. Oncogenic mutationstioé p53 tumor suppressor: the
demons of the guardian of the genome. Cancer@e$,788-6793, 2000.

Song, H. and Xu, Y. Gain of function of p53 ecanmutants in disrupting critical
DNA damage response pathways. Cell Cy81e€1570-1573, 2007.

Song, H., Hollstein, M., and Xu, Y. p53 gainfofction cancer mutants induce
genetic instability by inactivating ATM. Nat Celid@, 9: 573-580, 2007.

Xu, Y. Induction of genetic instability by gadf-function p53 cancer mutants.
Oncogene?7: 3501-3507, 2008.

Mochan, T. A., Venere, M., DiTullio, R. A., Jand Halazonetis, T. D. 53BP1 and
NFBD1/MDC1-Nbsl function in parallel interacting thevays activating ataxia-
telangiectasia mutated (ATM) in response to DNA dgen Cancer Re$3: 8586-
8591, 2003.

Bartek, J. and Lukas, J. Chkl and Chk2 kinasesheckpoint control and cancer.

Cancer Cell3: 421-429, 2003.

58



52.

53.

54.

55.

56.

57.

58.

59.

Spycher, C., Miller, E. S., Townsend, K., Paulic, Morrice, N. A., Janscak, P.,
Stewart, G. S., and Stucki, M. Constitutive phospglation of MDC1 physically links
the MRE11-RAD50-NBS1 complex to damaged chromadti@ell Biol,181: 227-240,
2008.

Carson, C. T., Schwartz, R. A., Stracker, T.LHley, C. E., Lee, D. V., and Weitzman,
M. D. The Mrell complex is required for ATM activat and the G2/M checkpoint.
Embo J22: 6610-6620, 2003.

Difilippantonio, S., Celeste, A., Fernandez-&@dlp, O., Chen, H. T., Reina San
Martin, B., Van Laethem, F., Yang, Y. P., PetukhdBaV., Eckhaus, M., Feigenbaum,
L., Manova, K., Kruhlak, M., Camerini-Otero, R. [Bharan, S., Nussenzweig, M.,
and Nussenzweig, A. Role of Nbsl in the activatidrihe Atm kinase revealed in
humanized mouse models. Nat Cell Bibdl675-685, 2005.

Lee, J. H. and Paull, T. T. ATM activation biNB double-strand breaks through the
Mrell-Rad50-Nbs1 complex. Scien868: 551-554, 2005.

Uziel, T., Lerenthal, Y., Moyal, L., Andegeky,, Mittelman, L., and Shiloh, Y.
Requirement of the MRN complex for ATM activatiop DPNA damage. Embo 22:
5612-5621, 2003.

Lukas, C., Melander, F., Stucki, M., Falck, Bekker-Jensen, S., Goldberg, M.,
Lerenthal, Y., Jackson, S. P., Bartek, J., and tukia Mdc1 couples DNA double-
strand break recognition by Nbsl with its H2AX-degent chromatin retention.
Embo J23: 2674-2683, 2004.

Wu, L., Luo, K., Lou, Z., and Chen, J. MDC1 ukges intra-S-phase checkpoint by
targeting NBS1 to DNA double-strand breaks. Prott Nead Sci U S A105: 11200-
11205, 2008.

You, Z., Chahwan, C., Bailis, J., Hunter, d&Russell, P. ATM activation and its

59



60.

61.

62.

63.

64.

65.

66.

recruitment to damaged DNA require binding to thée@ninus of Nbsl. Mol Cell
Biol, 25: 5363-5379, 2005.

Nakanishi, M., Ozaki, T., Yamamoto, H., Hanampot., Kikuchi, H., Furuya, K.,
Asaka, M., Delia, D., and Nakagawara, A. NFBD1/MDe@d4sociates with p53 and
regulates its function at the crossroad betweensceVival and death in response to
DNA damage. J Biol Chen282: 22993-23004, 2007.

Liu, G. and Chen, X. DNA polymerase eta, thedpct of the xeroderma
pigmentosum variant gene and a target of p53, natelwlthe DNA damage
checkpoint and p53 activation. Mol Cell Bi@b: 1398-1413, 2006.

Yang, G., Zhang, G., Pittelkow, M. R., Ramadvii, and Tsao, H. Expression profiling
of UVB response in melanocytes identifies a setpbB-target genes. J Invest
Dermatol,126: 2490-2506, 2006.

Long, X. H., Zhao, Z. Q., He, X. P., Wang, H.®u, Q. Z., An, J., Bai, B., Sui, J. L.,
and Zhou, P. K. Dose-dependent expression chanfesrty response genes to
ionizing radiation in human lymphoblastoid celist § Mol Med,19: 607-615, 2007.
Asher, G., Lotem, J., Cohen, B., Sachs, L., @ndul, Y. Regulation of p53 stability
and p53-dependent apoptosis by NADH quinone oxilarease 1. Proc Natl Acad
Sci U S A98: 1188-1193, 2001.

Venot, C., Maratrat, M., Dureuil, C., ConsejllE., Bracco, L., and Debussche, L.
The requirement for the p53 proline-rich functionddmain for mediation of
apoptosis is correlated with specific PIG3 genendaativation and with
transcriptional repression. EMBO1¥,;: 4668-4679, 1998.

Ostrakhovitch, E. A. and Cherian, M. G. RolepbB and reactive oxygen species in
apoptotic response to copper and zinc in epithbliehst cancer cells. Apoptosis)

111-121, 2005.

60



x5

[0

<3

AZAEDNAEY B3FES Ad P3 AT

P3 = = E&1 DNA =0 20ict= 28 SAEXCH DX 8,
CAF-l O] DNA ==0 HEH 20ot=Xl= 20l HREAHKXKX ALUCH 2
A0 M= DNA double strand breaks (DSBsyp==0lM P3 pl50 2

MBS N0l AEs AP P3 pls02 DSBs =5 BISUHAN R&AFS=Z
243 S X= ATM  (ataxia telangiectasia mutated)®@ & A2t & E
ASXEZS S £8H P3 pl502 DSBs ==0| 20U= ROl 2551,
SAOH ATM ot M TSECH RNA interferenceE S8t P3 pl50 2

silencing 2 ATM 1 H2AX 2] QIAIGIE 2 AAIZ LD, foci @4 L£8E 242t
Z A AIZACH 2L, 53BP1, MDC1, BRCAL, Chk2 and MRN complgk2 DSBs

=0l 20ct= DNA === tHZO ZFU= Fes 0IXIKA HUCH
£

|= 22Z&¢92l Neocasinostatin (NCE MXISt =0 DNA J} &=&&
NXEZ= G2/IM JI0Ad  HE=I10t FXIGHALE. 0l48 Z2= DSBs
+=S0M P3 p1500| ATM dlsXNY HZE

I-H $Q

61



i

o

ok

Cte 21S LIEIUCH 22X o2, DNA double strand breaks= < 0f| Al
P3 p1502 G2/M J| DNA checkpointE X&ot1l ATM ASHEY Z=2E
SoliAl DNA =50 220{& X2z At=EC

62



H&EZE 018 oEA

sk 1t ol skt s 20067351 - & | EBFAE
o 9 st2 A &5 2 82 & B i A2 : Kim Seung-Gon

1
-
08
1
0
JQ
>
O
1)
-
m

= 20t OIeHE OtUFE 105-405

K%
S
2
m

-MAIL : goodidealllO@hanmail.net

]

= ABAMEDNAEY HEAES Ad P3 A+

FH
H0
>
J
08

=: The study of the P3 on the neuroprotective effect against

DNA damage

=010l M¥st 22 ME=0 ot Osd Z2 X240t
THEUEWI HESE 018 g

4 U= slatsin solEUn
-0 8-

I, M2 0B7PE U QIEUS ZaE MUSALM 2HE oA
MEEol =SH, JINIS HE, M5 S2 5.

2. 9ol 2SS 25101 LOE Yl UM BEDL FAAY HAS
5248, CioH, HE29 W8HA2 2XE

3. BHE - M&E M2 J2lX SN2 918 =N, HE, s S8

3N,

4. HES0| U 012J12AS 5302 511, JIAE2 3HE OlLfo
BT QAHAIDN 92 B0 HEES 0/8IIVS H HEE

5. GHY MESO HEARS BRI STL BRES 5
Sis F20s 1K OlLhO CHEtOl 012 S2&

6. Z&Ustu= M&E=E 0/ o 0l= ol MHE==2 2otH
LM BRIl Q1B M2l B0 IS0l LMo MR M2 XX
ol=
[E=jy==]

7. ABOHsol BHIIBH HESO M2 L EHY S HBSANUS
0188 HESO| ML EAS 5AS

Sooi s S9( 0 ) ()

63




	I. INTRODUCTION
	II. MATERIALS AND METHODS
	1. Cell culture and treatment
	2 .Small interfering RNAs (siRNA) and transfection
	3. Transfection of plasmid
	4. Cell survival assay
	5. PFGE analysis of DSB repair
	6. Comet assay
	7. Immunoprecipitation assay and Western Blot analysis
	8. Preparation of Subcellular fractions
	9. Antibodies
	10. Immunofluorescence microscope
	11. BrdU incorporation assay
	12. Cytotoxicity assay- MTT assay
	13. G2/M checkpoint analysis
	14. Flow cytometry by Propidium Iodide staining
	15. Dephosphorylation with l-protein phosphoatase

	III. RESULTS
	IV. DISCUSSION
	V. REFERENCES
	KOREAN ABSTRACT

