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ABSTRACT 

 

The study of the P3 on the neuroprotective effect against DNA 

damage 

 

Kim Seung-Gon 

                      Advisor : Prof. Kim Hack Ryul M.D.,Ph.D.  

                        Department of Medicine, Graduate School of                  

  Chosun University 

                        

 
P3 is initially identified as a p53 downstream target involved in the ROS generation. 

Here we report that knockdown of P3 sensitizes cells to UV and radiomimetic drugs, 

impaired DNA repair, and defects both in intra-S-phase and G2/M checkpoints in 

response to DNA damage. P3 formed DNA damage-induced nuclear foci that is 

phosphatidylinositol 3-kinase-like family of serine/threonine protein kinases (PIKKs) 

dependent. Notably, P3 and γ-H2AX coimmunoprecipitate and colocalization in DNA 

damage foci, and efficient induction and maintenance of H2AX phosphorylation after 

DNA damage is impaired in P3 knockdown cells. Following DNA damage, P3 

colocalized and associated with several DNA damage sensors and mediators, and 

contribute to the recruitment of these elements on the sites of DNA break lesions. 

Importantly, early cellular response to DNA damage is suppressed in p53-deficient 
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cells, and expression of P3 in a p53-deficient cells restores γ-H2AX signals as well as 

the recruitment of 53BP1 and Mre11 at DNA breaks, whereas, in p53 gain of function 

mutant cells, these response is not affected by P3. Our results suggest that P3 

contributes to upstream induction of DNA damage signal, depending on the p53 status 

of the cells, and is an essential for p53-mediated triggering the appropriate early DNA 

damage response. 
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INTRODUCTION 
 

The DNA damage response is a complex signaling process involving the 

orchestration of a variety of cellular events that rapidly activate in response to DNA 

damage. This signaling process involves a number of factors to either arrest the cell 

cycle and facilitate DNA repair (called the DNA damage checkpoint) or, if the DNA 

damage is too extensive to be repaired, induce apoptosis (1-4). The members of 

phosphatidylinositol 3-kinase-like kinases (PIKKs), ataxia telangiectasia mutated 

(ATM), ATM and Rad3 related (ATR), and DNA-dependent protein kinase (DNA-PK), 

become activated following DNA damage and transduce signals to downstream 

targets, including p53 and the checkpoint effector kinase Chk2 and Chk1 (5-9). The 

DNA damage response is considered to be a linear progression beginning with sensors 

that convey the initial damage signal to mediators and transducers, which in turn 

transmit the signal to numerous effectors. Dysfunction of the DNA damage response 

pathways in human cells leads to genomic instability and an increased risk of cancer 

progression (10, 11). Therefore, it is important to understand these complex 

mechanisms at the molecular level to further our knowledge of cancer progression and 

treatment. During the past few years, many studied have been conducted on how 

damage signals coordinately execute cellular responses to DNA damage; however, 

much less is known about the mechanisms that initiate the early events prompted by 

DNA damage that precede the spread of the damage signal throughout the cell.  

The p53 tumor suppressor has been described as a “guardian of the genome” 

because of its critical role in coordinating cellular responses to genotoxic stress, 

including cell cycle arrest, DNA repair and apoptosis (12, 13). p53 is constitutely 

expressed at low levels but undergoes a significant increase in protein stability and 
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activity after DNA damage (14, 15). These events are thought to depend mainly on 

posttranslational modification that include phosphorylation by ATM/ATR, Chk1, and 

Chk2 kinases (9, 16-18). In cells derived from ataxia telangiectasia individuals, in 

which ATM is missing or inactivated, the DNA damage pathway and p53 response is 

abnormal (5, 19). Similarity, in some Li-Fraumeni patients with a defective Chk2, the 

p53 response is also compromised (20).  

A major consequence of p53 activation following DNA damage is the induction of 

cell-cycle arrest at the G1/S or G2/M transition stages. This is achieved primarily 

through p53-induced expression of target genes that encode factors such as p21 that 

induces G1/S arrest (21), and proteins such as GADD45 and 14-3-3σ that are needed 

for an efficient G2/M arrest following DNA damage (22). Although a number of 

transcriptional targets of p53 have been identified, p53 effector functions remain 

incomplete (23). For example, even though p21 clearly participates in the G1 

checkpoint responses, p21-/- mouse embryonic fibroblasts are only partially deficient 

in the G1 arrest elicited by p53, suggesting the existence of additional p53-dependent 

targets involved in cell-cycle regulation (24, 25). Furthermore, given that cells 

deficient for p53 apoptotic target genes typically display only partially compromised 

apoptosis (26), it is probable that there remain to be identified other mediators critical 

for p53-dependent apoptosis. Thus, there are likely to be additional, unidentified 

function of p53-inducible genes involved in mediating these different p53 responses.  

P3 was originally identified through a serial analysis of gene expression study 

designed to identify genes induced by p53 before the onset of apoptosis (27). p53 

interacts with a pentanucleotide microsatellite sequence within the P3 promoter 

(TGYCC)n(Y=C or T), which is required for transcriptional activation of the P3 

promoter by p53 (28). Analysis of the amino-acid sequence for P3 indicates 
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significant amino-acid homology with NADH quinine oxidoreductase 1 (NQO1) and 

suggests that, like NQO1, P3 is contributed to the generation of reactive oxygen 

species (ROS) (27), which are important downstream mediators of the p53-dependent 

apoptotic response. Moreover, human cellular apoptosis susceptibility protein 

(hCAS/CSE1L) interacts with P3 promoter and affects p53-dependent apoptosis by 

regulating P3 expression (29). However, because P3 expression alone is insufficient to 

induce apoptosis, it is assumed that several factors cooperate to cause apoptotic cell 

death (27). On the other hand, UV irradiation induce alternative splicing of P3 pre-

mRNA to produce a splice variant protein, which is rapidly degraded by the 

proteasome degradation pathway, implicate the splicing machinery as a component of 

the cellular response to DNA damage (30). Therefore, the possibility may exist that P3 

mediates unknown functions via cooperation of DNA damage response pathway. Here 

we show that P3 colocalized with several DNA damage sensors and early mediators 

upon DNA damage and is required for foci formation and phosphorylation of these 

molecules in ATM/ATR pathway. Furthermore, P3 is required for p53-mediated early 

DNA damage response, as demonstrated by induction of initial γ-H2AX signals and 

recruitment of DNA damage sensors and mediators at DNA lesions. Thus, we 

proposed that P3 functions as an upstream component of the DNA damage pathways 

that are critical for the activation and maintenance of DNA damage checkpoint 

signaling pathway and DNA repair.  
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MATERIALS AND METHODS 
 

1. Cell culture and treatment 

Neuro2A p53+/+ and p53-/- neuroblastome cells were cultured in Iscove’s modified 

Dulbeco’s medium (IMDM, Gibco-BRL, Grand island, NY) supplemented with 10% 

heat-inactivated fetal bovine serum (Camblex, Walkersville, MD), 100units/ml 

penicillin and 100 µg/ml streptomycin sulfate (Invitrogen, Carlsbad, CA) in a 5% CO2 

humidified incubator at 37°C. HeLa cervix adenocarcinoma cells were maintained in 

Dulbecco’s modified Eagle Medium (DMEM, Gibco-BRL) and U2OS osteosarcoma 

cells were grown in McCoy’s 5A medium (Camblex). Saos-2 osteosarcoma cells and 

SW480 colon carcinoma cells were cultured in RPMI 1640 medium (Gibco-BRL). 

Radiomimic drug, Bleomycin (Sigma, St. Louis, MO) and Neocarzinostatin (Sigma) 

were added to fresh cell media final concentration of 5mU, and 500ng/ml, respectively. 

For UV treatment, cells were rinsed in culture media and exposed to 254nm UVC 

lamp (UVP; Model UVGL-25) in a minimal volume of serum free culture media at a 

dose of 10J. After exposure of UV, changed complete culture media followed by 

continued culture at 37°C. To induce other DNA damages, fresh cell growth media 

containing 0.5 µM doxorubicin, 10mM hydroxyurea, 1µM camptothecin, 100µM 

H2O2 and 32 µM cisplatin was added for appropriate times. 

 

2. Small interfering RNAs (siRNA) and transfection 

For knockdown of P3 expression, the target site of siRNA was chosen from the human 

tumor protein p53 inducible protein 3 (TP53I3, P3) mRNA sequence (Gene Bank 

accession number NM_004881), which was extracted from the NCBI Entrez 

nucleotide database. This target site was also searched with National Center for 
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Biotechnology Information BLAST to confirm the specificity only to the human P3. 

The sequences of the 21-nucleotide sense and antisense RNA are as follows : 5`-

AAAUGUUCAGGCUGGAGACUAdTdT-3` and 5`-

UAGUCUCCAGCCUGAACAUUUdT dT-3`. Negative control siRNA duplex was 

purchased from Bioneer. The sequences are follows : 5`-

CCUACGCCAAUUUCGUdTdT-3` and 5`-ACGAAAUUGGUGGCGUAGGdT dT-

3`. siRNA duplexes were transiently transfected into the cells using RNAimax 

according to the manufacturer’s instructions (invitrogen). These siRNAs were 

prepared by a transcription-based methods using the Silencer siRNA construction kits 

according to manufacturer’s instructions (Ambion, Austin, TX). Cells were 

transfected with the constructed siRNA expression plasmid based on pSilencer-hygro 

vector (Ambion), which includes a human U6 promoter and a hygromycin resistance 

gene, using LipofectAMINE 2000 (Invitrogen). For stably knockdown of P3, after 

transfection with psilencer-empty or -P3 vector, we selected several resistant colonies 

against 300 µg/ml hygromycin in the culture medium. ATM, ATR and DNA-PK 

siRNA duplex was purchased from Santa cruz biotechnology. 

 

3. Transfection of plasmid 

For manufacture of P3 expression vector, the entire coding region of human P3 cDNA 

was amplified by RT-PCR using the P3 oligo primer : sense 5`-ATGTTAG 

CCGTGCACTTTGACAA-3` and antisense 5`-TCACTGGGGCAGTTCCAGGAC-3` 

from human fibroblast GM00637 cells. The amplified P3 PCR products were inserted 

into a mammalian expression pcDNA3.1 neo vector or pcDNA3.1 zeo vector 

containing a CMV promoter and neomycin resistance gene or zeocin resistance gene, 

respectively (Invitrogen). P3 sequences and orientation were confirmed by automated 
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DNA sequencing. If required, we selected antibiotics resistant colonies after 

transfection. To produce p53R248W and p53R273H mutants, pcDNA-myc3-wtp53 (a gift 

from JH Jeong, National University of Seoul) was used as template DNA. Site 

directed mutagenesis of p53 was performed using Muta-DirectTM Site-Directed 

Mutagenesis kits according to manufacturer’s instructions (iNtRON Biotech, Seoul, 

Korea). The sequences of mutagenesis-primer are as follows : forward primer 5`-

ATGGGCGG CATGAACTGGAGGCCCATCCTC-3` and reverse primer 5’-

GAGGATGGGCCTCC AGTTCATGCCGCCCAT-3’ for p53R248W construct, and 

forward primer 5’-AACAGCTTT GAGGTGCATGTTTGTGCCTGT-3` and reverse 

primer 5`-ACAGGCACAAACATGCA CCTCAAAGCTGTT-3’ for p53R273H 

construct. Cells were transfected with appropriate plasmid using LipofectAMINE 

2000 (Invitrogen) according to manufacturer’s instructions. 

 

4. Cell survival assay 

After UV radiation or treatment of NCS or BLM, 5×102 cells were immediately 

seeded onto 60mm dish in triplicate and grown for 2-3 weeks at 37°C to allow 

colonies to form. Colonies were stained with 2% methylene blue / 50% ethanol and 

counted. The fraction of surviving cells was calculated as the ratio of the plating 

efficiencies of treated cells to untreated cells. The mean value ± SD. for three 

independent experiments was determined.  

 

5. PFGE analysis of DSB repair 

For determination of DSB rejoining, cells were exposed to UV at 10J. After various 

recovery times, cells were resuspended at 5×107 cells/mL in 1% CleanCut agarose 

solution and cast into an agarose plug. Solidified agarose plug lysed for overnight in 
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1% N-Lauroyl sarcosine, 100mM EDTA (pH8.0), 0.2% Sodium deoxycholate, and 

1mg/ml proteinase K according to the instructions of the manufacturer (Roche 

Diagnostic corp., Indianapolis, IN). The plugs were washed in Washing buffer and 

CHEF gel electrophoresis is performed in CHEF DRII apparatus (Bio-Rad, Hercules, 

CA) in 0.5×TBE at 14°C with field strength of 1.7V/cm. Pulse times was increased 

from 50 to 200s for 31h and then from 200 to 600s for 31h followed by increased 

from 2000 to 2200s for 31h. The gel was stained with 0.5 µg/ml ethidium bromide. 

The fraction of DNA migrating from the plug into the lane (% DNA extracted) was 

measured using a UV transilluminator and image analysis using Scion image software 

(Scion corp.).  

 

6. Comet assay 

Cells were treated with UV, trypsinized and resuspended in PBS. Aliquots of the cell 

suspension (20 µl, 1×105 cells) were transferred to 1.5 mL tubes and then mixed with 

200 µl low-melting agarose and distributed onto conventional microscope slides. The 

slides were precoated with normal melting agarose (0.5% in PBS) and dried at room 

temperature. The agarose had solidified at 4°C for 10 min. The slides were then 

immersed in lysis solution (2.5 mol/L NaCl, 100 mmol/L Na2EDTA, 10 mmol/L Tris-

HCl (pH 10), containing freshly added 1% Triton X-100 and 10% DMSO]) for 1 h at 

4°C and 

then placed into a horizontal electrophoresis apparatus filled with freshly made buffer 

(1 mmol/L Na2EDTA, 300 mmol/L NaOH (pH >13)). Electrophoresis was run for 30 

min at 300 mA. At the end of the electrophoresis, slides were washed with the 70% 

ethanol, stained with 30-50µl ethidium bromide (40 µg/ml) for 1h, and kept in a moist 

chamber in the dark at 4°C until analysis. Cells were analyzed 24h after staining at 
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×400 magnification using a fluorescence microscope (Zeiss, R.G.) equipped with a 

50-W mercury lamp. The microscope images revealed circular shapes, indicating 

undamaged DNA, and comet-like shapes, indicating the DNA had migrated out from 

the head to form a tail (damaged DNA).The extension of each comet was analyzed 

using a computerized image analysis system (Komet5.5, Andor Technology) that 

provided a ‘‘tail moment,’’ which is defined as the product of DNA in the tail and the 

mean distance of its migration in the tail and considered to be the variable most 

directly related to DNA damage. Calculation of the extent of DNA damage, which 

was not homogeneous, was based on analysis of 20 to 40 randomly selected comets 

from each slide. 

 

7. Immunoprecipitation assay and Western Blot analysis 

The cells were lysed in RIPA buffer (50mM Tris-HCl, pH7.5, 150mM sodium 

chloride, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecy sulfate) 

or M-PER buffer (Mammalian Protein Extraction Reagent, Pierce, Rockford, IL) with 

protease inhibitor (Roche Diagnostic corp., Indianapolis, IN). Equal amounts of 

protein were separated by 6-15% SDS-PAGE followed by electrotransfer onto a 

polyvinylidene difluoride membrane (Millipore, Bedfore, MA). The membranes were 

blocked with TBS-t (10 mM Tris-HCl, pH 7.4, 150 mM NaCl)containing 5% non-fat 

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

were washed four times for 15 min with 0.5% Tween 20-containing TBS-t and then 

incubated for 1h with peroxidase conjugated secondary antibodies (1:5000, Jackson 

immunoResearch Inc. West Grove, PA). The membranes were washed again four 

times and developed using an enhanced chemiluminesence detection system (ECL, 

Amersham Corp., Cardiff, UK). For immunoprecipitation assay, the RIPA extracts 
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were pre-cleared with protein A-agarose bead (Amersham Corp., Cardiff, UK), and 

then incubated at 4°C overnight with fresh protein A-bead in the presence of 

appropriate antibodies. The beads were washed five times in RIPA buffer without 

protease inhibitor, resuspended in SDS sample buffer, and boiled for 5 min. Samples 

were analyzed by Western blotting using the appropriate antibodies to detect protein 

expression.  

 

8. Preparation of Subcellular fractions 

Neuro2A cells were harvested, and lysed in cytosol extraction buffer (CEB, 10mM 

HEPES, pH7.5, 3mM MgCl2, 14mM KCl, 5% glycerol, 1mM DTT) with protease 

inhibitor (Roche) for 10min in ice. For complete lysis, 0.2% NP-40 was added 

followed by vortexing for 10s. After centrifugation at 8,600g for 2 min, the 

supernatant (cytosolic extracts) was transferred to new tubes. The pellet was washed 

three times in CEB, and lysed in Nuclear extraction buffer (NEB, 10mM HEPES, 

pH7.5, 3mM MgCl2, 400mM NaCl, 5% glycerol, 1mM DTT) with protease inhibitor 

for 30min at 4°C followed by centrifugation at 13,200rpm for 30 min. The supernatant 

is nuclear extracts.  

 

9. Antibodies  

Antibodies against of P3 used in this study are P3 H300 (Santa Cruz Biotechnology, 

Santa Cruz, CA), P3 C-20 (Santa cruz) and P3 Ab-1 (Calbiochem). P3 protein was 

detected by Western blotting (WB) with a rabbit polyclonal P3 H300 antibody at 

1:1000 dilution and P3 foci was also detected by immunofluorescence staining (IF) 

using P3 H300 antibody at 1:50 dilution. γH2AX was detected by IF and WB with 

mouse monoclonal antibody, clone JBW301 (Upstate Biotechnology, Temecula, CA) 



 12 

at 1:200 and 1:1000 dilution, respectively. H2AX antibody was purchased from 

Upstate. Following antibodies were used for immunofluorescence staining : anti-

53BP1 polyclonal antibody (Santa cruz, 1:50), anti-Mre11 monoclonal antibody (BD 

Phamingen, San Jose, CA, 1:200), anti-Nbs1 polyclonal antibody (Cell Signaling 

Technology, Danvers, MA, 1:200), anti-Rad50 monoclonal antibody (BD Phamingen, 

1:200), anti-ATM protein kinase pS1981 monoclonal antibody (Rockland, 

Immunochemicals Ins., Philadelphia, PA, 1:500) anti-DNA-PK polyclonal antibody 

(Santa cruz, 1:50), anti-ATR-p(S428) polyclonal antibody (Cell Signaling Technology, 

a:200) and anti-p53 DO-1 monoclonal antibody (Santa cruz, 1:50). Following 

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

ATR N-19 pAb (1:300), anti-DNA-PKcs G4 mAb (1:500) anti-p53 DO-1 mAb 

(1:2000), anti-αTubulin TU-02 mAb (1:5000), anti-Cdc25A mAb (1:500), anti-myc 

mAb (1:1000) and anti-53BP1 pAb (1:500, Santa cruz) ; anti-Chk1 pAb (1:1000), 

anti-Chk1-p(S345) pAb (1:1000), anti-Chk2 pAb(1:1000), anti-Chk2-p(T68) pAb 

(1:1000), anti-p38 pAb (1:1000), anti-p38-p(T180/Y182) pAb and anti-p53-p(S15) 

pAb (1:1000, Cell Signaling Technology); anti-Rad50 mAb (1:750), anti-Mre11 mAb 

(1:1000) and anti-Nbs1 mAb (1:1000, BD Phamingen). 

 

10. Immunofluorescence microscope 

Cells cultured on coverslips coated with poly-L-lysine (Sigma) were treated UV, NCS 

or BLM followed by recovery for adequate times. Cells were then washed with PBS 

twice, fixed with 4% paraformaldehyde for 10 min and then permeabilized with 0.3% 

Triton X-100 for 10 min at room temperature. After permeabilization, coverslip were 

washed PBS three times and then blocked with 5% BSA in PBS for 1h. Cells were 

single or double immunostained with primary antibodies against various proteins for 
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overnight at 4°C. Cells were washed with PBS and then stained appropriate Alexa 

Fluor 488-(green, Molecular Probe), Alexa Fluor 594-(red, Molecular Probe) 

conjugated secondary antibodies. After washing, cells were mounted using 

Vectashield mounting medium with 4,6 diamidino-2-phenylindole (Vector 

Laboratories, Burlingame, CA). Fluorescence images were taken using Zeiss 

Axioplan 2 imaging epifluorescent microscope equipped with a charge-coupled 

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

 

11. BrdU incorporation assay 

To determine cell populations in the S phase, the incorporation of BrdU was 

monitored as a parameter for DNA synthesis according to the instructions of the 

manufacturer (Roche Diagnostic corp.). Mock- and sip3 cells were plated in 48-well 

plate and treated with indicated dose of NCS, BLM or UV. After 24h, 10 µM BrdU 

was added to the culture medium for 2 h at 37°C for incorporation into freshly 

synthesized DNA. Following fixation of the cells, cellular DNA was partially digested 

by nuclease treatment. A peroxidase-labeled antibody to BrdU and a peroxidase 

substrate were sequentially added to yield a colored reaction product, which is 

proportional to the level of BrdU incorporated into cellular DNA. Colored products 

were measured at microplate reader at 405nm with a reference wavelength at approx. 

490nm. The relative DNA synthesis was calculated as the percentage of absorbance of 

cells treated with DNA damaging agents from the absorbance of control cells. The 

data are presented as the average ± SD value of representative triplicate experiments. 

 

12. Cytotoxicity assay- MTT assay 

To show the effect of P3 on DNA damage-induced SW480 cell death, 2-(4,5-
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dimethyl-triazol -2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma) assay was 

performed. The control or P3 siRNA, and mock or P3 expression vector-transiently 

transfected SW480 cells were seeded at a density of 1×104/well in 96well plate and 

then treated with 20J UV (middle) or 5mU BLM (right). After indicated times 10 µl of 

MTT reagent was added to each well and incubated for 3h. MTT crystals were 

dissolved with isopropanol containing 0.04N HCl and absorbance at 570nm was 

measured. The relative cell survival was calculated as the percentage of absorbance of 

cells treated with DNA damaging agents from the absorbance of control cells. Assays 

were repeated at least three times independently, and the data are presented as the 

average ± SD value of representative triplicate experiments. 

 

13. G2/M checkpoint analysis 

HeLa-sihygro and HeLa-sip3 cells were treated with 100ng/ml nocodazole for 3h 

following addition of 200ng/ml NCS or 10J UV. After 24h, cells were harvested and 

washed with PBS and then fixed with 1% formaldehyde for 10min at 37°C. Cells 

were  immediately chilled on ice for 1min and then cells were permeabilized with 

90% methanol at -20°C overnight. Fixed cells were washed with PBS and blocked 

with incubation buffer (0.5% BSA in PBS) for 10 min. Cells were stained with anti-

phospho-Histone H3(S10)-Alexa Fluor 647 conjugate antibody (Cell signaling 

Technology) at 1:10 dilution in incubation buffer for 1h in the dark at room 

temperature. Cells were washed and then resuspended in PBS containing 50 µg/ml 

propidium iodide. At least 10,000 cells were analyzed by fluorescent-activated cell 

sorting (FACSort, Becton Dickinson, San Jose, CA). Acquired data were analyzed by 

cell Quest Pro software. (Becton Dickinson).  
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14. Flow cytometry by Propidium Iodide staining 

The trypsin-detached cells were collected and washed with cold PBS, followed by 

fixing in 70% cold-ethanol for 30min at 4°C. The cells were then stained with PBS 

containing 50 µg/ml propidium iodide. Fluorescence emitted from the PI-DNA 

complex in each cell nucleus was measured after laser excitation at 488nm with a flow 

cytometry (FACSort, Becton Dickinson). For measurement of cell death, the 

percentage of cells in sub-G1 population was calculated. Aggregates of cell debris at 

the origin of histogram were excluded from the sub G1 cells.  

 

15. Dephosphorylation with λλλλ-protein phosphoatase 

The cells were lysed in RIPA buffer (50mM Tris-HCl, pH7.5, 150mM sodium 

chloride, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecy sulfate) 

with protease inhibitor (Roche Diagnostic corp., Indianapolis, IN). 100µg lysates were 

incubated with 400 units λ-protein phosphoatase (New England Biolabs, Ipswich, 

MA) in phosphatase buffer (50mM Tris, pH7.5, 0.1mM Na2EDTA, 5mM 

dithiothreitol, 2mM MnCl2) for 30 min at 30 °C.  
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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 damage-induced cell death, we 

created  Neuro2A and HeLa cell lines containing a stably integrated P3-targeting 

small hairpin RNA (shRNA) expression vector that silenced P3 expression with high 

efficiency. we then examined these and scramble shRNA expressing cells for 

analyzing their response to DNA damaging reagents. Control and P3 knockdown 

HeLa and Neuro2A cells were treated with ultraviolet (UV) or radiomimetic drug 

bleomycin (BLM), clonogenic survival assay was performed. Although pig3 is known 

to play a role in p53-mediated proapoptotic signaling through ROS generation (27), 

interestingly and surprisingly, the P3 knockdown cells were significantly more 

sensitive to UV (Figure 1A) and BLM (Figure 1B) than were control cells. This 

increased sensitivity in P3 knockdown cells could be attributed to defect of DNA 

damage repair that is distinct from its ROS generation and proapoptotic role. To 

explore this possibility, we directly monitored the activity of UV-induced DNA repair 

in P3 knockdown cells using pulsed-field gel electrophoresis (PFGE). We observed 

that, following UV irradiation, the percentage of DSBs remaining more increased in 

P3 knockdown cells than control cells (Figure 1C). Control Neuro2A cells efficiently 

repaired the majority of DSBs, with ~20% of DNA breaks remain unrejoined up to 20 

h. In contrast, P3-depleted Neuro2A cells show severe defects in DSB repair, with 

more than 50~60% of DSBs remain unrejoined. To further confirm that P3 

knockdown impairs DNA repair, we used a alkali comet assay that detect single or 

double strand breaks in DNA of single cells. 24 hr after UV irradiation, tail movement 
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were analyzed in 30~50 single cells per sample. We found that control and P3-

depeleted Neuro2A cells have comparable amounts of DNA damage after UV 

irradiation. However, DNA repair was almost complete by 24 hr in control cells, 

whereas comet tails were still visible in P3 knockdown cells (Figure 1D), indicating 

that P3 knockdown compromises the ability of cells to repair 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 activation are generally accepted 

as critical components of cell survival following exposure to DNA damage, we next 

investigated whether P3 is involved in the regulation of intra S-phase and G2/M 

checkpoints following DNA damage. The S-phase checkpoint has a critical role in 

preventing spontaneous replication-fork collapse and is responsible for inhibiting S-

phase progression after DNA damage. We observed that NCS- and UV-treated control 

Neuro2A cells exhibited significant inhibition of DNA synthesis (Figure 1E). In 

contrast, P3 depleted cells did not efficiently activates the S-phase checkpoint, as 

demonstrated by only small amounts of DNA synthesis inhibition (Figure 1E), 

indicating that P3 contributes to the intra-S phase checkpoint.  

We next examined whether P3 plays a role in the G2/M checkpoint. The G2/M 

checkpoint is activated to prevent cells with damaged DNA or incomplete DNA 

replication from undergoing mitosis. Cells that fail to activate an S-phase checkpoint 

should prevent movement into mitosis by activating the G2/M checkpoint. To 

examine the effects of P3 on the G2/M checkpoint, control and P3-depeleted Neuro2A 

cells were mock treated or exposed to NCS or UV, and then labeled with anti-

phosphohistone (Ser10) antibody, a marker for cells in M phase. In one set of 
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experiments, the microtubule-disrupting agent, nocodazole was added 3 hr following 

UV or NCS, to stop the cell cycle at mitosis. In contrast to control cells, which 

arrested in G2, a significantly higher proportion of P3 knockdown cells entered 

mitosis (Figure 1F), indicating that P3 is also involved in the G2/M phase checkpoint 

in response to DNA damage.  

To evaluate the molecular nature of the cell-cycle defects observed in P3 

knockdown cells, we examined the phosphorylation status of checkpoint-regulated 

molecules required for cell cycle arrest in response to DNA damage. Chk1 and Chk2, 

and p53 are key regulators in the control of intra-S and G2/M checkpoints, and are 

ATM and ATR downstream targets. In control HeLa cells, Chk1 and Chk2 were 

phosphorylated on their ATM/ATR target residues, Ser317 and Thr68, respectively, 

after DNA damage. However, there was significantly reduced phosphorylation of 

Chk1, as well as Chk2, in P3-depleted HeLa cells treated with UV (Figure 1G) or 

NCS (Figure 1H). We also found that p53 phosphorylation on Ser15 was markedly 

inhibited in UV-irradiated P3 knockdown MCF7 and Neuro2A cells, compared with 

their control cells. Another indicator of a functional ATM/Chk2 cascade, phosphatase 

Cdc25A (31) was also failed to rapidly decline in P3 depleted HeLa cells following 

NCS treatment. Since p38 MAPK activity has been recently reported to be involved in 

the G2/M transition and S phase progression in U2OS and HeLa cells following UV 

exposure (32-34), we also examined the levels of p38 phosphorylation in control and 

P3-deficient cells exposed to UV. In control cells, p38 phosphorylation was detected 

as early as 6~12 hr after UV irradiation. In marked contrast, P3-depleted U2OS and 

HeLa cells showed significant suppression of p38 phosphorylation at any time point. 

Taken together, our results indicate that P3 plays an important 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 HeLa cells to UV (A) and BLM (B). 

Data are presented as mean ± standard deviation.  

(C) PFGF analysis in indicated Neuro2A cells after UV (10 J/m2). Data are presented 

as mean ± standard deviation. 

(D) DNA damages of indicated Neuro2A cells induced by UV (10 J/m2) were 

analyzed by single-cell gel electrophoresis. Data are presented as mean ± standard 

deviation. 

(E) Neuro2A cells depleted of endogenous P3 were treated with indicated doses of UV 

or BLM, and the percentage of S-phase cells incorporating BrdU was determined. 

Data are presented as mean ± standard deviation. 

(F) Indicated Neuro2A cells were untreated or treated with UV (10 J/m2) or BLM ( 5 

mU) in the presence or absence of nocodazole, and cells in mitosis were determined 

by staining with propidium iodide and phospho-histone H3 antibody. Data are 

presented as mean ± standard deviation. 

(G and H) Indicated Neuro2A cells were treated with UV (10 J/m2) (G) or NCS (200 

ng/ml) (H), harvested at indicated times and then subjected to immunoblotting with 

indicated antibodies. Data are presented as mean ± standard 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 checkpoints was the results of a 

defect in DNA damage sensor and mediator signaling pathway, we analyzed γ-H2AX 

signal in UV- or NCS-treated Neuro2A and HeLa cells. One of the earliest signal in 

the DNA damage response is phosphorylation of histone variant H2AX at Ser139. γ-

H2AX is required for the sustained localization of a number of DNA-damage 

mediator/repair factors at or near the sites of DNA damage (35-38). Therefore, γ-

H2AX plays an important role in initial recognition of DNA damage and recruiting 

DNA damage checkpoint proteins (36, 39). As shown in Figure 2A and 2B, after 

exposure to NCS or UV, H2AX phosphorylation rapidly increased within 1 h or 3 hr 

in control Neuro2A and HeLa cells, respectively, and reached the peak at the 3~6 h 

time point. However, in P3 knockdown cells, H2AX phosphorylation was 

significantly diminished after UV or NCS and failed to propagate.  

We next investigated whether P3 would affect γ-H2AX foci formation after DNA 

damage by immunofluorescence assay. Consistent with the phosphorylation, P3 

depleted cells exhibited significantly impaired γ-H2AX foci formation after UV and 

NCS treatment. In control cells, the γ-H2AX foci became bigger and brighter as early 

as about 30 min and 3 hr after NCS (Figure 2C) and UV (Figure 2D) treatment, 

respectively, and the number of γ-H2AX foci decreased 12-24 hr after NCS and UV 

treatment (data not shown). However, although γ-H2AX foci rapidly formed foci 

following NCS and UV in P3 knockdown cells, the intensity of γ-H2AX foci was 

significantly reduced in P3-depleted cells than those in control cells. The number of 

foci observed did not correspond to predicted DSBs. This is probably due to weaker γ-

H2AX signals that were below the threshold of detection. Thus, these results suggest 
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that P3 has an important role in initiating or amplifying H2AX phosphorylation after 

DNA damage. 

To address whether P3 also have the capacity to trigger H2AX phosphorylation in 

response to other type of genotoxic insult, control and P3-deficient Neuro2A cells 

were treated with doxorubicin (topoisomerase II inhibitor), hydroxyurea (ribonuclease 

reductase inhibitor), camptothecin (topoisomerase I inhibitor), H2O2 (single strand 

break inducer), and   cisplatin (DNA cross-link agents), and analyzed cell lysates for 

γ-H2AX signals. As shown in Figure S6, H2AX phosphorylation was also 

significantly suppressed in P3-deficient Neuro2A cells.   
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Figure 2. P3 knockdown impairs γγγγ-H2AX signals in response to DNA damage  

(A and B) H2AX phosphorylation analysis of P3-depleted HCT16 and HeLa cells. 

Time-course analysis of H2AX phosphorylation by Immunoblotting after 200 ng/ml 

of NCS (A) or 10 J/m2 of UV (B). 

(C and D) Control or P3-depleted Neuro2A cells were treated with 200 ng/ml of NCS 

(C) or 10 J/m2 of UV (D) and immunostained with γ-H2AX antibody.  
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4. P3 forms nuclear foci and colocalizes with γγγγ-H2AX in response to DNA damage. 

Several DNA damage signaling proteins are targets for ATM/ATR-mediated 

phosphorylation and participate in transmitting the DNA damage signal to 

downstream targets. After DNA damage, those proteins are recruited to the sites of 

DNA damage and form discrete DNA damage-induced nuclear foci. The order and 

timing of these events are thought to be critical for checkpoint response and DNA 

repair (40). Thus, we were interested in knowing whether P3 is also formed UV- or 

NCS-induced nuclear foci.  

Previous report showed that P3 was localized to the cytoplasm in H1299 cells 

expressing p53 (41). However, we observed that, although P3 mainly localized in 

cytosolic fraction, about 30% of total P3 was also present in nucleus. Moreover, we 

demonstrated that N-terminal region (1-460 nt) of P3 is essential for nuclear 

localization of P3, suggesting that P3 was located in both the nuclear and cytoplasm. 

Immunofluorescence staining indicated that P3 showed diffuse staining of nuclei in 

Neuro2A, HeLa, and MCF7 cells without UV or NCS. However, P3 formed nuclear 

foci promptly and the number of P3 foci promptly increased after NCS or UV 

treatment (Figure 3A). The induction of P3 foci by UV, NCS, or BLM raises the 

possibility that these foci represents actual sites of DNA breaks. In fact, we observed 

that the number of P3 foci was remarkable colocalization to that of γ-H2AX 

throughout the course of the experiment (Figure 3B). We also found that P3 and γ-

H2AX physically interact after UV irradiation (Figure 3C), indicating that P3 very 

upstream of the DNA damage signaling. The ATM, ATR and DNA-PK participates in 

the foci formation of the MRN complex, γH2AX and 53BP1 (11, 42). Thus, we 

investigated whether P3 foci formation was PIKKs dependent. Treatment of 

wortmannin, inhibitors of the PIKKs, severely diminished P3 foci formation in 



 31 

response to DNA damage (Figure 3D). We then examined P3 foci formation in HeLa 

cells deficient in ATM, ATR, or DNA-PK by transiently transfection of their specific 

siRNAs. ATM, ATR, or DNA-PK siRNA nearly completely depleted the ATM, ATR, 

and DNA-PK proteins. However, there was no significant difference in P3 foci 

formation after DNA damage between control and ATM, ATR, or DNA-PK 

knockdown cells, respectively. These data indicated that P3 foci can be constituted by 

more than one member of the PIKKs family. Additionally, because P3 is downstream 

target gene of p53, we also investigated whether P3 foci formation is dependent to p53. 

We observed that P3 foci was also formed in Neuro2A p53−/− cells transfected with P3 

(Figure 3E) after DNA damage, indicating that P3 foci formation is independent of 

p53.  
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Figure 3. P3 forms nuclear foci that colocalizes with γγγγ-H2AX after DNA damages.  

(A) Neuro2A cells were treated with UV(10 J/m2) or BLM (5 mU) and 

immunostained with P3 antibody.  

(B) Neuro2A cells were coimmunostained with anti-P3 and anti-γ-H2AX antibodies 

before and after treatment with UV (10 J/m2), BLM (5 mU), or NCS (200 ng/ml).  

(C) Unirradiated or UV (10 J/m2)-irradiated Neuro2A cells were immunoprecipitated 

with P3 antibody and detected with  indicated antibodeis. 

(D) Neuro2A cells were pretreated with wortmannin prior to exposure to UV (10 J/m2), 

BLM (5 mU), or NCS (200 ng/ml), and immunostained with P3 antibody.  

(E) Neuro2A p53-/- cells were transiently transfected with control or P3 expression 

vectors. 48 hr after transfection, cells were treated with UV (10 J/m2), BLM (5 mU), 

or NCS ( 200 ng/ml ), and immunostained with P3 antibody.  
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5. Accumulation of 53BP1, Mre11, Rad50, Nbs1, and DNA-PK at the site of DNA 

damage foci is reduced in P3-depleted cells 

Based on the current model, after DNA damage, γ-H2AX marks the chromatin 

region at or near the DNA damage site and serves as a platform for the recruitment of 

DNA damage response proteins including 53BP1, MDC1, MRN (Mre11-Rad50-

Nbs1) complex, ATM, ATR, and DNA-PK. The appearance of these protein foci 

seems to be coincident with formation of the  γ-H2AX. To further assess the possible 

role of P3 in the checkpoint signaling and its position within the signaling pathway, 

we determined whether P3 foci colocalizes with these proteins after DNA damage and 

whether P3 expression was required for the formation of foci containing these early 

response elements. We first analyzed foci formation using immunofluorescence 

staining with specific antibodies to P3, 53BP1, Mre11, Rad50, Nbs1, �phospho-ATM 

(p-S1981), and DNA-PK. After UV, NCS, or BLM treatment, the numbers of P3 foci 

colocalized with 53BP1 (Figure 4A). Pig3 foci also colocalized with Mre11, Rad50, 

Nbs1, p-ATM, and DNA-PK foci following UV irradiation (Figure 4B). To confirm 

the colocalization between P3 and these proteins, we performed 

coimmunoprecipitation assay from HeLa total extracts. Immunoprecipitation with P3 

antibody revealed that endogenous P3 bound 53BP1, component of MRN complex, 

ATM, ATR, and DNA-PK, and UV and NCS treatment increased the amount of P3 

that bound to these proteins (Figure 4C). However, another DNA damage response 

proteins, BRCA1 and MDC1, were not associated with p3.  

Because P3 colocalized and associated with several DNA damage sensors and 

mediators, we explored possible effects of P3 on localization of these proteins to DNA 

damage-induced foci. We observed that, following exposure of control HCT 116 cells 

to NCS (Figure 4D), UV and BLM, 53BP1, MRN complex, DNA-PK, ATM, and ATR 
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were readily recruited to DNA-damage sites. However, P3 knockdown cells exhibited 

a marked reduction in 53BP1, component of MRN complex, and DNA-PK foci 

formation. On the other hand, P3 depletion did not affect the ATM and ATR foci 

formation. In contrast to its effects on foci formation, pig3 knockdown did not change 

total levels of 53BP1, ATM, ATR, DNA-PK, Mre11, Nbs1 or Rad50. Thus, P3 is 

likely to function upstream of 53BP1, MRN complex, and DNA-PK, and contributes 

to the selective recruitment of these proteins into the 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 anti-53BP1 and anti-P3 antibodies 

before and after treatment with UV (10 J/m2), BLM (5 mU), or NCS (200 ng/ml).  

(B) Neuro2A cells were untreated or treated with UV. 12 hr after treatment, cells were  

coimmunostained with indicated antibodies.  

(C) Neuro2A cells were untreated or treated with UV (10 J/m2) (left panel) and NCS 

(200 ng/ml) (right panel). Immunoprecipitation and immunoblotting were carried out 

using indicated antibodies. 

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

antibodies before and a 3 hr after treatment with NCS (200 ng/ml).  
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6. P3 is required for p53-mediated early DNA damage response 

Although p53 is known to be a downstream effector of ATM/ATR signaling 

pathway, recent data also provide evidence for possible involvement of p53 in early 

DNA damage response.  However, it is unclear whether p53 is indeed contributed to 

the early response to genotoxic stress, and if it is, how p53 functions to this process. 

To evaluate the ability of p53 to early cellular response to DNA damage, we treated 

p53 proficient and deficient cells with UV and BLM, and analyzed initial γ-H2AX 

signals. We observed that the degree of H2AX phosphorylation is distinctly lower in 

Neuro2A p53−/− (Figure 5A) and Saos-2 cells compared to Neuro2A and U2OS cells, 

respectively. Similarity, γ-H2AX foci formation after DNA damage was dramatically 

decreased in p53-deficient cells compared with p53-proficient cells.  

Because P3 knockdown failed to efficient H2AX phosphorylation and γ-H2AX foci 

formation in p53 wild type cells following DNA damage (Figure 2), the reduction in 

P3 levels might cause decreased γ-H2AX signals in p53-deficient cells. To explore 

this possibility, we investigated whether P3 expression could be restored γ-H2AX 

signals in p53 deficient cells. Indeed, ectopic expression of P3 in Neuro2A p53−/− and 

Saos-2 cells almost completely restored both UV- and NCS-induced H2AX 

phosphorylation as well as γ-H2AX foci formation (Figure 5B and 5C).  

To rule out the possibility that the impaired H2AX phosphorylation we observed is 

simply caused by a defect in p53 and subsequent suppression of DNA damage 

response, we compared the H2AX phosphorylation by UV in p53-proficient cells 

transiently transfected control siRNA or p53 siRNA. Importantly, downregulation of 

p53 for up to 48 hr did not cause any significant reduction of P3 levels. We found that 

transient transfection of p53 siRNA in Neuro2A and U2OS cells had no effect on 

H2AX phosphorylation following BLM treatment, indicating that the reduced DNA 
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damage-induced γ-H2AX signals cannot be ascribed simply to defect in p53 function. 

Instead, endogenous level of P3 may be sufficient for the activation of early cellular 

response to DNA damage.  

To further address whether the suppression of early DNA damage response in p53 

null cells was resulted from a downregulation of P3, we analyzed foci formation of 

53BP1 and MRE11, which are early markers of DNA damage, in UV-, BLM-, and 

NCS-treated p53 null cells transfected with P3. We observed that, after UV, BLM, or 

NCS treatment, Neuro2A p53−/− and Saos-2 cells were severely suppressed foci 

formation of 53BP1 (Figure 5D) and MRE11 (Figure 5E) as compared those of 

Neuro2A p53+/+ and U2OS cells, respectively. However, ectopically expressed P3 

restored the 53BP1 and MRE11 foci formation in response to UV or NCS in Neuro2A 

p53−/− and Saos-2 cells. These results suggest that p53 functions to promote early 

response to DNA damage and P3 is required for these response. 
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Figure 5. P3 is required for p53-mediated early DNA damage response. 

(A) Neuro2A p53+/+ and Neuro2A p53−/− cells were treated with 10 J/m2 UV (left) and 

5 mU BLM (right). At the indicated times after treatment, immunoblotting 

experiments were performed using indicated antibodies.  

(B) Neuro2A p53−/− cells overexpressed of P3 were treated with 10 J/m2 UV (left) or 

200 ng/ml NCS (right), and immunoblotting experiments were performed using 

indicated antibodies. 

(C-E) Neuro2A p53+/+ cells depleted of endogenous P3 and Neuro2A p53−/− cells 

overexpressed of P3 were untreated or treated with UV (10 J/m2), BLM (5 mU), or 

NCS (200 ng/ml), and immunostained with γ-H2AX (C), 53BPI (D), or Mre11 (E) 

antibodies. The percentage of cells with the respective foci are indicated. >100 cells 

were analyzed. Data are presented as mean ± standard deviation. 

The number of nuclei positive for respective foci was measured in 100 cells for each 

transfectants.  
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DISCUSSION 
 

The results presented in this study established p53 downstream target P3 as a novel 

and functional component in the DNA damage checkpoint signaling pathway, thereby 

expanding the scope of p53 targets to early DNA damage response (mediating DNA 

damage signaling). Our data strongly suggest that P3 contributes to the H2AX 

phosphorylation and foci formation at DNA damage sites to promote the accumulation 

of checkpoint proteins, such as 53BP1, MRN complex, ATM, and ATR. Moreover, we 

show that P3 contributes to the maintenance of the intra-S and G2/M checkpoint and 

its downregulation by shRNA accumulates DNA damage and confers increased 

sensitivity to DNA damaging reagents. We also found that this role of P3 in the DNA 

damage response is independent of p53 but is influenced by p53 mutation status. 

 

P3 depletion impairs the upstream induction of DNA damage signals 

Surprisingly, although P3 is know to be a p53-dependnet proapoptotic factor, P3 loss 

resulted in increased susceptibility to apoptotic cell death on exposure to UV radiation 

and radiomimetic drug. P3 knockdown Neuro2A and HeLa cells display increased 

susceptibility to apoptotic cell death on exposure to UV radiation and radiomimetic 

drug. The current study also shows that cells with P3 silencing showed a significantly 

reduction in DNA repair. Based on the CHEF and comet assay, we estimate 2- to 3-

fold more unrepaired DNA damage in P3-deficient cells than control cells (Figure 1C 

and 1D). Moreover, P3 knockdown cells display a profound defect in the intra-S and 

G2/M checkpoint in response to UV or NCS. These observations may have been due 

to the impaired DNA damage response in P3 knockdown cells. Indeed, we show here 

that P3 to be an important sensor/mediator protein at the core of the DNA damage 
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response pathway, possibly involved in relaying the signal due to DNA damage to 

different effector pathways involved in DNA damage checkpoint and DNA repair. In 

fact, P3 foci rapidly accumulated at the sites of DNA strand breaks following UV, 

NCS, or BLM treatment, and P3 foci was formed by more than one members of PIKK 

family (Fig. 2B and Fig. S6). While P3 colocalizes with and associated with a variety 

of DNA damage checkpoint proteins such as γ-H2AX, 53BP1, MRN complex, ATM, 

and ATR, it also affects recruitment of 53BP1 and MRN complex to damaged DNA 

loci. Of interest is that P3 did not affect localization of MDC1 and BRCA1 to sites of 

DNA damage, suggesting that the latter are subject to a different regulation, somewhat 

similar to the parallel interacting pathways shown for 53BP1 and MDC1 in ATM 

activation (50). We also show that P3 depletion interfered with the formation of UV- 

and NCS-induced H2AX phosphorylation and γ-H2AX foci formation analyzed by 

Western blot analysis (Figure 2A and 2B) and fluorescent staining (Figure 2C and 2D), 

indicating P3 functions in parallel with or upstream of γ-H2AX in the signal pathways. 

Although we do not yet understand the function of P3 in the DSB-flanking chromatin 

compartment, one intriguing possibility is that P3-bound DNA damage sensor proteins 

accumulates on chromatin regions near DSBs, which leads to further spread of H2AX 

phosphorylation into more distal chromatin regions, thus helping to trigger a DNA 

damage response event even in the presence of very low number of DNA damage. 

Phosphorylation and relocalization of H2AX are two of the earliest events after DNA 

damage and are ATM/ATR-dependent. Thus, P3 might have a crucial role in early 

DNA damage responses in both ATM and ATR pathways. Although some crosstalk 

exists between ATM and ATR kinase pathways (51), ATM is activated primarily by 

DNA double-strand breaks (DDBs) induced by ionizing radiation, whereas ATR 

responds to ultraviolet (UV) radiation or stalled replication forks (11). Recent studies 
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also suggest the Mre11/Rad50/NBS1 (MRN) complex is responsible for the optimal 

activation and initial recruitment of ATM to DSBs (50, 52-58). This initial recruitment 

of ATM by MRN complex could result in the initial H2AX phosphorylation (6, 55, 

59). Our current findings showed that P3 contributed to the recruitment of MRN 

complex, 53BP1 to damaged DNA loci, it may function as a key regulator in initiating 

the ATM/ATR-dependent response. In fact, P3 was unable to ATM and ATR 

autophosphorylation following DNA damage (data not shown). However, P3 

preferentially affects ATM and/or ATR to phosphorylate its substrate Chk2, Chk1, p53, 

and H2AX, and the defect of Chk2 phosphorylation in P3-deficient cells also 

correlated with reduced degradation of Cdc25A, suggesting that P3 regulates 

ATM/ATR downstream of its activation. In addition, we provided evidence that P3 

and phospho-ATM are co-localized at γ-H2AX foci after DNA damage, and we 

detected an interaction between P3, and ATM or ATR. Thus, P3 may amplify 

ATM/ATR activity through its involvement in the interaction of ATM/ATR or through 

regulation of some of DNA damage sensor proteins such as MRN complex and 53BP1 

at γ-H2AX foci.  

A number of DNA damage response proteins undergo regulated phosphorylation. 

Therefore, we sought to determine whether P3 is phosphorylated after DNA damage. 

There are two SQ/TQ phosphorylation motifs (threonine 116 and serine 174) in P3 

(Figure S24A), which may be targets for PIKKs . We observed that, after UV or NCS 

treatment, mobility shift of P3 occurred in human fibroblast GM00637 cells (Figure 

S24B). UV- and NCS-induced supershift of P3 was due to phosphorylation because it 

was eliminated by treatment of P3 with protein phosphatase (Figure S25C). We also 

confirmed this using monoclonal anti-threonine antibody after immunoprecipitation of 

the protein with anti-P3 antibody (Figure S24C, S24D, and S24E). Thus, P3 is 
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hyperphosphorylated in response to DNA damage, but how this is controlled remains 

unclear. However, it is very difficult to obtain consistent phosphorylation (band shift ) 

results with the P3 protein in Neuro2A and HeLa cells, thus it is believes that this 

protein is very sensitive to extraction procedure, or is very unstable depending on cell 

lines.  

 

P3 is critical factor in the p53-mediated DNA damage response.  

p53 is a major downstream effector of DNA-damage kinase pathways, as evidenced 

by reports demonstrating that activation of ATM/ATR-Chk1/Chk2 triggers p53 

phosphorylation that leads to cell-cycle arrest and/or apoptosis. However, recent 

studies have shown that the function of p53 in DNA damage response is more 

complex than this model. DNA damage sensor/mediator MDC1 regulates p53-

depedent DNA damage response through association with p53 (60). Additionally, 

gain-of-function p53 mutant (p53R248W and R273H) directly disrupt the recruitment 

of nuclear MRN complex to the site of DNA damage through physical interaction 

between p53 mutants and MRN complex, leading to impaired recruitment of ATM to 

the sites of DNA damage (48). Moreover, p53 downstream target DNA polymerase η 

contribute to the regulation of ATM and ATR activity after DNA damage (61). Thus, 

p53 may be involved in the initial phase of the DNA-damage response thorough its 

downstream targets and/or association with sensors/mediators, however, p53 plays a 

poorly understood, potential role in early DNA damage response, which appears 

distinct from its role in downstream effect of ATM/ATR signaling. Here we suggest 

that p53 downstream target P3 is a critical mediator of p53 functions in early response 

to DNA damage. In fact, not only does p53 null cells show significantly suppressed 

UV- or NCS-induced H2AX phosphorylation, but p53 depletion has also shown to 
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interfere with the formation of γ-H2AX, 53BP1, and MRE11 foci. Because of diverse 

function of p53, it is possible that multiple factors may be involved in this 

phenomenon. However, overexpression of P3 almost completely rescued the 

suppression of early DNA damage response imposed by p53 deficiency, and 

furthermore, the absence of P3 led to defect in the cellular responses to DNA damage 

in p53 proficient cells. Instead, knockdown of p53 alone dose not result in a interfere 

of this response, as γ-H2AX, 53BP1, and Mre11 that accumulate at DNA damage foci 

were not significantly affected by transiently transfected with p53 siRNA in p53 wild 

type cells. Thus, P3 is specifically required for the p53-mediated early DNA damage 

checkpoint activation. Interestingly, there was no significant different control SW480 

cells and P3 expressed or P3 knockdown SW480 cells in H2AX phosphorylation as 

well as γ-H2AX and 53BP1 foci formation. Since gain-of-function p53 mutant blocks 

MRE11 function, these data suggest that P3 might function parallel or downstream of 

MRE11. Thus, although P3 plays a crucial role in transducing early DNA damage 

checkpoint response, P3 differently functions according to p53 mutation status on 

mediating DNA damage signaling pathway. 

Previous studies have suggested that P3 is induced in response to excessive DNA 

damage in a p53-dependent manner (62, 63). Increased P3 expression modulates the 

levels of intracellular reactive oxygen species (ROS), leading to triggering apoptosis 

(27, 64-66). However, we discovered that knockdown of endogenous of P3 provoked 

a DNA damage-induced cell death, which was attributed to the defect of DNA damage 

response in P3-deficient cells. This effect was not associated with enhanced P3 levels 

because basal level of P3 in p53 proficient cells was enough to facilitates DNA 

damage response. Following DNA damage, the cells may decide to activate a survival 

system through cell cycle checkpoint and DNA repair or in the face of extensive or 
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irreparable damage, the cell may activate apoptotic cell death. Thus, our data can be 

explained in the context of the model in Figure 7. We propose that in p53 wild type 

cells, after DNA damage, P3 facilitates the DNA damage checkpoint signaling 

pathway that can efficiently repair DSBs, which might serve as a mechanism to 

activate a prosurvival activity of P3. However, high levels of P3 induced by prolong 

and/or excessive DNA damage may sensitize cells to DNA damage-induced apoptotic 

cell death, emphasizing the importance of proper modulation of P3 protein levels to 

ensure normal DNA damage checkpoint progression. On the other hands, p53 null 

cells fail to efficient induction of early DNA damage response, which might be 

attributed to the lack of the P3 function in DNA damage checkpoint, because the basal 

P3 levels were very low in these cells. DNA damage response is abnormal in gain-of-

function p53 mutant SW480 cells, and P3 expression in these cells resulted in a 

hypersensitivity to UV radiation and radiomimetic drugs. Surprisingly, overexpression 

of P3 itself caused a induction of apoptotic cell death in these cells. This abnormality 

may be attributed to defect in pig function and the failure to execute an efficient DNA 

damage response, thereby allowing high levels of P3 to enhance the proapoptotic 

function of this protein. Since p53 and ATM/ATR are critical for maintaining genome 

stability, defect of P3 function in DNA damage checkpoint in both p53 null cells and 

p53 gain of function mutant cells may lead to chromosomal instability. Future studies 

of P3 will lead to a better understanding of its role in the DNA damage response as 

well as in the p53 pathway.  

In conclusion, we have identified p53 target P3 as a new component of the DNA 

damage response and have established that this protein is crucial for cells to mount 

effective responses to DNA damaging reagents. Specifically, following UV, BLM, or 

NCS, P3 is activated by PIKKs and cooperated with DNA damage response proteins 
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to elicit the activation of ATM/ATR and thereby trigger cell cycle checkpoint and 

DNA repair events. Our studies provide a essential role of P3 in early events of DNA 

damage signaling pathway and revealed the physiological function of P3 in p53-

mediated DNA damage checkpoint activation and maintaining chromosome stability.  
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김 승 곤  

지도교수 : 김 학 렬 
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P3 는 게놈 보전과 DNA 수복에 관여하는 중요한 유전자다. 그렇지만, 

CAF-l 이 DNA 수복에 어떻게 관여하는지는 많이 연구되어지지 않았다. 본 

연구에서는 DNA double strand breaks (DSBs) 수복에서 P3 p150 의 

생물학적인 역할을 연구했다. P3 p150은 DSBs 수복 반응에서 우선적으로 

활성화 되어지는 ATM (ataxia telangiectasia mutated) 유전자와 직접 

상호작용을 한다. 또한, P3 p150은 DSBs 수복이 일어나는 곳에 보충되고, 

동시에 ATM 과 함께 집중된다. RNA interference를 통한 P3 p150 의 

silencing은 ATM 과 H2AX 의 인산화를 감소시켰고, foci 형성 또한 약간 

감소시켰다. 그러나, 53BP1, MDC1, BRCA1, Chk2 and MRN complex같은 DSBs 

수복에 관여하는 DNA 수복 단백질의 보충에는 영향을 미치지 않았다. 

또한, P3 p150이 knockdown된 세포에서 Chk2 의 인산화는 지연되었고 

감소되었다. 그렇지만, BRCA1 과 p53 의 인산화는 증가되었다. DSBs 를 

일으키는 물질인 Neocasinostatin (NCS)를 처치한 후에 DNA 가 손상된 

세포는 G2/M 기에서 세포주기가 정지하였다. 이러한 결과는 DSBs 

수복에서 P3 p150이 ATM 신호전달 경로를 조절함으로써 세포주기 정지에 
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관여한다는 것을 나타낸다. 결론적으로, DNA double strand breaks 수복에서 

P3 p150은 G2/M 기 DNA checkpoint를 조절하고 ATM 신호전달 경로를 

통해서 DNA 수복에 관여할 것으로 사료된다. 
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