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Abstract. Mouse double minute 2 homolog (MDM2) binds to 
p53 through the 1‑52 amino acid region of p53, in order to 
ubiquitinate p53. MDM2 thus destabilises p53 and inhibits the 
effect of p53 on cell cycle arrest and apoptosis. In the present 
study, the 1‑52 amino acid region of the wild‑type (wt) p53 
protein was stably expressed in H1299 cells. The lysate of the 
transfected cells was then analysed using co‑immunoprecipi-
tation. A specific fraction of the precipitate was subjected to 
mass spectrometry analysis, which revealed that p53 bound to 
protein inhibitor of activated STAT3 (PIAS3). To the best of 
our knowledge, the present study is the first to report that the 
interaction of PIAS3 with p53 occurs through the 1‑52 amino 
acid region of p53. Overexpression of PIAS3 in the A549 wt 
p53‑expressing cell line was found to significantly increase 
the half‑life of p53 in the presence of cycloheximide, an 
inhibitor of protein synthesis. However, PIAS3 overexpres-
sion did not affect p53 mRNA levels. Furthermore, PIAS3 
overexpression was observed to decrease p53 ubiquitination. 
Protein‑protein interaction analysis revealed that PIAS3 binds 
to the 1‑52 amino acid region of p53, thus disrupts the forma-
tion of the p53‑MDM2 complex. In addition, overexpression of 
PIAS3 in A549 cells was found to enhance the transcription of 
the p53‑transactivated target p21/waf1, due to p53 accumula-
tion, which led to an increase in p53 binding to the p21 gene 
promoter. These findings indicate that this newly identified 
p53‑PIAS3 interaction through the 1‑52 amino acid region of 
p53, reduces p53‑MDM2 complex formation, which not only 
increases the half‑life of p53, but also its transactivation of 
target genes.

Introduction

p53 is a major cell proliferation suppressor with a central role 
in a complex regulatory network. p53 inhibits the cell cycle 
through several different mechanisms and is capable of inducing 
cell death when required (1). These inhibitory functions of p53 
on cell growth are important to prevent tumourigenesis and 
the loss of wild‑type p53 has been demonstrated to increase 
the risk of cancer in humans (2,3). Despite its crucial role in 
preventing malignant cell growth, p53 is not fundamental to 
normal cell proliferation and differentiation, with wild‑type p53 
being absent during embryonic development (4). Additionally, 
p53 overexpression in normal cells is capable of inducing fatal 
damage due to its excessive activity. Thus, p53 homeostasis is 
vital for normal cell development and proliferation.

Mouse double minute  2 homolog (MDM2), which is 
encoded by the MDM2 oncogene, modulates the levels of p53 
and is involved in a negative feedback loop, which regulates p53 
protein expression. Upon phosphorylation, p53 has a relatively 
short half‑life, as MDM2 binds and ubiquitinates the phoshphor-
ylated form of p53, which is then ultimately degraded (5). Under 
pathological conditions, the half‑life of p53 is prolonged, due to 
compromised MDM2‑induced ubiquitination as a result of the 
activation of multiple inhibitory pathways, which in certain cases 
cause p53 to become hyperactive (6). In addition, numerous p53 
target genes regulate the trans‑activity of MDM2. p53‑MDM2 
feedback is thus important when cells are challenged by factors 
that may stimulate development and growth processes. MDM2 
has been found to interact with p53 through three major mecha-
nisms: (i) Through binding to the N‑terminus of p53 to inhibit its 
function as a transcription factor (7,8); (ii) through acting as an 
E3 ubiquitin ligase and promoting the ubiquitination and degra-
dation of p53 (9) and (iii) through facilitating p53 translocation 
from the nucleus to the cytoplasm in order to separate p53 from 
regulatory sites within its target genes.

Interruption of the MDM2‑p53 feedback loop impacts cell 
survival. p14ARF is a tumour suppressor involved in interrupting 
this feedback loop (10‑12). It binds to MDM2, retaining MDM2 
in the nucleus and separating it from p53 (13,14), thus impeding 
the formation of the MDM2‑p53 complex and disrupting the 
feedback loop. Another protein that interrupts the MDM2‑p53 
feedback loop is MDMx; an MDM2 homologue. MDMx 
competes with p53 for ubiquitination by MDM2, ultimately 
resulting in the degradation of MDMx instead of p53 (15).
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The present study investigated approaches to screen 
for proteins that compete with p53 for binding to MDM2. 
Co‑immunoprecipitation (Co‑IP) was performed using 
the 1‑52 amino acid region of p53 as bait. The mechanism 
underlying the effect of PIAS3 on the MDM2‑p53 negative 
feedback loop, which differs from the manner in which p53 
accumulates under conditions of DNA damage and proteinase 
inhibitor treatment, was also investigated. Understanding the 
mechanism by which PIAS3 affects the MDM2‑p53 feedback 
loop may provide novel insight for tumour suppression by 
increasing the stability of the p53 protein.

Materials and methods

Cell lines and plasmids. Human HEK293, H1299 and A549 
cells (American Type Culture Collection, Manassas, VA, 
USA) were grown in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% (v/v) foetal bovine serum 
(FBS), 100 U/ml penicillin and 100 μg/ml streptomycin at 
37℃, in 5% CO2. To generate truncated p53 N‑terminal 
proteins and full‑length p53 proteins fused to FLAG® tags 
(Sigma‑Aldrich, St. Louis, MO, USA) at the N‑terminus, 
reverse transcription‑polymerase chain reaction (RT‑PCR) 
was performed using the following primer sequences: P1, 
5'‑GGAATTCCATATGTACCCATACGATGTTCCAGATTA 
CGCTGAGGAGCCGCAGTCAGA‑3' and either P2, 5'‑CCG 
CTCGAGTTACCTGCTCCCCCCTGGCTCCTT‑3', or P3, 
5'‑CCGCTCGAGGATTACAAGGATGACGACGATAAG‑3' 
(BGI, Beijing, China). The respective PCR products were 
cloned into the pcDNA3.1 vector using the NheI and XhoI 
restriction sites. To generate truncated p53 N‑terminal proteins 
and full‑length p53 proteins fused to haemagglutinin (HA) 
tags at the N‑terminus (Life Technologies, San Diego, CA, 
USA), RT‑PCR was performed using the following primer 
sequences: P4, 5'‑GGAATTCCATATGTACCCATACGATG 
TTCCAGATTACGCTGAGGAGCCGCAGTCAGA‑3' and 
either P5, 5'‑CCGCTCGAGAGCCCTGCTCCCCCCTGGC 
TCC‑3', or P6, 5'‑CCGCTCGAGTCAGTCTGAGTCAGGCCC 
TTCTGT‑3' (BGI). The respective PCR products were then 
cloned into the pcDNA3.1 vector using the NheI and XhoI 
restriction sites.

Antibodies. The mouse monoclonal anti‑FLAG and ‑HA 
antibodies (Abcam PLC, Cambridge, MA, USA) were used 
for western blot analysis and the detection of the IP prod-
ucts of the Flag‑ and HA‑tagged proteins, respectively. The 
mouse monoclonal DO‑1 anti‑p53 antibody (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA) was used for the detec-
tion of ubiquitinated p53 and p53 immunoprecipitates. The 
mouse monoclonal anti‑p21 antibody (Abcam PLC) was used 
for the detection of endogenous p21 protein. The mouse mono-
clonal anti‑MDM2 and ‑PIAS3 antibodies (Abcam PLC) were 
used for the detection and immunoprecipitation of endogenous 
MDM2 and PIAS3 proteins, respectively.

Quantitative PCR. Quantitative PCR was performed on the 
iCycler instrument (Bio-Rad) as follows: 95˚C for 5 min, 40 
cycles (95˚C for 30 sec, 60˚C for 30 sec and 72˚C for 20 sec). 
Data were exported from iCycler software (Bio-Rad) and 
imported into Excel (Microsoft, Redmond, WA, USA). 

Western blot analysis. Cells were harvested and protein 
concentrations were quantified using a Bio‑Rad protein assay 
kit (Bio‑Rad, Hercules, CA, USA). Protein samples were then 
subjected to sodium dodecyl sulfate‑polyacrylamide gel elec-
trophoresis (SDS‑PAGE) and transferred to Immunobilon‑P 
polyvinylidene fluoride membranes (Millipore, Billerica, MA, 
USA) using a Semi‑Dry Transfer kit (Bio‑Rad). Membranes 
were blocked using 10% (w/v) non‑fat dry milk and subse-
quently incubated in the aforementioned primary antibodies 
and rabbit polyclonal horseradish peroxidase‑labeled secondary 
antibodies to mouse IgG (Abcam PLC). Immunoreactive 
signals were visualised using enhanced chemiluminescence 
(Amersham Pharmacia Biotech, Little Chalfont, UK) and 
exposed to X‑ray film.

Co‑IP assay. Co‑IP of endogenously expressed proteins 
was performed using HEK293 cells transfected with 
pcDNA3.1‑Flag‑p53NT, pcDNA3.1‑HA‑PIAS3 or empty 
vector. After 24 h, cells were harvested using 1% NP40 lysis 
buffer. Lysates were then incubated overnight with 2.5 µg 
anti‑Flag antibody and Protein G beads using a Protein G 
Immunoprecipitation kit (Sigma‑Aldrich). The resulting 
complexes were washed, denatured and eluted according to 
the manufacturer's instructions.

Silver staining of SDS‑polyacrylamide gels. Following electro-
phoresis, the SDS‑polyacrylamide gels were soaked in fixative 
containing 25% ethanol and 10% acetic acid for 30 min. Gels 
were then transferred to conditioning medium containing 
0.4 M sodium acetate (pH 6.0), 30% ethanol, 4.4 mM sodium 
thiosulfate and 1% glutaraldehyde for 20 min. Following condi-
tioning, gels underwent at least three 5 min washes in ddH2O. 
Each gel was then soaked in silver nitrate solution (0.1% silver 
nitrate and 0.01% formaldehyde) for 20 min, followed by 
development using developer solution (2.5% sodium carbonate 
and 0.015% formaldehyde). Development was terminated with 
the addition of acetic acid.

Proliferation assay. Cell proliferation was assayed using the 
phenazine methosulfate and 3‑(4,5‑dimethylthiazol‑2‑yl)-
5-(3‑carboxymethoxyphenyl)‑2‑(4‑sulfophenyl)‑2H-tetra-
zolium (MTS)‑based Cell Titer 96® AQueous One Solution 
Cell Proliferation assay (Promega Corporation, Madison, 
WI, USA). Approximately 1000 cells/well were plated onto 
96‑well plates. After 24 h, the MTS mix was added at a 
final volume of 20 µl/100 µl medium and incubated for an 
additional 60  min under the same conditions. Following 
the addition of 10% SDS, the absorbance of formazan 
was measured at 490 nm using an Evolution 60S (Thermo 
Scientific, Waltham, MA, USA). All assays were performed 
in triplicate every other day for 10 days. The results are 
expressed as the mean ± standard error.

Soft agar assay. Efficiency of growth in soft agarose was 
determined by plating the cells in DMEM containing 0.33% 
agarose (Indubiose A37; IBF, Villeneuve-la-Garenne, France) 
with 10% FBS above a layer of 0.5% agarose in the same 
culture medium. Colonies were counted two weeks subsequent 
to plating. Cultures were examined using an inverted micro-
scope (Leica DM6000 CS; Leica, Hong Kong, China).
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Tandem mass spectrometry (MS/MS) identification of novel 
p53 binding proteins. MS/MS identification of phosphopeptides 
was conducted using a 4800 MALDI TOF/TOF™ analyser 
(Applied Biosystems, Carlsbad, CA, USA). Tryptic digests of 
samples were re‑dissolved in 0.1% trifluoroacetic acid and 50% 
acetonitrile, then mixed 1:1 with a matrix consisting of 20 mg/ml 
DHCA, 50% acetonitrile and 5 mM NH4HPO4, prior to spotting 
on a sample plate. The sample plate was externally calibrated 
using a Mass Standards kit (Applied Biosystems). The peptide 
MALDI‑TOF/TOF spectra were acquired manually by 
inputting the peptide mass into the precursor mass window. 
MS/MS spectra were collected using ≥2,000 laser shots and 
were searched against a Gossypium peptide sequence database 
annotated from a Gossypium expressed sequence tag (EST) 
database (downloaded from http://www.ncbi.nlm.nih.gov; 
release date December 9 2010; including 507,959 EST sequences 
and 62,267,048 residues) using MASCOT 2.2 software (Matrix 
Science, Oxford, UK) with the following settings: Enzyme, 
trypsin; MS tolerance, 0.3  Da; MS/MS tolerance, 0.5  Da; 
maximum number of missed cleavages, 1; peptide charge, 1+; 
fixed modifications, carbamidomethylation of Cys; variable 
modifications, oxidation of Met, phosphorylation and sulpha-
tion of Ser, Thr and Tyr. Peptides with an ion score >15 were 
considered to possess significant homology (P<0.1) rather than 
being a random event. Analyses of spectra were then performed 
by hand to further validate the identification of these peptides.

Statistical analysis. All results are presented as the 
average ± standard error of the mean. Student's t-test was used 
for comparison between two groups. The difference is consid-
ered as statistically significant when P<0.05.

Results

Selection and identification of a novel p53 binding protein. 
pcDNA3.1‑Flag‑p53NT was constructed and was stably 
transfected into H1299 cells along with the pcDNA3.1 empty 
vector. H1299 cell lysates were then subjected to immuno-
precipitation using an anti‑FLAG antibody. The products of 

the Co‑IP assay were separated using 10% SDS‑PAGE and 
silver stained. Numerous protein bands were observed on the 
pcDNA3.1‑Flag‑p53NT‑transfected H1299 cell gel compared 
with the empty vector gel (Fig. 1A). The bands were excised 
from the gel and the proteins were recovered and sent for MS 
analysis (Beckman Coulter, Inc., Brea, CA, USA). MS revealed 
sequences of several types of protein. The most significant 
signal was from the PIAS3 protein. The corresponding co‑IP 
band of PIAS3 was also the strongest; therefore, PIAS3 was 
selected to be the focus of this study. To assess the interaction 
between p53 and PIAS3, HEK293 cells were transfected with 
either pcDNA3.1‑FLAG‑p53NT and pcDNA3.1‑HA‑PIAS3 or 
pcDNA3.1‑FLAG‑p53 and pcDNA3.1‑HA‑PIAS3. Each group of 
transfected cells was lysed 24 h after transfection and the lysates 
were subjected to Co‑IP. Western blot analysis using antibodies 
corresponding to the Co‑IP products and inputs, revealed that 
PIAS3 binds to the truncated p53 NT protein and the wild‑type 
p53 protein in vitro (Fig. 1B). To further assess the interaction 
between endogenous p53 and PIAS3, untransfected HEK293 
cells were analysed using Co‑IP. Similar results were observed, 
showing that endogenous PIAS3 also binds to p53 (Fig. 1C).

PIAS3 increases the stability and transactivity of p53 by 
inhibiting its ubiquitination. In the present study, PIAS3 was 
observed to bind to p53 through the 1‑52 amino acid region of p53 
(Fig. 1B). This region was previously reported to be the domain 
through which p53 binds to MDM2 (16). The p53‑MDM2 
interaction leads to the ubiquitination of p53, resulting in p53 
degradation (17). Therefore, the present study aimed to inves-
tigate whether PIAS3 affects p53 protein stability. p53 protein 
expression was assessed in HEK293 cells 12, 24, 36 and 48 h 
after transient transfection with pcDNA3.1‑PIAS3 or with 
the empty vector. Western blot analysis revealed a significant 
time‑dependent increase in p53 protein expression following 
transfection, showing that PIAS3 is capable of increasing p53 
protein levels (Fig. 2A). However, no significant difference was 
observed in p53 mRNA expression following transfection in 
these cells (Fig. 2B). HEK293 cells overexpressing PIAS3 and 
control HEK293 cells were then treated with cycloheximide, 

Figure 1 Identification of a novel p53 binding protein. (A) Identification of a novel p53 binding protein using silver staining. (B) Co‑IP analysis of protein‑pro-
tein interactions between p53NT and PIAS3. PcDNA3.1‑Flag‑p53NT and pcDNA3.1‑HA‑PIAS3 were transfected into HEK293 together or independently. 
After 24 h, Co‑IPs were performed using an anti‑Flag antibody and the inputs and IP products were assayed using anti‑Flag or ‑HA antibodies, respec-
tively. Lanes 1 and 5, untreated HEK293 cells; lane 2, HEK293 cells transfected with pcDNA3.1‑Flag‑p53NT; lanes 3 and 7, HEK293 cells transfected with 
pcDNA3.1‑HA‑PIAS3; lane 4, HEK293 cells co‑transfected with pcDNA3.1‑Flag‑p53NT and pcDNA3.1‑HA‑PIAS3; lane 6, HEK293 cells transfected with 
pcDNA3.1‑Flag‑p53 and lane 8, HEK293 cells co‑transfected with pcDNA3.1‑Flag‑p53 and pcDNA3.1‑HA‑PIAS3. (C) Co‑IP analysis of the endogenous 
interaction between p53 and PIAS3. Untransfected HEK293 cells were lysed and Co‑IP analyses were performed using the anti‑p53 antibody DO‑1 (lane 1) 
or rabbit immunoglobulin G (lane 2) as negative control. PIAS3, protein inhibitor of activated STAT3; p53NT, p53 N‑terminus; HA, haemagglutinin; IP, 
immunoprecipitation; EGFP, enhanced green fluorescent protein.
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a translational elongation inhibitor, and cell lysates were 
harvested to measure the half‑life of p53 (18). Western blot 
analysis revealed that cycloheximide attenuated p53 degrada-
tion in the HEK293 cells overexpressing PIAS3, but not in the 
HEK293 cells transfected with the empty pcDNA3.1 vector 
(Fig. 2C). In vitro Co‑IP assay revealed that overexpression of 
PIAS3 competitively inhibited p53‑MDM2 binding through 
binding to the p53 protein (Fig. 2D). These findings suggest 
that PIAS3 increases p53 expression in a post‑translational 
manner and strongly suggests the involvement of PIAS3 in 
disrupting the formation of the p53‑MDM2 complex and 
inhibiting MDM2‑induced p53 ubiquitination (Fig. 2E). p53 
is an important transcription factor involved in a complex 
regulatory network; therefore, its intracellular stability is 
critical for the normal functioning of its downstream targets, 
including p21 (19). Thus, the effect of PIAS3 on p21 expression 
was investigated. Chromatin IP analysis of HEK293 cells tran-
siently transfected with pcDNA3.1‑PIAS3 revealed that the 
PIAS3 overexpression‑induced p53 accumulation increased 

the binding of p53 to its responsive elements in DNA clusters 
in the p21 promoter region (Fig. 2F). In addition, quantitative 
PCR and western blot analyses showed that p21 expression 
was upregulated at the mRNA and protein levels in the PIAS3 
overexpressing cells, while no difference was detected in the 
HEK293 cells transfected with the empty pcDNA3.1 vector 
(Fig. 2A and B).

PIAS3 overexpression inhibits cell growth rate and tumour 
formation in a p53‑dependent manner. It is well established 
that p53 overexpression enhances the induction of apoptosis 
and cell cycle arrest. In the present study, PIAS3 was observed 
to stabilise the p53 protein through disrupting the formation of 
the p53‑MDM2 complex; therefore, the effect of PIAS3 on cell 
proliferation was investigated. To assess the effect of PIAS3 
on cell proliferation, A549 cells were stably transfected with 
pcDNA3.1‑Flag‑PIAS3 or the empty pcDNA3.1 vector and 
cell growth curves were constructed. In order to determine 
whether PIAS3 overexpression induces cell cycle arrest in a 

Figure 2. PIAS3 inhibits the ubiquitination and increases the transactivity of p53. (A) Overexpression of PIAS3 increased p53 protein expression without altering 
p53 mRNA levels. (B) Overexpression of PIAS3 was not found to change p21 mRNA expression. A549 cells were stably transfected with PcDNA3.1‑PIAS3 
and p53 and p21 mRNA levels were detected using quantitative polymerase chain reaction analysis. (C) Overexpression of PIAS3 increases the half-life of p53. 
(D) Competitive binding of PIAS3 to p53 inhibits p53‑MDM2 binding. HEK293 cells were co-transfected with: lane 1, Flag-p53 and MDM2; lane 2, Flag-p53, 
MDM2 and the empty vector and lane 3, Flag-p53, MDM2 and PIAS3. (E) Overexpression of PIAS3 inhibits MDM2-mediated p53 ubiquitination. Lane 1, 
A549-PIAS3; lane 2, A549-PIAS3 incubated with ALLN; lane 3, A549 incubated with ALLN; lane 4, A549-empty vector incubated with ALLN and lane 5, 
A549-pcDNA31-Flag incubated with ALLN. (F) Overexpression of PIAS3 was observed to promote the binding activity of p53 to the p21 promoter. Chromatin 
IP using an anti-p53 antibody followed by qPCR analysis was performed on the p21 promoter. PIAS3, protein inhibitor of activated STAT3; IP, immunoprecipita-
tion; siRNA, small interfering RNA; DFHR, dihydrofolate reductase; UTR, untranslated region; ACTB, actin beta; MDM2, mouse double minute 2 homolog.
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p53‑dependent manner, A549 cells stably transfected with 
pcDNA3.1‑Flag‑PIAS3 or the empty vector were subjected 
to flow cytometric analysis subsequent to DNA staining. 
Overexpression of PIAS3 was found to increase the proportion 
of cells in G0/G1‑phase (Fig. 3A). By contrast, PIAS3 overexpres-
sion had no effect on the cell cycle in the p53‑null H1299 cell line 
or in p53‑knockdown A549 cells. The accumulation of p53 was 
observed to cause cell cycle changes through the upregulation of 
p21 (Fig. 3B). Furthermore, PIAS3 overexpression was found to 
decelerate cell growth rate (Fig. 3C). Soft agar assay on A549 
cells overexpressing PIAS3 and A549 cells transfected with the 
empty vector revealed that PIAS3 inhibits the rate of tumour 
formation. By contrast, PIAS3 overexpression in NCl‑H1299 
cells, a p53‑null cell line, had no effect on cell growth or tumour 
formation. To further investigate this finding, H1299 cells 
were transfected with pcDNA3.1‑Flag‑p53 to generate a stably 
transfected wild‑type p53‑expressing cell line, H1299‑wtp53. 
PcDNA5‑PIAS3 or the pcDNA5 empty vector were then trans-
fected into H1299‑wtp53 cells and stably overexpressing cell 
lines were obtained. These cell lines were utilised to construct 
cell growth curves and perform the soft agar assay. Exogenous 
wt‑p53 was found to inhibit cell growth rate and tumour forma-
tion through PIAS in the H1299‑wtp53 cell line.

Discussion

Investigation into the p53 network has revealed increasing 
numbers of proteins that are involved in the MDM2‑p53 nega-
tive feedback circuit. Such proteins include, p300, E2F1 and 
the p38, casein kinase 1 and ataxia telangiectasia mutated 
kinases (20‑23). Notably, these proteins are capable of medi-
ating the function of MDM2 by regulating p53. Phosphorylated 

MDM2 loses its capacity to regulate p53, as phosphorylation 
induces MDM2 self‑ubiquitination and subcellular translocation.

Accumulation of the p53 protein is vital for p53 activation; 
triggering its DNA binding, transcriptional regulation and 
other regulatory functions. Under normal conditions, MDM2 
controls the accumulation of p53 by regulating its half‑life 
and maintains a relatively low level of p53 protein expres-
sion (9,24,25). The p53 binding domain in MDM2 binds to 
a transcriptional regulatory domain at the N‑terminus of p53. 
Upon p53‑MDM2 binding, p53 is phosphorylated by the RING 
domain of MDM2 (26). Ubiquitinated p53 is then translocated 
to the cytoplasm or the nucleus and is ultimately degraded by 
26s proteasomes (27,28). Furthermore, p53 regulates MDM2 
transcription, forming an automatic negative feedback loop 
together with MDM2‑mediated p53 degradation (29). Thus, 
the MDM2‑p53 feedback loop is an important mechanism, 
which must be overcome in order for p53 to become activated. 
Upon DNA damage, the p53 protein is highly phosphorylated 
by a series of kinases, including ATM/ataxia telangiectasia and 
Rad3 related and checkpoint kinase 2 (30). Previous reports 
have demonstrated that p53 phosphorylation at Ser20 promotes 
p53 stability and activates the DNA repair process (31‑33). The 
p53‑MDM2 interaction is essential to the ubiquitination and 
degradation of p53; therefore, mechanisms blocking the forma-
tion of the p53‑MDM2 feedback loop enhance p53 stability.

PIAS3 is an E3 small ubiquitin‑like modifier (SUMO)‑protein 
ligase, which belongs to the PIAS family and covalently attaches 
SUMO proteins to specific target substrates. SUMO modifica-
tion of p53 modulates p53 transcriptional activity  (34) and 
PIAS3‑mediated heterogeneous nuclear ribonucleoprotein K 
(hnRNP‑K) SUMOylation has been reported to increase 
hnRNP‑K stability, as well as its interaction with p53 and p21, 

Figure 3. P53-induced cell proliferation and colony formation in soft agar are regulated by PIAS3. (A and B) Overexpression of PIAS3 affects the cell cycle in a 
manner dependent on p53‑induced p21 transcription. (C) Overexpression of PIAS3 increases p53‑induced supression of cell proliferation and colony formation. 
PIAS3, protein inhibitor of activated STAT3.
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leading to cell cycle arrest (35). Notably, in the present study, 
PIAS3 was observed to bind directly to the N terminus of p53. 
In addition, the interaction between PIAS3 and P53 was found to 
increase the stability of p53 and stimulate p53‑induced p21 tran-
scription, which may lead to cell cycle arrest (data not shown).

The interaction between MDM2 and p53 is a highly regu-
lated process. MDM2 binds directly to the first transactivation 
domain (amino acids, 20‑40) of p53, inhibiting its capacity to 
interact with transcriptional co‑activators (36). However, it 
has also been shown that the p53 C‑terminal domain interacts 
directly with the MDM2 N‑terminus (37). C‑terminal modifi-
cation of p53 has been reported to induce full dissociation of 
MDM2‑p53 complexes in cells. Thus, the N‑terminus, as well 
as the C‑terminus bind to the N‑terminus of MDM2. Further 
research on the interaction between the C‑terminus of p53 and 
PIAS3 is required.

In the present study, a novel p53 binding protein, PIAS3, was 
identified and binding of PIAS3 to p53 was found to activate 
the transactivity of p53. Two different approaches were used to 
analyse the effect of PIAS3 on p53 transactivation. Chromatin 
IP assays were performed to demonstrate the increased DNA 
binding activity of p53 in PIAS3 overexpressing cells. In addi-
tion, the expression of the p53 target gene p21 was detected 
using western blot analysis and indicated that PIAS3 induced 
functional activation of the p53 protein. Furthermore, the over-
expression of PIAS3 was found to inhibit MDM2‑induced p53 
ubiquitination and increase the half‑life of p53. In addition, 
DNA binding and the transactivation of the p21/waf1 promoter 
were induced maximally when the stabilised p53 levels had 
returned to control levels.
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