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Abstract

Actin, one of the most evolutionarily conservative proteins in eukaryotes, is distributed both in the cytoplasm and the
nucleus, and its dynamics plays important roles in numerous cellular processes. Previous evidence has shown that actin
interacts with p53 and this interaction increases in the process of p53 responding to DNA damage, but the physiological
significance of their interaction remains elusive. Here, we show that DNA damage induces both actin polymerization and
p53 accumulation. To further understand the implication of actin polymerization in p53 function, cells were treated with
actin aggregation agent. We find that the protein level of p53 decrease. The change in p53 is a consequence of the
polymeric actin anchoring p53 in the cytoplasm, thus impairing p53 nuclear import. Analysis of phosphorylation and
ubiquitination of p53 reveals that actin polymerization promotes the p53 phosphorylation at Ser315 and reduces the
stabilization of p53 by recruiting Aurora kinase A. Taken together, our results suggest that the actin polymerization serves as
a negative modulator leading to the impairment of nuclear import and destabilization of p53. On the basis of our results, we
propose that actin polymerization might be a factor participating in the process of orchestrating p53 function in response
to DNA damage.
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Introduction

DNA damage contributes to the development of many human

cancers [1]. Cells respond to DNA damage by inhibiting DNA

synthesis, allowing them to avoid progressive increases in genomic

changes and neoplastic transformation [2,3]. p53 plays an

important role in the inhibition of DNA synthesis by activating

cell cycle arrest related genes [4–7]. In normal condition, inactive

wild-type p53 is predominantly localized in the cytoplasm and

enters the nucleus during the G1-S transition in cells [8]. In

response to DNA damage, p53 rapidly accumulates in the nucleus,

where it functions as a transcriptional factor to modulate the

expression of cell-cycle- and/or apoptosis -related genes [9]. The

classical view of p53 activation includes three steps: p53

stabilization, DNA binding, and transcriptional activation [10].

A key step in stabilization of p53 is its transport into the nucleus.

Nuclear import of p53 in response to stress may serve as a rapid

mechanism of p53 stabilization by removing it from the cytoplasm

[11–13]. Several proteins have been shown to be involved in

regulating p53 nuclear transport. MDM2 (the Murine Double

Minute 2 oncogene) regulates p53 by promoting its nuclear export

and degradation through the ubiquitin-proteasome pathway [14].

Inhibition of MDM2 function by ARF (Alternative Reading

Frame) tumor suppressor protein or by an antisense oligonucle-

otide resulted in a translocation of p53 from the cytoplasm to the

nucleus [15]. Mot2 (mortalin 2), an hsp70 (the 70 kilodalton heat

shock proteins) family member, interacts with p53 and inhibits its

nuclear import [16]. These proteins regulate p53 cellular

localization positively or negatively, and orchestrate the choice

of p53 between different subsets of cell cycle arrest genes or

apoptosis genes in response to various level of DNA damage [17].

Actin plays essential roles in numerous cellular processes such as

establishing and maintaining cellular polarity, driving cell shape

changes, as well as cell motility, adhesion, cytokinesis, endocytosis

and intracellular trafficking [18–21]. Previous studies have shown

that actin is involved in the process of p53 responding to DNA

damage. First, cytoskeletal actin filaments are found closely

associating with p53 at the stage of its initial increase in cells in

a calcium ion-dependent manner [22]. This is followed by the

binding of p53 and F-actin being modulated by the presence of

DNA damage [23]. But whether actin participates in the

modulation of p53 function in response to DNA damage as well

as the exact mechanisms remain unclear.

In this study, we showed that actin polymerization increased

along with p53 cellular accumulation in response to ETO-induced

DNA damage. The polymerization of actin impaired the nuclear

import of p53 by anchoring p53 on the polymeric actin in the

cytoplasm. Furthermore, the stabilization of p53 in the cytoplasm
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decreased due to p53 phosphorylation at Ser315, which was

enhanced by Aurora kinase A. Henceforth, the opportunity of the

cytoplasmic p53 interacting with Aurora kinase A increased as a

result of p53 interacting with polymeric actin. Therefore, our study

provides convincing evidence that the interaction of actin and p53

is modulated by actin polymerization in response to DNA damage,

and p53 nuclear import is impaired due to the formation of

polymeric actin in the cytoplasm. We hypothesized that actin

polymerization is important for orchestrating p53 function in

response to DNA damage by regulating p53 cellular localization

and stabilization.

Materials and Methods

Plasmids and siRNA
YFP-tagged p53 expression plasmid and HA-tagged actin

expression plasmid were contrusted by PCR and introduced into

the pYFP vector and pcDNA3.1 vector, respectively. The

sequence of cofilin siRNA [24] was: AAGGUGUUCAAUGA-

CAUGAAA; Aurora kinase A siRNA [25] was: AUGCCCUGU-

CUUACUGUCAUU; actin siRNA [26] were: UUGGCG-

CUUUUGACUCAGGA and

UGUAAGGUAAGGUGUGCACU.

Primers for Real Time PCR
The following pairs of primers were used for examing the

expression of human p53, GAPDH, p21 and b-actin. p53 forward:

59-ACCTGGAGTCTTCCAGTGTGAT-39 and reverse: 59-

AGTCACAGCACATGACGGAG-39; GAPDH forward: 59-

AACGGATTTGGTCGTATTGGG-39 and reverse: 59-

CCTGGAAGATGGTGATGGGAT-39; p21 forward: 59-

GGGATGAGTTGGGAGGAG-39 and reverse: 59-TGAGAC-

TAAGGCAGAAGATGTA-39; b-actin forward: 59-CAC-

CAACTGGGACGACAT-39 and reverse: 59- AGGCGTA-

CAGGGATAGCA-39. The results were calculated using 22DDCt

method.

Antibodies and Reagents
Rabbit antibodies against HA tag (Y-11), p53 (FL-393), p53

(DO-1) and p21 (C-19) were from Santa Cruz Biotechnology.

Rabbit antibodies against phospho-p53 (Ser315) (2528), phospho-

p53 (Ser392) (9281) and Aurora kinase A (4718) were from Cell

Signaling Technology, USA. Mouse anti-b-actin antibody (A5441)

and Rabbit anti-GAPDH antibody (G9545) were from Sigma,

USA. Rabbit anti-cofilin antibody (ab42824) and Rabbit anti-Oct-

1 antibody (ab15112) were from Abcam, USA. Mouse anti-

cH2AX antibody (05–636) was from Upstate, USA. Etoposide

(ETO), a DNA damage inducer used in the present study, was

from Sigma. MG-132 was from Sigma. Alexa Fluor 568 phalloidin

(A-12380) was from Invitrogen, USA.

Cell Culture and Transfection
U2OS cells (American Type Culture Collection) was main-

tained in DMEM supplemented with 10% fetal calf serum, 100

units/ml penicillin and 100 mg/ml streptomycin. The cells were

grown at 37uC in the presence of 5% CO2. U2OS cells were

transfected with plasmids or siRNA using Fugene HD (Roche)

according to the manufacturer’s protocol.

Whole Cell Protein Extraction and Nuclear/Cytoplasmic
Extraction

Whole cell protein was extracted with RIPA lysis buffer as

described previously [27]. The lysate was centrifuged at 10 000 g

for 30 min, and the resultant supernatant was harvested as whole

cell extracts. Nuclear extraction and cytoplasmic extraction were

prepared by using CelLyticTM NuCLEARTM Extraction Kit

(Sigma) following the manufacturer’s instruction.

Immunoprecipitation and Western Blotting
Immunoprecipitation was carried out using the whole cell

extracts incubated with appropriate antibodies at 4uC for 3 h.

Samples were then incubated for another 3 h with Protein A/G–

Sepharose. After washing the samples with RIPA lysis buffer, the

immunoprecipitates were resolved on SDS-PAGE, electroblotted

on to nitrocellulose membranes (Millipore) and probed with

antibodies as indicated. Chemiluminescent detection was per-

formed by using ECL plus reagents (Promega).

GST Pulldown Assays
GST-fused proteins were expressed in Escherichia coli BL21 by

induction with 1 mM IPTG (isopropyl b-Dthiogalactoside) at

37uC for 3 h. The cells were harvested and protein purification

was performed as described previously [28]. GST and GST-fused

proteins immobilized on 40 ml of glutathione Sepharose 4B were

incubated with whole cell extracts on a rotator at 4uC for 3 h.

After being washed four times with NP40 lysis buffer [50 mM Tris

(pH7.4),150 mM NaCl,1% NP-40, 1 mM PMSF and 10 mg/ml

aprotinin], the bound proteins were analyzed by western blotting.

Confocal Microscopy
Cells were washed with PBS, fixed in 4% (w/v) paraformalde-

hyde in PBS for 20 min and then permeabilized with 0.2% Triton

X-100 in PBS for 5 min. The fixed cells were stained with DAPI

for DNA and Alexa Fluor 568 phalloidin for F-actin. Nonspecific

binding was prevented by incubation of the permeabilized cells in

10% (v/v) bovine serum or 1% BSA in PBS for 30 min prior to

fluorescent staining. Cells were then observed using a laser-

scanning confocal microscope (FluoView FV1000; Olympus)

equipped with a 60 6 oil-immersion objective lens. Fluorescent

images were collected using Olympus FV10-ASW 1.7 software.

The colocalization and distribution of p53 were analyzed with

Image J software.

Quantitative Analyses of the Cellular Intensity for F-actin
Cells were seeded in 96-well plates at 7 000 cells/well. After

24 h, cells were treated with ETO for the indicated time intervals.

Cells were stained with TRITC-phalloidin and DAPI for 60 min.

Figure 1. Actin polymerization increases in response to DNA damage. A. U2OS cells were treated with ETO (10 mM) or untreated as control
for 24 h, and images were captured at the indicated time points. B. The cell length and width were analyzed with Image J software in $100 cells per
condition. C. U2OS cells were treated with ETO (10 mM) or untreated as control for 24 h, the intensity of phalloidin was measured with Image Pro Plus
software. Scale bar, 10 mm. D. U2OS cells were treated with ETO (10 mM) or untreated as control for 24 h, and fluorescence assays were performed
with a fluorescence microplate reader to measure cellular F-actin levels (phalloidin intensity/DAPI intensity). E. Cells were treated with ETO (10 mM) at
indicated time points, and then whole cell extracts were analyzed by western blotting using anti-cH2AX antibody (a). U2OS cells were treated with
ETO (10 mM) or untreated as control for 24 h. Then, immunofluorescence was performed to detect the signal of cH2AX (b). Scale bar, 10 mm. All
Statistical differences were determined by One-way ANOVA. Results are presented as means 6 SD of values from three independent experiments.
ETO, etoposide.
doi:10.1371/journal.pone.0060179.g001
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Fluorescence intensities were measured with a fluorescence

microplate reader (TRITC excitation/emission: 550/620 nm;

DAPI excitation/emission: 358/461 nm) (Gemimi EM, Molecular

Devices, USA). Background was defined as the fluorescence level

in the wells with no cells, and phalloidin values were normalized to

DAPI values that were taken as quantification of cell number.

Ubiquitination Assay
Cells were transfected with HA-actin plasmid or pcDNA

plasmid as control. At 24 h post transfection, cells were treated

with or without ETO for 12 h, followed by the treatment of

20 mM MG-132 for 6 h. Whole cell extracts were immunopre-

Figure 2. Actin polymerization modulates p53 cellular accumulation. A. U2OS cells were treated with ETO (10 mM) or untreated as control
for 24 h, cells were harvested and the whole cell proteins were extracted for western blotting to measure p53 protein levels. B. U2OS cells were
treated with ETO (10 mM) or untreated as control for 24 h, the intensity of FITC staining p53 was measured with Image Pro Plus software. Scale bar,
10 mm. C. U2OS cells were treated with ETO (10 mM) or untreated as control for 24 h, and fluorescence assays were performed with a fluorescence
microplate reader to measure cellular p53 levels (FITC intensity/DAPI intensity). D. U2OS cells were transfected with HA-actin or pcDNA, then treated
with ETO (10 mM) or untreated as control at indicated time points. The cells were harvested, RNA extraction and Real Time-PCR were carried out. The
mRNA content of p53 was normalized to that of GAPDH and the normal cells’ mRNA level was valued as 1. Data (mean6SD) were from three
independent experiments. E. U2OS cells transfected with HA-actin were treated with ETO (10 mM) or untreated as control for 12 h. Whole cell proteins
were extracted and western blotting was performed. F. U2OS cells were treated with Jas (50 nM) or CD (0.01 mg/ml) for 2 h to change actin dynamics,
then treated with ETO or not. Cells were harvested, and whole cell proteins were extracted for western blotting to detect p53 protein levels in
different conditions (a). Results were analyzed with Image J software (b). All Statistical differences were determined by One-way ANOVA. Jas,
Jasplakinolide; CD, Cytochalasin D.
doi:10.1371/journal.pone.0060179.g002
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cipitated with anti-p53 (DO-1) antibody and analyzed by western

blotting with anti-p53 (FL-393) antibody [29].

Results

Actin Polymerization Increases in Response to DNA
Damage

Actin interacts with p53, and the interaction is enhanced when

DNA damage happens [23], but the elaborate dynamics of actin

respond to DNA damage and its physiological significance remain

elusive. To explore the dynamic changes of actin upon DNA

damage, we first examined the morphology of cells treated with

etoposide (ETO), a genetoxic agent that enhances the cleavage of

DNA double-strand [30]. As shown in Fig. 1A, while the untreated

cells retained a normal shape within 24 h (upper panel), the cells

with ETO treatment became longer and thinner (lower panel).

Then the statistics of cell length over width was performed. As

shown in Fig. 1B, the tendency of length/width in untreated cells

kept smoothly rising. In contrast, the ratio of length/width showed

a rapid increase in ETO treated cells.

To confirm the alternation of F-actin, TRITC-phalloidin was

used to stain the actin fibers before and after ETO treatment. As

shown in Fig. 1C, phalloidin intensity was analyzed with Image-

Pro Plus, and the intensity in ETO treated cells was obviously

stronger than untreated cells. The cellular intensity of phalloidin

was measured with fluorescence microplate reader. In the cells

treated with ETO, F-actin exhibited a slow increase up to 140% at

time of 24 h post-treatment (Fig. 1D), which was consistent with

previous observations [31]. The level of phosphorylated H2AX-

cH2AX, a sign of double-strand cleavage of DNA [30], was

measured to confirm the efficiency of ETO treatment inducing

DNA damage by western blotting (Fig. 1E a). While no signal of

cH2AX was detected in control cells, the fluorescence stained for

cH2AX could be observed obviously in the cells treated with ETO

for 24 h (Fig. 1E b). Taken together, these data demonstrate that

actin polymerization responds to DNA damage.

Actin Polymerization Modulates p53 Cellular
Accumulation

The mRNA and protein levels of p53 were also detected along

with ETO treatment. The p53 protein accumulated in cells

obviously (Fig. 2A). Then, immunofluoresence staining of p53 was

performed. FITC intensity assay of p53 confirmed the increase of

p53 protein with ETO treatment for 24 h (Fig. 2B). As shown in

Fig. 2C, cellular p53 increase persistently with increasing time

intervals of ETO treatment.

Since actin polymerization and p53 protein respond to DNA

damage, and actin interact with p53 in cells, we questioned

whether actin polymerization is implicated in regulating p53

function. When DNA damage occurs, p53 is accumulated and

enters into the nucleus, resulting in cell cycle arrest or apoptosis

[32,33]. In the present study, HA-actin plasmid was used to

increase actin protein level in cells. Real Time-PCR experiments

demonstrated that p53 mRNA exhibited no change in response to

ETO treatment at different time points (Fig. 2D). Without effect on

untreated cells, transfection of HA-actin diminished the increase of

p53 protein in the ETO-treated cells (Fig. 2E a), and the change

was statistically significant (Fig. 2 E b).

To identify whether actin polymerization affects p53 cellular

accumulation, cells were treated with Jasplakinolide (Jas), which

induces polymerization of monomeric actin into amorphous

masses [34], or Cytochalasin D (CD), which inhibits association

and dissociation of actin monomers at the barbed end [35]. Then

the cells were treated with or without ETO for 12 h, protein

extraction and western blotting analysis were performed. As shown

in Fig. 2F a, ETO treatment resulted in p53 accumulation.

However, Jas treatment hampered p53 accumulation induced by

ETO, whereas CD treatment had no effect. The difference in p53

protein level between cells treated with ETO and Jas plus ETO

was significant (Fig. 2 F b). All the above data suggest that actin

polymerization modulates p53 cellular accumulation.

p53 Binds to Polymeric Actin in the Cytoplasm
To investigate how actin polymerization affects p53 accumula-

tion, immunoprecipitation assay was performed. Actin was found

to be co-immunoprecipitated with p53, suggesting that p53

interacts with actin physically (Fig. 3A a). Jas treatment resulted

in a 1.4-fold of actin amount in p53 immunoprecipitates in the

ETO treated cells, CD treatment had no effect on actin binding to

p53 (Fig. 3A, a and b). The results hint an affinity of p53 with

polymeric actin.

To confirm the affinity of polymeric actin and p53, a GST

pulldown assay was performed. GST and GST-fused p53 were

incubated with whole cell extracts. The bound proteins were

analyzed by western blotting with an antibody against actin. As

shown in Fig. 3B, p53 bound strongly to actin in untreated cells.

While Jas treatment enhanced the quantity of actin pulled down

by GST-p53 (Fig. 3B, a and b), CD treatment resulted in less

binding of actin to GST-p53 than that shown in untreated cells.

ETO and ETO plus Jas enhanced the affinity of actin and GST-

p53. In contrast,CD treatment led to less actin pulled down by

GST-p53 in ETO treated cells (Fig. 3B, a and b). These results

suggest that p53 preferentially interacts with polymeric actin, and

that the p53-actin interaction is enhanced when DNA damage

happens.

To further investigate whether the preferential interaction of

p53 and polymeric actin exists in the cytoplasm or nucleus, YFP-

p53 was transfected into U2OS cells because cytoplasmic p53 was

too rare to be stained, and confocal-microscopy was performed.

Phalloidin, specifically binding to F-actin, was used to detect the F-

Figure 3. p53 binds to polymeric actin in the cytoplasm. A. U2OS cells were treated with Jas (50 nM) or CD (0.01 mg/ml) for 2 h and followed
with ETO (10 mM) treatment for another 12 h. The cells were then harvested and subjected to immunoprecipitations using anti-p53 antibody and
analyzed by western blotting (a). Western blottings of immunoprecipitated actin were analyzed using Image J software. Results are presented as
means 6 SD of values from three independent experiments (b). B. U2OS cells were treated with Jas (50 nM) or CD (0.01 mg/ml) for 2 h and treated
with or without ETO (10 mM) for another 12 h. The cells were then harvested and the whole cell extracts were incubated with GST or recombinant
GST-p53. The bound proteins were analyzed by western blotting with anti-actin antibody (top panel). GST and GST–p53 were stained with Coomassie
Blue (middle panel). Arrows show the position of GST and GST–p53. Whole cell extracts were immunoblotted with antibody against GAPDH to
confirm equal loading (bottom panel) (a). Western blottings of actin were analyzed using Image J software. Results are presented as means 6 SD of
values from three independent experiments (b).C.U2OS cells were treated with Jas (50 nM) or CD (0.01 mg/ml) for 2 h before YFP-p53 transfection.
Twenty-four hours after YFP-p53 transfection, cells were treated with ETO (10 mM) for another 12 h or untreated as control and analyzed by
confocalmicroscopy (a). Scale bar, 10 mm. The colocalization ratio of F-actin and YFP-p53 of more than 100 cells were calculated using Image J
software. Results are presented as means 6 SD of values from three independent experiments (b). All Statistical differences were determined by One-
way ANOVA. *, P,0.05; **, P,0.01.
doi:10.1371/journal.pone.0060179.g003
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actin alternation. In control cells, F-actin appeared as parallel and

thick stress fibers through cells (Fig. 3C a). YFP-p53 were

distributed both in the cytoplasm and the nucleus (Fig. 3C b)

and co-localized with actin fibers (Fig. 3C c). Jas treatment led to

the formation of actin aggregates (Fig. 3C d). Punctate yellow

fluorescence in the merged image showed the co-localization of

actin and YFP-p53 (Fig. 3C f). F-actin signals decreased following

CD treatment (Fig. 3C g), along with which, YFP-p53 tended to

accumulate into the nucleus (Fig. 3C h). There was no obvious co-

localization of actin and YFP-p53 either in the nucleus or in the

cytoplasm (Fig. 3C i). Compared with normal cells, denser actin

fibers formed in the ETO treated cells (Fig. 3C j), and YFP-p53

obviously accumulated in the nucleus in response to DNA damage

(Fig. 3C k). Nevertheless, the co-localization of p53 and actin fibers

mainly existed in the cytoplasm (Fig. 3C l). While Jas treatment

resulted in p53 co-localizing with actin fibers and formation of

aggregates (Fig. 3C o), CD treatment reduced their co-localization

in ETO treated cells (Fig. 3C r). Then, the colocalization ratio of

F-actin and YFP-p53 was analyzed with Image J (more than 100

cells were calculated) (Fig. 3D).

Together, the combined data suggest that there is a high affinity

between polymeric actin and p53 in the cytoplasm, and this

affinity is enhanced upon ETO treatment.

Actin Polymerization Impairs p53 Nuclear Import
As p53 nuclear import is a key step of p53 accumulation,

confocal microscopy was performed to detect p53 cellular

localization. As shown in Fig. 4A, after transfection, ectopically

expressed YFP-p53 was distributed in both the cytoplasm and the

nucleus (Fig. 4A, a). ETO treatment resulted in the elevation of

nuclear YFP-p53 (Fig. 4A, c). Cofilin is a small ubiquitous protein

(,19 kD) able to bind both monomeric (G-) and filamentous (F-)

actin [36]. By severing actin filaments, cofilin increases the

number of filament endings for polymerization and depolymer-

ization [37,38]. Thus, we performed cofilin siRNA transfection

with the aim to stabilize cytoplasmic filamentous actin. Transfec-

tion of siRNA-cofilin resulted in the formation of F-actin

aggregates (Fig. 4A, f and h), and impaired p53 nuclear

accumulation (Fig. 4A, e), even in the ETO treated cells (Fig. 4A,

g). Jas treatment induced YFP-p53 aggregates (Fig. 4A, i and k)

along with actin masses formation in the cytoplasm (Fig. 4A, j and

l), and inhibited p53 nuclear accumulation caused by ETO

treatment (Fig. 4A, k). Less actin filaments were detected in the

cells with CD treatment either in presence or absence of ETO

(Fig. 4A, n and p), however, YFP-p53 remarkably accumulated in

the nucleus of the cells treated with ETO (Fig. 4A, o) compared

with that in the cells without ETO treatment (Fig. 4A, m). Then,

the nuclear and the cytoplasmic fluorescence intensities of YFP-

p53 were analyzed with Image J, and the ratio of nuclear/

cytoplasmic fluorescence intensity was analyzed (Fig. 4B). The

accumulation of nuclear p53 in ETO treated cells was almost two

fold of control cells. There was no efficient nuclear import of p53

in cells that were transfected with cofilin siRNA followed by ETO

treatment compared with single ETO treatment. Similar result

was observed with Jas plus ETO treated cells. In contrast, CD

treatment did not hamper p53 nuclear import. The suppression

efficiency of cofilin siRNA was tested (Fig. 4C).

To further evaluate the effect of actin polymerization on p53

nuclear import, western blotting was employed to examine

endogenous p53 levels in the cytoplasm and the nucleus

respectively. Equivalent volume of protein extracts were separated

by SDS-PAGE, and Image J was used to analyze the western

blotting results. The fold change of nuclear and cytoplasmic p53

was calculated. The protein level of cytoplasmic p53 reduced to

40% of control by ETO treatment (Fig. 4D, a and b). Additionally,

cofilin siRNA plus ETO treatment induced a 2-fold increase of

p53 in the cytoplasm compared with ETO treatment only (Fig. 4D,

a and b). In cells treated with Jas plus ETO, the quantity of

cytoplasmic p53 was also obviously higher than that in the cells

with ETO treatment alone. The results of CD plus ETO

treatment and ETO treatment alone were similar (Fig. 4D, a

and b). Then, the level of nuclear protein was determined. ETO

treatment resulted in a significant increase of nuclear p53

compared to those without ETO treatment (Fig. 4D, c and d).

Interestingly, even without ETO treatment, cofilin siRNA and Jas

but not CD resulted in a clear reduction of nuclear p53. While, in

cells with ETO treatment, cofilin siRNA transfection resisted the

nuclear import of p53, and the nuclear p53 level was significantly

lower than ETO treatment alone (Fig. 4D, c and d). Moreover,

while the presence of Jas dramatically eliminated the enhanced

nuclear accumulation of p53, there was no reduction of p53

nuclear import with CD treatment in ETO-treated cells (Fig. 4D, c

and d). The results revealed from western blotting analysis were

consistent with the results of confocal microscopy. The combined

data demonstrate that nuclear import of p53 was impaired by

actin polymerization.

Actin Polymerization Affects the Ser315 Phosphorylation
and the Ubiquitination of p53

Since the polymeric actin, which forms in response to DNA

damage, hampers p53 entering into the nucleus, we questioned the

subsequent destination of these ‘‘rejected’’ p53 in the cytoplasm.

Previous studies showed that phosphorylation at Ser392 stabilized

the formation of p53 tetramer [39,40]. In contrast, the phosphor-

ylation of Ser315 reversed the activating effects of Ser392

phosphorylation on both tetramer formation and stabilization of

p53 [41,42]. Moreover, phosphorylation of p53 at Ser315

inactivated p53 by enhancing its proteolytic degradation [43,44].

Therefore, we examined the phosphorylation levels of p53 at

Ser315 and Ser392. Cells were transfected with HA-actin to

enhance the level of actin. As shown in Fig. 5A, the protein level of

p53 was less in the actin-transfected and ETO-treated cells than

the cells treated with ETO only. Also, the phosphorylation at

Ser315 of p53 was increased to 2.75 folds compared with the

Figure 4. Actin polymerization impairs p53 nuclear import. A. Cells were transfected with siRNA-cofilin or treated with Jas (50 nM) or CD
(0.01 mg/ml) for 2 h before YFP-p53 transfection. 24 h after YFP-p53 transfection, cells were treated with ETO (10 mM) or untreated for another 12 h.
Cells were then analyzed by confocalmicroscopy. Scale bar, 10 mm. B. Fluorescence values of more than 100 cells were calculated using Image J
software. Results are presented as means 6 SD of values from three independent experiments. C. Cells were transfected with control siRNA or cofilin
siRNA, whole cell protein extraction and western blotting were then carried out to detect cofilin suppression efficiency. Panels of western blotting
were analyzed with Image J software. Results are presented as means 6 SD of values from three independent experiments. D. Cells were transfected
with siRNA-cofilin or treated with Jas (50 nM) or CD (0.01mg/ml) for 2 h before cells were treated with ETO (10 mM) or untreated as control for another
12 h. Cytoplasmic protein and nuclear proteins were then extracted, and western blotting was performed. Oct-1 (octamer transcription factor 1) was
used as nuclear protein marker and GAPDH was used as cytoplasmic protein marker (a and c). Panels of western blotting were analyzed with Image J
software. Results are presented as means 6 SD of values from three independent experiments (b and d). All Statistical differences were determined
by One-way ANOVA. *, P,0.05; **, P,0.01.
doi:10.1371/journal.pone.0060179.g004
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controls transfected with pcDNA vector, but only 1.7 folds was

observed on the phosphorylation at Ser392 (Fig. 5A and Fig. 5B).

Then, we analyzed the ubiquitination of p53 by using MG-132 to

block the 26S proteasomal activity. Actin transfection led to an

increase in ubiquitination of p53 (Fig. 5C). These results imply that

the degradation of p53 is promoted in part by polymeric actin

formation in response to DNA damage.

As Aurora kinase A participates in the phosphorylation of p53 at

Ser315 [44], we next examined the ability of Aurora kinase A in

the phosphorylation of p53 at Ser315. Transfection with Aurora

kinase A siRNA resulted in an obvious decrease of Aurora kinase

A expression (Fig. 5D, a and b). While the phosphorylation level of

p53 at Ser315 decreased, there was a detectable increase of p53 in

Aurora kinase A siRNA transfected cells (Fig. 5D, a and b). To

investigate the connection between actin polymerization, Aurora

kinase A and p53, co-immunoprecipitation was performed with

Aurora kinase A antibody. As shown in Fig. 5E, actin associated

with Aurora kinase A in the same complex. Then, the quantity of

Aurora kinase A in the p53-associated complexes under different

conditions was examined. As shown in Fig. 5F, ETO treatment

enhanced p53 level and induced more Aurora kinase A interaction

with p53. When cells were transfected with actin, increased

Aurora kinase A was observed to interact with p53 compared with

the control. In contrast, transfection with actin siRNA decreased

the co-immunoprecipitation of p53 and Aurora kinase A.

Likewise, Jas treatment resulted in more Aurora kinase A

precipitating with p53, whereas, in the cells with CD treatment,

lower level of precipitated Aurora kinase A was detected (Fig. 5F, a

Figure 5. Actin polymerization affects the Ser315 phosphorylation and ubiquitination of p53. A. U2OS cells transfected with HA-actin
were treated with ETO (10 mM) or untreated as control for 12 h. The cells were then harvested and whole cell proteins were extracted for western
blottings with indicated antibodies. B. Western blottings were analyzed using Image J software. Results are presented as mean 6 SD of values from
three independent experiments. C. U2OS cells transfected with HA-actin. At 24 h after the transfection, cells were treated with or without ETO for
12 h, followed by the treatment of 20 mM MG132 for 6 h. Whole cell extracts were immunoprecipitated with anti-p53 (DO-1) antibody and analyzed
by western blotting with anti-p53 (FL-393) antibody. D. Cells were transfected with Aurora kinase A siRNA, and 24 h after transfection, cells were
treated with ETO (10 mM) or untreated as control for 12 h. Then, cells were harvested and whole cell proteins were extracted for western blotting (a).
Western blottings were analyzed using Image J software. Results are presented as mean 6 SD of values from three independent experiments (b). E.
Cells were harvested and subjected to immunoprecipitations using anti-Aurora A antibody and analyzed by western blotting. F. Cells were
transfected with actin or actin siRNA, or treated with ETO (10 mM, 12 hours) or untreated as control, or CD (0.01mg/ml) and Jas (50 nM) for 2 h. Cells
were then harvested and subjected to immunoprecipitations using anti-p53 antibody and analyzed by western blotting (a). Western blotting results
were analyzed using Image J software. Results are presented as mean 6 SD of values from three independent experiments (b). All Statistical
differences were determined by One-way ANOVA. **, P,0.01.
doi:10.1371/journal.pone.0060179.g005

Figure 6. The impact of actin polymerization on p53 leads to the alteration of p21 expression. A. Cells were transfected with HA-actin or
treated with Jas (50 nM) or CD (0.01 mg/ml) for 2 h. Then, cells were treated with ETO (10 mM) or untreated as control for 12 h. Whole cell proteins
were extracted and western blotting was performed to measure p21 protein levels. B. Western blotting were analyzed with Image J software, and the
results are presented as mean 6 SD of values from three independent experiments. C. Cells were transfected with HA-actin or treated with Jas
(50 nM) or CD (0.01 mg/ml) for 2 h. Then, cells were treated with ETO (10 mM) or untreated as control for 12 h. Real-Time PCR was performed, mRNA
content of p21 was normalized to that of GAPDH and the normal cells’ mRNA level was valued as 1. Data (mean6SD) were from three independent
experiments. All Statistical differences were determined by One-way ANOVA. **, P,0.01.
doi:10.1371/journal.pone.0060179.g006
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and b). These results suggest that actin polymerization promotes

the interaction of Aurora kinase A and p53, which facilitates the

phosphorylation of p53 at Ser315 and its subsequent degradation.

The Impact of Actin Polymerization on p53 Leads to the
Alteration of p21 Expression

When DNA damage occurs, p53 is activated and binds to the

promoters of p21 and/or other target genes, resulting in cell cycle

arrest or apoptosis [45]. Thus, p21 has been used as a marker for

p53 activity. Then, we investigated the effects of F-actin

modulation on p53 target gene p21 to address the biological

implication of the impact of actin polymerization on p53. HA-

actin plasmids, Jas and CD were used to increase or decrease F-

actin content in cells, respectively. As shown in Fig. 6A, p53 kept

on a very low level and p21 had no expression in untreated cells.

In the cells treated with ETO, p53 had an increase and p21

expression was induced obviously. When cells were transfected

with HA-actin or treated with Jas, less p53 was dectected. As a

consequence, no obvious p21 was shown. Conversely, there was

no decrease of p53 accumulation and p21 expression with CD

treatment. Image J was used to analyze the western blotting results

(Fig. 6B). As a measure of p53 transcriptional activity, we looked

into the levels of p21 mRNA, a well established p53 target gene.

Transfection of HA-actin and Jas treatment effiently decreased

p21 mRNA level in ETO treated cells (Fig. 6C). All the above data

suggest that the effects of actin polymerization on p53 nuclear

import and ubiquitination impact p53 transcriptional activity on

its target gene.

Discussion

Actin exists in both monomeric (globular or G-actin) and

polymeric (filamentous or F-actin) forms [46]. Both of them have

remarkable conformational flexibility and adopt various structural

states in response to interaction with their partner molecules [19].

Numerous physiological and pathological stimuli promote the

rearrangement of actin cytoskeleton, thereby modulating cellular

mobility [47]. Previous studies reported that actin could interact

with p53 [48,49]. However, there was no evidence to address how

the interaction of actin and p53 responds to DNA damage in the

regulation of p53 functions. In our study, we show that there is a

slow increase of cell length/width ratio at the initial stage of DNA

damage (Fig. 1A and 1B). The results of quantitative analyses of the

fluorescence intensity for F-actin and immunofluorescence also

confirm the increase of actin polymerization upon ETO treatment

(Fig. 1C and 1D). These results are similar with the previous reports

demonstrating actin assembly in response to UV radiation [50]. As

actin polymerized in the cells that responded to double-strand and

single-strand cleavage of DNA induced by ETO [51] or DNA

lesions induced by UV radiation [52], we presumed that the

increase of actin polymerization exists widely in response to

different types of DNA damage.

Under normal conditions, the p53 protein is kept as a labile and

inactive protein. When cells are exposed to DNA damage and

other stress, p53 accumulates in the nucleus and becomes active.

Previous studies reported that actin affects p53 accumulation

indirectly. F-actin could inhibit the kinase activity of c-Abl, which

facilitates p53 accumulation in cells [53,54]. In this study, we

found that actin polymerization directly impairs p53 accumula-

tion. Furthermore, our results demonstrate that polymeric actin

interacts with p53 in vivo and in vitro (Fig. 3A and 3B). In addition,

YFP tagged p53 colocalizes with actin aggregation or amorphous

masses induced by Jas treatment (Fig. 3C and 3D). These results

have provided evidence that p53 are recruited to polymeric actin.

Next, we investigated the localization of p53 in actin polymerized

cells. In the presence of Jas or cofilin siRNA, p53 accumulation

induced by ETO treatment in the nucleus decreased compared

with ETO treatment alone (Fig. 4). All these findings suggest that

actin polymerization directly impairs p53 nuclear accumulation by

interacting with p53 in the cytoplasm.

p53 protein decreased when cells were treated with actin

assembly agent (Fig.2Fa), so we wanted to know what happened to

the rejected cytoplasmic p53. Previous studies reported that

phosphorylation of p53 at Ser315 inactivates p53 by enhancing its

proteolytic degradation in the cytoplasm [43], which is facilitated

by Aurora kinase A [44]. In this study, we found that actin

polymerization increases the phosphorylation of p53 at Ser315

(Fig. 5A and 5B). Moreover, the ubiquitination of p53 increased

when actin was polymerized (Fig. 5C). Then, we identified that

actin polymerization facilitates p53 interaction with Aurora kinase

A (Fig. 5D-5F), suggesting that actin polymerization probably

regulates the ubiquitination of p53 by recruiting Aurora kinase A.

p21 is identified as an inhibitor of cyclin-dependent kinases, and a

mediator of p53 function [55]. Therefore, we detected p21 mRNA

levels as indications of p53 activity. Our results demonstrated that

actin polymerization decreases the mRNA level of p21, empha-

sizing the biological implication of actin polymerization on p53

function in response to DNA damage.

In summary, our data delineate the regulatory mechanism of

actin dynamics in modulating p53 function, namely, actin

becomes polymerized and negatively regulates p53 function by

interacting with it in the cytoplasm, and thus impairs p53 nuclear

import in response to DNA damage. In addition, p53 cytoplasmic

retention increases its opportunity to interact with Aurora kinase

A, which facilitates phosphorylation of p53 at Ser315 and p53

subsequent ubiquitination. In normal conditions, p53 remains at a

very low level. In response to DNA damage, lower level of p53

tends to favor cell growth arrest, whereas higher level of p53

triggers cell apoptosis [17]. We presume that high polymeric actin

formation could slow down the p53 nuclear import, which might

let cells to gain time to repair their DNA damage, thereby

reducing the injury caused by the overreaction in response to

DNA damage.
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