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Abstract The tumor suppressor p53 is at the hub of cel-

lular signaling networks that are activated by stress signals

including DNA damage. In the present study, we showed

that programmed cell death 5 (PDCD5) bound to p53 by

glutathione S-transferase (GST)-pulldown, co-immunopre-

cipitation and co-localization assays. PDCD5 enhanced the

stability of p53 by antagonizing Mdm2-induced p53 ubiq-

uitination, nuclear export and proteasomal degradation. We

also found that PDCD5 could dissociate the interaction

between p53 and Mdm2 and interact with Mdm2 directly to

promote its degradation. In cells with or without induction of

DNA damage, knockdown of PDCD5 by RNA interference

decreased the p53 phosphorylation at Ser9, 20 and 392

residues, as well as the expression of p21 protein. Addi-

tionally, chromatin immunoprecipitation assays showed an

up-regulated association of PDCD5 at the p53BS2 site of the

p21 promoter during DNA damage. Cell cycle analysis also

indicated that PDCD5 was required in G1 phase cell arrest

during DNA damage. In summary, PDCD5 may contribute

to maintain a basal pool of p53 proteins in unstressed con-

ditions, but upon DNA damage it functions as a co-activator

of p53 to regulate transcription and cell cycle arrest.
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Introduction

The tumor suppressor p53 is a powerful transcriptional

factor and plays a central role in the regulation of cell

cycle, DNA repair, apoptosis, senescence and angiogene-

sis. As a sequence-specific transcription factor, p53 mainly

functions by inducing transcription of many different

downstream genes, including genes involved in cell cycle

arrest, such as p21/WAF1/CIP1 and GADD45, as well as

those inducing apoptosis, such as PUMA, Bax and PIG3

[1–3]. However, p53 can also control apoptosis through

transcription-independent mechanisms [4].

Under normal conditions, p53 is maintained at a low level

by interacting with E3 ubiquitin ligases such as Mdm2 [5],

Pirh2 [6], COP1 [7] and ARF-BP1 [8], which mediate p53

degradation by the ubiquitin–proteasome pathway. How-

ever, under stressed conditions, such as DNA damage, p53 is

stabilized and activated to function primarily as a tran-

scription factor and regulating expression of downstream

target genes. This leads to different cellular outcomes such as

cell cycle arrest and apoptosis; the former facilitates DNA

repair and promotes cell survival, whereas the latter provides

an efficient way to remove irreparably damaged cells [9].

These processes are thought to be tightly controlled by its

binding partners and post-translational modifications, such

as ubiquitination, phosphorylation and acetylation [10]. p53

can be phosphorylated at multiple sites by several different

protein kinases in vivo and in vitro [11, 12], such as Ser15

and Ser37 by ATM and ATR [13–15], Ser20 by Chk2 and

Chk1 [16, 17], and Ser392 by CKII [18], which modulate its

stability and sequence-specific DNA binding activity.
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Programmed Cell Death 5 (PDCD5), formerly desig-

nated TFAR19 (TF-1 cell apoptosis-related gene 19), was

first identified as a gene up-regulated in TF-1 cells under-

going apoptosis [19]. PDCD5 can promote apoptosis in

different cell types in response to various stimuli and also

enhance TAJ/TROY-induced paraptosis-like cell death

[20]. During apoptosis, PDCD5 is rapidly upregulated and

translocates from the cytoplasm to nucleus [21]. Con-

versely, decreased expression of PDCD5 has been detected

in various human tumors, such as lung cancer [22], gastric

cancer [23], chronic myelogenous leukemia [24], prostate

cancer [25], epithelial ovarian carcinomas [26], astrocytic

gliomas [27] and chondrosarcoma [28]. At the same time,

restoration of PDCD5 with recombinant protein or an

adenovirus expression vector can significantly sensitize

different cancers to chemotherapies [29–32]. In addition,

single-nucleotide polymorphisms in the PDCD5 regulatory

region are associated with chronic myelogenous leukemia

and lung cancer [22, 33]. Thus, PDCD5 likely plays a

critical role in multiple tissues during tumorigenesis.

However, the molecular mechanisms underlying PDCD5

functions during cell growth, proliferation and apoptosis

remain largely unclear.

We previously demonstrated that PDCD5 interacts with

Tip60, enhances the histone acetylation and p53 K120

acetylation, and promotes the expression of Bax, conse-

quently accelerating apoptosis [34]. Here, we offer novel

evidence indicating that PDCD5 is a p53 regulator during

gene expression and cell cycle. PDCD5 was shown to

interact with p53 in vitro and in vivo and increase the

stability of p53 by inhibiting its ubiquitination and nuclear

export mediated by Mdm2. In DNA damage conditions,

PDCD5 co-localized with p53 in the nucleus and regulated

gene expression of its downstream genes such as p21 by

affecting the phosphorylation and transcriptional activity of

p53, thereby affecting the cell cycle progression during the

G1/S phase transition.

Materials and methods

Plasmids, siRNA and antibodies

The pcDNA3-PDCD5 and pcDNA3-PDCD5-myc plasmids

have been described previously [20]. The pcDNA3-

Flag-p53 vector was a gift from Steven B. McMahon

(Thomas Jefferson University, Philadelphia, PA, USA).

The Mdm2 and His-ubi vectors were kindly provided by

Sonia Lain (University of Dundee, Scotland, UK). The

luciferase reporter plasmid containing the p21 promoter

(p21-Luc) from Koichi Hagiwara (Saitama Medical Uni-

versity, Saitama, Japan). All siRNA including PDCD5

and the control siRNA were synthesized by GeneChem

Corporation (Shanghai, China), and their sequences have

been reported previously [35]. All shRNA share the same

target sequence with siRNA and were constructed by

ORIGEN Corporation (Rockville, USA). The anti-Flag,

anti-Myc, and anti-actin antibodies were purchased from

Sigma Aldrich (St. Louis, MO). The anti-p21, anti-p53

(monoclonal and polyclonal) and anti-Mdm2 were from

Santa Cruz Biotechnology (Santa Cruz, CA). The phospho-

p53 antibodies were from Cell Signaling Technology

(Beverly, MA). The mouse anti-PDCD5 monoclonal anti-

body (3A3), rabbit anti-PDCD5 polyclonal antibody and

FITC-labeled anti-PDCD5 antibody have been described

previously [21]. IRDye 800-conjugated secondary anti-

bodies against mouse, rabbit, and goat IgG were purchased

from Li-Cor Bioscience (Lincoln, NE). TRITC-labeled

rabbit against goat IgG was from Zhongshan Corporation

(Beijing, China).

Cell culture, transfection and treatment

U2OS cell line was purchased from ATCC and HeLa cell

line was from Cell Bank of Chinese Academy of Science

(CAS). These cell lines were cultured in Dulbecco’s

modified Eagle’s medium, supplemented with 10 % fetal

bovine serum. HeLa cells were transfected by electropor-

ation, as described previously [35]. U2OS cells were

transfected using Lipofectamine 2000 (Invitrogen, Carls-

bad, CA), according to the manufacturer’s protocol.

Proteasome inhibition was achieved by treating cells

with 100 lM of ALLN ((N-acetyl-Leu-Leu-norleucine,

Sigma) or 10 lM of MG132 (Sigma). Protein translation

inhibition was achieved by treating cells with 100 lg/ml of

CHX (Cycloheximide, Sigma) for different times. DNA

damage was induced with Actinomycin D (Act. D,

100 nM) or Doxorubicin (Doxo, 0.4 lM). UV irradiation

(20 J/m2) was performed using a CX-2000 UV cross-linker

(UVP, Inc., Upland, CA).

Immunoprecipitation and Western blot

Cells were collected and disrupted in lysis buffer (300 mM

NaCl, 50 mM Tris pH 8.0, 0.4 % NP-40, 10 mM MgCl2, and

2.5 mM CaCl2) supplemented with protease inhibitors

(Complete mini EDTA-free; Roche Diagnostics, Mannheim,

Germany). After centrifugation, the supernatant was mea-

sured using the BCA protein assay reagent (Pierce, Rock-

ford, IL). Subsequently, 1 mg of total cell extracts was

diluted in 1 ml of dilution buffer (50 mM Tris, pH 8.0, 0.4 %

NP-40). After a pre-clearing step with protein G Sepharose

beads, cell lysates were incubated with appropriate anti-

bodies overnight at 4 �C and then with 50 ll of a 50 % slurry

of protein G Sepharose for 2 h. Immunoprecipitates were
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then washed and analyzed by Western blot, as described

previously [34]. The protein bands were visualized using an

IRDye 800CW-conjugated secondary antibody. The infrared

fluorescence image was obtained using an Odyssey infrared

imaging system (Li-Cor Bioscience).

GST pull-down assay

GST fusion proteins or GST were expressed in Escherichia

coli strain BL21 and purified, then incubated with whole

cell lysates extracted from transfected HeLa cells overnight

at 4 �C. After five washes, beads were resuspended in

29 SDS loading buffer and analyzed by SDS-PAGE

followed by Western blot [34].

Immunofluorescence analysis

U2OS cells were plated on glass coverslips and then treated

with or without Doxo for 6 h. Cells were then fixed, perme-

abilized and blocked as described previously [29]. Then cells

were incubated with goat anti-p53 antibody, followed by

incubating with TRITC-conjugated goat anti-rabbit IgG or

FITC-labeled mouse anti-PDCD5. 40,6-diamidino-2-pheny-

lindole (DAPI) was used to counterstain the cell nuclei.

Coverslips were observed under a Leica SP2 confocal system

(Germany).

Quantitative real-time PCR analysis

U2OS cells were transfected with either control or PDCD5-

specific siRNA with Lipofectamine 2000. Thirty-six hours

later, total RNA were extracted from transfected U2OS

cells using TRIzol reagent (Invitrogen), according to the

manufacturer’s instructions. First-strand cDNA was gen-

erated using the total RNA in a standard reverse trans-

criptase reaction using a poly(dT) oligonucleotide as a

primer and SuperScript II reverse transcriptase (Invitro-

gen). The cDNA were then analyzed by quantitative real-

time PCR. The PDCD5 primers used in the assay were

previously reported [34].

Dual-luciferase reporter assay

The luciferase reporter plasmid containing a consensus

p21 promoter (p21-Luc) and pRL-TK (Promega) were

co-transfected with control or PDCD5-specific shRNA.

After 36 h, cells were treated with or without UV or Acti-

nomycin D for 6 h, and then luciferase activity was mea-

sured and normalized using the Luciferase Assay System

(Vigorous, USA), according to the manufacturer’s protocol.

ChIP analysis

ChIP experiments were carried out essentially as previ-

ously described with minor alterations [36]. The chromatin

was fragmented to a range of 0.5–1 kb after sonication with

a Bioruptor 251. The ChIP DNA samples were purified

using the QIAGEN PCR product purification kit, and real-

time PCR was used to amplify p53BS2 and Exon 1 within

the p21 promoter.

Cell cycle analysis

Treated U2OS cells (5 9 105) were fixed in 70 % (v/v)

ethanol overnight at 4 �C. After washing with PBS, cells

were incubated with RNase (0.5 mg/mL) at 37 �C for

30 min (Sigma). Finally, after cells were stained with PI

(50 lg/mL), DNA content was measured using the Cell-

Quest Pro program on a FACSCalibur flow cytometer, and

data were analyzed using ModFit software.

Statistical analysis

Data are presented as the mean ± SD. Differences between

groups were analyzed using the Student’s t test for con-

tinuous variables. Statistical significance in this study was

set at P \ 0.05. All reported P values are two-sided. All

analyses were performed with GraphPad Prism 5.

Results

PDCD5 interacts and co-localizes with p53

To determine whether PDCD5 interacts with p53 to regulate

its function, we performed a series of biochemical experi-

ments. In a GST pull-down assay, GST-PDCD5 but not GST

bound specifically to p53 overexpressed in Hela cells

(Fig. 1a, lane 3). To confirm the association of PDCD5 and

p53 in mammalian cells, lysates of HeLa cells transfected

with Myc-PDCD5 and/or Flag-p53 plasmids were immu-

noprecipitated with an anti-Myc antibody or anti-Flag anti-

body. Myc-PDCD5 was co-immunoprecipitated (co-IP) by

the anti-Flag antibody from the cells expressing Flag-p53,

but not from cells without Flag-p53 expression (Fig. 1b, lane

3). In reciprocal co-IP assays, Flag-p53 was detected in the

Myc-PDCD5 immunoprecipitates (Fig. 1c, lane 3), demon-

strating that the two proteins interacted in a complex in HeLa

cells.

We further examined whether the interaction could be

detected between endogenous PDCD5 and p53 by per-

forming co-IP using U2OS cell lysates. PDCD5 was

co-immunoprecipitated by the p53 antibody (Fig. 1d, lane

2) but not by the normal rabbit IgG (Fig. 1d, lane 1).
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It is known that p53 and PDCD5 can be induced and

up-regulated in DNA damage conditions. Indeed, we found

that the amount of p53 bound to PDCD5 increased after

UV (20 J/m2) irradiation (Fig. 1d, lane 3).

To further confirm the PDCD5-p53 association,

co-localization analysis was performed on U2OS cells

treated with or without chemotherapeutic reagent Doxo and

then immunostained with purified mouse PDCD5 antibody

and rabbit p53 antibody. Cell nuclear morphology was

observed by DAPI staining. In DMSO control cells, p53

localized predominantly to the nucleus, although a minor

fraction was also observed in the cytoplasm; meanwhile,

PDCD5 showed a relatively diffuse distribution in both the

cytoplasm and nucleus, and the location of the two proteins

overlapped in the nucleus (Fig. 1e upper panel). In Doxo-

treated cells, the amount of PDCD5 and p53 were

up-regulated as shown by the increased florescence inten-

sity. PDCD5 translocated and accumulated in the nucleus

and co-localized with p53 (Fig. 1e, lower panel).

Collectively, these results demonstrate that PDCD5 and

p53 exist in the same protein complex, and their associa-

tion is up-regulated during DNA damaging conditions.

PDCD5 enhances stability of the p53 protein

The function of p53 is tightly controlled by its stability.

Therefore, we investigated the effect of PDCD5 on the

stability of the p53 protein. U2OS cells were transfected for

36 h with either control or PDCD5-specific siRNA that we

had previously characterized [35]. As shown by Western

blot in Fig. 2a (lane 1 vs. lane 2), the levels of p53 protein

decreased after knockdown of PDCD5, whereas the actin

levels were unchanged. Since it is known that p53 is

degraded through the proteasome, the effect of PDCD5 on

proteasome-mediated proteolysis of p53 was tested by

incubating the control or PDCD5-specific siRNA-treated

U2OS cells with the proteasome inhibitor ALLN (100 lM)

for the last 6 h before cell harvest. The reduction of p53

Fig. 1 PDCD5 interacts with

p53. a Pull-down assay with

recombinant GST-PDCD5

protein and p53-transfected

HeLa cell lysates. GST protein

was used as negative control.

b Exogenous co-IP of PDCD5

and p53 in HeLa cells

transiently transfected with

Flag-p53 and/or Myc-PDCD5 as

indicated. c Cells were treated

as in (b), except that cell lysates

were immunoprecipitated with

an anti-Myc antibody.

d Endogenous co-IP of PDCD5

and p53 in U2OS cells treated

with or without UV irradiation

(20 J/m2) for 6 h. Non-specific

rabbit IgG was used as negative

control. e PDCD5 co-

localization with p53 in U2OS

Cells treated with or without

Doxo (0.4 lM, 6 h). p53 was

detected with a rabbit anti-p53

antibody, followed by an anti-

rabbit TRITC-conjugated

secondary antibody. PDCD5

was detected with FITC-anti-

PDCD5 and cell nuclei were

stained with DAPI and observed

using a Leica SP2 confocal

microscope. Scale bar 20 lm
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levels by the PDCD5 siRNA was significantly blocked by

ALLN (Fig. 2a, lanes 3 vs. lane 1), suggesting that

endogenous PDCD5 may be involved in the modulation of

p53 level by protecting it from proteasomal degradation. At

the same time, knockdown of PDCD5 failed to influence

the p53 mRNA levels (Fig. 2b), suggesting that PDCD5

does not regulate p53 at the transcriptional level.

To test the idea that PDCD5 regulates proteasomal

degradation of p53, we next determined the influence of

PDCD5 on the half-life of p53. U2OS cells were transiently

transfected with either control or PDCD5-specific siRNA

for 36 h. Cells were then treated with the translation

inhibitor CHX (100 lg/ml) for different periods up to

60 min before harvesting. As shown in Fig. 2c, d knock-

down of endogenous PDCD5 was associated with an

acceleration in p53 decay compared with control siRNA

(*p \ 0.05, **p \ 0.001, Fig. 2d), suggesting that the

decrease of p53 protein levels after PDCD5 knockdown

was due to destabilization of the p53 protein.

PDCD5 impairs the Mdm2-mediated degradation,

ubiquitination and nuclear export of p53

The degradation of p53 is known to be regulated by the

ubiquitin–proteasome system. In this process, Mdm2

functions as an ubiquitin ligase that promotes p53 ubiqui-

tination and degradation. Therefore, we next tested the

influence of PDCD5 on the Mdm2-dependent degradation

of p53. U2OS cells were transfected with plasmids to

express Mdm2 with or without PDCD5 for 24 h. As shown

in Fig. 3a, the p53 level decreased in cells overexpressing

Mdm2 (lane 2 vs. lane 1), while p53 accumulation was

restored in cells overexpressing both with Mdm2 and

PDCD5 (lane 3 vs. lane 2).

To investigate whether PDCD5 affects the ubiquitina-

tion of p53, U2OS cells were transiently transfected with

different combinations of mammalian expression vectors

for His-ubiquitin, Mdm2 and PDCD5 for 24 h, followed by

treatment with the proteasome inhibitor MG132 (10 lM)

for 4 h. The cell lysates were then immunoprecipitated

using an anti-p53 antibody, and the samples were probed in

a Western blot with an anti-ubiquitin antibody to detect

ubiquitinated p53. As shown in Fig. 3b, the level of ubiq-

uitinated p53 was increased in the cells overexpressing

His-ubiquitin and Mdm2 (lane 2), whereas PDCD5 reduced

the ubiquitination of p53 (lane 3 vs. lane 2). At the same

time, we observed that overexpression of PDCD5 could

decrease the accumulation of Mdm2 protein (Fig 3b, lane

3).This result was consisted with Fig. 4c (see below).

We then examined the possibility that PDCD5 blocks

the nuclear export of p53 mediated by Mdm2. U2OS cells

were transfected with expression vectors for Mdm2, and/or

PDCD5 for 24 h, and then the location of p53 was

observed by confocal microscopy. In empty-vector trans-

fected cells, p53 was mainly located in the nucleus

(Fig. 3c, upper panel). Partial p53 translocation from

Fig. 2 PDCD5 enhances stability of the p53 protein. a U2OS cells

were transfected with control or PDCD5-specific siRNA for 36 h.

ALLN (100 lM) was added where indicated 6 h before cell harvest.

The total cell lysates were analyzed for the presence of p53, PDCD5

and actin by Western blot. b U2OS cells were treated as in (a), and the

mRNA levels of both PDCD5 and p53 were analyzed by quantitative

real-time PCR. Data are presented as mean ± SD. c U2OS cells were

transiently transfected as in (a), then cells were treated with 100 lg/

ml of CHX for different lengths of time as indicated. p53 was

detected in total cell lysates by Western blot. d Relative p53 protein

levels were quantified using a Li-Cor Odyssey scanner (*p \ 0.05,

**p \ 0.001)
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nucleus to cytoplasm was observed in U2OS cells over-

expressing Mdm2 (Fig. 3c, middle panel). However, in

cells overexpressing both Mdm2 and PDCD5, the Mdm2-

mediated exportation of p53 was partially blocked (Fig. 3c,

lower panel). The calculated ratios of cytoplasmic to

nuclear p53 indicated statistically differences between the

Vector and Mdm2-overexpressing U2OS cells, as well as

between those overexpressing Mdm2 alone and the com-

bination of Mdm2 and PDCD5 (Fig. 3d, *P \ 0.05).

PDCD5 disrupts the p53-Mdm2 interaction

and promotes Mdm2 degradation

Disruption of the p53-Mdm2 interaction by multiple reg-

ulators is a pivotal event for p53 stabilization and sub-

sequent biological responses. To further investigate the

mechanisms underlying PDCD5 stabilization of p53, we

examined whether PDCD5 could affect the interaction

between p53 and Mdm2. GST-p53 or GST was incubated

with the whole lysates of Hela cells overexpressing Mdm2

with or without recombinant human PDCD5. As shown in

Fig. 4a, p53 could strongly bind to Mdm2 (lane 2), but this

interaction between p53 and Mdm2 decreased significantly

in the presence of recombinant PDCD5 (lane 3), implying

that PDCD5 may disrupt the p53-Mdm2 interaction.

Simultaneously, we found that PDCD5 could be pulled

down with the GST-p53 fusion protein (Fig. 4a, lane 3),

demonstrating the direct interaction between p53 and

PDCD5 in vitro.

The relationship between PDCD5 and Mdm2 was also

investigated by the GST pull-down assay. As shown in

Fig. 4b, GST-PDCD5, but not GST interacted with Mdm2

from overexpressing Hela cells. Interestingly, we found that

PDCD5 could decrease the protein level of Mdm2 in a dose-

dependent manner (Fig. 4c). Furthermore, knockdown of

endogenous PDCD5 could increase the accumulation of

Fig. 3 PDCD5 blocks the Mdm2-mediated degradation, ubiquitina-

tion and nuclear export of p53. a U2OS cells were transfected with

Mdm2 and/or PDCD5 as indicated for 24 h. Mdm2, p53, PDCD5 and

actin were detected in total cell lysates. b U2OS cells were transiently

transfected with different combinations of mammalian expression

vectors for His-ubiquitin, Mdm2 and PDCD5. After 24 h, cells were

treated with 10 lM MG132 for 4 h. The cells lysates were then

immunoprecipitated with an anti-p53 antibody and probed with an

anti-ubiquitin antibody. c U2OS cells were transfected as indicated

for 24 h. The location of p53 and PDCD5 were detected by

immunofluorescence analysis. Cell nuclei were stained with DAPI.

d Statistical analysis of (c). Two hundred cells were chosen randomly

from each group. The intensities of cytoplasmic and nuclear p53 were

determined and the ratio of cytoplasmic to nuclear p53 calculated.

One representative experiment of three is shown. Data are presented

as mean ± SD *P \ 0.05
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Mdm2 and decrease the ubiquitination level of Mdm2

(Fig. 4d, lane 2).

Knockdown of PDCD5 decreases the phosphorylation

of p53

We next investigated if PDCD5 could influence the post-

translational modifications of p53 required for its function.

U2OS cells were transfected for 36 h with either control or

PDCD5-specific shRNA and then treated with or without

UV or Act. D for 12 h. Equal quantity of DMSO was as a

negative control. As shown in Fig. 5a, b knockdown of

endogenous PDCD5 caused the reduction of total p53

compared with control shRNA (lane1), while p53 phos-

phorylation was decreased at Ser9, Ser20 and Ser392 in

UV- and Actinomycin D- treated cells (lane 3 and lane 5).

Fig. 4 PDCD5 dissociates the

p53-Mdm2 interaction and

promotes Mdm2 degradation.
a GST pull-down assay was

performed with p53-GST and

the whole lysates of cells

overexpressing Mdm2 with or

without recombinant PDCD5.

b GST pull-down assay was

performed with GST-PDCD5

and the whole lysates of cells

overexpressing Mdm2. c U2OS

cells were transfected to

overexpress Mdm2 and

increasing amounts (0, 2, 4,

6 lg) of PDCD5 for 24 h.

Mdm2, PDCD5 and actin were

detected in the cell lysates.

d U2OS cells were transfected

as indicated for 24 h. After

another 4 h of treatment with

10 lM MG132, His-ubiquitin

proteins were purified with Ni

beads and probed with an anti-

Mdm2 antibody. Mdm2,

PDCD5 and actin were detected

in the cell lysates

Fig. 5 Knockdown of endogenous PDCD5 decreases the phosphor-

ylation. a U2OS cells were transfected for 36 h with either control or

PDCD5-specific shRNA. After treatment of DMSO, 20 J/m2 UV or

100 nM Actinomycin D for 12 h, cell lysates were analyzed for the

phosphorylated and total p53, PDCD5 and actin by Western blot.

b Statistical analysis of (a), relative levels of phosphorylated and total

p53, PDCD5 protein were quantified using a Li-Cor Odyssey scanner
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Knockdown of PDCD5 attenuates expression

and transcription of p21

We have previously shown that PDCD5 can promote the

p53-reponsive gene Bax [34], which plays a critical role in

this apoptotic pathway. Here we examined whether

PDCD5 could affect the induction of another p53 target

gene, p21 involved in cell cycle arrest. U2OS cells were

transfected with control or PDCD5-specific siRNA for 36 h

and then treated with or without Actinomycin D for 12 h.

As shown in Fig. 6a, the cells were treated with Actino-

mycin D or not, the knockdown of PDCD5 led to the

decrease of p21 protein levels (lane 1 vs. 2 and lane 3 vs. 4).

To examine the transcriptional activity of the p21 promoter

after PDCD5 knockdown, U2OS cells were transfected

with control or PDCD5-specific shRNA together with a

p21 promoter-driven luciferase reporter plasmid and the

pRL-TK internal control. After 36 h, cells were treated

with or without UV or Actinomycin D for 6 h before

measuring p21-luc luciferase activity. In both DMSO

control and stressed cells, the knockdown of PDCD5 sig-

nificantly impaired the transcriptional activity of p53 on the

p21 promoter compared with control shRNA-transfected

cells (Fig. 6b, *P \ 0.05).

The changes in p21 expression after PDCD5 knockdown

prompted us to investigate whether PDCD5 interacts with

the p21 promoter. ChIP assay was performed in U2OS cells

before and after treatment with Doxo (0.4 lM), followed

by quantitative PCR analysis of the ChIP DNA samples to

analyze protein-promoter interactions. The p21 promoter is

known to have two p53 binding sites, p53BS1 and p53BS2

(Fig. 6c). Our ChIP results showed that PDCD5 was

preferentially associated at the p53BS2 site of the p21

promoter after Doxo treatment, but not the exon 1 region of

p21 (Fig. 6d), suggesting that PDCD5 may associate with

the p21 promoter to facilitate transcriptional activation

after DNA damage.

PDCD5 is required in G1 phase cell arrest during DNA

damage

The involvement of PDCD5 in p21 regulation prompted us

to analyze whether the knockdown of PDCD5 impacts the

cell cycle progression, U2OS cells were transfected for

36 h with either control or PDCD5-specific siRNA and

then treated with or without Actinomycin D for 12 h.

Propidium iodide (PI) staining and flow cytometry were

used to analyze the DNA content and the cell cycle.

Fig. 6 PDCD5 is involved in expression of p21, a key mediator of

p53-induced cell cycle arrest. a U2OS cells were transfected for 24 h

with either control or PDCD5-specific siRNA. After treatment of

100 nM Actinomycin D for 12 h, cell lysates were analyzed for p21,

PDCD5 and actin by Western blot. b U2OS cells were transfected

with control or PDCD5-specific shRNA together with the p21
promoter-driven luciferase reporter plasmid (p21-luc) and pRL-TK.

After 36 h, cells were treated with or without 20 J/m2 UV or 100 nM

Actinomycin D for 6 h, and then p21-luc luciferase activity was

measured and normalized. *P \ 0.05. c Illustration of the p21 gene

promoter, including the two p53 binding sites, p53BS1 and p53BS2.

d U2OS cells were treated with or without Doxo (0.4 lM) for 6 h,

crosslinked and subjected to ChIP with an anti-PDCD5 antibody and

irrelative rabbit IgG. The precipitated DNA was analyzed by real-time

PCR
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In DMSO control, PDCD5 did not affect the cell cycle

progression (Fig. 7, upper panel). After treatment with

Actinomycin D, however, the G1 phase cells were

decreased by *20 %, with a concomitant increase in the

G2/M phase cells after knockdown of PDCD5 (Fig. 7,

lower panel), indicating that PDCD5 was required for G1

phase cell arrest during DNA damage.

Discussion

In this study, we offer novel evidence for PDCD5 as a

positive regulator and co-activator of p53 during gene

expression and cell cycle arrest. PDCD5 was shown to

interact with p53 in vitro and in vivo and increase the

stability of p53 by inhibiting its ubiquitination, nuclear

export and degradation mediated by Mdm2. Furthermore,

in stressed conditions, PDCD5 was demonstrated to

translocate to the nucleus, affect the phosphorylation of

p53, regulate gene expression at the p21 promoter and

facilitate p53 induction of cell cycle arrest.

In cells without DNA damage, p53 is a short-lived

protein, and its stability is regulated by ubiquitination and

subsequent protein degradation [5]. Many p53-binding

molecules have been proven to stabilize p53 through

blocking the Mdm2-p53 feedback loop, such as p14ARF,

SOX4 and the ribosomal proteins S7, L5, L23 and L11

[37–40]. Our results indicate that PDCD5 also stabilized

p53 and regulated its functions during apoptosis and cell

cycle. As PDCD5 could interact with p53 and Mdm2 to

form a complex, it might dissociate the interaction of p53

and Mdm2 by competitive binding and impairing the

Mdm2-mediated ubiquitination and nuclear export of p53.

Recently, our collaborator’s studies obtained from Nuclear

Magnetic Resonance showed that the PDCD5 could bind

with the N-terminal domain of p53(p5315 - 61) [41], which

overlapped with the binding site of p53 (p5315 - 29) and

Mdm2 [42]. So it is possible that PDCD5 could compete

with MDM2 to bind with p53. Additionally, PDCD5 pro-

moted the ubiquitination and degradation of Mdm2 through

an unknown mechanism which will require more study to

clarify.

Decreased p53 levels have been observed in many dif-

ferent cancers, and at least 5–10 % of all human tumors

possess inappropriate overexpression of Mdm2. Interest-

ingly, PDCD5 is also significantly decreased in many

cancer tissues at both the mRNA and protein levels.

Therefore, we propose that a decreased PDCD5 level may

influence the normal autoregulatory loop between

Mdm2 and p53, thereby promoting tumor progression.

Fig. 7 PDCD5 is required in

G1 phase cell arrest during

DNA damage. U2OS cells were

transfected for 36 h with either

control or PDCD5-specific

siRNA and then were treated

100 nM Actinomycin D for

12 h. DMSO was used as

negative control. PI staining and

flow cytometry were used to

show the DNA content and cell

cycle. One representative

experiment of three is shown

Apoptosis (2012) 17:1235–1245 1243

123



Because the interaction between Mdm2 and p53 is a pri-

mary mechanism for inhibition of the p53 function in

cancers retaining wild-type p53, targeting this interaction

by different approaches to reactivate p53 has emerged as a

promising new cancer therapeutic strategy. Based on our

studies, PDCD5 is proposed to disassociate the intracellular

Mdm2-p53 interaction and induce the accumulation of p53

and the activation of the p53 pathway in tumor cells.

Hence, PDCD5 may represent a potential cancer thera-

peutic agent.

The functions of p53 are also controlled by post-

translational modifications, such as phosphorylation, acet-

ylation, ubiquitination and sumoylation [43]. Many

proteins such as Mdm2, ATM/ATR, SUSP4 and Tip60

form a complicated network to regulate cellular activities

through changing the post-translational modifications of

p53. In our previous paper, we showed that PDCD5 toge-

ther with Tip60 could increase the acetylation of p53 at

K120 [34]. In particular, the effects of phosphorylation of

p53 on its stability and transactivation have been investi-

gated intensively. The phosphorylation of p53 at N-terminal

residues Ser15 and Ser20 is crucial for the interaction

between p53 and Mdm2 [17], whereas the phosphorylation

at Ser 9, 46 and 392 is related to transcriptional activity. In

this paper, we showed PDCD5 could affect the phosphor-

ylation of p53 at multiple sites including Ser9, 20 and 392

after DNA damage. Phosphorylation of p53 was shown to

weaken its interaction with Mdm2, thereby stabilizing p53

and promoting the activation of p53. Our results suggest

that PDCD5 could be involved in both stabilization and

transcriptional activity of p53, consistent with other

investigations. The influence of PDCD5 on p53 phos-

phorylation also partly explains how it could stabilize p53

aside from dissociating p53 and Mdm2. The question of

how PDCD5 might affect the phosphorylation of p53

remains to be answered in further investigations.

PDCD5 knockdown by RNA interference failed to block

cell cycle arrest at the G1 phase and decrease the accu-

mulation of p21/CIP1/WAF1 after DNA damage, sug-

gesting an important role of PDCD5 on the regulation for

cell cycle. The association of PDCD5 with p53BS2 in the

p21 promoter suggests that PDCD5 likely plays a direct

role in promoting the expression of p21 after DNA damage.

The mechanisms governing PDCD5 association with the

p21 promoter after DNA damage is yet to be identified.

Taken together, our findings indicate that PDCD5 can

affect p53 at least on three levels, as illustrated in Fig. 8.

First, in unstressed cells, PDCD5 can dissociate p53 and

Mdm2 and maintain the basal level of p53. Second, upon

DNA damage, PDCD5, together with unknown kinases or

phosphatases, enhances the phosphorylation of p53 and is

recruited to the p21 promoter, finally leading to p21

transactivation and G1 phase arrest and allowing cells to

initiate productive DNA repair processes. Third, if the

above-mentioned processes fail, PDCD5 together with

Tip60 can promote p53K120 acetylation and transactiva-

tion of Bax expression in order to initiate an irreversible

apoptotic response.
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