
Programmed cell death 4 enhances chemosensitivity
of ovarian cancer cells by activating death receptor
pathway in vitro and in vivo
Xia Zhang,1,6 Xiaoyan Wang,1,6 Xingguo Song,1 Chunmei Liu,1 Yongyu Shi,1 Yukun Wang,2 Olubunmi Afonja,3

Chunhong Ma,1 Youhai H. Chen4 and Lining Zhang1,5

1Department of Immunology, Shandong University School of Medicine, Jinan; 2Department of Dermatology, Qilu Hospital, Shandong University, Jinan,
China; 3Department of Pediatrics, New York University School of Medicine, New York, New York, USA; 4Department of Pathology and Laboratory
Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, USA

(Received May 21, 2010 ⁄ Revised June 17, 2010 ⁄ Accepted June 22, 2010 ⁄ Accepted manuscript online July 1, 2010 ⁄ Article first published online August 25, 2010)
5To whom correspondence should be addressed.
E-mail: immuno@sdu.edu.cn; zhanglining@sdu.edu.cn
6These authors contributed equally to this work.
Chemoresistance is a major cause of treatment failure in ovarian
cancer. Therefore, it is necessary to explore alternative therapeutic
methods to overcome drug resistance for ovarian cancer treat-
ment. We previously reported that programmed cell death 4
(PDCD4), a tumor suppressor, significantly suppresses the malig-
nant phenotype of ovarian cancer cells and its lost or low expres-
sion in ovarian cancer is associated with unfavorable prognosis of
patients. Here we show that PDCD4 improves the sensitivity of
ovarian cancer cells to platinum-based chemotherapy. Overexpres-
sion of PDCD4 enhanced chemosensitivity in SKOV3 and CAOV3
cells with low levels of PDCD4, whereas knockdown of PDCD4
reduced chemosensitivity in OVCAR3 cells with high levels of
PDCD4. Subsequently, the combination of enforced PDCD4 expres-
sion with cisplatin treatment significantly suppressed ovarian
tumor growth in a xenograft animal model. The PDCD4 effect
appears to be specific for cisplatin and carboplatin, not affecting
cyclophosphamide, etoposide, or paclitaxel. Mechanistically,
PDCD4 significantly increased cisplatin-induced cleavage of cas-
pase-3 and caspase-8, but had only a slight impact on caspase-9
cleavage and the expression of Bax and Bcl-2 in vitro and in vivo.
A specific caspase-8 inhibitor, Z-ITED-FMK, attenuated cisplatin-
induced apoptosis in PDCD4-overexpressing ovarian cancer cells.
Taken together, our results indicate that PDCD4 enhances cis-
platin-induced apoptosis by mainly activating the death receptor
pathway, and PDCD4 gene transfer in combination with cisplatin
therapy may break the resistance of ovarian cancer cells to chemo-
therapy. (Cancer Sci 2010; 101: 2163–2170)

P rogrammed cell death 4 (PDCD4) was first cloned in mice
as MA-3 and TIS, and its homologues in human (H731,

197 ⁄ 15A), chicken and rat (DUG) were soon identified.(1) The
PDCD4 protein has two conserved a-helical MA-3 domains
which are also present in eukaryotic initiation factor (eIF)4G.
Therefore, PDCD4 can suppress protein translation by directly
interacting with eIF4A to inhibit the formation of the transla-
tion–initiation complex.(2) The crystal structure of the eIF4A
and PDCD4 complex has been determined.(3,4) In addition,
PDCD4 can suppress the transcriptional activity of activator pro-
tein (AP)-1 by inhibiting the expression of MAP4K1 to block
the activation of c-Jun.(5,6)

Accumulating evidence indicates that PDCD4 is a novel
tumor suppressor gene. It has been shown to inhibit tumor pro-
moter-induced transformation in the mouse epidermal cell line
JB6;(7) PDCD4-deficient mice developed spontaneous tumors of
lymphoid origin, and PDCD4 transgenic mice showed signifi-
cant resistance to tumor induction.(8,9) Moreover, loss or reduc-
tion of PDCD4 expression was found in several types of human
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cancer cell lines and primary tumors, such as lung cancer, colo-
rectal cancer, glioma, and ovarian cancer.(10–15) Expression of
PDCD4 is regulated by various mechanisms. PDCD4 mRNA
was downregulated by increased levels of miR-21 which can
bind to the 3¢-untranslated region of PDCD4 mRNA and pro-
mote cell transformation and tumor progression by targeting
PDCD4.(16–18) Additionally, methylation of the PDCD4 5¢ CpG
island blocked PDCD4 expression at the mRNA level in glio-
mas.(19) At the protein level, S6K-mediated phosphorylation of
PDCD4 triggered its ubiquitinylation by the E3 ubiquitin ligase
complex SCF, which may control its abundance in cells.(20)

Exposure to TPA regulated PDCD4 degradation through protein
kinase C-mediated activation of the PI3K and MEK signaling
pathways.(21) Furthermore, overexpression of PDCD4 sup-
pressed the malignant phenotype in JB6 cells by inhibiting AP-1
transactivation, inhibited the invasive capacity, and suppressed
the malignant phenotype of human ovarian cancer.(22,23) Knock-
down of PDCD4 significantly promoted invasion, activated
b-catenin ⁄ Tcf and AP-1-dependent transcription, and stimulated
the expression of c-Myc and u-PAR.(24,25)

Recently, two research groups reported that PDCD4 expres-
sion enhanced chemosensitivity in renal cancer cell line UO-31
and prostate cancer cell line PC3.(10,26) However, it is
unknown whether PDCD4 expression can enhance the chemo-
sensitivity of other tumors, and the underlying molecular
mechanism is not clear. In the present study, we provide evi-
dence that PDCD4 enhanced the chemosensitivity of ovarian
cancer cells to cisplatin in culture cells and in xenografts.
Furthermore, we show that PDCD4 can significantly promote
cisplatin-induced apoptosis by activating the death receptor
pathway.

Materials and Methods

Cell culture and transfection. Human ovarian cancer cell lines
SKOV3, CAOV3, and NIH-OVCAR3 were purchased from the
Shanghai Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) and the China Center for Type Culture
Collection (Wuhan, China). All cancer cells were cultured in
recommended media under standard conditions. Transfection of
ovarian cells with plasmids pEGFP-C1 or pEGFP-C1-PDCD4
(constructed and provided by Dr. Olubunmi Afonja, New York
University, New York, NY, USA) was carried out using Lipo-
fectamine 2000 according to the manufacturer’s protocols (Invi-
trogen, Carlsbad, CA, USA). The stably expressing PDCD4
cells (SKOV3-PDCD4) and control cells (SKOV3-MOCK) were
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established as described(23) and were cultured in medium with
300 lg ⁄ mL G418. Both RT-PCR and Western blot analysis
were used for the detection of PDCD4 expression in transfected
cell lines.

RNA isolation and RT-PCR. Total RNAs were extracted using
a modified TRIzol one-step extraction method (Invitrogen). We
carried out RT-PCR at least three times for each sample accord-
ing to our previous study.(23)

SDS-PAGE and Western blot. Extraction and detection of pro-
tein was done as described.(23) A 60 lg quantity of protein was
separated on SDS-PAGE and transferred onto PVDF membranes
(Millipore, Billerica, MA, USA). Membranes were then blocked
with 1% BSA in TBST containing 0.1% Tween-20 for 1 h. The
filters were then incubated overnight at 4�C with antibodies
against PDCD4, Bax, Bcl-2, cleaved caspase-3, -8, and -9
(1:1000; Cell Signaling Technology, Beverly, MA, USA), and
b-actin (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Immunoblotting was done by incubating the membranes
at 4�C overnight followed by secondary antibody (goat anti-rab-
bit IgG) conjugated with peroxidase for 1 h at room tempera-
ture. After washing, signals were visualized by SuperSignal
West Pico Chemiluminescent Substrate (Pierce Biotechnology,
Rockford, IL, USA). Western blot was carried out at least three
times for each sample.

Immunohistochemistry. Immunohistochemistry was carried
out as previously described.(23) The slides were blocked for
endogenous peroxidase activity, preincubated with goat serum,
then stained with anti-PDCD4, anti-Bax, and Bcl-2, caspase-3, -
8, -9 antibodies (1:100) by incubating for 1 h at room tempera-
ture. Secondary staining with HRP-conjugated anti-mouse ⁄
rabbit IgG was carried out using a MaxVision Kit and a DAB
Peroxidase Substrate Kit (Maixin, Fuzhou, China). Negative
controls for the specificity of immunohistochemical reactions
were carried out by replacing the primary antibody with IgG
of non-immunized rabbit ⁄ mouse. Immunohistochemistry was
carried out twice for each sample.

MTT assay. Cells were seeded into 96-well plates at 6 · 103

cells ⁄ well and allowed to grow overnight, then were treated with
different concentrations of cisplatin, carboplatin, cyclophos-
phamide (CTX), etoposide (VP-16), and paclitaxel (QiLu
Pharmaceutical, Jinan, China). Specific caspase-8 inhibitor Z-
IETD-FMK (R&D Systems, Minneapolis, MN, USA) was added
1 h before cisplatin treatment. After 24 h of treatment, 20 lL of
5 mg ⁄ mL MTT reagent (Sigma-Aldrich, St. Louis, MO, USA)
was added and incubated in the dark for 4 h. The viability of
treated cells was calculated from the average OD570 values
compared to that of untreated cells. Each treatment was carried
out in triplicate.

Detection of cell cycle and apoptosis. Cells were seeded at a
density of 2 · 105 cells in 6-well plates and were treated with
cisplatin. After 24 h of treatment, adherent and floating cells
were harvested and cell cycle analysis was carried out according
to our previous study.(23) For apoptosis, cells were grown on
coverlips at a density of 1.25 · 104 cells per well in 24-well
plates, and were treated with cisplatin. After 24 h of treatment,
cells were fixed with 4% paraformaldehyde and nuclei of cells
were stained with Hoechst dye (Sigma-Aldrich), according to
the manufacturer’s protocols, and specimens were observed
under a fluorescent microscope. Moreover, after treatment with
cisplatin, all the treated cells were harvested for TUNEL assay
using an In Situ Cell Death Detection Kit, TMR red (Roche,
Mannheim, Germany) according to the manufacturer’s recom-
mendation. Apoptosis was assessed by flow cytometer (Beck-
man Coulter, Fullerton, CA, USA). Each experiment was
carried out in triplicate.

Knockdown of PDCD4 expression mediated by siRNA. Two
different Silencer Select Pre-designed siRNA targeting PDCD4
and non-specific negative control were purchased from Ambion
2164
(Austin, TX, USA). For PDCD4-siRNA-1: sense, 5¢GAGA-
UGGAAUUUUAUGUAAtt3¢, and antisense, 5¢UUACAUA-
AAAUUCCAUCUCca3¢; for PDCD4-siRNA-2: sense, 5¢GG-
CUGGAAUAAUUUCCAAAtt3¢, and antisense, 5¢UUUGGAA-
AUUAUUCCAGCCtg3¢. The siRNAs were transfected into
OVCAR-3 cells using siPORT NeoFX Transfection Agent
(Ambion) according to the manufacturer’s protocol. After 48 h
incubation, cells were subjected to RT-PCR and immunoblotting
analysis. The experiment was repeated three times.

In vivo studies using a xenograft animal model. Nude mice,
6–8 weeks old, were inoculated s.c. into the left flank with
5 · 106 SKOV3 cells in 100 lL PBS (n = 33). When tumors
reached approximately 100 mm3 in size 1 week later, these mice
were randomly divided into six groups: group 1, normal saline
(NS, n = 5); group 2, MOCK (n = 5); group 3, PDCD4 (n = 6);
group 4, cisplatin (n = 5); group 5, MOCK + cisplatin (n = 6);
and group 6, PDCD4 + cisplatin (n = 6). For groups 2 and 5,
groups 3 and 6, mice were treated with 20 lg MOCK plasmid
and PDCD4 plasmid in a total volume of 50 lL by intra-tumor
injection every 4 days(27,28), for a total of four times. At 48 h
after transfection, mice in groups 4, 5, and 6 were injected i.p.
with 2 mg ⁄ kg cisplatin every 4 days, for a total of four injections.
Tumors were measured three times a week. Tumor volume was
assessed and calculated as follows: length · width ·
width · 0.4. All mice were killed 1 week after completion of
treatment and tumors were removed for weight analysis. Tumors
were then fixed in 4% formalin and processed for paraffin embed-
ding for immunohistochemistry. The protocol was approved by
the Animal Care and Utilization Committee of Shandong Univer-
sity. This study is also in full compliance with the guidelines for
the welfare of animals in experimental neoplasia.

Statistical analysis. Statistical significance was evaluated with
data from at least three independent experiments. Statistical
analysis was carried out using unpaired the t-test or one-way
ANOVA (SPSS 10.0; SPSS, Chicago, IL, USA). Data are presented
as the mean ± SEM. For all statistical tests, significance was
established at P < 0.05.

Results

Expression of PDCD4 correlates with cytotoxic activity of
cisplatin in different ovarian cancer cell lines. To determine the
effect of PDCD4 expression on the sensitivity of ovarian cancer
cells to cisplatin, we first measured the expression of PDCD4 in
three ovarian cancer cell lines by RT-PCR and Western blot
analysis. As shown in Figure 1(a,b), PDCD4 expression was
low in SKOV3, moderate in CAOV3, and high in OVCAR3
cells. Results from MTT assays showed that OVCAR3 and
CAOV3 cells with relatively high or moderate levels of PDCD4
expression were more sensitive to cisplatin. However, SKOV3
cells with relatively low levels of PDCD4 expression were resis-
tant to cisplatin (Fig. 1c). These results suggest that PDCD4
expression may be associated with high sensitivity to cisplatin
in ovarian cancer cell lines.

Overexpression of PDCD4 enhances chemosensitivity of
ovarian cancer cells. To investigate the direct impact of PDCD4
on chemosensitivity, we overexpressed PDCD4 in SKOV3 and
CAOV3 cells (Fig. 2a,b). As shown in Figure 2(c), there
appeared to be high levels of cell death in SKOV3-PDCD4 cells
in the presence of cisplatin (25 lg ⁄ mL), whereas there was no
observable cell death in SKOV3-MOCK cells in the presence of
the same concentration cisplatin. This result was confirmed by
MTT assay, which showed that cell viability of SKOV3-PDCD4
cells was significantly decreased (P < 0.05, Fig. 2d). Similarly,
CAOV3 cells transfected with PDCD4 were more sensitive to
cisplatin than control cells (Fig. 2e). Taken together, PDCD4
overexpression appeared to enhance chemosensitivity to
cisplatin in ovarian cancer cell lines.
doi: 10.1111/j.1349-7006.2010.01664.x
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Fig. 1. Relation between programmed cell death 4 (PDCD4)
expression and the cytotoxic effect of cisplatin on ovarian cancer cell
lines. The level of PDCD4 expression in three different ovarian cancer
cell lines detected by RT-PCR (a) and Western blot analysis (b). The
bands of interest were further analyzed by densitometer and were
normalized to b-actin. (c) The cytotoxic effect of cisplatin on ovarian
cancer cell lines was detected by MTT assay after cells were treated
with different concentrations of cisplatin for 24 h. Data are expressed
as the mean of triplicate experiments ± SEM.
Moreover, our results showed that the viability of SKOV3-
PDCD4 cells was more decreased than that of SKOV3-MOCK
cells at the same concentration of carboplatin (P < 0.05,
Fig. 2f). However, there was no significant difference between
the SKOV3-PDCD4 cells and SKOV3-MOCK cells when the
cells were treated with CTX, VP-16, or paclitaxel (Fig. 2g–i).
These results indicate that PDCD4 expression selectively
enhances platinum-based chemotherapy in ovarian cancer cells.

Knockdown of PDCD4 confers resistance to cisplatin in ovarian
cancer cells. To further confirm the effect of PDCD4 on the
chemosensitivity of ovarian cancer cells, we knocked down
PDCD4 expression by PDCD4-specific siRNAs in OVCAR3
cells. As shown in Figure 3(a,b), two PDCD4-specific siRNAs
markedly inhibited expression of PDCD4 mRNA by 77% and
76% and PDCD4 protein by 80% and 88%, whereas non-spe-
cific siRNA had no significant effect on PDCD4 expression.
Knockdown of PDCD4 with PDCD4-specific siRNAs signifi-
cantly increased cell viability when compared with controls trea-
ted with non-specific siRNA (P < 0.05, Fig. 3c). In addition,
knockdown of PDCD4 in SKOV3-PDCD4 cells showed similar
results (data not shown). This indicates that downregulation of
PDCD4 enhances resistance to cisplatin.

Combination of PDCD4 and cisplatin significantly inhibits
xenograft growth in vivo. To investigate the effect of PDCD4
expression on the chemosensitivity of ovarian cancer in vivo, we
established a xenograft animal model as described in ‘‘Materials
and Methods’’. As shown in Figure 4(a), tumors in mice treated
with normal saline (NS) or empty vector (MOCK) grew rapidly,
whereas xenografts in mice treated with PDCD4 expression
plasmid (PDCD4) or cisplatin alone were significantly inhibited.
Zhang et al.
Of note, combined treatment with PDCD4 plasmid plus cisplatin
(PDCD4 + cisplatin) inhibited tumor growth to a greater extent
than treatment with MOCK plasmid plus cisplatin
(MOCK + cisplatin) (n = 6, P < 0.05). After 23 days of treat-
ment, the mice were killed, and tumor size and weight were
measured. In line with the growth curve of tumors, tumor
volume and weight in the PDCD4 + cisplatin group
(0.0375 ± 0.0069 mm3 and 0.0300 ± 0.0044 g, respectively)
were markedly lower when compared with that in the cisplatin
group (0.1386 ± 0.0185 mm3 and 0.0860 ± 0.0204 g, respec-
tively) or PDCD4 (0.0779 ± 0.0115 mm3 and 0.0533 ±
0.0042 g, respectively) or MOCK + cisplatin (0.1621 ±
0.0090 mm3 and 0.07667 ± 0.0126 g, respectively) (Fig. 4b,c).
Furthermore, the tumors injected with PDCD4 plasmids
(PDCD4, PDCD4 + cisplatin) expressed higher levels of
PDCD4 (Fig. 4d). These data indicate that enforced PDCD4
expression can also enhance the sensitivity of ovarian cancer to
cisplatin in vivo.

PDCD4 expression promotes cisplatin-induced apoptosis, but
not alterations in cell cycle. To determine the mechanism(s) by
which PDCD4 enhances sensitivity of ovarian cancer cells to
cisplatin, we first analyzed the effect of PDCD4 expression on
cisplatin-induced alterations in the cell cycle. Cisplatin treat-
ment markedly increased cell numbers in S phase, however,
PDCD4 overexpression had no significant impact on platinum-
induced alterations in the cell cycle (data not shown). To explore
whether PDCD4 expression might alter platinum-induced apop-
tosis, we measured apoptosis by Hoechst staining and TUNEL
assays. Staining showed that PDCD4 overexpression increased
the number of apoptotic cells, characterized by chromatin con-
densation and nuclear fragmentation after treatment with cis-
platin (Fig. 5a). Likewise, results with the TUNEL assay
revealed that the combination of PDCD4 expression with cis-
platin resulted in a significant increase in apoptosis, whereas
control cells treated with cisplatin resulted in minimal apoptosis,
especially at the dose of 25 lg ⁄ mL (Fig. 5b). Therefore, we can
conclude that PDCD4 expression promotes cisplatin-induced
apoptosis.

PDCD4 promotes cisplatin-induced apoptosis by mainly
activating death receptor pathways. To further examine the par-
ticular apoptotic pathways by which PDCD4 promotes cisplatin-
induced apoptosis, we next measured the expression of several
apoptosis-related proteins. As shown in Figure 6(a), treatment
with cisplatin elevated the expression of cleaved caspase-3 and
caspase-8 in SKOV3-PDCD4 cells to a greater extent than in
SKOV3 or SKOV3-MOCK cells. However, only a slight
increase of cleaved caspase-9 and Bax was observed in SKOV3-
PDCD4 cells compared with the control cells and there was
little, if any, alteration in the expression of Bcl-2. When Z-
ITED-FMK was used to inhibit the activity of caspase-8,
cisplatin-induced apoptosis was attenuated in SKOV3-PDCD4
cells (Fig. 6b). Furthermore, we detected the expression of these
apoptosis-related proteins in the tumor tissues from tumor-bear-
ing nude mice. In accordance with the results in cell culture, cas-
pase-3 and caspase-8 expression were significantly increased
after injected with the PDCD4 plasmid, and were even higher
after combined treatment with cisplatin plus PDCD4 plasmid.
The level of Bax protein was slightly increased, but there was
no significant difference in caspase-9 or Bcl-2 expression
(Fig. 7). Taken together, these results suggest that the apoptosis
of PDCD4-induced sensitization to cisplatin mainly depends on
the activation of the death receptor pathway.

Discussion

Platinum-based chemotherapy is the most commonly used
method for treatment of advanced ovarian cancer. However, its
efficacy is often limited by the existence or development of
Cancer Sci | October 2010 | vol. 101 | no. 10 | 2165
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Fig. 2. Effect of programmed cell death 4 (PDCD4) on the chemosensitivity of ovarian cancer cells in vitro. (a,b) PDCD4 mRNA and protein
expression in SKOV3 and CAOV3 cells were examined by RT-PCR (a) and Western blot (b) after stable or transient transfection with PDCD4
plasmid (PDCD4) or empty vector (MOCK). Morphological changes (c) showed by phase-contrast micrography (magnification, ·200) and cell
viability (d) detected by MTT assay of SKOV3-MOCK and SKOV3-PDCD4 cells after treatment with cisplatin for 24 h. (e) CAOV3 cells were
transfected with MOCK and PDCD4 plasmid. Forty-eight hours after transfection, cells were treated with cisplatin for 24 h and cell viability was
detected by MTT assay. (f–i) The cytotoxic effect of carboplatin (f), cyclophosphamide (CTX) (g), etoposide (VP-16) (h), and paclitaxel (i) on
SKOV3, SKOV3-MOCK, and SKOV3-PDCD4 cells. Data are expressed as the mean of triplicate experiments ± SEM. *P < 0.05; **P < 0.01.
chemoresistance. Factors that enhance sensitivity of ovarian
cancer cells to chemotherapeutic drugs could provide predictive
biomarkers or targets for therapy. It has been reported that some
tumor suppressor genes, such as PTEN and p53, can increase the
chemosensitivity of ovarian cancer cells. Our present data show
that PDCD4 can improve the sensitivity of ovarian cancer to
platinum drugs in cell lines and in xenografts.

It has been reported that overexpression of PDCD4 increased
sensitivity to cisplatin and paclitaxel but not to etoposide or
5FU in PC3 human prostate cancer cells, whereas data from the
NCI-60 human tumor panel suggested that levels of PDCD4 pro-
tein had no relation to the sensitivity to cisplatin, VP-16, and
paclitaxel.(10,26) Our present results show that PDCD4 could
2166
selectively enhance chemosensitivity to cisplatin and carbopla-
tin, but not affect CTX, VP-16, or paclitaxel chemotherapy. The
reasons for the discrepancy may be due to cell-type specificity
of PDCD4 action,(29) which is also found in its other aspects.
For example, overexpression of PDCD4 upregulated expression
of p21Waf1 ⁄ Cip1 (a signal molecule associated with cell cycle
arrest) in neuroendocrine cells, whereas knockdown of PDCD4
expression caused upregulation of p21Waf1 ⁄ Cip1 expression in
HeLa cells.(30,31) In addition, reduced PDCD4 expression did
not alter the expression of p21Waf1 ⁄ Cip1 in acute myeloid leukae-
mia cells.(32) Therefore, the cell-type specificity of PDCD4
action may contribute to the different impacts of PDCD4 on
drug sensitivity. Moreover, we previously reported that decrease
doi: 10.1111/j.1349-7006.2010.01664.x
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Fig. 3. Programmed cell death 4 (PDCD4) knockdown decreased the sensitivity of ovarian cancer cells to cisplatin. (a,b) PDCD4 mRNA and
protein expression after transfection with 5 and 10 nM PDCD4 siRNA-1 (P-1), siRNA-2 (P-2) and negative control siRNA (non-specific
oligonucleotides, NC), as detected by RT-PCR (a) and Western blot analysis (b). The inhibitory effects of siRNA on PDCD4 expression were further
analyzed after normalization to b-actin. (c) OVCAR3 cells were treated with PDCD4 siRNAs or control siRNA for 48 h prior to treatment with
different concentrations of cisplatin. Cell viability was detected by MTT assay after cisplatin treatment for 24 h. Data are expressed as the mean
of triplicate experiments ± SEM. *P < 0.05; **P < 0.01.

(a)

(c)

(d)

(b)

Fig. 4. Combination of programmed cell death 4 (PDCD4) with cisplatin inhibited tumor growth in nude mice. SKOV3 ovarian cancer cells were
inoculated s.c. When tumors reached approximately 100 mm3, mice were randomly divided into six groups and treated by intratumoral injection
with normal saline (NS), empty vector (MOCK), PDCD4 plasmid, cisplatin, MOCK + cisplatin, or PDCD4 + cisplatin. (a) Tumors were measured at
different days after treatment and growth curves were drawn. Tumor volume of the PDCD4 + cisplatin group was significantly smaller than
those of PDCD4, cisplatin, and MOCK + cisplatin groups (*P < 0.05). (b) Transplanted tumors were excised after different treatments. (c) Tumor
weight of six different groups was measured. The tumor weight of the combination treatment group was significantly reduced compared with
other groups (*P < 0.05; **P < 0.01). The results are expressed as the mean of each treatment group ± SEM. (d) Expression of PDCD4 in tumor
samples detected by immunohistochemistry. Images shown are representative of each group. Magnification, ·400.
or loss of PDCD4 expression in ovarian cancers was associated
with pathological grade and disease-specific survival of patients,
which has been confirmed by a recent report.(14,15) We also
found that restoration of PDCD4 expression could markedly
inhibit the malignant phenotype of ovarian cancer cells in vitro
and in vivo.(23) We speculate that loss or reduction of PDCD4
expression may be one reason for chemoresistance in ovarian
Zhang et al.
cancer and that restoration of PDCD4 expression will reverse
the resistance of ovarian cancer to chemotherapy and improve
the survival of patients with ovarian cancer.

To date, the mechanism by which PDCD4 enhances chemo-
sensitivity remains unclear. It has been reported that PDCD4
expression enhanced geldanamycin-induced G2-M arrest accom-
panied by increased apoptosis.(10) The effect of PDCD4
Cancer Sci | October 2010 | vol. 101 | no. 10 | 2167
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Fig. 5. Effect of programmed cell death 4 (PDCD4) expression on cisplatin-induced apoptosis in ovarian cancer cells. (a) Representative images
(magnification, ·400) of cells treated with cisplatin and stained with Hoechst dye. Cells showing nuclear fragmentation and condensation are
considered to be undergoing apoptosis. (b) The apoptosis rate of cells treated with cisplatin as determined by TUNEL assay. Data shown are
representative of three independent experiments. MOCK, empty vector.

(a)

(b)

Fig. 6. Expression of apoptosis-related protein in programmed cell
death 4 (PDCD4)-overexpressing SKOV3 ovarian cancer cells after
cisplatin treatment. (a) Cultured cells in 6-well plates were treated
with 12.5 or 25 lg ⁄ mL cisplatin for 24 h. Expressions of cleaved
caspase-3, -8, and -9, Bax, and Bcl-2 in cells were detected by Western
blot analysis. Data are representative of three independent
experiments. (b) A specific caspase-8 inhibitor, Z-IETD-FMK, was added
1 h before cisplatin treatment and cell viability was determined by
MTT assay. Data are expressed as the mean of triplicate experiments ±
SEM. *P < 0.05; **P < 0.01.
expression on drug sensitivity was assumed to be due to downre-
gulation of YB-1 expression, which involves in the resistance
against paclitaxel.(26) Here, our results showed that, although
cisplatin treatment alone markedly increased cell numbers in S
phase and PDCD4 alone could also induce cell cycle arrest in
the G2 or S phase as we previously described,(23) action of
PDCD4 on the cell cycle was not strong enough to change cis-
platin-induced cell cycle arrest (data not shown). However,
PDCD4 overexpression effectively promoted cisplatin-induced
apoptosis. Several reports also indicated that PDCD4 could
induce apoptosis of human breast cancer cell line T-47D in vitro
and promote apoptosis of murine lung cancer cells in vivo by
significantly increasing pro-apoptotic proteins such as Bax or
decreasing levels of the anti-apoptotic protein Bcl-xL.(33,34)

Apoptosis in hepatocellular carcinoma cells was induced by
PDCD4 through mitochondria events and caspase cascade,
including increases in cytosolic cytochrome c and mitochondrial
Bax and reduction of procaspase-3, -8, -9.(35) Our present results
showed that the combination of PDCD4 with cisplatin clearly
elevated the expression of cleaved caspase-3 and caspase-8, but
had no obvious effect on activation of caspase-9 or on expres-
sion of mitochondrial-linked apoptosis-regulatory proteins Bax
and Bcl-2. Furthermore, when Z-ITED-FMK was used to inhibit
the activity of caspase-8, cisplatin-induced apoptosis was signifi-
cantly attenuated. Taken together, our data indicated that
PDCD4 promoted cisplatin-induced apoptosis mainly through
the death receptor mediated pathway. It has been reported that
cisplatin induces apoptosis through primarily activating the
death receptor pathway while CTX, VP-16, and paclitaxel do it
mainly through the mitochondrial pathway,(36–39) which may
explain why PDCD4 selectively enhances chemosensitivity to
platinum compounds. However, the precise mechanism by
which PDCD4 activates the death receptor pathway remains to
be further investigated.

In summary, we have found that PDCD4 selectively enhances
the sensitivity of ovarian cancer cells to platinum drugs. Mecha-
nistically, PDCD4 promotes cisplatin-induced cell apoptosis
through the death receptor pathway. These results establish that
2168 doi: 10.1111/j.1349-7006.2010.01664.x
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Fig. 7. Expression of apoptosis-related proteins in ovarian cancer tumor samples detected by immunohistochemistry. Xenograft tumors from
mice treated with normal saline (NS), empty vector (MOCK), programmed cell death 4 (PDCD4) plasmid, cisplatin, MOCK + cisplatin, and
PDCD4 + cisplatin were stained with antibodies against Bax, Bcl-2, and caspase-3, -8, and -9. Images shown are representative of each group.
Magnification, ·400.
PDCD4 gene transfer in combination with cisplatin therapy may
break the resistance of ovarian cancer cells to chemotherapy.
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