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Platycodin D Induces Tumor Growth Arrest by Activating FOXO3a
Expression in Prostate Cancer in vitro and in vivo
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Abstract: Platycodin D (PD), a major saponin derived from Platycodin grandiflorum, exerted
cytotoxicity against prostate cancer cell lines (PC3, DU145 and LNCaP cells) with ICs, values in the
range of 11.17 to 26.13umol/L, whereas RWPE-1cells (a non-malignant human prostate epithelial cell
line) were not significantly affected. A further study in these cell lines showed that PD could potently

affect cell proliferation (indicated by the bromodeoxyuridine assay), induce cell apoptosis (determined by

Annexin V-FITC flow cytometry) and cause cell cycle arrest (indicated by PI staining). After being treated with PD for 48
hours, DU145 and LNCaP cells were arrested in the GO /G1 phase, and PC3 cells were arrested in the G2/M phase. A
Western blotting analysis indicated that PD increased the expression of the FOXO3a transcription factor, decreased the
expression of p-FOX0O3a and MDM2 and increased the expression of FOXO-responsive genes, p21 and p27. MDM2
silencing (transiently by siRNA-MDM?2) increased the PD-induced FOXO3a protein expression, while MDM2
overexpression (in cells transiently transfected with a pcDNA3-MDM2 plasmid) decreased the PD-induced expression of
the FOXO3a protein. Moreover, PD dose-dependently inhibited the growth of PC3 xenograft tumors in BALB/c nude
mice. A Western blotting analysis of the excised xenograft tumors indicated that similar changes in protein expression
also occurred in vivo. These results suggest that PD exhibits significant activity against prostate cancer in vitro and in
vivo. The FOXO3a transcription factor appears to be involved in the activity of PD. Together, all of these findings provide
a basis for the future development of this agent for human prostate cancer therapy.
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INTRODUCTION

Prostate cancer is the second leading cause of cancer
death in men, especially in the Western world, with an
estimated 29,720 deaths in the US in 2013 [1]. The mortality
rate in Asian countries is much lower, but is gradually
increasing. Patients with advanced-stage disease are generally
treated using endocrine therapy [2], but after a period of
remission, most patients eventually exhibit progressive,
hormone-refractory cancer. Chemotherapy has been the
established treatment for patients with advanced disease [3].
However, the side effects of chemotherapy are considerable,
and many advanced cancers are resistant to chemotherapy.
Therefore, there is an urgent need to discover new drugs to
treat prostate cancer, especially advanced disease.

The forkhead box transcription factor, FOXO3a, is a
known suppressor of primary tumor growth via its
transcriptional regulation of key genes involved in cell cycle
arrest and apoptosis [4-6]. Recently, increasing evidence has
accumulated suggesting that FOXO3a plays an important
role as a tumor suppressor in prostate cancer [7]. FOXO3a
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activity is negatively regulated by Akt, which phosphorylates
FOXO3a at multiple sites, leading to its transport out of
the nucleus and retention in the cytoplasm [8, 9]. In fact,
the anticancer drug docetaxel has been shown to induce
cancer cell apoptosis by enhancing FOXO3a activity and
stimulating its nuclear translocation [10]. These events lead
to overexpression of FOXO-responsive genes, such as p21,
p27 and BIM [10-12].

Natural products (NPs) have historically been an
invaluable source of therapeutic agents, especially for anti-
cancer drug discovery. Saponins identified from many herbs
have been demonstrated to have inhibitory activity against
human cancer cell lines [13]. Platycodin D (PD, MW:
1224.38; Fig. 1A) is the major triterpene saponin found in
the root of Platycodon grandiflorum, which is commonly
known as Jiegeng in China. It was previously reported that
PD could induce apoptosis in gastric and breast cancer cells
in vitro [14-16]. However, the effects of PD on prostate
cancer, and the precise molecular mechanism(s) of action of
this compound are not well understood.

In this study, we show that when PD was administered
(via intraperitoneal(i.p.) injection) at doses of 1 and 2.5
mg/kg, it inhibited the growth of PC3 xenograft tumors in
BALB/c nude mice, and this was related to the FOXO3a
expression. Further studies are needed to elucidate the
detailed mechanism(s) of action of PD, in order to provide a
basis for the future development of this agent for human
prostate cancer chemotherapy.

© 2014 Bentham Science Publishers
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MATERIALS AND METHODS

Test Compound, Chemicals and Reagents

The test compound, PD (structure shown in Fig. 1A), was
purchased from Must Bio-Technology Co., Ltd. (Chengdu,
China). The purity of the test compound was determined to
be greater than 98% by HPLC. All chemicals and solvents
used were of analytical grade or of the highest grade
available. Cell culture supplies, such as culture media and
fetal bovine serum (FBS), were obtained from Hyclone
(Carlsbad, CA, USA). The anti-human MDM?2 antibody was
obtained from Calbiochem (Billerica, MA, USA), the anti-
FOXO3a, anti-p-FOXO3a and anti-p27 antibodies were
purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA), and the anti-human E2F1, CDK2, CDKA4,
CDK6, Bax and Bcl2 antibodies were obtained from Boster
Biotechnology (Wuhan, China). Anti-human Cyclin DI,
PARP, caspase8, caspase9 and caspase3 antibodies were
purchased from Beyotime Institute of Biotechnology
(Shanghai, China). Antibodies against human p21 and p53
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). Antibodies against CDK1 and Cyclin Bl
were obtained from Bioworld Technology (St. Louis Park,
MN, USA). The GAPDH antibody (T5168) was from
Goodhere Biotechnology (Hangzhou, China).

Cell Lines and Cell Culture

All human cell lines were obtained from the American
Type Culture Collection. The DU145 cell line was cultured
in RPMI 1640. PC3 cells were grown in Ham’s F12. LNCaP
cells were grown in RPMI 1640 supplemented with 1.5
mg/ml sodium bicarbonate, 4.5 mg/mL glucose, 10 mM
HEPES buffer, 1 mM pyruvate and 2 mM L-glutamine.
Third-passage LNCaP cells were used in all of the
experiments. A non-malignant prostate epithelial cell line,
RWPE-1, was grown in medium provided by Invitrogen
(Grand Island, NY, USA) as part of a K-SFM kit, along with
0.05 mg/ml bovine pituitary extract (BPE) and 5 ng/ml EGF,
which are required to culture this cell line.

Cell Survival Assay

The effects of PD on human prostate cancer cell growth
were determined using the MTT assay. Prostate cancer cells
were exposed to various concentrations of PD (2.5, 5, 10, 25
and 50 uM) for the analysis. The absorbance at 570 nm was
recorded using a TECAN Infinite M200 microplate reader
(Seestrasse, Switzerland). The cell survival rates (%) were
calculated by dividing the mean OD of compound-
containing wells by that of DMSO-treated control wells.
Three separate experiments were performed to determine the
1Cs values.

Cell Proliferation Assay

The effects of PD on prostate cancer cell proliferation
were evaluated using the BrdUrd Cell Proliferation Assay
(Cell Signaling Technology, Inc.). Cells were treated with
various concentrations of PD for 24 hr. The cells were then
incubated with BrdUrd label for another 10 hr. Following the
detailed protocol provided by the manufacturer, we terminated
the experiment, and the BrdUrd label incorporated into the
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cells was detected using an anti-BrdUrd antibody. The
absorbance of each well was measured using the TECAN
Infinite M200 microplate reader at dual wave lengths of 450
and 540 nm.

Apoptosis Assay

The effects of PD on the number of prostate cancer cells
in the early and late stages of apoptosis were examined using
an Annexin V-FITC apoptosis detection kit from BestBio
(Shanghai, China). A total of 1.2x10° cells/well were grown
in 6-well plates that were exposed to various concentrations of
PD and incubated for 48 hr prior to the analysis. Following
the detailed protocol provided by the manufacturer, the
samples were analyzed using a FACSCaliber flow cytometer
(BD Biosciences, San Jose, CA, USA).

Cell Cycle Analysis

The prostate cancer cells (2-3x10%) were seeded in 50 ml
culture bottles, and then were exposed to the various
concentrations of PD for 48 hr. Cells were trypsinized,
washed with phosphate-buffered saline, and fixed in 1.5 ml
95% ethanol at 4°C overnight, and then were incubated with
RNase and stained with propidium iodide. The DNA
contents were determined by flow cytometry.

RNA Extraction, Reverse Transcription-PCR and Real-
Time Quantitative PCR

Total RNA from PC3 cells was extracted using the Trizol
reagent from BioFlux (Hangzhou Bioer Technology Co.,
Ltd). A 1pg aliquot of RNA from each sample was reverse-
transcribed. The primer sequences used for gene amplification
were as follows: MDM2 forward, 5°-AGG CAG GGG AGA
GTG ATA CA-3’ and reverse, 5’-AAT TCT CAC GAA
GGG CCC AA-3’; FOXO3a forward, 5’-AAC CTT CTG
ATG TAA GTT CT-3’ and reverse, 5’-GTG ATT GCC TTC
AGG ATT AC-3’; p21 forward, 5’-GCG ACT GTG ATG
CGC TAA TG-3’ and reverse, 5’-GAA GGT AGA GCT
TGG GCA GG-3’; p27 forward, 5’-GTG CGA GTG TCT
AAC GGG AG-3’ and reverse, 5’-GTT TGA CGT CTT
CTG AGG CC-3’; GAPDH forward, 5’- AATGGGCAGCC
GTTAGGAAA-3’ and reverse, 5’-GCG CCC AAT ACG
ACC AAA TC-3’. Using an iQ5 machine (Bio-Rad, USA), a
25 pl reaction mixture was amplified using the following
thermal parameters: denaturation at 94°C for 2 min and 40
cycles of the amplification step (94°C for 10 s, 60°C for 15 s
and 72°C for 45s). This was followed by a final extension at
94°C for 2 min, 72°C for 1 min, 95°C for 30 s and 30°C for 1
min. All amplification reactions were analyzed by the
comparative threshold cycle (Ct) method and normalized to
the level of GAPDH mRNA, which served as a control.

Transfection Assay

The pcDNA3-MDM?2 plasmid was kindly provided by
Dr. Ruiwen Zhang (Texas Tech University Health Sciences
Center, USA). PC3 cells were transfected with 1ug or 3 pg
of the plasmid for 5-7 hr, using a procedure reported
previously [17]. Then, the cells were switched to F12
medium and treated with 10 uM of PD for an additional
24 hr. Thereafter, the cells were harvested, and a Western
blotting analysis was performed.
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siRNA Transfection

siRNA for MDM2 were purchased from Invitrogen. PC3
cells were transfected with 100 nM of siRNA for 5-7 hr,
using a procedure reported previously [18]. Then, cells were
treated with 10 uM of PD for an additional 24 hr. The
Western blotting analysis was performed for MDM2 and
FOXO3a.

Western Blotting Analysis

Prostate cancer cells (1x10°) cultured in 100 mm? culture
dishes were treated with various concentrations of PD for
24 hr. Whole cell lysates were obtained by cell lysis in ice-
cold RIPA buffer and subjected to SDS-PAGE according to
a previously reported procedure [17]. The PVDF membrane
was incubated with the appropriate primary antibody
overnight at 4 °C with gentle shaking. The membrane was
then incubated with a goat anti-mouse/rabbit IgG horseradish
peroxidase-conjugated antibody (Bio-Rad). Conjugated
proteins were detected by the Fusion FX5 Spectra instrument
from VilberLourmat Inc. (France).

Mouse Xenograft Model

The animals were used and cared for in accordance with
our institutional guidelines for the use of laboratory animals.
All animal procedures were approved by the Animal Ethics
Committee of the Third Military Medical University. Male
athymic pathogen-free nude mice (BALB/c, nu/nu, 4-6
weeks old) were purchased from the Medical Experimental
Animal Center of the Third Military Medical University
(SCXK-(army)-2007-015). To establish PC3 human prostate
cancer xenograft tumors, cultured PC3 cells were harvested
and resuspended in serum-free F12 medium containing 20%
(v/v) Matrigel(BD Biosciences, Bedford, MA), and were
injected subcutaneously (5x10°cells) into the left inguinal
area of the mice. All animals were monitored for activity,
physical condition, body weight and tumor growth. The
tumor size was examined every three days by caliper
measurement of two perpendicular diameters of the implant,
and was converted to a tumor volume(cm?) using the
formula: (axb®)/2, where ‘a’ and ‘b’ refer to the longer and
shorter dimensions, respectively.

In Vivo Chemotherapy

About one week after tumor cell inoculation, animals
bearing tumors were randomly divided into control and
treatment groups (Smice/group). PD was dissolved in
PEG400:Saline:Ethanol  (400:300:200, v/v/v) and was
administered (via i.p. injection) at doses of 1 and 2.5 mg/kg
(5 days/week for 24 days). The control group received
vehicle only. Mice were sacrificed by CO, inhalation on Day
24. The tumors were carefully removed, photographed, then
homogenized with RIPA buffer (20 mg tumor tissue/300 pl
RIPA) in preparation for the Western Blotting analysis.

Statistical Analysis

The data for the different treatment groups are presented
as the means + standard errors. A one-way ANOVA was
used to determine the significance of the effects of the
treatments on the levels of apoptosis and cell cycle arrest. A
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repeated measures analysis of variance was used to
determine the significance of the in vivo findings. The results
were considered to be statistically significant for values of
p <0.05.

RESULTS

PD Decreases Prostate Cancer Cell Growth and

Proliferation in vitro

Three human prostate cancer cell lines representing three
different genetic backgrounds (LNCaP/p53 wild-type,
PC3/p53 null and DU145/p53 mutant) were exposed to
various concentrations of the test compound (0, 2.5, 5, 10, 25
and 50 uM) for 72 hr, and the cell survival percentages were
determined. As seen in Fig. 1B and 1C, the compound
demonstrated ICs, values less than 30 uM (11.17-26.13 uM)
in all three cell lines. The PC3 cells appeared to be more
sensitive to the compound than DU145 and LNCaP cells.
It is worth noting that PD showed minimal effects on the
non-malignant prostate cell line, RWPE-1, indicating that
PD has selective activity against malignant cells. The anti-
proliferative effects were seen in all three cell lines
(Fig. 1D). Again, PC3 cells were the most sensitive of the
three cell lines, with the 20 UM concentration of PD
significantly decreasing the proliferation to 30+1.98% of that
in the control cells.

PD Induces the Apoptosis of Prostate Cancer Cells

We also examined whether PD induced apoptosis in
prostate cancer cells. As illustrated in Fig. 2, the examined
prostate cancer cell lines exhibited a significant increase
(»<0.05) in apoptosis following exposure to a 10 uM or
higher concentration of the compound. In the PC3, LNCaP
and DU145 cells (Fig. 3), 20 uM PD increased the cells
death by more 15.0%, 12.7% and 18.1%, respectively,
compared to that in the DMSO-treated control cells.

PD Induces Cell Cycle Arrest in Prostate Cancer Cells

We also observed that PD induced cell cycle arrest in
prostate cancer cells. In PC3 cells, the majority of the cells
were arrested in the G2/M phase (Fig. 3A) after treatment
with 10 pM or 15 pM PD (p<0.05). In the LNCaP and
DU145 cells, PD led to a significant (p<0.05) increase in the
number of cells in the G1 phase at the 10 uM and 15 uM
concentrations (Figs. 3B and C). In addition, all three cell
lines showed a significant decrease in the proportion of cells
in the S-phase after treatment with 15 uM PD. Therefore, the
inhibitory effects of PD on cell viability might be associated
with its induction of apoptosis and cell cycle arrest (leading
to decreased proliferation).

PD Activates FOXO3a Expression via the Downregulation
MDM2

FOXO3a is a known suppressor of primary tumor growth
via its transcriptional regulation of key genes involved in the
cell cycle and apoptosis. Murine double minute 2 (MDM?2),
an E3 ubiquitin ligase, has been demonstrated to play
important roles in human cancer therapy [19, 20]. Yang et al.
previously showed that MDM2-mediated FOXO3a degradation
promotes tumorigenesis [21]. In the present study, after a
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Fig. (1). The growth inhibitory activity of PD in prostate cancer cells. A. The chemical structure of Platycodin D. B. The concentrations
of PD that induced 50% growth inhibition (ICs) in prostate cancer cells, relative to the vehicle-treated control cells. C. Cells were exposed to
various concentrations of PD for 72 hr, followed by the MTT assay. All assays were performed in triplicate. D. The anti-proliferative effects
of PD were examined by the BrdUrd assay. (*, p < 0.05 versus the control).

24 hr treatment (0, 2.5, 5, 10 uM), it was found that PD
increased the protein expression levels of FOXO3a, p21 and
p27, and decreased the level of the MDM2 protein in the
PC3 cells. In LNCaP cells, PD increased the FOXO3a, p53,
p21 and p27 levels, but did not decrease the MDM?2
expression. In DU145 cells, PD increased the FOXO3a, p53,
p21 and p27 levels and decreased the MDM2 protein
expression. With regard to the increase in FOXO3a
expression, the effects in DU145 cells were not as obvious as
those in the PC3 and LNCaP cells (Fig. 4A). We also found
that, while PD increased the FOXO3a protein expression in
PC3 cells, the p-FOXO3a protein expression was decreased
by treatment with 10 uM PD (Fig. 4B). A decrease in
p-FOXO3a is indicative of less FOXO3a degradation in the
nucleus of cells [22].

The ERK-phosphorylated FOXO3a is degraded via an
MDM2-mediated ubiquitin-proteasome pathway [21]. To
examine the role of the FOX0O3a and MDM?2 interaction in
PD-induced prostate cancer cells apoptosis, MDM2 was
transiently silenced by siRNA. As shown in Fig. 4C, MDM2
silencing increased the PD-induced FOXO3a protein
expression, possibly due to decreased MDM2-mediated
FOXO3a degradation, and this suppressed the prostate
cancer cell growth. As shown in Fig. 4D, the FOXO3a

expression was suppressed by pcDNA3-MDM2 transfection.
However, treatment with PD (10 uM) inhibited MDM?2
activation, which was accompanied by an increase in the
FOXO3a levels. Together, these results suggested that MDM2
suppressed FOXO3a, but treatment with PD could induce
FOXO3a expression via the downregulation of MDM2 in
prostate cancer cells.

PD Alters the Transcription of both MDM2 and
FOXO03a

To further investigate the effects of PD on FOXO3a, we
examined its effects on the mRNA levels of various
molecules known to be regulated by MDM2 and FOXO3a.
The PC3 cells were treated with various concentrations of
PD (0, 2.5, 5, 10uM) for 24 hr. The treated cells showed
increased mRNA expression of FOXO3a, p21 and p27, and
decreased expression of MDM2 mRNA (Fig. 4E).

PD Affects the Expression of Proteins Associated with the
Cell Cycle and Apoptosis

To elucidate how PD affected the cell cycle progression
and apoptosis, we investigated the expression levels of a
panel of proteins associated with the regulation of apoptosis
and cell cycle progression (Figs. 5A and 5B). After a 24 hr
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Fig. (2). PD induces concentration-dependent apoptosis in prostate cancer cells. The induction of apoptosis in PC3 cells (A), LNCaP
cells (B) and DU145 cells (C) treated with various concentrations of PD for 48 hr. All assays were performed in triplicate. The apoptosis
index was calculated compared to that in untreated control cells. (*, p < 0.05 versus the control).



Platycodin D Induces Tumor Growth Arrest by Activating FOX03a

PC3

— Control
=== 1.5uM
-_— M
1 10xM
— 5

% of Cells

G2m
Concentration (uM)

GG ] GG

B

LNCaP

5

Current Cancer Drug Targets, 2014, Vol. 14, No. 9 865

100 DUI145
m— Conirol h
= 2.5uM TF — Control
— M &0 = 2.5pM
== 10pM LT
L REM =3 10pM
L [___BEM]

% of Cells

G2iM

Concentration (nM)

GIVG1 5

G2M

Concentration (pM)

Effects of PD on the cell cycle progression of prostate cancer cells

c ) PC3 LNCaP DU145
oncentration(pum)
GO/G1 S G2 GO/G1 S G2 GO/G1 S G2
0 62.16 + 1220 1753 + 836 2030 + 421 6646 + 14.19 23.63 £ 1047 991 + 453 6746 + 453 1451 + 2.62 18.04 + 425
25 5623 + 1419 19.04 +10.62 2473 + 400 73.00 + 10.62 1834 + 6.65 8.66 + 2.62 6540 + 628 16.12 + 3.63 1848 + 4.09
50 5990 + 991 1622 + 867 2387 + 1.65 7341 + 400 1749 + 400 9.10 + 425 67.61 + 730 1627 + 422 1612 + 8.18
100 5847 + 1062 1580 + 961 2572 + 1.99% 7553 + 991% 16.14 + 1220 833 + 730 7595 + 10.49%13.97 + 6.06 10.08 + 238
150 5815 + 1047 13.80 + 6.65 2805 + 4.00% 83.62 + 8.67%10.75 + 836 563 + 422  80.04 + 523%8.05 + 3.02 1191 + 2.19

Fig. (3). PD induces cell cycle arrest in prostate cancer cells. A. PC3, LNCaP and DU145cells were treated with various concentrations of
PD for 48 hr, followed by the determination of the cell cycle distribution. B. A table summarizing the effects of PD on the cell cycle
progression of the three prostate cancer cell lines. The data are presented as the percent distribution of cells in a specific phase of the cell

cycle. (*, p < 0.05 versus the control).

treatment (0, 2.5, 5, 10 puM), it was found that PD upregulated
the expression of Bax, cleaved caspase8, cleaved caspase9,
caspase3 and cleaved caspase3 and downregulated the expression
of the Bcl2, PARP, caspase8, caspase9, E2F1, CDK2,
CDK4, CDKG®6, CyclinD1, CDK1 and CycllinB1 proteins.

PD Decreases the Growth of Xenograft Tumors

After observing its potent in vitro effects, we next
established a PC3 tumor xenograft model in nude mice to
evaluate the anti-tumor activity of PD in vivo. PD was
administered 5 days a week for 24 days. The tumor volume
and body weight were examined to evaluate the effects of
the treatment. There was no significant loss of body weight
(Fig. 6A), suggesting that the compound was not overtly
toxic. As shown in Fig. 6B and 6C, at a dose of 2.5mg/kg
bodyweight, PD led to significant (p=0.03) tumor growth
inhibition by approximately 56% on Day 24 compared to the
vehicle control. In contrast, at a dose of 1.0 mg/kg body
weight, PD led to tumor growth inhibition, but it was not
significant (p=0.968).

After a 24 hr treatment (with 0, 2.5, 5 or 10 uM PD), it
was found that PD increased the expression of the FOXO3a,
p21 and p27 proteins and decreased the MDM2 protein
expression in the PC3 cells. Consistent with the in vitro
findings, at the dose of 2.5 mg/kg body weight, PD increased
the expression of the FOXO3a and p21 proteins and decreased
the MDM2 protein expression in the PC3 cell xenograft tumors
(Fig. 7). With regard to the protein expression levels of a
panel of various proteins associated with the cell cycle and
apoptosis, it was found that PD downregulated CDK2, Cyclin

D1, CDKI1, Cyclin B1, Bcl2 and PARP, and upregulated the
expression of Bax (Fig. 7). These findings were consistent
with the results of the cell cycle and apoptosis studies
in vitro. Taken together, these results indicate that PD could
inhibit the growth of prostate cancer cells in vivo, without
major toxicity. They also provide preliminary information
about the possible mechanism of action of PD.

DISCUSSION

Natural products have attracted increasing attention
worldwide as a potential source of novel therapeutic
compounds. Previous studies have indicated that PD possesses
anticancer activities against various tumor cells of human
origin, including leukemia, breast cancer, gastric cancer,
lung cancer and hepatoma [14-16, 23-26]. However, the
mechanism(s) of action, and the potential of this compound
for treating other cancer types have not yet been examined.
To the best of our knowledge, the present study is the first
investigation of the effects of PD against human prostate
cancer. Our study highlights at least five important points: 1)
PD significantly inhibits prostate cancer cell growth; 2) PD
induces prostate cancer cell apoptosis; 3) PD obstructs cell
cycle progression; 4) PD upregulates FOXO3a expression
and downregulates MDM2 expression at the transcriptional
level and 5) PD dose-dependently decreases the growth of
human prostate cancer xenograft tumors in mice.

In the present study, we initially observed that there were
differences in the cell survival among the different prostate
cancer cell line after PD treatment, as determined by the
MTT assay, with PC3 cells being the most sensitive (Fig. 1B
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and 1C). It is interesting that PD only minimally affected the at the concentrations tested, suggesting that PD has selective
viability of non-malignant prostate epithelial cells (RWPE-1) activity against malignant cells.
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After determining the effects of PD on the cell
proliferation (Fig. 1D), it was observed that the 15 uM and
20 uM concentrations of PD had significant inhibitory
effects on the proliferation of each of the cell lines tested.
The PC3 cells were the most sensitive, and even 5 uM of PD
significantly inhibited the proliferationof PC3 cells. These
findings were consistent with the observations of decreased
viability of these cells by the MTT assay.

We then systematically evaluated the underlying
mechanism(s) of action of PD by performing apoptosis and
cell cycle assays. A previous study showed that PD could
induce significant apoptosis in hepatoma cells [27], gastric
cancer cells [14], breast cancer cells [23] and leukemia cells
[25]. The present results indicate that prostate cancer cells
are also effectively eradicated by PD treatment, although the
PC3 cells were more sensitive to apoptosis than DU145 cells

(Fig. 2).

Further studies on the cell cycle progression revealed that
PD induced cell cycle arrest in prostate cancer cells (Fig. 3).
Although the prostate cancer cell lines have different p53
status, all three cell lines exhibited a decrease in the number
of cells in the S-phase, which occurred in a concentration-
dependent manner. In this study, PC3 cells were arrested in
the G2/M phase, whereas DU145 cells and LNCaP cells

were arrested in the G0/G1 phase, and their DNA synthesis
was terminated. This inhibition of DNA synthesis might
partially explain the anti-cancer effects of PD.

We then evaluated the expression levels of a panel of
proteins associated with the cell cycle and apoptosis. It is
well known that MDM2, an E3 ubiquitin ligase, plays a
major role in cell cycle progression and apoptosis [19, 20]. A
previous study revealed that MDM?2 induced the degradation
of p21, a universal cell cycle inhibitor that binds to cyclin-
CDK complexes [17, 28]. Additionally, it was previously
reported that the overexpression of p21 results in the
induction of Bax and promotes apoptosis [29]. Therefore, the
observed downregulation of MDM2 could have been at least
partially responsible for the decreased cell cycle progression
and increased apoptosis of prostate cancer cells induced by
PD treatment.

FOXO3a is a known suppressor of primary tumor growth
via its transcriptional regulation of key genes involved in cell
cycle arrest and apoptosis [5, 6, 30]. Shukla et al. reported
that FOXO3a plays an important role as a tumor suppressor
in prostate cancer [7, 9, 31]. FOXO-mediated regulation of
the CIP/KIP family has been reported, and both p21<"" and
p27*""! play crucial roles in controlling cell proliferation.
FOXO3a can induce cell cycle arrest by upregulating these
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cell cycle inhibitors (p2 and p2 ), and consequently
can attenuate the activity of cell cycle-promoting CDKs [5].
It has also been suggested that FOXO3a can induce apoptosis,
because FOXO3a has emerged as part of an important
effector arm of the PI3K/Akt signaling pathway that drives
the expression of multiple genes [6].

Bearing this in mind, we examined the expression of
related regulatory proteins after PD treatment in the three

cell lines. We observed a concentration-dependent increase in
the expression of FOXO3a, p21 and p27, with a concomitant
concentration-dependent decrease in MDM2. It is known that
FOXO3a is downregulated by a MDM2-mediated ubiquitin-
proteasome pathway [21]. In order to determine whether PD
could still increase the expression of FOXO3a in the presence
of high levels of MDM2 (because MDM2 overexpression is
common in human cancers [32, 33]), we performed a trans-
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fection assay (Fig. 4E). The results showed that PD could
indeed increase the protein level of FOXO3a, regardless of
the overexpression of MDM?2 via a transfected plasmid.
Further work is required to fully characterize the relationship
between these two proteins with regard to their regulation by
PD.

We further investigated the protein expression levels of
cell cycle-related and apoptosis-related proteins in PC3 cells.
The results showed the downregulation of E2F1, CDK2,
CDK4, CDK6, Cyclin D1, CDK1 and Cyclin Bl (proteins
whose activation is key for G2/M progression [34, 35]), as
well as Bcl2, PARP, caspase8 and caspase9, and found an
increase in the expression of Bax, caspase3, cleaved caspase
3 and cleaved caspase 8 proteins in PC3 cells. These findings
confirmed that PD can effectively inhibit prostate cancer cell

proliferation via MDM2-FOXO3a-mediated changes in
apoptosis and cell cycle progression.

In the present study, we also demonstrated that PD had
significant in vivo anti-tumor activity against the PC3
prostate cancer xenograft model. At the 2.5 mg/kg dose, we
observed 56% tumor growth inhibition. The expression
levels of the proteins mentioned above were also examined
in tumor tissues by a Western blotting analysis, and the
results from the tumor samples were consistent with those
obtained from the in vitro studies. The expression of FOXO3a
was previously demonstrated to inhibit tumor development
in xenograft models [21, 36], and repression of FOXO3a
expression enhanced tumor progression and angiogenesis [7,
9, 37, 38]. Thus, the results of the present study confirmed
that PD exerts a promising tumoricidal activity against prostate
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cancer in vitro and in vivo at least partly via its effects on
cancer-associated molecules, including FOXO3a.

In summary, our present findings provide the first
evidence that prostate cancer is highly sensitive to PD
treatment. We also demonstrated that MDM2- and FOXO3a-
mediated effects appear to play an important role in the PD-
induced apoptosis and cell cycle arrest of prostate cancer
cells. Further studies will be needed to elucidate the detailed
mechanisms underlying these effects. However, the current
results are promising, and provide support for further studies
of PD as a candidate natural product-based therapeutic agent
for prostate cancer.
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