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Resveratrol suppresses the epithelial-to-mesenchymal transition in PC-3 cells by
down-regulating the PI3K/AKT signaling pathway

Zhi Wang, Longxiang Wu, Shiyu Tong, Xiheng Hu, Xiongbing Zu, Yuan Li, Wei He, Longfei Liu, Minfeng Chen”
and Lin Qi"

Department of Urology, Xiangya Hospital of Central South University, Changsha, Hunan Province, People’s Republic of China

ABSTRACT

Resveratrol possesses a wide spectrum of pharmacological properties and has been an ideal
alternative drug for the treatment of different cancers, including prostate cancer. However, the
mechanisms by which resveratrol inhibits the growth of prostate cancer are still not fully
elucidated. To understand the effect of resveratrol on the apoptosis and the epithelial-to-
mesenchymal transition (EMT) of prostate cancer as well as its related mechanism, we
investigated the potential use of resveratrol in PC-3 prostate cancer cells in vitro using real-time
PCR, fluorescence-activated cell sorting, Western blotting, etc. Resveratrol suppresses the PC-3
prostate cancer cell growth and induces apoptosis. Resveratrol also influences the expression of
EMT-related proteins (increased E-cadherin and decreased Vimentin expression). Finally,
resveratrol also suppressed Akt phosphorylation in PC-3 cells. This study indicates that
resveratrol may be a potential anti-cancer treatment for prostate cancer; moreover, it provides
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new evidence that resveratrol suppresses prostate cancer growth and metastasis.

1. Introduction

Prostate cancer is a major life-threatening disease in
most countries (Snyder et al. 2013). There is an urgent
need to discover novel and effective chemopreventive
agents using clinically relevant models of prostate
cancer.

Recent evidence implicates the induction of the epi-
thelial-to-mesenchymal transition (EMT) in cancer pro-
gression (Thiery et al. 2009; Yilmaz & Christofori 2010;
Chang et al. 2011). The transcription factors that regulate
the EMT are expressed in numerous malignant cancers.
Increasing evidence and research suggests that the
EMT has important functions in the malignant transform-
ation of prostate cancer, and it also induces cancer cells
to invade and migrate (Hance et al. 2012; Lu et al. 2012).
Therefore, the EMT may be a potential therapeutic target,
and inhibition of the EMT may be a promising method to
treat cancer.

Resveratrol (trans-3,4',5-trihydroxystilbene, RES) is a
natural polyphenol that has been identified in many
plants, including grapes, berries, peanuts and many
types of traditional Chinese medicine (Pirola & Frojdo
2008). Long-term basic and clinical studies have
suggested that RES is an ideal alternative drug in the

therapy of different diseases (Pervaiz & Holme 2009;
Baur 2010; Fulda 2010). Recently, the anti-cancer activity
of RES has been studied in various types of cancer,
including myeloma, ovarian cancer, pancreatic cancer
and breast cancer, via the regulation of multiple path-
ways (Sun et al. 2006; Shankar et al. 2011; Vergara et al.
2012). Some studies have indicated that RES could influ-
ence several processes and plays an important role in the
regulation of various molecular targets, including nuclear
factor (NF)-kB, the growth factor vascular endothelial
growth factor (VEGF), the inflammatory cytokines
tumor necrosis factor (TNF)-a and interleukin (IL)-6, and
the protein kinases p38 mitogen-activated protein
kinase (MAPK) and Akt (Kundu & Surh 2008; Knobloch
et al. 2011). However, the related molecular mechanism
in prostate cancer remains unclear.

In this paper, we hypothesized that RES may have an
inhibitory role in the EMT, a key inducer of metastasis in
pancreatic cancer. In addition, RES potentially promotes
apoptosis by regulating the phosphatidylinositol 3-kinase
(PI3K)/Akt signaling pathway. To test this hypothesis, we
detected the expression of apoptosis- and EMT-related
molecules in PC-3 prostate cancer cells in the presence
or absence of RES as well as the signaling pathways trig-
gered by RES.
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2. Material and methods
2.1. Reagents and cell culture

Antibodies against BAX, Bcl-2, cleaved-caspase 3,
cleaved-caspase 9, E-cadherin, Vimentin and [-actin
were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). RES (purity >98%) was purchased
from TCl (Shanghai) development Co., Ltd. (Shanghai,
China). The AKT inhibitor was purchased from Selleck
Chemical Biotechnology, Inc. (USA), and the AKT activator
was purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). The PC-3 prostate cancer cell lines
(obtained from the cell center of Kunming Animal Institute)
were maintained in Dulbecco’s modified Eagle medium
(DMEM, Gibco®, Carlsbad, CA, USA) supplemented with
penicillin (100 U/ml), streptomycin (100 ug/ml), and 10%
heat-inactivated fetal bovine serum and incubated in a
5% CO, humidified atmosphere at 37°C. The cells were
grown to 70% confluence prior to treatment.

2.2, Cell viability assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (Beyotime, Shanghai, China) assay was
used to determine cell viability. The MTT reagent was
added, and the cells were incubated for an additional
4 h. After formazan crystals had formed, the MTT
medium was then aspirated and replaced with 150 pl
of solubilization solution, dimethylsulfoxide, per well to
dissolve the formazan crystals. The plates were shaken
for 5 min. The absorbance of each well was recorded
on a microplate spectrophotometer at 570 nm (Molecu-
lar Devices Technologies, USA).

2.3. Cell migration assay

Cell migration was detected with a wound-healing assay.
The PC-3 cells were seeded in six-well plates (1x 10°
cells/500 pl) and cultured overnight. A sterile pipette
tip was used to produce a wound between the cells.
The cellular debris was removed by washing with phos-
phate-buffered saline (PBS), and then RES (0, 12.5, 25 or
50 uM) was added to the cells for 24 h. Wound closure
was monitored, imaged and analyzed using a light
microscope (Olympus, Tokyo, Japan). The shortest dis-
tances between the edges of the cells migrating from
both sides were measured.

2.4. Flow cytometry

We used the Annexin V-FITC Apoptosis Detection Kit and
Cell Cycle Kit (Beyotime, Shanghai, China) to assess

apoptosis and proliferation according to the manufac-
turer’s instructions. Finally, the cells were analyzed by a
flow cytometer (FACS PARTEC, Germany). Briefly, after
treatment, the cells were harvested by trypsinization.
After centrifugation, the cells were washed twice with
cold PBS. Approximately 1x10° to 1x10° cells were
resuspended in 300 pl of 1x binding buffer and trans-
ferred to a sterile glass flow cytometry tube. Then, 5 pl
of Annexin V-FITC was added, and the sample was incu-
bated in the dark for 30 min at room temperature. Then,
the cells were incubated with 5 pl of propidium iodide in
the dark and analyzed with a flow cytometer (FACS
PARTEC, Germany).

2.5. Hoechst 33258 staining

The changes in nuclear morphology of apoptotic cells
were examined by Hoechst 33258 staining and visualized
under a fluorescence microscope. After treatment with
and/or without RES, cells were incubated with Hoechst
33258 (Beyotime, Shanghai, China) for 30 min at room
temperature in the dark. The cells were observed under a
fluorescence microscope (Olympus, Tokyo, Japan) after
being washed with PBS. Cells that exhibited reduced
nuclear size, chromatin condensation, intense fluorescence,
and nuclear fragmentation were considered apoptotic.

2.6. Measurement of the mitochondrial
membrane potential (AYm)

Decreased mitochondrial membrane potential (AWm) is
an early hallmark event of apoptosis. The mitochondrial
membrane potential (AWYm) was analyzed using the JC-
1 assay (Beyotime, Shanghai, China). Briefly, a staining
mixture (300 nM JC-1) was prepared according to the
instructions enclosed in the JC-1 kit. The cells were incu-
bated in the staining mixture for 30 min at 37°C. Then,
the cells were washed twice with media and resus-
pended in fresh media. The AYm was monitored with
a fluorescence microscope (Olympus, Tokyo, Japan).

2.7. Immunofluorescence assay

After 24 h of treatment, the cells were fixed with 4% for-
maldehyde for 5 min, permeabilized with a 0.2% solution
of Triton X-100 in PBS and blocked in 2% bovine serum
albumin-PBS for 30 min. The nonspecific binding sites
were blocked for 2 h with normal goat serum (Sigma-
Aldrich, USA) diluted in 0.1% Triton-X-100-PBS. The
cells were then incubated with a 1:200 dilution of the
primary antibodies in blocking buffer overnight at 4°C.
On the following day, the cells were incubated with an
appropriate fluorophore-conjugated secondary antibody



(Invitrogen, USA). DAPI was used to briefly stain the
nucleus before the images were captured. The cells
were subsequently imaged using a fluorescence or
optical microscope (Olympus, Tokyo, Japan).

2.8. Real-time quantitative polymerase chain
reaction (qPCR)

The total RNA was isolated from the cells using Trizol
reagent (Takara, Dalian, China) according to the manu-
facturer’s protocol. The RNA concentration was quanti-
fied by measuring the absorbance at 260 nm, and RNA
purity was determined using the A260/A280 ratio. The
total RNA (1 pg) from each tissue sample was reverse
transcribed to cDNAs using a Prime Script RT Reagent
Kit (Takara, Dalian, China) and the following reaction: 8
pl of 5x Prime Script Buffer (for real time), 2 pl of Prime
Script RT Enzyme Mix, 0.1 nmol oligo dT Primer, 0.2
nmol random hexamers, 2 pug of total RNA and RNase-
free deionized water to a final volume of 40 pl. The fol-
lowing reverse transcription program was performed:
15 min at 37°C, and 5s at 85°C. The specific primers
(Bax-F: 5'-CAGGATGCGTCCACCAAGAA-3’, R: 5'-CAAAG
TAGAAGAGGGCAACCAC-3’; Bcl-2-F: 5'-ATGACTTCTCTCG
TCGCTACCG-3/, R:5’-CATCCCAGCCTCCGTTATCC-3;
caspase  3-F:  5’-CATCCCAGCCTCCGTTATCC-3/, R:
5'-AGGGACTGGATGAACCACGAC-3’; caspase 9-F: 5-AG
AACGACCTGACTGCCAAGA-3/, R: 5-GAGGATGACCACCA
CAAAGCA-3; E-cadherin-F: 5-ATCAAATCCAACAGGGA
CAAAGA-3, R: 5-TGACACGGCATGAGAATAGAGG-3/;
and Vimentin-F: 5-GCAGCCTCTATTCCTCATCCC-3/, R:
5'-TGTAGTTGGCAAAGCGGTCAT-3') were designed with
Primer Premier 5.0. All primers were synthesized by
Sangong Biotechnology. The ABI 7300 (ABI, USA) appar-
atus was used for reverse transcription (RT)-PCR amplifi-
cation and detection. The RT-PCR reactions were
prepared in triplicate in 20 ul reaction mixtures as
follows: 10 ul of 2x SYBR Premix Ex Taq I, 0.4 uM
forward and reverse primers, respectively, 2 ul of the
cDNA (50 ng) templates, and 6.4 pl of RNase-free water.
A master mix without the cDNA template was used as
a negative control. The RT-PCR cycling conditions were
the same as those suggested in the instructions of the
SYBR Premix Ex Taq Il kit (Takara, Dalian, China). The
melting curves were analyzed to ensure the specificity
of the PCR products in the SYBR green reactions. The
relative mRNA levels of the target genes were normal-
ized to B-actin.

2.9. Western blotting assay

The proteins were electrophoretically resolved on a dena-
turing 10% sodium dodecyl sulfate (SDS)-polyacrylamide
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gel and electrotransferred (SDS-PAGE) onto nitrocellulose
membranes. The membranes were initially blocked with
5% nonfat dry milk in tris-buffered saline for 2 h and
then probed with antibodies against BAX, Bcl-2, caspase
3, caspase 9, E-cadherin, Vimentin, p-Akt, Akt and f-
actin. After an overnight incubation with the primary anti-
bodies at 4°C, the membranes were hybridized with sec-
ondary goat anti-mouse or goat anti-rabbit antibodies
(Santa Cruz Biotechnology, CA, USA) for 2 h at room temp-
erature. The immunopositive bands were developed
using an enhanced chemiluminescence detection
system (Pierce, Thermo Co. Ltd., USA) for horseradish per-
oxidase and exposed to autoradiography film (Bio-Rad,
Co,, Ltd, USA) to visualize the bands. B-actin was used as
a loading control. The relative amounts of the various pro-
teins were analyzed. The results were quantified using
ImageJ software.

2.10. Statistical analysis

Each experiment was performed at least thrice. All results
are expressed as the means + standard deviation (SD).
Statistical significance was assessed with an unpaired
Student’s t-test and one-way analysis of variance
(ANOVA) (Tukey’s post hoc test) using GraphPad Prism
software Version 5.0a (GraphPad Software Inc., California,
USA). *p <.05, ** p<.01, ***p <.001, compared with the
control (0 uM) group.

3. Results

3.1. Resveratrol inhibits the growth and migration
of PC-3 prostate cancer cells

The molecular structure of RES is presented in Figure 1(a).
The effect of RES on PC-3 cell proliferation and viability
was determined using the MTT assay. The results
showed that the viability of the PC-3 cells was dose
dependently decreased in the presence of RES. The
optimal inhibitory concentration was approximately 50
UM RES, which exhibited the most inhibition of PC-3
cell growth (Figure 1(b)). Cell migration was determined
using a wound-healing assay. As shown in Figure 1(c)
and (d), the control group exhibited marked cell
migration toward the wound area 24 h after wounding,
whereas the cells that were treated with different con-
centrations (12.5, 25 or 50 uM) of RES exhibited dose-
dependent delays in wound closure. Based on these
results, 50 UM RES was used to treat the cells in the sub-
sequent experiments. The findings described above
revealed that RES might be an effective inhibitor of pros-
tate cancer cell proliferation and migration.
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Figure 1. Resveratrol inhibits prostate cancer cells. (a) The molecular structure of resveratrol. (b) Cell proliferation was analyzed with the
MTT assay. (c) Quantitative results of PC-3 cell migration. (d) Cell migration was evaluated using a wound-healing assay. Representative
images are shown at 0 and 24 h post-wounding with x40 magnification. Scale bars = 500 um. Statistical significance was assessed by

one-way ANOVA.

3.2. Resveratrol induces apoptosis in PC-3
prostate cancer cells

PC-3 cell apoptosis was investigated using an Annexin V/
Pl assay, a cell cycle assay, the expression of apoptosis-
related genes and the mitochondrial membrane poten-
tial (AWm). The AnnexinV/PI assays revealed a significant
increase in the apoptotic population in the RES-treated
group compared with the control group (Figure 2(a)).
Changes in nuclear morphology were tested by
Hoechst 33258 staining. The normal nucleus showed a
homogeneous staining and rounded shapes. Most cells
showed an asymmetrical, highly bright fluorescence
and the number of condensed nuclei increased in RES-
treated group cells (Figure 2(b)). The FACS cell cycle
results revealed that the proportion of cells in G2/M
phase was significantly increased after treatment with
RES. These results suggest that RES increases the
number of PC-3 cells in the G2/M phase and sub-
sequently induces apoptosis (Figure 2(c)). We also inves-
tigated the cleavage of caspase 3 and caspase 9 as well
as the expression of the proapoptotic gene BAX and
the antiapoptotic gene Bcl-2 using gPCR and Western

blot assays. As shown in Figure 2(d) and (e), the
expression of the apoptotic gene Bax was significantly
up-regulated in the RES-treated group, whereas the anti-
apoptotic Bcl-2 gene was markedly decreased. Similarly,
the fluorescence microscopy results for the mitochon-
drial membrane potential revealed that the RES-treated
cells exhibited more green JC-1 fluorescence than the
control, indicating that the mitochondrial membrane
potential was reduced (Figure 2(f)). These data indicated
that RES induces apoptosis in PC-3 prostate cancer cells.

3.3. Resveratrol can suppress the EMT in PC-3
prostate cancer cells

To further determine whether RES can inhibit the EMT in
PC-3 prostate cancer cells, the expression of the EMT
phenotypic markers E-cadherin and Vimentin was
detected using qPCR and Western blot analyses. The
results from the qPCR and Western blots (Figure 3(a))
demonstrate that the levels of the E-cadherin mRNA
and protein were significantly increased in the RES-
treated cells, whereas Vimentin levels were significantly
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Figure 2. Resveratrol induces apoptosis in prostate cancer cells. (a) Apoptosis was determined by Annexin V/PI double staining fol-
lowed by flow cytometry. (b) Nucleic morphology were stained with Hoechst 33258; the white arrows represent location of apoptosis
cells. (c) Flow cytometry analysis of the cell cycle in PC-3 cells and quantification of the number of cells in GO/G1, S and G2/M phases. (d,
e) Real-time PCR and Western blot analyses of the apoptosis-related proteins. (f) Results of the AWm test in the cells, X200 magnifi-
cation. Scale bars =100 um. Statistical significance was assessed by the unpaired Student’s t-test.

decreased in the RES-treated cells compared with the
control group. We also analyzed the RES-treated PC-3
cells using a fluorescence immunostaining assay and flu-
orescence microscopy. In the RES-treated cells, the fluor-
escence signal for E-cadherin was increased compared

with control cells, and the Vimentin fluorescence signal
was reduced (Figure 3(b)). The mean optical densities
of these proteins are provided in Figure 3(c). These
results further indicate that RES inhibits the EMT in PC-
3 cells.
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Figure 3. Resveratrol inhibits the EMT in prostate cancer cells. (a) Real-time PCR and Western blot analyses of the expression of E-cad-
herin and Vimentin in the cells. (b) Immunofluorescence detection of the E-cadherin and vimentin proteins in the PC-3 cells at X200
magnification. Green and red indicates the protein of interest. Scale bars =100 um. (c) Quantification of E-cadherin and Vimentin
expression using Image-Pro Plus 6.0 software. Statistical significance was assessed by the unpaired Student'’s t-test.
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Figure 4. Roles of resveratrol in the phosphorylation of Akt in prostate cancer cells. Western blot analysis of the expression of p-Akt and
Akt in the cells. Statistical significance was assessed by one-way ANOVA.
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Figure 5. Resveratrol promotes apoptosis and suppresses the EMT in PC-3 cells by suppressing the PI3K/Akt signaling pathway. (a)
Apoptosis was determined by Annexin V/PI double staining followed by flow cytometry. (b, d) Real-time PCR and western blot analyses
of the apoptosis-related proteins. (c, e) Real-time PCR and Western blot analyses of the EMT-related proteins. Statistical significance was

assessed by one-way ANOVA.

3.4. Resveratrol down-regulated the activation of
the PI3K/Akt pathway

The serine/threonine kinase Akt, a downstream effector
of PI3K, is involved in cell survival and antiapoptotic sig-
naling in cancer. In this study, we observed that Akt

phosphorylation was significantly decreased in the RES-
treated PC-3 cells in a time- and dose-dependent
manner; however, the levels of the total Akt protein
were not altered in the Western blot assay (Figure 4).
This result indicates that RES inactivates the PI3K/Akt sig-
naling pathway.
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3.5. Effect of the PI3K/Akt signaling pathway on
prostate cancer cell apoptosis and EMT

To assess whether the PI3K/Akt signaling pathway plays
an essential role in prostate cancer growth and metasta-
sis, the effect of an Akt inhibitor and an activator of
PC-3 cell apoptosis and EMT were determined by FACS,
gPCR and Western blot assays. The results showed
that apoptosis was significantly promoted after the
addition of the Akt inhibitor compared with the RES-
treated group. However, apoptosis was significantly
suppressed after the addition of the Akt activator com-
pared with the RES-treated group, and changes similar
to the control group were noted (Figure 5(a)). Based
on the gPCR results, the expression of the Bax,
caspase 3 and caspase 9 mRNAs was increased when
the Akt inhibitor was added, but the expression of the
Bcl-2 mRNA was decreased compared with the RES-
treated group (Figure 5(b)). Accordingly, the expression
of the Bax, caspase 3, caspase 9 and Bcl-2 proteins
was consistent with their mRNA expression patterns
(Figure 5(c)).

Furthermore, we determined the expression levels of
the EMT-related genes after the cells were treated with
RES with or without the Akt inhibitor and activator. As
shown in Figure 5(d), the Akt inhibitor up-regulated the
MRNA level of the epithelial marker E-cadherin,
whereas the expression of the mesenchymal marker
Vimentin was significantly decreased. This finding
implied that the addition of the Akt inhibitor aggravated
the inhibitory effect of RES on the EMT. However, the Akt
activator significantly reversed all these RES-induced
effects, and the levels gradually returned to their
former levels. As shown in Figure 5(e), the protein
levels of the EMT-related factors were consistent with
the mRNA results. Taken together, these findings demon-
strate that RES promotes apoptosis and suppresses the
EMT in PC-3 cells by inhibiting the PI3K/Akt signaling
pathway.

4. Discussion

In recent years, prostate cancer has been one of the most
commonly diagnosed cancers in men in the US (Siegel
et al. 2014). Despite the frequency of prostate cancer
diagnoses, there are few prognostic biomarkers available
for clinical use (Bhavsar et al. 2013; Tombal et al. 2014;
Van der Kwast 2014). The EMT has an important role
not only in embryonic development but also in tumor
invasiveness and development (Colas et al. 2012). The
EMT can allow cells to migrate, invade and metastasize,
thus enhancing tumor development and progression
(Franco-Chuaire et al. 2013).

Many studies have suggested that RES suppresses the
growth of many cancer cells through multiple, intricate
cellular signaling pathways, such as the STAT, NF-kB
and Wnt signaling pathways (Vang et al. 2011; Aluyen
et al. 2012; Whitlock & Baek 2012). Some studies also
reported that RES inhibits the EMT process in pancreatic
cancer cells by inhibiting the PI-3 K/Akt pathway (Li et al.
2013). RES inhibits the EMT in MCF-7 cells (Vergara et al.
2011). The PI-3 K/Akt signaling pathway has long been
associated with pancreatic cancer metastasis. Tanno
et al. (2001) demonstrated that the active Akt-induced
insulin-like growth factor | receptor expression markedly
enhances the invasiveness of human pancreatic cancer
cells. However, the mechanism by which RES suppresses
tumor remains unclear and requires additional research.

In conclusion, the current study demonstrates that
RES plays an important role in suppressing the prolifer-
ation and migration of prostate cancer cells in vitro by
modulating apoptosis and the EMT via the PI3K/Akt sig-
naling pathway. We also implied that the RES induce
apoptosis in PC-3 cells via a BAX-dependent pathway.
In our next research, we will focus on the type of apop-
tosis and what type of apoptosis is the crucial for RES
induced in this cell. These results suggest that RES
might be a potential anti-cancer agent for the treatment
of prostate cancer and also provide a novel mechanistic
theory for the therapeutic application of RES in prostate
cancer patients.
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