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Piceatannol inhibits migration and invasion of prostate cancer cells: possible
mediation by decreased interleukin-6 signaling☆
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Abstract

Piceatannol (trans-3,4,3′,5′-tetrahydroxystilbene) is a polyphenol detected in grapes, red wine and Rheum undulatum; it has also been demonstrated to exert
anticarcinogenic effects. In this study, in order to determine whether piceatannol inhibits the lung metastasis of prostate cancer cells, MAT-Ly-Lu (MLL) rat
prostate cancer cells expressing luciferase were injected into the tail veins of male nude mice. The oral administration of piceatannol (20 mg/kg) significantly
inhibited the accumulation of MLL cells in the lungs of these mice. In the cell culture studies, piceatannol was demonstrated to inhibit the basal and epidermal
growth factor (EGF)-induced migration and invasion of DU145 cells, in addition to the migration of MLL, PC3 and TRAMP-C2 prostate cancer cells. In DU145 cells,
piceatannol attenuated the secretion and messenger RNA levels of matrix metalloproteinase-9, urokinase-type plasminogen activator (uPA) and vascular
endothelial growth factor (VEGF). Piceatannol increased the protein levels of tissue inhibitor of metalloproteinase-2 in a concentration-dependent fashion.
Additionally, piceatannol inhibited the phosphorylation of signal transducer and activator of transcription (STAT) 3. Furthermore, piceatannol effected reductions
in both basal and EGF-induced interleukin (IL)-6 secretion. An IL-6 neutralizing antibody inhibited EGF-induced STAT3 phosphorylation and EGF-stimulated
migration of DU145 cells. Interleukin-6 treatment was also shown to enhance the secretion of uPA and VEGF, STAT3 phosphorylation and the migration of DU145
cells; these increases were suppressed by piceatannol. These results demonstrate that the inhibition of IL-6/STAT3 signaling may constitute a mechanism by
which piceatannol regulates the expression of proteins involved in regulating the migration and invasion of DU145 cells.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Most cancer patients die as a result of metastasis, as opposed to the
initial tumor. Despite the profound advances that have been made in
the clinical treatment of cancer over the past several decades, the
Abbreviations: EGF, epidermal growth factor; IL-6, interleukin-6; MMP,
matrix metalloproteinase; STAT, signal transducer and activator of transcrip-
tion; TIMP, tissue inhibitor of metalloproteinase; uPA, urokinase-type
plasminogen activator; VEGF, vascular endothelial growth factor.
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currently available treatment options rarely cure metastatic cancers.
Thus, it is necessary to focus greater efforts on the prevention and/or
control of metastasis, as opposed to the treatment of metastatic
cancer [1]. Prostate cancer is currently the most prevalent non-
cutaneous cancer in males in the United States and is also the second
leading cause of death from cancer in males [2]. Prostate cancer has
also become a more frequently diagnosed disease in Asian countries;
this may be attributable to Westernized dietary habits. Prostate
cancer patients are treated initially via an androgen deprivation
method. However, in the majority of cases, prostate cancer ultimately
progresses to a hormone-refractory state, during which androgen
deprivation treatment is no longer effective [3]. Thus, the chemopre-
vention of prostate cancer through dietary agents appears a
worthwhile pursuit, as prostate cancer is generally diagnosed in
elderly populations.

Piceatannol (trans-3,4,3′,5′-tetrahydroxystilbene) (Fig. 1) is a
naturally occurring polyphenol present in rhubarb, berries, pea-
nuts, sugar cane, wine and the skins of grapes. Piceatannol has
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Fig. 1. Structure of piceatannol.
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been demonstrated to exert anti-inflammatory, anticarcinogenic
and cardioprotective effects (reviewed in Ref. [4]). Additionally,
piceatannol has been identified as an inhibitor of the interferon-α-
mediated signal transducer and activator of transcription (STAT) 3
[5] as well as the purified thymocyte protein-tyrosine kinase p40 [6].

STATs are the transcription factors that mediate cellular
responses to growth factors, peptides and cytokines [7], and
STAT3 controls several oncogenic processes, including cell prolifer-
ation, cell survival, angiogenesis and immune responses and has
emerged as a promising molecular target for cancer therapy
(reviewed in Ref. [8]). The suppression of the STAT3 signaling
pathway can inhibit angiogenesis via the down-regulation of
vascular endothelial growth factor (VEGF) production by tumors
and via the inhibition of VEGF and basic fibroblast growth factor-
induced signaling in endothelial cells (as reviewed in Ref. [11]). The
cytokine interleukin (IL)-6 can activate STAT3 by binding to cell
surface receptor tyrosine kinases that are coupled with activated
Janus kinases (JAKs). The JAKs then phosphorylate the tyrosine 705
residue in the transactivation domain of the STAT3 protein
(reviewed in Ref. [9]). The phosphorylation of tyrosine 705 induces
STAT3 dimerization, nuclear translocation, and subsequent binding
to STAT3 response elements. The phosphorylation of serine 727 in
the transactivation domain contributes to maximal transcriptional
activity (reviewed in Ref. [12]). The IL-6-mediated activation of
STAT3 has been reported to perform a crucial function in tumor
growth, metastasis and angiogenesis [10,11]. The constitutive
activation of STAT3 has been previously implicated in the develop-
ment and progression of a variety of cancers, including prostate
cancer [9,11,12].

Piceatannol has been shown to inhibit themetastasis of Lewis lung
carcinoma in carcinectomized mice [13]. We, along with other
investigators, previously noted that piceatannol induces apoptosis
in the human prostate cancer lines DU145 [14] and NRP-154 [15]. We
also noted that piceatannol induces G1 cell cycle arrest in DU145 cells
[16]. To the best of our knowledge, the effects of piceatannol on
prostate cancer metastasis and the mechanisms underlying these
effects have yet to be determined in detail. In this study, we
demonstrated that piceatannol potently inhibits the metastatic
potential of androgen-insensitive DU145 cells. We have also observed
that the oral administration of piceatannol at a dose of 20 mg/kg body
weight significantly inhibits the metastasis of MAT-Ly-Lu (MLL)
prostate cancer cells to the lungs of nude mice upon the injection of
MLL cells into the tail veins of the mice.

2. Materials and methods

2.1. Materials

The following reagents were purchased from the indicated suppliers: piceatannol
(Sigma, St. Louis, MO, USA); STAT3 antibody (Cell Signaling, Beverly, MA, USA);
antibodies against matrix metalloproteinase (MMP)-9, tissue inhibitor of metallopro-
teinase (TIMP)-2 and VEGF (Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-
urokinase-type plasminogen activator (uPA) (Calbiochem, Darmstadt, Germany);
VEGF enzyme-linked immunosorbent assay (ELISA) kit, IL-6, IL-6 neutralizing
antibody, IL-6 ELISA kit and epidermal growth factor (EGF) (R&D Systems,
Minneapolis, MN, USA); antibodies against STAT3 (PY705) and STAT3 (PS727) (BD
Biosciences, San Jose, CA, USA). Unless noted otherwise, all other materials were
acquired from Sigma.

2.2. Cell culture

The DU145, MAT-Ly-Lu (MLL), PC3 and TRAMP-C2 cell lines were acquired from
the American Type Culture Collection (Manassas, VA, USA) and maintained in DMEM/
F12 containing 100 ml/L of fetal bovine serum (FBS) with 100,000 U/L of penicillin and
100 mg/L of streptomycin (Lonza, Walkersville, MD, USA). In order to determine the
effects of piceatannol on the numbers of viable cells, we plated cells in multiwell plates
with DMEM/F12 containing 100 ml/L of FBS. Prior to piceatannol treatment, the cell
monolayers were subjected to 24 h of serum deprivation in DMEM/F12 supplemented
with 1% charcoal-stripped FBS. Following serum deprivation, the monolayers were
incubated with fresh serum deprivation medium in the absence or presence of the
indicated concentrations of piceatannol. The numbers of viable cells were determined
via an MTT assay, as described previously [17]. Piceatannol was dissolved in dimethyl
sulfoxide (DMSO), and all of the cells were treated with DMSO to a final concentration
of 0.01%.

2.3. Migration and invasion assays

For the transwell migration assay, the DU145, MLL, PC3 and TRAMP-C2 cells were
subjected to 24 h of serum deprivation in DMEM/F12 supplemented with 1%
charcoal-stripped FBS. They were then plated onto filters in 6.5-mm transwell inserts
on 24-well plates at 2.5×104 cells/filter and treated with various concentrations of
piceatannol. Before plating the cells, the lower side of the transwell filter was
precoated with 10 μg of type IV collagen. The lower chamber of the well was filled
with DMEM/F12 containing 1% charcoal-stripped FBS and 0.1% BSA in the absence or
presence of 10 μg/L EGF and/or 20 μg/L IL-6. The cells were incubated for 4 h (DU145
and MLL), 16 h (PC3) and 1 h (TRAMP-C2), and the migrated cells were stained with
hematoxylin and eosin (H&E).

For the invasion assay, the same procedures were performed as described in the
migration assay, except that the cells were plated ontomatrigel-coated transwell filters
(Matrigel invasion chamber, BD Biosciences).

For the wound migration assay, DU145 cells were plated in six-well plates at 8 ×
105 cells/well in DMEM/F12 containing 100 ml/L of FBS and serum deprived for 24 h in
DMEM/F12 supplemented with 1% charcoal-stripped FBS as described previously [18].
Cells at 90% confluence were incubated for 1 h with 1 mg/L of mitomycin C. After
mitomycin C treatment, the injury line was made using a yellow tip, and the cell
monolayers were rinsed with PBS. The cells were then incubated for 0, 6, 12 or 24
h with 0 or 10 μmol/L of piceatannol in the absence or presence of 10 μg/L of EGF in
DMEM/F12 containing 1% charcoal-stripped FBS. Cell migration was microscopically
measured at the indicated time points, and the measured widths of the injury lines
were plotted as percentages of the width at 0 h.

2.4. Gelatin and fibrin zymography

The cells were serum-starved in DMEM/F12 and treated with or without 10 μg/L
of EGF for 48 h in the absence or presence of piceatannol. Conditioned media were
collected and concentrated via centrifugal ultrafiltration using a filter unit with a
molecular exclusion of 10,000 (Millipore Corporation, Billerica, MA, USA). Proteins
in conditioned media were separated via sodium dodecyl sulfate (SDS) polyacryl-
amide gel electrophoresis. Gelatin (2 g/L) was added to the gel for gelatin
zymography, and 1.5 g/L of fibrinogen and 5.6 NIH U/L of thrombin were added to
the gel for fibrin zymography. The volumes of media loaded onto the gel were then
adjusted for equivalent protein levels. After electrophoresis, the gels were washed
twice in 50 mmol/L of Tris–HCl containing 25 ml/L of Triton X-100 for 30 min to
completely eliminate SDS. The gels were then rinsed twice in zymogen activation
buffer (50 mmol/L Tris–HCl, 0.2 g/L Brij 35, 5 mmol/L CaCl2 and 0.2 mmol/L NaCl
for gelatin zymography and 30 mmol/L Tris, pH 7.4, and 0.2 g/L NaN3 for fibrin
zymography) and incubated for 48 h at 37°C in the same buffer. After incubation,
the gels were stained for 2 h with 2.5 g/L of Coomassie Brilliant Blue R-250
solution and then destained. The conditioned media of HT1080 human fibrosar-
coma cells, which secrete pro MMP-9, MMP-2 and uPA [19–21], were used as
positive controls.

2.5. Western blot analyses and ELISA

The total cell lysates (50 μg protein) and concentrated conditioned media were
employed for Western blot analyses, as described previously [22]. Signals were
detected via enhanced chemiluminescence using Immobilon Western Chemilumines-
cent HRP Substrate (Millipore). Densitometric analyses were conducted using the Bio-
profile Bio-ID application (Vilber-Lourmat, France). The expression levels were
normalized to β-actin, and the control levels were set to 100%.



Table 1
Primer sequences used for real-time PCR amplification

mRNA Primer sequences Annealing temperature

MMP-9 Sense: GCTCTTCCCTGGAGACCTG 60
Antisense: TTTCGACTTCTCCACGCATC

β-Actin Sense: GAGCCGTGTTTCCTTCCAT 60
Antisense: GTCCCAGTTGGTGACGATG

VEGF Sense: ATGCCAAGTGGTCCCAGGCT 54
Antisense: CAGGGTCTCGATTGGATGGC

uPA Sense: GCCATCTACACAGGAGGCACCG 54
Antisense: GGGTAATCAATGAAGCAGTGTG

GADPH Sense: CATCAGCAATGCCTCCTGCA 54
Antisense: CTGTGGTCATGAGTCCTTCC
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The levels of VEGF and IL-6 in conditioned media were estimated using VEGF
and IL-6 ELISA kits (R & D System), respectively, in accordance with the
manufacturer's instructions.
Fig. 2. Piceatannol reduces the migration and invasion of DU145 cells. The migration (A) and in
(B) transwell filter, respectively, were assessed with or without 10 μg/L of EGF in the presen
invaded (B) cells were quantified by counting the H&E-stained cells. Each bar represents the m
treated with 1 mg/L of mitomycin C, and the injury line was delineated with a yellow tip. The
without 10 μmol/L of piceatannol in the absence or presence of 10 μg/L of EGF for 0, 6, 12 or 24
h. Each bar represents the mean±S.E.M. (n=3). Means at a time without a common letter di
2.6. Real-time polymerase chain reaction

Total RNA was isolated with an RNeasy Plus Mini Kit (Qiagen, Valencia, CA,
USA), and complementary DNA was synthesized using 3 μg of total RNA with
SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA), as described
previously [23]. Matrix metalloproteinase-9, uPA and VEGF messenger RNA
(mRNA) were quantified via real-time polymerase chain reaction (PCR) conducted
using a Rotergene 3000 PCR apparatus (Corbett Research, Australia). The sequences
for primer sets and annealing temperatures for real-time PCR amplification are
provided in Table 1. The analysis of the PCR results and the calculation of the
relative concentrations were conducted using the Roter-gene software (version 6),
and the control levels (0 μg/L EGF or 0 μg/L IL-6+0 μmol/L piceatannol) were set
to 1.

2.7. Establishment of MLL cells stably expressing firefly luciferase (MLL-Luc)

The coding region of the firefly luciferase (Luc) gene from pRevTRE-Luc (Clontech)
was cloned into the BamHI and HindIII sites in pcDNA3.1/Hygro(+) (Invitrogen). The
MLL cells were transfected with the resultant pcDNA3.1/Hygro-Luc using
Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's protocol.
vasion (B) of DU145 cells through a type IV collagen-coated (A) and a matrigel-coated
ce of 0–10 μmol/L of piceatannol. Cells were incubated for 4 h. The migrated (A) and
ean±S.E.M. of three independent experiments. (C) At 90% confluence, DU145 cells were
cells were then incubated in DMEM/F12 containing 1% charcoal-stripped FBS with or

h. The measured widths of the injury lines were plotted as percentages of the width at 0
ffer; Pb.05.
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Table 2
Effect of piceatannol on migration of various prostate cancer cells

EGF (10 μg/L) Piceatannol
(μmol/L)

MLL cells PC3 cells %
of control1

TRAMP-C2
cells

− 0 100±0b 100±0cd 100±0b

− 10 72±3d 85±5d 54±2d

+ 0 172±7a 162±9a 132±5a

+ 2.5 132±5b 125±5b 89±7bc

+ 5 107±5c 109±7bc 82±6c

+ 10 78±4d 100±6cd 55±2d

Themigration of prostate cancer cells through a type IV collagen-coated transwell filter
was evaluated with or without 10 μg/L of EGF in the presence of 0–10 μmol/L of
piceatannol. MLL, PC3 and TRAMP-C2 cells were incubated for 4, 16 and 1 h,
respectively. The migrated cells were quantified as described in the Materials and
Methods section. Values are expressed as the means±S.E.M. of three independent
experiments. Means without a common letter a,b,c,d in the same column differ
significantly; Pb.05.
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The MLL-Luc cells were selected with 200 mg/L of hygromycin B for 3 weeks and then
maintained with 20 mg/L of hygromycin B.

2.8. Tumor xenograft bioluminescent imaging

Four-week-old male Balb/c nude mice were purchased from Orient Bio Inc.
(Gapyeong, Korea) and were permitted to acclimate under laboratory conditions for
1 week and fed on a nonpurified commercial mouse diet (Superfeed Co., Wonju,
Korea) and water ad libitum. For the formation of lung metastasis, 1 × 105 MLL-Luc
cells were injected into the lateral tail vein in 0.1 ml of PBS. One day after the
injection of MLL-Luc cells, the mice were divided randomly into three groups and
subjected to daily oral gavage with vehicle (corn oil), 10 mg/kg/d of piceatannol or
20 mg/kg/d of piceatannol. Lung metastasis involvement was monitored using an in
vivo imaging system (IVIS-200, Xenogen Corp., Alameda, CA, USA) every 3 days. Prior
to in vivo imaging, D-luciferin was intraperitoneally injected at 150 mg/kg. After
10 min, mice were anesthetized with isoflurane/oxygen and placed on the imaging
stage. Signal intensity was quantified as the sum of all detected photon counts per
second within the lung region after subtracting the background luminescence. All
procedures involving mice, such as housing and care, and all experimental protocols
were approved by the Institutional Animal Care and Use Committee of Hallym
University (Hallym 2009-126).

2.9. Statistical analysis

For all studies, three independent experiments were performed with separate
batches of cells and animals. The results were expressed as means±S.E.M. and then
analyzed via analysis of variance. Differences among the treatment groups were
evaluated via Duncan's multiple range test. Means were considered significantly
different at Pb.05. All statistical analyses were performed using the SAS System for
Windows V 9.1 (SAS Institute, Cary, NC, USA).

3. Results

3.1. Piceatannol inhibits the migration and invasion of prostate
cancer cells

As we have previously noted that EGF induces the migration,
invasion and adhesion of DU145 cells [18], we cultured cells in the
absence or presence of EGF to determine whether piceatannol
inhibits the migration and invasion of DU145 cells. The results from
the transwell (Fig. 2A) and wound (Fig. 2C) migration assays
showed that piceatannol significantly inhibited both the basal and
EGF-induced migration of DU145 cells. As the MTT assay showed
that the viability of DU145 cells was unaltered at 4 h after the
addition of 2.5–10 μmol/L of piceatannol (data not shown), the
transwell filter migration assay was conducted for 4 h to eliminate
the effects of piceatannol on cell viability. Additionally, the wound
migration assay was conducted in the presence of mitomycin C to
eliminate the contribution of cell proliferation. The transwell
invasion assay was also conducted using a matrigel-coated filter,
demonstrating that piceatannol inhibited the basal and EGF-
stimulated invasion of DU145 cells (Fig. 2B). The inhibition of EGF-
induced cell migration and invasion was shown to occur in a
piceatannol dose-dependent manner. The effect of piceatannol on
the migration of other prostate cancer cells was evaluated in the
absence or presence of EGF. Piceatannol significantly inhibited the
migration of MLL rat prostate cancer cells, PC3 human prostate
cancer cells and TRAMP-C2 mouse prostate cancer cells, in both the
absence and the presence of EGF (Table 2).

3.2. Piceatannol reduces the secretion of MMP-9 and uPA but increases
the secretion of TIMP-2 in DU145 cells

In an effort to determine whether EGF and piceatannol alter MMP
secretion in DU145 cells, we collected conditioned media over 48
h and conducted gelatin zymography. On the zymogram, the activities
of pro and active MMP-9 were found to have increased in the EGF-
treated cells (10 μg/L EGF+0 μmol/L piceatannol) relative to the
control cells (0 μg/L EGF+0 μmol/L piceatannol), and piceatannol
reduced the activity of pro and active MMP-9 in the presence of EGF.
In the absence of EGF, piceatannol significantly inhibited the activity
of activeMMP-9, but the reduction in the activity of proMMP-9 due to
piceatannol treatment was not statistically significant (Fig. 3A). The
results of Western blot analysis confirmed that piceatannol reduces
the levels of pro-MMP-9 in a dose-dependent fashion in the presence
of EGF (Fig. 3B). Results from real-time reverse transcriptase PCR
analysis demonstrated that piceatannol reduced the steady-state
levels of MMP-9 mRNA only in the presence of EGF (Fig. 3C). On the
gelatin zymogram, the activity of 72-kDa pro MMP-2 and 45-kDa
MMP-2 activation byproducts [18] was increased by EGF and reduced
by piceatannol in both the absence and the presence of EGF. The
results of Western blot analysis revealed that TIMP-2 secretion was
not affected by EGF, but was increased as a result of piceatannol
treatment (Fig. 3B).

The results of fibrin zymography showed that EGF increased the
activities of high-molecular-weight and low-molecular-weight uPA,
and piceatannol inhibited these activities regardless of EGF
treatment (Fig. 4A). The results of Western blot analysis demon-
strated that the secretion of pro and active uPA was increased by
EGF, and piceatannol reduced uPA secretion in both the absence
and the presence of EGF (Fig. 4B). The levels of uPA transcripts
were increased by EGF and reduced by piceatannol treatment
(Fig. 4C). In order to characterize the role of uPA in the invasion of
DU145 cells, we conducted invasion assays in the absence or
presence of aprotinin (2.5 or 5 μmol/L), a serine protease inhibitor,
and noted that aprotinin significantly inhibited the invasion of
DU145 cells (data not shown). These results indicate that the
secretion of uPA, a serine protease, into medium plays a role in the
invasion of DU145 cells.

3.3. Piceatannol inhibits VEGF secretion in DU145 cells

We previously noted that EGF increases the secretion of VEGF by
DU145 cells [18]. The results of VEGF ELISA (Fig. 5A) andWestern blot
analysis (Fig. 5B) demonstrated that piceatannol inhibited basal and
EGF-induced VEGF secretion by DU145 cells. The levels of VEGFmRNA
changed in parallel with the levels of VEGF protein (Fig. 5C).

3.4. Piceatannol inhibits IL-6 secretion in DU145 cells

We attempted to determine whether EGF induces STAT3 activa-
tion in DU145 cells. The application of 15 min of EGF treatment to the
DU145 cells led to an increase in phosphorylation on the Ser727
residue of STAT3, but had no effects on phosphorylation on Tyr705.
Piceatannol inhibited phosphorylation on Ser727 and Tyr705,
regardless of whether or not the cells were treated with EGF
(Fig. 6A). We assessed the possibility that EGF induces IL-6 secretion,



Fig. 3. Piceatannol reduces MMP-9 secretion and increases TIMP-2 secretion in DU145 cells. Serum-starved DU145 cells were incubated with 0–10 μmol/L of piceatannol in DMEM/F12
in the absence or presence of 10 μg/L of EGF for 48 h. Forty-eight-hour conditioned media were collected and concentrated for gelatin zymography (A) and Western blotting (B). The
volumes of media loaded onto the gel were adjusted for equivalent protein levels. In the first lane of (A), serum-free HT 1080 cell-conditionedmediumwas loaded as a positive control.
Photographs of the Coomassie-Blue-stained gel (A) and chemiluminescent detection of the blots (B), which were representative of three independent experiments, are shown. The
relative abundance of each bandwas quantified, and the control levels (0 μg/ml EGF+0 μmol/L piceatannol) were set at 100%. (A) Each bar represents themean±S.E.M. (n=3). (B) The
adjusted mean±S.E.M. (n=3) of each band is shown above each blot. (C) Serum-starved cells were incubated for 12 hwith piceatannol and/or EGF. Total RNAwas isolated and reverse
transcribed, and real-time PCR was conducted. The expression of MMP-9 mRNA was normalized with that of β-actin. Each bar represents the mean±S.E.M. (n=3). Means without a
common letter differ; Pb.05.
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which in turn induces STAT3 activation; this leads to an increase in
cell migration. The results of IL-6 ELISA applied to DU145 cell-
conditioned media revealed that the treatment of DU145 cells with
EGF for 2 h resulted in a marked increase in IL-6 secretion, and
piceatannol inhibited both basal and EGF-induced IL-6 secretion
(Fig. 6B). Additionally, 2 h of EGF treatment applied to the cells
resulted in phosphorylation on both Tyr705 and Ser727 of STAT3, and
10 μmol/L of piceatannol inhibited phosphorylation on both residues.
Similar to what was observed in the piceatannol-treated cells, EGF-
induced phosphorylations on both the Tyr705 and Ser727 of STAT3

image of Fig. 3


Fig. 4. Piceatannol reduces the secretion of uPA in DU145 cells. Serum-starved DU145 cells were treated with piceatannol and/or EGF as described in Fig. 3. Forty-eight-hour
conditioned media were concentrated for fibrin zymography (A) and Western blotting (B). The volumes of media loaded onto the gels were adjusted for equivalent protein levels.
Photographs of the Coomassie-Blue-stained gel (A) and chemiluminescent detection of the blot (B), which were representative of three independent experiments, are shown. In the
first lane of (A), serum-free HT 1080 cell-conditioned medium was loaded. The relative abundance of each band was quantified, and the control levels were set at 100%. The adjusted
mean±S.E.M. (n=3) of each band is shown above each blot. HMW uPA, high-molecular-weight uPA; LMW uPA, low-molecular-weight uPA. (C) Serum-starved cells were incubated
with piceatannol and/or EGF for 2 h. Total RNA was isolated and reverse transcribed, and real-time PCR was conducted. The levels of uPA mRNA were normalized with those of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each bar represents the mean±S.E.M. (n=3). Means without a common letter differ; Pb.05.
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were significantly reduced in the cells treated with neutralizing IL-6
antibody (Fig. 6C). Furthermore, EGF-induced cell migration was
inhibited significantly by treatment with piceatannol and IL-6
neutralizing antibody (Fig. 6D).

3.5. Piceatannol inhibits IL-6-induced migration, uPA and VEGF secretion
and STAT3 phosphorylation in DU145 cells

We subsequently attempted to determine whether or not
exogenous IL-6 induces DU145 cell migration, via a transwell
migration assay. Interleukin-6 (20 μg/L) was shown to increase
significantly the migration of DU145 cells, which was inhibited in a
dose-dependent manner by piceatannol treatment (Fig. 7A). Exoge-
nous IL-6 stimulated the secretion of pro and active forms of uPA and
VEGF, and piceatannol inhibited IL-6-induced increases in the
secretion of these proteins (Fig. 7B). Exogenous IL-6 treatment
induced increases in the mRNA levels of uPA and VEGF, which were
suppressed by piceatannol treatment (Fig. 7C, D). The treatment of
cells with exogenous IL-6 for 5 min resulted in an increase in
phosphorylation on Tyr705 and Ser727 of STAT3, and piceatannol
significantly inhibited these effects (Fig. 7E).
3.6. Piceatannol inhibits lung metastasis of MLL cells in nude mice

In order to determine whether piceatannol inhibits the in vivo
metastasis of prostate cancer cells, MLL-Luc cells stably expressing
firefly luciferase were injected into the tail veins of male nude mice.
The bioluminescence intensity, a measure of viable MLL-Luc cells, was
markedly increased 9 days after the injection of MLL-Luc cells andwas
significantly lower in the mice subjected to oral piceatannol
administration at a dose of 20 mg/kg/d (Fig. 8).

image of Fig. 4


Fig. 5. Piceatannol decreases the secretion of VEGF in DU145 cells. Serum-starved DU145 cells were incubated with 0–10 μmol/L of piceatannol in DMEM/F12 in the absence or
presence of 10 μg/L EGF. (A) Media conditioned for 24 h were collected for the VEGF ELISA assay. Each bar represents the mean±S.E.M. (n=3). (B) Media conditioned for 48 h were
collected for Western blotting. A photograph of the blot, which was representative of three independent experiments, is shown. The relative abundance of each band was quantified,
and the control levels were set at 100%. The adjustedmean±S.E.M. (n=3) of each band is shown above each blot. (C) Serum-starved cells were treated with piceatannol and/or EGF for
2 h. Total RNA was isolated and reverse transcribed, and real-time PCR was conducted. The levels of VEGF mRNA were normalized with those of GAPDH. Each bar represents the
mean±S.E.M. (n=3).
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4. Discussion

Signal transducer and activator of transcription 3 exerts onco-
genic potential by promoting the expression of proteins involved in
cell transformation and proliferation (c-myc, cylcin A and D, cdc25A)
and down-regulating the expression of cell cycle inhibitors such as
p21 and p27. It may also stimulate angiogenesis, tumor invasion and
metastasis via the up-regulation of MMPs [24,25] and VEGF [26,27]
expression. Signal transducer and activator of transcription 3 has
been demonstrated to be constitutively activated in a broad variety
of solid tumors, including prostate cancer (reviewed in Ref. [9]).
Additionally, the adenoviral gene delivery of wild-type STAT3 to
DU145 cells was shown to increase the number of lung metastases.
The results of previous in vitro studies demonstrated that STAT3
promotes the migration of DU145 cells [12]. These results indicate
that the bioactive compounds that interfere with STAT3 signaling
may potentially be employed as agents for the inhibition of prostate
cancer metastasis. Because the incidence of prostate cancer is
relatively high in old men, preventing metastasis is more important
than treating this disease, in terms of reducing the mortality
attributable to this disease.

Piceatannol, a STAT3 inhibitor and natural polyphenol present in
grapes and wine, has been shown to inhibit the lung metastasis of
Lewis lung cancer cells in C57BL/6 mice. In this animal model, the
cancer cells were subcutaneously injected on day 0, the solid tumor
tissue was removed on day 15, and lung metastasis was assessed on
day 25 [13]. We have demonstrated previously that piceatannol (2.5–
10 μmol/L) induces G1 cell cycle arrest [16] and apoptosis in DU145
cells [14]. In this study, we have demonstrated that piceatannol
inhibits the migration of PC3, MLL and TRAMP-C2 prostate cancer
cells. DU145 and PC3 cells were derived from metastatic human
prostatic cancers. TRAMP-C2 and MLL cells were derived from a
mouse and rat prostate cancer, respectively. We selected these four
different types of androgen-independent prostate cancer cells
because prostate cancer ultimately progresses to a hormone-
refractory state, during which androgen deprivation therapy is no
longer effective. Using DU145 cells, we also determined that
piceatannol (a) inhibited cell migration and invasion; (b) reduced
the secretion of MMP-9, uPA, VEGF and IL-6; (c) increased TIMP-2
secretion and (d) inhibited phosphorylation on Tyr705 and Ser727 of
STAT3. In addition to our in vitro results, our in vivo results showed
that lung metastasis could be inhibited by the oral administration of
piceatannol when MLL rat prostate cancer cells stably expressing
firefly luciferase were injected into the tail veins of nude mice. These
results indicate that piceatannol has potential as an inhibitor of
prostate cancer metastasis.

image of Fig. 5


Fig. 6. Endothelial growth factor increases but piceatannol reduces IL-6 secretion in
DU145 cells. DU145 cells were plated in 100-mm dishes at 1×106 cells/dish in DMEM/
F12 supplemented with 10% FBS. One day later, the monolayers were serum starved for
24 h with serum-free DMEM/F12. (A) Cells were incubated with 0 or 10 μmol/L of
piceatannol for 2 h and lysed without stimulation (0) or after 15 min of stimulation
with EGF. The cell lysates were subjected to Western blotting with indicated
antibodies. (B) Cells were incubated with 0 or 10 μmol/L piceatannol in serum-free
media containing 0 or 50 μg/L EGF for 2 h. Two-hour conditioned media were collected
for IL-6 ELISA. Each bar represents the mean±S.E.M. (n=3). (C) Cells were incubated
with 0 or 1 mg/L IL-6 neutralizing antibody in the absence or presence of 10 μmol/L of
piceatannol in serum-free DMEM/F12 containing 0 or 50 μg/L EGF for 2 h. The cell
lysates were subjected to Western blotting with the indicated antibodies. (A, C)
Photographs of the chemiluminescent detection of the blots are shown. The relative
abundance of each protein bandwas quantified, and the control levels were set at 100%.
The adjusted mean±S.E.M. (n=3) of each band is shown above each blot. (D) The
migration of DU145 cells through a type IV collagen-coated transwell filter was
assessed with or without 10 μg/L EGF, 0 or 10 μmol/L piceatannol and/or 0 or 1 mg/L IL-
6 neutralizing antibody. The cells were then incubated for 4 h. The migrated cells were
quantified via the counting of H&E-stained cells. Each bar represents the mean±S.E.M.
of three independent experiments. Means without a common letter differ; Pb.05.
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The proteolytic cleavage of extracellular matrix proteins is a
critical step in cancer metastasis. Matrix metalloproteinases are a
family of zinc-dependent endopeptidases that are capable of degrad-
ing ECM components. They perform important functions in tumor
angiogenesis, metastasis and the release of growth factors from the
ECM [28]. The activation of the uPA/plasmin proteolytic network has
also been shown to play key roles in tumor invasion and the
dissemination of a variety of malignancies [29,30]. In this study, the
reduced secretion of MMP-2, MMP-9 (Fig. 3) and uPA (Fig. 4) and
increased TIMP-2 secretion (Fig. 3B) may have contributed to the
piceatannol-induced inhibition of migration and invasion in DU145
cells (Fig. 2).

In our previous study, we have noted that EGF, but not IGF-I or
heregulin-β, stimulates the migration of DU145 cells [18]. Endothelial
growth factor receptor (EGFR) is frequently found to be over-
expressed in cases of metastatic prostate cancer [31], and its
expression is correlated with disease progression and androgen-
refractory diseases [32,33]. Endothelial growth factor is generated via
interstitial and vascular smooth muscle cells within the human
prostate [34], and EGF immunoreactive proteins are present at
metastasis sites in the stroma of lymph nodes and medullary bones
[35]. In this study, we noted that the EGF-induced migration and
invasion of DU145 cells (Fig. 2) and the EGF-stimulated secretion of
MMP-9, uPA and VEGF (Fig. 3-5) were suppressed via piceatannol
treatment. Future animal studies will be required to determine
whether piceatannol effectively inhibits prostate cancer metastasis
involving EGFR overexpression.

The results of a previous in vitro study demonstrated that STAT3
can be phosphorylated directly by the EGF receptor kinase [36].
Because EGF has been reported to activate STAT3 via phosphoryla-
tion on tyrosine in EGFR-overexpressing cells [36,37], we attempted
to determine whether the application of EGF treatment to the
DU145 cells for 15 min induced phosphorylation on Tyr705 of
STAT3. We noted that EGF induced phosphorylation on Ser727, but
not on Tyr705 (Fig. 6A). It has also been reported that STAT3 is
exclusively phosphorylated on Ser727 in a phosphoinositide 3-
kinase- and ERK1/2-dependent manner [38]. The results of our
previous study demonstrated that EGF induced Akt and ERK1/2
phosphorylation in DU145 cells [18]. Collectively, these results
indicate that EGF may phosphorylate Ser727 via Akt and/or ERK1/2
activation in DU145 cells.

In order to determine whether EGF stimulates IL-6 secretion,
which in turn activates phosphorylation on Tyr705 of STAT3, we
incubated the cells for 2 h with EGF and measured the levels of IL-6
in the conditioned media, as well as the phosphorylation status of
Tyr705. The findings that IL-6 secretion (Fig. 6B) and phosphoryla-
tion on Tyr705 (Fig. 6C) were increased in the cells treated for 2 h
with EGF indicate that EGF induces phosphorylation on Tyr705 via
the up-regulation of IL-6 production. As piceatannol was shown to
reduce the production of IL-6 (Fig. 6B), the inhibition of STAT3
phosphorylation in piceatannol-treated cells may have been the
consequence of direct inhibition by piceatannol and/or indirect
inhibition resulting from reduced IL-6 production. The finding that
IL-6 neutralizing antibody and piceatannol suppressed Tyr705 and
Ser727 phosphorylation in cells treated with EGF for 2 h (Fig. 6C)
confirms this hypothesis. It is generally acknowledged that IL-6
activates STAT3 [8] and that STAT3 regulates the expression of
MMPs and VEGF [24,39]. Collectively, these results indicate that
piceatannol may inhibit IL-6 production, in turn resulting in reduced
STAT3 activation, ultimately leading to reduced MMP and VEGF
expression in DU145 cells.

In this study, we demonstrated that IL-6 was generated by DU145
cells and that its productionwas increased by EGF treatment (Fig. 6B).
Additionally, exogenous IL-6 induced phosphorylation on Tyr705 and
Ser727 of STAT3, uPA and VEGF secretion and the migration of DU145
cells (Fig. 7). Moreover, the IL-6 neutralizing antibody was shown to
suppress EGF-induced STAT3 activation (Fig. 6C) and the migration of
these cancer cells (Fig. 6D). These results clearly indicate that IL-6 is

image of Fig. 6


Fig. 7. Effect of piceatannol on IL-6-induced secretion of uPA and VEGF in DU145 cells. (A) Themigration of DU145 cells through a type IV collagen-coated transwell filter was assessed
with 0–10 μmol/L piceatannol, with or without 20 μg/L IL-6. Cells were incubated for 4 h. (B) Serum-starved DU145 cells were incubated with 0–10 μmol/L of piceatannol in DMEM/F12
in the presence or absence of 20 μg/L IL-6 for 12 h. Media conditioned for 12 h were collected and concentrated, and Western blotting was conducted. The volumes of media loaded
onto the gel were adjusted for equivalent protein levels. (C, D) Serum-starved cells were incubated for 2 hwith piceatannol and/or IL-6. Total RNAwas isolated and reverse transcribed,
and real-time PCR was conducted. (E) Serum-starved cells were incubated for 1 h in serum-free DMEM/F12 in the presence or absence of 10 μmol/L of piceatannol and lysed without
stimulation (0) or after 5 min of stimulation with 20 μg/L of recombinant IL-6 protein. Cell lysates were subjected to Western blotting with indicated antibodies. Photographs of the
chemiluminescent detection of the blots are shown. The relative abundance of each protein band was quantified, and the control levels were set at 100%. The adjusted mean±S.E.M.
(n=3) of each band is shown above each blot. Means without a common letter differ; Pb.05.
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an autocrine factor that stimulates the metastatic potential of DU145
cells. These results also demonstrate that the stimulatory effects of
EGF on the migration and invasion of DU145 cells were mediated, at
least in part, by the up-regulation of IL-6 production.
Piceatannol inhibited phosphorylation on Tyr705 and Ser727 of
STAT3 (Fig. 6A), along with a reduction in IL-6 secretion (Fig. 6B).
Because piceatannol is a known inhibitor of STAT3 [5] and IL-6 can be
up-regulated by STAT3 (reviewed in Ref. [40]), it may be surmised
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Fig. 8. Piceatannol suppresses the lung metastasis of MLL-Luc cells in nude mice. MLL-
Luc cells were injected into the tail veins of male nude mice. The mice were subjected
to daily oral gavage with piceatannol at doses of 0, 10 or 20 mg/kg/d, commencing 1
day after the MLL-Luc injection. Bioluminescence imaging (BLI) was conducted at 3, 6
and 9 days. (A) Representative BLI in mice, which reveals the progression of lung
metastasis at different time points after MLL-Luc injection, is shown. The scale on the
right of the image indicates the surface radiance (photons/s/cm2/steradian). (B) The
signal intensity was quantified as the sum of all detected photon counts/s in the region
of interest (mean±S.E.M., n=6). Means without a common letter differ; Pb.05.
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that piceatannol inhibits the activation of STAT3, which in turn
inhibits IL-6 expression in DU145 cells. Additionally, as IL-6 activates
STAT3 [10,11], this reduced IL-6 expression may have induced an
additional reduction in IL-6 expression via the reduction of STAT3
activation in piceatannol-treated cells.

To the best of our knowledge, no data are currently available
regarding equivalent doses of piceatannol in humans. The Food and
Drug Administration (FDA) [41] has suggested that the human dose
can be extrapolated from the animal data via normalization to the
body surface area (BSA). To convert the doses (10–20 mg/kg) of
piceatannol used in mice to a human equivalent dose, we can use the
following formula by Reagan-Shaw et al. [42], which is derived from
the FDA Draft guidelines: human equivalent dose (mg/kg)=mouse
dose (mg/kg)×mouse[weight (kg)/BSA]/human [weight (kg)/BSA].
This calculation results in human equivalent doses for piceatannol of
0.81–1.62 mg/kg, which equates to a 49–97-mg dose of piceatannol
for a 60-kg human. More studies will be necessary to translate the
dosage of piceatannol from animal studies to human studies.

In conclusion, this study demonstrates that piceatannol reduces
the migration and invasion characteristics of androgen-independent
DU145 prostate cancer cells, which may be mediated via the
inhibition of MMP-9 and uPA activities and VEGF secretion. The
inhibition of IL-6 secretion may be one of the mechanisms by which
piceatannol inhibits STAT3 activation, which in turn reduces the
expression of MMP-9 and VEGF in DU145 cells. Our results indicate
that EGF induces the secretion of IL-6, which in turn activates STAT3,
resulting in the up-regulation of MMP-9 and VEGF as well as the
migration and invasion of DU145 cells. We also demonstrated that
piceatannol inhibits the lung metastasis of prostate cancer cells in
mice. Because the incidence of prostate cancer is relatively high in
elderly men and hormone-refractory prostate cancer does not
respond well to the currently available chemotherapeutic agents,
the piceatannol-induced inhibition of metastatic potential in andro-
gen-independent prostate cancer cells may generate significant
preventive benefits.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.jnutbio.2010.11.019.
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