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Abstract

Objective—Resveratrol, a non-toxic natural product, exhibits multifaceted biological effects
including anti-mutagenic and anti-cancer properties. We examined the effect of resveratrol on the
expression and activation of Akt/PKB and its impact on melanoma cell migration and
invasiveness. We also explored the use of resveratrol as an anti-malignant treatment option against
skin melanoma in mouse models of the disease.

Methods—AKkt expression and activity were determined by a combination of real-time PCR and
Western analysis. Cell lines stably expressing Akt or a dominant negative variant were used to
further establish the role of Akt during the response to resveratrol. Wound healing and transwell
assays were employed as in vitro correlates of melanoma cell migration and invasiveness. The
efficacy of resveratrol in the treatment of melanoma was assessed in two syngeneic mouse models.

Results—Resveratrol down-regulated and inactivated Akt in B16F10 and B16BL6 melanoma
cells. Resveratrol also inhibited the migratory and invasive properties of these highly malignant
cells. The reduction of cell migration and invasion, however, was reversed in cell lines over-
expressing Akt or following co-treatment with pharmacological inhibitors that blocked Akt
degradation. Dominant-negative Akt cells were more sensitive to resveratrol and had diminished
migratory properties. Oral treatment with resveratrol reduced primary tumor volume, Akt
expression and the propensity for metastasis in syngeneic mouse models of melanoma.

Conclusion—These results suggest that resveratrol can reduce the malignant properties of
highly invasive melanoma cells by inactivating Akt. The non-toxic targeting of Akt by resveratrol
make it an attractive treatment option for melanoma.
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INTRODUCTION

The incidence of advanced cutaneous melanoma has risen rapidly in the last decades and is
now responsible for the greatest number of skin cancer related deaths (1, 2). Although it
comprises only 1 percent of skin cancers, malignant melanoma accounts for over 60 percent
of skin cancer deaths (3). Once metastasized to remote sites, it is characteristically
unresponsive to treatment. At present, prevention and early detection are the most effective
measures against melanoma-related mortality.

Resveratrol, a natural plant product with considerable health benefits (4), may be an
effective non-toxic chemopreventive agent. It is anti-proliferative and pro-apoptotic for a
variety of human cancer cell lines (5). Topical administration of resveratrol already has been
shown to inhibit carcinogenesis in a mouse model of melanoma (6).

Conversion of early benign skin lesions to metastatic cutaneous melanoma occurs in stages
(7). Akt /PKB, a serine/threonine kinase, is thought to play a significant role in this
conversion (8). The importance of Akt as a potential therapeutic target is further justified
from studies that correlate elevated expression of Akt with the degree of malignancy in
metastatic tumors arising from cutaneous melanoma (9).

Cell migration and extracellular matrix invasion are two of the hallmarks of malignancy (10,
11). We studied the ability of resveratrol to affect these phenotypes in vitro with the highly
malignant murine melanoma cell line variants B16F10, selected for its metastatic ability,
and the more invasive variant B16BL6 (12, 13, 14). Using subcutaneous and tail vein
injection of B16BL6 and B16F10 respectively, we further tested whether resveratrol
treatment could affect tumor growth and reduce formation of lung metastasis in syngeneic
mouse models of melanoma.

We show that resveratrol deactivates and attenuates Akt. It effectively reduces the migration
and invasiveness of melanoma cells in vitro and reduces tumor growth and metastasis in
vivo. These properties may make this readily available bioactive food component an
attractive preventive or treatment option for cutaneous melanoma.

MATERIALS AND METHODS

Cell culture

B16BL6 and B16F10 cell lines were procured respectively from Dr. 1.J. Fidler (Department
of Cancer Biology, MD Anderson Cancer Center, Houston Texas) and Dr. Paul M. Sondel
(Departments of Pediatrics & Human-Oncology, University of Wisconsin, Madison).
B16BL6 cells were maintained in Earle’s MEM with 10% fetal bovine serum (FBS), 2mm
L-glutamine, ImM sodium pyruvate, 1% nonessential amino acids, and antibiotics (10,000
units/ml penicillin, 10 mg/ml streptomycin sulfate and 25 ug/ml amphotericin B solution,
Sigma). B16F10 cells were maintained in RPMI media supplemented with glutamine, 10%
FBS and antibiotics. Cells were kept at 37°C with 5% CO,.

Pre-Clinical Studies

Female C57 BL/6 mice, 5-6 weeks of age (Harlan Sprague-Dawley, Indianapolis, IN), were
used for the in vivo studies. Mice were housed under pathogen-free conditions and fed
standard chow and water ad libitum. Animal experiments followed guidelines of the
University of Wisconsin-Madison Animal Care and Use Committee.

A. Primary tumor growth—B16BL6 mouse melanoma cells (1x103) suspended in 500
pl of 1:1 medium and Matrigel (Fisher) were implanted subcutaneously in the dorsal flanks
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of C57BL/6 mice (n=21). At day 4, when the tumors were palpable, mice were randomized
into two treatment regimens. Group 1 (n=10) and group 2 (n=11) were treated with vehicle
(Neobee oil) or 1mg resveratrol suspended in Neobee oil, respectively. Solutions were
administered by oral gavage daily for 17 days. Tumor volumes were measured twice a week
in three dimensions by means of calipers and the volume was approximated by multiplying
the three values. At the end of treatment, animals were euthanized, a final measurement was
made after the tumors were taken out of the animals, and tissues were processed for
histology as described elsewhere (15).

B. Metastasis study—B16F10 mouse melanoma cells (1x10°) suspended in 100 pl
medium were injected into the tail vein (day 1) of C57 BL/6 mice (n=32). Mice were then
randomized into two groups. The control group (n=16) received 100pl Neobee oil while the
treated group (n=16) received 1mg of resveratrol suspended in 100 pl Neobee oil by IP
injection daily for 21 days starting on day 1. Mice were euthanized on day 21 and their lungs
were harvested for histological processing as previously described (15).

Wound Healing Assay

Plates containing confluent cultures of the B16F10 cell line grown in serum-containing
medium were scratched with a sterile 1ml pipette tip. The medium was replaced with serum-
free RPMI medium with resveratrol or DMSO and returned to 37°C for designated times.
Cells were fixed (4% buffered parafomaldehyde), stained (0.5% crystal violet in 20%
methanol) and their images captured (RS Imager). Distances between the gaps formed by
the scratch were measured with ImageJ software. Percentages were calculated relative to the
gap size immediately after scratching.

Migration and invasion assays

For migration assays, transwell inserts (Costar 3422) were coated on the lower surface with
a 5ug/ml solution of fibronectin (Sigma) overnight at 4°C. In a separate series of
experiments to measure invasiveness, the upper surface of the inserts were coated with
200pg/ml Matrigel at room temperature followed by 5ug/ml fibronectin at 4°C on the lower
surface. Actively growing B16F10 cells were trypsinized, washed and re-suspended at
1x108 cells per ml in serum-free RPMI medium with either DMSO or resveratrol. 1x10°
cells in 0.1ml were carefully placed in the upper chamber. The upper and lower chambers
contained the same media as the cell suspensions. Following incubation for 3—4 hours, cells
from the upper surface were wiped clear and cells on the lower surface were fixed with a 4%
buffered paraformaldehyde solution. H&E stained membranes were then transferred to
slides, cover slipped, photographed and cells were counted manually.

Western Analysis

Cells were treated in serum-free medium with DMSO or resveratrol for designated periods
prior to their collection by scraping, washed with cold PBS and lysed in ice-cold 1X RIPA
buffer supplemented with protease and phosphatase inhibitors. Equal amounts of protein
were loaded onto 15% polyacrylamide gels, transferred to PVDF membrane and stained
with antibodies. Mouse anti-pan-Akt, rabbit anti-phospho (S473) Akt, and mouse anti-
GAPDH antibodies were obtained from R&D systems. Rabbit anti-phospho (T308) Akt
antibody was purchased from Cell Signaling Technology. Antibody binding was detected
using the ECL kit from Amersham as described previously (15). In experiments with Boc-D
Fmk, cells were co-incubated with 50 uM Boc-D Fmk and resveratrol prior to harvest.

Melanoma Res. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bhattacharya et al. Page 4

Generation of stable Akt cell lines

The plasmid CMV3-EE-WT-AKT-1 and the control empty vector pPCMV3-EE were gifts
from Dr. Karen Anderson, Babraham Institute, Babraham Research Campus, Cambridge UK
(16). B16F10 cells were permeabilized with an Amaxa Il nucleo-porator using cell line
specific kit-V following the manufacturer’s protocol. After 36 hr, mixed populations of
transfected cells were generated by pooling G418 resistant cells. The dominant-negative Akt
plasmid pDSRed2 C1-Akt (PH 1-108) and the corresponding empty vector were Kindly
provided by Dr. Nobuyuki Takahashi, National Institute for Physiological Sciences, Japan
(17). Stable transfectants were generated as described above.

RESULTS

Resveratrol reduces the migratory properties of murine melanoma cells

The ability of cancer cells to migrate is an essential event in the progression towards
malignancy. Scratch assays measure the migration of cells at the leading edge of a wound
and act as an in vitro correlate to cell migration in vivo.

The data in Figure 1 demonstrate that resveratrol inhibits the migratory property of the
highly invasive B16F10 melanoma cell line. Wound closure in the presence of DMSO
begins within 6-8 hrs (Figure 1a) and is complete by 17 hrs (Figure 1c). However, treatment
with resveratrol inhibited cell migration (Figures 1b and 1d). There was no significant
change in B16F10 cell viability during this period; 100% and 81% of the cells were viable 4
hrs and 24 hrs post-treatment, respectively.

Resveratrol inhibits the invasive properties of murine melanoma cells

By virtue of their ability to adhere to fibronectin matrices elaborated by other cells,
malignant cells have enhanced invasive potential (18). In a transwell migration assay,
fibronectin serves as the chemo-attractant and as an adhesive substrate for the cells.
Utilizing a filter (8 um pore size) coated on the lower surface with fibronection and
resveratrol in the medium, we show that the number of cells that migrated through the
membrane decreased to nearly 40% and 5% in the presence of 50 UM and 100 pM
resveratrol, respectively, compared to DMSO controls (Figure 2A).

Invasion then requires the migration of cells through a barrier, like basement membrane or
extracellular matrix. In a similar transwell invasion assay where the upper side of the
membrane was coated with Matrigel, a solubilized basement membrane matrix, and the
lower surface with fibronectin, incubation with resveratrol for 3—4hrs reduced the number of
cells migrating through the matrix to 4% compared to the DMSO control (Figure 2B). These
data suggest that resveratrol affects at least one intrinsic property of these melanoma cells,
namely their ability to migrate, prior to any changes in viability.

Resveratrol acts like an inhibitor of Akt

Akt is a major determinant of cell migration and invasion associated with tumor
aggressiveness (19). Increased Akt activity has been reported in breast, ovarian and prostate
cancers (20). Recently, a phase |1 clinical trial was conducted with perifosine, a drug that
decreases cancer cell growth through decreased Akt phosphorylation in hormone-sensitive
prostate cancer patients [14]. In order to gain insight into the mechanisms of inhibition of
melanoma cell migration and invasion, we examined the status of Akt in response to
resveratrol treatment. We show that resveratrol inactivated and attenuated Akt (Figure 3).
B16F10 cells were treated with resveratrol for different periods and their lysates were then
subjected to Western blot analysis using antibodies specific for Akt and phospho-Akt
(Figure 3A). Treatment with resveratrol caused a decrease in both phospho (S473)-Akt and
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phospho (T308)-Akt within 1.5 hrs of resveratrol addition. Thereafter, a decline in the total
amount of Akt also was observed. A parallel study was conducted with Ly294002, a known
Akt inhibitor (Figure 3B). A similar deactivation and attenuation of Akt was noted for both
resveratrol and Ly294002. These data demonstrate the potential of using resveratrol as a
nontoxic Akt inhibitor similar to Ly294002, a drug being considered for the treatment of
melanoma (21). Similar observations were made with the B16BL6 cell line (data not
shown).

Akt has three isoforms sharing a high degree of homology. All three Akt transcripts were
detected in B16F10 cells. In order to discern if any one of the three isoforms underwent
resveratrol-mediated changes relative to the house-keeping gene Polr2A at the
transcriptional level, RNA was obtained from cells treated with resveratrol. Real time-PCR
analysis of the corresponding cDNAs with isoform-specific primers was performed and
compared to DMSO treated cells. No significant differences in the transcripts were observed
after 4 hours of resveratrol treatment. Therefore, the decline in the amount of Akt induced
by resveratrol likely reflects an effect of resveratrol on protein degradation.

Boc-D-Fmk partially rescues the effects of resveratrol

The mechanism of caspase-mediated Akt cleavage is well described (22). The
pharmacological agent Boc-D-Fmk, a pan caspase inhibitor, has been used to block Akt
degradation (23). We therefore tested whether Boc-D-Fmk would block Akt degradation and
then interfere with resveratrol-mediated inhibition of cell migration. Co-treatment of Boc-D-
Fmk with resveratrol blocked Akt degradation by 50% compared to cells treated with
resveratrol alone (Figure 4A).

Following the same treatment paradigm, Boc-D-Fmk blocked the resveratrol-mediated
inhibition of melanoma cell migration (Figure 4B). While only 12% of cells migrated
through the membrane in the presence of resveratrol, co-incubation with Boc-D-Fmk
increased that value to 61%.

These initial findings prompted us to investigate further the role of Akt in melanoma cell
migration.

Stably transfected dominant-negative Akt cells are less invasive

Following the observations noted above, we tested whether the invasive property would be
reduced in melanoma cells stably transfected with a dominant-negative Akt. To this end,
melanoma cell lines were established either with a dominant-negative Akt (PH 1-108) or the
corresponding empty vector control (pDS Red2-C1). Cells were then tested in transwell
migration assays as previously described. As shown in Figure 5A, 25 uM and 50 uM
resveratrol reduced the average number of migratory cells to 86% and 52%, respectively, in
cells containing an empty vector compared to the same cells treated with DMSO. As seen in
the same figure, expression of dominant-negative Akt alone reduced cell migration to levels
comparable to those obtained with 50 UM resveratrol. Addition of resveratrol to these cells
further suppressed melanoma cell migration to final values of 37% and 24% compared to
controls. This compares with the inhibitory effect of resveratrol only achievable at much
higher concentrations of the compound.

These results demonstrate that inhibition of Akt, either with resveratrol or via the expression
of a dominant-negative species, reduces the migratory behavior of the metastatic B16F10
melanoma cells.

In contrast, the inhibition of cell migration by resveratrol was attenuated by over-expression
of wild-type Akt (Figure 5B). In the presence of 100uM resveratrol, approximately 55% of
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over-expressing Akt stable cells migrated through the Matrigel in a transwell assay
compared to only 5% of cells containing the empty vector. The over-expression of wild-type
Akt, therefore, partially mitigates the effect of resveratrol.

Similarly, the over-expression of Akt, made cells less sensitive to resveratrol in a scratch
assay. At 8hrs post incubation, the gaps between cells containing the empty vector with
DMSO and resveratrol were 23% and 61% open respectively, while in cells over-expressing
Akt, the wounds were completely closed in the DMSO condition and only 10% open in the
presence of resveratrol.

Resveratrol treatment significantly reduces tumor growth in vivo

Since migration is an essential step in the progression towards malignancy, we determined
first whether resveratrol could reduce tumor growth in a syngeneic mouse model. The
B16BL6 cell line was selected for its highly invasive properties (12). Cells were implanted
subcutaneously, and daily treatment by oral gavage either with resveratrol or vehicle alone
started 4 days later when tumors were smaller than 50 mm3. A reduction in tumor volume
was then observed between the two groups (Figure 6A). Significant differences were
detected after the first week of treatment, culminating at three weeks in a 60% inhibition of
tumor growth (p=.001). Thus, our results demonstrate that, similar to in vitro findings,
resveratrol interferes with the growth of tumors in vivo. During the treatment, there were no
signs of toxicity; mice continued to gain weight, behaved normally, and there were no signs
of damage to vital organs upon necropsy.

Fresh tumor tissues also were obtained from treated and untreated mice and processed for
Western analysis to assess the levels of Akt. As shown in Figure 6B, resveratrol treatment
reduced the amount of Akt, thus paralleling our in vitro findings.

Resveratrol treatment reduces the propensity for lung metastasis

In addition to primary tumor inhibition, resveratrol interfered with the metastasis of
melanoma cells. Mice were treated daily either with vehicle or resveratrol beginning on the
same day as the inoculation of cells through the tail-vein. After 21 days, lungs were removed
from euthanized mice, fixed in formalin, sectioned, and stained with H&E. The area of the
lung occupied by tumor in each section was assessed by two independent observers.
Representative examples of treated and untreated tissue specimens are presented in Figures
6C and 6D, respectively. Areas of tumor (blue stain) are marked in the figures. Resveratrol-
treated average tumor sizes were smaller than that of the control group with a marginal
significance of 10%, (p-value of 0.05, SE of mean difference 8.68). Thus, there is a general
trend of reduced metastasis in resveratrol-treated mice, however, a much larger number of
animals would be required to determine more accurately the percent change.

DISCUSSION

Despite intensive research, cutaneous melanoma is still a major cause of skin cancer related
deaths worldwide. The need to develop an effective treatment option for melanoma is
significant.

Akt/PKB is positioned at the crossroads of multiple oncogenic and tumor suppresser
signaling networks. It promotes epithelial to mesenchymal transition and thus plays a pivotal
role in enhancing the metastatic potential of cells (24, 25). The inhibition of Akt activity
therefore may provide an effective strategy for the development of an anti-cancer drug.
However, toxicity and pharmacologic variables associated with potent Akt inhibitors has
been a major obstacle when considering the use of such candidate drugs for the treatment of
cutaneous melanoma (26, 27).
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In contrast, we and others (15, 28, 29 30) have shown that resveratrol, a natural plant
product, can effect tumor cell growth in vitro and in pre-clinical studies of cancer in a non-
toxic manner via attenuation of anti-apoptotic proteins, the activation of caspases and the
loss of mitochondrial function specifically in tumor cells. That Akt is an additional target of
resveratrol has been shown in the current study.

We demonstrate that resveratrol, a nontoxic drug similar in activity to Ly294002, inactivates
Akt and decreases the migratory and hence the invasive properties of the highly malignant
melanoma cell line B16F10 in vitro. We suggest that the deactivation and attenuation of Akt
underlie the resveratrol-mediated decrease of melanoma cell migration and invasiveness.
This contention is supported by the partial rescue of the resveratrol-mediated effects using
the pharmacological inhibitor Boc-D-Fmk. The finding that the over-expression of Akt
blocks the effect of resveratrol on melanoma cell migration and invasiveness provides
further support. Ultimately, the combined effects of resveratrol are shown in these studies to
inhibit tumor growth and reduce metastasis in mouse models of melanoma. While the
bioavailability of resveratrol in serum may be low, and there is no evidence for its
accumulation in tumors following oral administration or intraperitoneal injection, its
relatively low level is still sufficient to cause significant inhibition of tumor growth in
animal models of melanoma and other types of cancer without signs of significant
cytotoxicity (31). Whether resveratrol can be effective in the treatment of melanoma now
needs to be ascertained in clinical trials.
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Figure 1.
Wound closure is inhibited by resveratrol. Confluent B16F10
containing media, scratched and the media then replaced with
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Pan-AKT

GAPDH

cells were grown in serum-
out serum but containing

DMSO or 100 uM resveratrol. Representative images from three separate experiments show
wounds at 8hrs (a, b) and 17hrs (c, d) with DMSO (a, c) or resveratrol (b, d).
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Figure 2.

Resveratrol inhibits cell migration and invasion. A) Average number of cells migrating to
the lower surface in a transwell assay in the presence of DMSO, 50 uM and 100 pM
resveratrol. B) Average number of cells migrating through Matrigel in the presence of
DMSO and 100uM resveratrol. Each of the figures is representative of three separate
experiments. Mean values + S.D.
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Figure 3.
Resveratrol deactivates and attenuates Akt. Exponentially growing B16F10 cells were

treated with (A) DMSO or 100uM resveratrol (RES) and with (B) DMSO, 100uM
resveratrol (RES) or 25 uM Ly294002 (LY) in serum-free media for the designated time.
Equal amounts of protein were loaded onto polyacrylamide gels, transferred to PVDF
membrane and immuno-stained with an anti-phospho (S473) AKT antibody, an anti-
phospho (T308) AKT antibody or an anti-Pan Akt antibody that recognizes the three
isoforms of Akt. GAPDH was used as a loading control. The figure is representative of three
separate experiments.
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Figure 4.

Inhibition of Akt degradation partially rescues cell migration. A) Exponentially growing
B16F10 cells were incubated with or without 100 UM resveratrol in the presence or absence
of 50 uM Boc- D -Fmk for the designated time in serum-free media. Lysates were prepared
and equal amounts of protein were subjected to SDS-PAGE, blotted and immuno-stained
with anti-Pan Akt antibodies. GAPDH was stained as a loading control. Data from three
separate experiments were quantified using Image-J software and presented relative to
resveratrol at time zero. Mean values = S.D. B) In a transwell assay, photomicrographs of 4
different fields were compiled. The number of cells were counted for the three conditions -
DMSO, 100 uM resveratrol, and 100 UM resveratrol supplemented with 50 UM Boc-D —
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Fmk. The representative outcome from three separate experiments is shown. Mean values +
S.D.
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Figure 5.

Affect of cell migration in dominant-negative Akt or over-expressing stable cell lines in the
presence or absence of resveratrol. A) Cells expressing dominant-negative Akt are less
invasive. In a transwell assay, photomicrographs of 4 different fields per condition were
used to count the number of migrating cells incubated with DMSO, 25 uM resveratrol or 50
LM resveratrol. Results are representative of three separate experiments. Mean values £ S.D.
B) Over-expression of wild-type Aktl rescues cells from resveratrol-mediated inhibition of
invasiveness. In a transwell assay, photomicrographs of 4 different fields per condition were
used to count the number of migrating cells incubated with DMSO or 100 uM resveratrol.
Images are representative of three separate experiments. Mean values = S.D.
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Resveratrol treatment reduces tumor burden and metastasis in syngeneic mouse models of
melanoma. A) B16BL6 cells were inoculated subcutaneously at day zero. Treatment with 50
mg/kg resveratrol in Neobee oil or vehicle alone by daily oral gavage began on day 4.
Tumor measurements were described in Methods. Panel B illustrates the Western analysis of
Akt levels in tumor specimens obtained from the mice described in (A) treated with either
resveratrol or vehicle. In a separate experiment, mice were inoculated with cells through the
tail vein and treated i.p. either with resveratrol or vehicle alone as described in Methods.
Histological sections from the lungs of resveratrol-treated (C) and untreated (D) mice were
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stained with H&E, and tumors were demarcated using ImageJ software and their areas
calculated.
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