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The resveratrol analogue, 3,4,5,4'-trans-tetramethoxystilbene,
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multiple anticancer modes of action
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Abstract.Resveratrolisanatural dietary product thathasdemon-
strated multifaceted anticancer activity. Several analogues of
resveratrol have been synthesized in an effort to enhance the
pharmacological potency and improve the pharmacokinetic
properties of the compound. 3,4,5,4'-trans-tetramethoxystil-
bene (3,4,5,4-TMS) is a methoxylated analogue of resveratrol
that has demonstrated anti-proliferative activity in vitro (in
cancer cell lines) and in vivo (in xenograft models). In the
present study, the anticancer effects of 3,4,5.4-TMS in A375
human melanoma cells were examined. 3,4,54-TMS markedly
inhibited the proliferation of A375 cells (IC5,=0.7 uM), via a
mechanism involving mitotic arrest at the prometaphase stage
of cell division. This effect was accompanied by the upregula-
tion of the expression of the mitogen activated protein kinases,
JNK and p38, and the concomitant activation of p38, that was
verified by the nuclear translocation of the phoshorylated
form of the protein. The pharmacological inhibition of p38 by
SB203580 (4 uM) attenuated the effects of 3,4,5,4'-TMS, as
demonstrated by decreased cell cycle progression at the mitotic
phase. Furthermore, 3,4,54'-TMS increased the total levels of
Aurora A, while it inhibited the localization of the protein to the
spindle poles. Finally, 3,4,5,4'-TMS exhibited anti-metastatic
activity, inhibiting A375 cell migration and the attachment of
the cells to a collagen type IV-coated surface. Collectively, the
data suggest that 3,4,5.4-TMS is an effective chemotherapeutic
drug for the treatment of human melanoma and that it exerts its
effects through multiple anticancer modes of action.
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Introduction

Human melanoma is a malignant tumor that has increased in
incidence over the past years worldwide. In the United States,
it is estimated that 144,860 new cases of melanoma will be
diagnosed in the year 2016 (1). During the period between
1975 and 2012, the incidence of melanoma has increased annu-
ally at a percentage of 3.2% in males and 2.4% in females (1).
During the early stages of the disease, melanoma is curable
through surgical excision (2). However, the majority of fatalities
occur from secondary tumors originating from the metastatic
spread of the cancer, as a result of ineffective chemotherapeutic
treatment options, and eventually lead to a poor prognosis
and the reduced survival of patients (2,3). Of note, the annual
costs for the treatment of melanoma in the United States have
increased considerably from the year 2010 to 2015 (from
approximately 400 to 650 million USD) and are expected to
increase further in the years 2020 and 2030 (4). The therapeutic
strategies that target human melanoma cells focus on multiple
signaling pathways that are constitutively activated and play
important roles in cell proliferation, cell survival and the
resistance of the cancer cells to chemotherapeutic regimens.
Phytochemical-related compounds have attracted considerable
attention, due to their low cost, low toxicity and public accep-
tance as dietary chemopreventative agents (5).

Resveratrol (chemical strucure shown in Fig. 1A, bottom
panel) is a naturally occurring phytoalexin found in grapes,
cranberries and peanuts that is generated in response to
pathogenic attack. Resveratrol has been shown to exert a wide
diversity of biological effects, including the inhibition of the
initiation, promotion and progression of cancer, the inhibition
of cancer cell proliferation, the inhibition of kinase enzyme
activity and the induction of apoptosis (6-9). Despite the
multifaceted anticancer activity of resveratrol, the potency
of this compound is hampered by the poor pharmacokinetic
properties exhibited in vivo. 3,4,54'-trans-tetramethoxys-
tilbene (3,4,5,4'-TMS) (Fig. 1A, top panel) is a resveratrol
analogue that contains methoxy group substitutions in place of
the hydroxyl groups of the stilbene moiety. 3,4,5.4-TMS has
shown promising metabolic stability and bioavailability in a
previous study conducted on C57BL/6 mice (10). In addition,
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34,54 -TMS has been shown to exert more potent inhibitory
effects than resveratrol on the proliferation of cancer cells
in vitro, whereas the anti-proliferative action of the compound
is attributed to the induction of apoptosis and cell cycle
arrest (10,11).

A recent study conducted by our group demonstrated
that 3,4,5,4'-TMS may effectively inhibit the proliferation
of human melanoma cells by inducing apoptosis and cell
cycle arrest, through the activation of the mitogen-activated
protein kinase (MAPK), ERK1/2 (12). In the present study,
the activation of the MAPK protein, p38, by 3,4,5.4-TMS was
investigated using A375 human melanoma cells. The induction
of the expression of the mitosis-associated protein, Aurora A,
was also examined. The data demonstrate that 3,4,5,4'-TMS
possesses a pleiotropic spectrum of biological activities in
human melanoma cells that includes the modulation of the cell
cycle and cell signaling-associated proteins, the induction of
apoptosis and the inhibition of metastasis.

Materials and methods

Materials and chemicals. 3,4,54-TMS was purchased from
Sigma-Aldrich (St. Louis, MO, USA). DMSO, ethanol, form-
aldehyde, paraformaldehyde, PBS, bovine serum albumin
and propidium iodide were purchased from Sigma-Aldrich.
SB203580 was purchased from Calbiochem (San Diego, CA,
USA). Triton X-100 and 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) were purchased from
Reasearch Organics Inc. (Cleveland, OH, USA) and RNAse
was from Qiagen, Inc. (Valencia, CA, USA). Antibodies for
JNK (Cat no. 9252), p38 (Cat no. 9211), p-p38 (Cat no. 9212)
and Aurora A (Cat no. 3079) detection were from Cell
Signaling Technology, Inc. (Beverly, MA, USA). Antibodies
for B-tubulin (Cat no. sc-31782) and [-actin (Cat no. sc-47778)
detection were purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA). Peroxidase conjugated secondary
antibodies [goat anti-rabbit IgG (Cat no. 12-34) and rabbit
anti-mouse IgG (Cat no. cat no. 06-371)] were purchased from
Millipore (Temecula, CA, USA).

Cell culture. A375 cells that were used for the experiments
were provided by the American Type Culture Collection
(ATCC, Manassas, VA, USA) and were maintained in
RPMI-1640 containing 10% (v/v) heat-inactivated (56°C for
45 min to inactivate complement) fetal calf serum at 37°C,
5% CO,/95% air with 100% humidity and were passaged using
trypsin-EDTA. The cultured cells were routinely passaged
every 2-3 days. All cell culture reagents were purchased
from Invitrogen Life Technologies (Carlsbad, CA, USA).
Tissue culture flasks, multi-well plates and cell culture dishes
were purchased from Corning Life Sciences (Tewksbury,
MA, USA), and glass coverslips from Knittel-Glédser
(Braunschweig, Germany).

MTT assay. A375 cells were plated in 96-well flat-bottomed
plates, treated with 3,4,54-TMS at a concentration range of
0.078-40 uM and incubated for 96 h at 37°C. The control
cells were treated with DMSO (0.1% v/v). Cell viability was
determined spectrophotometrically using MTT as a substrate,
as previously described (13).
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Cell cycle analysis. A375 cells were incubated with
3,4,54-TMS (10 uM),SB203580 (4 uM) or 0.1% DMSO (control
cells) for 24, 36 or 48 h. The cells were washed twice with PBS,
detached with trypsin-EDTA and centrifuged at 2,000 rpm
for 5 min. The cells were then washed twice with PBS and
resuspended in 70% ethanol at -20°C for 24 h. The cells were
then incubated with PI (50 yg/ml) containing RNase (40 pg/ml)
for 30 min at 37°C. The fluorescence intensity was determined
using a Beckman Coulter flow cytometer (Beckman Coulter
International SA, Nyon, Switzerland), using FL3 as the channel
for fluorescence emission. At least 10,000 events were acquired
and analysis was carried out using CXP multicomp cytometer
analysis software (Beckman Coulter International SA).

Determination of mitotic index. A375 cells were seeded in
18x18 mm coverslips at a density of 4x10* cells/ml, and incubated
at 37°C for 24 h in the presence of 3,4,5,4-TMS (10-30 uM). The
cells were washed with PBS and fixed with 3.7% formaldehyde
in PBS for 10 min. Nuclear staining of the cells was carried
out by incubation with 1 xuM TO-PRO-3 iodide (Molecular
Probes; Invitrogen Life Technologies) for 10 min. The cells
were mounted using UltraCruz Mounting Medium with
DAPI (Santa Cruz Biotechnology, Inc.) and analyzed using a
confocal microscope (Leica Microsystems GmbH, Heidelberg,
Germany). The mitotic index was determined according to the
following formula: number of cells in mitosis/total number of
cells x100. The experiment was carried out at least 3 times, and
the results are expressed as the mean values + standard devia-
tion (SD).

Confocal immunofluorescence. A375 cells were seeded in
18x18 mm coverslips at a density of 5x10* cells/ml, and incubated
at 37°C for 24 h in the presence of 3,4,54-TMS (10-30 uM). The
cells were washed 3 times with PBS, fixed with 4% paraformal-
dehyde/PBS and permeabilized in 0.1% Triton X-100/PBS for
10 min. Following 3 washes with PBS, the cells were blocked
with 1% BSA/PBS for 30 min and incubated with a primary
antibody against -tubulin and/or Aurora A (diluted 1:200 in
0.1% BSA/PBS) overnight at 4°C. The cells were then incubated
with Alexa Fluor 555 goat anti-mouse IgG (Cat no. A-21422;
Thermo Fisher Scientific, Waltham, MA, USA) secondary anti-
body in the case of (3-tubulin, or with CF 488A goat anti-rabbit
IgG secondary antibody (Cat no. 20012; Biotium, Inc., Hayward,
CA, USA), in the case of p-p38 and for Aurora A (diluted 1:200
in 1% BSA/PBS) for 1 h. The cells were finally washed 3 times
with PBS, stained with 1 xM TO-PRO-3 iodide for 10 min,
and mounted with UltraCruz Mounting Medium with DAPI.
Where appropriate, the cytoplasm was stained with rhodamine
phalloidin (Invitrogen Life Technologies) for 40 min at room
temperature (diluted 1:150 in in 0.2% BSA/PBS), prior to incu-
bation with the primary antibody.

Wound healing assay. A375 cells were seeded in 24-well plates
at a density of 1x10° cells/ml and incubated at 37°C for 24 h to
reach 80-90% confluency. Wound healing was conducted by
scratching the surface of each well with a sterile 10 pul pipette
tip. The detached cells were removed by washing the cell layer
twice with PBS. The wound closure was monitored in the pres-
ence of 5 uM 34,54 -TMS at 12 or 24 h, at different positions
of the wound. The cellular motility was quantified using image
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Figure 1. Anti-proliferative effect of the resveratrol analogue, 3,4,5,4'-trans-tetramethoxystilbene (3,4,5,4-TMS), in A375 cells. (A) Chemical structures of
3,4,54-TMS (upper panel) and resveratrol (bottom panel). (B) Light microscopy of A375 cells treated for 24 h with 10 uM of 3,4,54' TMS. (C) MTT cell
viability assay of A375 cells incubated with a concentration range of 3,4,5.4'-TMS (0.078, 0.156, 0.3125, 0,625, 1.25, 2.5, 5, 10, 20 and 40 yM) for 96 h. The
experiments were carried out at least 3 times and error bars indicate the means + SD.

analysis (ImageJ 1.4.3.67 Launcher Symmetry Software).
Wound healing assays were carried out in triplicate.

Attachment assay. The 24-well plates were coated overnight at
4°C with collagen type IV (50 pg/ml; Sigma-Aldrich) and were
washed 3 times with PBS the following morning. The wells
were blocked with 1% BSA for 2 h prior to the experiment. The
cells were seeded in each well at a density of 4x10° cells/ml in
the presence or absence of 5 uM of 3,4,5,4TMS and incubated
at 37°C for the time periods of 45 min, and 2 and 3 h. The
cells were washed 3 times with PBS and the cellular density
was quantified by staining with trypan blue and counting using
a haemocytometer. The attachment assays were conducted in
triplicate.

Western blot analysis. A375 cells were plated out in T25 flasks
at a density of 1.5x10° cells/ml and incubated at 37°C for 24 h
in the presence of 3,4,54-TMS (20-50 xM). The medium
was removed and the cells were lysed with 100 ul of RIPA
buffer (Sigma-Aldrich) containing protease inhibitor cocktail
(Roche Diagnostics, Basel, Switzerland). The extraction of
the protein was carried out by centrifugation at 13,000 rpm
for 10 min, at 4°C. A total of 30 pg of protein was loaded in
10% SDS-polyacrylamide mini gels and transferred by elec-
troblotting onto PVDF membranes (Bio-Rad Laboratories, Inc.,
Hercules, CA). The membranes were blocked with
5% milk/0.1% Tris-buffered saline with Tween-20 (TBS-T) at
room temperature for 1 h by continuous shaking. The incuba-
tion with the primary antibodies (JNK, p38, p-p38, B-actin,
Aurora A, diluted 1:500 or 1:200 in 1% milk/0.1% TBS-T)
was carried out overnight at 4°C. The membranes were washed
3 times with 0.1% TBS-T and incubated with secondary
antibody (HRP; diluted 1:2,000 in 5% milk/0.1% TBS-T) at
room temperature for 1 h. The membrane-bound antibodies
were visualized by the use of ECL western blotting detection

reagent (Amersham Corp., Arlington Heights, IL, USA) on
X-ray films (FujiFilm, Valhalla, NY, USA).

Statistical analysis. The data are presented as the average
of at least 3 independent measurements and analyzed by a
paired t-test and one-way ANOVA, using Microsoft Excel
version 2007. P-values <0.05 were considered to indicate statis-
tically significant differences.

Results

3,4,5,4'-TMS inhibits the growth of A375 melanoma cells at
micromolar concentrations through a mechanism involving
mitotic arrest at the prometaphase stage. 3,4,5,4-TMS has been
shown to possess promising anti-proliferative activity in vitro in
breast, ovarian and colon cancer cells (10,11,14,15). Recently, we
published a study that demonstrates the efficacy of 3,4,5.4-TMS
in human melanoma in vitro (12). In the present study, the
results of the latter study were verified. The A375 cell line was
selected in order to further examine the anti-proliferative and
anticancer activity of 3,4,54-TMS in human melanoma. An
initial investigation of the A375 cells by phase contrast light
microscopy revealed doublets of cells floating on the surface
of the Petri-dish following 24 h of treatment with 10 uM of
3.4,54-TMS, compared with the control cells treated with the
solvent alone (DMSO) (Fig. 1B). The incubation of the cells
with 3,4,54-TMS for longer periods of time (96 h), indicated
that cellular growth was effectively inhibited at concentrations
<1 uM (IC5,=0.7 uM), as demonstrated by MTT cell viability
assay (Fig. 1C). Furthermore, FACS analysis was carried out
following 24 h of treatment of the cells with 10 M of the drug,
in order to provide additional insight into the mechanisms of
action of 3,4,54-TMS in human melanoma. Treatment with
34,54 -TMS arrested A375 cells at the G2/M phase of the cell
cycle (90+0.2%), with a simultaneous decrease in the number of
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Figure 2. 3,4,54'-trans-tetramethoxystilbene (3,4,5,4'-TMS) causes cell cycle arrest of A375 cells at the G2/M phase. (A) Cell cycle analysis of A375 cells pre-
treated with 3,4,5.4' TMS (10 uM) for 24 h. (B) Percentages of cells in each phase of the cell cycle in the presence of the drug. Control cells were treated with
0.1% DMSO for 24 h. Error bars indicate the means + SD from at least 3 independent determinations.
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Figure 3. 34,5 4"-trans-tetramethoxystilbene (3,4,5,4-TMS) induces mitotic arrest at the prometaphase in A375 cells. (A) Nuclear staining of A375 cells using
TO-PRO-3 iodide in the presence/absence of 3,4,54-TMS (10 uM) for 24 h. White arrows indicate cells arrested at the prometaphase stage. (B) Percentage of
cells undergoing mitosis in the presence of 3,4,5.4'-TMS (10-30 uM). Control cells were treated with 0.1% DMSO for 24 h. Error bars indicate means + SD from
at least 3 independent determinations. “P<0.05, significant difference compared to the control.

cells in the G1 phase (4.25+1%) and S phase (4.75+1%),compared
with the control cells (Fig. 2). In addition to G2/M arrest,
3.4,54-TMS induced the apoptotic cascade of a small fraction
of the A375 cell population (2.6+0.1 vs. 0.7+0% for the control
cells) (Fig. 2). Furthermore, experiments were carried out in
order to determine whether the effects caused by 3,4,5.4-TMS
were attributed to G2 or M phase arrest. The cells were visual-
ized by confocal microscopy following nuclear staining with
TO-PRO-3. A large increase in the mitotic index (22-23+4.8-5.3
vs. 4.25+0.6% for control) was observed following incubation of
A375 cells with 10 and/or 20 M of 3,4,54-TMS for 24 h that
was similar in ratio with the G2/M blockage noted in the flow
cytometry experiments (Fig. 3B). In parallel, visualization of the

A375 nuclei indicated the blockage of cell mitotic division at the
prometaphase stage (Fig. 3A).

3,4,5,4'-TMS induces the activation of the cell signaling protein,
P38, and requires active p38 for maximum potency. Based on
the initial observation regarding the anti-mitotic activity of
34,54 -TMS, western blot analysis was carried out in order to
examine the expression levels of key target proteins involved in
cell signaling following incubation of A375 cells with the drug.
The primary objective of the study was to examine whether
MAPK signaling is important for the potency of 3,4,5.4-TMS
in A375 cells. Initially, an increase in the total levels of INK
was observed that was concentration-dependent. Furthermore,
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Figure 4. 3,4,5,4'-trans-tetramethoxystilbene (3,4,5,4-TMS) induces the upregulation of the MAPK proteins, JNK and p38, in A375 cells. (A) Western blot
analysis of cell cycle protein markers in cells pre-treated with 20, 30 and 50 uM of 3,4,5,4'-TMS for 24 h. (B) Computer densitometry indicating relative
expression of the proteins in A375 cells following treatment with 3,4,5.4'-TMS. (C) Confocal microscopy indicating nuclear translocation of p-p38 in A375 cells
pre-treated with 30 M of 3,4,5.4-TMS. Red arrows indicate more intense green staining in the nuclear region. Blue, TO-PRO-3 iodide staining; red, CF 488A
staining; green, Alexa Fluor 555 staining. "P<0.05, significant difference compared to the control.

the levels of the phosphorylated form of p38 were significantly
increased following treatment of the cells with 30 and 50 M of
34.,54-TMS (Fig.4A and B). The protein expression levels of p38
exhibited a similar increasing pattern (Fig. 4A and B). Additional
experiments using confocal microscopy were conducted, in
order to confirm that p38 is activated based on the localization
of the phosphorylated form of the protein in the cell. p-p38 was
translocated to the nucleus of the A375 cells following treatment
with 3,4,54-TMS, as demonstrated by intense staining of the
protein in the nuclear regions of the cells. In contrast to these
findings, the cells that were treated with DMSO alone exhibited
weaker staining of p-p38 that was localized across the nuclear
and cytoplasmic regions (Fig. 4C).

Given that p38 is activated in response to treatment with
3.4,54-TMS, the present investigation was expanded, in order
to determine whether the inhibition of p38 activity is essential
for the potency of the drug. A375 cells were incubated with
the p38 inhibitor (p38i), SB203580, at 4 uM in the presence
or absence of 3,4,54-TMS. The pharmacological inhibition
of p38 caused the arrest of A375 cells at the G1 phase along
with G2/M phase arrest caused by 3,4,5.4-TMS (Fig. 5A). The
p38i, SB203580, attenuated the potent effects of 3,4,54-TMS
and concomitant treatment with SB203580 and 3,4,5,4-TMS

decreased the percentage of cells arrested in the G2/M phase
to 51.5+4.7% as opposed to 82+5.2% in the case of treatment
with 3,4,54'-TMS alone (Fig. 5B). The incubation of A375
cells with SB203580 (4 uM) and 20 uM of 3,4,5,4'-TMS for
longer periods of time (36 h), resulted in a lower number of
cells undergoing G1 phase arrest, compared with the treat-
ment of the cells with 10 uM of the drug for 24 h (Fig. 5A).
In contrast to these observations, the inhibition of p38 did not
reduce the percentage of A375 cells undergoing late apoptosis
in the presence of 3,4,54-TMS for 24 h (3.2+0.2 vs. 3.5+0.3%),
as demonstrated by FACS analysis (Fig. 5SA and B).

3,4,5,4'-TMS induces the upregulation of Aurora A and causes
a localization shift from the spindle poles. The expression of
the mitosis-associated protein, Aurora A, was examined in
order to provide insight into the mechanisms responsible for
the anti-mitotic action of 3,4,5,4'-TMS. Aurora A was detected
at the prometaphase stage of A375 mitotic cell division and
the protein was localized to both spindle poles (Fig. 6A). In
the presence of 3,4,54-TMS, Aurora A was localized to the
middle of the cell, while the mitotic spindle poles were absent.
The staining of B-tubulin in the cytoplasm was very weak, indi-
cating mitotic catastrophe caused by the drug (Fig. 6A). When
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carried out in triplicate. "P<0.05, significant difference compared to the control.

the expression was monitored by western blot analysis, a clear  3,4,54-TMS when compared with the control cells treated with
upregulation of the protein was noted following treatment with  DMSO (Fig. 6B and C).
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3,4,5,4'-TMS exhibits anti-metastatic activity in A375 cells.
Having established that 3,4,5,4-TMS effectively inhibits the
growth and proliferation of A375 cells, the effects of the drug
on melanoma cell migration and attachment were further
examined. For this purpose, wound healing and cell attachment
assays were employed. The compound 3,4,5.4-TMS (5 uM)
reduced the wound-healing ability of A375 cells following
12 h of treatment compared to the control samples (Fig. 7A).
Similar results were obtained for 24 h of treatment (data not
shown). Specifically, 3,4,5,4-TMS reduced the migration of the
cells at 12 h to 12+2%, compared with 36+4% corresponding
to the control samples (Fig. 7B). In addition 3,4,5,4'-TMS
significantly inhibited the attachment of the cells on collagen
type I'V-coated 6-well plates at 45 min, and at the 2- and 3-h
time points (Fig. 7C). The effect was more profound at earlier
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time points when compared with the control cells treated with
DMSO alone (Fig. 7C).

Discussion

Natural products have played a pivotal role in the identification
of new treatment strategies for cancer. The enhancement of the
potency and efficacy of natural products by utilizing synthetic
strategies is an attractive avenue for the design of effective
anticancer drugs. 3,4,5,4'-TMS is a small molecular weight
anticancer drug that possesses enhanced potency and bioavail-
ability compared with the parent molecule, resveratrol. The
current study presents a comprehensive report of 3,4,54-TMS
activity in A375 human melanoma cells. In addition to the
inhibition of cell proliferation, 3,4,5,4'-TMS impeded the
migration of A375 cells, thus presenting an effective therapeutic
strategy for the treatment of human metastatic melanoma. The
mechanism of action of 3,4,5,4-TMS involves mitotic arrest,
the induction of apoptosis and the activation of the p38 and
Aurora A proteins. The molecular events associated with the
anticancer effects of 3,4,5,4'-TMS in human melanoma cells
are summarized in Fig. 8.

3,4,5,4-TMS has been examined in vitro in terms of
cytotoxicity in breast, liver, ovarian, colon cancer and melanoma
cell lines. The cytotoxicity of 3,4,54'-TMS is estimated at
submicromolar concentrations, in terms of ICs, values, for
breast liver and ovarian cancer cells (0.3-0.7 yuM for MCF7
breast, HepG2 liver and A2780 ovarian cancer cells), whereas
in colon cancer cells, the compound appears less potent
(11.5 puM for HT-29 colon cancer cells) (10,11,15). In human
melanoma cells, 3,4,5,4'-TMS exhibited an IC,, value in the
range of 0.5-1.25 uM (Bro and A375 cells, 0.5 uM; MeWo
and M5 melanoma cells, 1.25 uM) (12). It is evident from
these studies that some cell lines appear to be more sensitive
to 3.4,54-TMS anti-proliferative activity compared to others.
In the present study 3,4,5.4-TMS exhibited submicromolar
toxicity in A375 cells, which indicates that the latter cell
line shows selectivity towards the drug, as in the case of Bro,
HepG2, A2780 and MCF7 cells.

Mechanistically, in this study, 3,4,5,4-TMS was shown to
inhibit the cell cycle of A375 cells by inhibiting mitotic cell
division at the prometaphase stage, as a result of the disassembly
of the mitotic spindle. In contrast to the studies of Ma et al (11)
and Piotrowska et al (15), in this study, the A375 human
melanoma cell line was shown to be somewhat resistant to the
apoptosis induced by 3.4,54-TMS (approximately 5% of the
cells underwent apoptosis), compared with the MCF7, HepG2
and A2780 cells in previous studies, where a greater percentage
of cells was shown to undergo apoptosis (10-20%) (11,14,15).
Methoxylated stilbenes containing =3 methoxy substitutions
induce the apoptotic cascade and the mitotic catastrophe of
cancer cells (16,17). The potency of each drug is dependent
on the cis or trans configuration. The stilbenes bearing a cis
configuration possess greater potency than the corresponding
stilbenes bearing a trans configuration (16,18). The mitotic
catastrophe that is induced by methoxylated stilbenes precedes
the induction of apoptosis, which is a secondary phenomenon
that occurs due to the perturbed cellular division. With regard to
the activity of 3,4,5,4-TMS in A375 cells, there are two possible
explanations for the diminished capacity of the drug to induce
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Figure 8. Schematic diagram depicting the molecular mechanism of anticancer action of 34,5 4'-trans-tetramethoxystilbene in human melanoma cells. In addi-
tion to the current study, the compound has been shown to activate ERK1/2, enhance the levels of the cell cycle inhibitors p21 and p53 and induce apoptosis via

the modulation of the proteins, caspase-3, caspase-9 and Bax in A375 cells (12).

apoptosis: i) 3.4,54-TMS is a trans analogue, thus it is not as
potent as cis methoxy stilbenes, such as combretastatin A4 (CA4)
in inducing mitotic arrest and consequently apoptosis; and
ii) A375 and melanoma cells in general, are resistant to the
induction of apoptosis when exposed to chemotherapeutic
agents via the activation of different protective mechanisms (19).
Furthermore, human melanoma cells show decreased
apoptosis at the sites of tumor lesions that may explain their
high metastatic potential (20). In concordance with the results
presented in the present study, a recent study demonstrated that
a structurally similar stilbene to 3,4,5.4-TMS, bearing the cis
orientation (cis-3.4',5-trimethoxy-3'-aminostilbene), was capable
of inducing apoptosis in HCT116 colon cancer cells, but not in
B16/F10 melanoma cells (21).

In an effort to identify plausible targets of 3,4,54-TMS in
A375 cells, the study focused on the MAPKs, p38 and JNK.
Initial experiments revealed that 3,4,5,4'-TMS induced the
phosphorylation of p38 and the upregulation of JNK proteins.
Furthermore, the p38 pathway was shown to be essential for the
potency of 3,4,54-TMS, as the pharmacological inhibition of
p38 led to a decrease in the percentage of human melanoma
cells arrested in the G2/M phase. The p38 MAPKSs are a class of
protein kinases that have been characterized to respond to stress
stimuli, such as UV radiation, cytokines and osmotic shock.
Previous studies have highlighted the interplay of p38 with
the intracellular events triggered by microtubule-interfering
agents (22,23). It has been shown that CA4, a highly potent
methoxylated stilbene bearing the cis orientation, is capable
of stimulating the activation of both p38 and ERK kinases in
the BEL-7402 hepatocellular carcinoma cell line (24). The
p38 kinase is involved in the reassembly of microtubules
following exposure to CA4. However, in contrast to the present
study where the inhibition of p38 attenuated the cell cycle arrest
of human melanoma cells caused by 3.4,54'-TMS, the inhibi-

tion of p38 in hepatocellular carcinoma cells was reported to
enhance CA4 cytotoxicity (24). The reason for this apparent
contradiction possibly lies on the structural dissimilarity of the
compounds 34,54 TMS and CA4, that determines the precise
mechanism of the antimitotic action. 3,4,5,4-TMS has been
shown to enhance tubulin polymerization and is predicted to bind
to tubulin at the paclitaxel binding site, whereas CA4 inhibits
tubulin polymerization and binds to tubulin at the colchicine
binding site (11,24). Despite this discrepancy, the data presented
in the current study are in alignment with previous studies that
have identified the p38 pathway as a crucial signaling network
that determines the activity of antimitotic drugs.

In this study, in addition to p38 activation, 3,4,5,4-TMS was
shown to induce the upregulation of Aurora A expression. The
finding that the total levels of Aurora A protein are increased
following treatment with certain antimitotic drugs has been
demonstrated in a recent study in the cases of the microtubule
stabilizers, taccalonolide and laulimalide (25). Aurora A and
related microtubule-associated proteins have been reported to
be activated in response to treatment with antimitotic drugs (25).
34,54-TMS exhibited a similar pattern of Aurora A upregu-
lation. However, although the protein levels were increased
following treatment with 3,4,5,4-TMS, Aurora A did not follow
the same localization pattern as in the control cells, while the
intensity of the protein expression was weak, as demonstrated
by immunofluoresence experiments. This occurred due to the
extensive mitotic spindle damage caused by 3,4,54-TMS. The
protein Aurora A associates with the mitotic poles and adjacent
spindle microtubules during mitosis and is critical for the proper
formation of the mitotic spindle via the recruitment of several
microtubule-associated proteins. As 3,4,54'-TMS causes the
enhancement of tubulin polymerization and as a result, unstable
microtubules and spindle formation, Aurora A was not detected
at the spindle poles during the pro-metaphase and/or metaphase
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stages. The increase in the total levels of the protein is consis-
tent with the incidence of the delayed progression of the cells
through mitosis. The expression of Aurora A was increased in
the 3,4,54'-TMS-treated A375 cells, possibly as a mechanism
to overcome the mitotic arrest caused by the compound at the
prometaphase stage of cell division.

In addition to the aforementioned findings, the present study
demonstrated the ability of 3,4,54-TMS to inhibit migration
and attachment of A375 human melanoma cells on collagen
typeIV-coated plates. This,to the best of ourknowledge, provides
the first preliminary evidence of the anti-metastatic activity of
3,4,54-TMS. Human melanoma is a highly metastatic malig-
nancy and a high percentage of melanoma-associated deaths
occur as a result of secondary metastases of the tumors (26).
Molecules resembling 3,4,5,4' TMS structure have been charac-
terized as antimetastatic, although the mechanisms underlying
their action remain somewhat enigmatic. One example includes
the compound CA4 that has entered clinical phase II/II trials for
the treatment of several malignancies (27,28). A second mole-
cule with anti-angiogenic and vascular-disrupting properties is
stilbene Sc, a cis tri-methoxylated aminostilbene with similar
potency to that of CA4 (21). In addition, two recent studies
have documented that the compounds, 4-4'-dihydroxy-trans
stilbene and 3,54'-trimethoxy trans stilbene (the methoxylated
analogue of resveratrol), exert anti-invasive effects via the
downregulation of MMP-9 and MMP-2 activities, as well as
the modulation of the adhesion molecule, E-cadherin (29,30).
It is possible that 3,4,5,4'-TMS modulates the activities of the
aforementioned proteins, although further research is required
to establish such a hypothesis. To our knowledge, only one
study has addressed the anti-invasive effects of 3.4,5,4-TMS
or DMU-212 on VEGF-stimulated HUVEC migration (30).
3.4,54-TMS has been reported to be effective at concentra-
tions between 5 and 80 yM at the 24- and 48-h time points (31),
which is in agreement with the data presented in this study.

Recent studies conducted in the field of cancer research
and experimental therapeutics have highlighted the impor-
tance of the MAPK signaling pathways in the development of
novel chemotherapeutic drugs for the treatment of cutaneous
and/or metastatic melanoma (2,32). An example includes the
compound, vemurafenib, that is currently undergoing clinical
phase II/1IT evaluation for the treatment of advanced and/or
metastatic melanoma (32). Vemurafenib inhibits the kinase
domain of the B-RAFV600E mutant protein and results
in the inhibition of MEK and ERK phosphorylation (32). In
addition to these promising findings, MAPK inhibitors are
tested in combination therapy in patients that have developed
resistance to standard melanoma therapy (32). In the present
study, 3,4,54-TMS demonstrated an antagonistic action with
the p38i, SB203580, in A375 cells and additional research is
required to fully elucidate the exact mechanism of action of
this compound. Nevertheless, the results of our current and
previous studies (12), conducted on 3,4,54'-TMS and human
melanoma, have indicated that the compound targets the p38
and the ERK1/2 pathways, and thus a potential interaction
between mitosis inhibition and MAPK signaling is expected.
Future studies are required to focus on the interaction of
3,4,54-TMS with B-RAF inhibitors in human melanoma.

In conclusion, the current study examined the anticancer
activity of 3,4,54-TMS in A375 human melanoma cells. The
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data indicate that 3,4,5.4-TMS effectively inhibits the prolifera-
tion of melanoma cells through a mechanism involving mitotic
arrest at the prometaphase stage of cell division, via the disas-
sembly of the mitotic spindle and the induction of apoptosis.
Importantly, the activation of the p38 and Aurora A proteins is
required for the growth-inhibiting action of 3,4,5.4'-TMS, while
the latter compound exhibits anti-invasive and anti-metastatic
properties. Taken together, the results suggest that 3,4,5.4'-TMS
is an effective therapeutic drug for use in the treatment of
human melanoma that warrants further investigation in vivo.
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