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The molecular basis of epithelial-mesenchymal
transition (EMT) functions as a potential therapeutic



target for breast cancer because EMT may endow breast
tumor-initiating cells with stem-like characteristics
and enable the dissemination of breast cancer cells.
We have recently verified the antitumor activity of
3,5,4 -trimethoxystilbene (MR-3), a naturally
methoxylated derivative of resveratrol, in colorectal
cancer xenografts via an induction of apoptosis. The
effect of MR-3 on EMT and the invasiveness of human
MCF-7 breast adenocarcinoma cell line were also
explored. We found that MR-3 significantly increased
epithelial marker E-cadherin expression and triggered
a cobblestone-1like morphology of MCF-7 cells, while
reciprocally decreasing the expression of mesenchymal
markers, such as snail, slug, and vimentin. In
parallel with EMT reversal, MR-3 downregulated the
invasion and migration of MCF-7 cells. Exploring the
action mechanism of MR-3 on the suppression of EMT
and invasion indicates that MR-3 markedly reduced the
expression and nuclear translocation of /-catenin,
accompanied with the downregulation of S-catenin
target genes and the increment of membrane-bound /-
catenin. These results suggest the involvement of
Wnt/ B -catenin signaling in the MR-3-induced EMT
reversion of MCF-T cells. Notably, MR-3 restored
glycogen synthase kinase-3 /5 activity by inhibiting
the phosphorylation of Akt, the event required for

[ —-catenin destruction via a proteasome-mediated
system. Overall, these findings indicate that the
anti-invasive activity of MR-3 on MCF-T7 cells may
result from the suppression of EMT via down-
regulating phosphatidylinositol 3-kinase (PI3K)/AKT
signaling, and consequently, /S-catenin nuclear
translocation. These occurrences ultimately lead the
blockage of EMT and the invasion of breast cancer
cells.

resveratrol ; 3,5,4 ‘-trimethoxystilbene (MR-3) ;
epithelial-mesenchymal transition: Wnt/ /3 -catenin ;
glycogen synthase kinase (GSK)-3 5
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Study on the mechanisms by which resveratrol and its methoxylated derivatives
inhibitepithelial-mesenchymal transition and cancer cell invasion
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3,5,4’-Trimethoxystilbene, a natural methoxylated analogue of resveratrol, inhibits breast cancer cell

invasiveness by downregulation of PI3K/Akt and Wnt/B-catenin signaling cascades and reversal of

epithelial-mesenchymal transition
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3,5,4’-Trimethoxystilbene, a natural methoxylated analogue of resveratrol, inhibits breast cancer cell

invasiveness by downregulation of PI3K/Akt and Wnt/B-catenin signaling cascades and reversal of

epithelial-mesenchymal transition
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2. Fe R
The molecular basis of epithelial-mesenchymal
transition (EMT) functions as a potential therapeutic
target for breast cancer because EMT may endow
breast tumor-initiating cells with stem-like
characteristics and enable the dissemination of
breast cancer cells. We have recently verified the
antitumor activity of 3,5,4’-trimethoxystilbene
(MR-3), a naturally methoxylated derivative of
resveratrol, in colorectal cancer xenografts via an
induction of apoptosis. The effect of MR-3 on EMT
and the invasiveness of human MCF-7 breast
adenocarcinoma cell line were also explored. We
found that MR-3 significantly increased epithelial
marker E-cadherin expression and triggered a
cobblestone-like morphology of MCF-7 cells, while
reciprocally decreasing the expression of
mesenchymal markers, such as snail, slug, and
vimentin. In parallel with EMT reversal, MR-3
downregulated the invasion and migration of MCF-7
cells. Exploring the action mechanism of MR-3 on
the suppression of EMT and invasion indicates that
MR-3 markedly reduced the expression and nuclear
translocation of B-catenin, accompanied with the
downregulation of B-catenin target genes and the
increment of membrane-bound B-catenin. These
results suggest the involvement of Wnt/B-catenin
signaling in the MR-3-induced EMT reversion of
MCF-7 cells. Notably, MR-3 restored glycogen
synthase kinase-3f activity by inhibiting the
phosphorylation of Akt, the event required for
B-catenin destruction via a proteasome-mediated
system. Overall, these findings indicate that the
anti-invasive activity of MR-3 on MCF-7 cells may
result from the suppression of EMT via
down-regulating phosphatidylinositol 3-kinase
(PI3K)/AKT signaling, and consequently, B-catenin

nuclear translocation. These occurrences ultimately
lead the blockage of EMT and the invasion of breast

cancer cells.

KEYWORDS: resveratrol;
3,5,4'-trimethoxystilbene (MR-3);
epithelial-mesenchymal transition; Wnt/B-catenin;

glycogen synthase kinase (GSK)-3f3

3. AgpanaF R AL

Metastatic dissemination is conceived to be the
late onset of breast cancer progression. However, an
epidemiological study based on an analysis of more
than12,000 breast cancer cases indicates that the
initiation of metastasis may occur 5.8 years before
the diagnosis of the primary tumor [1]. This study
suggests that some types of precancerous cells may
have the ability to invade and spread to distal tissues
prior to the formation of large tumors. The
candidates of such cells that have early metastatic
potential may include circulating tumor cells (CTCs)
found in the peripheral bloodstream or disseminated
tumor cells (DTCs) located in the bone marrow.
DTCs can be detected in about 31% of stage I to III
breast cancer patients with micrometastasis and poor
prognosis [2]. Recently validated by animal
experiments, lung and bone micrometastases without
the formation of primary breast cancer were
monitored and accompanied by DTCs in wild-type
mice transplanted with premalignant HER-2
transgenic glands [3, 4]. Thus, the emergence of
CTCs and/or DTCs has been considered a diagnostic
or prognostic index for evaluating malignant

dissemination in patients with breast cancer.

Recent clinical evidence reveals that CTCs
acquired from a subset of primary breast cancer
patients exhibit mesenchymal and cancer stem
cell-like characteristics [5, 6], suggesting that
epithelial-mesenchymal transition (EMT) is likely to

initiate cancer invasion and the metastatic spread of



primary breast tumor. EMT is a morphogenetic
program involved in embryonic development,
wound healing, and organ fibrosis. Executed by
various types of epithelial carcinomas, EMT has
been proposed to endow cancer cells with increased
motility and invasiveness during tumor
dissemination [7, 8] and acquisition of cancer stem
cell-like characteristics [9]. A hallmark of epithelial
tumor cells undergoing EMT is the decrease in the
expression of E-cadherin, a cell adhesion receptor
found in the basolateral membrane of polarized
epithelia. E-cadherin connects the identical cell
adhesion receptor to an adjacent cell, known as the
adherens junction, in a calcium-dependent manner;
it also plays a critical role in maintaining the
integrity of the basal membrane and differentiated
epithelial phenotype [10, 11]. The loss of E-cadherin
expression and function has frequently been
observed in breast cancer [12, 13], and its expression
is often repressed by several EMT-related
transcription factors, such as snail, slug, ZEB1, and
ZEB2 [14-16]. In Asian females, aberrant
E-cadherin expression is epigenetically silenced by
promoter hypermethylation in invasive ductal breast
cancer correlated with increased metastatic potential
and poor prognosis [17]. E-cadherin gene mutation
is also tightly associated with loss of heterozygosity
at the long arm of chromosome16, which contains
the E-cadherin locus in human lobular breast cancer
[18, 19]; its dysfunction is customarily associated
with the loss of differentiated function and an
increase in invasive and mesenchymal phenotypes
[20, 21]. These findings suggest that E-cadherin acts
as an invasive suppressor with prognostic
significance in breast cancer; the suppression of an
EMT program may be an accessible tactic for the

prevention of breast cancer cell invasion.

Resveratrol (3,5,4'-trihydroxystilbene; Fig. 1), a
natural stilbene-based antioxidant present in various

plants including grapes, peanuts, and berries [22],

has been identified as a potential cancer
chemopreventive agent [23]. The inhibitory role of
resveratrol in EMT has recently been elucidated.
Resveratrol suppresses epidermal growth factor
(EGF)-induced EMT by inhibiting extracellular
signal-regulated kinase (ERK)1/2 activation in
human breast cancer cells [24]. Resveratrol also
inhibits lipopolysaccharide (LPS)-triggered EMT in
mouse melanoma, which is critical for
inflammation-initiated metastasis [25]. Finally, the
oral administration of resveratrol exerts repressive
effects on xenografted tumor size and the EMT

markers of head and neck cancer [26].

Although numerous studies have described the
mechanisms by which resveratrol prevents cancer
and have validated its significant anti-tumor effects
[27], the systemic bioavailability of resveratrol
remains very low (less than 1%) [28, 29]. Thus, to
reduce the rapid biotransformation of resveratrol and
improve its pharmacokinetics, researchers have
developed natural and synthetic resveratrol
analogues, in which free phenolic groups are
protected by methoxylation. Given their structural
similarity, the methoxylated derivatives of
resveratrol possess anti-tumor effects that are as
effective as those of resveratrol. For example,
pterostilbene
(trans-3,5-dimethoxy-4'-hydroxystilbene; Fig. 1), a
natural 3,5-dimethoxyanalogue of resveratrol,
exhibits a more efficient apoptotic ability than does
resveratrol against leukemia cells [30]. Our previous
study demonstrates that the natural resveratrol
analogue, 3,5,4’-trimethoxystilbene (MR-3; Fig. 1),
inhibits the growth of several human cancer cells
and the xenograft tumor growth of colorectal cancer
in SCID mice [31]. We have also recently reported
that 3,5,3°,4°,5’-pentamethoxystilbene (MR-5; Fig.
1), a synthetically methoxylated analog of
resveratrol, demonstrates a stronger

growth-inhibitory effect than does resveratrol



against human breast carcinoma cell line MCF-7

through the induction of G1 cell cycle arrest [32].
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Fig. 1. Chemical structures of resveratrol and its

methoxylated analogues.

Despite the progress made, however, the effects
of these tested compounds on the EMT-resultant
invasion of breast cancer carcinomas remain
undefined. To address this issue, we initially
assessed the expression profiles of EMT-related
markers in MCF-7 cells after treatment with
resveratrol or its methoxylated derivatives,
pterostilbene, MR-3, and MR-5. We aim to evaluate
which among the tested methoxylated analogues is
more effective than resveratrol in inducing cadherin
switching and EMT reversal; such inducement
consequently blocks aggressive invasive phenotypes
of breast carcinoma. To understand the mechanism
of action of resveratrol, the upstream signaling
pathway that executes the EMT program and
subsequent invasion was explored in breast cancer
cells exposed to the EMT-blocking methoxylated
derivatives of resveratrol. Our results provide
support for the potential use of methoxylated
resveratrol analogue in preventing the EMT-induced

malignant transformation of breast carcinoma.

4. BE 3 aHE

Chemicals

Resveratrol was synthesized using
4-methoxybenzyl alcohol and
3,5-dimethoxybenzaldehyde as precursors as
described before [33]. A similar approach was used
to synthesize its methoxylated derivatives including
pterostilbene, MR-3 and MR-5. The purity of these
compounds is > 97-99% by HPLC or GC. PI3K
inhibitor LY294002 and GSK-3f inhibitor
SB216763 and were obtained from Sigma (St. Louis,
MO). B-Catenin siRNA were obtained from Cell
Signaling Technology (New England Biolabs,
Ipswich, MA). DAPI (4',6-diamidino-2-phenylindole)
was obtained from Southern Biotech (Birmingham,
AL).

Cell culture and morphological observation

Human MCF-7 breast carcinoma cells obtained
from American Type Culture Collection were grown
in Dulbecco’s minimal essential medium
supplemented with 10% fetal calf serum (FCS)
(Gibco BRL, Grand Island, NY), 100 units/mL of
penicillin and 100 pg/mL of streptomycin, and kept
at 37°C in a humidified atmosphere of 5% CO; in air
according to ATCC recommendations. For all
experiments, the cells were subjected to no more
than 20 passages. Morphological changes of MCF-7
cells with MR-3 treatment were observed using
Zeiss inverted phase contrast microscope (Carl Zeiss

Microlmaging GmbH, Jena, Germany).

Transient transfection and dual-luciferase reporter
assay

The regulatory region of the E-cadherin gene
was cloned by PCR amplification of genomic DNA
and inserted into the HindIII/BgIII sites of the pXP2
vector to generate the pXP2-E-cadherin (wt)
construct. For promoter reporter assay, MCF-7 cells
(1 x 10°) were plated onto 6-well plates and grown
to 90% confluent and then co-transfected with
pRL-CMYV (containing the Renilla luciferase



reporter gene) and pXP2-E-cadherin using
Lipofectamine TM2000 system (Invitrogen,
Carlsbad, CA) for 6 h of incubation, and then the
medium was replaced with 10% FCS-containing
medium. After transfection, the MCF-7 cells were
treated with resveratrol and its methoxylated
analogues at the concentration of 20 pM. For
luciferase activity, cells were lysed in lysis buffer
(Promega, Madison, WI), and the firefly luciferase
and Renilla luciferase activities were detected by

dual luciferase assay kits (Promega, Madison, WI) .

Western blotting

After treatment with the tested agents as
indicated in Figure legends, cells were lysed in a
protein extraction buffer (50 mM Tris-HCI, pH 8.0,
5 mM EDTA, 150 mM NacCl, 0.5% NP-40, 0.5 mM
phenylmethanesulfonyl fluoride, and 0.5 mM
dithiothreitol) for 30 min at 4°C. Total cellular
proteins (50 pg) of each sample were resolved by
SDS-polyacrylamide gel electrophoresis, transferred
onto polyvinylidene difluoride (PVDF) membranes
(Immobilon P, Millipore, Billerica, MA), and then
incubated with primary antibody followed by
secondary antibody conjugated with horseradish
peroxidase. The immunocomplexes were visualized
with enhanced chemiluminescence kits (Amersham,
U.K.) and the density of the bands was quantified
using the Fujifilm LAS-4000 luminescent image
analyzer (Fujifilm UK Ltd, Bedford, UK). B-actin
was used as an internal control for equivalent protein
loading. The antibodies against Akt, phospho-Akt
(Ser473), B-catenin, cyclin D1, phospho-B-catenin
(Ser33/Ser37/Thr41), GSK-38, phospho-GSK-3f3
(Ser9), c-Myc and snail were obtained from Cell
Signaling Technology (New England Biolabs,
Ipswich, MA). The antibodies against E-cadherin
and vimentin were purchased from Millipore
(Billerica, MA). The B-actin antibody was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA).
Histone H1 antibody was from BioChain (BioChain

Institute, Inc., Hayward, CA). The densities of the
bands on the blots were quantitated with a
computerized densitometer (ImageQuant LAS4000
Digital System) and analyzed by ImageQuant TL

software.

Wound healing assay

A cell-based wound healing assay was
performed following well-established methods [34].
Briefly, serum-starved MCF-7 cells were grown to
90% confluence and a linear wound was created in
the confluent monolayer using a 200 pL
micropipette tip. The cells were then washed with
PBS to eliminate detached cells and diluted in
serum-free DMEM. Then, various concentrations of
MR-3 were added for 24 h and 48 h of incubation,
and the wound edge movement was monitored with

a microscope.

In vitro migration and invasion assays

Serum-starved MCF-7 cells (2.5 x 10) treated
with a variety of concentrations of MR-3 were
seeded in the upper well of a transwell chamber
(corning cat.no 3422) with a polycarbonate
membrane containing 8-um pores, and NIH-3T3
conditioned media were placed in the lower chamber
as a source of chemoattractants. The migration was
allowed to proceed for 48 h, followed by fixation
with 4% paraformaldehyde for 30 min and staining
with 1% crystal violet. The number of cells
migrating the lower side of the filter was counted
under microscopy in 10 random selective fields. The
invasion assay was performed in similar experiments
but with a coated invasion chamber that was coated
with 100 pL of diluted Matrigel matrix (0.5 mg/mL)
(BD Biosciences, Bedford, MA).

Cell adhesion assay
Cell adhesion assay was carried out by a
colorimetric method based on staining cells with the

dye crystal violet [35, 36]. Briefly, a 24-well culture



plate was coated with 10 pg/mL of type I collagen
for 24 hours at 4°C, washed twice with PBS, and
then plate were blocked with 1% BSA in DMEM for
1 hour. MCF-7 cells treated with various
concentrations of MR-3 in DMEM containing 10%
FCS were plated at a density of 1 x 10° cells per
coated well, followed by 1 h incubation at 37°C.
After washing unattached cells with PBS, adherent
cells were fixed in ethanol, stained with 0.1% crystal
violet, and then photographed under microscopy at
200x%. The number of adherent cells was counted
after being lysed in 0.2% Triton X-100, and the

absorbance was measured at 550 nm.

Cell viability assay

MCEF-7 cells were seeded at a density of 5 x 10
cells/mL into 96-well plates and grown overnight.
Then the cells were treated with various
concentrations of MR-3 for the indicated times.
Control cells were treated with dimethyl sulfoxide
(DMSO) to yield a final concentration of 0.05%
(v/v). After incubation, the proliferating cell
numbers were determined by the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay as follows: 20
pL of MTT solution (5 mg/mL, Sigma, St. Louis,
MO) was added to each well and incubated for 24 h
at 37 °C. Then the supernatant was aspirated, and
the MTT-formazan crystals formed by metabolically
viable cells were dissolved in 200 pL of DMSO.
Finally, the absorbance was monitored by a

microplate reader at a wavelength of 570 nm.

Subcellular fractionation

After a 24 h treatment with MR-3, MCF-7 cells
were washed twice with cold phosphate buffered
saline and resuspended in a hypotonic buffer (10
mM HEPES pH 7.6, 10 mM KCIl, 0.1 mM EDTA, 1
mM dithiothreitol, 0.5 mM PMSF, 1.5 mM MgCl,, 1
mM PMSF, 1 pg/mL aprotinin and 1 pg/mL

leupeptin) to prepare cytosolic and nuclear fraction.
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The resuspended cells were homogenized by
sonication twice for 15 s each time. Cell lysates
were subjected to ultracentrifugation at 3,000 x g for
5 min at 4°C and the supernatants containing
cytosolic proteins were collected and stored at -20°C.
The resultant pellet was then resuspended and lysed
with hypertonic buffer containing 30 mM HEPES,
1.5 mM MgCl,, 450 mM KCl, 0.3 mM EDTA, 10%
glycerol, I mM dithiothreitol, | mM PMSEF, 1
png/mL aprotinin and 1 pg/mL leupeptin. The
supernatants containing nuclear proteins were
obtained by centrifugation at 12,000 x g for 20 min
at 4°C. Western blotting was used to detect the
protein expression of B-catenin in equal volume of

cytosolic or nuclear sample.

Immunofluorescent staining

MCEF cells were plated on coverslips to 60%
confluency and then exposed to the indicated
concentrations of MR-3. After 24 h incubation, the
cells were washed with cold PBS, fixed with 4%
paraformaldehyde for 30 min at room temperature.
Then the cells were immunolabeled with mouse
anti-E-cadherin or anti-p-catenin antibody for 24 h,
washed with cold PBS and incubated for 30 min
with rabbit anti-mouse secondary antibody
conjugated with fluorescein isothiocyanate and
rhodamine (Sigma, St. Louis, MO) at room
temperature. The cells were again washed with cold
PBS and mounted on glass slides with
Dapi-Fluoromount-G (Southern Biotech). The
images were visualized with a fluorescence
microscope (Carl Zeiss Microlmaging GmbH, Jena,

Germany).

Reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was isolated from MCF-7 cells
using the TRIzol reagent (Life Technologies,
Invitrogen Corporation, CA) according to the
manufacturer’s directions. Total RNA (5 pg) was



reverse-transcribed into cDNA using Moloney
murine leukemia virus reverse transcriptase and
oligo (dT) 18 primer by incubating the reaction
mixture (25 pL) at 40 °C for 90 min, and then the
RT product was subjected to PCR analysis. PCR
were performed in a final volume of 50 pL.
containing 2 uL. of RT product, dNTPs (each at 200
uM), 1x reaction buffer, I pM concentration of each
primer (c-Myec, forward
5’-CGGGTTCCCAAAGCAGAGGG-3’, reverse
5’-GAAGCCCTGCCCTTCTCGAG-3’; cyclin D1,
forward 5’-GCTGTCGGCGCAGTAGCAGC-3’,
reverse 5’ -GCGCGGCGGATGGTTTCCAC-3’;
GAPDH, forward
5’-GAAGGTGAAGGTCGGAGTC-3’, reverse
5’-GAAGATGGTGATGGGATTTC-3"), and 50
units/mL Pro 7ag DNA polymerase under the
following conditions: 95°C for 5 min, followed by
30 cycles of amplification (95 °C for 30 s, 56 °C for
1 min and 72 °C for 1 min) and 72 °C for 10 min. A
5 pL sample of each PCR product was
electrophoresed into 2 % agarose gel and visualized
by ethidium bromide staining. The mRNA
expression levels of target gene of B-catenin were
normalized to those of GAPDH. Values presented

are the means + S.E. of triplicate measurements.

SiRNA transfection

MCF-7 cells were seeded in a 60 mm dish.
When the cells reached confluence, the medium was
replaced with serum-free Opti-MEM (Gibco
BRL,Grand Island, NY). The cells were then
transiently transfected with control siRNA and
B-catenin siRNA (Cell Signaling Technology,
Beverly, MA) for a final concentration of 100 nM
per culture using Lipofectamine 2000 reagent in
accordance with the instructions of the
manufacturer’s protocol (Life Technologies,
Invitrogen Corporation, CA). The protein levels of
B-catenin, E-cadherin and Snail were assessed 48 h

post transfection using Western blotting.
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Immunoprecipitation

Five-hundred microgram total cellular proteins
were first precleared by being incubated with protein
A/G-agarose beads (10 pL, 50% slurry, Santa Cruz
Biotechnology, Santa Cruz, CA) in
immunoprecipitation buffer (20 mM Tris-HCI, pH
7.5, 1 mM EDTA, 150 mM NacCl, , 1% Triton X-100,
0.5 mM phenylmethanesulfonyl fluoride, and 1
png/mL leupeptin) for 4 h. The clarified supernatants
were collected by microfugation, and then incubated
with B-catenin for 4 h on a rotating platform at 4°C.
The immunocomplexes were further precipitated
with 20 pL of protein A/G-agarose beads on a
rotating platform at 4°C. After incubation, the beads
were washed twice with immunoprecipitation buffer
and subjected to 10% SDS-PAGE. The
immunoprecipitated proteins were visualized by

Western blotting.

Statistical analysis

Quantitative data represent mean values with
the respective standard error of the mean (SE)
corresponding to 3 or more replicates. The
significance between multiple groups and single
control group was analyzed by one-way analysis of
variance (ANOVA) using post-hoc test. Data were
considered significantly different when p < 0.05.

5. 8% &%
MR-3 exerts reversion effect on EMT markers in
MCF-7 human breast cancer cells

To elucidate the role of resveratrol and its
methoxylated analogues in the EMT program of
breast carcinoma cells, we first examined the effect
of the tested compounds (i.e., resveratrol,
pterostilbene, MR-3, and MR-5) on the expression
of EMT-representative markers in MCF-7 breast
cancer cells by Western blot analysis. Fig. 2A shows
that at a concentration of 20 uM, all the tested

compounds resulted in an elevated expression of



epithelial marker E-cadherin, consequently
repressing the expression of mesenchymal-related
marker snail. However, only MR-3 had a markedly
suppressive effect on the expression level of
mesenchymal-related marker vimentin. Snail
functions as a transcription repressor for E-cadherin
expression by binding the E-box element to the
E-cadherin gene promoter. To explore whether the
downregulation of E-cadherin protein level by the
tested compounds is associated with snail-mediated
E-cadherin repression, dual-luciferase promoter
assay was performed. Fig. 2B shows that unlike the
three other compounds, MR-3 adequately restores
E-cadherin promoter activity. The result reveals that
MR-3, but not resveratrol, pterostilbene, and MR-5,
exerted the opposite effect on the EMT profile in
breast cancer cells. Significantly, MR-3 more
effectively altered the EMT-related phenotypes than
did resveratrol and other methoxylated compounds
in MCF-7 cells. We therefore selected MR-3 as the
lead compound for further study.
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Fig. 2. Effects of resveratrol and its methoxylated
derivatives on EMT profiles in human MCF-7 breast
adenocarcinoma cells. (A) Western blot analysis of

EMT-related markers, E-cadherin, snail, and
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vimentin, with B-actin functioning as an internal
control in MCF-7 cells after 24 h of treatment with
resveratrol and its methoxylated derivatives at a
concentration of 20 pM. The relative protein levels
below the blots were determined by densitometry
analysis of the specific protein bands normalized to
B-actin levels. All Western blot results are
representative of at least three independent
experiments. (B) After co-transfection with
pRL-CMYV and pXP2-E-cadherin in MCF-7 cells,
the cells were treated with resveratrol and its
methoxylated analogues at a concentration of 20 uM
for 24 h. The promoter activity of E-cadherin was
analyzed by luciferase reporter assays. Data were
plotted by mean + SE (n =3). The value of the
control was set to 1. Asterisks represent statistically
significant differences from the control group (*, p <
0.05; *** p <0.001).

MR-3 causes an epithelial cobblestone
morphological change from a fibroblast-like
appearance in MCF-7 cells

To eliminate the possibility that the suppression
of the expression levels of mesenchymal-related
markers snail and vimentin by MR-3 is due to
cytotoxicity, cell viability was determined by MTT
assay. Fig. 3A shows that a 24-h treatment of
MCEF-7 cells with MR-3 at low concentrations (0
puM to 20 uM) has no significant effect on MCF-7
cell survival despite the fact that a dose-response
inhibition of cell growth was observed at high
concentrations (40 uM to 100 uM) of MR-3
treatment. This result indicates that MR-3 decreases
the snail and vimentin levels of MCF-7 cells via the
induction of EMT conversion, rather than via growth
inhibition.

To ascertain whether the reverse effect of MR-3
on EMT-related proteins is associated with
epithelial-like reversal in MCF-7 cell morphology,
we observed the morphological differences between
untreated (control) and MR-3-treated cells. The



MCEF-7 cells treated with MR-3 displayed a
generally rounded shape and adhered to neighboring
cells, whereas the control maintained a more
fibroblast-like morphology with a loss of cell to cell
contact (Fig. 3B, upper panel). Immunofluorescence
staining shows that the expression of vimentin
decreased in a dose-dependent manner in response
to MR-3 (Fig. 3B, lower panel). Similar to the
acquisition of epithelial morphological change and
the reduction in the cellular distribution of vimentin,
the exposure of MCF-7 cells to various
concentrations (0 uM to 20 uM) of MR-3 resulted in
a dose-dependent increase in E-cadherin expression,
along with a gradual decrease in snail or slug
expression (Fig. 3C). These findings provide strong
evidence that MR-3 reverses EMT in MCF-7 cells.
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Fig. 3. Cell viability and reversal effects of MR-3 on
EMT in cultured MCF-7 cells. (A) MCF-7 cells
were treated with MR-3 at the indicated

concentrations for 24 h, and then subjected to an
MTT assay for cell viability. Each bar represents
mean * S.E (n =3). The asterisks represent
statistically significant differences from the control
group (*, p <0.05; **, p <0.01; *** p <0.001). (B)
The cells were treated with the indicated
concentrations of MR-3 for 24 h. Morphological
changes in response to MR-3 are displayed under an
inverted phase contrast microscope. The
immunofluorescence of indicated cells was labeled
with Alexa Fluor 488 phalloidin (green) for vimentin
filaments. Nuclei were stained with DAPI (blue). (C)
Expression changes in EMT markers, including
E-cadherin, snail, and slug were determined by
Western blot analysis, with B-actin acting as internal
control. The relative levels of protein expression

normalized to B-actin are shown below the blots.

MR-3 suppresses the aggressive invasion phenotype
of MCF-7 cells

Cancer cells undergoing EMT has been
considered as an early event that leads to local
invasiveness and distant metastasis. Thus, to validate
whether EMT conversion by MR-3 is closely linked
to the downregulation of MCF-7 cell invasion, we
initially performed a scratch wound healing assay.
This procedure enables the assessment of whether
MR-3 and resveratrol affect cell motility. Fig. 4A
illustrates that the stimulation of MCF-7 cells with
1% FCS produced a marked wound closure at the
leading edge of the wound area, beginning at 24 h
and lasting until 48 h. By contrast, the wounds
treated with MR-3 exhibited significantly
dose-related delays in healing under the same
conditions. However, 20-uM resveratrol exerted a
weak effect on wound closure. We then immediately
determined the effects of MR-3 and resveratrol on
the cell migratory and invasive capacities of MCF-7
cells by Transwell migration assay and Matrigel
invasion assay. MR-3 caused a dose-dependent

decrease in the percentage of Transwell migrated



cells, from ~78% to ~35% (Fig. 4B). For the
assessment of invasion, the observed cells invading
the site opposite the Matrigel-coated filter gradually
decreased to a significant low percentage (~82% to
~40%) in response to MR-3-treatment under various
concentrations. By contrast, 92% of the migrated
cells and 87% of the invaded cells were observed in
the 20-uM resveratrol-treated group. On the basis of
these results, we suggest that MR-3 has a stronger
anti-invasive activity than does resveratrol because
of the ability of the former to reverse the EMT

program.

Integrin-mediated adhesion to extracellular
proteins, such as fibronectin and collagen, is a key
mechanism by which mesenchymal cells acquire
increased motility [37]. We propose that
MR-3-induced EMT inhibition may affect cell
adhesion to the extracellular matrix (ECM). Thus,
cell-matrix adhesion assay was performed. The data
show that MCF-7 cells adhering to the matrix
decreased in a dose-dependent manner in response
to MR-3 treatment (Fig. 4C). Collectively, the
findings confirm that EMT-reversal mediated by
MR-3 is closely associated with the downregulation
of the aggressive invasion phenotype of MCF-7
cells.
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Fig. 4. Downregulation of the aggressive invasion
phenotypes of MCF-7 cells by MR-3. (A) For the
wound healing assay, 90% confluent cultures were
scraped to form a wound, and then exposed to MR-3
and resveratrol at the indicated concentrations for 24
and 48 h. Photos of the wound were captured by
microscopy. Relative distance of the wound width
was measured and divided by the initial half-width
of the wound. Results are expressed as the mean +
S.E. of three independent experiments. * p < 0.05,
** p<0.01, and *** p <0.001 vs. the 0 h control
(Fig. 4A, right panel). (B) For the migration and
invasion assays, MCF-7 cells were seeded in a
Transwell upper chamber and either coated with a
diluted Matrigel (invasion assay) or not (migration
assay). After attachment for 24 h, the cells were
treated with various concentrations of MR-3 and 20
UM of resveratrol to allow migration and invasion
for 48 h. Migrating and invading cells on the lower
surface of the filter were stained and quantified
under a microscope. (C) For the adhesion assay,
MCEF-7 cells pretreated with MR-3 (0, 5, 10, or 20
uM) for 24 h were plated on 24-well dishes coated
with type I collagen (10 pg/mL), and cultured for 1 h.
Adherent cells were stained and observed by
microscopy. For quantification, the number of
migrating, invasive, and adherent cells were counted
in 10 randomly selected fields per well; each bar
represents mean + S.E (n =3). Asterisks represent
statistically significant differences from the control
group (*, p <0.05; **, p <0.01; *** p <0.001).

MR-3 restores membrane-bound f-catenin and
suppresses the nuclear localization and function of
p-catenin in MCF-7 cells



Membrane-bound B-catenin linked to
E-cadherin plays a crucial role in the maintenance of
adherens junctions and functional epithelia. By
contrast, free B-catenin functions as a transcriptional

coactivator of the canonical Wnt signaling pathway,

which contributes to EMT during tumorigenesis [38].

The dissociation of B-catenin from the cytoplasmic
tail of E-cadherin may increase the nonjunctional
pool of B-catenin in cytosol, thereby leading to
epithelial cell migration [39]. Therefore, to elucidate
whether the increase in E-cadherin in response to
MR-3 in MCF-7 cells is accompanied by the
reconstitution of the E-cadherin-f-catenin complex
and the suppression of Wnt/p-catenin signaling, the
expression, cellular distribution, and function of
B-catenin were studied. An inhibition of -catenin
protein levels was observed in the MR-3-treated
MCEF-7 cells in a dose-dependent manner (Fig. 5A).
Consistently, MR-3 reduced the nuclear
translocation of B-catenin (Fig. 5B), parallel to the
downregulation of mRNA and protein expression of
B-catenin target genes, such as c-myc and cyclin D1
(Fig. 5C). In particular, the knockdown of B-catenin
by specific siRNA converted the expression status of
the EMT markers, including E-cadherin and snail, in
MCF-7 cells compared with that of the scramble
siRNA control (Fig. 5D). Subsequently,
immunofluorescence staining was performed to
determine the cell distribution of B-catenin and
E-cadherin in MR-3-treated cells. The data show
that MR-3 treatment enhanced the presence of
membrane-bound B-catenin, as well as the
upregulation of E-cadherin (Fig. SE). Overall, these
results indicate that MR-3 increases the -catenin
level in the plasma membrane and downregulates
the free pool of nuclear B-catenin, suggesting that
the modulation of Wnt/B-catenin signaling may be a
possible course of action through which MR-3 may
elicit the EMT reversal of MCF-7 cells.
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Fig. 5. Modulation of expression levels, cellular
distribution, and function of B-catenin by MR-3 in
MCEF-7 cells. (A) Western blot was performed for
B-catenin expression after 24 h of exposure to
different concentrations of MR-3, as indicated. (B)
Western blots for B-catenin in the nuclear and
cytosolic fractions. The cells were treated with
different concentrations of MR-3 for 24 h.
Subsequently, cytosolic and nuclear fractions were
prepared and analyzed by Western blotting. Histone
H1 and B-actin were used as the internal control for
the nuclear and cytosolic extracts, respectively. (C)
Protein and mRNA expression levels of
B-catenin/TCF-targeted genes, c-Myc and cyclin D1,
in MCF-7 cells were determined by Western blotting
and RT-PCR, respectively, after 24 h of treatment
with the indicated concentrations of MR-3. (D)
Effect of B-catenin knockdown on the protein
expression of E-cadherin and snail. After
transfection with B-catenin siRNA, Western blotting
was performed to determine the protein expression
levels of B-catenin, E-cadherin, and snail. (E)

Immunostaining of B-catenin and E-cadherin. Cells



were cultured on a cover glass and then treated with
the indicated concentrations of MR-3 for 24 h. Cells
were also immunostained using specific antibodies
against f-catenin and E-cadherin. In all the panels,
the results provided are representative of at least
three independent experiments. Quantification of the
Western blot and RT-PCR results was normalized
over B-actin, histone H1, or GAPDH levels.

MR-3 elevates the phosphorylation and
ubiquitination of f-catenin by employing the
PI3K/Akt/GSK3p-dependent pathway

An increase in the free cytoplasmic pool of
B-catenin is necessary, albeit insufficient, for the
induction of Wnt/B-catenin signaling and consequent
EMT, unless GSK-3p (one of the components of the
destruction complex responsible for f-catenin
proteolytic degradation) is inhibited [40, 41]. To
determine how MR-3 affects the nuclear import and
transactivity of B-catenin, as well as the subsequent
conversion of EMT phenotypes, the role of GSK-3f3
in an MR-3-triggered EMT reversal was explored.
As shown in Fig. 6A, MR-3 markedly decreased the
levels of GSK-3 phosphorylation, with a
corresponding increase in its protein levels.
Similarly, the phosphorylated status of Akt, an
upstream kinase directly responsible for the
phosphorylation and subsequent inhibition of
GSK-3p, was blocked by MR-3 in a dose-dependent
manner. Significantly, the phosphorylation and
ubiquitination of B-catenin, which is necessary for
its proteolytic degradation, was enhanced by MR-3
under the same conditions (Figs. 6A, 6B). These
findings provide strong evidence that MR-3
adversely affects the nuclear translocation and
transcriptional activity of B-catenin, as well as the
main events of Wnt/B-catenin signaling activation by
inhibiting PI3K/Akt signaling and liberating
GSK-3p activity. To verify whether the activation of
GSK-3p and the suppression of PI3K/Akt signaling
can alter EMT phenotypes, snail and E-cadherin
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expressions were examined in response to treatment
with GSK-3f inhibitor SB216763 and PI3K
inhibitor LY294002, respectively. In contrast to the
reversal of expression of EMT makers by MR-3,
SB216763 enhances snail expression but reduces
E-cadherin expression (Fig. 6C). Similar to MR-3
treatment, LP294002 treatment suppressed snail
expression and elevated E-cadherin expression (Fig.
6D). Resveratrol inhibits the proliferation of
estrogen-responsive MCF-7cells through by
modulating the estrogen receptor alpha
(ERa)-associated PI3K pathway [42]. Thus, to
explore whether ERa is essential for the regulation
of the PI3K-Akt-GSK3 signaling pathway and the
subsequent EMT process, we selected Tamoxifen,
an antagonist of ERa, to block ERa activity.
Tamoxifen effectively inhibited PI3K/Akt signaling
activation and liberated GSK-3 stability, similar to
the decrease in B-catenin and snail protein levels, as
well as the concomitant increase in E-cadherin
protein levels (Fig. 6E, left and middle panels).
Augmented efficacy of Tamoxifen can be observed
in the altered expression of EMT-related markers
when MCF-7 cells were co-treated with MR-3 (Fig.
6E, right panel). The results suggest that MR-3
reverses EMT program through the modulation of
the ERa-PI3K-Akt pathway in estrogen-responsive
breast cancer cells. Altogether, the findings highlight
the hypothesis that the regulation in the
PI3K-Akt-GSK3 signaling axis and the resultant
[-catenin proteasome degradation should be
involved in MR-3-induced EMT reversal.
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Fig. 6. Upstream role of the PI3K/Akt/GSK-3f3
signaling pathway in MR-3-mediated
downregulation of GSK-3B-catenin stability. (A)
MCEF-7 cells were treated with various
concentrations of MR-3. Subsequently, Western blot
analysis was performed using specific antibodies
against phospho-GSK-38 (Ser9), GSK-3p,
phospho-AKT (Ser473), AKT, and
phospho-B-catenin (Ser33/37/Thr41). (B)
Ubiquitination of B-catenin in response to MR-3.
Cell lysates treated with MR-3 were
immunoprecipitated with agarose-conjugated
B-catenin antibody. The resultant
immunoprecipitated samples were monitored by
Western blotting for the presence of ubiquitin. IP:
immunoprecipitation; IB: Western blotting. (C)
MCF-7 cells were treated with 20 uM of GSK-3
inhibitor SB-216763 or (D) 20 uM of PI3K/AKT
inhibitor LY294002 as a single treatment or in
combination with 20 uM of MR-3 for 24 h, followed
by a Western blot analysis of the indicated proteins.
(E) MCF-7 cells were treated with 10 and 20 uM of
estrogen receptor antagonist Tamoxifen for 24h or
with 20uM of Tamoxifen plus 20 uM of MR-3,

followed by Western blot analysis of the indicated
proteins. Relative GSK-33, AKT, and B-catenin
phosphorylation levels were determined through the
densitometric measurement of the phospho-form
bands normalized against the total bands, as shown
below the blots. The relative protein levels of snail
and E-cadherin were normalized to the B-actin level.
Each value was calculated on the basis of the data

obtained from three independent experiments.

In conclusion, our results constitute the first
evidence that MR-3 reverses the EMT process and
restores epithelial-like characteristics, such as the
emergence of E-cadherin, the depolarization of the
cell shape in MCF-7 breast cancer cells, and with the
downregulation of Wnt/B-catenin signaling, as well
as invasive and migratory phenotypes. Our
explorations of the underlying mechanisms reveal
that MR-3 may modulate the activation of PI3K/Akt
signaling axis, consequently stabilizingGSK-3f
activity. Stabilized GSK-3p activity indirectly
maintains E-cadherin expression through the
limitation of B-catenin nuclear localization and
accelerated degradation of B-catenin and snail. The
study results and data also reveal that MR-3 serves
as the most potent inducer of EMT reversal among
resveratrol and the methoxylated analogues in
MCEF-7 cells. The findings imply that methoxylation
enhances the anti-invasive activity of resveratrol,
thereby restoring basal-like phenotypes and
attenuating the malignant potential and spread of

breast cancer.
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