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Methoxylated Analogue of Resveratrol, Inhibits Growth and
Induces G1 Cell Cycle Arrest of Human Breast Carcinoma
MCF-7 Cells
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3,5,3,4',5'-Pentamethoxystilbene (MR-5) is a synthetically methoxylated analogue of resveratrol and
has been suggested to have antitumor activity because of structural similarity to resveratrol. Herein, we
investigate the antiproliferative effect of MR-5 in human breast cancer MCF-7 cells and demonstrate
that MR-5 had a more potent inhibition on cell growth compared with resveratrol and other
methoxylated derivatives. Exploring the growth-inhibitory mechanisms of MR-5, we found that it is
accompanied by G1 cell cycle arrest, which coincides with a marked inhibition of G1 cell cycle
regulatory proteins, including decreased cyclins (D1/D3/E) and cyclin-dependent kinases (CDK2/4/6)
and increased CDK inhibitors (CKls) such as p15, p16, p21, and p27. Furthermore, the increase in CKI
levels by MR-5 resulted in a concomitant increase in their interactions of CDK4 and CDK2, along with a
strong inhibition in CDK4 kinase activity and the accumulation of hypophosphorylated Rb. MR-5 also
modulated some critical kinase activities related to cell cycle regulation, including Akt, mitogen-
activated protein kinase (ERK1/2), p38 mitogen-activated protein kinase (p38 MAPK), and focal
adhesion kinase (FAK) in MCF-7 cells. In total, our results demonstrate that MR-5 affects multiple
cellular targets that contribute to its antiproliferative activity in MCF-7 cells and provide novel
information for synthetic chemists to design new antitumor agents with introduction of methoxylated

group(s) in the basic compound.
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INTRODUCTION

Resveratrol (3,5,4'-trihydroxystilbene, Figure 1) is a natural
stilbene-based antioxidant present in various plants including
grapes, peanuts, and berries (/); it has acquired more attention
because of its health benefits. It was not until 1997 that resveratrol
was suggested as a potential cancer preventive agent, which
blocked carcinogen-induced prenoeplastic lesions in mouse mam-
mary culture and inhibited tumorigenesis in a mouse skin cancer
model (2). Numerous studies have described the cancer preventive
mechanisms of resveratrol. For example, resveratrol was shown
to inhibit the activity and expression of cytochrome P450 1A1
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(CYP1AL1), a phase I enzyme, which are required for activation of
carcinogens or mutagens (3,4). Resveratrol was further shown to
induce phase I enzymes such as UDP-glucuronyltransferase and
NAD(P)H:quinine oxidoreductase in mouse epidermis, which are
responsible for conjugation/detoxification of the activated carci-
nogens (9). Moreover, resveratrol was also reported to have
growth-inhibitory effects on different cancerous and transformed
cell lines by arresting cell cycle progression or inducing apopto-
sis (6, 7) and to decrease implanted tumor growth in a rat tumor
model (8). These diverse antitumor activities of resveratrol make
it a lead compound for the development of new effective cancer
therapeutic or preventive agents (9).

Aberrant control of cell cycle is a result of cancer develop-
ment (/0). In mammalian cells, cell cycle progression is stringently
regulated by a series of cyclin-dependent kinases (CDKs), cyclins,
and CDK inhibitors (CKIs) that drive cell cycle progre-
ssion through the phosphorylation and dephosphorylation of
several regulatory proteins at G1/S checkpoint and G2/M
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checkpoint. (/7). In early G1 phase, the D-type cyclin accumu-
lates in nucleus in response to mitogenic signaling and then
assembles with CDK4/6 to form complexes, which lead to the
initial phosphorylation of the retinoblastoma (Rb) family of
proteins. When cell cycle enters into late G1 phase, the E-type
cyclin forms a complex with CDK2 to facilitate the phosphoryl-
ation and, consequently, inactivation of Rb proteins, thus reliev-
ing the E2F transcription factor and allowing the G1 cells to enter
the S phase. The full CDK activity is modulated by the phos-
phorylation of CDK on a conserved threonine residue (/2) or by
binding to CKIs . CKIs can be divided into two families,
including the Ink4 family (p15, p16, p18, and p19) and the Cip/
Kip family (p21, p27, and p57) (13). The Ink4 proteins bind to
CDK4/6 and thereby block the formation of CDK4/6-cyclin
complexes. The high levels of Cip/Kip proteins inhibit CDK?2
activity, presumably by increasing the stoichiometry in the CDK?2
complexes (/3). However, these G1/S-associated regulators are
frequently mutated and deregulated in various human cancers,
and the main disorders include overexpression of D-type cyclins,
hyperactivation of CDK4/6 kinases, and functional loss of CKIs
and Rbs (10, 14). These observations suggest that impairment in
the regulation of G1/S transition may be one of the most common
causes of neoplastic transformation. A recent study reports that
ablation of cyclin D1 (and hence CDK4 activity) prevents breast
cancer development driven by ErbB2 and H-ras oncogenes in a
mouse tumor model (/5), suggesting that targeting chaotic G1-
cell cycle regulators may be an effective strategy for possible
therapeutic intervention of cancers.

Previously, with the goal of acquisition of a novel resveratrol
analogue with more potential antitumor activity, the hydroxyl
groups at the stilbene scaffold of resveratrol were manipulated to
generate a series of novel methoxylated derivatives of resveratrol.

MR-3 (3,5,4"-trimethoxystilbene)

MR-5 (3,5,3',4', 5'-pentamethoxystilbene)

Figure 1. Chemical structures of resveratrol and its methoxylated ana-
logues.

Table 1. Primer Sequences and Their Annealing Conditions Used for RT-PCR?
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Among the tested analogues, we have demonstrated that 3,5,4'-
trimethoxystilbene (MR-3, Figure 1) was more effective than
resveratrol in blocking human colorectal carcinoma cell growth
and suggested the importance of the 3,5.4'-trimethoxy motif in
conferring antiproliferative activity (/6). Herein, we aim to assess
and compare the antineoplastic capacity of 3,5,3',4,5-penta-
methoxystilbene (MR-5, Figure 1), the other methoxylated ana-
logue of resveratrol, with those of resveratrol and its
methoxylated derivatives, using human breast cancer cell line
MCF-7. We first evaluated the superiority of the antitumor
effects of these structurally related compounds. Then we char-
acterized the molecular mechanisms involved in MR-5-induced
growth inhibition by determining cell cycle distribution and the
expression, interaction, and activity of a number of cell cycle
regulatory proteins. Finally, the effects of MR-5 on the activation
of several kinases critically responsible for cell proliferation were
also explored. The present study provides novel evidence that
MR-5 may be a potently cancer chemopreventive agent against
some types of breast carcinomas.

MATERIALS AND METHODS

Materials. Resveratrol was synthesized using 4-methoxybenzyl alco-
hol and 3,5-dimethoxybenzaldehyde as precursors as described before (17).
A similar approach was applied to synthesize its methoxylated derivatives
including pterostilbene, MR-3, and MR-5. The purity of these compounds
is >97-99% by HPLC or GC. Propidium iodide and RNaseA were
available from Sigma (St. Louis, MO). RT-PCR reagents were from
Promega (Madison, WI). The antibody against HSP-90 was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against
phospho-p38 MAPK (Thr180/Tyr182), p38, phospho-ERK1/2 (Thr42/
Tyr44), ERK1/2, phospho-Akt (Ser473), Akt, and all Gl cell cycle
regulators were from Cell Signaling Technology (Beverly, MA). Phos-
pho-FAK (Tyr397) and FAK antibodies were purchased from BD
Biosciences (San Diego, CA).

Cell Culture. Monolayer cultures of human breast carcinoma MCF-7
cells obtained from American Type Culture Collection (ATCC) were
grown in Dulbecco’s minimal essential medium (DMEM) supplemented
with 10% fetal calf serum (Gibco BRL, Grand Island, NY), 100 units/mL
of penicillin, and 100 ug/mL of streptomycin and kept at 37 °C in a
humidified atmosphere of 5% CO, in air according to ATCC recommen-
dations. For all experiments, the cells were subjected to no more than
20 passages.

Lymphocyte Isolation and Culture. The venous whole blood ob-
tained from a healthy donor was diluted 1:3 with PBS for centrifugation at
1500 rpm at room temperature for 10 min. The samples were carefully
layered over Ficoll Hypaque (Pharmacia, Uppsala, Sweden) followed by
centrifugation at 3000 rpm at room temperature for 15 min. Peripheral
blood mononuclear cells (PBMCs) were isolated and adjusted to 1 x
10° cells/mL of RPMI complete medium with 10% fetal calf serum. Then
PBMCs were cultivated at 37 °C in a humidified atmosphere containing
5% CO,.

name/Genbank accession no. sequence (5 — 3') cycles annealing temp/time

Homo sapiens cyclin-dependent forward: ggcagtcgatgcgttcactc 30 55 °C/45 s

kinase inhibitor 2B (p15)/NM_004936.3 reverse: cagggcticcagagagtgtc
Homo sapiens cyclin-dependent forward: gcgatgtcgcacggtacctg 30 56 °C/45 s

kinase inhibitor 2A (p16)/ NM_058195.2 reverse: gggcagttgtggecctgtag
Homo sapiens cyclin-dependent forward: cagactcggacgggctttg 30 56 °C/60 s

kinase inhibitor 1B (p27)/ NM_004064.3 reverse: acggeccgagctctaggag
Homo sapiens glyceraldehyde-3-phosphate forward: tgaaggtcggtgtgaacggattigge 30 55 °C/30 s

dehydrogenase (GAPDH)/ NM_002046.3

reverse: catgtaggccatgaggtccaccac

@The GAPDH gene was used as an internal standard to normalize the amount of total RNA present in each reaction.
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Figure 2. (A, B) Effect of resveratrol and its methoxylated derivatives on
cell viability of MCF-7 cells. Cells were treated with 0, 20, 40, 60, 80, or 100
1M concentrations of the indicated resveratrol-related compounds for 24 h
(A) or with a 30 M concentration of these compounds for the indicated
times (B). (C) Cytotoxicity effects of MR-5 on PBMCs. Human lymphocyte
cells were treated with 20— 100 M concentrations of the indicated MR-5 for
24 h. Cell viability was then determined by MTT assay as described under
Materials and Methods. The percentage of cell viability was calculated as the
ratio (A570) of treated cells to control cells. Data represent the mean + SE
of three independent experiments. R-3, resveratrol; PTER, pterostilbene;
MR-3, 3,5,4'-trimethoxystilbene; MR-5, 3,5,3',4’,5'-pentamethoxystilbene.
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Cell Viability Assay. The 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 resveratrol, pterostilbene, MR-3, or
MR-5 for the indicated times. All of these compounds used were dissolved
in DMSO. Control cells were treated with DMSO to yield a final contra-
tion of 0.05% (v/v). After incubation, the proliferating cell numbers were
determined by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) assay as follows: 20 uL of MTT solution (5 mg/mL,
Sigma) 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 L of dimethyl sulfoxide
(DMSO). Finally, the absorbance was monitored by a microplate reader at
a wavelength of 570 nm.

Soft Agar Assay. Single-cell suspensions of MCF-7 cells were treated
with 0, 15, or 30 kM MR-5 and then mixed with agarose in a final
concentration of 0.35%. Aliquots of 1.5 mL containing 1 x 10* cells with
10% FCS were plated in triplicate in 6 cm culture dishes over a base layer
of 0.7% agarose and allowed to grow. Colonies of > 60 mm were counted
after 14 days of incubation.

Cell Cycle Analysis. Cell cycle distribution was analyzed by flow
cytometry as follows. After treatment of MR-5, cells were harvested,
washed twice with phosphate-buffered saline (PBS), and fixed in 70%
ethanol for at least 2 h at —20 °C. Fixed cells were washed with PBS,
incubated with 1 mL of PBS containing 0.5 ug/mL RNase A and 0.5%
Triton X-100 for 30 min at 37 °C, and then stained with 50 ug/mL
propidium iodide. The stained cells were analyzed using a FAScan laser
flow cytometer equipped with Cell Quest software (Becton Dickinson,
San Jose, CA).

Western Blotting (Immunoblotting). Total protein extracts were
prepared in a lysis buffer (50 mM Tris-HCI, pH 8.0, 5mM EDTA, 150 mM
NaCl, 0.5% NP-40, 0.5 mM phenylmethanesulfonyl fluoride, and 0.5 mM
dithiothreitol) for 30 min at 4 °C. Equal amounts of total cellular proteins
(50 ug) were resolved by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), transferred onto polyvinylidene difluoride
(PVDF) membranes (Immobilon P, Millipore, Bedford, MA), and then
probed with primary antibody followed by secondary antibody conjugated
with horseradish peroxidase. The immunocomplexes were visualized with
enhanced chemiluminescence kits (Amersham, U.K.).

Immunoprecipitation. One hundred microliter of cell lysate (containing
500 ug total cellular proteins) was first precleared by being incubated
with protein A—agarose (10 uL, 50% slurry, Santa Cruz Biotechnology)
for 15 min. The clarified supernatants were collected by microfugation
and then incubated with primary antibody for 2 h at 4 °C. The reac-
tion mixtures were amended with 20 uL of protein A—agarose to absorb
the immunocomplexes at 4 °C overnight. Immunoprecipitated proteins
were subjected to SDS-PAGE and then transferred onto a PVDF
membrane (Millipore). The resulting proteins were visualized by immuno-
blotting.

Reverse Transcription Polymerase Chain Reaction (RT-PCR).
Total RNA was isolated using TRIzol reagent (Sigma) as recommended
by the manufacturer’s instructions. Briefly, total RNA (5 ug) was reverse-
transcribed into cDNA using Moloney murine leukemia virus (M-MLV)
reverse transcriptase and oligo (dT) 18 primer by incubating the reaction
mixture (25 uL) at 40 °C for 90 min. Amplification of cDNA was
performed by PCR in a final volume of 50 uL containing 2 uL of RT
product, dNTPs (each at 200 uM), 1x reaction buffer, a I uM concentra-
tion of each primer, and 50 units/mL Pro Taq DNA polymerase. The
specific PCR primers used in this experiment, and the temperature and
incubation time of annealing for each primer pairs, are listed in Table 1.
After an initial denaturation for 5 min at 95 °C, 30 cycles of amplification
(denaturation at 95 °C for 30 s and extension at 72 °C for 1 min) were
performed, followed by 72 °C for 10 min. A 5 uL sample of each
PCR product was electrophoresed on a 2% agarose gel and visualized
by ethidium bromide staining. Each value was normalized to the expres-
sion of GAPDH. Values presented are the means + SE of triplicate
measurements.

In Vitro CDK4 Kinase Assay. CDK4 kinase activity was determined
by an in vitro method (/8). Briefly, 500 ug of total proteins from cell lysates
was precleared with protein A—agarose, and CDK4 protein was then
immunoprecipitated using anti-CDK4 antibody with protein A—agarose
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Figure 3. Colony formation in soft agar. MCF-7 cells were seeded into a 0.35% soft agar in DMEM containing 1% FCS over 0.7% agarose in 6 cm dishes to
test colony formation with treatment of MR-5 (15 and 30 M) or not (control). Colony size and number were determined by microscopy after 14 days of
incubation at 37 °C in 5% CO,. For quantification, colonies >60 mm were scored, and statistical analysis was analyzed by ttest. Asterisks represent statistically

significant differences compared to the control group (s, p < 0.001).

beads. After overnight incubation at 4 °C, the immunocomplexes were
washed three times with washing buffer containing 50 mM HE-
PES—KOH, pH 7.5, 150 mM NaCl, I mM EDTA, 2.5 mM EGTA,
I mM DTT, 80 mM p-glycerophosphate, 1 mM NaF, 0.1 mM sodium
orthovanadate, 0.1% Tween 20, 10% glycerol, 1 mM PMSF, and 10 ug/
mL aprotinin and leupeptin and rinsed with kinase buffer containing
50 mM HEPES—KOH, pH 7.5, 2.5 mM EGTA, 1 mM DTT, 10 mM
p-glycerophosphate, 10 mM MgCl,, | mM NaF, and 0.1 mM sodium
orthovanadate. Rb phosphorylation was determined by incubating the
immunocomplexes with 30 uL of Rb kinase solution containing 1 ug of Rb
substrate protein (Santa Cruz Biotechnology) and 0.1 mM ATP in kinase
buffer for 30 min at 37 °C. Then, the phosphorylated Rb was subjected to
SDS-PAGE, transferred, and then visualized by immunoblotting with
antibodies against specific phosphorylated sites of Rb substrate.

Statistical Analysis. Quantitative data represent mean values with the
respective standard error of the mean (SE) corresponding to three or more
replicates. Data were analyzed by one-way analysis of variance (ANOVA)
using post hoc multiple comparison Tukey’s b. Data were considered to be
statistically significant at p < 0.05.

RESULTS

Inhibition of Cell Growth of Human Breast Carcinoma Cells by
MR-5. We first compared the effects of resveratrol and its
methoxylated analogues including pterostilbene (trans-3,5-di-
methoxy-4'-hydroxystilbene), MR-3 (3,5,4'-trimethoxystilbene),
and MR-5 (Figure 1) on the growth of MCF-7 human breast
cancer cells using the MTT assay as previously described. As
shown in Figure 2A, resveratrol and its derivatives exhibited
cytotoxic effects on MCF-7 cell growth in a concentration-
dependent manner; the 1Cs, value of MR-3 was ~58.4 uM.
However, MR-5 was more effective than resveratrol and other
methoxylated analogues as a chemopreventive agent against
MCEF-7 cells, with an ICs, value of ~37.8 uM. MR-5 also showed
a more potent time-related inhibition on MCF-7 cell growth
compared with treatment of resveratrol, pterostilbene, or MR-3
(Figure 2B). To further determine the effect of MR-5 on normal
cells, peripheral blood mononuclear cells (PBMCs) prepared
from Ficoll Hypaque separation were subjected to the MTT
assay with MR-5 treatment. Figure 2C shows that the growth of
PBMCs was not inhibited by MR-5, even at the highest concen-
tration of MR-5 (100 uM), whereas MR-5 suppressed the growth
of MCF-7 cells by ~88% at the same concentration. This
observation suggested that MR-5 may have potential in chemo-
prevention. Selectivity of MR-5 against carcinoma cells led to

further examination on the mechanism of the antiproliferative
effect of MR-5 in MCF-7 cells.

Inhibition of Colony Formation of MCF-7 Cells on Soft Agar by
MR-5. To investigate the inhibitory effect of MR-5 on cellular
transformation in vitro, MCF-7 cells were seeded on soft agar,
and transformed colonies > 60 um were counted. After 2 weeks of
incubation, MR-5 treatment resulted in a decrease in colony
formation of MCF-7 cells on soft agar with a lower number of
colonies formed and a reduced colony size in a concentration-
responsive manner (Figure 3). These results suggested that MCF-
7 cells lost the capacity of anchorage-independent growth via
growth inhibition by MR-5.

Blockage of Cell Cycle Progression at G1 Phase of MCF-7 Cells
by MR-5. To determine whether the growth inhibition of MCF-7
cells was due to the blockade of cell cycle progression by MR-5,
MCEF-T7 cells treated with DMSO (vehicle control) or MR-5 were
subjected to flow cytometric analysis. As shown in Figure 4A,
MR-5 caused Gl cell cycle arrest in a dose-dependent manner,
and MR-5 at 30 uM reached the highest G1 phase arrest by a
significant ~15.79% difference in G1 cells compared with DMSO
control. Figure 4B also displays that the treatment of MR-5 at
30 uM in MCF-7 cells gradually caused the accumulation of G1
cells accompanied with the decrease in S and G2/M cells from 6 to
24 h. These results indicated that MR-5 induced cell cycle arrest at
G1 in MCF-7 cells, and this effect might consequently cause the
growth inhibition of MCF-7 cells.

Effect of MR-5 on the Expression of G1 Cell Cycle Checkpoint-
Related Proteins in MCF-7 Cells. On the basis of the results of cell
cycle distribution, we next investigated whether the cell cycle
arrest at G1 phase by MR-5 was related to the expression of cell
cycle-regulatory proteins such as cyclin D, cyclin E, and their
associated CDK4/6 and CDK2, which are essential for cell cycle
progression from G1 to S phase. MCF-7 cells were treated with
30 uM MR-5 over a 24 h period and then harvested for
immunoblotting. As demonstrated in Figure SA, MR-5 markedly
down-regulated the protein levels of cyclin D1, D3, CDK4, and
CDKG6, which are responsible for cell cycle progression in early G1
phase, in a time-responsive manner. We subsequently determined
the effect of MR-5 on the protein expression of cycle E and CDK?2,
which regulate S phase entry in late G1 phase. Figure 5B exhibits
that MR-5 treatment gradually reduced the protein level of cyclin
E from 6 to 24 h, as well as its effects on the levels of cyclin D1/D3
and CDK4/6, whereas there was a slight decrease in the level of
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Figure 4. Effect of MR-5 on cell cycle of MCF-7 cells. The cultured cells were treated with 10, 20, or 30 «M MR-5 for 24 h (A) or with 30 M MR-5 for 6, 12, 18,
and 24 h (B). After incubation, the cells were harvested by a brief incubation with trypsin—EDTA followed by cell cycle analysis, as detailed under Materials and
Methods. For quantification, each experiment was independently performed three times and expressed as the mean + SE.

CDK2 by MR-5 under the same treatment after 24 h. These results
indicate that down-regulation of cyclins and CDKs might be
involved in the MR-5-mediated growth arrest in MCF-7 cells.
Effect of MR-5 on the Phosphorylation Status of Rb Protein in
Cultured Cells. The phosphorylation of Rb protein mediated by
cyclin D-Cdk4/6 and cyclin E-Cdk2 kinase complexes is required
for the cells to progress from G1 to S phase. To elucidate whether
the suppressive expression of cyclins and CDK4/6 by MR-5 can
result in the dephosphorylation of Rb protein, the phosphoryl-
ation status of Rb was examined following exposure of exponen-
tially growing MCF-7 cells to MR-5 by immunoblotting using
specific antibodies against the phosphorylation sites in RbD.

Figure 5C shows that the degrees of Rb phosphorylation at
Ser780, 807, and 811 were down-regulated by MR-5 treatment,
beginning at 6 h and up to 24 h, which are associated with a
suppressing effect on the levels of cyclin D1/D3/E and CDK4/6
(Figure 5A,B). These results support our hypothesis that MR-5
blocks cell cycle progression from Gl to S phase by down-
regulation of cyclins (cyclins DI, D3, and E) and CDKs
(CDK4 and CDKG6).

Up-regulation of CKIs following MR-5 Treatment in MCF-7
Cells. Cyclin-dependent kinase inhibitors (CKIs) are well char-
acterized to block cell cycle progression by binding and inhibiting
CDKs alone or cyclin/CDK complexes. To determine whether
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Figure 5. Effect of MR-5 on cell cycle-regulated proteins involved in G1
phase progression: (A) relative protein levels of cyclin D1, D3, CDK4, and
CDKB involved in early G1 phase regulation; (B) protein levels of cyclin E
and CDK2 expressed during late G1 phase; (C) phosphorylation status of
the Rb protein. Cells were treated with 30 «M MR-5 for the indicated times.
At the end of incubation, total proteins in cellular extracts were collected
and assayed by Westemn blotting using antibodies against G1 cell cycle
regulators as indicated. Heat shock protein 90 (HSP90) was an internal
control for equivalent protein loading. The total and phosphorylated forms
of Rb were detected by Western blotting with specific antibodies for each.

growth inhibition by MR-5 was related to induce the expression
of CKlIs, we incubated MCF-7 cells with 30 uM MR-5overa 24 h
period and then determined the protein levels of CKI members
including p15, p16, p21, and p27 by immunoblotting. As shown in
Figure 6A, MR-5 markedly elevated the expression of all these
CKI proteins in a time-dependent manner. The expression of p21
has been reported to be up-regulated by either a p53-dependent or
p53-independent mechanism (19, 20). To further demonstrate
whether the elevated level of p21 in response to MR-5 was tightly
correlated with the status of p53, we examined the level of p53 in
MR-5-treated MCF-7 cells by immunoblotting. MR-5 treatment
also increased the time-responsive accumulation in p53, and this
result was concomitant with the increase in p21 (Figure 6A).
According to these results, we suggested that the induction of p21
by MR-5 is due to transcriptional regulation by p53.

We were now interested in determining whether the level of the
mRNAs encoding pl5, pl6, p21, and p27 changed and whether
these changes were reflected at the protein level. To this end, we
checked the mRNA expression of these CKlIs following MR-5
treatment by means of RT-PCR. As shown in Figure 6B, the
mRNAs encoding these CKI proteins apparently increased as
well as their protein levels over the 6—24 h treatment with MR-5.
These results suggested that the induction of steady-state levels of
these CKIs by MR-5 might stem from transcriptional regulation
of these proteins.

Effect of MR-5 on Cyclin/CDK-Associated CKIs and CDK4
Kinase Activity in MCF-7 Cells. Although MR-5 suppressed
expression of cyclin D1/D3/E and CDK4/6 accompanied the
induction of pl5, p16, p21, and p27, we were not certain of the
relationship between cyclin/CDK complexes and their related
CKIs following MR-5 treatment. Therefore, we carried out a
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Figure 6. Effect of MR-5 on the expression of CKls in MCF-7 cells. Cells
were treated with 30 «M MR-5 for the indicated times, and (A) alteration of
the protein levels of CKls including p15, p16, p21, and p27 by MR-5 were
determined by Western blotting with specific antibodies, respectively. Effect
of MR-5 on the protein expression of p53 tumor suppressor gene was also
assessed. HSPI0 acted as a loading control. (B) Effect of MR-5 on mRNA
expression of CKls (p15, p16, p21, and p27). Total RNA was harvested
from MR-5-treated MCF-7 cells at the indicated times as described above,
and the relative amounts of target mRNA were assessed by RT-PCR.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA was used
as an internal control.

coimmunoprecipitation to determine the interaction of these
cell cycle-regulated factors. The cell extracts from MR-5-treated
MCF-7 cells were immunoprecipitated by anti-CDK4 or -CDK?2
antibody and then subjected to immunoblotting. As shown in
Figure 7A, MR-5 gradually enhanced the binding of pl5, pl6,
p21, or p27 to CDK4 with increasing time. On the contrary,
MR-5 induced a time-dependent decrease in the levels of cyclin
D1/CDK4 and cyclin D3/CDK4 complexes. Similarly, the inter-
action between p27 and CDK2 was also induced by treatment of
MR-5in a time-related manner, accompanied with the decrease in
cyclin E/CDK2 complex (Figure 7B). These findings implied that
up-regulation of the interaction between CDKs and their related
CKIs plays a critical role in G1 cell cycle arrest of MCF-7 cells by
MR-5. To further assess whether the increased binding of CKIs
with CDK would alter the kinase activity of CDK, we performed
an in vitro kinase assay and found that MR-5 exerted a time-
dependent inhibition in CDK4 kinase activity with a reduction in
phosphorylation of Rb substrate at Ser780 and Ser807/811
(Figure 7C), supporting the above suggestion.

Effect of MR-5 on the Activation of Signal Transduction in
MCF-7 Cells. To further determine the action mechanisms
underlying MR-5-mediated growth inhibition, relevant over-
expressed or activated signaling proteins including phosphoti-
dylinositol 3-kinase (PI3K)-Akt, mitogen-activated protein ki-
nase (ERK1/2), p38 mitogen-activated protein kinase (p38
MAPK), and focal adhesion kinase (FAK) in MCE-7 cells were
examined. We performed immunoblotting to detect the phos-
phorylated degrees of these kinases, which have direct correlation
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Figure 7. Effect of MR-5 on CDK-associated cyclins and CKls and CDK4
kinase activity in MCF-7 cells. Cells were treated with 30 «M MR-5 for the
indicated times. After incubation, MR-5-treated cell lysates were immuno-
precipitated with CDK4 (A) or CDK2 (B) antibodies and then immuno-
blotted for antibodies against the related cyclins and CKls as labeled in the
figure, respectively. Each experiment was independently performed three
times. For CDK4 kinase activity (C), CDK4 was immunoprecipitated from
MR-5-treated cell lysates and then subjected to kinase assay in the
presence of ATP and Rb substrate protein, as described under Materials
and Methods. The phosphoserine sites of Rb substrate at Ser780 and
Ser807/811 were determined by Western blotting with the phosphoserine-
specific antibodies. IP, immunoprecipitation.

with their activation. As demonstrated in Figure 8, MR-5 had a
suppressing effect on the phosphorylation of Akt, ERK1/2, and
FAK. By contrast, MR-5 time-dependently increased the phos-
phorylation of p38 MAPK. These results suggested that the
inhibitory modification of these kinase signaling pathways by
MR-5 may contribute to antiproliferative ability of MR-5 in
MCF-7 breast carcinoma cells.

DISCUSSION

Resveratrol has received widespread attention due to its
spectrum of healthy benefits including cancer preventive and
therapeutic activities and has been considered as a lead com-
pound regarding the development of new anticancer agents.
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Figure 8. Multiple effects of MR-5 on signaling pathways. MCF-7 cells
were exposed by treatment of MR-5 with a variety of concentrations for 24
h, and then the resulting lysates were prepared: (A) phosphorylated Akt
(phospho-Akt), (B) phosphorylated ERK1/2 (phospho-ERK), (C) phos-
phorylated p38 MAPK (phospho-38), or (D) phosphorylated FAK
(phospho-FAK) was determined by Western blotting. The native protein
was used as a loading control. The Western blot data presented are
representative of those obtained in at least three separate experiments.

Recently, it has been reported that methoxylated derivatives of
resveratrol, especially the 3,5-dimethoxy compounds, are more
active than natural resveratrol in inducing several human leuke-
mia and lymphoma cells undergoing apoptosis (21, 22). On the
basis of this suggestion, pterostilbene, a natural 3,5-dimethoxy
analogue of resveratrol (Figure 1), was evaluated for its antileu-
kemic capacity and found to be a more effective apoptosis-
inducing agent compared to resveratrol in leukemia cells (27).
Our previous study has also demonstrated that the synthetic
resveratrol analogue 3,5,4'-trimethoxystilbene (MR-3, Figure 1)
was potent against the growth of several human cancer cells and
inhibited xenograft tumor growth of colorectal cancer in SCID
mice (/6). These findings suggest that introduction of methoxy
groups on the phenyl ring motif of resveratrol might increase the
lipophilicity, which endows these methoxylated derivatives with
pro-apoptotic or growth-inhibitory activity. With the goal of
obtaining more potent anticancer agents, MR-5 was synthesized
such that methoxy groups were placed on the 3-, 5-, 3'-, 4- and
5'-positions of the phenyl rings of resveratrol. As expected, MR-5
has superior antiproliferative effects over resveratrol, pterostil-
bene, and MR-3 in the order MR-5 > MR-3 > pterostilbene >
resveratrol in MCF-7 breast cancer cells in either a dose- or a
time-dependent manner (Figure 2), consistent with the assump-
tion that the presence and position of methoxy groups at the
stilbene-based motif of resveratrol are significant and related to
the cytotoxic ability of these corresponding compounds.
Resveratrol was reported to induce a G1 cell cycle arrest with
apoptosis in MCF-7 cells (23). This raised the possibility that
growth inhibition of MR-5 in MCF-7 cells might stem from
modulation of cell cycle progression and prompted us to investi-
gate in further detail the mechanism of action of MR-5 on the cell
cycle machinery. From an analysis of cell cycle distribution,
MR-5 produced a strong inhibition on cell cycle progression
and committed cells to G1 arrest (Figure 4), accompanied with
down-regulation of cyclin D1/D3/E and CDK2/4/6 (Figure 5)
and up-regulation of CKIs including pl5, pl6, p21, and p27
(Figure 6). An important mechanism for regulating cell cycle
progression is controlled by the activity of CDKs, which is
regulated by interacting with their respective CDK subunits
and CKIs (/7). Considering the presence of significant levels of
CKIs and hypophosphorylation of Rb protein induced by MR-5
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in MCF-7 cells, we suggested that MR-5 might also inhibit the
G1/S phase transition of the cell cycle via modulation of the
binding of CKIs to their responsive cyclin/CDK complexes. In
our data, we clearly showed that MR-5 induced a marked
increase in the levels of CKls (p15, p16, p21, and p27), together
with their increased binding with CDK4 and CDK?2 (Figure 7A,
B); meanwhile, a decrease in the formation of both D-type
cycling/CDK4 and cyclin E/CDK2 complexes and a strong
inhibition in CDK4 kinase activity by MR-5 treatment were also
observed (Figure 7). Therefore, cell cycle control through indu-
cing an increased interaction between induced levels of CKIs with
CDKs and consequently inhibiting CDK kinase activity appears
to be a relevant mechanism involved in MR-5-induced G1 cell
cycle arrest of MCF-7 cells.

It is well-known that cyclin D1 expression is regulated tran-
scriptionally by growth receptor-mediated signaling including
ERK1/2- and p38-MAP kinase cascade pathways (24). During
the G1 phase, activation of the ERK 1/2 cascade by mitogen was
capable of fully driving cyclin D1 protein expression and, there-
fore, cdk4/6 activity. In contrast to the ERK1/2 cascade, activa-
tion of the p38 MAPK cascade was less sensitive to mitogenic
stimuli and shows an antagonistic effect on the regulation of
mitogen-induced cyclin D1 expression (24). A recent paper
described a marked inhibition of the MEK-EEK1/2 signaling
pathway, along with the down-regulation of cyclin D1 and CDK6
levels, in A431 epidermoid carcinoma cells treated by resveratrol
(50—100 uM) (25). Considering that MR-5 significantly inhibited
ERK1/2 and activated p38 MAPK, we suggested that in MCF-7
cells, modulation of these two kinase activities by MR-5 could
result in a decrease in D-type cyclin levels, thereby suppressing
CDK4/6 activities and G1/S transition.

The cyclin DI level is also modulated by its degradation.
Proteolysis of cyclin D1 is controlled through the ubiquitin—
proteosome system following phosphorylation of cyclin DI at a
conserved C-terminal threonine, Thr286, by the glycogen
synthase kinase-38 (GSK-3p) (26). GSK-3( is a crucial compo-
nent of the PI3K-Akt pathway and negatively regulated by Akt.
Akt also indirectly decreases the protein level of p27 by inactiva-
tion of the forkhead transcription factors that transcriptionally
increase p27 protein expression and consequently result in growth
inhibition (27). Our result showed that MR-5 has a strong
inhibition on Akt activation (Figure 8), together with a decreased
level of cyclin D1 and an increased level of p27. It is suggested that
MR-5 might up-regulate GSK-34 activity and thereby accelerate
the degradation of cyclin D1 through the proteasome-mediated
pathway. MR-5 might also exert a positive effect on the activity
of some forkhead transcription factors, resulting in increased
protein level of p27.

MR-5 not only blocked MCF-7 cell cycle progression during
G1/S transition but also suppressed MCF-7 cells to grow on soft
agar (Figure 3). Given that anchorage-dependent growth is
regulated by integrin-FAK signaling and increased FAK level
or activity has been implicated in tumor invasion or metastasis, as
reviewed (28—30), we determined the activation of FAK under
MR-5 treatment and found that MR-5 dose-dependently inhi-
bited phosphorylation of FAK at Tyr397, an event involved in
integrin receptor firing and enabling cells to grow in an ancho-
rage-dependent fashion (28). On basis of these results, we
suggested that the reduction of FAK activity by MR-5 might,
in part, result in growth inhibition of MCF-7 cells on soft agar,
but the detailed mechanisms require further investigation.

To sum up, the current study concludes that MR-5 affects
multiple cellular signaling pathways and targets in MCF-7 human
breast carcinoma cells and that modulation of GI1 cell cycle
regulators such as D- and E-type cyclins, CDKs, CKIs, and
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pRb contributes to its antiproliferative effect on MCF-7 cells. The
results also revealed that MR-5 is the most potent suppressor of
MCEF-7 cell proliferation compared with resveratrol and its
methoxylated analogues and imply that introduction of methoxy
groups on the basic chemical structure of resveratrol may be an
accessible tactic to increase cytotoxicity of these stilbene-based
compounds against some types of cancer cells.
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