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Abstract

Background TMS  (2,3',4,5'-tetramethoxystilbene), a
stilbene analog derived from rhapontigenin, was previously
demonstrated to induce apoptosis in hormone-resistant
breast cancer cells. Therefore, this study investigated the
anticancer effect of a new stilbene analog, HTMS ((E)-2-
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hydroxy-3',4,5 -trimethoxystilbene), and its mechanism in
various breast cancer cell lines.

Materials and methods The effect of HTMS on cell
proliferation of MDA-MB-231, MCF-7, and LTED cells
was evaluated using MTT assays. Cell apoptosis was
detected by FITC-annexin V staining and flow cytometry
analysis, changes in mitochondrial potential were deter-
mined by fluorescence microscopy using TMRE staining,
and the expression of cleaved PARP and release of cyto-
chrome ¢ were assessed by Western blot analysis.

Results HTMS significantly decreased the cell viability of
various types of breast cancer cells in a dose- and time-
dependent manner, characterized by G2/M arrest of the cell
cycle and the induction of apoptosis. In particular, HTMS
disturbed the mitochondrial membrane potential, causing a
release of cytochrome ¢ during apoptosis. Furthermore,
HTMS was superior to TMS in inhibiting cancer cell growth
in a pilot comparison study.

Conclusion HTMS is an effective apoptotic agent for
breast cancer cells, making it a candidate therapeutic agent
for the treatment of breast cancer.
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Abbreviations

DMSO Dimethylsulfoxide

HTMS (E)-2-Hydroxy-3',4,5'-
trimethoxystilbene

LTED breast cancer Long-term estradiol-deprived breast
cancer

MTT 3-(4,5-Dimethylthiazolyl-2)-2,5-
diphenyltetrazoliumbromide

PI Propidium iodide

@ Springer



350

Cancer Chemother Pharmacol (2011) 68:349-358

Rhapontigenin 3,5,3'-Trihydroxy-4'-methoxy-
trans-stilbene

TMS 2,3’,4,5'-Tetramethoxystilbene

Introduction

Breast cancer is the most frequent cause of cancer-related
death in women, and despite the availability of diverse
systemic treatments, such as hormonal, targeted, and che-
motherapeutic agents, metastatic breast cancer at presen-
tation or relapse remains eventually incurable, emphasizing
the importance of finding new anticancer compounds with
more potent anticancer properties and reduced adverse
effects.

Resveratrol (3,5,4'-trihydroxy-trans-stilbene), the most
well-known natural stilbenoid [1], exhibits numerous
biologic activities, including anti-oxidant [2, 3], antian-
giogenic [4], and cancer chemopreventive effects through
the inhibition of ribonucleotide reductase and cellular
events associated with cell proliferation, tumor initiation,
promotion, and progression [5-8]. Furthermore, resvera-
trol has been shown to have a potent anticancer effect on
breast cancer in vitro and in vivo in both ER-positive and
ER-negative breast cancer [9-13]. However, it is not a
suitable candidate for additional drug development
due to its unfavorable pharmacokinetics, such as a short
half-life, extensive metabolism, and low bioavailability
[14-16]. Therefore, the identification of novel analogs of
resveratrol with a better pharmacokinetic profile and
chemical stability, yet similar or even stronger biologic
activities holds great interest [17-22]. Among the ana-
logs of resveratrol that have already been tested, TMS
(2,3',4,5'-tetramethoxystilbene) has shown a potent and
specific inhibitory effect on human CYP450 1Al and
I1B1 enzymes highly over-expressed in several cancer
cell lines [23, 24], inducing apoptosis in tamoxifen-
resistant (TamR) MCF-7 cells without significant cyto-
toxicity toward breast epithelial MCF-10A cells [24].
HTMS  ((E)-2-hydroxy-3',4,5 -trimethoxystilbene) s
structurally very close to TMS, yet possesses a hydroxyl
group instead of a 2-methoxy group (Fig. 1). In a pre-
vious study, the current authors demonstrated that HTMS
preferentially inhibits CYP450 1B1 over 1Al or 1A2
and has a comparable growth inhibitory effect to that of
TMS on human lung (A549) and colon cancer cells
(Col2) [21, 25]. Accordingly, this study explored the
possible therapeutic potential of HTMS for breast cancer
by examining its inhibitory effect on various breast
cancer cells.
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Fig. 1 Chemical structures of TMS and HTMS

Materials and methods
Chemical agents and culture conditions

HTMS was synthesized as described previously [21]. Both
dimethylsulfoxide (DMSO) and 3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazoliumbromide (MTT) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA), while
Dulbecco’s modified Eagle’s medium (DMEM) and the
fetal bovine serum (FBS) were purchased from Invitrogen
(Grand Island, NY, USA). MCF-7 and MDA-MB-231 cells
were grown in low-glucose DMEM supplemented with 5%
FBS, while long-term estradiol-deprived (LTED) cells
were prepared as previously described and maintained in
phenol-free IMEM supplemented with 5% DCC-FBS [26].
The cultures were incubated at 37°C with 5% CO,.

Cell proliferation assay

The proliferation of MB-231 and MCF-7 cells was deter-
mined using an MTT assay, as described previously [27].
Briefly, the cells were seeded at 1 x 10* cells per well into
24-well plates and incubated with HTMS-containing media
at 37°C for the desired length of time. Ten microliters of an
MTT solution (5 mg/ml) was then added, and the plates
were incubated at 37°C for 2 h. To solubilize the MTT
formazan crystals, DMSO was added to the cells and the
absorbance of the formazan-solubilized DMSO solution
read at a wavelength of 595 nm using a microplate reader
(Bio-Rad model 550, USA). The vehicle concentrations
were <0.1% in all the experiments, which were performed
in triplicate. For LTED cell line, the cells were plated in
6-well plates at a density of 60,000 per well in IMEM with
5% DCC. Two days later, the cells were treated with
increasing concentrations of HTMS, as indicated in the
figure legend, for 5 days with a medium change on day 3.
The final vehicle concentration (DMSO) was 0.1%. At the
end of the treatment, the cells were rinsed twice with sal-
ine. The nuclei were prepared by the sequential addition of
1 ml of HEPES-MgCl, solution (0.01 mol/l HEPES and
1.5 mmol/l MgCl,) and 0.1 ml of ZAP solution [0.13 mol/l
ethylhexadecyldimethylammonium bromide in 3% glacial
acetic acid (v/v)], and then counted using a Coulter counter
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(Beckmann Coulter, Fullerton, CA). The inhibitory effect
of HTMS was compared with that of TMS and doxorubicin
in MDA-MB 231 cells as a pilot study.

Apoptotic cell death detection by ELISA assay

To quantitate histone-associated DNA fragments (mono-
and oligonucleosomes) in vitro in the cytoplasm of the cells
undergoing early apoptosis, ~1 x 10* cells were seeded
in a 24-well plate and incubated with media containing
either HTMS or DMSO at 37°C. After 48 h, the floating
and adherent cells were collected and analyzed for apop-
totic cell death using a Cell Death Detection ELISAP™YS kit
(Roche Diagnostics, Mannheim, Germany) according to
the manufacturer’s instructions. The average values were
calculated using the results from three independent assays.
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Fig. 2 Growth inhibition of breast cancer cells. Cell survival of
MDA-MB-231 (a) and MCF-7 cells (b) in the presence of the serially
diluted HTMS solution (9, 3, 1, 0.3, 0.1 uM) for 24-72 h was
determined by MTT assay as described in the “Materials and
methods”. ¢ Inhibitory effect of HTMS on cell growth of long-term

Apoptotic cell death detection by fluorescence
microscopy

For the fluorescence microscopy analysis, the cells were
washed twice with a 0.01 M PBS buffer (pH 7.4) at every
washing step and fixed with a 3.7% paraformaldehyde
solution for 10 min at room temperature. The cells
(1 x 10* cells per well) were incubated with HTMS (0,
0.3, or 3 uM) for 24 h on an 8-well chamber slide, then
washed and fixed. Following incubation with a 0.3% Triton
X-100 solution for 15 min, the cells were stained with
Alexa fluor 488 phalloidin (molecular probes) for 20 min
at room temperature. Meanwhile, to stain the nuclei, the
cells were washed and incubated with DAPI (molecular
probes) for 2 min at room temperature. The washed cells
were then mounted using an anti-fade reagent (molecular
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estradiol-deprived (LTED) cells. LTED (D5 or D29) cells were plated
in six-well plates at a density of 60,000 per well in IMEM containing
5% DCC. The cells were treated with increasing concentration of
HTMS for 5 days at which time cell number was determined by
counting in a Coulter counter
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probes). To detect phosphatidylserine exposure, the cells
were incubated with 0.3 pM HTMS for 4 h and then
stained with FITC-Annexin V (molecular probes) accord-
ing to the manufacturer’s protocol. The cells were fixed,
stained with DAPI, and mounted using an anti-fade
reagent. Finally, the cells were analyzed using a Leica DM
IRB inverted microscope (Leica Microsystems, Wetzlar,
Germany).

Cell cycle analysis by flow cytometry

The changes to the cell cycle progression after exposure to
HTMS were investigated based on a fluorescence-activated
cell sorting analysis of the propidium iodide (PI)-stained
DNA content in the MDA-MB-231 cells treated for 4, 8,
12,24, and 48 h in the absence or presence of 0.3 uM HTMS.
The control and treated floating and adherent cells were
collected and counted to 1 x 10° The cells were then
washed twice with ice-cold PB, lysed in 1 ml of a DNA
staining solution [0.1% sodium citrate, 0.1% Triton X-100,
50 pg/ml of propidium iodide (PI), and 100 pg/ml of
RNase A], and incubated at 4°C overnight. For each
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determination, the DNA content of 20,000 cells was mea-
sured using an FACSCalibur flow cytometer (Becton—
Dickinson, San Jose, CA), while the percentage of cells in
the various phases of the cell cycle was determined using
ModFit software (DNA Modeling System, Verity Software
House, Inc.).

Measurement of mitochondrial trans-membrane
potential

The changes in the mitochondrial trans-membrane poten-
tial were determined by fluorescence microscopy using
tetramethylrhodamine ethyl ester (TMRE) staining. Briefly,
MBA-MB 231 cells were exposed to HTMS (0.3 and
3 uM) for different time periods. Twenty minutes before the
end of the incubation period (4 h), a 100 nM TMRE dye was
added for mitochondrial matrix staining, while 4,6-diami-
dino-2-phenylindole (DAPI) was added for nuclear staining.
The mitochondrial trans-membrane potential was then
measured directly using fluorescence microscopy and com-
pared with a control incubated without HTMS and then
stained for 30 min at 37°C.
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Fig. 3 Comparison of growth inhibition among HTMS, TMS, and doxorubicin in MDA-MB-231 cells in the presence of the serially diluted
solution (9, 3, 1, 0.3, 0.1, and 0.01 pM) for 24-96 h was determined by MTT assay

@ Springer



Cancer Chemother Pharmacol (2011) 68:349-358

353

Western blot analysis for cytochrome ¢
and poly (ADP-ribose) polymerase

The cells were grown to a 90% confluence in 6-well plates
and then lysed with RIPA buffer (Sigma) including protease
inhibitors and phosphatase inhibitors. Thereafter, the protein
concentrations of the lysates were determined using a Brad-
ford assay reagent (BioRad, Richmond, CA, USA), and each
lysate subjected to a 9-15% SDS polyacrylamide gel, fol-
lowed by an electrophoretic transfer onto a nitrocellulose
membrane (Amersham, Buckinghamshire, UK). The blots
were then incubated with a blocking buffer (5% non-fat dried
milk solution), while the membrane was probed with primary
antibodies dissolved in a 5% non-fat dried milk solution in
PBS-T and incubated in PBS-T containing a horseradish
peroxidase (HRP)-conjugated secondary antibody. Finally,
the bands were identified using an enhanced chemilumines-
cence (ECL) detection solution (Amersham).

Statistical analysis

The experiments were repeated at least three times, and the
results are expressed as the mean = SEM. The data anal-
ysis and graphical visualization were performed using
Sigmaplot 10.0 (SPSS Inc.) The differences were consid-
ered statistically significant if P < 0.05.

Results
HTMS decreased cell viability of breast cancer cells

To evaluate the effect of HTMS on MCF-7 and MDA-MB-
231 breast cancer cells, we measured cell viability using
the MTT assay after the cells were dose-dependently
treated with HTMS. As shown in Fig. 2a and b, continuous
exposure to various concentrations of HTMS resulted in a
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dose- and time-dependent decrease in cell viability for both
cell lines at a concentration over 0.1 pM. In particular, the
cell viability of MDA-MB-231 was significantly decreased
even after 24 h, while the cell viability of MCF-7 was
significantly decreased at 72 h. Interestingly, HTMS sig-
nificantly inhibited the cell viability at a lower concentra-
tion than TMS (1 vs. 10 uM, respectively) and earlier than
doxorubicin (24 vs. 48 h, respectively) in MDA-MB-231
cells (Fig. 3). Plus, the number of LTED cells was signif-
icantly decreased by HTMS in a dose-dependent manner at
>0.1 uM (Fig. 2c).

HTMS arrests cell cycle of breast cancer cells
in G2/M phase

The effect of HTMS on the cell cycle distribution was
analyzed using flow cytometry (Fig. 4). When the MDA-
MB-231 cells were treated with 0.3 pM HTMS, the G2/M
phase population significantly increased from 20.04 to
64.35% in a time-dependent manner after 12 h, accompa-
nied by a concomitant decrease in the G1 phase cells. The
induction of apoptosis by HTMS was also demonstrated by
a significant increase in the sub-Gl population, which
started to increase after 24 h of HTMS treatment and
reached a maximum after 48 h combined with a decrease in
the increased G2/M peak.

HTMS induces apoptosis in breast cancer cells

To evaluate the inhibitory mechanism of cell survival by
HTMS, an apoptotic cell death assay was conducted via an
immunochemical determination of histone-complexed DNA
fragments, while fluorescence microscopy was used to detect
the apoptotic features of the HTMS-treated cells. As a result,
the apoptotic cell death assay showed that apoptosis was
effectively induced in both cell lines after 48 h of treatment
with HTMS and was more prominent in MCF-7 cells with
a high concentration of HTMS (Fig. 5). Meanwhile, the
fluorescence microscopy demonstrated extensive nuclear
fragmentation with morphological changes in the DAPI-
stained cells after 24 h of treatment with HTMS (Fig. 6a). In
addition, HTMS-induced apoptosis was also confirmed by
FITC-annexin V staining, which showed phosphatidylserine
translocation induced by HTMS after 4 h of treatment with
0.3 uM HTMS (Fig. 6b).

Apoptosis by HTMS through mitochondrial
cell death pathway

The opening of mitochondrial permeability transition pores
(mPTPs), which is consistent with the loss of mitochondrial
membrane potential, was monitored using the mitochon-
drial membrane potential-driven uptake of fluorescent
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Fig. 5 Apoptotic cell death induced by HTMS was determined by
relative quantification of Histone-DNA complex fragments obtained
from apoptotic cells after incubation with HTMS for 48 h. Values of
apoptosis were set to fold of control not treated with HTMS. The
results are the average + standard error of three independent
experiments, and P-value < 0.05 was considered statistically signif-
icantly different between control cells and cells treated with HTMS

tetramethylrhodamine ethyl ester (TMRE) [28]. In the
MDA-MB-231 cells that were not treated with HTMS,
the TMRE dye was localized around the mitochondria,
whereas the cells treated with 0.3 uM HTMS for 4 h did
not show any TMRE fluorescence around the mitochondria
(Fig. 7a). To further clarify the mitochondria-mediated
apoptosis induced by HTMS in the MDA-MD-231 cells, the
expression of cytosolic and mitochondrial cytochrome c,
PARP, and cleaved PARP was measured using a Western
blot analysis. After incubation with HTMS for 4 h, the
cytochrome c¢ levels in the cytosolic fraction increased
significantly, whereas the mitochondrial fraction decreased
in a dose-dependent pattern (Fig. 7b). In addition, cleaved
PARP (89-kDa PARP) was observed, and its protein level
increased when increasing the concentration of HTMS
(Fig. 7b).

Discussion

The current study found that HTMS can effectively inhibit
the growth of various types of breast cancer cells in a dose-
and time-dependent manner, characterized by a G2/M
arrest of the cell cycle and loss of the mitochondrial
membrane potential, resulting in the induction of apoptosis.
In particular, the effect of HTMS on apoptosis in vitro was
especially dramatic with 80-90% of the cells undergoing
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Fig. 6 Fluorescence a
microscopy for apoptotic
nuclear fragmentation and
phosphatidylserine exposure.

a After incubation with HTMS

(0, 0.3, 3 uM) for 24 h, the Control
nucleus was detected by DAPI,
and F-actin stained by Alexa
fluor 488 phalloidin. b After 4 h
in the absence or presence of
0.3 uM HTMS, the MDA-MB-
231 cells were stained with
DAPI and FITC-annexin V as 0.3 L
described in the section of 20
“Materials and methods” HTMS
3 pmol/L
HTMS
b Nucleus
Control
0.3 ymol/L
HTMS

programmed cell death after 48 h of exposure. Further-
more, the inhibitory effect of HTMS appeared superior to
that of TMS in the MDA-MB-231 cell line. Consequently,
these results confirm the potential of HTMS as a new
therapeutic agent for breast cancers.

HTMS, (E)-2-hydroxy-3',4,5'-trimethoxystilbene, has a
similar chemical structure to TMS (2-3',4,5'-tetrameth-
oxystilbene), a synthetic derivative of the herbal product
rhapontigenin. Although TMS was originally developed as
an inhibitor of cytochrome P450 1B1, its multiple action
effects on breast cancer cells are similar to the HTMS-
related mechanisms observed in the current study. Notably,
TMS has been demonstrated to inhibit the growth of
tamoxifen-resistant breast cancer xenografts in vivo without
any evidence of systemic or organ-specific toxicity. In the
current study, the cell viability assay showed that 0.3—1 uM

Nucleus

F-actin

FITC-Annexin V Merge

HTMS was able to inhibit the growth of the breast cancer
cells, whereas 10 pM TMS and 50-100 uM resveratrol are
needed to inhibit the proliferation of breast cancer cells
[10, 29], indicating that HTMS has a more potent apoptotic
effect on breast cancer cells. Meanwhile, cell viability tests
demonstrated that MDA-MB-231 cells were more sensitive
to HTMS treatment with an early and significant decrease in
cell proliferation than MCF-7 cells in this study. Previous
studies also demonstrated similar differences in response to
new cytotoxic agents between the two cell lines [30, 31].
Generally, ER-negative MDA-MB-231 breast cancer cells
are considered as a high grade and more invasive tumor
compared with ER-positive MCF-7 cells. As high-grade
tumor cells respond rapidly to chemotherapeutic agents, the
different response pattern may be related to the difference in
growth rate between the two cell lines.
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Fig. 7 The depolarization of a
mitochondrial membrane by
HTMS in MDA-MB-231 cells.
a The changes in mitochondrial
membrane potential observed
by fluorescence microscopy. At
20 min before the end of the
incubation period (4 h), 100 nM
tetramethylrhodamine ethyl
ester (TMRE) and DAPI were
added directly to the cells. After
incubation, the cells were fixed
with 3.7% paraformaldehyde
solution. The stained cells were
imaged under a x64 oil
objective. Nuclear staining is
shown in blue; TMRE is shown
in red. Control implicates the
cells incubated without HTMS.
b Western blot analysis of
cytochrome c release and PARP
cleavage. After incubation with

DAPI

levels in cytosolic fraction,
mitochondrial fraction, and total
lysates. For detection of cleaved
PARP, the cells were incubated
for 48 h in the presence of
HTMS

In apoptotic mammalian cells, several biochemical and
morphological features have been observed, including
chromatin condensation, nuclear fragmentation, DNA lad-
dering in the nucleus, blebbing of the cell membrane, and
the formation of apoptotic bodies in the cytoplasm [32].
Thus, as evidence of HTMS-induced apoptosis, marked
morphological changes indicative of cell apoptosis were
clearly observed in the current study, including nuclear and
cytoplasmic fragmentation, and phosphatidylserine expo-
sure, particularly when the cells were treated with 0.3 pM
HTMS for 4 h. In addition, flow cytometry analysis
revealed a gradual increase in the number of apoptotic cells
and late apoptotic cells among the MBA-MD-231 cells as
further evidence of HTMS-induced apoptosis.

To evaluate the role of mitochondria in the HTMS-
induced apoptosis, DAPI/TMRE staining demonstrated
marked morphologic changes in the disruption of the
mitochondrial membrane potential [33-35]. Thus, apopto-
sis related to an alteration of the mitochondrial membrane
potential would appear to be one of the possible mecha-
nisms involved in the HTMS-induced apoptosis of breast
cancer cells. In the mitochondria-mediated apoptosis
pathway, an apoptotic stimulus is followed by the release
of cytochrome ¢ from the mitochondria into the cytosol,
which then forms a complex with adenosine triphosphate
(ATP) and an apoptotic protease activating factor, leading
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to the activation of caspase-9 and -3 and the cleavage of the
caspase-3 substrate PARP, and eventually to DNA frag-
mentation and apoptosis [36-38]. Using a Western blot
assay, the present study also found that HTMS promoted
the release of cytochrome c into the cytosol and the
cleavage of PARP. Therefore, these findings indicate that
HTMS induces apoptosis by activating PARP via the
mitochondria-mediated apoptotic pathway.

Another interesting finding from the current study was
an increased G2/M peak after HTMS treatment, indicating
that HTMS induced a G2/M cell cycle arrest, which is
consistent with the results from a previous study, wherein
TMS was identified to induce highly abnormal mitotic
spindles and multinucleated cells representing an alteration
in the mitotic phase of the tumor cells [24]. Thus, similar to
TMS, one of the anticancer mechanisms used by HTMS
would seem to involve disruption of the mitotic function of
the tumor cells.

Although hormone therapy is an effective treatment for
ER-positive breast cancer in a postoperative or metastatic
state, eventual resistance to hormone therapy remains a
major concern. In the current study, HTMS significantly
inhibited the growth of LTED human breast cancer cells,
known as a hormone-resistant breast cancer cell model that
acquires the ability to grow in the absence of estradiol over
a long period of time [39]. Therefore, HTMS may be a
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potential therapeutic agent for treating hormone-resistant
or -refractory breast cancer.

In conclusion, HTMS was shown to possess a significant
cell-killing ability for a variety of breast cancer cells based
on the induction of apoptosis possibly related to a mito-
chondria-mediated apoptotic pathway. Moreover, HTMS
was also found to cause a G2/M arrest of tumor cells,
although the exact mechanism leading to the mitotic arrest
remains to be clarified in a future study. Thus, its more
potent apoptotic activity toward breast cancer cells when
compared with other stilbene analogs makes HTMS a
candidate therapeutic agent for treating breast cancers.
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