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ABSTRACT

Resveratrol, a naturally occurring polyphenolic antioxidant, is a compound holding promise for cancer
chemoprevention. Previous studies suggest that 2,3’,4,5'-tetramethoxy-trans-stilbene (TMS) and
3,4,4' 5,-tetramethoxy-trans-stilbene (MR-4), both of which are derivatives of resveratrol, are potent
apoptosis-inducing agents with clinical potential. In this study, we chemically synthesized 2,3',4,4',5'-
pentamethoxy-trans-stilbene (PMS), the hybrid molecule of TMS and MR-4, and determined its effects
on colon cancer growth. When compared with its parent compounds, PMS displayed more potent in vitro
anti-mitogenic effect on colon cancer cells (Caco-2, HT-29 and SW1116). Moreover, PMS inhibited tumor
growth in vivo in a colon cancer xenograft model. In this connection, PMS strongly induced apoptosis in
HT-29 cells as evidenced by increased PARP cleavage, DNA fragmentation, and accumulation of sub-G;
population. Further mechanistic analysis revealed that PMS enhanced the polymerization of
microtubules, which was followed by G,/M mitotic arrest and caspase-dependent apoptosis. The
activation of caspases-3, -7, -8, and -9 was involved in PMS-induced apoptosis with concomitant down-
regulation of the pro-survival PI3K/AKkt signaling. Collectively, these data suggest that PMS is a potent
inducer of apoptosis via targeting microtubules and may merit investigation as a potential

chemoprophylactic and therapeutic agent for colon cancer.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Colorectal cancer, the third most frequent non-cutaneous
malignancy, was also the third leading cause of cancer-related
death in United States [1]. Despite the recent improvements in
preventive strategies, screening techniques and development of
chemotherapy, the median overall survival period for patients with
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metastatic colorectal cancer is only 24 months. Moreover, the
optimal method for early detection is controversial and patient
compliance with screening recommendations remains a major
hurdle to overcome. Resistance to current chemotherapeutic drugs
also represents an important clinical issue in which attempt to
treat patients simultaneously with different classes of therapeutics
has yielded some success by reducing its development. At the
cellular level, evasion of apoptosis represents a common molecular
pathway for carcinogenesis and drug resistance [2]. The develop-
ment of novel apoptosis-inducing agents therefore becomes
greatly in need and represents an important challenge in medicinal
chemistry.

There are three major approaches in drug discovery: empiric
screening, rational design of new compounds, and chemical
modification of known molecules with established pharmacolo-
gical actions. During the course of identifying compounds active
for the prevention and treatment of cancer, resveratrol (3,4',5-
trihydroxy-trans-stilbene) and its derivatives have emerged to
hold promise for their potent in vitro and in vivo anticancer
bioactivities [3]. Resveratrol belongs to a class of chemical known
as stilbenes which exhibit variable antioxidant, anti-inflammatory


mailto:chcho@cuhk.edu.hk
mailto:mfwang@hkusua.hku.hk
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2009.06.109

H. Li et al./Biochemical Pharmacology 78 (2009) 1224-1232 1225

and apoptosis-inducing properties mainly based on the substi-
tuents on the stilbene skeleton. In general, the number and
position of the hydroxyl groups on the benzene rings determine
their radical-scavenging activity and selective inhibitory activity
on cyclooxygenase-2, while methoxyl groups are mainly related to
their apoptosis-inducing activity [4-6].

In relation to the current development of resveratrol derivatives
as anticancer agents, methoxylated stilbenes have been emerging
as a novel class of apoptosis-inducing agents, among which
3,4,4' 5-tetramethoxy-trans-stilbene (MR-4) and 2,3',4,5'-tetra-
methoxy-trans-stilbene (TMS) have attracted much attention
due to their potent pro-apoptotic activities [7-15]. MR-4 is
currently under preclinical evaluation as a potential anticancer
drug for colorectal cancer chemotherapy while TMS displays
substantial inhibitory effect on the proliferation of cultured breast
cancer cells and the growth of cancer xenograft by induction of
apoptosis. For methoxylated stilbenes, previous structure-activity
relationship analysis revealed that 3,5-dimethoxy and 3,4,5-
trimethoxy motifs are important to the pro-apoptotic activity
while 2-methoxyl group in the stilbene skeleton confers selectivity
against cancer cells by targeting cytochrome P450 CYP1B1, a
tumor-specific enzyme whose expression is only detected in
cancer but not normal tissues. In light of these facts, we presumed
that 2,3',4,4',5'-pentamethoxy-trans-stilbene (PMS), a hybrid
molecule of MR-4 and TMS, may be a more potent and selective
apoptosis-inducing agent than their parent compounds. In this
study, we would describe the synthesis of PMS and its biological
activity and mechanism of action on colon cancer.

2. Materials and methods
2.1. Reagents and chemicals

Methoxylated stilbenes were chemically synthesized by the
classic Wittig couplings from the corresponding methoxylated
diethyl benzylphosphonate and suitable methoxylated benzyl-
bromide [4,5] (see Supplementary Materials). Caspase inhibitors
(Z-VAD-FMK, Z-DEVE-FMK, Z-IETD-FMK and Z-LEHD-FMK) were
obtained from EMD Chemicals, Inc. (San Diego, CA, USA). All other
chemicals were obtained from Sigma-Aldrich (St Louis, MO, USA)
unless otherwise specified. All primary antibodies were purchased
from Cell Signaling Technology (Beverley, MA, USA). Stock
solutions of tested compounds were prepared in dimethyl
sulfoxide (DMSO), stored at —20 °C and protected from the light.

2.2. Cell culture and viability assay

The human colon cancer cells Caco-2, HT-29 and SW1116 were
obtained from the American Type Culture Collection (Manassas,
VA, USA) and maintained in RPMI 1640 (Invitrogen, Carlsbad, CA,
USA) containing 10% fetal bovine serum (Invitrogen), 100 U/mL
penicillin G, 100 pg/mL streptomycin, and maintained at 37 °C,
95% humidity, and 5% carbon dioxide. Necrotic cell death was
determined by lactate dehydrogenase release assay (Roche,
Indianapolis, IN, USA).

2.3. Cell proliferation assay

Cell proliferation was measured by MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. Cells were
plated at a density of 6000 cells per well in 96-well plates. After
treatment, MTT solution dissolved in the culture medium at the
final concentration of 0.5 mmol/L was added to each well and the
plates were incubated for another 4 h. DMSO was then added to
solubilize MTT tetrazolium crystal. Finally, the optical density was
determined at 570 nm using a Benchmark Plus microplate reader

(Bio-Rad, Hercules, USA). Morphological analysis was performed
by phase contrast light microscopy and documented by the digital
camera system (Nikon TS100, Nikon, Tokyo, Japan). The ICsq values
were calculated from the linear portion of dose-response curves.

2.4. DNA ladder formation

In brief, HT-29 cells (5 x 10°) were plated per well on six-well
plates and allowed to incubate overnight for attachment, and then
they were treated as indicated. After treatment, cells were
collected and their DNA was extracted using a Wizard®SV
genomic DNA purification system kit (Promega, Madison, WI,
USA) as recommended by the manufacturer. After electrophoresis
on 1.7% agarose gel, the DNA samples (1 jg/lane) were visualized
by Gel-Red™ staining (Biotium Inc., Hayward, CA, USA) under UV
illumination.

2.5. Quantitation of nucleosomes by ELISA

Briefly, 1 x 10* HT-29 cells per well in 100 p.L medium were
seeded onto 96-well plates. After 24-h, the cells were treated as
indicated. To quantitate the effects of drug treatment on apoptosis,
a nucleosome ELISA kit (Roche Diagnostics Corporation, Indiana-
polis, IL, USA) was used to quantitate the enrichment of histone-
associated DNA fragments which were released into the cytoplasm
according to the procedure provided by the manufacturer. The
amount of nucleosomes was expressed as the absorbance value.

2.6. Flow cytometry analysis

In brief, 5 x 10° HT-29 cells were plated per well on 6-well
plates and incubated for 24 h for attachment, then were treated
with either PMS (20 wM) or DMSO (0.1%, v/v) for 12, 24, 36 or 48 h.
After treatment, cells were fixed with ice-cold 70% ethanol in
phosphate buffered saline followed by incubation with 50 pwg/mL
propidium iodide, 3.8 mmol/L sodium citrate, 10 jLg/mL RNase A at
4 °C for 3 h and analyzed by flow cytometry (Beckman Coulter
Epics XL-MCL, UK). The cell cycle phase distribution and proportion
of apoptotic cells (% of sub-G; phase) were calculated from the
resultant DNA histogram using Multicycle AV version 3.0 software
(Phoenix Flow System, San Diego, CA, USA).

2.7. Confocal immunofluorescence analysis

HT-29 cells were seeded onto Petri dishes with glass bottoms and
allowed to incubate for 24 h for attachment, after which cells were
treated with PMS (20 wM) or DMSO (0.1%, v/v) for 24, 48 or 72 h. At
the end of incubation, cells were fixed with 4% (v/v) paraformalde-
hyde for 30 min and then made permeable with methanol at —20 °C
for 10 min. The cells were then covered with 10% (v/v) goat serum for
30 min at room temperature to block non-specific adsorption of
antibodies to the cells. After this procedure, the cells were incubated
with primary antibody against a-tubulin at 4 °C overnight. Cells
were then probed with Alexa Fluor 488 goat anti-rabbit secondary
antibodies and incubated at room temperature for another 2 h.
Fluorescent signals were detected using a confocal fluorescence
microscope (Nikon EZ-C1, Nikon, Tokyo, Japan).

2.8. Tubulin polymerization assay

The tubulin polymerization was determined using a tubulin
polymerization assay kit (BK004, Cytoskeleton Inc., Denver, CO,
USA) as described by the manufacturer. Briefly, half area 96-well
plates were warmed to 37 °C for 30 min prior to starting the assay.
1 mL general tubulin buffer (GTB: 80 mM Pipes, pH 6.9, 2 mM
MgCl,, and 0.5 mM EGTA) was warmed to room temperature for
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drug dilutions. Purified bovine tubulin (4 mg) was re-suspended
with 1 mL cold (4 °C) PEM plus 10% glycerol buffer on ice for 3 min.
After 10 pL of general tubulin buffer, 2 mM taxol stock and PMS
stocks were added into each well and incubated for 2 min at 37 °C,
100 pLreconstituted tubulin above was added directly to the testing
wells followed by reading with a SpectraMax 250 (Global Medical
Instrumentation Inc., Ramsey, MN, USA) in kinetic mode, 61 cycles of
1 reading per cycle at 340 nm with 5 s medium orbital shaking.

2.9. Western blot

Briefly, 1.5 x 10° HT-29 cells per well in 2 mL medium were
seeded onto 6-well plates and incubated for 24 h. After treatment,
the cells were lysed in radioimmunoprecipitation assay buffer
[50 mmol/L Tris—HCI (pH 7.5), 150 mmol/L sodium chloride, 0.5% a-
cholate acid, 0.1% SDS, 2 mmol/L EDTA, 1% Triton X-100, and 10%
glycerol], containing 1.0 mmol/L phenylmethylsulfonyl fluoride and
1 pg/mL aprotinin. After sonication for 30 s on ice and centrifuging
for 20 min at 12,000 x g at 4 °C, the supernatant was collected and
total protein concentration was determined by a standard Bradford
assay reagent (Bio-Rad) using bovine serum albumin as standard.

Cell lysates were stored at —20 °C. 20 g of protein samples were
resolved on SDS-PAGE and transferred to Hybond C nitrocellulose
membranes (Amersham Corporation, Arlington Heights, IL, USA).
The membranes were probed with primary antibodies dissolved in
wash buffer containing 5% non-fat milk powder overnight at4 °Cand
incubated for 1h with secondary antibodies conjugated with
peroxidase (1:2000). Chemiluminescent signals were then devel-
oped with Lumiglo reagent (Cell Signaling Technology, Beverley, MA,
USA) and detected and quantified by the ChemiDoc XRS gel
documentation system (Bio-Rad, Hercules, CA, USA).

2.10. Nude mice xenograft model

To evaluate the direct inhibitory action of PMS on cancer growth
in vivo, a HT-29 colon cancer xenograft model was adopted. In brief,
HT-29 colon cancer cells were trypsinized, collected and re-
suspended in phosphate buffered saline (2 x 107 cells/mL). Cell
viability was confirmed to be above 95% based on trypan blue
staining. Then 3 x 10% HT-29 cells in 0.2 mL phosphate buffered
saline were injected subcutaneously into the right flank or dorsal
region of 4-6-week-old female BALB/c nu/numice. Afterinoculation,

Table 1
Effect of resveratrol and its derivatives on cell proliferation.
Tested compounds Chemical structure IC50 (M)
In Caco-2 In HT-29 In SW1116
OH
Resveratrol 127.7 +25.0 152.1 £ 17.6 88.3 +10.0
HO
OMe
OMe O
T™S O AN OMe >100 249+52 37.0 £ 6.7
MeO
OMe
OMe
MR-4 O \ O OMe 321+£37 200+58 >100
MeO
OMe
OMe
OMe O
PMS OMe 65.5+7.3 14.7 + 4.4 27.2+89

\J
)

MeO

Human colon adenocarcinoma cells (Caco-2, HT-29 and SW1116) were treated with tested compounds at different concentrations for 48 h. Then, cell proliferation was
evaluated by MTT assay, and ICso was determined from a plot of inhibitory percent versus logarithm of concentration. Data are presented as mean + SEM of three independent
experiments.
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the mice were maintained under sterile condition and the size of
tumor formed was measured using calipers every 3 days. Tumor
volume (V) was estimated according the following formula: tumor
volume (V) =L x W22, where L is the mid-axis length and W is the
mid-axis width. After the tumors reached a mean size of 130 mm?
(onday 10),PMS(25, 100 mg/kg)dissolved in 5% (v/v) DMSO/olive oil
was given to the nude mice every other day for 24 days. Animals in
control group received 5% (v/v) DMSO/olive oil, respectively. All
treatments were administered by intraperitoneal injections in mice
at 0.1 mL per 10 g of body weight. At the end of the experiment, the
mice were sacrificed and tumors were excised for further assays.

2.11. Statistical analysis

All cell line experiments were performed at least three times
independently. Statistical analysis was done by using the prism
statistical package (GraphPad Software, San Diego, CA, USA).
Turkey’s t-test was used to compare data between two groups.
One-way ANOVA and the Bonferroni correction were used to
compare data between three and more groups. Values were
expressed as means + SEM. P < 0.05 was considered statistically
significant.

3. Results
3.1. The effect of PMS on colon cancer cell growth
Initially, the cytotoxicity of stilbenes was investigated in several

human colon cancer cells including Caco-2, HT-29 and SW1116 by
MTT assay. The ICsq values of tested compounds were computed

(A) ™S
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based on the data collected from at least three times respective
assays. As shown in Table 1, PMS displayed much more potent
cytotoxic effect on colon cancer cells than resveratrol. And PMS
was about 10-fold more potent than resveratrol in inhibiting the
HT-29 cell growth. Notably, compared with TMS and MR-4, PMS
exhibited effective growth inhibitory effect against all three tested
colon cancer lines. In terms of potency and spectrum, PMS was
superior to its parent compounds TMS and MR-4, and may merit
investigation as a potential chemoprophylactic and therapeutic
agent for colon cancer. Considering HT-29 was much more
sensitive than Caco-2 and SW1116 in response to PMS treatment,
HT-29 cell line was selected for subsequent mechanistic study and
treated by PMS at 20 p.mol/L, at which inhibits 50-75% cell growth.

3.2. Absence of significant necrotic toxicity

To understand the mechanism of PMS to inhibit the colon
cancer growth, the generalized necrotic toxicity was examined and
excluded firstly. Generally, in normal live cells and apoptotic cells
the integrity of the cell membrane is maintained, while in necrotic
cells the integrity of plasma membrane was lost and resulted in the
release of cytoplasmic enzymes such as lactate dehydrogenase. As
shown in Supplementary Fig. 1A, there is little necrotic cell death
taken place after PMS treatment even at 30 M. Clearly, necrosis is
not the main cause for the cytotoxicity of PMS.

3.3. PMS induces apoptosis in colon cancer cells

We noticed that after PMS treatment for 48 h, the majority of
cells detached the bottom of the culture wells, floated in the

MR-4 PMS

Marks Control 10 20 30 10

20 30 10 20 30 (uM)

PARP
—116kDa
—89kDa

B-Actin

(C) 21

*kk

ole=za F'-'é"l

Control
10u
20uM <
30uM

Fig. 1. PMS induces apoptotic cell death in human colon adenocarcinoma HT-29 cells. (A) After PMS treatment at 20 wM for 48 h, DNA ladder formation was observed in HT-29
cells. (B) After PMS treatment at 20 wM for 48 h, the effect of PMS on the PARP cleavage was examined by Western blot. (C) After PMS treatment for 48 h, the enrichment of
cytoplasmic nucleosomes in treated HT-29 cell was substantially enhanced in a dose-dependent manner. Data are presented as mean + SEM (n = 3) of a representative

ok

experiment performed in triplicate. ***p < 0.001 versus respective control group.
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Fig. 2. Effects of PMS on caspase activation and Bcl-2 family expression. (A) Caspases involved in PMS-induced apoptosis were identified by Western blot. (B) The
functional relevance of caspase-3, -8 and -9 activation during PMS-induced apoptosis was evaluated using their specific inhibitors (20 WM, pretreatment for 1 h before
20 wM PMS treatment) by a nucleosome ELISA kit (ELISAP'YS kit, Roche). ***p < 0.001 versus PMS-treated group. (C) The effect of PMS on expression of Bcl-2 family
was examined by Western blot. After incubation with PMS at 20 wM for 3, 6, 12, 24, 36, 48 h, HT-29 cells were lysed and protein was extracted for Western blot

analysis.

medium and exhibited apoptosis-like morphological character-
istics such as nuclear condensation and segmentation, suggest-
ing the possibility of apoptosis. To verify this hypothesis, the
classical hallmarks and molecular signature of apoptosis such as
DNA ladder formation and the cleavage of Poly (ADP-ribose)
polymerase (PARP) were therefore examined (Fig. 1A and B).
After 48 h PMS treatment, both DNA ladder formation and the
increase of PARP cleavage were observed in HT-29. Notably,
from the lowest concentration needed to induce DNA ladder
formation in HT-29, PMS was found to be a more potent
apoptosis-inducing agent than its parent compounds, TMS and
MR-4.

To better quantitatively determinate apoptosis induced by PMS,
a Cell Death Detection ELISAPYS kit from Roche was used to detect
mono- and oligonucleosomes which are released into the
cytoplasm in undergoing apoptosis cells. As shown in Fig. 1C,
PMS treatment significantly increased the double-strand DNA and
nucleosomes released into the cytoplasm. After PMS treatment at
20 M for 48 h the enrichment of double-strand DNA and
nucleosomes in cytoplasm was 20 times higher than control.
Meanwhile, apoptotic effect of PMS was also confirmed in Caco-2
cells (Supplementary Fig. 1B).

3.4. Molecular mechanisms of apoptosis induced by
PMS in HT-29 cells

3.4.1. Caspase activation

Although coordinated activation of caspases plays a central role
in the execution of most types of apoptosis, there is now
accumulating evidence supporting that apoptosis can occur in
caspase-independent manner [16-18]. For this reason, v-VAD-
FMK, the pan-caspase inhibitor, was used to examine whether
caspase activation involve PMS-induced apoptosis or not. The
nearly complete blockage of PMS-induced apoptosis by pretreat-
ment with v-VAD strongly indicated that PMS induced apoptosis in
caspase-dependent manner. Accordingly, caspases involved in
PMS-induced apoptosis were identified by Western blot. As shown
in Fig. 2A, the cleavage of procaspase-3, -8 and -9 and the
formation of corresponding active forms were observed. To further
evaluate the functional relevance of caspase-3, -8 and -9 activation
during PMS-induced apoptosis, several caspase specific inhibitors
were used. As shown in Fig. 2B, pretreatment of HT-29 cells with
caspase-3, -8 and -9 inhibitors for 1 h significantly decreased PMS-
induced apoptotic DNA fragment formation by 74.7%, 78.7% and
43.2%, respectively.
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Fig. 3. Effect of PMS on cell cycle distribution. After incubation with DMSO (0.1%, v/v) or PMS at 20 M for 12, 24, 36 and 48 h, HT-29 cells were collected, stained by propidium

iodide and subjected to flow cytometry for cell cycle analysis.

3.4.2. Bcl-2 family proteins

The regulation of caspase activation and the consequent
apoptotic cell death relies on an intricate balance of the expression
of pro- and anti-apoptotic members of Bcl-2 family [19]. For the
pro-apoptotic members, up-regulation of Bad, Bik, Bok, Bim and o-
Puma was observed after PMS treatment and the expression was
peaked at 12-h, while the expression levels of Bax and Bmf were
kept relatively constant (Fig. 2C). As to the anti-apoptotic
members, we observed that Mcl-1 expression was down-regulated
while Bcl-xL remained stable. Surprisingly, Bcl-2 protein expres-
sion and its phosphorylation at both Thr56 and Ser70 residues
were substantially up-regulated by PMS treatment. The phosphor-
ylation of Bcl-2 increased substantially within the initial 12 h after
PMS treatment and gradually decreased afterward. It is noted that
such multi-site Bcl-2 phosphorylation (also called hyper phos-
phorylation) often occurs in apoptosis induced by microtubule-
interfering agents and results in inhibition of Bcl-2’s anti-apoptotic
function [20].

3.5. PMS induced G,/M cell cycle arrest

All those findings above indicated that the potent inhibitory
effect of PMS on HT-29 cell growth may be mainly contributed to
the apoptotic cell death. To examine the hypothesis above, HT-29
cells were treated with PMS at 20 wM for 48 h in the presence of
pan-caspase inhibitor (Z-VAD-FMK) at 10 wM, a concentration at
which Z-VAD-FMK completely abolished the occurrence of
apoptotic cell death induced by PMS. Nevertheless, pretreatment
of Z-VAD-FMK failed to protect HT-29 cells against the cytotoxic
effect of PMS (Supplementary Fig. 2A). As LDH activity in the
culture medium was not affected by caspase inhibitor pretreat-
ment, those cells above were analyzed by flow cytometry and
found that there is a substantial accumulation at the G,/M-phase
(Supplementary Fig. 2B and C). Accordingly, effect of PMS on cell

cycle distribution and apoptosis was examined. 12-h treatment of
PMS induced a substantial accumulation of HT-29 cells at the G,/
M-phase which was followed by apoptosis as indicated by a time-
dependent increase of cells in the sub-G; phase (Fig. 3). Taken
together, these results provide evidence for a key role of G,/M
phase cell cycle arrest playing in the anti-proliferative effect of
PMS.

3.6. PMS interfered with mitosis and enhanced microtubule
polymerization

G2/M cell cycle arrest and timely associated Bcl-2 hyperpho-
sphorylation were extensively reported to occur in apoptosis
induced by microtubule-interfering agents [21-23]. Considering
the similar chemical structure of PMS to combrestatin, a famous
anticancer drug targeting microtubules, we hypothesized that PMS
might also interfere with microtubule polymerization.

To test the hypothesis above, microtubule organization and
mitosis in response to PMS treatment were initially examined by
immunofluorescent microscopy. After PMS treatment, the cells were
poorly spread and the microtubule became short and stubby
(Fig. 4Ac). As in apoptosis induced by microtubule targeting drugs
[14,21], highly abnormal mitotic spindles and multinucleated cells
were also observed in PMS-treated cells (Fig. 4Ad, e and f). The effect
of PMS on microtubule polymerization was further confirmed by
tubulin polymerization assay (Fig. 4B). Results showed that PMS
enhanced tubulin polymerization in a dose-dependent manner and
exhibited comparable microtubule-stabilizing effect to paclitaxel.

3.7. PMS inhibits tumor growth in vivo
The direct anticancer activity of PMS in vivo was evaluated

using a 24-day colon cancer xenograft model in nude mice. After
incubation of cancer cells 10 days, tumors reached a mean size of
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Fig. 4. Effect of PMS on mitosis and microtubule polymerization. (A) After PMS treatment for 48 h, the effect of PMS on microtubule organization in vitro was examined by
confocal immunofluorescence images. (Aa and Ab) Control cells; (Ac, Ad, Ae and Af) PMS at 15 wM for 72 h. Original magnification: 400x. (B) PMS enhanced tubulin
polymerization in a concentration-dependent manner. Tubulin polymerization assay was carried out using a CytoDYNAMIX Screen 01 kit. Polymerization was started by
incubating purified tubulin with different concentration PMS at 37 °C, and absorption readings at 340 nm were monitored for 60 min.

150 mm®. Animals were grouped and treated as mentioned in
materials and methods. 24 days of continuous PMS treatment (25,
100 mg/kg body weight, intraperitoneal injection) significantly
reduced the tumor volume by 31% and 39%, respectively (Fig. 5A).
Moreover, based on the data about body weight (Fig. 5B), visible
inspection of general appearance and organs histology, PMS was
well tolerated in mice, and no obvious systemic toxicity was
observed during the entire period of drug treatment.

4. Discussion

In this study, we verified the hypothesis PMS, a hybrid molecule
from the TMS and MR-4, is a promising apoptosis-inducing agent
for colorectal cancer chemotherapy. Based on the data collected in
this study and those of others, we hypothesized signal pathway of
targeted compound: the interaction of PMS with microtubules
results in microtubule damage which is detected by G/M
checkpoint, leads to the persistent G,/M cell cycle arrest, and
subsequently trigger the molecular signaling for the following
caspase-dependent apoptosis. Despite the potent inhibitory effect

on colon cancer cell proliferation in vitro, our in vivo data suggests
that PMS only exerted moderate antitumor activity when used as a
single chemotherapeutic agent. It is known that the development
of polymethoxylated stilbenes as therapeutic agents have been
limited by their poor water-solubility. To improve such pharma-
cological properties, further rational design is needed, and the
introduction of the phosphate ester moiety or the boronic acid
group is suggested.

There are two distinct but interconnected pathways, namely,
death receptor- and mitochondria-mediated pathways in the
regulation of apoptosis. In the present study, we found that PMS-
induced apoptosis was in caspase-dependent manner and the
inhibition of caspase-9 and caspase-8 reduces PMS-induced
apoptosis by 43.2% and 78.7%, respectively. This finding may
reflect the scenario that caspase-8, the mediator of death receptor
pathway, is the predominant transducer of PMS-induced apoptosis
and part of the pro-apoptotic signaling of caspase-8 is mediated
through caspase-9. Although our findings suggest that caspase-8
may be a predominant transducer of PMS-induced apoptosis, the
expression of either p43/p41 or p18 fragment of caspase-8 was
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Fig. 5. The study on anticancer activity of PMS in vivo using HT-29 colon cancer cells xenograft model in nude mice. Intraperitoneal injection of PMS (25, 100 mg/kg body
weight) on alternate days for a total of 24 days significantly reduced (A) the tumor volume by 31% (p < 0.05 versus control group) and 39% (p < 0.05 versus control group)
without affecting (B) body weight. 3 x 10% HT-29 cells in 0.2 mL phosphate buffered saline were injected subcutaneously into the right flank or dorsal region of 4-6-week-old
female BALB/c nu/nu mice. After the tumors reached a mean size of 130 mm? (on day 10), PMS dissolved in 5% (v/v) DMSO/olive oil was given to the nude mice every other day
for 24 days. Animals in control group received 5% (v/v) DMSO/olive oil, respectively. The size of tumor formed was measured using calipers every other day. Data are presented

as mean + SEM (n = 8).

very weak. It is possible that there is an insufficient amount of
active caspase-8 or downstream caspases in the early stage of
apoptosis, and caspase-8 amplifies the apoptotic signaling by
caspase-8-Bid-mitochondrial pathway. Consistent with the
hypothesis above, PMS-induced caspase-9 activation was signifi-
cantly reduced but not blocked completely by pretreatment with
caspase-8 inhibitor (Fig. 2B), suggesting the direct activation of
caspase-9 without caspase-8 involvement. In this respect, down-
regulation of Akt phosphorylation has been reported to induce
overexpression of total Bad which ultimately activates caspase-9
and the effector caspase(s), rendering the cells more susceptible to
the apoptotic signaling [24]. To this end, our results indicate that
PMS substantially reduced Akt phosphorylation as early as 6 h after
treatment (Supplementary Fig. 3A), and such down-regulation of
Akt phosphorylation is paralleled by the up-regulation of total Bad.

PMS triggers Go/M phase cell cycle arrest and Bcl-2 hyperpho-
sphorylation, prompting us to speculate that microtubule is the
direct target of PMS. It is to note that pan-caspase inhibitor (Z-
VAD-FMK) pretreatment, although inhibiting the apoptotic cell
death completely, failed to prevent cell growth inhibition induced
by PMS treatment, suggesting that the persistent mitotic arrest at
G,/M phase can play an important role in anti-proliferative activity
of PMS. In this case, the following apoptotic event seems to be a
secondary event of such mitotic block.

Treating cancer cells with microtubule-interfering agents is
generally associated with G,/M cell cycle arrest followed by
apoptosis. To improve the basic knowledge of MIA-induced cell
death, we also tried to find the potential links between PMS-induced
mitotic arrest and apoptosis, but the definitive mechanisms involved
remained unknown. Currently, there are many studies indicated
that Bcl-2 and/or Bcl-xL hyperphosphorylation by CDC2 or JNK, Bad
phosphorylation on serine 128 by CDK1 and Bim activation by JNK
may be the potential mediators linking MIAs-induced mitotic arrest
and apoptosis [22,25-30]. However, our data clearly indicated that
MAPKs (ERK, p38, and JNK) did not play a critical role in the PMS-
induced apoptotic response as pharmacological inhibition of MAPKs
did not affect cytotoxicity as well as pro-apoptotic activity of PMS
(Supplementary Fig. 3A and B). Moreover, considering the key role of
apoptosis signaling pathway via direct activation of executioner
caspase-3 and -7 by caspase-8, the major mechanism linking such
mitotic arrest and apoptosis in this study is unknown because those
proposed mechanism above only enable to explain the initiating
event in the mitochondrial pathway of apoptosis. Our results are in

agreement with previous reports demonstrating that caspase-8
activation independent of cell death receptor has been observed in
microtubule-interfering agents treated cells [31,32]. To improve our
understanding on the relationship between PMS-induced mitotic
block and caspase-8 activation will be the next challenging task in
future.

As cytoskeletal components, the importance of microtubules in
the process of mitosis makes them the promising targets for
anticancer drug. Actually, microtubules may be the best cancer
target to be identified so far, and several microtubule targeting
agents have been ranked the most successful clinical cancer
chemotherapeutic drugs currently. As to the most potent cytotoxic
stilbene derivatives, most of them, especially those possessing a
trimethoxybenzene ring, were found to be microtubule-targeting
agents [13-15,33]. In our study, PMS also exhibited potent
anticancer activity in vivo without obvious systemic toxicity during
whole period of drug treatment. Considering neurotoxicity is the
principle side effect of clinical microtubule-interfering agents, the
data in this field is greatly needed [23,34]. Although such anti-
microtubule drugs have been used in the clinic for many years, the
cause of the neurotoxicity is poorly understood, but undoubtedly
involves the effects of the drugs on microtubules which are the key
component of neurons. As no neurotoxicity data were collected in
this study, it is unknown whether with the administration of PMS,
peripheral neuropathy and reversible myelosuppression caused or
not, so further study in these areas is required.
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