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Abstract

Resveratrol, a naturally occurring polyphenolic antioxidant, is a potential chemoprophylactic agent for various cancers,
including colorectal cancer. Although emerging evidence continually suggests that a number of resveratrol derivatives may
be better cancer chemopreventive candidates than resveratrol, studies on the mechanism of action of these derivatives are
limited. This is the first study which investigates the mechanism underlying the cytotoxic effect of a synthesized resveratrol
analogue, (E)-N-(2-(4-methoxystyryl) phenyl) furan-2-carboxamide (CS) on colorectal cancer. Previously, our group reported
a series of synthesized resveratrol analogues, which showed cytotoxicity against a panel of cancer cell lines, in particular on
colon cancer cells. In this study, we further discovered that CS also exerts a potent suppressive effect on HCT116 colorectal
cancer cells. In contrast, normal colon cells (CCD-112 Con) were not sensitive to CS up to 72 h post treatment. CS caused
cytotoxicity in HCT116 cells through several apoptotic events including activation of the Fas death receptor, FADD, cas-
pase 8, caspase 3, caspase 9, and cleaved PARP, which occurred alongside cell cycle arrest from the up-regulation of p53
and p21. The results show that CS causes apoptosis via the activation of an extrinsic pathway leading to caspase activation
and cell cycle arrest from activated p53. These findings suggest that CS may be a potential candidate for development as an
anti-tumor agent in the future.
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Introduction

Cancer is the second leading cause of death worldwide.
Colorectal cancer in particular is one of the most malig-
nant neoplasia, being the third most common type of cancer
among men and second among women [38, 40]. Improve-
ments in surgery, adjuvant therapy, dietary plans, and
screening programs have facilitated an overall decline in
the mortality rate of colon cancer. However, the inherent
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and acquired drug resistance limits many chemotherapeu-
tic agents from treating colorectal cancer, as they are often
associated with severe, dose limiting, and systemic toxicities
[15, 34].

Apoptosis is a continuous physiological mechanism for
non-inflammatory, programmed cell death and is frequently
investigated as the mechanism of action for anti-tumor agents
[18]. Two statutory pathways have been shown to regulate
caspase-dependent apoptosis—the extrinsic “death-receptor-
mediated” and—the intrinsic “mitochondrial-mediated” path-
ways [13]. The extrinsic pathway is initiated by the binding of
a death receptor ligand, which activates the tumor necrosis fac-
tor (TNF) superfamily of death receptors and downstream cas-
pase-8. For the intrinsic pathway, assaults on the mitochondria
trigger the release of pro-apoptotic factors such as cytochrome-
¢ and downstream caspase-9. These two pathways converge in
the activation of effector caspases such as caspases-3 and -7
[27, 28]. The cell morphological changes of an apoptotic cell
include externalization of phosphatidylserine (PS) of the cell
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membrane, membrane blebbing, chromatin condensation, and
nuclear DNA fragmentation [37].

The cell cycle has safeguard mechanisms that control the
rate of cell replication. Homeostasis between cell death and
replication must be balanced to maintain various types of cells
in tissues. This mechanism has been a major target for the
development of new chemotherapeutic agents, as defects in
cell cycle checkpoints will lead to uncontrolled cell prolifera-
tion [7, 9]. There is evidence showing the relationship between
apoptosis and cell cycle through some regulatory proteins in
the cells where the manipulation of these regulatory proteins
may prevent or induce apoptosis [31]. Of note, the p53 protein
has been identified to be pivotal in deciding cellular growth
arrest or apoptosis [32]. The p53 protein is particularly able
to regulate two gene targets those, which encode proteins that
act through the receptor-mediated signaling, and those that
regulate apoptotic effector proteins [30]. A chemotherapeu-
tic agent can activate various apoptotic and cell cycle arrest
pathways and thus cause death to cancer cells. Therefore, new
compounds that target colorectal cancer should be investigated
to meet the needs of novel improved therapeutic agents for
colorectal cancer.

Interest in the pharmacological effects of bioactive com-
pounds for cancer treatment and prevention has increased sig-
nificantly over the past two decades. Natural agents derived
from plants and other natural resources can be useful as a com-
plementary therapy for cancer patients. Furthermore, there is a
need to develop more chemotherapeutic options from natural
resources with reduced side effects to improve current chemo-
therapy [39]. Amongst many bioactive compounds, resveratrol
(3,5,4'-trihydroxystilbene), a naturally occurring non-flavonoid
polyphenol obtained from several plant resources such as
grapes, mulberries, and peanuts, has been shown to exhibit
a range of health benefits such as anti-oxidant, anti-inflam-
matory, cardio-protective, and anti-tumor potential properties
[2, 33]. Unfortunately, high doses of resveratrol are required
to induce apoptosis in cancer cells. In addition, resveratrol’s
biological activity is limited by its photosensitivity and meta-
bolic instability [5]. Thus, recent studies on resveratrol have
shifted to synthetic analogues with improved anti-tumor activ-
ity. Our group previously designed, synthesized, and investi-
gated the cytotoxicity of a series of resveratrol analogues. The
compound 6d or CS was shown to be most potent on colon
HT-29 cells with an ICy, of 11.40 uM [25]. Therefore, in this
report, we seek to understand how CS exerts its apoptotic and
cell cycle arrest on the human colon cancer cell line, HCT116.
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Materials and methods

(E)-N-(2-(4-methoxystyryl) phenyl)
furan-2-carboxamide

(E)-N-(2-(4-methoxystyryl) phenyl) furan-2-carboxamide
(CS) was synthesized and purified according to a previ-
ously published method. CS is obtained as a white pow-
der. The 'H and '*C nuclear magnetic resonance (NMR)
(JEOL JNM-LA 400 and JEOL ECA-400) spectra of the
compound obtained in the CDCIj; solution were in agree-
ment with a previous report [25]. The '"H NMR (CDCl;,
400 MHz) &: 7.14 (br s, 1H), 6.94 (td, J=1.4, 8.2 Hz,
1H), 7.29 (t,J=7.4 Hz, 1H), 7.16-7.05 (m, 3H), 6.81 (d,
J=16.5 Hz, 1H), 7.04-7.10 (m, 1H), 7.48 (d, J=7.8 Hz,
1H), 7.43 (d, J=7.8 Hz, 1H), 2.10 (s, 3H, CH;); '°C
NMR (CDCl;, 100 MHz) 139.6, 112.9, 162.0, 113.1,
130.2, 122.8, 130.3, 125.3, 130.4, 134.6, 124.7, 128.5,
125.8, 126.7, 24.2 (CH,), 168.6; HRMS (+ ESI) [M+H]*:
256.1810, and C,cH,;sFNO require 256.1138. Figure 1
shows the structure of CS.

Cell culture

HT-29 cells, HCT116, and CCD-112 Con were purchased
from the American Type Culture Collection (ATCC,
Manassas, VA, USA). HT-29 cells were maintained in Dul-
becco’s Modified Eagle Medium (DMEM). The HCT116
cells in McCoy’s 5a Modified Medium and CCD-112 Con
in Eagle’s Minimum Essential Medium (EMEM), were all
supplemented with 10% fetal bovine serum. The cells were
sub-cultured into culture flasks and incubated at 37 °C in a
humidified atmosphere containing 5% CO, until approxi-
mately 70-80% confluence. The cells were passaged every
3—4 days. All cell lines were routinely tested for contami-
nation and mycoplasma infection [20].

3 4

Fig.1 Chemical structure of (E)-N-(2-(4-methoxystyryl) phenyl)
furan-2-carboxamide (CS)
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Cytotoxicity assay

To determine the number of viable cells upon treatment of
CS, CellTiter 96®AQueous One (Promega, Madison, WI,
USA) cytotoxicity assay was used. Briefly, the cells were
seeded at 1 x 10* for HCT116, 5 10° for HT29, 2% 10* cells
per well for CCD-112 Con, and allowed to grow overnight
in clear 96-well microplates. The cells were treated with the
compound or standard drug standards at a concentration of
0.4-200 uM dissolved in dimethyl sulfoxide, (DMSO) for
24, 48, and 72 h. For the negative control, the cells were
treated with a DMSO (0.1% v/v) solvent only. After the
incubation period, the cells were refreshed with 100 pL of
DMEM media followed by the addition of 20 uL per well
of [3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS)]. Then, the plates
were incubated at 37 °C for 1-2 h in a humidified, 5% CO,
atmosphere. Next, the absorbance was obtained using a
microplate reader set at 490 nm with 690 nm as the back-
ground wavelength (Infinite® 200 Pro, Tecan, Mannedorf,
Switzerland). The inhibition concentration at 50% (ICs,) and
statistical significance were determined using dose-response
curves and the Student’s T test (p <0.05) via the Prism 5.02
software (GraphPad Software Inc., La Jolla, CA, USA) [20].

Caspase activity

The activities of caspase-3/7, -8 and -9 were measured
using Caspase-Glo® 3/7,8, and 9 assay kits (Promega,
Madison, WI, USA) according to the manufacturer’s pro-
tocol. Briefly, the cells were plated over-night in a white
96-well microplate. A total of 1 x 10* cells were seeded per
well and treated with CS (6 uM) for 3, 7, 18, 24, and 30 h,
with or without inhibitors (caspase-8: Z-IETD-FMK; cas-
pase-9: Z-LEHD-FMK; caspase-3: Z-DEVD-FMK). After
treatment, 100 puL of each caspase substrate was added and
incubated at room temperature for 30 min. Upon activation
of caspase in the apoptotic cells, the substrate will give a
luminescence signal after cleavage of the aminoluciferin-
labelled synthetic tetrapeptide. The luminescence is then
detected using a Tecan Infinite® 200 Pro (Tecan, Minne-
dorf, Switzerland) microplate reader [20].

Apoptosis assay

Annexin V is a phospholipid-binding protein and has a high
affinity towards PS, a property that is used to determine
the degree of apoptosis induced by CS on HCT116 cells.
The cells were seeded at 1x 10° cells per ml in a 25 cm?
flask overnight before treatment with CS for 24 h at various
concentrations. After treatment, the cells were incubated
with FITC-annexin V and propidium iodide (PI) (BD Bio-
sciences) in a binding buffer for 15 min in the dark and in

ice-cold conditions. The stained cells were measured using
a FACS Canto II flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) and analyzed with BD FACS Diva version
8.0.1 (Verity Software House Inc., Topsham, ME, USA)
[20].

Cell cycle analysis

To determine the cell cycle status following treatment with
CS, staining of the DNA was performed and analyzed via the
flow cytometry technique. In brief, HCT116 cells (2x 10%)
were cultured in a 25 cm? flask and incubated for 24 h, after
which the cells were treated with either CS (6 uM) or DMSO
(0.1%, v/v) for 24 and 48 h. After treatment, the cells were
collected and fixed with cold 70% ethanol. Prior to analysis,
the cells were washed twice with phosphate buffer saline
(PBS) and incubated with RNase A and followed by pro-
pidium iodide for 10 min each. The cells were analyzed on a
FACS Canto II (BD Biosciences, Franklin Lakes, NJ, USA).
The cell cycle phase distribution and proportion of apoptotic
cells (percentage of sub-G, phase) were analyzed from the
DNA histogram using ModFit version 3.3 (Verity Software
House Inc., Topsham, ME, USA) [20].

Transferase-UTP nick-end labeling (TUNEL) assay

Cleaved DNA strands can be identified by labeling the free
3'-OH terminal of the DNA with terminal deoxynucleotidyl-
transferase (TdT), which was detected using a Nikon Eclipse
TE2000-S Microscope with MetaMorph software 7.6.0.0
(Nikon, TOKYO, JAPAN). HCT116 cells were plated on
glass slides and treated with CS for 6, 12, 18, and 24 h.
The pre-treated cells were fixed, permeabilized, labeled, and
stained according to the manufacturer’s protocol. The slides
were mounted using Vectashield® with DAPI and observed.
Localized green fluorescence of apoptotic cells and DAPI-
stained nuclei were taken from the same field at X100 mag-
nification [20].

Apoptosis array analysis

In order to study the signal transduction pathway of CS
treated HCT116 cells, an apoptosis array was performed
using a Ray-Bio Human Apoptosis Antibody Array G
Series (RayBiotech, Norcross, GA, USA). HCT116 cells
were plated in 24 well plates and treated with either CS
(6 uM) or DMSO (0.1%, v/v) for 6, 12, 18, and 24 h. Cell
lysate was collected using a cell lysis buffer the kit. The
glass was incubated in a blocking buffer for 30 min. After
removing the blocking buffer, the cell lysate was added and
incubated overnight at 4 °C. After decanting the sample, the
antibody array was washed and stained according to manu-
facturer protocol. The antibody array chip was scanned using
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a LI-COR imaging system (Lincoln, Nebraska, USA). The
intensity of the array chip was quantified and analyzed with
ImageStudio™ Lite software (LI-COR Biosciences, Lin-
coln, Nebraska, USA) [20].

Western blot analysis

Whole cell lysates were prepared from CS treated cells;
cell monolayers were rinsed with cold PBS and then lysed
with a cell lysis buffer with protease, phosphatase inhibi-
tors, and EDTA cocktails (Pierce Thermo Fisher Scientific,
Waltham, MA, USA). The cell suspensions were centrifuged
at 14,000xg for 10 min at 4 °C and the protein concentra-
tion was determined using a BCA protein assay kit (Pierce
Thermo Fisher Scientific, Waltham, MA, USA). An equal
volume of total protein was mixed with the sample loading
buffer and separated by 10-12% SDS-polyacrylamide gel
and then transferred to a PVDF membrane for the western
blot analysis. Immunoblotting was performed using primary
antibodies (1:1000) against p-actin, Fas, caspase-8, cas-
pase-3, caspase-9, cleaved PARP, FADD, p53, p21"/1/Cip!,
Bax, and Bcl-xL (Cell Signaling Technologies, Danvers,
MA, USA). The membranes were incubated at 4 °C over-
night on an orbital shaker and then washed with tris-buffered
saline with Tween 20 (TBST) three times for 10 min each.
After that, the membranes were incubated with goat anti-
rabbit secondary antibody (1:1000) for 4 h at room tem-
perature and developed using the WesternBright ECL kit
(Advansta, CA, USA). Finally, the membranes were ana-
lyzed and quantified using a UVP Gel documentation system
(UVP, CA, USA) [20].

ROS and superoxide assay

For the determination of intracellular ROS levels, the cells
were grown in 96-well microplate and treated with CS
(6 uM) or DMSO (0.1%, v/v) for 30 and 60 min. After incu-
bation, the cells were stained with a ROS/Superoxide detec-
tion kit (Abcam, San Francisco, USA) for 60 min at 37 °C
in a CO, incubator. The fluorescence intensity of the cell
was analyzed using a FACS Canto II flow cytometer (BD
Bioscience, Franklin Lakes, NJ, USA) [20].

Statistical analysis

All data represent at least three independent experiments and
expressed as means + standard deviation (SD). For statisti-
cal analysis, a one-way analysis of variance (ANOVA) was
used for the comparison of the differences among more than
two groups via the GraphPad Prism software (version 5.0;
GraphPad Software Inc., San Diego, CA, USA) [20].
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Results
Inhibitory effects of CS on colon cancer cells

To evaluate the cytotoxicity of CS on HCT116, HT29, and
CCD-112Con cells, a CellTiter 96®AQueous One solu-
tion cytotoxicity assay was performed. The results dem-
onstrated no cytotoxicity on normal colon cells, CCD-112
Con (Table 1). However, CS was cytotoxic towards cancer
cells in a time- and dose-dependent manner on HCT116 and
HT?29 cells. Therefore, our data suggests that CS is selec-
tive towards colon cancer cells, HCT116 and HT29. Since
the IC, values are the lowest in HCT116 cell lines, further
studies were conducted using this cell line.

Apoptosis by CS in HCT116 colon cancer cells

To determine whether or not CS induces cell death via apop-
tosis or necrosis in HCT116 colon cancer cells, annexin-
V-FITC and propidium iodide (PI) dual labeling was per-
formed on CS treated cells at 3, 6, and 12 uM for 24 h.
The results show a gradual increase in early apoptotic cells
(annexin V positive only) from 15.77 +4.34 to 16.27 +1.00
and 17.43 +3.23%, respectively (Fig. 2).This trend is also
observed in late apoptotic cells (annexin V and PI positive),
where both increased from 21.93 +£1.66 to 33.07 +4.15%
and 37.30+4.25% compared to the negative control (cells
treated with 0.1% v/v DMSO). The percentage of necrotic
cells (annexin V negative and PI positive) was minimal
(~4%) throughout the treatment concentrations. Hence,
the results show that CS inhibited HCT116 cell growth by
inducing apoptosis.

CS halts G2/M cell cycle arrest

Cell cycle regulation is an important factor in the develop-
ment of cancer. Furthermore, disruption of the cell cycle
may lead to the formation of cancer cells. Thus, the cell
cycle machinery is the main objective in limiting cancer
progression and development [35]. Therefore, to determine
the effect of CS on cell cycle, treated cells were labeled with

Table1 Cytotoxic effect of CS against HCT116, HT-29, CCD-
112Con cells lines, and 5-fluorouracil on HCT116 after 24, 48, and
72 h of treatment

Time ICs, values (Mean +SD) uM

?}?)mts HCTI16  HT29 CCD-112Con  5-Fluorouracil
2 6194027 84594956 >200 3.0240.33
48 2294008 17454133 >200 2.10+0.15
7 202+0.18  647+0.14 >200 1.35+0.33
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Fig.2 Annexin V/PI double staining assay. a Dot plots of untreated
and CS treated HCT116 cells (3—-12 uM). b The population of cells
(total of 100%) that are viable, in the early and late apoptosis, and

PI in order to measure the cell DNA content in relation to
the phases of the cell cycle using a flow cytometry analysis.
CS treated cells were significantly reduced in the GO/G1
phase, with accumulation of cells in the G2/M phase after
24 and 48 h post-treatment (close to 80% of cells in G2/M),
suggesting that CS causes cellular arrest in the G2/M phase

[7] (Fig. 3).
Reactive oxygen species (ROS) generation by CS

The production of reactive oxygen species (ROS) is known
to activate a series of adaptive cellular responses ranging
from growth arrest to apoptosis [22]. In this experiment,
the ROS assay monitors the ROS production in live cells
upon treatment of CS after 30 and 60 min using flow cytom-
etry analysis. Flow cytometry detects the number of cells
stained with oxidative stress dye (green channel, x-axis) and
superoxide dye (orange channel, y-axis). The cells, which

necrosis state. The percentage is represented as the mean+SD of
three independent experiments and the symbol * denotes significant
difference (p <0.05) compared to the untreated control

produce ROS species, exhibit positive staining on both
oxidative and superoxide dyes. The results were analyzed
according to the percentage of cells in each quadrant of the
dot plot. As shown in Fig. 4, treatment with 6 pM CS sig-
nificantly increased the level of ROS generated by HCT116
cells over time. Additionally, we monitor the ROS produc-
tion in HT-29 and CCD-112 Con treated cells as well. We
observe the similar ROS generation in CS treated HT-29
cells but minimal ROS generation in CCD-112 Con normal
colon cells (below 5%).

CS treated in HCT116 cells causes caspase activation

Caspase is activated after site-specific cleavage of the pro-
forms that will degrade cellular proteins in apoptotic cells
[36]. In order to study whether or not caspases are involved
in CS induced apoptosis, caspase-3/7, -8, and -9 activi-
ties were quantified in HCT116 treated cells. In this study,
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centage of cells in different phases of cell cycles after treatment with pared to the untreated control

CS for 24 and 48 h, significant cell cycle arrest at G2/M phase was
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Flow cytometer dot plots of oxidative stress and superoxide detec-
tion. b The percentage increase in oxidative stress and superoxide
generation in cell after exposure to CS for 30 and 60 min. All the

caspase -3/7, -8, and -9 were significantly elevated compared
to the control after 18, 24, and 30 h of incubation (Fig. 5).
High levels of caspase-8 (14-fold over control) were detected
at 18 h post-treatment. Caspase-9 also exhibited a two-fold
increase in elevation over the control. This suggests that CS
activates caspase-8 after 18 h of treatment. In addition, at
24 h, caspase-9 was also activated, which leads to the accu-
mulation of caspase-3/7 at a later point in time. To further
confirm the activation of caspases by CS, inhibitors of each
specific caspases, caspase-3 inhibitor (Z-DEVD-FMK),
caspase-8 inhibitor (Z-IETD-FMK), and caspase-9 inhibi-
tor (Z-LEHD-FMK), were added to the CS treated cells,
and the subsequent activation of each respective caspase
was observed. In the presence of inhibitors, activation of
caspase-3, -8, and -9 by CS was ablated in HCT116 cells.

data are expressed as the mean=+SD of triplicate measurements and
the symbol * denotes significant increase (p <0.05) compared to the
untreated control

The apoptosis pathway of CS

In order to identify the apoptosis pathway(s) induced by CS
on HCT116 cells, a Ray-Bio Human apoptosis antibody array
was performed. The cells were treated for 6, 12, 18, and 24 h
alongside DMSO (0.1%, v/v) for each time point as the con-
trol. The results reveal significant increase in protein expres-
sion of activated Fas, p21, and p53 in cells treated with CS at
18 h onwards compared to the untreated control (Fig. 6).

Effects of CS on the death domain, caspases,
and tumor suppressor protein expressions

In order to validate the apoptotic pathways obtained from
the human apoptosis antibody array and caspase assay, we
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Fig.4 (continued)

analyzed the expression profile of the death domain, cas-
pase, and tumor suppressor proteins using the western blot
approach. The whole cell lysate of CS treated cells was col-
lected after 6, 12, 18, and 24 h incubation. As shown in
Fig. 7, CS increased the cleaved caspases -3, -8, and -9 (the
activated form of caspases) in a time-dependent fashion.
Notably, these observations are consistent with the results
obtained in the luminescence caspase assay. Additionally,
Fas and FADD protein expressions were evidenced over
time. This further suggests that the compound activates the
death domains via the Fas activation pathway, which is in
agreement with the apoptosis array results. The pS3 and
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p21v4/leir] ex pressions were also increased upon treatment
of CS in HCT116 cells. The up-regulation of the Bax and
expression of Bcl-xL was also consistent, as per the p53 and
p21W“ﬂ/C"p1 findings [11, 12]. Cleaved PARP was distinct,
confirming the occurrence of late apoptosis in HCT116 cells
attributed to CS treatment.

DNA fragmentation in HCT116 due to apoptosis
induced by CS

A transferase-UTP nick-end labeling (TUNEL) assay was
performed to evaluate CS-induced apoptosis in HCT116
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Fig.5 Effect of CS on caspase activation. Fold increase of a cas-
pase-3/7, b caspase-8, and ¢ caspase-9 in HCT116 cells treated with
6 uM of CS as compared to the untreated control. The caspase activi-
ties were determined in the presence or absence of specific caspase
inhibitors at various time points. All results are obtained from three
independent experiments. The symbol * indicates significant increase
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Fig.6 Expression of apoptotic protein signals from the apopto-
sis array study in CS treated HCT116 cells at 6, 12, 18, and 24 h. a
Expression of apoptotic proteins detected via human apoptosis anti-
body array. b Fold changes of apoptosis signals in comparison to
the untreated control. The symbol * denotes a significant increase
(p<0.05) compared to the untreated control

cells. The hallmarks of apoptotic cells are cell shrinkage
with nuclear chromatin condensation and DNA strand break-
age [8]. As shown in Fig. 8, the untreated cells showed nega-
tive staining, whereas treatment with CS induced DNA frag-
mentation indicated by strong red fluorescence staining. In
addition, the DNA fragmentation in HCT116 cells by CS
treatment occurs in a concentration-dependent fashion.

Discussion
Anti-tumor drug discovery and development from plant

products plays an important role in cancer chemotherapy.
Previous studies have found that some stilbenes, including
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carboxystilbene, exerted anti-tumor property and therefore
could potentially be developed into new chemotherapeu-
tic agents [25]. However, no report has yet addressed the
mechanism of apoptosis of carboxamidestilbene (CS) in

colon cancer; thus this field remains a promising area for
research. In this study, we investigated the cytotoxicity of
CS on the colorectal cancer cell line as well its selectiv-
ity towards normal colon cells. CS was cytotoxic towards
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HT?29 and HCT116 colon cancer cells in a time- and dose-
dependent manner. Interestingly, CS did not show cytotoxic-
ity in normal colon CCD-112 Con cells even up to 72 h of
exposure with CS (Table 1). We hypothesize that CS induces
cell apoptosis and arrest by mediating multiple apoptotic
proteins in HCT116.

Apoptosis and cell cycle arrest are two important mecha-
nisms of anti-cancer drugs. Apoptosis is a highly complex
series of molecular events that is energy-dependent, and
includes cell shrinkage and DNA fragmentation [16].

There are two pathways involved in apoptosis, namely
the extrinsic and intrinsic pathways. The extrinsic signaling
pathway involves trans-membrane receptor-mediated inter-
actions whereas the intrinsic pathway involves mitochondria
mediated interactions. The ‘death’ domains are key proteins
that play an important role in the extrinsic mediated path-
way. These domains would transfer the death signal from
the cell surface into the nucleus via intracellular signaling
pathways [4]. Our mechanism studies show that CS acti-
vates the Fas receptor and signals the binding of the adapter
protein FADD (Figs. 6, 7). This phenomenon results in the
auto-catalytic activation of pro-caspase 8 with the formation
of a death-inducing signaling complex (DISC) [19]. Once
caspase-8 is activated, it then triggers caspase-3/7, which is
an important executioner of the apoptosis process.

Reactive oxygen species (ROS) are produced in the forms
of 0*~, H,0,, OH, and nitric oxide during the process of
active metabolism or stimulation by oncogenes [41, 42].
Various studies have showed that ROS accumulation is very
effective in killing cancer cells [14, 29]. Normal cells have a
different basal output of ROS compared to cancer cells. This
biochemical difference may provide a strong basis for ROS
mediated selectivity to kill cancer cells [41]. In this study,
we observed that CS treatment enhanced the ROS levels in
HCT116 cells and HT-29 but minimally in CCD-112 Con
normal colon cells (Fig. 4). Moreover, enhanced Fas activa-
tion is also one of the extrinsic pathways of ROS-mediated
cell death [6, 24, 42].

All cells undergo mitosis in order to replicate or grow.
During this process, the cell duplicates its content and
then divides into two daughter cells. The whole process,
is governed by several checkpoints through out to ensure
the coordinated progression of the cell and to monitor its
DNA characteristics as it transits through various stages
of the cell cycle [8]. However, there are discrepancy in
both assay which we have performed (Annexin V and
cell cycle), similar findings were also observed in other
publications [21, 38]. However, it is clearly found that in
response to external stress, the cell will arrest its cell cycle

@ Springer

in order to maintain its genomic integrity. The mechanisms
controlling the decision of either to restrain the cell-cycle
progression or to induce apoptosis during stress are made
through various cell-cycle checkpoints [8]. Various studies
have shown that controlling such cell-cycle transition is a
good approach in developing chemotherapeutic agents [3,
26, 44]. The analysis of cell cycle over different treatment
time points in HCT116 cells revealed a high number of
cells (80%) in the G2/M and S phases, as shown in Fig. 3b,
whereas the number of cells in the GO/G1 phase decreased
in comparison to the untreated cells. The results indicate
that CS caused G2/M phase arrest in a time-dependent
manner. Proteins p53 and p21"4"/¢P! appear to be crucial
in maintaining the G2 checkpoint in human cells [23, 38].
The accumulation of G2/M phase cells post-treatment led
us to investigate the expression levels of cell cycle regula-
tor proteins. From our analysis, CS halted the cell cycle
progression at the G2/M phase by up-regulating the tumor
suppressor proteins, p53 and p21"¥7/<¥! (Fig. 7c).

In our findings, we hypothesize that p21"¥"¢P1 may
cause the release of the pro-apoptotic protein, Bax [1, 31]
(Fig. 7c). Several studies have also shown that p21"¥?/<ir!
plays a pro-apoptotic role, which leads to apoptosis [10,
32]. The disruption of the Bax:Bcl-xL interaction in the
mitochondria consequently causes activation of caspase 9
[27, 43]. From our results, Bax was activated, which then
led to the activation of caspase 9 (Fig. 5b, c¢). Elevated
levels of caspase 9 from the caspase assay and a similar
observation from the western blot analysis both confirm
the involvement of caspase 9. Activation of caspase 3 from
the activation of caspase 8 and caspase 9 are the hallmarks
of apoptosis via both extrinsic and intrinsic pathways. Poly
(ADP-ribose) polymerase (PARP) has a particular func-
tion in the repair of damaged DNA; the cleavage of PARP
is also considered to be one of the hallmarks of apoptosis
[17]. The degradation of PARP, impaired DNA repair, and
DNA damage/fragmentation were observed in the TUNEL
assay (Fig. 8). Collectively, our results support the fact
that CS induces apoptosis in HCT116 cells.

In conclusion, the present study demonstrated the anti-
tumour effect of CS, which selectively caused cytotoxicity
in human colorectal cancer and induces apoptosis. The
underlying mechanism of CS is associated with the promo-
tion of ROS levels, activation of the Fas receptor, FADD,
caspase 8, caspase 9, caspase 3, cleavage of PARP, disrup-
tion of the Bax:Bcl-xL ratio, and cell cycle arrest at G2/M
(Fig. 9). The current study highlights the potential of CS
as a chemotherapeutic agent for human colon cancer.
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Fig.9 CS apoptotic mode of action against HCT116
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