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Resveratrol analogue, HS-1793, induces apoptotic cell
death and cell cycle arrest through downregulation
of AKT in human colon cancer cells
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Abstract. Resveratrol, a polyphenolic compound, is a natu-
rally occurring phytochemical and is found in a variety of
plants, including grapes, berries and peanuts. It has gained
much attention for its potential anticancer activity against
various types of human cancer. However, the usefulness
of resveratrol as a chemotherapeutic agent is limited by its
photosensitivity and metabolic instability. In this study the
effects of a synthetic analogue of resveratrol, HS-1793, on the
proliferation and apoptotic cell death were investigated using
HCT116 human colon cancer cells. Although this compound
has been reported to have anticancer activities in several
human cancer cell lines, the therapeutic effects of HS-1793
on human colon cancer and its mechanisms of action have
not been extensively studied. HS-1793 inhibited cell growth
and induced apoptotic cell death in a concentration-depen-
dent fashion. Induction of apoptosis was determined by
morphological changes, cleavage of poly(ADP-ribose) poly-
merase, alteration of Bax/Bcl-2 expression ratio, and caspase
activations. Flow cytometric analysis revealed that HS-1793
induced G2/M arrest in the cell cycle progression in HCT116
cells. Furthermore, HS-1793 showed more potent anticancer
effects in several aspects than resveratrol in HCT116 cells. In
addition, HS-1793 suppressed Akt and the phosphatidylino-
sitol-3 kinase/Akt inhibitor LY294002 was found to enhance
its induction of apoptosis. Thus, these findings suggest that
HS-1793 have potential as a candidate chemotherapeutic
agent against human colon cancer.
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Introduction

Despite the rapid decline of colorectal cancer (CRC) incidence,
due to introduction of CRC screening, in recent years, CRC is
still a major cause of incidence and mortality in many coun-
tries, especially in more developed ones, though in very recent
years its incidence is increasing also in developing areas of the
world (1). CRC incidence and mortality has been increasing
rapidly in Korea during last few decades (2). Shin ez al reported
that the age-standardized incidence rate (ASR) of CRC was 27
(per 100,000) in 1999 and increased to 50.2 in 2009 among
men (annual percentage changes, 6.6%) in Korea (3). There
are considerable advances in neoadjuvant chemotherapy and
improved surgical techniques have been achieved in the past
decades, the 5-year survival rate of colon cancer of stage IV
was only 8.1% after treatments (4). In addition, long-term
use of chemotherapy can make patient condition worse and
develop resistance to chemotherapy. Therefore, novel non-toxic
therapeutic agents which are safe, affordable and effective are
urgently needed.

Trans-3,4,5'-trihydroxystilbene (resveratrol) (Fig. 1A) is
a natural polyphenol and has been shown to prevent tumor
formation and development in several cancer types (5-8). This
polyphenol has also been shown to kill multiple types of cancer
cells (9-11), and to suppress angiogenesis and metastasis in a
variety of animal tumor models (12,13). Besides anticancer
properties, resveratrol has multiple biological and pharma-
cologic activities: it has been described as an antidiabetic
agent, an anti-aging agent, a platelet aggregation inhibitor, a
cardioprotective agent and an anti-inflammatory agent (14,15).
Although accumulating evidence on health benefits and anti-
cancer effect of resveratrol exist, the compound has limited
its use as a cancer chemoprevention agent, since resveratrol
is not a potent cytotoxic agent when compared with other
chemotherapeutic agents. Therefore, exposure to high doses of
resveratrol is required to induce apoptosis in cancer cells. In
addition, the biological activity of resveratrol is limited by its
photosensitivity and metabolic instability (16,17).

Multiple approaches are being sought to overcome these
limitations, including the design and synthesis of novel
structural analogues (18,19). One compound in particular,



282

4-(6-hydroxy-2-naphthyl)-1,3-benzenediol (HS-1793), has
stronger antitumor effects than resveratrol in most cancer cells
tested (20-23). Moreover, HS-1793 overcomes the resistance
conferred by Bcl-2 by inducing apoptosis (21) and inhibited
hypoxia-induced hypoxia-inducible factor-1 and vascular
endothelial growth factor expressions (24). However, the direct
molecular target and mode of HS-1793's anticancer mecha-
nism in human colon cancer cells have not been fully clarified.
Therefore, this study used human colon cancer HCT116 cells
to identify additional molecular mechanisms supporting the
antiproliferative and apoptotic effects of HS-1793.

Materials and methods

Chemicals. Trans-3,4,5'-trihydroxystilbene (resveratrol) was
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
4-(6-Hydroxy-2-naphthyl)-1,3-benzendiol (HS-1793) was
synthesized, kindly supplied by Professor Hongsuk Suh
(Pusan National University, Busan, Korea). A 100 mM solu-
tion of resveratrol or HS-1793 was prepared in ethanol, and
stored in small aliquots at -20°C. The stock solution was
diluted as needed in cell culture medium. The maximal
concentration of ethanol did not exceed 0.1% (v/v) in the
treatment range, where there was no influence on the cell
growth. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was obtained from Amresco LLC (Solon,
OH, USA). Antibodies specific for pro-caspase-3, -8
and -9, poly(ADP-ribose) polymerases (PARP), B-cell
CLL/lymphoma-2 (Bcl-2), Bcl-2 associated X protein (Bax),
cyclin A, cyclin B1, cyclin D1, Cdc2, Cdc25C, cyclin-dependent
kinase (CDK) 2, CDK4, CDK®6, cytochrome c, p38 mitogen-
activated protein kinase (MAPK), phospho-extracellular
signal-regulated kinase (ERK)1/2 (Thr202/Tyr204), c-Jun
N-terminal kinase (JNK),phospho-Akt (Ser473), Aktand glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) were obtained
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The
anti-cleaved-caspase-3, anti-cleaved-caspase-8, phospho-p38
MAPK (Thr180/Tyr182), phospho-JNK (Thr183/Tyr185), and
ERK1/2 were purchased from Cell Signaling Technology
(Danvers, MA, USA). Antibody against 3-actin and LY294002
were purchased from Sigma-Aldrich Co.

Cell culture and viability assay. HCT116 cells were obtained
from American Type Culture Collection (Manassas, VA,
USA). Cells were maintained at 37°C in humidified 5% CO,
in RPMI-1640 supplemented with 10% fetal bovine serum,
100 U/ml penicillin, and 100 pg/ml streptomycin (both from
GE Healthcare Life Sciences, Logan, UT, USA). Cell viability
was determined by MTT assay. Cells were seeded in each well
of 24-well plate, allowed to adhere overnight, treated with
or without various reagents at the indicated concentrations,
and then incubated in the dark with 0.5 mg/ml MTT at 37°C
for 2 h. The formazan granules generated by the live cells
were dissolved in DMSO, and the absorbance at 540 nm was
monitored using a multi-well reader (Thermo Fisher Scientific,
Vantaa, Finland).

Cell proliferation assay. To determine the effect of the test
agents on cancer cell proliferation, MTT assay was performed.
Briefly, cells were incubated in the presence or absence of
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Figure 1. Chemical structures of resveratrol (A) and HS-1793 (B).

the indicated concentration of agents for 0, 1, 2 and 4 days.
Thereafter, cell growth was measured by MTT assay as
described above.

Annexin V/PI staining assay. After treatment with various
concentrations of testing agents for 24 h, the cells were tryp-
sinized, washed, and collected. Apoptotic cells were detected
using the BD Pharmingen FITC Annexin V apoptosis detec-
tion kit (BD Biosciences, San Diego, CA, USA) in accordance
with the instruction provided by the manufacturer. A total of
10,000 cells were subsequently collected and analyzed using a
flow cytometer (Accuri C6; BD Biosciences, Ann Arbor, MI,
USA).

Nuclear staining with Hoechst 33342. The control and treated
cells were washed with phosphate-buffered saline (PBS) and
fixed with 3.7% paraformaldehyde in PBS for 10 min at room
temperature. Fixed cells were washed with PBS and stained
with 4 ug/ml Hoechst 33342 (Thermo Fisher Scientific,
Waltham, MA, USA) for 10 min at room temperature. And
then, the cells were washed with PBS and analyzed by fluores-
cent microscope.

Flow cytometric analysis for measurement of cell cycle popu-
lation. The DNA content was measured following the staining
of the cells with propidium iodide (PI; Sigma-Aldrich Co.).
After treatment with various concentrations of testing agents,
the cells were harvested, washed with cold PBS, and further
fixed in 70% ethanol at -20°C overnight. The fixed cells were
washed with cold PBS and then stained with cold PI solution
(50 pug/ml in PBS) at 37°C for 30 min in the dark. Flow cyto-
metric analysis was performed on an Accuri C6.

Western blot analysis. Cells were harvested and solubilized in
whole cell lysis buffer, and the supernatant was collected and
protein concentrations were then determined by protein assay
reagents (Bio-Rad, Hercules, CA, USA). Subcellular fractions
of mitochondria and cytosol were prepared using mito-
chondria isolation kit for mammalian cells (Thermo Fisher
Scientific). Equal amounts of protein extracts were denatured
by boiling at 100°C for 5 min in sample buffer (Bio-Rad).
Equal amount of protein was subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
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Figure 2. HS-1793 inhibits growth of HCT116 cells. (A and B) The effects
of resveratrol and HS-1793 on the proliferation of HCT116 cells. Cells were
incubated with increasing concentrations of resveratrol or HS-1793 for
(A) 24 h and (B) 48 h, respectively. Cell viability was determined by MTT
assay. Data are the mean + SD of three independent experiments. “p<0.05 and
“p<0.01 vs. Con. (C) Resveratrol and HS-1793 suppresses HCT116 cell pro-
liferation. Cells were incubated with increasing concentrations (0, 12.5, 25
and 50 uM) of resveratrol (R) or HS-1793 (H) for different time periods. Cell
proliferation was then analyzed by the MTT assay as described in Materials
and methods. Data are representative of three independent experiments.
“p<0.05 and “p<0.01 vs. Con. Con, vehicle-treated control.

transferred to polyvinylidene fluoride (PVDF) membranes by
immunoblotting. Blots were probed with the desired primary
antibodies overnight, incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (Santa Cruz
Biotechnology, Inc.), and then visualized using the enhanced
chemiluminescence (ECL) detection system (GE Healthcare,
Piscataway, NJ, USA).

Statistical analysis. Results are expressed as the mean + SD
of two or three separate experiments and analyzed by
Student's t-test. Means were considered significantly different
at “p<0.05 or “'p<0.01.

Results

HS-1793 suppresses the proliferation of HCTI16 cells. To
investigate the antiproliferative activities of HS-1793, a
synthetic resveratrol analogue, on HCT116 cells, we first
performed the cell viability assay. We also used resveratrol
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for comparison. Treatment cells with resveratrol decreased the
cell viability slightly after 24 h, but after 48 h of treatment
the viability was reduced almost by 68% at 100 M of resve-
ratrol (Fig. 2A). Our data showed that HS-1793 significantly
reduced the cell viability concentration- and time-dependently
(Fig. 2B). More importantly, HS-1793 exhibited potent growth
inhibitory effect when compared to that of resveratrol under
same experimental conditions (Fig. 2A and B).

We also determined the effect of resveratrol and HS-1793
on cell proliferation (Fig. 2C). Results indicated that resve-
ratrol showed moderate anti-proliferative effect in HCT116
cells (Fig. 2C, left). However, HS-1793 significantly suppresses
proliferation of colon cancer cell line HCT116 (Fig. 2C, right).
More importantly, the effects were observed at 12.5 M, a
concentration at which resveratrol had no significant effect
on HCT-116 cell proliferation. The results demonstrate that
HS-1793 is more potent than resveratrol in the growth suppres-
sion of the human CRC cell line HCT116.

HS-1793 induces apoptosis in HCTI116 cells. To investigate
the underlying mechanism of growth inhibition observed
in the cell viability and cell proliferation assay, we next
examined apoptosis effect on HCT116 cells induced by
resveratrol and HS-1793 using Annexin V/PI staining as
described in Materials and methods section. Cells showed
concentration-dependent apoptosis after a 24 h treatment with
resveratrol or HS-1793 (Fig. 3A). The analysis demonstrated
that treatment with 50 M resveratrol induced apoptosis in
~22.4%, whereas same concentration of HS-1793 induced
apoptosis in ~31.6% of HCT116 cells.

In order to determine whether HS-1793 induces morpho-
logical changes, one characteristic of apoptosis, Hoechst
staining was performed. By Hoechst staining, it was shown
that resveratrol and HS-1793 caused chromatin condensation
and fragmentation which are typical apoptotic nuclear morpho-
logical changes (Fig. 3B). The untreated cells exerted oval
nuclear structure, while the cells treated with resveratrol and
HS-1793 exhibited evident apoptotic characteristics, including
shrinkage and nuclear condensation (Fig. 3B). Compared with
resveratrol, there was an evident increase in the number of
nuclear-condensed cells following treatment with HS-1793 at
the same concentration.

Then we determined the effect of resveratrol and HS-1793
on the levels of apoptosis-related proteins in HCT116 cells.
At 100 uM, HS-1793 effectively induced the reduction of
pro-caspase-8 and pro-caspase-3, whereas resveratrol did
not (Fig. 4A). HS-1793 also activated caspase-8 and caspase-3
as indicated by the presence of cleaved caspases. Similar result
was observed in cleavage of PARP in HCT116 cells (Fig. 4A).
It is noticeable that HS-1793 (25 uM) caused the PARP
cleavage, whereas resveratrol (100 M) had no significant
effect on PARP cleavage in HCT116 cells. However, both
resveratrol and HS-1793 had no effect on pro-caspase-9
expression (Fig. 4A). In addition, treatment of HS-1793
slightly downregulated the level of antiapoptotic protein Bcl-2
at high concentration (100 #M) while resveratrol further
upregulated the level of Bcl-2 (Fig. 4B). In HCT116 cells,
the level of apoptosis-promoting protein Bax was induced by
both HS-1793 and resveratrol, and a more prominent effect
was observed in HS-1793-treated cells (Fig. 4B). These data
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Figure 3. HS-1793 induces apoptotic cell death in HCT116 cells. (A) Induction of apoptosis in HCT116 cells was determined by flow cytometry after treatment
with increasing concentrations (0, 12.5, 25 and 50 yM) of resveratrol (R) or HS-1793 (H) for 24 h. The representative results from three independent experi-
ments are shown (left panel). The graph (right panel) represents percent apoptotic population (Annexin V positive). Data are the mean + SD of one of three
independent experiments. “p<0.01 vs. Con. (B) Cells were treated with different concentrations of resveratrol or HS-1793 for 24 h, stained with Hoechst 33342
for 10 min and then observed with a fluorescence microscope (original magnification, x400). The arrow indicates chromatin condensation. Data represent one
of three independent experiments. Con, vehicle-treated control. PI, propidum iodide; Con, vehicle-treated control.

suggest that HS-1793 is a more potent inducer of apoptosis
than resveratrol.

HS-1793 induces cytochrome c release in HCT116 cells.
Mounting evidence suggests that mitochondria play an essen-
tial role in apoptosis by releasing apoptogenic effectors such
as cytochrome c (25). In order to determine the involvement
of the mitochondrial pathway in HS-1793-induced apoptosis
in HCT116 cells, we analyzed the cytosolic and mitochondrial
levels of cytochrome c. The results of western blot analyses
demonstrated that both resveratrol and HS-1793 promoted an
increase in the release of cytochrome ¢ from the mitochondria
into the cytosol (Fig. 4C). HS-1793 was stronger stimulatory
effects on inducing cytochrome c release when compared to
that of resveratrol.

HS-1793 promotes G2/M cell cycle arrest in HCT116 cells.
To determine whether the growth inhibition by HS-1793 or

resveratrol was caused by cell cycle arrest, the cells were
incubated with various concentrations of HS-1793 for 24 h.
The cells were then fixed, stained and cell cycle populations
were determined by flow cytometry. The results showed that
HS-1793 induced the accumulation of cells in the G2/M phase
in a concentration-dependent manner while S phase arrest
was observed in resveratrol-treated cells (Fig. 5). Next, we
examined the effect of HS-1793 on the expression of G2/M
cell cycle regulators. Cell cycle checkpoints are mainly
regulated by several kinds of cyclin-dependent kinase (CDK)
complexes. Above all, G2/M transition is largely dependent
on cyclin B1/Cdc2 (Cdkl) activity (26). Thus the activity of
cyclin B1/Cdc2 complex is regulated by the positive regulator
Cdc25C, and two negative regulators, the protein kinases
Weel and Mytl (27). The western blot results indicated that
the expression of G2/M cell cycle regulatory protein cyclin B1,
Cdc2 and Cdc25C decreased by increasing concentration of
HS-1793 (Fig. 6A). Resveratrol also downregulated the protein
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Figure 4. HS-1793 increases apoptosis in HCT116 cells. (A and B) Cells
were treated with different concentrations of resveratrol or HS-1793 for 24 h.
Whole-cell lysates were subjected to western blot to assess the expression
of apoptosis-related proteins. Actin was used as an internal control. (C) The
cytosolic and mitochondrial proteins were extracted and subjected to western
blot analysis. GAPDH was used as an internal control for the cytosolic
fraction. Data represent one of three independent experiments. Con, vehicle-
treated control.

expressions of cyclin Bl and Cdc25C in HCT116 cells but with
different potency (Fig. 6A).

Recent report demonstrated that resveratrol induced
G1/S-phase arrest in human colon carcinoma cells (28), we
investigated whether resveratrol as well as HS-1793 affect the
levels of proteins involved in G1/S phase arrest. Resveratrol
and its analogue HS-1793 showed differential levels of
downregulation of CDK2, CDK4 and CDK6 in HCT116
cells (Fig. 5B). HS-1793 at 25 uM decreased levels of CDK4
while 50 and 100 M of resveratrol induced downregulation of
CDK4. HS-1793 at 50 and 100 M reduced the level of CDK6
while a slight decrease of CDK6 was observed at 100 pM
resveratrol (Fig. 6B). Neither resveratrol nor HS-1793 altered
the level of cyclin DI and cyclin A in HCT116 cells (Fig. 6B).
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Figure 5. HS-1793 induces cell cycle arrest in HCT116 cells. (A) Cells were
treated with different concentrations (0, 12.5, 25 and 50 xM) of resveratrol (R)
or HS-1793 (H) for 24 h, stained with PI, and then subjected to flow cytometry
to measure their distribution in each phase of the cell cycle. Data represent
one of three independent experiments. (B and C) Cell cycle distribution in
(B) resveratrol- or (C) HS-1793-treated cells. Con, vehicle-treated control.

HS-1793 inhibits Akt and ERK phosphorylation in HCT116
cells. The AKT/protein kinase B (PKB) kinases have been
shown to play critical roles in controlling the cellular
processes including cell growth, proliferation, survival and
apoptosis (29). Western blot analyses showed a significant
decrease in Akt phosphorylation in cells treated with resve-
ratrol or HS-1793 (Fig. 7A). The results also indicated that
resveratrol did not affect total Akt level, while HS-1793
slightly reduced total Akt at high-concentration (Fig. 7A).
We also investigated whether HS-1793 modulates the MAPK
cascades including JNK, ERK1/2 and p38 MAPK. HS-1793
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Figure 6. HS-1793 modulates expression of cell cycle modulatory proteins.
Cells were treated with different concentrations (0, 25, 50 and 100 uM) of
resveratrol or HS-1793 for 24 h. Whole-cell lysates were subjected to western
blot to assess the expression of (A) G2/M and (B) Gl regulatory proteins.
Actin was used as an internal control. Data represent similar results from
three independent experiments. Con, vehicle-treated control.

decreased the phosphorylation of ERK1/2 without affecting
the protein level (Fig. 7A). HS-1793 was more potent than
resveratrol in diminishing ERK1/2 phosphorylation. However,
HS-1793 and resveratrol did not affect the activation of JNK
and p38 MAPK.

To confirm the involvement of Akt signaling in apoptosis
induced by HS-1793, we employed LY294002 to inactivate
Akt, treating HCT116 cells with HS-1793. The results indi-
cated that HS-1793 and LY294002 treatment alone induced
33 and 15% cell death, respectively. The MTT assay results
also showed that enhanced apoptotic effects of HS-1793 on
HCT116 cells were observed when co-treated with LY294002
in comparison to treatment with HS-1793 alone (Fig. 7B).
Pharmacological inhibition of Akt with HS-1793 treatment
increased levels of cleaved PARP compared with either treat-
ment alone (Fig. 7C). Of note, treatment of HCT116 cells with
LY294002 and HS-1793 was found to significantly suppress
Akt activation. These results suggest that the Akt pathway
is likely involved in HS-1793-induced growth inhibition and
apoptosis of HCT116 cells.

Discussion

In the present study we evaluated and compared the anticancer
activity of HS-1793 with resveratrol in human colon cancer cell
line HCT116. The MTT assay revealed that HS-1793 is more
potent than resveratrol in the inhibition of cell growth and
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Figure 7. HS-1793 inhibits Akt and ERK activation. (A) Cells were treated with
different concentrations (0, 25, 50 and 100 xM) of resveratrol or HS-1793 for
24 h. Whole-cell lysates were subjected to western blotting to assess the level of
Aktand MAPK pathway. Actin was used as an internal control. Data represent
similar results from three independent experiments. (B) Cells were pretreated
with LY294002 (10 #M) for 30 min, then treated with HS-1793 for 24 h. MTT
assay was performed to measure cell viability. Data are the mean + SD of three
independent experiments. “p<0.05 and ““p<0.001 vs. vehicle-treated cells;
"p<0.01 vs. HS-1793-treated cells. (C) Cells were pretreated with LY294002
(10 M) for 30 min and subsequently treated with HS-1793 (50 uM) for 24 h.
Cells were lysed and equal amounts of proteins were subjected to western
blot to assess the expression of Akt and PARP cleavage. Actin was used as an
internal control. Data represent similar results from three independent experi-
ments. Con, vehicle-treated control.

proliferation in HCT116 cells. At equimolar concentrations,
HS-1793 is also more potent than resveratrol in the induction
of apoptotic cell death, evidenced by Annexin V staining,
pro-caspase-3 reduction, cytochrome c release and cleaved
PARP, in colon cancer cells. Flow cytometric analysis indicated
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that resveratrol caused S phase arrest, whereas HS-1793 induced
G2/M arrest in tested colon cancer cells. HS-1793 induced
cell cycle progression mainly by downregulating cyclins and
CDKs. In addition, we found that HS-1793 was substantially
more potent than resveratrol at inhibition of Akt.

We found that HS-1793 was more effective in inhibiting
cell growth and proliferation, and induced apoptosis in CRC
cells. The observed growth inhibitory efficacy and apoptogenic
cell death-inducing properties of HS-1793 are in agreement
with those observed by ours and others in prostate cancer (30),
breast cancer (23,31,32), colon cancer (22) and leukemia (21).
We reported previously that HS-1793 triggered apoptosis in
two breast cancer cell lines by mediating p53-dependent and
-independent pathways (23). The same study also described
that HS-1793 was respectively, 2-fold more potent in inducing
apoptotic cell death (23). In the present study, we confirmed
that HS-1793 exhibited more potent anticancer property than
resveratrol in HCT116 CRC cells, while HCT116 cells seem
to be less sensitive to resveratrol and its analogue HS-1793
in response to that in breast cancer cells (23). The ability of
HS-1793 to decrease the protein level of pro-caspases and the
subsequent cleavage of PARP further supports the apopto-
genic property of HS-1793 against CRC. We also found that
HS-1793 upregulates the expression of pro-apoptotic Bax at
the protein level. The Bcl-2 family proteins play critical roles
in the induction of apoptosis. Indeed, the ratio between anti-
apoptotic Bcl-2 and apoptosis prompting Bax helps determine,
in part, the susceptibility of cells to death signal (33). Although
HS-1793 did not affect the protein level of Bcl-2, the change in
Bcl-2/Bax ratio by HS-1793 is sufficient to induce apoptosis in
HCT116 cells. The data here were consistent with the results of
previous studies (21,23,30), which suggested that HS-1793 had
stronger antitumor effects than resveratrol and could induce
cell death in part through the modulation of Bcl-2 family
proteins.

Kim et al (23) showed that HS-1793 caused G2/M phase
cell cycle arrest in the human breast cancer MCF-7 and
MDA-MB-231 cells, and reduced the level of cell cycle
regulatory proteins (cyclin B1, Cdc2 and Cdc25C) involve in
G2/M. The present study observed that HS-1793 could induce
G2/M phase cell cycle arrest in HCT116 cells. While resvera-
trol caused the accumulation of cells in the S phase in HCT116
cells. In addition, Liu ef al (28) reported that resveratrol could
inhibit proliferation of HCT116 cells by inducing G1/S phase
cell cycle arrest, while we observed increased number of cells
in S phase by resveratrol. The precise reason for this difference
is not clear but conditions for the experiments may count for
this discrepancy. Here, we found that resveratrol decreased the
expression of CDK4 and CDK®6 but not cyclin D1. The G1/S
transition is regulated by complexes formed by cyclin D and
its binding partners CDK4 or CDK6 (34). We also observed
that HS-1793 markedly suppressed the expression of CDK4
and CDKG6 although this resveratrol analogue caused G2/M
arrest in colon cancer cells. Thus, HS-1793 was found to
be more effective than resveratrol in inhibiting these two
cyclin-dependent kinases. Therefore, it is likely that HS-1793
exerts its inhibitory effects on cancer cell cycle progression
by modulating cell cycle regulator proteins, however, further
mechanistic study is needed to elucidate the define mode of
action of HS-1793.
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Our result showed that HS-1793 inhibited the phos-
phorylation of Akt, which are involved in cancer cell growth
and proliferation. In addition, we found that HS-1793 was
substantially more potent than resveratrol at reduction of
phosphorylated Akt. It has been shown that activation of Akt
signaling pathway was frequently observed in patients with
colon cancer (35,36), and thus it has considered as therapeutic
targets for cancer prevention (37). Our results are also consis-
tent with another recent report that HS-1793 inhibits Akt
activation in colon cancer cells (22).

Overall, our results suggest that HS-1793 exhibits anti-
proliferative and apoptosis-inducing effect in human colon
cancer cells. A previous study demonstrated the role of
endoplasmic reticulum stress and Akt on HS-1793-induced
cell death in HT-29 colon cancer cells, however, the study did
not provide the cell death mechanism on colon cancer cells
in detail (22). Moreover, the anticancer ability from single
cell line may give only limited information on an agent's
biological response. Therefore, testing the activities in
several cell lines are required to characterize and understand
the mechanism of drug action, resistance and modulation.
Thus, this study provides strong evidence to constitute
significant advancement over the existing knowledge and this
is needed before consequent in vivo preclinical study with
HS-1793. Moreover, present study showed that HS-1793 is
superior to its parental chemical resveratrol as a good candi-
date for novel anticancer agent. On the basis of these results,
further studies are needed to confirm and extend the present
study and pharmacokinetic/pharmacodynamics studies are
required to use this novel resveratrol analogue HS-1793 as an
anticancer agent.
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