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Abstract. Diallyl disulfide (DADS), a major organosulfur
compound of garlic oil, is known to have an anticancer effect
on human cancer cells. However, the exact mechanisms of
this anticancer activity remain unclear. Here, we investigate
the effects of DADS on cell cycle progression in human
colon cancer HCT-116 cells by exploring the role played by
regulatory molecules such as p53 and cyclin B1. Treatment of
HCT-116 cells by DADS induced a marked growth inhibition
with a slight reduction in viability and induced transient cell
cycle arrest in the G2/M phase. Cyclin B1 is thought to play
an important role in this process, as the DADS-induced G2/M
phase arrest occurs with the increase of cyclin B1 expression.
DADS also significantly induced the expression of p53, which
contributes to cell cycle arrest in cancer cells, at a late time-
point of 24 h. In addition, knockdown of p53 by siRNA did
not affect cell cycle arrest, its reversibility, or the expression
of cyclin B1 in the G2/M phase induced by DADS. Based on
these results we conclude that, with the dynamic expression
of cyclin B1, DADS induces reversible cell cycle arrest in the
G2/M phase of HCT-116 cells through a p53-independent
mechanism.

Introduction

Epidemiological studies show that the intake of garlic is
closely related to the reduction of various cancers, such as
stomach, colorectal and prostate cancer (1-4). Garlic and its
organosulfur compounds are becoming more appealing as
anticarcinogenic agents due to their ability to induce apoptosis
(5) and inhibit both the initiation and promotion stages of
tumorigenesis in animal studies (6,7). These organosulfur
compounds, formed by enzymatic activity when garlic is
minced or crushed, probably account for most of the anti-
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carcinogenic effects of garlic. Among them is diallyl disulfide
(DADS), an oil-soluble compound which is present at very
high concentrations in garlic-derived extracts. Recently,
several reports have shown that DADS modulates cell cycles
in several cancer cell lines (8-11). However, the molecular
targets or signaling mechanisms underlying this DADS-
induced cell cycle arrest are not as yet fully understood.

Cell cycles are closely regulated, physiologically, by
cyclin-dependent kinases (CDKs) and CDK inhibitors (12).
Their disruption contributes to the anticarcinogenic effects of
naturally occurring anticancer drugs. Cell cycle arrest, an
important mechanism in the maintenance of genomic integrity,
affords time for the repair of damaged DNA or the activa-
tion of apoptosis in cases of severe damage (13-15). Current
evidence suggests that the tumor suppressor p53 acts as a
checkpoint regulator of cell cycles, contributing to cell cycle
arrest in the G1 (15,16) and G2 (17-19) phases by a multitude
of molecular pathways, in several cancer cells. In particular,
cell cycle arrest in the G2/M phase is known to be mediated
by the inhibition of cyclin B1-cdc2 activity. Moreover, recent
reports have shown that DADS induces p53 expression in
colon cancer HCT-116 cells with wild-type p53 (20), as well
as in other cancer cell lines (21-23).

In this study, we investigated DADS-induced cell cycle
arrest, accompanied by the induction of wild-type p53 and
cyclin B1, in the G2/M phase of HCT-116 colon cancer cells,
and looked for possible relationships between these factors.
Our results show that DADS, independently of p53, induces
reversible G2/M arrest in HCT-116 cells via the activation of
cyclin B1.

Materials and methods

Reagents. DADS was purchased from Fluka Chemika Co.
(Bucha, Switzerland). Protease inhibitor cocktail, dimethyl
sulfoxide (DMSO), trypan blue (0.4%) and propidium iodide
(PI) were obtained from Sigma-Aldrich Chemical Co. (St.
Louis, MO). Anti-p53 and B-actin antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-cyclin
A, cyclin B1 and cdc2 antibodies were obtained from Cell
Signaling (Beverly, MA). Secondary horseradish peroxidase
(HRP)-conjugated antibodies and enhanced chemilumi-
nescence (ECL) Western blotting kits were obtained from
Amersham Pharmacia Biotech (Piscataway, NJ). Fetal bovine
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serum (FBS), HBSS, and other tissue culture reagents were
purchased from Life Technologies (Gaithersburg, MD).

Cell culture. Human colon cancer HCT-116 cells were
obtained from the American Tissue Culture Collection
(Rockville, MD) and cultured in DMEM supplemented with
10% heat-inactivated FBS and antibiotics (100 U/ml penicillin,
100 pg/ml streptomycin) at 37°C in a 5% CO, atmosphere.
To maintain reproducibility, confluent cells were subcultured
according to standard protocol with 0.01% trypsin-EDTA.
DADS was dissolved in DMSO prior to its addition to the
cultures. As a control, an equal amount of DMSO (<0.03%)
was added to untreated cells.

Cell viability and growth analysis. HCT-116 cells were
plated at 1x10° cells per 60-mm dish and incubated for 12 h.
Cells were cultured in the presence or absence of different
concentrations of DADS in fresh DMEM supplemented with
10% FBS. After being incubated for different periods of time,
the cells were washed with cold phosphate-buffered saline
(PBS), trypsinized, rinsed in medium containing FBS and
centrifuged at 500 x g. Cells were then resuspended in medium
and viable and dead cells were counted by the trypan blue
dye exclusion method using a hemocytometer.

Cell cycle analysis by flow cytometry. Cells (1x10° cells/well)
were cultured in 6-well plates in medium containing 10% FBS
then treated with or without 200 uM of DADS, for different
periods of time, in control or transfected cells (24). The cells
were then harvested, washed in ice-cold PBS and fixed with
70% ethanol/PBS at 4°C. The fixed cells were incubated with
0.5 ml PBS containing 20 p#g/ml RNase A for 30 min at 37°C,
and stained with 50 g g/ml PI for 30 min in the dark at room
temperature. Finally, cells were analyzed with a FACS-
Calibur™ flow cytometer (Becton Dickinson, San Jose, CA).
A minimum of 1x10* cells per sample was evaluated, and the
percentage of cell distributions at each phase of the cell cycle
was further calculated by CellQuest and ModFit (Becton
Dickinson) software (25).

Western blot analysis. Equivalent amounts of lysates were
loaded onto 10% SDS/PAGE. The gel was transferred onto a
nitrocellulose membrane using an electroblotting apparatus
(Bio-Rad, Richmond) and was reacted with primary mouse
monoclonal anti-p53, p21 and cyclin B1 antibodies according
to standard methods. It was further incubated with a secondary
goat anti-mouse immunoglobulin G conjugated with HRP.
Bound immunocomplexes were visualized on X-ray film by
ECL reagents (Amersham Pharmacia Biotech). B-actin was
used as an internal control to monitor equal protein sample
loading.

Transfection of siRNA. Twenty-one nucleotide RNA with 3'-
dTdT overhangs were synthesized to interfere exclusively with
p53 mRNA by Ambion (Austin, TX), in the ‘ready-to-use’
option, as previously described (26). As a negative control,
the same nucleotides were scrambled to form a non-genomic
combination (controlled by a basic local alignment search tool).
The targets of the AA-N19 mRNA were p53 with a target
sequence of 5'-GACUCCAGTGGUAAUCUAC-3'. Cells in
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Figure 1. Effect of DADS on cell viability and growth in human colon cancer
HCT-116 cells. Cells were plated at 1x10° cells per 60-mm dish, incubated for
12 h, transfered to fresh medium and treated with different concentrations of
DADS for 12, 24, and 48 h, as indicated. After treatment, cells were collected,
trypsinized and washed with PBS at each time-point. Viable cells were scored
by hemocytometer counts of trypan blue-excluding cells. (A) Measurement of
cell viability, determined as a percentage of total cells. (B) Numbers of viable
cells. Data shown are the mean + SE obtained from three independent
experiments.

the exponential phase of growth were plated in 6-well plates
at 5x10° cells/well, grown for 24 h, and then transfected with
30 nM of siRNA per well using siPORT Amine and Opti-
MEM media, according to the manufacturer's recommended
protocol.

Statistics or reproducibility. Each experiment was performed
at least three times. Statistical values were expressed as the
mean =+ standard error (SE) of the means obtained from each
independent experiment. The data from the experimental and
control groups were tested for statistical significance by a
one-tailed Student's t-test, and P<0.05 was accepting as the
level of significance.

Results

DADS suppresses proliferation in human colon cancer
HCT-116 cells. We first determined the effect of DADS, a
major organosulfur compound in garlic, on the proliferation of
HCT-116 cells. Cells were treated with various concentrations
of DADS (50, 100, 200, and 400 xM) for different periods of
time, and trypan blue dye exclusion methods were performed
at the end of each treatment. Cells did not exhibit significant
decreased cellular viability after 12, 24, and 48 h with DADS,
even at high concentrations (Fig. 1A). However, a marked
reduction in viable cell count was observed after 24 and 48 h
of treatment with dose-dependent concentrations of DADS
(Fig. 1B). This suggests that the exposure of HCT-116 cells
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Figure 2. Effect of DADS on cell cycle distribution in HCT-116 cells. Cells
(1x10°) were treated with 200 xM DADS for 1, 6, 12 and 24 h. (A) Flow
cytometric analysis of cell cycle distribution. After incubation for different
periods of time, cells were collected, stained and analyzed by flow cyto-
metry for cell distribution at each phase of the cell cycle. (B) Calculation of
cell cycle distribution using CellQuest and ModFit software. Data are the
means + SE obtained from a triplicate of each experiment.

to DADS results in a marked decrease in cell proliferation,
without significant toxicity for necrotic cell death.

DADS stimulates cell cycle arrest in the G2/M phase. To
determine whether growth inhibition induced by DADS is
associated with the arrest of cells in a particular phase, we
analyzed cell distributions at each phase of the cell cycle by
flow cytometry. In untreated cells, 35-45% of cells were in
the G1 and 25-30% in the G2/M phase. As expected, DADS
resulted in a significant accumulation of cells in the G2/M
phase, with a dramatic loss of cells in the G1 and S phases.
However, the peak of arrested cell population in the G2/M
phase was observed at 12 h following treatment with DADS,
and cells regained an almost normal cell cycle pattern at 24 h
without the removal of DADS (Fig. 2).

DADS induces p53 expression in HCT-116 cells at a late time-
point. To determine whether the growth inhibition and cell
cycle arrest induced by DADS in HCT-116 cells is correlated
with p53, we examined the amount of expressed p53 using
Western blotting. DADS markedly induced the expression of
pS53 at 24 h in a dose-dependent manner (Fig. 3A). Surpri-
singly, as shown in Fig. 3B, a significantly increased level of
p53 was only detected at 24 h following treatment with DADS.
This suggests that up-regulated p53 is not involved in the
regulatory mechanisms of DADS-induced G2/M phase arrest.
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Figure 3. Effect of DADS on p53 expression in HCT-116 cells. (A) Dose-
dependent experiment with DADS for p53 expression. Cells were treated with
different concentrations of DADS for 24 h. (B) Time course of p53 expression
induced by DADS. Cells were treated with 200 xM DADS for 3, 6, 12 and
24 h, as indicated. Whole cell extracts were analyzed by Western blotting
using antibody for p53. B-actin was used as an internal control to monitor
equal protein loading.
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Figure 4. Effect of DADS on the expression of p21, cyclin B1 and cdc2 in
HCT-116 cells. Cells were treated with 200 uM DADS for 6, 12 and 24 h,
as indicated. Whole cell extracts were analyzed by Western blotting using
corresponding antibodies. B-actin was used as an internal control to monitor
equal protein loading.

We also analyzed the expression of cell cycle regulatory
molecules at the G2/M boundary, such as cyclin B1 and cdc2,
whose expressions are induced in cells entering the M from the
G2 phase. p21 levels, which regulate cell cycle progression
in cells with normal p53, were raised only at 24 h following
treatment with DADS, as a downstream response to p53.
Unlike anticancer drugs that induce cell cycle arrest in the
G2/M phase, the expression of cyclin Bl was markedly
induced until 12 h following DADS treatment. Interestingly,
the reversibility of the cell cycle observed at 24 h following
DADS treatment was accompanied by a decrease in cyclin
B1 (Fig. 4). This result shows that DADS-induced arrest in the
G2/M phase occurs with an increase in cyclin B1 expression.

p353 is not associated with G2/M phase arrest/maintenance
and its reversibility in DADS-treated HCT-116 cells. Flatt et al
(17) reported that p53 prevents premature exit from G2 arrest
through the inhibition, following genotoxic stress, of cyclin
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Figure 5. Effects of p53 siRNA on cell cycle distribution and cyclin B1
expression in DADS-treated HCT-116 cells. Cells were transfected with
siRNA for the silencing of the p53 gene and then incubated in the presence or
absence of 200 M DADS for 12 or 24 h. (A) Flow cytometric analysis of
cell cycle distribution. Box, stable suppression of p53 expression by siRNA.
After transfection of p53 with siRNA, cell lysates were analyzed by Western
blotting using antibody for p53. (B) Expression of cyclin B1. Cell lysates
were analyzed by Western blotting using antibody for p53 and cyclin B1.
B-actin was used as an internal control to monitor equal protein loading.

B1-cdc2 activity in HCT-116 cells. We further investigated
the role of resident p53 on cell cycle arrest/maintenance and
its reversibility by DADS in HCT-116 cells, which express
functional wild-type p53. We used oligonucleotides, which
interfere with p53 mRNA (siRNA), for the knockdown of
p53 expression. siRNA efficiently silenced the pS3 gene and
completely suppressed p53 levels (Fig. SA, box). Importantly,
silencing the p53 gene did not affect cell cycle arrest in the
G2/M phase induced by DADS (Fig. 5A). Moreover, cell cycle
arrest brought on by DADS reverted to the normal cell cycle
pattern at 24 h in p53-deficient HCT-116 cells, compared with
the control cells treated with DADS (data not shown). This
demonstrates that p53 is not associated with cell cycle arrest
and its reversibility in DADS-treated HCT-116 cells. Finally,
to determine whether the increase and decrease of cyclin Bl
in DADS-treated HCT-116 cells is correlated with p53, we
analyzed the pattern of cyclin B1 expression following the
knockdown of p53 by siRNA. As shown in Fig. 5B, the
knockdown of p53 did not affect the expression pattern of
cyclin B1 in DADS-treated cells. The data suggest that cyclin
B1 acts as an important regulator of the transition from the G2
to the M phase and of the reversibility of p53-independently
arrested cells in HCT-116 cells treated with DADS.

JO et al: REVERSIBLE CELL CYCLE ARREST BY DADS

Discussion

A chemopreventive and/or chemotherapeutic use of phyto-
chemicals could open new avenues in the search for strategies
against the proliferation of cancer cells. Numerous biologically
active phytochemicals kill cancer cells by disrupting the cell
cycle, which is tightly regulated by a series of cell cycle
regulators. Cell cycle arrest, promoted by the failure of cell
cycle progression, affords time for the maintenance of genomic
integrity in response to DNA damage. Several reports have
revealed that garlic and its derivatives are associated with
anticarcinogenic action (3,5-7), and the anticarcinogenic
effects of sulfur-containing compounds have been widely
reported (7,10,27). Among the organosulfur compounds of
garlic derivatives, DADS is known to be the most important
in researching the potential effects of garlic.

Tumor suppressor p53 is a nuclear transcription factor
that is elevated in response to DNA damage and has a critical
function in the maintenance of the integrity of the genome.
Mutational inactivation of p53 has been found to be involved
in >50% of human cancers, which indicates the importance
of p53 in human carcinogenesis (28). p53 is activated in
response to stimuli such as UV, ionizing radiation, hypoxia
and numerous anticancer drugs. It has many known functions,
but its main anticarcinogenic activity is the ability to prevent
cell growth by activating cell cycle arrest in both the G1 and
G2 phases (15-19,29,30). Recent reports also show that the
activation of p53 to induce cell cycle arrest correlates well
with its ability to function as a transcriptional factor (31) and
depends on the activation of the CDK inhibitor p21 (32,33).
p21 activates cell cycle arrest identical to that seen in response
to pS3 (34).

In the present study, we show that DADS induces transient
cell cycle arrest in the G2/M phase of human colon cancer
HCT-116 cells based on a p53-independent mechanism. A
few reports have shown that DADS induces both cell cycle
arrest and apoptosis in other cancer cells as well, such as
adenocarcinoma AGS (22), neuroblastoma SH-SY5Y (35),
bladder cancer T24 (36), lung carcinoma A549 (9) and, in
particular, colon cancer p53 mutant SW480 cells (10). Other
reports have demonstrated that several anticarcinogenic agents
induce p53-mediated cell cycle arrest in the G1 or G2/M phase
of colon cancer p53 wild-type HCT-116 cells (16,18,37).
However, the molecular mechanisms by which DADS induces
cell cycle arrest in the G1 or G2/M phase remain poorly
understood. Therefore, we investigated the effect of DADS on
cell cycle progression in HCT-116 cells containing wild-type
p53, and explored the effects of regulatory molecules such as
p53 and cyclin B1.

Compared to other cells treated with DADS, treatment of
HCT-116 cells resulted in a marked decrease in cell proli-
feration without significant toxicity. As in other reports, a
significant accumulation of HCT-116 cells in the G2/M phase
was also observed when the cells were exposed to DADS.
However, the peak of cell population arrest in the G2/M phase
was disrupted at 24 h following treatment with DADS (Fig. 2).
As described above, we thought the activation state of p53
could be related to cell cycle arrest in DADS-treated HCT-116
cells. Surprisingly, the level of p53 protein was only increased
at late time-point of 24 h following DADS treatment. To
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1cing experiments. Silencing the p53 gene did not
affect cell cycle arrest in the G2/M phase induced by DADS
(Fig. 5A). As well, cell cycle arrest brought on by DADS
reverted to the normal cell cycle pattern at 24 h in p53-deficient
cells. These data clearly show that p53 is not involved in the
regulatory mechanisms of DADS-induced G2/M phase arrest
and its reversibility in HCT-116 cells. On the other hand, the
kinetics of cyclin B1 and cdc2 levels are correlated with cell
cycle arrest in the G2/M phase. Other reports have shown that
the inhibitory effect of p53 on cyclin B1 gene expression alone
can contribute significantly to the regulation of the G2/M
checkpoint (19,38,39). In fact, p53 regulates the level of cyclin
B1 through a transcriptional repression that is not completely
understood (40,41). Nevertheless, our results show that the
expression of cyclin B1 was markedly induced until 12 h
following DADS treatment. Usually, the up-regulation of the
cyclin B1-cdc2 complex induces cell cycle arrest in the mid-
metaphase of mitosis (43). Interestingly, cell cycle reversibility
observed at 24 h following DADS treatment was accompanied
by a decrease in cyclin B1 (Fig. 4). In addition, the knockdown
of p53 did not affect the expression pattern of cyclin Bl in
DADS-treated cells (Fig. 5B). These data suggest that cyclin
B1 acts as an important regulator of the transition from the G2
to the M phase and of the reversibility of pS3-independently
arrested cells in DADS-treated HCT-116 cells.

In conclusion, we have demonstrated that, in HCT-116
cells, DADS induces cell cycle arrest in the G2/M phase
along with the activation of cyclin B1, and also induces its
reversibility along with the inhibition of cyclin B1. This is not
associated with the induction of p53 expression, suggesting
that other signaling pathways leading to cell cycle arrest and
its reversibility are involved. Studies focusing on the cell
cycle progression of DADS would provide insight into the
complicated process of cell cycle regulation, and would lead
to an exploration of the molecular mechanisms of DADS
chemotherapeutic potency in human cancer. Further studies
on HCT-116 cells, as well as on p53-defective cell lines, are
needed in order to understand the mechanisms behind the
anticarcinogenic effect of DADS on colon cancer cells.
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