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Diallyl sulfide (DAS), diallyl disulfide (DADS), and diallyl trisulfide (DATS), extracted from crushed

garlic by steam-distillation, have been reported to provide the anticancer activity in several cancer

types. However, their mechanisms of effects on skin cancer cells remain unclear. Therefore, we

used human melanoma A375 cells and basal cell carcinoma cells as the models to elucidate the

effects of these three allyl sulfides. Basal cell carcinoma (BCC) is known to be the most prevalent

type of skin cancer, and melanoma is the most lethal form. We found that DATS revealed better

growth inhibition of A375 and BCC cells than DADS and DAS did. We further demonstrated that

DATS increased intracellular reactive oxygen species (ROS) generation, induced cytosolic Ca2þ

mobilization, and decreased mitochondrial membrane potential (ΔΨm). Western blot results showed

the concordance for the expression of molecules involved in G2/M arrest and apoptosis observed by

cell cycle and cell viability analysis. Moreover, we detected the activation of p53 pathway in

response to the oxidative DNA damage. DATS also displayed selective target of growth inhibition

between skin cancer cells and normal keratinocyte HaCaT cells. Taken together, these results

suggest that DATS is a potential anticancer compound for skin cancer.

KEYWORDS: Skin cancer; basal cell carcinoma; melanoma; allyl sulfides; DNA damage; cell cycle;
apoptosis

INTRODUCTION

Skin cancer is the most frequent cancer in the western popula-
tion, including melanoma and nonmelanoma skin cancer (1).
Each year there are more new cases of skin cancer than the
combined incidence of cancers of the breast, prostate, lung, and
colon in the United States (2). Epidemiological studies indicated
that the morbidity rate of skin tumors is rising with an increasing
age range over the past decades in Asia (3, 4). Basal cell carci-
noma (BCC) is the most common type of nonmelanoma skin
cancer, which constitutesmore than 80%of skin cancers (1). BCC
is a keratinocyte tumor derived from basal layer of skin tissue,
exhibiting slow growth rate and rarely spread (5). In contrast,
melanoma is the least common type but accounts for 80% deaths
of skin cancer. Malignant melanoma has been characterized by
a strong tendency to develop metastasis and resistant to chemo-
therapy (6). Many evidence indicated that ozone depletion,
excessive ultraviolet light exposure, dietary factor, and lifestyle
are associatedwith the development of skin cancer (1). Therefore,
it is important to develop more preventive and therapeutic
strategies for skin cancer.

Dietary intake of Allium vegetables, such as garlic, may play a
role in reducing the risk of certain cancers (7). Allyl sulfides, the
important organosulfur components of garlic oil, have been

reported to suppress the growth ofmultiple cancer cells in culture
and in vivomodels (8-10). Diallyl sulfide (DAS), diallyl disulfide
(DADS), and diallyl trisulfide (DATS) are most abundant in
garlic oil (11). The number of sulfur atoms on allyl sulfides
determines their biological activity such as anticancer and anti-
inflammatory effects (12, 13). Our previous study revealed that
the cell cycle arrested ability increased as the number of sulfur
atoms on allyl sulfides increased in human J5 hepatoma cells (9).
The anticancer effect of allyl sulfides is associated with suppres-
sion of cell proliferation, inhibition of angiogenesis, and induc-
tion of cell cycle arrest and mitochondrial apoptotic
pathway (8, 10, 14). Allyl sulfides have been shown to produce
ROS via disulfide bond cleavage involved in their antiprolifera-
tive activity on cancer cells (15). Moreover, induction of ROS
generation and cytosolic Ca2þ influx by allyl sulfides have played
important roles in activation of cell cycle arrest and endoplasmic
reticulum (ER) stress-mediated apoptosis (8). Interestingly, nu-
merous researchers focused on the antitumorigenesis effect of
allyl sulfides in animal model of skin carcinogenesis. Studies have
shown that DAS prevented chemically induced skin tumor via
decreasing COX-2 expression, increasing p53 and p21wafl/cip

expressions, and inducing apoptosis (16, 17). Among these allyl
compounds, DATS has been reported to be the most potent in
inhibiting carcinogen-induced tumor promotion (18). However,
there is little research related the effect and molecular mechanism
of allyl sulfides on the cell models of human skin cancer.
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Recent evidence suggested that DNA damage agent with less
normal tissue toxicity is one of the newest cancer therapies.
Human tumors frequently have defects in response to DNA
damage, including cell cycle checkpoints, histone modifications,
and DNA repair, compared with normal human cells (19). DNA
damage induced p53-caspase-dependent and independent path-
ways, e.g., postmitotic cell death or cell division arrest, have been
found providing antiproliferative effect during chemotherapy.
Histone H2AX phosphorylation is a rapid and sensitive cellular
response to DNA damage, and H2AX phosphorylated on serine
139 (γ-H2AX) is also linked to apoptosis (20). In this study, we
clarified the anticancer effect of these three allyl sulfides using
human skin cancer cells with special emphasis on its underlying
mechanisms of DNA damage signaling pathway.

MATERIALS AND METHODS

Materials and Chemicals. DAS (purity g97%), DADS (purity
∼80%) and DATS (purity g98%) were purchased from Fluka Chemical
(Buchs, Switzerland), Toyo Kasei Chemical (Tokyo, Japan), and LKT
Laboratories (St. Paul, MN), respectively. Dulbecco’s modified Eagle
medium (DMEM), RPMI 1640 medium, fetal bovine serum (FBS),
trypsin-EDTA, and antibiotic-antimycotic solutionwere purchased from
Gibco Laboratories (Grand Island, NY). In addition, Bradford protein
assay was obtained from Bio-Rad Laboratories (Hercules, CA). The
primary antibodies: anti-phospho-γ-H2AX (Ser 139), anti-phospho-γ-p53
(Ser15), anti-p21waf1/cip1, anti-cyclinB1, anti-cdc25c, anti-cdc2, anti-Wee 1,
anti-poly-(ADP-ribose) polymerase (PARP), anti-caspase-3, anti-caspase-
9, anti-β-actin, and anti-rabbit or anti-mouse IgG horseradish peroxidase
(HRP)-linked secondary antibodies were purchased from Cell Signaling
Technology (Danvers,MA). ECL chemiluminescence reagent forWestern
blotwas obtained fromMillipore (Billerica,MA).All other chemicalswere
obtained from Sigma-Aldrich with analytical or reagent grade products.

Cell Culture and Cell Treatment. The human melanoma A375 cell
line, basal cell carcinoma (BCC) cell line, and human keratinocyte HaCaT
cell line were obtained from Professor Jen-Hung Yang (Department of
Dermatology, Chung Shan Medical University Hospital, Taiwan). A375
ce1ls were cultured in DMDM, whereas BCC and HaCaT cells were
cultured in RPMI 1640 medium. The cells were cultured in complete
medium (pH 7.3-7.4) at 37 �C, 5% CO2, and 90% relative humidity.
Culture medium was supplemented with 10% of FBS and 1% of anti-
biotic-antimycotic solution. Allyl sulfides were diluted in sterile dimethyl
sulfoxide (DMSO,Sigma) before addition to cultures.Control cultureswere
treated with 0.2% DMSO.

Cell Viability Analysis. Cell viability was determined using MTT
assay as described previously (21). Cells (5 � 103 cells/100 μL/well) were
seeded in 96-well plates for 24 h.After 24 h of incubation, cells were treated
with 100 μL serum-free medium containing different concentrations of
DAS, DADS, and DATS for 24 and 48 h. At the end of the stipulated
period, MTT solution (5 mg/mL) was added to each well for 4 h of
incubation. The resulting formazan was dissolved in DMSO and the
absorbance recorded at 570 nmusingBioTekplate reader (Winooski, VT).
The cells which were treated with 0.2% DMSO were served as control of
100% survival.

Cell Cycle Distribution Assay. Cell cycle distribution was analyzed
by FACScan flow cytometry (Becton Dickinson, San Jose, CA) equipped
with CellQuest software. Briefly, cells (1.15� 104 cells/cm2) were cultured
in a 6 cmdish and treatedwith 25μMofDAS,DADS, andDATS for 24 h.
Cells were fixed by 70% ice-cold ethanol at -20 �C overnight and then
washed with ice-cold PBS. The resulting solution was incubated with
RNase (1 mg/mL), propidium iodide (4 μg/mL), and TritonX-100 (0.1%)
at room temperature for 30 min. Subsequently, cells were filtered before
analyzed by flow cytometry equipped with an argon laser at 488 nm
wavelength (22). Aminimum of 10000 cells per sample were collected, and
the cell cycle distribution was determined by ModFit LT version
2.0 software (Verity Software House, Topsham, ME) to calculate the
percentages of cells in each phase.

Intracellular ROS Generation, Cytosolic Ca
2þ

Concentration,

andMitochondrialMembranePotential (ΔΨm)Determination.The
levels of ROS, Ca2þ and ΔΨm were examined by flow cytometry using

carboxyl-H2DCFDA, Fluo-3/AM (Invitogen), and DiOC6 (Sigma), re-
spectively. Cells (1.15 � 104 cells/cm2) were treated with 25 μM of DAS,
DADS, andDATS for 1 h to detect the changes of ROS andCa2þ level. In
addition, ΔΨm level of A375 and BCC cells was performed after DATS
treatment for 24 h. The cells were harvested and washed twice, separately
resuspended in 500 μL of carboxyl-H2DCFDA (10 μM), Fluo-3/AM
(5 μM), or DiOC6 (4 μM) at 37 �C for 30 min. Stained cells were washed,
resuspended in 500 μL PBS, and used for flow cytometry analysis. Mean
fluorescence intensity (MFI) detected by FLl channel was analyzed using
CellQuest software (23).

Western Blot Analysis.Western blotting was carried out as described
previously study (9). Cells (1.15 � 104 cells/cm2) were treated with test
compounds at different time points. Total cell extracts were prepared in

Figure 1. Effect of allyl sulfides on cell viability of A375, BCC, and HaCaT
cells. A375 cells (A) and BCC cells (B) seeded in 96-wells plates were
treated with control, DAS, DADS, or DATS at the dose indicated for
24 h, respectively. (C) A375, BCC, and HaCaT cells were incubated either
in the absence or presence of DATS at various concentrations for 48 h.
Cell viability was determined by MTT assay as described in Materials and
Methods. Data are expressed as the relative percentage to control.
Results are mean ( SD from three independent experiments and
analyzed statistically using ANOVA and Duncan’s test. Different letters
(a-c) represent statistically significant differences among treatments,
p < 0.05.
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ice-cold RIPA lysis buffer (1%NP-40, 1 mMPMSF, 10 μg/mL aprotinin,
100mM sodiumorthovanadate, 0.5%TritonX-100). The cell lysates were

sonicated and cleared by centrifugation, and the protein concentration in

the lysates was measured by Lowry’s method (24). Protein (50 μg) was
loaded over 12% or 15% SDS-PAGE gels, transferred to PVDF mem-

branes, blotted with specific primary antibodies respectively, and then

labeled by HRP-conjugated secondary antibody according to the manu-

facturer’s instructions. The membranes were performed using the en-

hanced ECL chemiluminescenceWestern blotting detection system. Equal

loading was confirmed by reprobing the membrane with β-actin. The
relative density of each band after normalization for β-actin was shown

under each band as a fold-change compared with control.
Statistical Analysis.All experiments were performed in triplicate and

presented as mean ( SD. Statistical analyses were performed using one-
way analysis of variance (ANOVA) and Duncan’s multiple comparison

tests (SAS Institute Inc., Cary, NC) to determine significant differences
among means of treatments (p < 0.05).

RESULTS

DATS was More Effective Than DADS and DAS in Decreasing

Cell Viability of A375 and BCC Cells. To address the effects of
allyl sulfides on the cell viability of skin cancer cells, we usedA375
and BCC cells as models and employed MTT as an assay system
to analyze the effect of DAS, DADS, and DATS. As shown in
Figure 1A,B, none of the concentration of DAS we applied in
either A375 or BCC exhibited the killing effect, while DADS and
DATS revealed a dose dependent efficiency in suppressing the
survival rates in both cell lines. When compared with the other
two allyl sulfides, DATS had the greatest effects on the inhibition
of cell viability. Although DAS did not show any effect at 24 h
treatment, it significantly suppressed cell viability at 48 h (data
not shown). In addition, DATS decreased the percentage of cell
viability in dose and time-dependent manner and also caused
the morphology change of A375 and BCC cells, including cell
floating and cell shrinkage (data not shown). To further confirm
DATS-mediated growth inhibition is cancer cell specific, we
investigated the cytotoxicity of DATS on normal cells. As
revealed in Figure 1C, the viability of HaCaT cells, a normal skin
cell line, was not affected in the presence of DATS at the dose we
applied up to 48 h. This findingwas significantly different from its
effect on skin cancer cells, indicating DATS exerted its survival
inhibition specifically in skin cancer cells instead of normal skin
cells.

DATS Caused G2/M Arrest in A375 and BCC Cells. On the
basis of the growth inhibitory effect of DATS in A375 and BCC
cells, we next examined its effect on cell cycle using 25 μM of
DATS at different time points. As summarized in Figure 2A,B,
both A375 and BCC cells displayed G2/M arrest as early as 6 h
after exposure to DATS. After 12 h of treatment, DATS induced
5-7-fold G2/M percentage in A375 cells (61.7( 9.7%) and BCC
cells (68.9( 2.5%) compared to that of A375 cells (8.3 ( 2.9%)
and BCC cells (12.9( 0.4%) at 0 h. In addition, DATS increased
theG2/M cell distribution and sub-G1 population throughout the
time points we examined (Figure 2C). Interestingly, when com-
pared with the control, both cell lines displayed G2/M arrest
accompanied by an increase of ploydiploid DNA (>4n) after
exposure to DATS (Figure 2A and 2B). DATS caused G2/M
arrest approximately increased by 4.5-fold in A375 cells and
2-fold inBCCcells at 24 h. In contrast, neitherDASnorDADSat
the same concentration showed any effect on cell cycle distribu-
tion (Table 1). The level of growth inhibition in A375 and BCC
cells among allyl sulfides treatment were correlated with the
degrees of G2/M arrest and apoptosis evoked by the treatments.

Figure 2. Time course analysis of cell cycle progression in A375 and BCC
cells after the exposure of DATS. Cells were treated with 25 μM of DATS
and subjected to flow cytometry analysis at the indicated time periods. The
cycle distribution was revealed at the two major peaks as G0/G1 and G2/M
based the DNA content. Cells with G2/M arrest and polyploidy (the DNA
content over 4n) in A375 cells (A) and BCC cells (B) were shown. The
percentage of sub-G1 population shown in (C) is mean ( SD of three
independent experiments. Different letters (a-c) represent statistically
significant differences among treatments, p < 0.05.

Table 1. Effect of Allyl Sulfides on Cycle Distribution in A375 and BCC Cellsa

phase of cell population (%)a

cells treatment sub G1 (%) G0/G1 S G2/M

A375 control 1.5( 0.9 b 75.2( 3.6 a 21.3( 3.2 b 3.5( 0.7 b

DAS 2.8( 1.9 b 79.4( 1.3 a 17.2( 0.7 b 3.4( 0.5 b

DADS 4.2( 1.4 b 73.6( 4.5 a 22.2( 1.7 ab 4.2( 1.4 b

DATS 9.9( 2.8 a 57.2( 3.2 b 26.8( 2.1 a 16.0( 2.8 a

BCC control 3.1 ( 0.6 b 47.3( 3.7 ab 39.6( 6.2 ab 13.1( 0.6 b

DAS 2.9( 0.4 b 57.5( 2.7 a 34.9( 1.3 b 7.6( 0.6 b

DADS 4.0( 0.6 b 43.8( 1.2 ab 45.7( 3.8 a 10.5( 1.6 b

DATS 12.9( 3.1a 40.3( 7.3 b 36.7( 3.2 b 23.0( 4.4 a

aCells were treated with control and 25 μM of DAS, DADS, or DATS for 24 h.
Then, cells were harvested and stained with propidium iodide as described in
Materials and Methods. Data are expressed as mean( SD of three determinations
and analyzed statistically using ANOVA and Duncan’s test. Different letters (a-b)
represent statistically significant differences in the same column among treatments,
p < 0.05.
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DATS Induced Cell Cycle Arrest and Apoptosis via Inhibition of

Cdc25c, Cdc2 Protein Level and Activation of Caspase-3. Because
DATS consistently induced alteration in cell cycle progression,
we further scrutinized whether the expression of G2/M modula-
tors such as Cdc25c phosphatases (Cdc25c) and cyclin-dependent
kinase (CDK, Cdc2) were influenced by allyl sulfides. Results of
Western blot showed that 25 μMof DATS decreased the protein
levels of Cdc25c and Cdc 2 compared with those of control in
A375 and BCC cells after 24 h treatment. Moreover, the protein
level of cleaved caspase-3, a marker of cell apoptosis, was
increased by DATS in A375 and BCC cells. However, DAS
and DADS did not show any effect on these proteins at the same
concentration (Figure 3).

Effect of DATS on The Levels of ROS Generation, Ca2þ

Mobilization and Mitochondrial Membrane Potential (ΔΨm).
Growing evidence indicated that ROS and ER stress play an
important role in allyl sulfidesmediated apoptosis (8).Disruption
of calcium homeostasis in various cell types is a well-known
marker of ER stress (25). To explore the induction of intracellular
ROS generation and cytosolic Ca2þ mobilization by these three
allyl sulfides, we used the probes carboxy-H2DCFDA and Fluo-
3/AM to analyze ROS and Ca2þ in A375 and BCC cells,
respectively. Moreover, we quantified the mean fluorescence
intensity (MFI) of cells stained with carboxy-H2DCFDA and
Fluo-3/AM by CellQuest software. Our result revealed that
DATS significantly increased intracellular ROS generation in
bothA375 cells (54.7( 4.9) and BCC cells (60.7( 5.0) compared
to those of the control (A375 cells: 27.0( 4.0; BCC cells: 37.4(
4.3), while DAS and DADS slightly induced intracellular ROS
formation in A375 and BCC cells without any statistical signifi-
cance (Figure 4A). Similar results could be observed in the
estimation of Ca2þ concentration in the cell lines we investigated.
As exhibited in Figure 4B, DATS significantly increased
Ca2þ concentration in A375 cells (47.1 ( 5.9) and BCC cells
(41.6 ( 9.6) as compared with control (A375 cells: 24.9 ( 1.3;
BCC cells: 25.1( 4.7). However, DAS and DADS failed to alter
Ca2þ mobilization at the same concentration. The results indi-
cated that the levels of Ca2þ change in A375 and BCC cells to
DATS had a similar pattern with the intracellular ROS genera-
tion. We also estimated the level of ΔΨm, which presents the
membrane integrity of the mitochondria and is therefore con-
sidered as an indicator of apoptosis induced by mitochondrial
pathway. By staining with DiOC6 and further analyzing by flow
cytometry, the level of ΔΨm was evaluated by the intensity of
fluorescence. We found that the ΔΨm levels of A375 and BCC
cells were markedly decreased after 24 h of DATS treatment
(Figure 4C).

DATS Caused Changes in DNA Damage Response, Cell Cycle

Progression, and Apoptosis Related Proteins. As DATS showed
much stronger effect on cancer inhibition than that of DAS and
DADS, we employed DATS for further studies. Studies have
shown that cell cycle arrest following oxidative DNA damage is
linked to cytokinesis failure and cell death (20). To explore the
effect of DATS on the expression of DNA damage responsive
protein, we investigated the expressions of phospho-γ-H2AX
(p-H2AX), phospho-p53 (p-p53), and p21. Also, G2 checkpoint
modulators such as Cdc25c, Wee l kinase, and Cdc2 were
measured. As indicated in Figure 5A, the A375 and BCC cells
were treated with 25 μM of DATS at different times before
Western blot analysis. The results illustrated that A375 and BCC
cells treatedwithDATS caused dramatic increase in p-H2AX (Ser
139) levels as early as 3 h in a time-dependent manner and largely
increased about 11.0-12.2-fold at 24 h as compared with that at
0 h. Furthermore, DATS increased the expression of p-p53
importantly and the expression level reached the maximum by
12 h. Densitometry of the immunoblot also revealed that DATS
induced 3.0- and 2.2-fold of p21 protein in A375 and BCC cells
respectively after 24hof treatment, as compared to that of control
at 0 h.

To explore the mechanisms of DATS induced DNA damage,
p53-mediated cell cycle arrest, and the occurrence of apoptosis in
both skin cancer cells, we studied the expression of downstream
targets of p53 including G2/M arrest associated proteins.
Figure 5B showed that exposure to DATS decreased the expres-
sions of Cdc25c and Cdc2 and increased the levels of Wee 1 and
cyclin B1 expression in a time-dependent manner. As described
above, DATS resulted in significant accumulation of sub-G1

population inA375 andBCC cells, suggesting that the occurrence
ofDNAdegradationwas induced by apoptosis. Subsequently, we
examined the level of apoptosis-related proteins in DATS treated
A375 and BCC cells. Caspase-9 and caspase-3, the hallmarks of
apoptosis, were observed after 24 h of treatment, and cleavage-
caspase-9 was first detected at 12 h. Moreover, activation of
caspase-9 and caspase-3 were accompanied by the reduction of
full-length PARPprotein levels and the increase of cleaved PARP
protein levels after the treatment of DATS (Figure 5C).

DISCUSSION

The global incidence of skin cancers is rising at an alarming
rate. World Health Organization claims that one in three cancer
cases are skin-related, presenting the worldwide importance of
skin cancers. Evidence indicated that allyl sulfides, the bioactive
sulfur metabolites in garlic, show the ability of growth inhibition

Figure 3. Protein expressions of Cdc25c, Cdc2, and caspase-3 in allyl sulfides treated A375 and BCC cells. Cells were treated with control (C) and 25 μM of
DAS, DADS, or DATS for 24 h. Cell lysates were subjected to immunoblot analysis using specific antibodies for Cdc25c, Cdc2, and the cleavage forms of
caspase-3 (pointed by the arrows) were examined. Here β-actin was detected as the internal standard control. Quantification of protein levels by β-actin-
normalized densitometry is shown on the bottom of each band. Immunoblotting for each protein was done at least twice using independently prepared lysates.
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in several types of cancer cells (10). To our knowledge, the present
study is the first report to demonstrate the putative mechanism
mediated by DATS for controlling the growth of human skin
cancer cells via DNA damage signaling pathway.

Here we illustrated thatDATS, with stronger effects thanDAS
and DADS, could efficiently decrease the cell viability of A375
and BCC cells. This result was consistent with the previous
finding that the number of sulfur atoms on allyl sulfides deter-
mines their anticancer activity (9, 18). Although DAS did not
have any effect on inhibiting cell viability at the dose of 25 μM
after 24 h of treatment because its number of sulfur atomswas the
lowest among the compounds used in this study. DAS exhibited
cell growth control ability at either higher dose or longer duration
treatment for 48 h in our unpublished data. Along with the
specific effect on cancer cells, it reveals that the allyl sulfides in
garlic extract have the potential in controlling the growth of skin
cancer cells. We have shown here that the growth control ability

of DATS might come from its G2/M arrest and apoptosis
inducing activity, which has been further improved by their
molecular markers in parts B and C of Figure 5, respectively. It
has been reported thatDNAdamage agentsmay trigger the arrest
of cell cycle to exert DNA repair. After the renewal of DNA, cells
might continue to have a normal cell cycle progression, while cells
without proper repair undergo apoptosis (19). Because allyl
sulfides have been demonstrated to induce DNA damage in
cancer cells (8), we thus hypothesized that DATS might induce
the cell cycle arrest and apoptosis via its role of being a DNA
damaging agent. In agreement with our hypothesis, the expres-
sion of phospho-γ-H2AX (p-H2AX), an early signal of DNA
damage, was detected at the early time point after DATS
treatment and kept increasing throughout the timeswemeasured.
The results indicated that DATS inflictedDNAdamage and thus
elicited transient G2/M arrest for DNA repair. Cells without
complete DNA repair in our system might halt the chromosome

Figure 4. Estimation of intracellular ROS production, cytosolic Ca2þ concentration, and mitochondrial membrane potential (ΔΨm) in A375 and BCC cells.
Cells were treated with 0.2% DMSO as control, and 25 μM of DAS, DADS, or DATS were treated for 1 h. Cells were harvested and assayed by carboxy-
H2DCFDA for ROS production determination (A) andCa

2þ concentration determination by Fluo-3/AM staining (B). In (C), cells were either treatedwith control
or 25 μM of DATS for 24 h, then stained with DiOC6 forΔΨm level determination described in Materials andMethods. Data presented themean fluorescence
intensity (MFI) mean( SD of three determinations, and analyzed statistically using ANOVA and Duncan’s test. Different letters (a-b) represent statistically
significant differences among treatments, p < 0.05.
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segregation and cause the production of aberrant polyploidy
DNAcontent as detected in cell cycle analysis. In accordancewith
the reports that the formation of polyploidy cell would lead to the
cell death (20), we found that DATS caused a temporary G2/M
arrest, which was followed by an increasing percentage of poly-
ploid DNA content and sub-G1 DNA content by the cell cycle
analysis at different time points. The apoptotic effects of DATS
were confirmed by the increased level of cleaved caspase-9,
cleaved caspase-3, and poly (ADP-ribose) polymerase (PARP),
as well as disruption ofmitochondrial membrane potential in this
study.

Previous studies have shown that apoptosis induction is the
possible mechanism of preventive effect of DAS in chemically
induced mouse skin tumors (17). Moreover, increasing intracel-
lular free calcium in human melanoma SKMEL-2 cells has been
reported to the antiproliferative effect of DADS (26). A major
finding of this study was to connect the modulation of ROS and

cytosolic Ca2þ influx with the anticancer effects in skin cancer
cells treated with DATS. We revealed that 25 μM of DATS
increased intracellular ROS production and cytosolic Ca2þ

mobilization as early as 1 h of treatment, which was earlier than
the response of DATS induced cell cycle arrest and apoptosis. In
addition, our unpublished data showed that the pretreatment of
ROS scavengerN-acetyl cysteine (NAC) significantly suppressed
DATS-induced ROS generation and cytotoxicity of A375 and
BCC cells. These results corroborate with the previous stu-
dies (27), indicating that the production of ROS and Ca2þ are
upstream factors for regulating the cell cycle. DATS is known to
produce ROS by the homolytic cleavage of disulfide bonds, thus
contributing to the pro-oxidant condition, such as protein thiola-
tion and glutathione (GSH) depletion in cancer cells (15). Ex-
cessive physiological levels of ROS is regarded as the cellular
DNA and protein damage agents (28). For example, inhibition of
the spindle formation and disruption of cell division by DATS

Figure 5. Expression change of certain proteins in A375 and BCC cells after the exposure to DATS. Cells were treated with 25 μM of DATS for different times
and then the total cell lysates were prepared for Western blot analysis. The evaluation are followed by specific antibodies as the following (A) the protein levels
of phospho-γ-H2AX (Ser139), phospho-p53 (Ser15), and p21 protein; (B) the molecules involved in G2/M transition such as Cdc25c, Wee l, Cdc2, and cyclin
B1 were detected; (C) the cleavage forms (pointed by the arrows) of apoptosis markers including caspase-9, caspase-3, and PARP were examined. Equal
loading was confirmed by reprobing the membrane with β-actin in each analysis. Quantification of protein levels by β-actin-normalized densitometry was
shown on bottom of each band.
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was resulted from its reactive sulfur atom, which contributed to
the oxidation of cysteine residues in β-tubulin (29).

Interestingly, the expression of phospho-p53 (p-p53) and its
downstream target p21 were induced after DATS treatment in
both skin cancer cells. Studies have reported that A375 and BCC
cells exhibit wild-type p53 function, which is activated during
apoptosis induced by a variety of cellular stresses (30, 31). P53
undergoes post-translational modifications and is stabilized and
activated, leading to growth arrest and apoptosis of cells; conse-
quently, damaged cells are prevented from further replica-
tion (32). The phosphorylation of serine 15 of p53 plays a role
in responding to cellular DNA damage and the occurrence of
p53-mediated apoptosis. Besides, DNA-damaging and proapop-
totic multiple therapies were reported to alter the DNA status of
tumor cells and regulate the protein expression of p53 (33). In this
study, the serine 15 of p53 was phosphorylated at an early time
point after DATS treatment, indicating that the activation of p53
happened soon after the occurrence of DNA damage. In parallel
with the increase of functional p53, the expression of p53 down-
stream target p21, whichwas reported to be responsible forG2/M
arrest, was increased. Other than the up-regulation of cyclin
dependent kinase inhibitor p21, the CDK1 (Cdc2)/cyclin B
complex acting as the principal regulators determining G2 to M
transition or apoptosis was decreased by DATS. It is known that
Cdc25c phosphatases and Wee 1 kinase play critical roles in
maintaining G2 phase arrest through modulating the phosphor-
ylation ofCdc2 (34).We further revealed thatDATS inhibited the
levels of Cdc25c and Cdc2 but increased the levels of Wee 1 and
cyclin B1 in a time-dependent manner. The molecules we exam-
ined here explained the phenomenon of DATS induced G2/M
arrest. In addition to the induction of cell cycle arrest, p53 can
trigger apoptosis related genes to affect the integrity ofmitochon-
dria and the consequent signaling for cell death (32). Taken
together, we hypothesize that DATS triggered oxidative DNA
damage and consequently induced G2/M arrest and apoptosis
through p53 pathway. It is well-known that p53 protein is one of
the major targets to induce cell death and apoptosis for derma-
tological treatments. However, melanoma cells have low fre-
quency of spontaneous apoptosis in vivo comparedwith the other
tumor cell types and are relatively resistant to the compounds
used in chemotherapy in vitro (35). Therefore, it is very important
to develop a new therapeutic compound to trigger p53 mediated
apoptosis in melanoma. Here we show the correlation of p53

activity and the growth inhibition of skin cancer cells, however,
further studies are needed to demonstrate the role of p53 inDATS
induced apoptosis and cell death in skin cancer cells. Addition-
ally, our results showed that the growth inhibition of DATS was
skin tumor cells specific and did not occur in normal cells. This
finding is consistent with the previous studies in several cell types
as well as in the animal studies (36). Nevertheless, the cause of the
differential effect mediated by DATS between skin cancer cells
and normal cells is still unclear. Our results suggest the possibility
that ROS might play a critical role. It has been reported that
compared to normal cells, ROS levels in certain cancer cells are
realized to be close to the critical threshold for cell death (12).

In conclusion, we proposed themodel ofDATS inducedG2/M
arrest and apoptosis in A375 and BCC skin cancer cells in
Figure 6. DATS might increase the ROS level, and thus inflict
DNAdamagewhich could be detected by the phosphorylation of
γ-H2AX and the consequent activation of p53. p53 soon induces
the expression of its downstream p21 and affects the G2/M
modulator such asWee l kinase, Cdc25c, andCdc2.Alternatively,
p53 triggers the mitochondrial apoptotic pathway through the
activation of caspase-9, caspase-3, and PARP.

It has been observed that oral administration ofDATS inhibits
the growth of cancer cells in human PC-3 prostate cancer
xenografts in nude mice model without any harmful side
effects (36). In agreement with the potential of DATS in the
therapy potential for the other cell types, here we suggest that
DATS exhibits preferable property of cancer preventive agents in
skin cancer and also provides the possible mechanism for its anti-
cancer effects.

ABBREVIATIONS USED

BCC, basal cell carcinoma;DAS, diallyl sulfide;DADS, diallyl
disulfide; DATS, diallyl trisulfide; ER, endoplasmic reticulum;
MFI, mean fluorescence intensity; MTT, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; PARP, poly(ADP-ribose)
polymerase; ROS, reactive oxygen species; ΔΨm, mitochondrial
membrane potential.
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