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Antitumor effects of dioscin in A431 cells via adjusting
ATM/pS3-mediated cell apoptosis, DNA damage and migration
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Abstract. Skin cancer is the deadliest type of malignant
disease and causes primary mortality worldwide. Dioscin,
which exists in medicinal plants, has potent anticancer
effects. However, its effects on skin cancer remain unknown.
In the present study, the activity and mechanism of dioscin
on the human skin cancer A431 cell line were investigated,
MTT, colony formation, Transwell, wound-healing, TUNEL,
Comet, immunofluorescence and western blot assays were
used to assess the effects of dioscin on A431 cells. The results
of MTT, colony formation, Transwell and wound-healing
assays revealed that dioscin suppressed proliferation, colony
formation and invasion of the cancer cells. TUNEL and comet
assays demonstrated that dioscin exhibited significant effects
on cell apoptosis and DNA damage. Investigations into the
mechanism revealed that the expression levels of phosphory-
lated Ataxia telangiectasia-mutated (ATM) were considerably
activated by dioscin, which significantly upregulated the
expression levels of p53 to activate mitochondrial apoptosis
signaling. Furthermore, the expression levels of BAX, cleaved
caspase-3/9 and cleaved poly (ADP-ribose) polymerase
were upregulated, and the expression levels of BCL-2 were
downregulated by dioscin. Additionally, dioscin markedly
downregulated the expression levels of matrix metallopro-
teinase 2 (MMP2), MMP9, RHO and cdc42, which are all
associated with tumor invasion. In addition, p53-small inter-
fering RNA transfection experiments indicated that dioscin
exhibited excellent activity against skin cancer in vitro
by decreasing p53 expression. Overall, the present results
suggested that dioscin inhibited skin cancer cell proliferation
via adjusting ATM/p53-mediated cell apoptosis, migration
and DNA damage, which should be considered as a potential
option for future treatments of skin cancer.
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Introduction

Skin cancer is one of the major causes of cancer-associated
mortality in humans, with 232,000 new cases worldwide in 2012,
resulting in 55,000 deaths (1) There are two major types of
non-melanoma skin cancer, named basal cell carcinoma and
squamous cell carcinoma (SCC) (1,2). A number of known chem-
ical carcinogens, such as arsenide, and exposure to hazardous
UV rays can cause the development of SCC through mediation of
free radical production, resulting in a healthy epithelial cell being
transformed in a malignant one (3,4). As the prevalence of skin
cancer is increasing, with skin cancer having the fastest-growing
cancer incidence among all malignancies in recent years with an
annual growth rate of 3-5% per year, it is necessary to investigate
the molecular mechanisms underlying SCC and develop novel
treatment options for therapies (4). However, it is well known
that chemotherapy drugs for patients with skin cancer are highly
toxic compounds that target fast-growing healthy cells and have
numerous side effects. Therefore, investigation into novel drugs
with high efficiency and low toxicity for the treatment of skin
cancer is highly important.

Apoptosis is a process whereby dysregulated cells in the
body are removed and the balance is maintained between the
generation of new cells and the removal of old ones (5). Cell
adhesion to the extracellular matrix serves a key role in the
regulation of cellular migration, proliferation and differentiation,
which is controlled by important regulators for cell adhesion
and migration, such as matrix metalloproteinases (MMPs) (6). It
has been reported that polyphenols can generate reactive oxygen
species (ROS) in cancer cells, leading to the induction of apop-
tosis, as well as downregulation of proliferation and migration
via the modulation of several signaling pathways, such as the
EGFR/MAPK signaling pathways, and MMPs, suggesting that
cell apoptosis and migration serve key roles in cancer regula-
tion and prevention (7). Mitochondria are important organelles
of energy production and survival signaling cascades, as well
as cell death (8). Mitochondrial-associated abnormalities may
be associated with an imbalance of mitochondrial metabo-
lism and the enhancement of antimitochondrial apoptosis (8).
Mitochondrial apoptosis is also known as intrinsic apoptosis (8).
Previous studies have indicated that decreased mitochondrial
membrane potential can induce apoptosis and increase ROS
levels in colorectal cancer cells, suggesting that the mitochon-
drial apoptotic pathway serves a pivotal role in the initiation and
progression of cancer (9,10).
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The p53 signaling pathway, which is composed of numerous
genes, responds to multiple stress signals by inducing apop-
tosis, cell senescence or cell cycle arrest, allowing to prevent
or repair damage (11). Previous studies revealed that the p53
signaling pathway is closely associated with the development
of SCC and epigenetic abnormalities in this process (12,13).
Ataxia telangiectasia-mutated (ATM) is a phosphoinositide
3-kinase-related kinase associated with cellular processes,
including cell proliferation and DNA repair (14). ATM expres-
sion is induced by DNA damage, where ATM undergoes
auto-phosphorylation on Ser1981 and is recruited to sites of
DNA damage, where it initiates a signaling cascade through
multiple DNA damage response proteins, including p53 and
other ligases (15). A previous study revealed that shallots and
licorice induce apoptosis through the induction of ATM/p53
signaling in human cervical carcinoma HeLa cells, suggesting
that ATM/p53 signaling may promote or prevent the develop-
ment of cancer (16). However, to the best of our knowledge,
there is no evidence on whether ATM/p53 signaling can
regulate apoptosis and DNA damage in skin cancer.

Traditional Chinese medicines (TCMs), which are
rich in biologically active metabolites with low toxicity,
are widely used in the clinic for healthcare and disease
control (17). Some natural products, including matrine and
flavonolignans from medicinal plants, have potent effects
against skin cancer (18,19). Therefore, it is reasonable to seek
effective natural products from TCMSs to treat skin cancer.
Dioscin (Fig. 1A), an active natural product from numerous
medicinal plants, has exhibited potent activity against liver
damage and renal injury (20-30), as well as antioxidant and
anti-inflammatory effects in previous studies, including
antifungal, antiviral, hypoglycemic and immune regulatory
effects (31,32). Increasing efforts have been made to inves-
tigate the anticancer activities of dioscin on several types
of human cancer cell lines, such as Hep-2, SMM7721 and
PC3 cells (12,33-37). An increasing amount of evidence has
revealed that dioscin can inhibit tumor cell metastasis in lung
cancer, breast cancer, melanoma and laryngeal cancer (38,39).
A mechanistic study revealed that dioscin exerts an anti-
metastatic effect through connexin 43, suppressing tumor cell
malignancy and activating macrophage sensitivity in mela-
noma (39). In addition, targeted daunorubicin and dioscin
co-delivery liposomes can increase the inhibitory effects of
daunorubicin on A549 cells and decrease tumor metastasis by
downregulation of MMP2 and TGF-f3 (40). However, to the
best of our knowledge, there are currently no studies on the
anticancer effects of dioscin on A431 cells, and the mecha-
nisms underlying the action of dioscin against skin cancer
remain unknown. Therefore, the aim of the present study was
to investigate the effects of dioscin against skin cancer and its
potential mechanisms in A4431 cells in vitro.

Materials and methods

Chemicals and reagents. Dioscin was obtained from the
Chengdu Research Institute of Biology of the Chinese
Academy of Sciences. MTT was obtained from Roche
Diagnostics. The Protein Extraction kit, penicillin and strepto-
mycin were purchased from Nanjing KeyGen Biotech Co., Ltd.
The BCA protein assay kit was obtained from Beyotime

Institute of Biotechnology. Carboxymethylcellulose-Na, Tris
and SDS were purchased from Sigma-Aldrich (Merck KGaA).
The Dulbecco's modified Eagle's medium (DMEM) and
fetal bovine serum (FBS) were obtained from Gibco
(Thermo Fisher Scientific, Inc.). DAPI was purchased from
Sigma-Aldrich (Merck KGaA). The comet assay kit was
purchased from Cell Biolabs, Inc. The terminal deoxynucleo-
tidyl transferase dUTP nick-end labeling (TUNEL) assay was
performed using the TransDetect® In situ Fluorescein TUNEL
Cell Apoptosis Detection kit (TransGen Biotech Co., Ltd.).
Primary antibodies were purchased from ProteinTech Group,
Inc., and Wuhan Boster Biological Technology, Ltd. (Table SI).
Secondary antibodies were purchased from ProteinTech
Group, Inc. Lipofectamine® 2000 was purchased from
Thermo Fisher Scientific, Inc., and p53 small interfering (si)
RNAs were purchased from Guangzhou RiboBio Co., Ltd.
Z-VAD-FMK/pan-caspase inhibitor was purchased from
MedChemExpress.

Cell lines and culture. The human skin carcinoma A431 cell
line was purchased from Wuhan Boster Biological Technology,
Ltd. The A431 cells were cultured in DMEM with 10% FBS,
supplemented with 100 U/ml penicillin and 100 g/ml strepto-
mycin, in a humidified 5% CO, atmosphere at 37°C.

MTT assay. The cells were plated in 96-well plates
(5x10* cells/well) and incubated at 37°C for 24 h. After 100 pl
of medium was removed, various concentrations of dioscin
(0.0,0.7,1.4,2.9,5.8 or 11.6 uM) were added into the plates and
then incubated for 6, 12 or 24 h at 37°C. Subsequently, 10 ul
MTT stock solution (5 mg/ml) was added, and the plates were
incubated for another 4 h at 37°C. The formazan crystals were
dissolved using 150 1 DMSO (150 u1/well). The absorbance was
measured using a microplate reader (Thermo Fisher Scientific,
Inc.) at 490 nm, and the cell morphology was observed using
a phase contrast light microscope (Nikon Corporation) with
bright-field at X200 magnification.

Colony-forming assay. A total of 500 cells/well were seeded
into 6-well plates. The cells were treated with dioscin (0.0, 2.9,
5.8 or 11.6 uM) for 3 days, and after treatment the drugs were
replaced with medium. The treated cells were maintained in
culture medium for 10 days. Finally, the cells were stained
with 0.1% crystal violet at room temperature for 20 min and
>50 cells were considered as a colony. The colony formation
numbers were analyzed using ImageJ Software v1.3 (National
Institutes of Health).

Wound-healing assay. A431 cells were plated into 6-well plates
at 3x10° cells/well and cultured for 24 h at 37°C. Wounds were
scratched using a pipette tip and washed with PBS to remove
detached cells in serum-free medium. The cells were treated
with dioscin (0.0, 2.9, 5.8 and 11.6 uM) at 37°C for 24 h. After
the dead cells were washed away with PBS, the migration
images were captured using a bright-field light microscope at
x200 magnification and analyzed using ImageJ Software v1.3
(National Institutes of Health).

Transwell invasion assay. The invasion of A431 cells was
measured using 8-ym Transwell chambers and the filter
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Figure 1. Inhibitory effects of dioscin on the viability, colony formation and migration of A431 cells. (A) Chemical structure of dioscin. (B) Effects of dioscin
on the viability of A431 cells detected via MTT assay. (C) Representative morphological images of cells treated with different concentrations of dioscin (2.9,
5.8 and 11.6 uM) for 24 h. (D) Effects of dioscin treatment (2.9, 5.8 and 11.6 xM) for 24 h on colony formation in A431 cells. (E) Effects of dioscin treatment
(2.9, 5.8 and 11.6 uM) for 24 h on migratory and invasive properties of A431. Scale bar, 100 ym. Data are presented as the mean + SD (n=5). "P<0.05 and

“P<0.01 vs. control. Dio, dioscin.

membrane was coated with 60 pl Matrigel at 37°C for
24 h (BD Biosciences). A total of 6x10* cells in serum-free
medium (200 ul) were added into the top invasion chambers,
while the lower chamber was filled with 500 pl medium
containing 15% FBS. After incubation with dioscin (0.0, 2.9,
5.8 and 11.6 uM) at 37°C for 24 h, the cells were fixed with
4% formaldehyde at 37°C for 20 min and stained with hema-
toxylin at 37°C for 20 min. A phase-contrast light microscope

(Nikon Corporation) was used to count cells in five randomly
selected fields at x200 magnification.

TUNEL assay. Cell apoptosis was analyzed using the
TransDetect® In situ Fluorescein TUNEL Cell Apoptosis
Detection kit based on the manufacturer's protocol. A431 cells
in 24-well plates were washed with PBS, fixed with 4% para-
formaldehyde at 37°C for 20 min and permeabilized with
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0.5% Triton-100. Subsequently, 150 x1 green fluorescein-labeled
dUTP solution was added on the surface of samples and incu-
bated at 37°C for 1 h. Then, 50 p1 50% glycerinum was used as
the mounting medium. Finally, the images were captured using
a fluorescence microscope (Olympus Corporation; magnifica-
tion, x200) and cells were counted under the microscope in
five random fields. The data were analyzed using ImageJ
Software v1.4 (National Institutes of Health).

Comet assay. The extent of DNA damage was determined using
the Comet assay kit according to the manufacturer's protocol
(Cell Biolabs, Inc.). A total of 2x10° cells/well of A431 cells were
incubated in 6-well plates. After being treated with different
concentrations of dioscin (2.9, 5.8 and 11.6 uM) at 37°C for 24 h,
cell images were captured using a fluorescence microscope at
x200 magnification (Olympus Corporation). Finally, the Comet
Assay Software Project v1.2.2 (CaspLab) was used to analyze
the selected cells (50 cells from each of the two replicate slides).

Immunofluorescence assay. A431 cells were incubated
in a moist chamber at 4°C. After pretreatment, the cells
were fixed with 4% paraformaldehyde for 20 min at 37°C
and incubated with 3% BSA (Beijing Solarbio Science &
Technology Co., Ltd.) for 2 h at 37°C. Subsequently, the cells
were incubated overnight with rabbit anti-p53, cleaved PARP
and cleaved-caspase-3 antibodies (1:1,00), and p-ATM (1:50)
(Table SI). After washing with PBS three times, the samples
were incubated with a FITC-conjugated goat anti-rabbit IgG
(1:2,000; cat. no. SAO0001-2; ProteinTech Group, Inc.) at 37°C
for 1 h, and then the cell nuclei were stained with DAPI
(5 pg/ml) at 37°C for 24 h. The sample images were captured
using a fluorescence microscope (Olympus Corporation) at a
magnification of x200.

Western blot assay. The proteins from A431 cells treated
with dioscin (0, 2.9, 5.8 and 11.6 uM at 37°C for 24 h) were
extracted using the Protein Extraction kit. After measuring
the protein concentrations using the BCA protein assay
kit, 50 ug/lane of protein samples were separated via
10-15% SDS-PAGE and transferred to a PVDF membrane
(EMD Millipore). Subsequently, the membranes were incu-
bated with 5% milk for 3 h at 37°C and were then incubated
with primary antibodies (Table SI) at 4°C overnight, followed
by incubation with horseradish peroxidase-conjugated
secondary antibody (1:2,000; cat. no. SAO0001-2; ProteinTech
Group, Inc.) for 2 h at room temperature. Finally, detection
of protein bands was performed using an enhanced chemi-
luminescence system on a ChemiDoc XRS imaging system
(Bio-Rad Laboratories, Inc.), and the data were normalized to
GAPDH expression and analyzed using GraphPad Prism 6.01
(GraphPad Software, Inc.). The protein bands were quantified
using ImageJ Software v1.4 (National Institutes of Health).

Inhibition of p53 and caspase experiments. A431 cells
(2x10° cells/well) were plated in 6-well plates for 24 h 37°C.
For inhibition of caspase, the cells were pretreated with 20 yM
Z-VAD-FMK for 1 h at 37°C before addition of dioscin (0, 2.9,
5.8 and 11.6 uM) at 37°C for 24 h, and the expression levels
of cleaved-caspase-3/9 were detected as aforementioned. For
inhibition of p53, transfection was applied to knock down

p53 expression using pS3-targeted siRNAs (siRNA1, 5'-GCA
CAGAGGAAGAGAAUCUTT-3"; siRNA2, 5'-GCGCACAGA
GGAAGAGAAUTT-3"; siRNA3, 5'-GAAAUUUGCGUG
UGGAGUATT-3") and a scrambled siRNA (5'-GCTTCGGCA
GCACATATACTA-3"). Subsequently, p53-siRNA and trans-
fection reagent (Lipofectamine® 2000) were mixed for 20 min.
The A431 cells were then transfected at 37°C for 5 h with the
siRNA liposomes in antibiotic-free cell medium. Finally,
cell proliferation, apoptosis, colony formation and migra-
tion, and the expression levels of p53, procaspase-3/9, cleaved
caspase-3/9, cleaved PARP, Bax, Bcl-2, RHO and cdc42 were
detected as aforementioned. After 24 h of transfection, cells
were treated with 11.6 yM dioscin or PBS for 24 h.

Statistical analysis. GraphPad Prism 5.0 (GraphPad Software,
Inc.) was used to analyze the data, which are presented as the
mean + SD. Comparisons between 2 groups were performed using
unpaired Student's t-test, while a one-way ANOVA followed by
Tukey's post hoc test was used for multiple comparisons. P<0.05
was considered to indicate a statistically significant difference.

Results

Cytotoxicity of dioscin in A431 cells. The MTT results
demonstrated that dioscin treatment at the concentrations
of 2.9, 5.8 and 11.6 uM for 24 h significantly inhibited cell
viability to 79, 58 and 39%, respectively, compared with the
control (Fig. 1B). The viability rates at concentrations of 2.9,
5.8 and 11.6 uM for 12 h were 81, 78 and 65%, respectively,
while those for 36 h were 66, 41 and 23%, respectively
(Fig. 1B). For subsequent experiments, cells were exposed to
2.9,5.8 and 11.6 uM dioscin for 24 h as the change of inhibition
rate was the most obvious. As presented in Fig. 1C, bright-field
images suggested that cell death was induced by dioscin.

Effects of dioscin on proliferation, invasion and migration
of A431 cells. As presented in Fig. 1D, dioscin (2.9,
5.8 and 11.6 uM) significantly decreased colony forma-
tion in A431 cells compared with the control. Cell
migration and invasion assays in Fig. 1E suggested that
dioscin (2.9, 5.8 and 11.6 yuM) suppressed the invasive and
migratory capabilities of A431 cells. In addition, the effects
of wound-healing on A431 cells were significantly inhibited
by dioscin (2.9, 5.8 and 11.6 M) in a dose-dependent manner.
These results suggested that dioscin significantly inhibited the
proliferation, migration and invasion of A431 cells.

Dioscin induces apoptosis and DNA damage in A431 cells.
In order to investigate the inhibitory effects of dioscin on
apoptosis, apoptosis was measured using a TUNEL assay. As
presented in Fig. 2A, TUNEL-positive cells were significantly
increased by dioscin compared with the control. In a comet
assay, dioscin decreased the contents of head DNA and signifi-
cantly increased the length of DNA migration smears (the
comet tails) compared with the control group (Fig. 2A), which
demonstrated that dioscin significantly caused DNA damage
in A431 cells

Dioscin activates ATM autophosphorylation in vitro. In order
to investigate the impact of dioscin on ATM, A431 cells were
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Figure 2. Dioscin induces apoptosis and DNA damage, and suppresses invasion and migration of A431 cells. (A) Representative figures of dioscin on apoptosis
and DNA damage via TUNEL and comet assays, respectively. (B) Expression levels of p-ATM after dioscin treatment via immunofluorescence and western
blotting. (C) Effects of dioscin on the expression levels of MMP2/9, RHO and cdc42. Data are presented as the mean + SD (n=3). "P<0.05 and “P<0.01 vs.
control. Dio, dioscin; p-ATM, phosphorylated ataxia telangiectasia-mutated; MMP, matrix metalloproteinase; TUNEL, terminal deoxynucleotidyl transferase

dUTP nick-end labeling.

treated with different concentrations of dioscin and the expres-
sion levels of p-ATM were assessed via immunofluorescence.
The results presented in Fig. 2B indicated that, compared with
the control group, p-ATM expression was increased by dioscin.
In addition, the western blot analysis results indicated that
5.8 and 11.6 uM dioscin significantly upregulated the expression
levels of p-ATM compared with the control group (Fig. 2B).

Dioscin inhibits the expression levels of MMP2/9 and Rho
GTPase family protein. As presented in Fig. 2C, dioscin
significantly decreased the expression levels of MMP2/9, RHO
and cdc42 compared with the control group. These results
indicated that dioscin may suppress cell invasion and migration
via inhibiting MMP2/9, RHO and cdc42 in human A431 cells.

Dioscin activates p53 signal pathway associated with cell
apoptosis. As presented in Fig. 3A and B, immunofluores-
cence and western blot analysis revealed that the expression
levels of p53, cleaved-PARP and cleaved-caspase-3 were
significantly upregulated by dioscin compared with those in
the control group. Furthermore, compared with the control
group, dioscin significantly increased the expression levels of
cleaved-caspase-9 and Bax, and significantly inhibited Bcl-2

expression (Fig. 3B). These data suggested that dioscin may
induce apoptosis of A431 cells via the p53 signaling pathway.

Effect of p53 siRNA and caspase inhibitor on dioscin-induced
apoptosis, migration and DNA damage in cells. In order to
investigate the effect of p53 in the anticancer activity of
dioscin, p53-siRNA transfection experiments were performed
in the present study. Knockdown of p53 was performed using
3 siRNAs, and p53 siRNA2 was selected for subsequent
experiments since it induced the most significant decrease
in p53 protein expression (Fig. SI). As presented in Fig. 4A,
compared with the control group, dioscin significantly inhib-
ited the viability of A431 cells, which was then ameliorated
by p53 siRNA. Notably, compared with the dioscin group, the
group treated with dioscin plus p53 siRNA exhibited increased
viability of cancer cells, but this was not significantly different
compared with the p53 siRNA group, which indicated that
p53-siRNA restored the inhibitory effect of dioscin on A431
cells. Furthermore, p53 siRNA ameliorated the effects of
dioscin on colony formation (Fig. 4B), migration and apop-
tosis in A431 cells (Figs. 4C and D and S2. Furthermore,
the expression levels of p53, cleaved caspase-3/9, cleaved
PARP and Bax were all notably decreased compared with
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Figure 3. Dioscin activates the p53 signaling pathway associated with apoptosis. (A) Representative fluorescence images of pS3 expression. (B) Effects of
dioscin on the expression levels of p33, cleaved-PARP, cleaved caspase-3/9, Bax and Bcl-2. Data are presented as the mean + SD (n=3). "P<0.05 and "P<0.01
vs. control. Dio, dioscin; PARP, poly (ADP-ribose) polymerase.

the dioscin group, and the Bcl-2 expression level was mark-  following transfection with p53-siRNA with or without dioscin
edly increased compared with the dioscin group, while the  compared with the dioscin group (Fig. 4E). Additionally, the
protein levels of RHO and cdc42 were markedly upregulated  levels of caspase-3/9 were downregulated after treatment with
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Figure 4. p53-siRNA abrogates the inhibitory effects of dioscin on A431 cells. (A) A431 cells were transfected with p53-siRNA and the viability of cells
was measured. Effects of dioscin and p53-siRNA on (B) cell colony formation ability, (C) cell migration, apoptosis and DNA damage, (D) p53 expression
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presented as the mean + SD (n=3). “P<0.01 vs. dioscin group. PARP, poly (ADP-ribose) polymerase; ns, not significant; siRNA, small interfering RNA.

Z-VAD compared with the dioscin group (Fig. S3). These data
suggested that p53-siRNA transfection abrogated the effect of
dioscin on the p53 signaling pathway.

Discussion

Skin cancer is one of the most prevalent malignancies in the
world, and ~20% of the population will develop skin cancer
at some point during their lifetime (41). In recent years, as the
specific pathogenesis of skin cancer remains unclear, and the
clinical treatment of skin cancer is also limited, the incidence
of skin cancer has been increasing by 3-5% per year (4). As an
active ingredient in herbs, dioscin has been reported to exert
beneficial actions against liver cancer, head and neck cancer,
pancreatic cancer and lung cancer in previous studies (13,36).
In addition, it has been reported that dioscin-loaded mixed
micelles exhibit antitumor activities, which may benefit
from the significant increase in cellular uptake of dioscin in
MCF-7 cancer cells, suggesting that dioscin-loaded mixed
micelles may be a potential nano-drug delivery system for
cancer chemotherapy (42). However, to the best of our knowl-
edge, there is currently no study available that describes the
anticancer effects of dioscin on skin cancer. Therefore, the
inhibitory effect of dioscin on A431 cells was investigated in
the present study, and the results demonstrated that cell prolif-
eration and colony formation of A431 cells were markedly

inhibited by dioscin. The current results suggested that dioscin
may have the potential to treat skin cancer.

DNA damage response leads to DNA repair, which is
closely associated with cell survival or cell death. The stress
of DNA damage activates ATM signaling pathways, including
ATM autophosphorylation and phosphorylation of p53 (43).
p53 is a nuclear transcription factor that becomes stabilized
and activated by a variety of cellular stresses, such as DNA
damage, oxidative stress and hypoxia (44). Once activated,
ATM phosphorylates various downstream molecules, such
as p53 and H2AX, resulting in cell death (45). A study has
reported that kaempferol induces ROS production, phosphory-
lation of ATM and activation of p53 protein levels (46). In the
present study, the comet assay revealed that following dioscin
treatment, the DNA content was transferred to the tail of the
comet, suggesting that DNA damage was increased, and the
number of apoptotic cells was increased by dioscin treatment.
In addition, it was revealed that dioscin markedly upregulated
the levels of p-ATM and p53 using western blotting and
immunofluorescence assays. The present data indicated that
dioscin had potent activity against skin cancer cells in vitro via
regulating DNA damage and apoptosis.

Mitochondrial apoptotic signaling is important in apop-
totic cell death. The BCL-2 family contains 2 classes of
anti-apoptotic and pro-apoptotic members (47). BCL-2 is an
anti-apoptotic member, while BAX is a pro-apoptotic member
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that is primarily distributed on the mitochondrial membrane,
and the loss of mitochondrial membrane potential is closely
associated with the release of cytochrome ¢ (48). Caspases
are vital in cells for apoptosis. Activation of both the exog-
enous promoters caspase-8 and the mitochondria-associated
caspase-9 activates downstream caspases, such as caspase-3,
leading to cell apoptosis (49). In the present study, it was
revealed that dioscin markedly decreased the levels of Bcl-2,
and upregulated the levels of Bax, cleaved-PARP and cleaved
caspase-3/9. Overall, the aforementioned results indicated
that dioscin induced its effects in A431 cells via ATM/p53
signaling to activate mitochondrial-mediated apoptosis.

MMPs are a family of proteins involved in the degradation
of the extracellular matrix and the basement membrane compo-
nent, and they are regarded as zinc-dependent proteinases that
promote the invasion and metastasis of malignant tumors (50).
Rho GTPases are a class of small GTP-binding proteins that
belong to the Ras superfamily, and serve a crucial role in
regulating cell migration, proliferation and apoptosis (51). The
dysregulation of GTPases occurs in numerous types of human
cancer, such as hepatocellular carcinoma, gastric cancer and
prostate cancer, which contributes to local cancer cell prolif-
eration and distant metastasis (52,53). Notably, the results in the
present study revealed that the expression levels of RHO, cdc42
and MMP2/9 were decreased by dioscin, which may inhibit
the development and progression of tumor metastasis. Further
transfection experiments using p53-siRNA in vitro revealed that
p53-siRNA reversed the effects of dioscin on A431 cell colony
formation, migration, apoptosis and DNA damage. In addition,
p53 knockdown abrogated the effects of dioscin on the expres-
sion levels of cleaved caspase-3/9, cleaved-PARP, Bax, Bcl-2,
RHO and cdc42, indicating that dioscin exerted anticancer
effects against skin cancer cells via regulating p53 signaling.

Overall, the present study demonstrated that dioscin inhib-
ited cell proliferation and migration, and induced apoptosis
and DNA damage in human A431 cells through ATM/p53
signaling. Further research is required to investigate the under-
lying mechanisms, drug targets and clinical applications of
dioscin against skin cancer.
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