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Artesunate induces G0/G1 cell cycle arrest and iron-mediated
mitochondrial apoptosis in A431 human epidermoid

carcinoma cells

Zhongyong Jiang®, Jin Chai®”, Henry Hon Fung Chuang®, Shifeng Li¢,
Tianran Wang?, Yi Cheng® Wensheng Chen® and Deshan Zhou®

The anticancer effects of artesunate (ART) have been well
documented. However, its potential against skin cancer has
not been explored yet. Herein we reported that 60 pmol/I
ART effectively inhibited A431 (human epidermoid
carcinoma cells) growth but not that of HaCaT (normal
human keratinocyte cells). Our results revealed that ART
induced cell cycle arrest at GO/G1 phase through the
downregulation of cyclin A1, cyclin B, cyclin D1, Cdk2, Cdk4,
and Cdkeé. This correlated with the upregulation of p21 and
p27. The 5-bromodeoxyuridine incorporation assay also
indicated that ART treatment reduced DNA synthesis

in a time-dependent manner. Furthermore, ART induced
mitochondrial apoptosis, as evidenced by annexin
V/propidium iodide staining and western blot analysis.
Interestingly, ART-induced apoptosis diminished under
iron-deficient conditions but intensified under iron-overload
conditions. Taken together, these findings demonstrated
the potential of ART in treating skin cancer through the
induction of GO/G1 cell cycle arrest and iron-mediated

Introduction

Increased CO, emission, ozone depletion, and other envi-
ronmental risk factors have led to a rising incidence of skin
cancer in the past decades. It has been postulated that the
free radicals generated by overexposure to sunlight pri-
marily lead to DNA damage in skin cells and ultimately to
skin cancers [1]. The nonmelanoma skin cancers, includ-
ing basal cell carcinoma and squamous cell carcinoma, are
the two most common forms of human skin malignant
cancer, with over a million new cases each year world-
wide [2]. Although skin cancer can often be treated with
surgery, chemotherapy, or radiation therapy, the risk of
recurrence and metastasis remains a concern [2]. Hence,
continuous efforts have been made to pursue and devel-
op additional approaches to treating skin cancer more
effectively.

Artemisinin, a natural sesquiterpene extracted from a
Chinese plant abrotani herba, is a traditional antimalarial
drug that possesses anticancer potential [3-5]. Its water-
soluble derivative, artesunate (ART), also exhibited com-
prehensive cytotoxicity toward a wide range of cancer cell
lines including leukemia, melanomas, breast, ovarian, pros-
tate, and renal cancer cells [4,6]. In-vivo experiments also
demonstrated its anticancer effects in pancreatic cancer,
cervical cancer, lung cancer, and colorectal cancer [7-10].
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Nevertheless, the molecular mechanism underlying the
anticancer potential of ART has been poorly studied. It
has been speculated that ART induces apoptosis and
disrupts cell cycle regulation [9,11]. Recent findings also
implicated the pivotal role of the intracellular iron level in
ART-induced apoptosis [12-17]. Structurally, ART en-
closed an endoperoxide bridge that acted in response with
ferrous iron to generate reactive oxygen species in cancer
cells, leading to cancer cell death [12-14].

Although the anticancer effects of ART have been well
documented for decades, its potential against skin cancer
has not yet been explored. Therefore, the present study
aimed to evaluate the potential anticancer effects of ART
in skin cancer and demonstrated its inhibitory mode of
action in A431 (human epidermoid carcinoma cells) through
GO0/G1-phase cell cycle arrest and iron-mediated mitochon-
drial apoptosis. These findings will provide the basis for
further investigation in other test systems.

Materials and methods
Compounds and antibodies
Reagents  3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetra-
zoliumbromide (MTT), 5-bromodeoxyuridine (BrdU),
4’ 6-diamidino-2-phenylindole (DAPI), dimethyl sulfox-
ide, ribonuclease A, deferoxamine mesylate (DFOM), and
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FeSO, were purchased from Sigma-Aldrich (St Louis,
Missouri, USA). ART was purchased from Nan Fang
pharmaceutical factory (Guilin, China). Dulbecco’s mod-
ified Eagle’s medium (DMEM), penicillin—streptomycin,
and fetal bovine serum (FBS) were purchased from Gibco
BRL (San Diego, California, USA). The annexin V-FITC
kit was purchased from BD Pharmingen (San Diego,
California, USA). The primary antibodies for Bax, Bcl-2,
caspase-3, survivin, Cdk2, Cdk4, Cdk6, cyclin A1, cyclin
D1, cyclin B, p21, p27, BrdU, and GAPDH were
purchased from Santa Cruz Biotechnology (Santa Cruz,
California, USA). Horseradish peroxidase-labeled IgG
and Cy3-conjugated IgG were purchased from DAKO
(Carpinteria, California, USA).

Cell culture

A431 cells (human epidermoid carcinoma cells) and HepG2
(human hepatocellular carcinoma cells) were obtained from
the American Type Culture Collection (Manassas, Virginia,
USA). The HaCaT cell line (spontaneously immortalized
human keratinocytes cells) was obtained from the German
Cancer Research Center (Heidelberg, Germany). The cells
were maintained in DMEM medium containing 100 units/ml
penicillin and 100 pg/ml streptomycin with 10% heat-
inactivated FBS in a humidified atmosphere of 95% air
and 5% CO; at 37°C.

Cell proliferation assay

A431 cells were seeded at a density of 5 x 10* cells/well in
96-well plates (Corning Glass Works, Corning, New York,
USA) and incubated with 1% FBS for 12 h to synchronize
cells in GO phase and then treated with or without ART
at indicated concentrations for 24 or 48h, respectively.
To generate iron depletion or overload condition, the
cells were pretreated with 60 umol/l DFOM or 60 pmol/l
FeSO, for 4h before ART treatment. Cell viability was
measured by the MTT assay. Briefly, the cells were
incubated with MTT solution (5 mg/ml) at 37°C for 4 h.
Then, the medium was removed and crystals were
dissolved in 100 ul dimethyl sulfoxide. Absorbance was
measured at a wavelength of 570 nm using a Model 680
microplate reader (Bio-Rad, Hercules, California, USA).
All the experiments were repeated at least three times.

Quantitative analysis of apoptotic cells by annexin
V/propidium iodide staining

A431 and HaCaT cells were plated at a density of 1 x 10°
cells in 60-mm dishes to synchronize cells at GO phase
and treated with ART as described earlier. After treat-
ment, cells were collected for double staining with FI'TC-
conjugated annexin V and propidium iodide (PI) accord-
ing to the manufacturer’s instructions. The stained cells
were subsequently analyzed using flow cytometry. Gen-
erally, living cells were indicated by being double
negative for annexin V and PI. Early apoptotic cells were
indicated by being annexin V positive and PI negative
(Q4), and late apoptotic and necrotic cells were indicated
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by being annexin V and PI double positive (Q2). All the
experiments were repeated at least three times.

Cell cycle analysis using flow cytometry

After being synchronized, A431 cells were incubated with
60 umol/l ART for 24 or 48h. Thereafter, cells were
harvested and fixed in 75% ethanol at 4°C overnight.
After washing with PBS three times, the cells were
labeled with 10 pg/ml PI containing 100 U/ml DNase-free
ribonuclease A at 25°C in the dark for 30 min. DNA
contents were determined by counting the incorporation
of PI into DNA using flow cytometric analysis.

5-Bromodeoxyuridine incorporation assay

A431 cells were grown on coverslips in DMEM with 1%
FBS for 12 h and then treated with 60 pmol/l ART for 24
or 48 h. BrdU (10 umol/l) was added to the culture medi-
um for 2 h after treatment. The coverslips were fixed in
4% paraformaldehyde for 12h at 4°C. After rinsing in
PBS, the cells were treated with 2N HCI for 20 min at
37°C. Then, the specimens were incubated with a mouse
monoclonal antibody raised against BrdU (3 pg/ml) at 4°C
overnight and then revealed using a Cy3-conjugated
secondary anti-mouse IgG with 1/100 dilution for 30 min
at room temperature (RT). The nuclei of cells were
visualized using DAPI with 1/5000 dilution. Finally, the
coverslips were washed again and mounted for ob-
servation on a BX51 fluorescence microscope (Olympus,
Tokyo, Japan).

Caspase-3 activity assay

The caspase-3 activity assay was performed using a
CaspGLOW Fluorescein-Active Caspase-3 Staining Kit
(Biovison, Mountain View, California, USA) according to
the manufacturer’s instructions. Briefly, A431 cells were
treated with ART for 0, 4, 8, 12, and 24 h. Thereafter,
cells were collected and stained with FITC-DEVD-FMK
for 1 h in an incubator at 37°C with 5% CO,. After rinsing
twice with wash buffer, the cells were subjected to flow
cytometric analysis using the FL-1 channel.

Western blot analysis

The cells were synchronized and incubated with ART as
described above. Whole cell extracts were prepared in
lysis buffer containing 50 mmol/l Tris-Cl, 150 mmol/I
NaCl, 0.5% Nonidet P-40, 50 mmol/l NaFE 1mmol/l
NazVOy, 5mmol/l glycerophosphate, 1 mmol/l phenyl-
methylsulfonyl fluoride, 1 mmol/l dithiothreitol, pH 7.5,
and centrifuged at 12 000 g for 20 min. The proteins were
stored at —80°C until use, and protein concentration was
determined by the bicinchoninic acid method. For west-
ern blot, an equal amount of protein for each sample was
loaded onto 10 or 12% SDS-PAGE gels. After electro-
phoresis, the proteins were transferred to a polyvinylidene
fluoride membrane and blocked in Tris-buffered saline
containing 0.05% Tween-20 (TBS-T) with 5% nonfat
dried milk for 1h at RT. All primary antibodies with
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1/1000 dilution were incubated for 2h at RT or at 4°C
overnight, and then membranes were washed three times
in TBS-T before labeling with the secondary peroxidase-
conjugated goat anti-rabbit/mouse IgG antibody (1 :2000).
The immunoblots were visualized with enhanced chemi-
luminescence substrate solution (Amersham Pharmacia
Biotech, Piscataway, New Jersey, USA) according to the
manufacturer’s instructions, followed by exposure to
radiographic film. GAPDH was used as an internal control.
Blots shown are representative of three independent
experiments.

Statistical analysis

All data are expressed as means = SEM from at least
three independent experiments. Statistical analyses were
carried out with the unpaired Student #-test. Group dif-
ferences at the level of P less than 0.05 were considered
statistically significant.

Results

Artesunate treatment effectively inhibits A431

cell growth

The growth inhibitory effect of ART on A431, HepG2,
and HaCaT cells was examined at various concentrations
ranging from 30 to 210 pmol/l for 48 h using M'T'T assay.
As shown in Fig. 1, ART significantly inhibited the growth
of A431 cells in a concentration-dependent manner
commencing at 60 pmol/l. However, at this concentration,
HaCaT cells showed resistance toward ART. The esti-
mated ICs, value of ART on A431, HepG2, and HaCaT
cells was 60, 50, and 120 pmol/l, respectively. Thus, to
maintain the growth inhibitory effect of ART in A431
cells without causing major side effects in HaCaT cells,
60 umol/l of ART was used in subsequent experiments.

Artesunate treatment induces G0/G1-phase cell

cycle arrest

Given the evidence of growth inhibition on A431 cells
under ART treatment, the cell cycle distribution was
examined using flow cytometry. Flow cytometric analysis
showed that ART treatment increased the cell numbers
at GO/G1 phase with decreased cell numbers at S-phase
in a time-dependent manner. Of the cell population, 56.8
and 70.77% were arrested at the G1 phase after 24 and
48 h of ART treatment, respectively (Fig. 2a). Only 18.87
and 4.42% of the ART-treated cells underwent the
S-phase after 24 and 48 h (Fig. 2a). A continuous reduction
of BrdU incorporation was also observed in ART-treated
cells (Fig. 2b). Consistent with flow cytometric analysis,
ART upregulated the expression of cyclin Al, cyclin B,
cyclin D1, Cdk2, Cdk4, and Cdk6 and downregulated
cyclin inhibitors p21 and p27 (Fig. 2¢).

Artesunate treatment induces apoptosis
The growth inhibitory effect of ART may be associated
with the induction of apoptosis [18,19]. To quantify
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Effects of artesunate (ART) on the rate of cell growth inhibition.
A431, HepG2, and HaCaT cells were incubated with 30-210 pumol/I
ART for 48 h. Cell viability was analyzed using the MTT assay. The rate
of growth inhibition was calculated as: inhibition rate of growth
inhibition= (1 = OD5704,6,/OD570,,) x 100%, where OD570;,¢4

is OD570 of the ART-treated group and OD570,,,, is OD570 of

the control group. **P<0.01, compared with HaCaT cells. Data
shown are means £ SEM of three independent experiments carried
out in triplicate. OD, optical density.

ART-induced apoptosis, A431 and HaCaT cells were
stained with annexin V and PI after 48h of ART treat-
ment and analyzed using flow cytometry. ART signifi-
cantly increased the number of both early apoptotic cells
(Q4, annexin V positive, PI negative) and late apoptotic
or necrotic cells (Q2, annexin V positive, PI positive) of
A431, whereas no significant apoptotic effect of ART was
found on HaCa'T cells (Fig. 3a and b).

Artesunate-induced cell cycle arrest occurs

before apoptosis

Cell cycle arrest is often accompanied by apoptosis. To
address whether ART-induced cell cycle arrest occurred
before the onset of cell apoptosis, a time-course observa-
tion on cell cycle and apoptosis was made using flow
cytometric analysis and the caspase-3 activity assay,
respectively. Interestingly, we found that 8h of ART
treatment was able to induce cell cycle arrest at G0/G1
phase (Fig. 4a), whereas no significant apoptotic cells were
observed at this time point, as presented by low caspase-3
activation (Fig. 4b) and few annexin V-positive cells
(Fig. 4¢). Apoptotic cells were only detected after 12h
of ART treatment, suggesting that disruption of cell
cycle occurred before apoptosis in A431 cells upon ART
treatment.
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Cell cycle analysis of A431 cells treated with 60 umol/l artesunate (ART). (a) A431 cells were treated with 60 umol/l ART for 24 and 48 h and
stained with propidium iodide. Flow cytometry was used to analyze DNA content at the GO/G1, S, and G2/M phases of the cell cycle. Data

are representative of three similar experiments. (b) 5-Bromodeoxyuridine (BrdU) incorporation was performed to analyze the rate of DNA synthesis
in A431 after ART treatment (in panel 1 and 3). Cell nuclei were then visualized by DAPI staining (in panel 2 and 4). Arrows indicate apoptotic
features (nuclear condensation and nuclear fragmentation). (c) After treatment of A431 cells with 60 umol/l ART for 24 and 48 h, the expression of
cell cycle protein including cyclin A1, cyclin B1, cyclin D1, Cdk2, Cdk4, Cdk6, p21, and p27 were analyzed by western blots. Data are representative
of three independent experiments.
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Fig. 3
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Flow cytometric analysis of artesunate (ART)-induced apoptosis using
FITC-annexin V/propidium iodide (PI) staining. (a) A431 and HaCaT
cells were treated with 60 umol/I ART for 48 h and stained with FITC-
annexin V/PI. Apoptotic and necrotic cell populations were analyzed
using flow cytometry. Cells in the lower right quadrant (Q4) represent
early apoptotic cells and cells in the upper right quadrant (Q2)
represent late apoptotic and necrotic cells. Data are representative of
three similar experiments. (b) Quantitative analysis of apoptotic cells
after ART treatment. **P<0.01, compared with vehicle control. Data
shown are means £ SEM of three independent experiments.

Cellular iron level mediates artesunate-induced
apoptosis

Previous studies have implicated the pivotal role of intra-
cellular iron level in ART-induced apoptosis in cancer
cells [18,19]. Therefore, we examined ART-induced
apoptosis in A431 cells under iron-deficient (DFOM) or

overload (FeSOy) condition. As shown in Fig. 5, the ART-
induced apoptotic cells significantly decreased in cells
pretreated with DFOM for 4 h but increased significantly
in cells pretreated with FeSO4 for 4h. DAPI stain-
ing further confirmed this finding, showing less nucleus
shrinkage and condensation in ART + DFOM-treated
cells and more so in ART + FeSOy-treated cells (Fig. 5¢).
Remarkably, the iron-deficient condition induced by
DFOM antagonized the upregulation of Bax and cas-
pase-3 and downregulation of Bcl-2 and survivin by ART,
whereas the iron-overload condition induced by FeSO,4
enhanced the upregulation of Bax and caspase-3 and
downregulation of Bcl-2 and survivin by ART (Fig. 5d).

Discussion

The present study serves as the starting point for future
investigation of ART against skin cancer. To our knowl-
edge, we are the first to demonstrate the anticancer
potential of ART in A431 cells. ART selectively inhibited
A431 cell growth commencing at 60 pmol/l after 48 h. The
ICsy of ART on A431 cells (~60 umol/l) is nearly half of
that in HaCaT (~120 pmol/l), indicating the specificity
of ART in skin cancer cells and hence its potential as
a novel anti-skin cancer drug with few side effects.

Overall, our results showed that the anticancer effect of
ART in A431 cells was contributed by two mechanisms:
(a) cell cycle arrest and (b) apoptosis. A previous study
has reported G2/M cell cycle arrest in prostate cancer
cells upon ART treatment [7,20,21]. In the present work,
we also found an induction of cell cycle arrest, although at
G0/G1 phase. Upon 24 and 48 h of ART treatment, the
cell number proportionally increased at GO/G1 phase and
decreased at S phase. Indeed, a striking reduction of BrdU
incorporation in ART-treated cells in a time-dependent
manner indicates a reduced rate of DNA synthesis after
ART treatment. We also found that several cell cycle
regulatory protein expressions responsible for GO0/G1-
phase progression, such as cyclin Al, cyclin D1, Cdk2,
Cdk4, and Cdk6, were downregulated by ART. Corre-
spondingly, Cdk inhibitory protein, p21, and p27 were
upregulated by ART.

It has been documented that ART induces caspase-3-
dependent apoptosis in various cancer cell lines [5].
Annexin V/PI staining supported this finding, showing
increased number of early apoptotic cells (Q4, annexin V
positive, PI negative) and late apoptotic or necrotic cells
(Q2, annexin V positive, PI positive) upon ART treatment
in A431 cells. Typical apoptotic morphologies and up-
regulation of proapoptotic proteins (Bax and caspase-3) as
well as downregulation of antiapoptotic proteins (Bcl-2
and survivin) were observed in the present work,
suggesting that ART possibly induced apoptosis in A431
cells through the mitochondrial intrinsic pathway [18,19].

It has been reported that ART enclosed an endoperoxide
bridge that cleaved in response to ferrous iron to form
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Fig. 4
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Time-course observation of artesunate (ART)-induced cell cycle arrest and apoptosis by flow cytometric analysis and caspase-3 activity assay. A431
was treated with 60 umol/I ART for 0, 4, 8, 12, and 24 h as indicated. Thereafter, cells were subjected to cell cycle analysis by (a) flow cytometric
assay, (b) caspase-3 activity assay, and (c) apoptosis analysis by FITC-annexin V/propidium iodide (PI) staining, respectively. P2 region in (b)
indicated for the number of cells with caspase-3 activation.

free radicals within mitochondria and ultimately killed
the cancer cells by excessive oxidative stress and apopto-
sis [10,22-24]. Indeed, we found that iron mediated the
ART-induced apoptosis in A431 cells. In the presence of
the iron chelator desferoxamine (DFOM), ART-induced
apoptotic cells were significantly decreased with less

were also inhibited. Therefore, we speculated that ART
exerted its anticancer effects in A431 cells in part by first
generating iron-dependent oxidative stress and then trig-
gering the mitochondrial apoptosis. However, the exact
mechanism by which cellular iron level regulated ART-
induced apoptosis in A431 cells has yet to be determined.

nucleus shrinkage and chromatin condensation. The down-
regulation of antiapoptotic protein (Bcl-2 and survivin) and
upregulation of proapoptotic protein (Bax and caspase-3)

It would be of interest to simultancously examine other
oxidative stress response proteins, including catalase and
glutathione S-transferase, both of which affected the
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Fig. 5
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Cellular iron level is involved in artesunate (ART)-induced apoptosis. After pretreating with deferoxamine mesylate (DFOM) or FeSO, for 4 h, A431
cells were treated with 60 pmol/l ART for an additional 48 h. (a) Apoptotic cells were estimated using flow cytometric analysis after staining with
annexin V/propldlum iodide (PI). (b) Quantitative analysis of apoptotic cells after ART treatment. **P<0.01, compared with the ART group of early

apoptosis.

##P<0.01, compared with the ART group of late apoptosis. Data shown are means + SEM of three independent experiments. (c) To

observe the apoptotic morphology, cell nuclei were visualized by DAPI staining. Arrows indicate apoptotic features (nuclear condensation and
nuclear fragmentation). (d) The expression level of apoptosis-related proteins including Bax, Bcl-2, survivin, and caspase-3 were analyzed using
western blots after 48 h of ART treatment with preincubation with DFOM or FeSO, for 4 h.

sensitivity and resistance of cancer cells toward ART
[25,26]. We also cannot exclude the fact that other mech-
anisms such as angiogenesis played a role in ART-induced
apoptosis, as DFOM did not completely block the apo-
ptotic effect. Importantly, ART-induced apoptotic effects
significantly intensified in cells pretreated with FeSO,.
Iron-overload conditions induced by FeSO, also enhanced
the upregulation of Bax and caspase-3 and downregulation
of Bcl-2 and survivin by ART, demonstrating its possible
synergistic effect with ART. This raised the possibility of
combining ART with an iron enhancer in the future treat-
ment against skin cancer. Recently, oral coadministration of
ART with ferrous sulfate (2.5 mg/kg) has been shown to
significantly increase mitochondrial permeability transition
pore opening in rat liver [27].

Taken together, we provided the first evidence that
ART has anticancer effects in A431 human epidermoid

carcinoma cells through G0/G1-phase cell cycle arrest and
iron-mediated mitochondrial apoptosis. Its relatively low
toxicity in normal cells and strong growth inhibitory
effect in A431 cells strongly suggest that ART merits
further investigation as a novel anti-skin cancer drug.
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