Int J Clin Exp Pathol 2014;7(12):8684-8691
www.ijcep.com /ISSN:1936-2625/1JCEPO003014

Original Article

Dihydroartemisinin inhibits cell proliferation via
AKT/GSK3pB/cyclinD1 pathway and induces
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Abstract: Lung cancer is the most common cause of cancer-related death in the world. The main types of lung can-
cer are small cell lung carcinoma (SCLC) and non-small-cell lung carcinoma (NSCLC); non small cell lung carcinoma
(NSCLC) includes squamous cell carcinoma (SCC), adenocarcinoma and large cell carcinoma, Non small cell lung
carcinoma accounts for about 80% of the total lung cancer cases. Dihydroartemisinin (DHA) inhibits cell prolifera-
tion and induces apoptosis in several cancer cell lines. The effects of DHA on cell growth and proliferation in lung
cancer cells remain to be elucidated. Here, we demonstrate that DHA inhibited cell proliferation in the A549 lung
cancer cell line through suppression of the AKT/Gsk-3B/cyclin D1 signaling pathway. DHA significantly inhibited
cell proliferation of A549 cells in a concentration and time dependent manner as determined by MTS assay. Flow
cytometry analysis demonstrated that DHA treatment of A549 cells resulted in cell cycle arrest at the G1 phase,
which correlated with apparent downregulation of both mRNA and protein levels of both PCNA and cyclin D1. These
results suggest that DHA is a potential natural product for the treatment of lung cancer.
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Introduction accounts for about 30% of lung cancers. A hol-
low cavity and associated cell death are com-

Lung cancer is the most common cause of can- monly found at the center of the tumor [7, 8].

cer-related death in men and women, and is
responsible for 1.38 million deaths annually [1,
2]. In China, lung cancer has the highest mor-
bidity and mortality among malignant tumors
around the country, which leads to 600 thou-
sands deaths annually. Lung cancer can be
divided into two major types: non-small-cell
lung cancer (NSCLC) and small cell lung cancer
(SCLC) [1, 3, 4]. Non-small-cell lung carcinoma
(NSCLC) is subdivided into three broad catego-
ries: pulmonary squamous cell carcinoma
(SCC), pulmonary adenocarcinoma (AC) and
large cell carcinoma [5]. Prolonged cigarette

Recently, it was found that DHA inhibited both
cell proliferation and cell cycle progression of
rat aortic vascular smooth muscle cells by
inhibiting the activation of ERK1/2 and expres-
sion of c-fos [9-11]. These data suggest that
DHA could be a potential natural product for the
treatment of lung cancer. In this study, we dem-
onstrated the anti-proliferative effects of DHA
on lung cancer cells, and found that DHA inhib-
ited cell proliferation and induced cell apopto-
sis via the AKT/GSK3pB/cyclinD1 pathway.

smoking is the most common cause of lung
cancer [6], especially in China which has the
largest number of smokers (300 million) in the
world. Non-small cell lung cancer accounts for
about 80% of the total lung cancer cases in
clinic. Nearly 40% of lung cancers are adeno-
carcinoma, which usually originate in peripher-
al lung tissue. Squamous cell carcinoma

Materials and methods
Cells and cell culture

The A549 cell line was obtained from the cell
bank of the Committee on Type Culture
Collection of the Chinese Academic of Science
(CCTCC, Shanghai, China). Cells were seeded at
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Figure 1. DHA inhibited the proliferation of A549 Cells. A. MTS detection
of the proliferation of AB49 cells. A549 cells were seeded at 5000 cells/

Days

floating and attached cells were

3 OuM collected by trypsin digestion and
3 10uM low-speed centrifugation, washed
O 20}J|V| with cold PBS, and then fixed in

ice-cold 70% ethanol overnight.

B 30uM  The fixed cells were collected by

brief centrifugation and resus-
pended in PBS, after which the
cells were treated with RNaseA
and stained with propidium iodide
for 1 hour at room temperature,
and finally analyzed by FCM.

Apoptosis assay

Apoptosis was assayed using the
Annexin V-FITC Apoptosis Kit

well in 96-well plates and treated with different concentrations of DHA (0 (Keygen, China) according to the
uM, 10 uM, 20 uM and 30 uM) for the indicated days. Cell proliferation =~ manufacturer’s instructions. Bri-
was determined by the MTS assay, the y axis represent cell proliferation  efly, the cells were harvested and

percent of control. *P < 0.05.

a density of 1 x 10* cells/cm? and maintained
in DMEM growth media supplemented with
10% fetal bovine serum (FBS, Gibco), 100 U/ml
penicillin and 100 mg/ml streptomycin, in a
humidified atmosphere of 5% CO, at 37°C.

Cell proliferation assay

Cell proliferation was determined using the
MTS assay (Promega). Cells were seeded at a
concentration of 5000 cells/well in 24-well
plates and incubated for 1, 2, 3, 4 and 5 days.
At each time point, 100 pl media and 20 yl MTS
was added to each well. Following incubation at
37°C for 2 hours, absorbance at 490 nm was
detected using the spectrometer.

Flow cytometry

A549 cells (2 x 10°) were plated in 100-mm
plates with 15 ml of media, with or without
DHA. After 2 days, the cells were resuspended
in PBS containing 1% Triton X, 0.1 mg/ml RNase
A, and 0.05 mg/ml propidium iodide. The cells
were subjected to FACS caliber flow cytometry,
and the percentage of cells in each phase of
the cell cycle was obtained using Modfit
software.

Cell cycle assay

The cell cycle was analyzed by using flow cytom-
etry (FCM) with propidium iodide staining. Both
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washed twice with PBS, followed

by resuspension in Annexin-V
binding buffer, and then FITC-conjugated
Annexin V and Pl were added. After incubation
for 10 min at room temperature in the dark,
another binding buffer was added, and the
samples were immediately analyzed using
FCM.

Quantitative RT-PCR

Total RNA was isolated from the cultured cells
using Trizol reagent (Invitrogen) according to
the manufacturer’s instruction. Reverse tran-
scription of total RNA was carried out at 42°C
for 50 min and then at 70°C for 15 min using
the SuperScriptTM first strand synthesis sys-
tem (Invitrogen). The resulting single-stranded
cDNA was amplified by PCR using primers spe-
cific for proliferating cell nuclear antigen (PCNA)
(forward primer, 5’-GAAGCCACCCACACCATCAC-
3’;reverse primer, 5-TTCTTCAAAAATCTGACCA-
TTCCAA-3’), CyclinD1 (forward primer, 5-GAG-
GAGCAGCTCGCCAA-3’; reverse primer, 5-CT-
GTCAAGGTCCGGCCAGCG-3’), and beta-actin
(forward primer, 5-TGGTCCTCTGGGCATCTCAG-
GC-3’; reverse primer, 5-GGTGAACCTGCTGT-
TGCCCTCA-3’). Quantitative real-time PCR was
performed using the SYBR Premix ExTaq Il
(TLiRNaseH Plus) (TaKaRa, Otsu, Japan) with a
CFX96 Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA). Three independent
experiments were performed. The resulting
data were expressed as mean + SE.
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Figure 2. DHA induced cell cycle arrest at G1 phase in A549 cells. A. A549 cells treated with O uM, 10 uM, 20 uM
and 30 uM DHA for 48 hours were subjected to flow cytometry analysis of the cell cycle distribution. B. Quantification
of the dataset from A. C. A549 cells were treated with O uM, 10 Mm, 20 uM and 30 uM DHA 48 hours, respectively.
RT-PCR analysis was done to determine the mRNA levels of PCNA, cyclin D1 and actin. D. Quantification of PCNA and
Cyclin D1 mRNA levels from RT-PCR as in C. The mRNA levels of PCNA and Cyclin D1 were normalized to beta-actin.
E. Total proteins were extracted for the immunoblotting of PCNA, cyclin D1 and actin. F. Quantification of PCNA and
Cyclin D1 levels from immunblots as in E. The protein levels of PCNA and Cyclin D1 were normalized to beta-actin.

*P < 0.05.

Immunoblotting analysis

Cells were lysed with RIPA buffer (Beyotime,
China) and boiled for 5 minutes. The protein
concentration of each lysate was measured
using the BCA method (Beyotime, China). Equal
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quantities of protein from each cell lysate were
separated on SDS-polyacrylamide electropho-
resis gels and transferred to PVYDF membranes
(Millipore, Billerica, MA). The membranes were
blocked with 5% skim milk, incubated with each
primary antibody overnight at 4°C, washed with
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TBST buffer (10 mM Tris-HCI pH 7.4, 150 mM
NaCl, 0.05% Tween 20) and incubated with sec-
ondary antibodies. The proteins were visualized
using enhanced chemiluminescence (GE
Healthcare Biosciences)

Statistical analysis

All experiments were performed at least three
times and statistical analysis was done using
the SPSS17.0 package (SPSS Inc., Chicago,
USA). The values were expressed as mean with
SD. The ANOVA test was used whenever more
than two groups were compared, and the sig-
nificance level was set at P < 0.05. P values of
less than 0.05 ("P < 0.05) were considered to
be statistically significant.

Results
DHA inhibits cell proliferation of A549 cells

To determine the effects of DHA on cell prolif-
eration, we treated A549 cells with O uM, 10
UM, 20 uM and 30 uM DHA for 1 day to 5 days,
and determined cell proliferation by MTS assay.
DHA did not affect cell viability at day one
(Figure 1). From the second to fifth day, DHA
inhibited cell proliferation in a concentration
and time dependent manner. Treatment of
A549 cells with 10 uM DHA for 5 days and 30
MM DHA for 4 days resulted in 75% of loss of
cell viability.

DHA induces cell cycle arrest

To identify the mechanism by which DHA inhib-
its cell proliferation, we treated A549 cells with
0 uM, 10 uM, 20 uM and 30 uM DHA for 48
hour and analyzed the cell cycle distribution by
flow cytometry. DHA significantly arrested cells
at G1 phase of the cell cycle and induced a sub-
G1 peak, indicating cell apoptosis (Figure 2A).
Compared with the control, treatment of cells
with 30 uM DHA resulted in 89.54% of cells
arrested at G1 phase and 11.62% of cells in
sub-G1 (Figure 2B). Thus, DHA prevented cell
cycle progression from G1 to S phase transition
and induced apoptosis in A549 cells.

G1 phase progression is controlled by cyclin D
dependent kinases 4, 6 (CDK4/6) and PCNA.
We asked whether DHA inhibits the activity of
CDK4/6. We determined the gene expression
of PCNA and cyclin D1, the major regulator of
CDK4/6, by examining the mRNA levels of
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PCNA and cyclin D1 in A549 cells, treated with
0 uM, 10 pM, 20 uM and 30 uM DHA for 48
hours. The mRNA levels of both PCNA and cyclin
D1 were significantly reduced by 10 uM DHA
and almost ablated by 30 uM DHA (Figure 2C,
2D). Consistent with these findings, we showed
that DHA significantly reduced the protein lev-
els of both PCNA and cyclin D1 (Figure 2E, 2F).
To gain further insight into the molecular mech-
anisms by which DHA arrested cell cycle at the
G1 phase, we detected p21 protein levels and
found that DHA increased p21 in a concentra-
tion-dependent way (Figure 3B, 3C). The results
indicated that DHA inhibited cell proliferation
by down-regulating PCNA gene expression and
prevented G1 to S phase progression through
blocking cyclin D1 expression.

DHA increases the ratio of Bax/Bcl-2 and the
activation of caspase 3 and cytochrome-c

To determine the induction of apoptosis by DHA
(Figure 2B), we treated A549 cells with O yM,
10 uM, 20 pM and 30 uM DHA for 72 hours,
stained the cells with Pl and observed cell mor-
phology under microscope. The cell nucleus
became condensed when treated with 5 yM
DHA for 72 hours. Moreover, 10 yM and 30 uM
DHA for 72 hours induced apparent apoptotic
bodies and nuclear cleavage (Figure 3A). To
confirm our findings, we determined the protein
levels of Bax and Bcl-2 by immunoblotting. Bax
protein was gradually induced with the increase
in dosage of DHA. In contrast, Bcl-2 was signifi-
cantly down-regulated as the concentration of
DHA increased (Figure 3B), indicating that DHA
induces cell apoptosis by increasing the ratio of
Bax/Bcl-2 (Figure 3C). To corroborate these
observations, we further detected activated
Caspase-3 and cytochrome-c in A549 cells
treat with DHA. Interestingly, DHA significantly
increased the activated-Caspase3 and cyto-
chrome-c protein levels in a dose dependent
manner (Figure 3D, 3E).

DHA inhibits activation of the AKT/GSK-3[3
pathway

Arrest of cells in the G1 phase of the cell cycle
provides a window for the induction of cell
apoptosis. To determine whether DHA inhibits
cell proliferation via down-regulation of the
AKT/GSK pathway, we examined the expres-
sion of AKT, GSK-3[3, p-AKT and p-GSK-3 in
A549 cells treated with DHA. DHA did not affect

Int J Clin Exp Pathol 2014;7(12):8684-8691
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Figure 3. DHA induced apoptosis in A549 cells by increasing p21, Bax, cytochrome-c and active caspase 3 protein
level and inhibiting Bcl-2. A. Immufluorescence microscopy analysis of 549 cells treated with O uM, 10 uM, 20
UM and 30 uM DHA for 72 hours. Cells were stained with propidium iodide. The condensed nucleus and cleaved
nucleus were enhanced by 20 uM and 20 uM DHA as the arrow indicates. B. DHA cells were treated with O uM, 10
UM, 20 uM and 30 uM of DHA 48 hours, respectively. Western blots were performed to detect the protein levels of
p21, Bax, Bcl-2 and actin. C. Quantification of p21, Bax and Bcl-2 protein levels from immunblots in B. The protein
levels of p21, Bax and Bcl-2 were normalized to beta-actin. D. A549 cells were treated as in B. Western blots were
performed to detect the protein levels of cytochrome-c and active-Caspase 3. E. Quantification of cytochrome-c and
active-Caspase 3 levels from immunoblots as in D. The protein levels of cytochrome-c and active-Caspase3 were
normalized to beta-actin. *P < 0.05.

the total protein levels of AKT and GSK-383, but Discussion

did dramatically decrease p-AKT or p-GSK-3(3

levels (Figure 4A). The p-AKT and p-GSK-3(3 sig- In this study, we believe that this is the first time
nals were 8 times and 13 times lower in cells that it has been shown that DHA inhibited cell
treated with 30 uM DHA than levels observed proliferation and induced cell apoptosis in the
in the control cells (Figure 4B), indicating that lung cancer A549 cell line. This was accompa-
DHA blocks cell proliferation via inhibition of nied by downregulation of AKT/GSK-3 signal-
the AKT/GSK-3[3 pathway. ing. Many new therapeutic strategies have
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Figure 4. DHA reduced the activity of the AKT/GSK-3[ pathway. A. A549 cells were treated with O uM, 10 uM, 20
UM and 30 uM DHA for 48 hours, respectively. Total proteins were extracted for the immunoblotting of AKT, p-AKT,
GSK-3beta, p-GSK-3beta and actin. B. Quantification of p-AKT and p-GSK-3beta levels from immunoblots in A. The
protein levels of p-AKT and p-GSK-3beta were normalized to beta-actin. *P < 0.05.

been explored for the treatment of lung cancer.
For example, the semi-synthetic epothilone B
derivative, ixabepilone, has been demonstrat-
ed as having potent anti-tumor activity against
lung cancer cells [12, 13]. Targeting of Notch
signaling pathway with drugs such as the
y-secretase inhibitors also showed a promising
future development for the treatment of lung
cancer [14]. In this study, we found that DHA
down-regulated the AKT pathway, one of the
key cancer cell growth-promoting signaling
pathways. Moreover, DHA induced A549 cell
apoptosis by increasing the ratio of Bax/Bcl-2
and the levels of active caspase-3 and cyto-
chrome-c. Thus, we propose that DHA is a
promising therapeutic agent for the treatment
of lung cancer. Our data demonstrated that
DHA inhibits the proliferation of lung cancer
A549 cells. Self-sufficiency in cell growth and
resistance to anti-proliferative signaling are
hallmarks of cancer cells. To ensure homeosta-
sis of the cell number and maintenance of nor-
mal tissue architecture and function, normal
tissues tightly control the production and
release of growth-promoting signals, which
instruct entry to and progression through the
cell growth and division cycle. Cancer cell has
obtained the capability of deregulating these
signal pathways that regulate progression
through the cell cycle as well as cell growth. In
our experiment, DHA inhibited the growth of
A549 cells in a concentration and time depen-
dent manner. FCM analysis demonstrated that
DHA arrested A549 cell cycle at G1 phase.
PCNA is one of the most important factors gov-
erning cell proliferation. DHA significantly
reduced both the mRNA and protein levels of
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PCNA. Cyclin D1 is the major G1 phase cyclin
and over-expressed in most cancer cells. We
found that cyclin D1 mRNA and protein levels
were significantly down-regulated by DHA. AKT-
Gsk-3[3 signaling promotes cell cycle progres-
sion by upregulating the positive regulators of
cell growth including PCNA and cyclin D1 [15-
17]. In agreement with the reduction of PCNA
and cyclin D1, DHA dramatically inhibited the
activation of the AKT/GSK-3f signaling path-
way in A549 cells. Our data suggest that DHA
inhibits A549 cell proliferation via the AKT/
GSK-3B-cyclinD1 signal pathway.

In addition, we found that DHA induced cell
apoptosis in A549 cells as evidenced by nucle-
ar condensation. The ratio of Bax/Bcl-2, active
caspase-3 and cytochrome-c protein are criti-
cal factors for the induction of apoptosis [18-
21]. Consistent with these findings, DHA
increased the ratio of Bax/Bcl-2 and up-regu-
lated the protein levels of active caspase-3 and
cytochrome-c.

In conclusion, our study demonstrated that
DHA inhibited cell proliferation in A549 cells
through suppression of the AKT/Gsk-3p/
cyclinD1 signaling pathway. Furthermore, DHA
induced apoptosis by increasing the ratio of
Bax/Bcl-2 and active caspase-3 and cyto-
chrome-c, suggesting that DHA is a potential
drug for the therapy of lung cancer.
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