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Costunolide induces G1/S phase arrest and activates
mitochondrial-mediated apoptotic pathways in
SK-MES 1 human lung squamous carcinoma cells
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Abstract. Despite the availability of several therapeutic
options, a safer and more effective modality strategy is
required for the treatment of lung cancer. Costunolide, a
sesquiterpene lactone which isolated from the Saussurea
lappa, has potent anticancer properties. In the present study,
the effects of costunolide on cell viability, the cell cycle and
apoptosis in SK-MES-1 human lung squamous carcinoma
cells were investigated. Costunolide induced morphological
changes and inhibited growth of SK-MES-1 cells growth.
Flow cytometric analysis data demonstrated that costunolide
significantly induced apoptosis of SK-MES-1 cells and induced
cell cycle arrest at G1/S phase in a dose-dependent manner.
Through upregulation in the expression of p53 and Bax, and
downregulation in the expression of Bcl-2 and activation of
caspase-3, costunolide-induced apoptosis was confirmed by
western blot analysis. In addition, the significant loss of mito-
chondrial membrane potential indicated that costunolide may
induce apoptosis via the mitochondria-dependent pathway in
SK-MES-1 cells. These results highlight the potential effects
of costunolide as an anti-cancer agent in a human lung squa-
mous carcinoma cell line.

Introduction

Lung cancer remains the leading cause of cancer-related
mortality globally, with non-small-cell lung cancer (NSCLC)
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accounting for ~85% of total lung malignancies (1). At present,
chemotherapy plays a critical role in the treatment of lung
cancer (2). While the prevailing chemotherapy regimens can
significantly suppress symptoms and improve quality of life
for lung cancer patients, there is little effect on prolonging
their overall survival (3,4). Therefore, improved therapeutic
options for lung cancer are urgently needed.

There is increasing evidence that phytochemicals from
Chinese medicinal herbs may show promise as alternative
therapeutic resources for treating malignancies (5-7). Sesqui-
terpene lactones are predominantly isolated from members of
the Compositae and Magnoliaceae plant families, and have
attracted widespread attention due to their anti-tumor and
anti-inflammatory activity, (8,9). Costunolide, a sesquiter-
pene lactone, which is isolated from Chinese herb Saussurea
lappa, is a popular herbal remedy, with anti-ulcer (10),
anti-inflammatory (11), anti-fungal (12) and anti-viral proper-
ties (13). Previous research has reported that costunolide can
inhibit the expression of inducible nitric oxide synthase and
the DNA-binding activity of NF-kB (14,15). Furthermore,
costunolide potentiates 1,25-(OH)2D3-induced differentiation
in HL-60 promyelocytic leukemia cells by modulating NF-xB
activation (16,17). Previous studies have demonstrated that
costunolide has anti-tumor potential by inhibiting prolifera-
tion, inducing apoptosis and reducing invasion and metastasis
in a number of tumor cells including intestinal neoplasia
and melanoma, leukemia and hepatocellular carcinoma
cells, and cervical, prostate, bladder, colon and breast cancer
cells (6,18-25). The effects of costunolide on human lung squa-
mous carcinoma cells are still unknown. The present study
aimed to elucidate the effects of costunolide on the prolifera-
tion of SK-MES-1 cells, and to explore the possible mechanism
of costunolide-induced apoptosis in this lung cancer cell line,
in order to assess its potential as a future therapeutic option for
lung cancer patients.

Materials and methods
Materials. The SK-MES-1 human lung squamous carci-

noma cell line was a gift from Dr. T.H. Ma (Jilin University
Bethune Second Hospital, Changchun, China). Costunolide
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was purchased from the Tongtian (Shanghai, China), and
was dissolved in dimethyl sulfoxide (DMSO), purchased
from Shenggong (Shanghai, China) to make a stock solution.
Fetal bovine serum (FBS) was purchased (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA). 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Hoechst 33342, Dulbecco's Modified Eagle's Medium
(DMEM) and rhodamine-123 mitochondrial specific fluores-
cent dye were purchased from Sigma-Aldrich, St. Louis, MO,
USA. The cell cycle analysis and reactive oxygen species assay
kits were purchased from Beyotime Institute of Biotechnology
(Shanghai, China). BCA protein assay kit and Annexin V-FITC
apoptosis detection kit were purchased from Nanjing KeyGen
Biotech Co., Ltd., (Nanjing, China). Polyclonal anti-mouse
antibodies raised against f3-actin (catalog no., AA128; dilu-
tion, 1:2,000), p21 (catalog no., AP021; dilution, 1:500),
p27 (catalog no., AP027; dilution, 1:500) and phospho-Rb
(catalog no., AR092); dilution, 1:1,000), as well as horse-
radish peroxidase (HRP)-conjugated secondary antibodies
(goat anti-mouse IgG; catalog no., A0216; dilution, 1:1,000)
were purchased from Beyotime Institute of Biotechnology.
Polyclonal antibodies raised against Bax (catalog no., 27725;
dilution, 1:1,000), Bcl-2 (catalog no., 2876S; dilution, 1:1,000),
pro-caspase-3 (catalog no., 9662P; dilution, 1:1,000), p53
(catalog no., 9282S; dilution, 1:1,000), poly-ADP-ribose
polymerase (PARP; catalog no., 9542S; dilution, 1:1,000) and
horseradish peroxidase-conjugated secondary antibodies (goat
anti-rabbit IgG; catalog no., 7074P2; dilution, 1:2,000) were
purchased from Cell Signaling Technology, Inc., Shanghai,
China. Western Blotting detection kit was purchased from
EMD Millipore (Billerica, MA, USA).

Cell culture.Human lung squamous carcinoma SK-MES-1 cells
were cultured in DMEM nutrients mixture supplemented with
10% FBS at 37°C in a humidified atmosphere with 5% CO,
Cells were cultured in 10 cm culture dishes and allowed to
reach ~70% confluence before being used in experiments.

Cell growth inhibition assay. The cytotoxic effects of the
costunolide on the cell were determined using the MTT
assay. Briefly, SK-MES-1 cells were seeded at a density of
1x10* cells/well in 96-well plates and incubated overnight.
Cells were treated with drug monomer with different concen-
trations. Each of the total incubation volume well was 100 pl.
Following 24 h of incubation, 10 ul MTT was added to each
well and incubated for an additional 4 h. The supernatants were
then removed and 150 I DMSO was added to dissolve the
formazan crystals. In this assay, viable cell number is directly
proportional to the production of formazan. Absorbance was
then read in a Varioskan™ Flash Multimode Reader (Thermo
Scientific) at a wavelength of 570 nm. The assay was repeated
three times. The half maximal inhibitory concentration (ICs)
values were calculated using GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA, USA)

The percentage of inhibition, the inhibitory ratio (IR), was
calculated in the present study using the following formula:
IR (%) = (As; [control] - Ay, [sample]) / Agy, [control] x100%.

Flow cytometric cell cycle analysis. Cell cycle analysis was
detected by flow cytometry using a propidium iodide (PI)
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cell cycle detection kit (catalog no., C1052; Beyotime Insti-
tute of Biotechnology). Briefly, SK-MES-1 cells were seeded
into 6-well plates and incubated overnight. Costunolide at
concentrations of 0, 40 and 80 M was added to the wells
and incubated for a further 24 h. Cells were then harvested
and fixed in 500 ul 70% ice-cold ethanol at 4°C for 2 h.
Then, samples were washed with phosphate-buffered saline
(PBS) and incubated with RNase A and PI staining solution,
according to the manufacturer's instructions.

Nuclei fragmentation analysis by Hoechst 33342 staining.
SK-MES-1 cells were treated with 0, 40 and 80 xM costunolide
for 24 h. The cells were fixed with 4% paraformaldehyde for
30 min at room temperature. After washing with PBS, the cells
were stained with Hoechst 33342 (10 ug/ml) at 37°C for 20 min in
the dark. Finally, the cells were washed and resuspended in PBS
for the observation of nuclear morphology using an Olympus
1X71 fluorescence microscope (Olympus Corp., Tokyo, Japan).

Apoptosis analysis by flow cytometry using annexin-PI staining.
The apoptosis of SK-MES-1 cells was assessed by flow cytometry
using annexin V-FITC/PI staining. Briefly, the SK-MES-1 cells
were seeded into 6-well plates and incubated overnight. Costuno-
lide at concentrations of 0, 40 and 80 uM was added to the cells
and incubated for 24 h. The cells were then collected, washed,
and resuspended in PBS. The apoptotic cell death rate was
examined by Annexin V-FITC and PI double staining using the
Annexin V-FITC apoptosis detection kit (catalog no., KGA105;
Nanjing KeyGen Biotech Co., Ltd.), according to the manufac-
turer's instructions. Following the Annexin V and PI staining, the
cells were subjected to flow cytometric analysis and data were
analyzed using Cell Quest software.

Flow cytometric determination of mitochondrial membrane
potential (A¥Ym). Rhodamine 123 was used to evaluate
perturbations in mitochondrial transmembrane potential in
SK-MES-1 cells by flow cytometry. Briefly, SK-MES-1 cells
were plated in 6-well dishes and cells were treated with 0O,
40 and 80 uM of costunolide for 24 h. Cells were collected in
centrifuge tube and resuspended in 500 1 PBS, and then incu-
bated with the rhodamine 123 (10 xM; Sigma-Aldrich) at 37°C
for 20 min. Cells were centrifuged at 1500 rpm for 5 min, the
supernatant was removed, and cell pellets were gently rinsed
once with PBS, then resuspended in 200 1l PBS. Following
filtration, the suspension was analyzed by flow cytometry.

Western blot analysis of protein expression. To evaluate the
effect of costunolide and reveal the mechanism of apoptosis
induction, western blotting was used to measure the expression
levels of apoptosis-related proteins. Firstly, SK-MES-1 cells
were treated with 0,40 and 80 xM of costunolide for 24 h. Both
adherent and floating cells were collected in 15 ml centrifuge
tubes and washed with PBS. The cell pellets were resuspended
in RIPA lysis buffer and were then ultrasound lysed on ice.
After centrifugation for 5 min, the supernatant was collected
and the protein content of the supernatant was determined
using a bicinchoninic acid assay (BCA) protein assay kit, and
the protein samples were stored at -80°C. Protein lysates were
separated by electrophoresis on a 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel and transferred to a polyvinylidene
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Figure 1. (A) Chemical structures of costunolide. (B) Costunolide-induced growth inhibition of SK-MES-1 cells. The cells were exposed to the indicated
concentrations of costunolide for 24 and 48 h, and the percentages of growth inhibition and viability were measured. Data are expressed as mean + SD of
three independent experiments. (C) Effect of costunolide on cell cycle distribution. SK-MES-1 cells were treated with 0, 40 and 80 M of costunolide for 24 h
and then stained with propidium iodide for flow cytometric analysis. Histograms show the numbers of cells/channel (y-axis) vs. DNA content (x-axis). Values
indicate the percentages of cells in the corresponding phases of cell cycle. (D) Data are expressed as mean + SD of three independent experiments. Columns
not sharing the same superscript letter differ significantly, ““P<0.01 and “P<0.05 compared to the control.

fluoride membrane. The membranes were then soaked in
blocking buffer (5% skimmed milk) for 1 h. To probe for the
proteins of interest, membranes were incubated overnight at 4°C
with the relevant aforementioned antibodies, followed by appro-
priate HRP-conjugated secondary antibodies and enhanced
chemiluminescence reagents (catalog no., WBKLS0100; EMD
Millipore). A Gel-Pro Analyzer (Gel-Pro 32, version 4.0; Media
Cybernetics, Inc., Rockville, MD, USA) was used to extract
qualitative and quantitative information from the electropho-
retic gels to document and store the western blot data.

Statistical analysis. Data were expressed as the mean + stan-
dard deviation. Comparisons were made using a one-way
ANOVA, followed by Dunnett's test. P<0.05 was considered
to indicate a statistically significant difference.

Results

Effect of costunolide on SK-MES-1 cell proliferation. To
detect the effect of costunolide (structure shown in Fig. 1A)

on the proliferation of SK-MES-1 cells, an MTT assay was
performed. The results demonstrate that costunolide reduced
cell viability in a time- and dose-dependent manner (Fig. 1B).
The ICs, values were ~60 uM after 24 h of treatment, and
~50 uM following 48 h of costunolide treatment.

Costunolide induces cell cycle arrest in SK-MES-1 cells.
Cell cycle arrest is one of the major causes of cell growth
inhibition. In order to find out whether cell growth inhibition
was due to cell cycle arrest at a specific phase of cell cycle,
the cell cycle profile was determined by PI staining and flow
cytometry analysis. The results demonstrate that costunolide
arrested the cell cycle at G1/S phase in a dose-dependent
manner (Fig. 1C).

Costunolide induces apoptotic cell death in SK-MES-1 cells.
DNA fragmentation and loss of plasma membrane asymmetry
are the major features of apoptotic cell death. The effect of
costunolide on cell death was analyzed by observing the
nuclear morphological changes using Hoechst 33342 staining
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Figure 2. (A) Induction of apoptosis by costunolide in SK-MES-1 cells, detected using Hoechst 33342 staining. SK-MES-1 cells were treated with 40 and 80 uM
costunolide for 24 h and nuclear morphological changes were imaged using fluorescent microscopy. Apoptotic changes, such as condensed chromatin and
fragmented nuclei are indicated by arrows. (B) Apoptosis induced by costunolide in SK-MES-1 cells. SK-MES-1 cells were treated with (a) 0 M, (b) 40 uM
and (c) 80 uM costunolide for 24 h, then stained with FITC-conjugated Annexin V and PI using flow cytometric analysis. (C) Quantification of cell apoptosis.
Data are expressed as mean + SD of three independent experiments. ““P<0.001 compared to the control. (D) The effects of costunolide on mitochondrial
transmembrane potential of SK-MES-1 cells were determined by flow cytometry. The values indicate the percentages of rhodamine 123 fluorescence in the
SK-MES-1 cells treated without (control) and with 40 M and 80 M of costunolide for 24 h. The data shown are representative of three independent experi-
ments with the similar results. (E) Data are expressed as mean + SD of three independent experiments. Columns not sharing the same superscript letter differ

significantly, “P<0.05 and ““P<0.01 compared with the control.

and fluorescent microscopy. As shown in Fig. 2A, costu-
nolide induced obvious nuclear morphological changes,
including nuclear shrinkage and DNA fragmentation in
SK-MES-1 cells in a dose-dependent manner. Induction of
apoptosis was further confirmed by Annexin V-FITC and PI
staining (Fig. 2B).

Costunolide induces apoptosis in SK-MES-1 cells and
mitochondrial membrane potential. To further investigate
costunolide-induced inhibitory effect, SK-MES-1 cells
were treated with costunolide as described in the methods
section, and the percentage of cells undergoing apoptosis or
necrosis was determined using flow cytometric analysis with
annexin V-FITC and PI staining. The results demonstrate that

costunolide treatment induced apoptosis in a dose-dependent
manner (Fig. 2B). A significant increase was observed in
early apoptosis in experimental group compared to control
group (Fig. 2B and C). The effects of costunolide on the
mitochondrial membrane potential of SK-MES-1 cells were
determined by flow cytometry using rhodamine 123 staining.
The results demonstrated that rates of depletion of mitochon-
drial membrane potential were reduced following costunolide
treatment (Fig. 2D and E).

Effect of costunolide on the expression of cell cycle regula-
tors. To elucidate the molecular mechanism underlying G1/S
phase arrest induced by costunolide, the key proteins involved
in the regulation of G1/S transition in SK-MES-1 cells
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Figure 3. (A) Effect of costunolide on the expression of cell cycle regulators. SK-MES-1 cells were treated with 0, 40 and 80 M costunolide for 24 h. The
expression of p53, p21, p27 and phospho-retinoblastoma (pRb) were determined by western blot analysis. (B) Effect of costunolide on the expression of apotosis
regulators. SK-MES-1 cells were treated with 0, 40 and 80 M costunolide for 24 h, respectively. The expression of Bcl-2, Bax, Caspase 3 and PARP were
determined by western blot analysis. (C) Data are expressed as mean + SD of three independent experiments. Columns not sharing the same superscript letter

differ significantly, "P<0.05 and “P<0.01 compared with the control.

were investigated. Cells were treated with different doses
of costunolide (40, 80 uM) for 24 h .The expression of p53,
p21, p27 and pRb proteins were analyzed by western blotting.
Treatment with costunolide led to upregulation the expression
of p53, p27 and p21, decreased the expression of pRb in a
dose-dependent manner in SK-MES-1 cells (Fig. 3A, C).

Effect of costunolide on the expression of apoptosis regu-
lators. The results of the present study demonstrated that
costunolide increases the protein expression levels of
p53, which is related to Bcl-2 protein family. The expres-
sion of Bax and Bcl-2 was examined by western blot in
SK-MES-1 cells treated with 0, 40 and 80 M of costuno-
lide for 24 h. The results demonstrated that the expression
of Bax was markedly increased following treatment with
costunolide, accompanied with decreased expression of
Bcl-2 in a dose-dependent manner. Next, we examined the
effect of costunolide on caspase-3 activation by western blot
analysis. The results demonstrated that expression of cleaved
PARP (85 kDa fragment) and procaspase 3 were decreased
following costunolide treatment (Figs. 3B and C).

Discussion

The aim of the present study was to identify a novel thera-
peutic agent to target lung cancer. Sesquiterpene lactones are
phytochemicals derived from Chinese medicinal herbs, and
have been demonstrated previously to have anti-neoplastic and
anti-inflammatory activities (8). Costunolide is a well-known
sesquiterpene lactone and a number of previous studies have
shown that it has a broad spectrum of cytotoxicity against
human cancer cell lines of different origins (6,18,20-22,26,27).

In the present study, the inhibitory effect of costunolide on the
proliferation of lung cancer cells SK-MES-1 was investigated in
vitro. The results of the MTT assay demonstrated that costuno-
lide reduced cell viability in a time- and dose-dependent manner
(Fig. 1B). Previous studies have revealed that cell cycle arrest and
apoptosis are two mechanisms involved in the induction of cell
death (28). Studies on cell cycle regulation have shown that cell
cycle progression is tightly controlled by various checkpoints in
normal cells while alterations in the checkpoints of cell cycle
progression lead to aberrant cell proliferation and development
of cancer (29). Tumor cells frequently acquiring defects in the
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checkpoints leads to unrestrained proliferation (30). Many
anti-tumor drugs induce cell cycle arrest at a specific check-
point and thereby induce apoptosis (31,32). The present study
identified that costunolide-induced cell cycle arrest at G1/S
phase is accompanied by a reduction in G2/M and S phase in
a dose-dependent manner by using flow cytometric analysis.
These findings are in line with other reports (21). Furthermore,
the current study provided evidence that G1/S phase cell cycle
arrest is one of the mechanisms in the growth inhibitory effect
of costunolide in SK-MES-1 cells. In addition to cell cycle
arrest, costunolide exerts its cytotoxic effects via the induction
of apoptosis in SK-MES-1 cells. These data strongly suggested
that the cytotoxic effect of costunolide in SK-MES-1 cells via
induction of apoptosis, and in agreement with previous studies,
induction of other cancer cells including leukemia (16), pros-
tate cancer cells (21), ovarian cancer cells (27) and bladder
cancer cells (6).

P53, a tumor suppressor protein, plays a key role in the
regulation of cell cycle progression, checkpoint activation
and apoptosis (33,34). The data presented herein suggest that
costunolide treatment upregulates the expression of p53 protein
and increases the expression of p21, a downstream target of
p53. The cell cycle dependent kinase inhibitor p21, one of the
Clp family members, is located downstream of the p53 gene.
Cell cycle proteins p21 and protein kinase 2/E, lead to inhib-
iting the activity of the complexes and retinoblastoma protein
(Rb) phosphorylation. Rb cannot release the E2F subunit,
which participate in DNA synthesis (35). As a result, cell cycle
arrested in GI1 phase. In addition, p27 is a cyclin-dependent
kinase inhibitor which controls G1/S transition by inhibiting
the activity of a wide variety of cyclin/cyclin dependent kinase
(CDK) complex (36). In the present study, costunolide-treated
SK-MES-1 cells decreased in the expression of p27. Our data
showed that the costunolide-mediated G1/S phase cell cycle
arrest in SK-MES-1 cells was associated with the increase
expression of p27. These findings may explain in part the
mechanisms underlying G1/S phase arrest, and further studies
are required to fully elucidate these molecular mechanisms.

Many reports have shown that p53 is a tumor suppressor
protein which triggers apoptosis by inducing mitochondrial
membrane permeabilization through regulating the expres-
sion of apoptosis mediated proteins (37,38). The Bcl-2 protein
family is a large family of apoptosis regulating proteins that
modulate the mitochondrial pathway and includes anti-apop-
totic proteins and pro-apoptotic proteins such as Bcl-2 and
Bax (39). To explore the further molecular mechanisms under-
pinning costunolide-induced apoptosis in SK-MES-1 cells,
the expression of Bax and Bcl-2 protein in SK-MES-1 cells of
each group was examined. The results demonstrated that the
expression of Bax gradually increased and Bcl-2 decreased in
treatment groups in a dose-dependent manner. Taken together,
these data demonstrate that p53 plays a critical role in costuno-
lide-mediated apoptosis in SK-MES-1 cells.>

As the expression of Bax increases, a significant reduc-
tion in mitochondrial transmembrane potential is observed
in the cells of treatment groups. Mitochondrial permeability
transition pores are opened, which lead to the release of
cytochrome C and other pro-apoptotic molecules from inter-
membranous space to cytosol, activating downstream caspases
and ultimately caspase 3 (40). Caspase 3 is a frequently
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activated death protease which cleave PARP, a DNA repair
enzyme (41). The present study demonstrated the cleavage of
PARP into its 85 kDa fragment and the decreased expression
of procaspase 3. Our results clearly demonstrate that the mito-
chondrial-mediated caspase activation pathway is involved in
costunolide-mediated apoptosis in SK-MES-Icells.

While the mechanisms of the growth inhibitory effect of
costunolide in some cancer cells have previously been demon-
strated (6,19,25,27), our study is the first time to describe
this in human lung squamous carcinoma cells. In conclusion,
costunolide induced apoptosis in SK-MES-1 cells accompany
with a marked loss of G1/S phase cells. Costunolide-induced
apoptosis marked with upregulation of Bax and p53, down-
regulation of Bcl-2 and caspase-3 with cleaved PARP in a
dose-dependent manner. These findings identify that costuno-
lide may become a potential therapeutic target for the future
development of anti-lung cancer agents.
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