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Artesunate altered cellular mechanical properties leading to
deregulation of cell proliferation and migration
in esophageal squamous cell carcinoma
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Abstract. Esophageal squamous cell carcinoma (ESCC) is one
of the mostcommon types of cancer in China. Artesunate (ART)
is used clinically as an anti-malarial agent and exhibits potent
antiproliferative activity. In addition, ART has demonstrated
remarkable antitumor activity, presenting a novel candidate for
cancer chemotherapy. However, its effect on ESCC remains
unknown. The present study analyzed the antitumor effects of
ART in the KYSE-150 ESCC line by assessing cell prolifera-
tion, cell death, cell migration/invasion and the biomechanical
properties of ART-treated KYSE-150 cells. ART treatment
significantly suppressed the proliferation of KYSE-150 cells
in a dose- and time-dependent manner, as assessed by MTT
assay. Following treatment with 30 mg/l ART, the cell
population in the G,/G, phase and the level of cell apoptosis
significantly increased from 54+1.5 to 68.1+0.3%, and from
4.53+0.58 to 12.45+0.62%, respectively. Furthermore, the
cell migration and invasion of KYSE-150 cells treated with
30 mg/l ART was markedly inhibited. The cell membrane and
biomechanical properties were investigated using atomic force
microscopy, as targets of ART action. ESCC cells treated with
30 mg/l ART exhibited increased adhesive force, increased
cytomembrane roughness and reduced elasticity compared
with the control group (KYSE-150 cells without ART
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treatment). The biomechanical properties of KYSE-150 cells
treated with 30 mg/l ART were similar to those of the SHEE
normal human esophageal epithelial cell line. In conclusion,
the present study demonstrated that ART may inhibit cell
proliferation and migration in ESCC through changes in the
biomechanical properties of the ESCC cells.

Introduction

Esophageal cancer (EC) is the sixth leading cause of
cancer-associated death worldwide, and the incidence and
mortality associated with esophageal squamous cell carci-
noma (ESCC) is highest in China in comparison with other
countries (1). Current treatment options for cancer are based
on surgery, chemotherapy and radiation therapy. However,
the development of drug resistance and the severe side effects
of chemotherapy remain unresolved problems in clinical
oncology and reduce successful therapeutic outcomes of
chemotherapy (2). Therefore, the identification of improved
novel anticancer compounds is required. Artesunate (ART)
is a semi-synthetic derivative of artemisinin extracted from
the Chinese herb Artemisia annua and is a safe and effective
anti-malarial drug (2). In addition to anti-malarial activity,
previously published studies indicate that artemisinin and its
derivatives are active against cells from a broad spectrum of
types of cancer (3-8). Cell proliferation of >70 cell lines from
different tumor types are inhibited by ART and its associated
compound artemisinin (9,10). However, the effects of ART on
the growth, cell cycle, apoptosis, migration and invasion in
ESCC have not yet been reported.

The structural information and biomechanical proper-
ties of cell surface membranes are important indicators for
determining structural changes (11). The cell membrane acts
as the exchange interface between the inside and outside of the
cell (12). Changes in cell membrane structure can therefore
directly influence the behaviors of cells, in addition to eluci-
dating disease or differentiation processes (13,14). However, the
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effects of ART on the biomechanical properties of cell surface
membranes in ESCC remains unclear. Atomic force micros-
copy (AFM) is a powerful tool for obtaining high-resolution
ultrastructural data from biological samples (15), exploring
the shape of a single cell and the properties of the cellular
membrane (16,17). In particular, chemical functionalization of
the AFM tip with various ligands has enabled the mapping of
complementary receptors on model or cellular surfaces (18).
AFM is now frequently used to detect cancer cell membranes
in the context of anticancer drugs (19-21).

In the present study, the effects of ART on cell proliferation,
cell cycle, apoptosis, cell migration, invasion and cell structure
were evaluated. In addition, the cell surface membranes and
biomechanical properties of the KYSE-150 ESCC cell line
were detected using AFM-based single-molecule force spec-
troscopy in vitro.

Materials and methods

Cell culture conditions. The SHEE (human esophageal
epithelial cell line) and KYSE-150 (ESCC) cell lines were
obtained from the Key Laboratory of Cellular Physiology,
Ministry of Education, Shanxi Medical University (Taiyuan,
China). They were cultured in Dulbecco's modified Eagle's
medium (DMEM)/F12 (GE Healthcare Life Sciences, Logan,
UT, USA) with 10% fetal bovine serum (FBS; GE Healthcare
Life Sciences) and incubated in a humidified atmosphere at
37°C with 5% CO,. The cells were subcultured every 2-3 days.
Exponentially growing cells were used throughout the study.

Drugs and reagents. ART was purchased from Guilin
Pharmaceutical (Shanghai) Co., Ltd. (Guilin, China). MTT
[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide] and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Matrigel Base-
ment Membrane Matrix was purchased from BD Biosciences
(Franklin Lakes,NJ,USA). An annexin V/propidiumiodide (PI)
double-staining kit was purchased from Nanjing KeyGen
Biotech Co., Ltd. (Nanjing, China). Cell culture flasks, plates,
centrifuge tubes and Transwell plates were purchased from
Corning, Inc. (New York, NY, USA).

MTT assay. The MTT assay was used to assess KYSE-150 cell
proliferation following treatment with various concentrations
of ART. Briefly, KYSE-150 cells were seeded into a 96-well
plate at a density of 5x10° cells/well with culture medium, as
described above. Different concentrations of ART (0, 10, 30 or
50 mg/l) were then added to the KYSE-150 cells to yield a
final volume of 200 pl/well. KYSE-150 cell proliferation was
measured at 24, 36 and 48 h. Following incubation, 20 ul MTT
(5 mg/ml) was added to each well and the cells were incubated
at 37°C for 4 h. The medium was then removed from each
well and replaced with 200 x1 DMSO. The optical density
was determined at 490 nm with a microplate reader (M491
EON1/S-130306F; BioTek Instruments, Inc., Winooski, VT,
USA). Each assay was repeated at least three times.

Cell cycle and apoptosis assay by flow cytometry. Based on
the results of the MTT assay, the most effective concentra-
tion of ART (30 mg/l) was used to assess the cell cycle
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distributions and apoptosis rates of KYSE-150 cells treated
with ART, compared with the control group (0 mg/l). Briefly,
following treatment with ART for 48 h, KYSE-150 cells
were collected at a density of 1x10° cells/ml and washed
twice with phosphate-buffered saline (PBS). For the cell
cycle assay, the cells were washed twice with 500 ul PBS
and then fixed in ice-cold 70% ethanol overnight at 4°C. The
cells were concentrated by removing the ethanol and treated
with 0.01% DNase-free RNase A (Nanjing KeyGen Biotech
Co., Ltd.) for 10 min at 37°C. Cellular DNA was stained with
0.05% propidium iodide (PI; Nanjing KeyGen Biotech Co.,
Ltd.) for 20 min at 4°C in the dark. For the apoptosis assay,
the cells were suspended in 500 pl binding buffer (Nanjing
KeyGen Biotech Co., Ltd.). Subsequently, 5 ul annexin V and
5 ul PI was added to each sample for 15 min in the dark.
The cells were analyzed using a FACSCalibur flow cytom-
eter (BD Biosciences) with CellQuest software (version 5.1;
BD Biosciences). Each sample was run in triplicate.

Cell migration and invasion assays. KYSE-150 cells were
cultured to 85% confluence in 25-cm? culture flasks and
treated with or without 30 mg/l ART for 48 h. For the migra-
tion assays, 1x10° cells in DMEM/F12 were seeded onto an
uncoated insert chamber (8 gm; Corning, Inc.)w. The lower
chamber contained culture media with 10% FBS. Following
24-h culture, invasive cells were stained using 0.1% crystal
violet (Beyotime Institute of Biotechnology, Shanghai,
China) and counted under a microscope (IX71-A12FL/PH;
Olympus Corporation, Tokyo, Japan). Experiments were
repeated three times. For the invasion assays, experiments
were performed with the Matrigel-coated Transwell migra-
tion chambers; the remainder of the procedure was performed
using the same methods as the migration assays.

Atomic force microscopy (AFM) analysis. The 3D morphology
and biomechanical properties of KYSE-150 cells treated with
ART (0 or 30 mg/l) and SHEE cells were detected by AFM.
AFM measurements were performed in aqueous solution at
room temperature, using a 5500 atomic force microscope
(Agilent Technologies, Inc., Santa Clara, CA, USA). AFM
images were acquired in tapping mode and in contact mode
using Si3N4 tips (NSC19, 0.68 N/m normal spring constant;
Schaefer Technologie GmbH, Langen, Germany) and
gold-coated tips (CSC 38; Schaefer Technologie GmbH),
respectively. The spring constants of the cantilevers used for
AFM force spectroscopy were ~0.1 N/m. Adhesion and elas-
ticity maps were obtained by recording 16x16 force-distance
curves on areas of a given size (2x2 um), calculating the
adhesion force and elasticity modulus for each force curve
and displaying these values as gray and colorized scale pixels,
respectively. These maps qualitatively and quantitatively
demonstrated the viscoelasticity of individual cells at the
nanoscale level.

Statistical analysis. For statistical analysis, the data were
subjected to an arcsine transformation. The transformed
data were then analyzed by one way analysis of variance,
General Linear Model, or Student's test using SPSS software,
version 11.0 (SPSS, Inc., Chicago, IL, USA ) (22). P<0.05 was
considered to indicate a statistically significant difference.
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Figure 1. Proliferation of KYSE-150 cells treated with different concentrations of ART. Incubation of KYSE-150 cells with ART for (A) 24 h, (B) 36 h and
(C) 48 h. The proliferation level of the control group was significantly higher than that of the ART groups; and that of the 10 mg/l ART group was significantly
higher than that of the 30 and 50 mg/l ART groups. All data are presented as the mean + standard deviation. "P<0.05, “P<0.01. ART, artesunate.
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Figure 2. Cell cycle distribution and apoptosis analysis. Cell cycle distribution of the (A) control and (B) 30 mg/l ART-treated KYSE-150 cell groups.
Apoptosis analysis of the (C) control and (D) 30 mg/l ART-treated KYSE-150 cell groups. ART, artesunate.

Results

Effects of ART on growth, cell cycle distribution and levels
of apoptosis in ESCC cells. MTT assay and flow cytometry
were used to assess KYSE-150 cell proliferation, cell cycle and
apoptosis following treatment with different concentrations
of ART. The proliferation of the control KYSE-150 cells not
treated with ART (0 mg/l ART) was significantly higher than

that of KYSE-150 cells incubated with other concentrations of
ART (10, 30 and 50 mg/]) at all time points (Fig. 1). Specifi-
cally, the proliferation levels of the 10 mg/l ART-treated group
were significantly higher than those of the 30 and 50 mg/l ART
groups at all time points. There was no significant difference in
cell proliferation between the 30 and 50 mg/l ART groups at
all time points (Fig. 1). ART markedly inhibited the growth of
KYSE-150 cells in a dose- and time-dependent manner.
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Figure 3. Transwell migration and invasion assay on KYSE-150 cells treated with ART for 24 h. Migration of the (A) control group and (B) 30 mg/l ART
groups. (C) Statistical analysis of migration. Invasion of the (D) control and (E) 30 mg/l ART groups. (F) Statistical analysis of invasion. The relative ratio of
invasive cells per field is presented. All data are presented as the mean + standard deviation.”P<0.01. ART, artesunate.

Figure 4. AFM images of KYSE-150 and SHEE cells. (A) 2D and (B) 3D AFM images of KYSE-150 cells cultured in vitro for 48 h without ART. The
morphology of these cells indicated they were spindle in nature (size: 80x80 ym). (C) The ultrastructure of an untreated KYSE-150 cell exhibits a smooth
membrane (size: 2.2x2.2 ym). (D) 2D and (E) 3D AFM images of KYSE-150 cells treated with 30 mg/1 ART cultured in vitro for 48 h. The cells were irregular
in shape and the cell height was increased compared with the control cells (size: 55x55 pm). (F) The ultrastructure of KYSE-150 cells treated with 30 mg/I
ART demonstrated an uneven and rough membrane (size: 2x2 ym) and the nanostructure of the cell membrane appears damaged. (G) 2D and (H) 3D AFM
images of SHEE cells cultured in vitro for 48 h. These cells exhibited an oval morphology (size: 40x40 pm). (I) Ultrastructure of SHEE cells displays a smooth
membrane (size: 2x2 ym). ART, artesunate; AFM, atomic force microscopy.
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Table I. Cell cycle distribution and levels of apoptosis in KYSE-150 cells prior and subsequent to treatment with ART.
Cell cycle distribution
Treatment Group G/G, (%) S (%) G2 (%) Apoptosis rate (%)
Control group (0 mg/l, ART) 54+1.5 42.5+2.8 3.5+0.74 4.53+0.58
ART-treatment group (30 mg/l, ART) 68.1+£0.3* 11.5£2.7¢ 20.4+2.53% 12.45+0.62*

“P<0.05 vs. the control group. ART, artesunate. Data are presented as the mean + standard deviation.
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Figure 5. AFM force-distance curve analyses detect adhesive force and elasticity of KYSE-150 and SHEE cells. Control group, KYSE-150 cells without ART
treatment: (A) Adhesion force histogram (n=256); (B) adhesion force map of the same cell surface area; (C) elasticity histogram (n=256); and (D) elasticity map
of the same cell surface area. KYSE-150 cells with 30 mg/l ART-treatment for 48 h: (E) Adhesion force histogram (n=256); (F) adhesion force map of the same
cell surface area; (G) elasticity histogram (n=256); and (H) elasticity map of the same cell surface area. SHEE group (human normal esophageal epithelial cell
line) without ART treatment: (I) Adhesion force histogram (n=256); (J) adhesion force map of the same cell surface area; (K) elasticity histogram (n=256); and

(L) elasticity map of the same cell surface area. ART, artesunate.

Based on the results of the MTT assay, the most effective
concentration of ART (30 mg/l) was used to measure the
cell cycle distribution and apoptosis rates in KYSE-150 cells
for 48 h (Fig. 2). The results demonstrated that the S phase
cell population accounted for 42.5+2.8% in the control group,
compared with 11.5+2.7% in the 30 mg/l ART group (Table I).
The number of cells in G,/G, phase increased from 54+1.5%
in the control group to 68.1+0.3% in the ART-treated group,
indicating that ART functions as a negative regulator of the
cell cycle at the G;-to-S phase transition. The apoptosis rate of
the 30 mg/l ART-treated group was significantly increased at
12.45+0.62% compared with the control group at 4.53+0.58%
(Fig. 2C and D, Table I).

ART mitigates the migration and invasion of ESCC cells.
To further detect whether ART is associated with ESCC

migration and invasion, a Transwell assay was performed
to analyze the effect of ART on the migratory and invasive
behavior of KYSE-150 cells. Compared with the control
group (0 mg/l ART), treatment with 30 mg/l ART resulted in
a significant reduction of cell migration in the KYSE-150 cell
line (Fig. 3A-C). In addition, ART suppressed the normally
strong invasive capacity of KYSE-150 cells (Fig. 3D-F).
These results indicate that ART reduces cell migration and
invasion of ESCC cells in vitro.

The biomechanical properties of KYSE-150 cells treated
with ART are similar to that of SHEE cells, detected by AFM.
Every cell type possesses a unique structure with specific
mechanical properties that can serve as specific biomechan-
ical markers. In the present study, AFM was used to visualize
the morphology of SHEE normal esophageal epithelial
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Table II. Biomechanical properties of SHEE and KYSE150 cells prior and subsequent to treatment with ART.

Variable Ra of cytomembrane (xm) Adhesive force (pN) Elasticity (MPa)
0 mg/l ART 0.172+0.025 800+300 20+7
30 mg/1 group 1.05+0.088* 2400+700* 7+4*
SHEE 0.183+0.026 2300+600* 4+1*

“P<0.05 vs. the control group. pN=10-12 Newton; MPa=106 Pa. ART, artesunate; Ra, average roughness.

cells and KYSE-150 ESCC cells. Fig. 4 demonstrates that
without incubation with ART, the KYSE-150 cells exhibit
a spindle-like morphology (Fig. 4B); the KYSE-150 cells
treated with 30 mg/l ART were irregular in shape (Fig. 4E);
and the SHEE normal esophageal epithelial cell line was
oval in appearance (Fig. 4H). The roughness of membrane
ultrastructures of the KYSE-150 cells (Fig. 4C) was similar
to that of the SHEE cells (Fig. 41), but smoother than that
of the 30 mg/l ART-treated group. The cell membrane of
the 30 mg/l ART-treated group was the most irregular and
uneven among the three treatment groups (Fig. 4F).

In the KYSE-150 cell line without ART treatment, the
adhesive force was 800+300 pN (Fig. 5A and B); the elas-
ticity force was 20+7 MPa (Fig. 5Cand D); and the average
roughness (Ra) was 0.172+0.025 ym (Table IT). Following
30 mg/l ART treatment in the KYSE-150 cell line, the
adhesive force was 2,400+700 pN (Fig. 5E and F); the elas-
ticity force was 7+4 MPa (Fig. 5G and H); and the Ra was
1.05+0.088 um. In the control SHEE cells, the adhesive force
was 2,300+600 pN (Fig. 51 and J); the elasticity force was
4+1 MPa (Fig. 5K and L); and the Ra was 0.183+0.026 ym.
Following incubation with ART (30 mg/l) for 48 h, the
adhesive force and elasticity of KYSE-150 cells was similar
to that of the SHEE normal esophageal epithelial cell line
(Table II).

Discussion

In the present study, the effect of the anti-malarial agent ART
on ESCC cells was analyzed. Compared with the control
group, ART treatment increased the Ra of the cell membrane
in addition to the adhesive force. The cell membrane contains
numerous different biological macromolecules, including
certain sugars, proteins and lipids. These macromolecules
transfer signals to cells, form an exchange interface between
the inside and the outside of the cell and maintain the integ-
rity and functionality of the cell membrane (12,23). Changes
in cell membrane structure can therefore directly influence
the cytoskeleton (13,14).

The cytoskeleton is mainly composed of microtubules,
microfilaments and intermediate filaments and determines
the cell morphology and biomechanical characteristics
under different physiological statuses (24). A previous study
demonstrated that chromosome stability and cell prolifera-
tion are influenced when the cytoskeleton is altered (25). In
addition, previous studies have indicated that ART inhibits
DNA synthesis and cell growth in several tumor cell lines
in vitro (9,10,26,27). The results of the present study for

the MTT assay, cell cycle and AFM detection revealed that
ART may damage the cytoskeleton to affect signal transduc-
tion, DNA synthesis and inhibit cell migration. The results
presented in the current study also suggest that ART is a
negative regulator of the cell cycle, preventing G,-to-S phase
transition. Cell elasticity may reflect alterations in the cyto-
skeleton and be associated with cell deformation (28), which
is inevitable in tumor cell migration and invasion (29). The
results of the AFM detection indicated that ART may inhibit
the migration and invasion of KYSE-150 cells through
suppressing cell elasticity and increasing adhesive force.

Apoptosis serves an important function in maintaining
cell homeostasis, and the dysfunction of apoptotic signaling
has been implicated in cancer (30). Apoptosis has been studied
as a possible target mechanism for anticancer therapy and
the cytoskeleton participates in this process; thus, damage
of actin in the cytoskeleton may promote apoptosis (31).
The results of the apoptosis assay and AFM detection in the
present study indicated that ART may increase the apoptosis
rate by altering the cytoskeleton of KYSE-150 cells.

In the present study, it was demonstrated that ART is an
effective drug for anti-ESCC. ART has the potential ability
to inhibit the proliferation, migration and invasion of ESCC
cells by affecting their cell morphology and structure.
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