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Abstract. Esophageal squamous cell carcinoma (ESCC) is 
one of the most aggressive types of cancer worldwide, with a 
poor prognosis. The aim of the present study was to investigate 
the effect of cisatracurium (Cis) on epithelial‑to‑mesenchymal 
transition (EMT) in ESCC and its potential mechanism of 
action. In the present study, Cis was used to treat ECA‑109 
cells, with cell proliferation measured by a Cell Counting Kit‑8 
assay and the expression of TGF‑β and phospho‑Smad2/3 
detected by western blotting. TGF‑β was then applied to 
induce EMT. Flow cytometry, wound healing and Transwell 
assays were used to evaluate cell proliferation, apoptosis, 
invasion and migration. In addition, cell cycle‑related proteins, 
including cyclin D1, p53 and p21, and EMT‑associated 
proteins, including E‑cadherin (E‑cad), N‑cadherin (N‑cad), 
Vimentin and Slug, were examined by western blot analysis. 
The results revealed that Cis inhibited the proliferation and 
promoted apoptosis of ESCC cells. Following treatment with 
Cis, the expression of TGF‑β and phosphorylation of Smad2/3 
were downregulated. Cis also suppressed cancer cell invasion 
and migration induced by TGF‑β. In addition, the expression 
levels of cyclin D1 were decreased, accompanied by increased 
p53 and p21 expression. In addition, the expression level of 
E‑cad was increased, whereas N‑cad, Vimentin and Slug were 
significantly reduced. Taken together, the results of the present 
study revealed that exposure of ESCC cells to Cis inhibited 
EMT and reduced cell invasion and metastasis through the 
TGF‑β/Smad signaling pathway.

Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the 
most common and deadliest malignancies worldwide, with 
the incidence and mortality rates increasing annually (1,2). 

Despite rapid advances in multiple therapies, the prognosis 
of ESCC remains poor due to its late diagnosis and extensive 
metastases (3). Dietary, lifestyle habits and genetic polymor-
phisms are currently considered as major factors affecting 
the occurrence and development of ESCC (4). For instance, 
alcohol intake can interact with functional genetic polymor-
phisms of aldehyde dehydrogenase and alcohol dehydrogenase 
to increase ESCC risk (5). In addition, genetic polymorphisms 
in the autophagy related 5 gene predict survival and recurrence 
in patients with early‑stage ESCC (6). However, the potential 
molecular mechanisms underlying ESCC progression have not 
been fully elucidated.

Cell proliferation is crucial for cancer progression. A 
critical tumor suppressor gene, p53, is typically found to 
harbor mutations or deletions in several human malignancies, 
including ESCC (7,8); it can inhibit cell cycle progression by 
inducing p21 (9). Cyclin D1, a key regulator of G1‑to‑S‑phase 
transition, is overexpressed and amplified in a many cancers, 
and it has been previously demonstrated that cyclin D1 enables 
progression from G1 to S phase of the cell cycle by binding 
and sequestering p21 (10).

Invasion and metastasis are hallmarks of cancer. 
Epithelial‑to‑mesenchymal transition (EMT) is a process 
during which epithelial cells lose their polarity and acquire 
a mesenchymal phenotype, which is a pivotal step towards 
cancer invasion and metastasis (11,12). Activation of EMT is 
associated with aberrant expression of a variety of genes. It 
is commonly characterized by downregulation of E‑cadherin 
(E‑cad), which is a key epithelial marker, accompanied by 
upregulation of N‑cadherin (N‑cad), Vimentin and Slug, 
which are crucial mesenchymal marker genes (13‑15). The 
aforementioned changes lead to the induction of invasive and 
migratory properties in cancer cells. It has been well docu-
mented that transforming growth factor‑β (TGF‑β) is one of 
the crucial factors that regulate the initiation and maintenance 
of EMT in a number of cancers (16). In addition, accumulating 
evidence shows that TGF‑β is implicated in EMT in several 
human malignancies, such as lung, gastric and ovarian cancer, 
as well as ESCC (16‑19). 

Muscle relaxants, including rocuronium and cisatracurium 
(Cis), effectively block the activation of muscles by nerves. 
Rocuronium has been shown to promote the invasion, adhe-
sion and growth of MDA‑231 breast cancer cells (20). It was 
previously reported that propofol, which is one of the most 
common intravenous anesthetic agents used during cancer 
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resection surgery, suppresses proliferation and invasion by 
downregulating ERK‑vascular endothelial growth factor/matrix 
metallopeptidase‑9 signaling in ECA‑109 ESCC cells (21). Cis 
has been shown to inhibit the proliferation, invasion and migra-
tion of gastric cancer cells (22). In addition, emerging evidence 
indicates that Cis can suppress cancer cell proliferation, invasion 
and migration via upregulation of p53, and inhibits the aggres-
siveness of colorectal cancer (23). However, the role of Cis in the 
progression of ESCC has not been clearly determined. 

The aim of the present study was to investigate the role 
of Cis in ESCC. The results revealed that exposure of ESCC 
cells to Cis inhibited TGF‑β‑induced EMT, and reduced cell 
invasion and metastasis through the TGF‑β/Smad signaling 
pathway.

Materials and methods

Cell culture. Human ECA‑109 cells were purchased from the 
Type Culture Collection of the Chinese Academy of Science 
and incubated in DMEM (Gibco; Thermo Fisher Scientific, 
Inc.) containing 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.) at 37˚C with 5% CO2. 

Cell proliferation assay. The Cell Counting Kit‑8 (CCK‑8) 
assay (OBiO Technology, Corp., Ltd.) was employed to eval-
uate the proliferation response of ECA‑109 cells treated with 
different concentrations of Cis (10, 20 and 30 mM; Nimbex; 
GlaxoSmithKline plc) (24), in accordance with the manufac-
turer's protocol. ECA‑109 cells were seeded in 96‑well plates 
(5x103 cells/well) and incubated at 37˚C with 5% CO2 for 24 h. 
Subsequently, the cells were exposed to Cis at 10, 20 and 
30 mM for 24, 48 and 72 h. At the end of the exposure periods, 
10  µl CCK‑8 solution was added to each well. Following 
incubation at 37˚C for 1 h, absorbance rate was measured at 
490 nm using a plate reader.

Wound healing assay. For the scratch wound healing assay, 
Cis (20 mM) alone or Cis (20 mM) combined with TGF‑β 
(1  ng/ml; Sigma‑Aldrich; Merck KGaA)‑treated ECA‑109 cells 
were plated in 12‑well plates at a density of 1x105 cells/well. 
Once cells reached 80% confluence, medium was replaced by 
serum‑free DMEM and cells were incubated at 37˚C over-
night before initiating the experiment. A wound was created 
on the surface of the cell monolayer using a 200‑µl pipette 
tip. The cells were then rinsed twice with serum‑free medium 
in order to remove free‑floating cells and debris. An inverted 
microscope (magnification, x20; BX51; Olympus Corporation) 
was used to monitor cells at the edges of the scratch. The 
percentage of wound closure was determined according to the 
following equation: [(Ai‑At)/Ai] x 100%, where Ai represents 
the initial area of the wound at 0 h and At represents the area 
of the wound after 24 h. 

Cell invasion assay. To assess the effect of Cis on invasion of 
ECA‑109 cells, 24‑well Transwell plates (Corning, Inc.) with 
8‑µm pore inserts coated with Matrigel (BD Biosciences). A 
total of 200 µl serum‑free medium ECA‑109 cell suspension 
containing 5x105 cells/ml was added to the upper chamber and 
600 µl DMEM containing 10% FBS was added to the lower 
compartment. After 24 h of incubation at 37˚C with 5% CO2, 

the Matrigel and the cells remaining in the upper chamber were 
removed by a cotton‑tipped swab. The filters were fixed in 4% 
formaldehyde for 10 min at room temperature and stained with 
0.1% crystal violet solution for 30 min at room temperature. The 
cells in five random fields (magnification, x20) were observed 
under an inverted microscope (Olympus Corporation).

Flow cytometry assay. The cell cycle distribution was exam-
ined using the Cell Cycle Analysis kit (Beyotime Institute of 
Biotechnology), according to the manufacturer's protocols. 
ECA‑109 cells treated with Cis (20 mM) or Cis (20 mM) 
combined with TGF‑β (1 ng/ml) for 48 h, were treated with 
70% cold ethanol at 4˚C overnight to increase cell membrane 
penetrability. Subsequently, 100  µg/ml RNase (Nanjing 
KeyGen Biotech Co., Ltd.) was used to treat cells at 37˚C for 
20 min. Following staining with 30 µg/ml propidium iodide 
(Nanjing KeyGen Biotech Co., Ltd.) for 30  min at room 
temperature in the dark, the cell cycle was analyzed using a 
Gallios Flow Cytometer (Beckman Coulter, Inc.). The flow 
cytometry results were evaluated using a Cell Quest kit (BD 
CellQuest™ Pro software version 6.1; BD Biosciences), 
according to the manufacturer's protocols.

Cell apoptosis assay. ECA‑109 cells were seeded into 6‑well 
plates (5x105/well) and incubated overnight at 37˚C with 5% 
CO2. Cell apoptosis was determined by using the Annexin 
V‑PE/7AAD Staining Cell Apoptosis Detection kit (Nanjing 
KeyGen Biotech Co., Ltd.), according to the manufacturer's 
protocols, and analyzed using FlowJo software (version10.5.2; 
Becton, Dickinson and Company).

Western blot analysis. ECA‑109 cells were collected and lysed 
with RIPA lysis buffer (Beyotime Institute of Biotechnology) 
and incubated for 30 min on ice. Then proteins were detected 
using a BCA protein assay kit (Bio‑Rad Laboratories, Inc.). A 
total of 40 µg protein was loaded onto 10% SDS‑polyacrylamide 
gels to separate various proteins, which were subsequently 
transferred to PVDF membranes. The membranes were 
blocked with 10% skimmed milk for 2 h at room temperature, 
followed by incubation with primary antibodies overnight at 
4˚C. Subsequently, the membranes were incubated with goat 
anti‑rabbit horseradish peroxidase‑conjugated IgG secondary 
antibodies (1:2,000; cat. no. 4414s) at room temperature for 
1 h. The signals were detected using enhanced chemilumines-
cence reagent (GE Healthcare) and Image J software (version 
146; National Institutes of Health) was used to analyze the 
fold‑changes of protein levels. Anti‑p‑Smad2/3 (1:1,000; cat. 
no. 8828S), anti‑Smad2/3 (1:1,000; cat. no. 8685S), anti‑cyclin 
D1 (1:1,000; cat. no. 2978T), anti‑p53 (1:1,000; cat. no. 2527T), 
anti‑p21 (1:1,000; cat. no. 2947S), anti‑E‑cad (1:1,000; cat. 
no. 3195S), anti‑N‑cad (1:1,000; cat. no. 13116S), anti‑Vimentin 
(1:1,000; cat. no. 5741S), anti‑TGF‑β (1:1,000; cat. no. 3711s), 
anti‑Slug (1:1,000; cat. no. 9585T), anti‑β‑actin (1:1,000; cat. 
no. 3700s) and anti‑GAPDH (1:1,000; cat. no. 5174S) anti-
bodies were obtained from Cell Signaling Technology, Inc.

Statistical analysis. Statistical data analysis was performed 
with SPSS 22.0 (IBM Corp.) and GraphPad Prism 5.0 
(GraphPad Software, Inc.). All experimental results are 
expressed as mean ± standard deviation. Each experiment was 
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repeated at least three times. Data were analyzed using either 
a ANOVA followed by a Tukey's post‑hoc test for comparison 
of multiple groups or an independent Student's t‑test for 
comparison of two groups. P<0.05 was considered to indicate 
statistically significant differences.

Results

Cis treatment decreases the expression levels of TGF‑β and 
Smad2/3 in ESCC cells. The CCK‑8 assay was used to deter-
mine the optimal time and concentration of Cis treatment. As 
shown in Fig. 1A and B, the ability of ESCC cells to prolif-
erate decreased with the increase in the concentration of Cis. 
When ECA‑109 cells were treated with 20 mM Cis for 48 h, 
cell viability was reduced by ~50%, therefore this dose was 
selected for further experiments. In addition, the expression of 
TGF‑β and p‑Smad2/3 was significantly downregulated in the 
Cis 20 mM group compared with the control (P<0.01; Fig. 1C). 
These results indicated that Cis inhibited the proliferation of 
ESCC cells and regulated TGF‑β/Smad signaling.

Cis treatment inhibits proliferation and promotes apoptosis 
in TGF‑β‑treated ESCC cells. To further investigate the role 
of Cis in the proliferation and apoptosis of TGF‑β‑treated 
ESCC cells, flow cytometry was applied. The results suggested 
that the percentage of cells in the S phase in the Cis 20 mM 
group was lower compared with that of the untreated group, 
while the opposite results were observed for the G0/G1 phase 
(Fig. 2A and C). After treating ESCC cells with 20 mM Cis plus 
TGF‑β, the number of cells in the S phase increased, whereas 
that in the G0/G1 phase was notably decreased compared with 
treatment with Cis alone (Fig. 2A and C). Furthermore, the rate 
of cell apoptosis increased following Cis treatment, whereas the 
apoptotic cell number decreased following intervention with 

both Cis and TGF‑β (Fig. 2B and D). In addition, the expression 
of cyclin D1 was downregulated, accompanied by upregulated 
expression of p53 and p21 in the Cis 20 mM group, while the 
level of cyclin D1 was increased, along with decreased levels 
of p53 and p21 following treatment with 20  mM Cis plus 
TGF‑β (Fig. 2E and F). These data indicated that Cis treatment 
suppressed proliferation and promoted apoptosis in ESCC cells.

Cis treatment suppresses invasion and migration in 
TGF‑β‑treated ESCC cells. To evaluate invasion and migra-
tion in TGF‑β‑treated ESCC cells, the wound healing and 
Transwell assays were used in the present study. As shown in 
Fig. 3A and B, the ability of cell invasion was decreased by 
Cis compared with the control group; however, cell invasion 
was increased following treatment with both Cis and TGF‑β. 
Moreover, the change in cell migration was consistent with the 
results on invasion (Fig. 3C and D). Therefore, Cis treatment 
inhibited invasion and migration in ESCC cells.

Cis treatment inhibits EMT in TGF‑β‑treated ESCC cells. 
The expression of EMT‑related proteins was evaluated using 
western blot analysis. As shown in Fig. 4, the expression level 
of E‑cad was increased, whereas the expression levels of N‑cad, 
Slug and Vimentin decreased when ESCC cells were treated 
with Cis alone. Following treatment with TGF‑β plus Cis, the 
E‑cad expression was reduced, accompanied by increased 
expression of N‑cad, Slug and Vimentin compared with Cis 
treatment alone. These results indicated that Cis suppressed 
EMT in TGF‑β‑treated ESCC cells.

Discussion

Esophageal cancer is one of the most common cancers 
worldwide, and the majority of cases of esophageal cancer are 

Figure 1. Proliferation of ESCC cells and the expression of TGF‑β and p‑Smad2/3 following treatment with Cis. The changes in ESCC cell proliferation 
according (A) concentration of Cis or (B) treatment time were measured by the CCK‑8 assay. (C) Expression levels of TGF‑β and p‑Smad2/3 were evaluated by 
western blot analysis. **P<0.01, ***P<0.001 vs. control. ESCC, esophageal squamous cell carcinoma; TGF‑β, transforming growth factor‑β; CCK, Cell Counting 
Kit; Cis, cisatracurium; OD, optical density. 
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ESCC, which is particularly common in China (25). Despite 
the advances in surgery, chemotherapy and radiotherapy 
over the past decades, current medical interventions are not 
satisfactory in the clinical setting, and the overall prognosis 
of ESCC is poor due to the late diagnosis and lack of effective 
therapies (26,27). Anesthesia plays a crucial role in surgery, 
ensuring patient safety (28); however, to the best of our knowl-
edge, there are very few studies on the effects of anesthetic 

agents on cancer. Emerging evidence supports the hypothesis 
that certain anesthetic drugs may affect cancer cell prolifera-
tion, angiogenesis and apoptosis (29). In the present study, the 
results demonstrated that Cis inhibited the proliferation, inva-
sion, migration and EMT induced by TGF‑β in ESCC cells. 

The cell cycle is a well‑regulated intracellular program 
that maintains normal cell division and growth; however, 
deregulation of the cell cycle machinery frequently occurs 

Figure 2. Cell cycle distribution and expression of cyclin D1, p53 and p21 following treatment of ESCC cells with Cis or Cis plus TGF‑β. (A) Cell cycle distribu-
tion and (B) cell apoptosis were measured by flow cytometry. (C) Cell cycle distribution and (D) cell apoptotic rate with Cis or Cis plus TGF‑β were quantified. 
(E) Western blot analysis of cyclin D1, p53 and p21. (F) Relative expression levels of cyclin D1, p53 and p21. **P<0.05, ***P<0.001 vs. control; #P<0.05, ##P<0.01 
vs. Cis 20 mM. ESCC, esophageal squamous cell carcinoma; TGF‑β, transforming growth factor‑β; Cis, cisatracurium.
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various human malignancies, promoting abnormal and 
uncontrollable cell growth, as well as acquisition of aggres-
sive metastatic features (30). Cyclin D1 is known to regulate 
transition through the G1‑S phase (31,32). During G1 phase 

arrest, cyclin‑dependent kinase inhibitors, including p21, 
bind to cyclin complexes, thereby inhibiting cell prolifera-
tion (33). Previous studies have revealed that the transcription 
factor cellular tumor antigen p53 regulates the expression of 

Figure 3. Invasion and migration of ESCC cells following treatment with Cis or Cis plus TGF‑β. (A) Invasion activity of ESCC cells was evaluated following 
treatment with Cis or Cis plus TGF‑β. Magnification, x20. (B) Number of invaded cells following treatment with Cis or Cis plus TGF‑β. (C) Migratory activity 
of ESCC cells was evaluated with a scratch assay at different time points. Magnification, x20. (D) Number of migrated cells following treatment with Cis or 
Cis plus TGF‑β. ***P<0.001 vs. control; #P<0.05 vs. Cis 20 mM. Scale bar, 200 µm. ESCC, esophageal squamous cell carcinoma; TGF‑β, transforming growth 
factor‑β; Cis, cisatracurium.

Figure 4. Protein expression levels of E‑cadherin, N‑cadherin, Slug and Vimentin following ESCC cell treatment with Cis or Cis plus TGF‑β were measured 
using western blot analysis. ***P<0.001 vs. control; #P<0.05, ##P<0.01 vs. Cis 20 mM. ESCC, esophageal squamous cell carcinoma; TGF‑β, transforming growth 
factor‑β; Cis, cisatracurium.
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numerous genes involved in the cell cycle and induces cell 
cycle arrest (8,34). p21, a general G1 phase cell cycle inhibitor, 
was the first p53‑effector gene to be identified (35,36). In the 
present study, the proliferation of ESCC cells was inhibited, 
accompanied a decrease in cyclin D1 expression and increase 
in p53 and p21 expression following treatment with Cis 
compared with the control group. However, after exposure 
to both Cis and TGF‑β, there was a promotion of ESCC cell 
proliferation and the expression of cyclin D1, whereas the 
opposite results were observed for p53 and p21 with Cis treat-
ment alone. 

Mounting evidence has demonstrated that the TGF‑β/Smad 
pathway is implicated in the progression of cancer through 
regulation of the expression of related genes (37‑39). TGF‑β 
has the ability to induce invasion, migration and EMT in a 
number of cancer cell types, including glioblastoma and breast 
cancer (40,41). Novel TGF‑β1 inhibitors have been used to block 
TGF‑β1‑induced EMT in human A549 lung cancer cells (42). 
A recent study reported that CD82 suppresses invasion and 
metastasis of ESCC via TGF‑β1 (43). In addition, accumulating 
evidence has demonstrated that inhibition of EMT contributes 
to improved treatment and prognosis of ESCC (44‑46). The 
findings of the present study revealed that treatment with Cis 
downregulated the expression of TGF‑β and phosphorylation 
of Smad2/3. In addition, Cis inhibited invasion and migration 
of ESCC cells. Furthermore, Cis increased the expression of 
E‑cad and decreased N‑cad, Slug and Vimentin expression, 
which are well‑established EMT‑associated proteins. These 
results indicated that Cis inhibited EMT in ESCC cells. The 
aforementioned findings were in accordance with those of 
previous studies using other anesthetics, such as rocuronium 
and fentanyl (20,47). 

In conclusion, this mechanistic study is, to the best of our 
knowledge, the first to reveal that Cis suppresses the prolifera-
tion, invasion, migration and EMT in ESCC cells, which may 
prove to be of value in guiding clinical diagnosis and treatment. 
However, the use of a single ESCC cell line is a limitation of 
this study and therefore, a comprehensive analysis of more cell 
lines is required in the future to understand the effects of Cis 
in ESCC.
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