
571Neoplasma 2022; 69(3): 571–582

doi:10.4149/neo_2022_211118N1640

Skimmianine as a novel therapeutic agent suppresses proliferation and 
migration of human esophageal squamous cell carcinoma via blocking the 
activation of ERK1/2 
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Esophageal squamous cell carcinoma (ESCC), one of the main histopathological subtypes of esophageal cancer (EC), is 
characterized by high morbidity and mortality. Clinical treatment for ESCC lacks specific molecular targets and effective 
therapeutic drugs. Skimmianine (SK), one of the natural fluroquinolone alkaloids, is widely present in Rutaceae family 
plants. Here, we mainly used CCK-8 assay, clone formation, flow cytometry analysis, wound-healing assay, Transwell assay, 
western blot, quantitative real-time PCR (qRT-PCR), molecular docking analysis, tumor xenograft assay, and immuno-
histochemistry (IHC) staining to investigate the potential anti-tumor effect of SK on ESCC. We demonstrated that SK 
inhibited the proliferation of TE-1 and Eca109 cells via inducing the G0/G1 phase cell cycle arrest, prevented the migration 
and invasion of tumor cells via regulating epithelial-mesenchymal transition (EMT) in vitro. In addition, SK obviously 
suppressed the growth of xenografted Eca109 tumors in nude mice. The anti-tumor mechanism of SK could be blocking 
the activation of extracellular signal-regulated kinases 1/2 (ERK1/2) in the mitogen-activated protein kinase (MAPK)/ERK 
signaling pathway. Our basic research suggests that SK can be a potential therapeutic agent for ESCC. 
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Esophageal cancer (EC) is a malignant tumor with high 
incidence in clinical practice [1]. The incidence of EC in 
China accounts for about 46.6% of the world’s EC patients, 
which has become an important disease threatening people’s 
health, and 90% of EC cases are diagnosed as esophageal 
squamous cell carcinoma (ESCC). Despite the advances 
made in diagnosis and treatment, the 5-year survival rate for 
ESCC patients ranges from 15% to 25% [2–4]. At present, the 
mechanism of the occurrence and development of ESCC is 
still unknown, and clinical treatment lacks specific molecular 
targets and effective therapeutic drugs.

Extracellular signal regulated kinases (ERK), the earliest 
discovered member of the mitogen-activated protein kinase 
(MAPK) family, have been widely studied and play an impor-
tant role in the occurrence and development of cancers [5–7]. 
The ERK-related intracellular signal transduction pathway, 
considered to be the classical MAPK pathway, exhibits an 
important link in a series of kinase cascades that transfer 
extracellular stimulus signals from the cell membrane to the 

nucleus. Cytoplasmic ERK activated by phosphorylation can 
be transferred into the nucleus, then phosphorylate a variety 
of transcription factors, regulate post-transcriptional gene 
expression, and ultimately mediate cell growth, differentia-
tion, apoptosis, metastasis, and other processes [8, 9].

Skimmianine (SK, C14H13NO4), one of the natural fluro-
quinolone alkaloids, is widely present in Rutaceae family 
plants, including Skimmia, Sweet skimmia, Skimmia arbore-
scens, etc. The main pharmacological features of SK are anti-
inflammation, anti-pathogenic microorganism, sedation, 
and analgesia [10–12], while the ephedrine-like effect is 
weak on animal blood pressure and bronchial asthma [13]. It 
also has some effects on striated muscle tension and myocar-
dial contraction [14]. But whether SK plays a role in cancer 
therapy, especially ESCC, is poorly understood. In this study, 
we found that SK inhibited the proliferation, migration, 
and invasion of ESCC by modulating the key molecules of 
the MAPK/ERK pathway, which provided a new target and 
theoretical basis for the treatment of ESCC.
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Materials and methods

Reagents. The TE-1 and Eca109 human ESCC lines 
were purchased from the Shanghai Institutes for Biolog-
ical Sciences. SK (purity ≥99%) was purchased from Durst 
Biotechnology Co., Ltd., China. Human epidermal growth 
factor (hEGF) was purchased from Proteintech Group, Inc., 
USA. RPMI-1640, fetal bovine serum (FBS), penicillin-
streptomycin (P/S) were obtained from Gibco Life Technolo-
gies, USA. CCK8, crystal violet solution, RIPA lysis buffer, 
DAB chromogenic fluid incubation, Harris hematoxylin, 
bicinchoninic acid protein kit, DMSO were obtained from 
Beyotime Biotechnology, China. Propidium iodide (PI) was 
obtained from Wanleibio, China. Goat serum was purchased 
from Sangon Biotech Co., Ltd., China.

Cell culture and SK treatment. The TE-1 and Eca109 
human ESCC lines were cultured with RPMI-1640 containing 
10% FBS and 1% P/S in a 37 °C incubator (Heal force, China) 
with 5% CO2. SK dissolved to an initial solution of 100 mM 
using DMSO, and hEGF dissolved to RPMI-1640. For cell 
treatment, SK/hEGF were diluted with culture medium to 
specified concentrations and incubated for a different time.

Cell viability assay. 100 μl cell suspension (5×104/ml) was 
seeded into a 96-well plate in each well, and incubated by 
different concentrations of SK (0, 25, 50, 100 μM) for 24 or 
48 h. Then 10 μl CCK-8 was added to each well, and cells 
continue incubated at 37 °C for 0.5 h. Cell viability was deter-
mined by the absorbance that was measured at 450 nm with 
a microplate reader (Fluostar Omega, Germany).

Colony formation assay. Cells were seeded into a 6-well 
plate at a density of 800 cells per well. After 0, 25, 50, 100 μM 
SK incubation for 14 days, visible colonies were fixed with 
4% formaldehyde at room temperature for 5 min, stained 
with 5 mg/ml crystal violet at room temperature for 10 min, 
counted and normalized to control group.

Wound-healing assay. A linear wound was made using 
200 µl pipette tips across a culture of confluent cells. Then cells 
treated 50 μM SK or DMSO for 0, 24, or 48 h were imaged by 
a microscope imaging system (Olympus, Japan). The wound 
area was calculated at 0, 24, and 48 h after scratching using 
ImageJ 1.8.0.112 software (National Institutes of Health) to 
assess the cell migration during wound closure. Experiments 
were repeated at least three times.

Migration and invasion Transwell assay. Transwell assay 
was performed by using Transwell chambers with 8 μm sized 
pores (Corning, China). The upper chambers with or without 

Matrigel (BD) pre-coated were used to test cell invasion and 
migration assay respectively. Cells cultured to logarithmic 
growth stage were suspended in an FBS-free medium 
containing 50 μM SK, 20 ng/ml hEGF, 50 μM SK+20 ng/ml 
hEGF or DMSO at a concentration of 5×105/ml. 200 μl cell 
suspension was added to each upper chamber by micropi-
pette. The bottom chambers were loaded with 500 µl complete 
medium. After incubation for 24 h, cells remaining in the 
upper chambers were carefully removed, stained by crystal 
violet solution, and observed under a microscope imaging 
system (Olympus, Japan). Five fields were randomly selected 
to count the number of cells penetrating the membrane.

Quantitative real-time PCR (qRT-PCR). Total RNA 
was extracted from tumor cells using RNAiso Plus total 
RNA extraction reagent (Takara, Japan). cDNA was synthe-
sized using a PrimeScript RT reagent Kit with gDNA Eraser 
(Takara, Japan). The reaction conditions were as follows: 
37 °C for 15 min, 85 °C for 5 s, and 4 °C for termination. The 
real-time PCR was performed on the Bio-Rad CFX 96 Real-
time PCR system (BIO-RAD, USA) using SYBR Premix Ex 
Taq Real-Time PCR Kit (Takara, Japan) and specific primers 
(Table 1. E-cadherin, N-cadherin, Vimentin, CDK4, Cyclin 
D1, and GAPDH). The reaction conditions were one cycle of 
initial denaturation at 95 °C for 3 min, followed by 35 cycles 
of 95 °C for 30 s, 60 °C for 30 s. The 2–ΔΔCq method was used 
to calculate gene expression.

Flow cytometry assay. Cells were seeded in a 25 cm2 
tissue culture flask (1×106 cells), then treated with 50 μM SK 
or DMSO for 48 h, fixed with 75% ethanol overnight, then 
washed 3 times with PBS. 500 µl of PI stain solution was 
added and incubated for 30 min at 4 °C. Data analysis and 
acquisition were evaluated using NovoCyte Flow Cytometer 
(ACEA Biosciences, USA) with 1.3.0 NovoExpress® software 
(ACEA Biosciences, USA).

Western blot assay. Total proteins extracted from cells 
using RIPA lysis buffer. The concentrations of proteins 
were detected using a bicinchoninic acid protein kit. 
Protein samples were loaded onto 8% gels and separated by 
SDS-PAGE. The resolved proteins were electrophoretically 
transferred to PVDF membranes. The blots were blocked with 
5% non-fat milk in TBS with Tween-20 at room temperature 
for 1 h and incubated with primary antibodies, then probed 
with secondary antibodies, and visualized using the Odyssey 
Fc System (LI-COR Biosciences, USA). Antibodies specific 
to β-actin (cat. no. 66009-1-Ig), CDK4 (cat. no. 11026-1-AP), 
Cyclin D1 (cat. no. 60186-1-Ig), p-AKT (cat. no. 66444-1-Ig), 

Table 1. Primers for qRT-PCR.
Genes Forward Reverse
E-cadherin GAGTGCCAACTGGACCATTC ACCCACCTCTAAGGCCATCT
N-cadherin GTGCATGAAGGACAGCCTCT TCTCACGGCATACACCATGC
Vimentin GCTGAATGACCGCTTCGCCAACT AGCTCCCGCATCTCCTCCTCGTA
CDK4 GCCCTCAAGAGTGTGAGAGTC CACGAACTGTGCTGATGGGA
Cyclin D1 CTGAGGAGCCCCAACAACTT CAGTCCGGGTCACACTTGAT
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donkey anti-rabbit (cat. no. SA00001-9), and donkey anti-
mouse (cat. no. SA00001-8) were purchased from Protein-
Tech Group, Inc., USA (dilution, 1:1000). Antibodies specific 
to E-cadherin (cat. no. 14472), N-cadherin (cat. no. 13116), 
Vimentin (cat. no. 5741), p-mTOR (cat. no. 5536T), and 
PI3K (cat. no. 4249) were purchased from Cell Signaling 
Technology, Inc., USA (dilution, 1:1000). Antibodies specific 
to ERK1/2 (cat. no. AF0155) and p-ERK1/2 (cat. no. AF1015) 
were purchased from Affinity Biosciences, USA (dilution, 
1:500). The experiments were repeated at least three times.

Molecular docking analysis. The molecular structure 
of SK in mol format file (ID: 6502) was downloaded from 
ChemSpider (http://www.chemspider.com/). The 3D struc-
tures of ERK1, ERK2 were found by using RCSB Protein Data 
Bank online tool (https://www1.rcsb.org/search/advanced). 
Protein-protein docking was conducted using Discovery 
Studio software. Bond energy score was identified to judge 
the degree of intermolecular bonding.

Tumor xenograft assay. Animal experiments were 
performed in accordance with the Animal Care and Ethical 
Committee of Hebei General Hospital under the International 
Association for the Study of Pain guidelines. 12 BALB/c-
nu mice (SPF, Charles River, China) were subcutaneously 
injected with 1×106 Eca109 cells in the left armpit to generate 
a xenograft mice model. When tumors in the mice reached 
50–100 mm3, mice were divided randomly into 2 groups 
(n=6/group): SK (50 mg/kg, dissolved in DMSO) or DMSO 
injection intraperitoneally every other day. Tumor sizes 
were measured by calipers and the volumes were calculated 
using a standard formula: volume = length × width2 × π/6. The 
tumors of the mice were completely removed after treatment 
for 28 days.

Immunohistochemistry (IHC) staining. Xenograft 
tumors excised from the mice were fixed, dehydrated, 
paraffin embedded, and sliced into sections of 4 μm thick-
ness. The sections were deparaffinized in xylene, rehydrated 
in 100, 95, and 75% ethanol, and distilled water, put into a 
microwave for antigen retrieval, then subsequently soaked in 
0.3% H2O2 to block the activities of endogenous peroxidases 
and then incubated with 10% goat serum for 1 h, all at room 
temperature. Subsequently, the sections were incubated 
with primary antibody at 4 °C for 12 h, then incubated with 
secondary antibody at 37 °C for 1 h. After DAB chromo-
genic fluid incubation and Harris hematoxylin staining, the 
sections were sealed with neutral gum. Images were acquired 
using an Olympus microscope (Japan). Antibodies used are 
listed as follows: Ki67 (1:200, Proteintech, cat. no. 27309-1-
AP), Vimentin (1:200, Cell Signal Technology, cat. no. 5741), 
p-ERK1/2 (1:100, Affinity, cat. no. AF1015), and goat anti-
rabbit (1:400, Proteintech, cat. no. SA00004-2).

Statistical analysis. Data are presented as the mean ± 
SEM for the indicated number of independently conducted 
experiments and analyzed with Origin 2018 (OriginLab, 
USA). Statistical significance was evaluated using either 
two-sample t-test or one-way ANOVA with Tukey correction 

for multiple groups. Two-way repeated measures ANOVA 
with Tukey correction was used to analyze xenograft tumor 
size in vivo. A p-value <0.05 was considered to indicate a 
statistically significant difference.

Results

SK inhibits the proliferation of ESCC cells in vitro. 
CCK-8 assay was used to detect the proliferation ability of 
TE-1 and Eca109 ESCC cells treated by different doses of 
SK. After treatment with 0, 25, 50, and 100 μM SK for 24 
h and 48 h, the viability of TE-1 and Eca109 cells showed 
a dose-dependent decrease (Figure 1A). Specifically, cell 
viability was reduced to 49.9±3.77% (p<0.001) in TE-1 cells 
and 54.1±3.23% (p<0.001) in Eca109 cells after treating with 
50 μM SK for 48 h compared with 0 μM SK groups. Next, the 
effect of SK on the clone formation was detected by clone 
formation assay. TE-1 and Eca109 cells treated with 0, 25, 50, 
and 100 μM SK for 14 days also showed a dose-dependent 
decrease (Figure 1B). Although 25 μM SK treatment also had 
a significant inhibitory effect on the colony-forming activity 
of ESCC cells, combining with the result of cell viability 
assay, we finally chose 50 μM SK treatment to be mainly used 
in subsequent experiments. These results suggested that SK 
could inhibit the proliferation of ESCC cells in a dose-depen-
dent manner.

SK induces G0/G1 phase cell cycle arrest of ESCC cells 
in vitro. Flow cytometry analysis was performed to deter-
mine the role of SK in the cell cycle progression of TE-1 
and Eca109 cells. The results showed that the proportion of 
cells in the G0/G1 phase significantly increased in 50 μM SK 
treatment groups compared with control groups (Figure 2A), 
which indicated that SK treatment caused G1 phase arrest 
of ESCC cells. It is well-known that Cyclin D1, CDK4, and 
the Cyclin D1-CDK4 complex act as the key effectors in the 
regulation of cell cycle transition from G1 to S phase [15–17]. 

Therefore, we used western blot and qRT-PCR to detected 
the protein and mRNA levels of Cyclin D1 and CDK4. 
Compared with 0 μM SK groups, the expressions of CDK4 
and Cyclin D1 proteins detected by western blot both in TE-1 
and Eca109 cells were significantly decreased after 50 μM and 
100 μM SK treatment (Figure 2B), and the analysis of mRNA 
levels of Cyclin D1 and CDK4 by qRT-PCR were consistent 
with the results in western blot (Figure 2C). Taken together, 
these results indicated that SK-treated TE-1 and Eca109 cells 
might have led to their arrest at the G0/G1 phase by inhib-
iting the expression of Cyclin D1 and CDK4 at the transcrip-
tional level.

SK inhibits the migration and invasion of ESCC cells 
in vitro. Considering that the malignant behavior of ESCC 
is mainly attributed to its high migration activity, we evalu-
ated the migration and invasion of SK-treated ESCC cells. 
We found that 50 μM SK treatment obviously delayed wound 
healing of TE-1 and Eca109 cells at 24 h and 48 h compared 
with the control groups (Figure 3A). Next, we used a Transwell 
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SK impairs ERK1/2-mediated ESCC cell migration and 
invasion via downregulating the phosphorylation level of 
ERK1/2 in the MAPK/ERK signaling pathway. The PI3K/
AKT/mTOR and MAPK/ERK signaling pathways play an 
important role in cell growth, proliferation, invasion, migra-
tion, and other physiological and pathological processes 
[18–19], we hypothesize that SK might affect ESCC cell prolif-
eration and EMT via modulating either or both pathways. 
To test this possibility, we used western blot to evaluate the 
expressions of major molecules in the above two pathways. 
We didn’t find a significant difference in the PI3K expression, 
AKT and mTOR phosphorylation (p-AKT and p-mTOR) 
levels of TE-1 cells treated with different doses of SK (Supple-
mentary Figure S2). However, the ERK1/2 phosphorylation 
(p-ERK1/2) level in TE-1 and Eca109 cells were markedly 
reduced when treated with 50 μM and 100 μM SK, while the 
level of ERK1/2 had no change after treating (Figure 4A). 
Next, we investigated the level of p-ERK1/2 in SK-treated 
ESCC cells with 20 ng/ml human epidermal growth factor 
(hEGF), an agonist of the MAPK/ERK signaling pathway [20, 
21]. As shown in Figure 4B, hEGF treatment increased the 

assay to test the effect of SK on the migration and invasion of 
TE-1 and Eca109 cells. After treatment with 0, 25, 50, and 
100 μM SK for 24 h or 48 h, the number of migratory and 
invasive ESCC cells also showed a dose-dependent decrease 
to some extent (Supplementary Figure S1). Especially, 50 μM 
SK treatment for 24 h significantly suppressed the migra-
tion and invasion of ESCC cells compared with the control 
groups (Figure 3B). Furthermore, we detected the mRNA 
and protein levels of epithelial-mesenchymal transition 
(EMT) markers including E-cadherin, N-cadherin, and 
Vimentin. Western blot analysis displayed that the expres-
sion of E-cadherin protein was upregulated while the 
expression of both N-cadherin and Vimentin proteins was 
downregulated obviously in 50 μM and 100 μM SK treatment 
groups, compared with 0 μM SK groups (Figure 3C). It also 
showed upregulated E-cadherin mRNA level and downreg-
ulated N-cadherin and Vimentin mRNA levels with an SK 
dose-dependent treatment manner in qRT-PCR analysis 
(Figure 3D). The above results indicated that SK regulated 
the expressions of EMT-related proteins and thereby inhib-
ited the mobility of ESCC cells.

Figure 1. SK inhibited the proliferation of ESCC cells in vitro. A) TE-1 and Eca109 cells were treated with 0, 25, 50, and 100 μM SK for 24/48 h, and mea-
sured by CCK-8 assay to detect the cell viability. Asterisks indicate significant difference from 0 μM SK group: *p<0.05, ***p<0.001 (one-way ANOVA 
with Tukey correction), n=9. B) The effects of 0, 25, 50, and 100 μM SK treatment on the clone formation of TE-1 and Eca109 cells were detected by the 
clone formation assay. Asterisks indicate significant difference from 0 μM SK group: ***p<0.001 (two-sample t-test), n=5.
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protein level of p-ERK1/2 in TE-1 and Eca109 cells without 
SK applying. However, the enhancing effect on the p-ERK1/2 
expression induced by 20 ng/ml hEGF was reversed when 
50 μM SK was co-applied to the tumor cells. The above results 
suggested that SK inhibited the proliferation, invasion, and 
migration of ESCC cells at least via downregulating the 
phosphorylation level of ERK1/2 in the MAPK/ERK pathway.

Previous studies reported hEGF promoted ERK1/2-
mediated cancer cell migration and invasion [22]. To further 
verify that SK inhibited ESCC cell migration and invasion 
through the MAPK/ERK signaling pathway, we used a 

Transwell assay to test whether SK could affect hEGF-induced 
migration and invasion. As shown in Figure 4C, the number 
of both migratory and invasive cells in TE-1 and Eca109 cells 
was increased after 20 ng/ml hEGF treatment, dropped after 
50 μM SK treatment. However, the combination of these two 
drugs reversed the increasing effect of hEGF to the control 
level. These results proved that SK suppressed the invasion 
and migration of ESCC cells by regulating the MAPK/ERK 
pathway.

SK docks with the phosphorylation sites of ERK1 by 
molecular docking analysis. To further investigate the 

Figure 2. SK treatment resulted in ESCC cells arrest in the G0/G1 phase. A) Flow cytometry analysis was performed to determine the role of 50 μM SK 
treatment for 48 h in the cell cycle progression of TE-1 and Eca109 cells. Asterisks indicate significant difference from the control group: *p<0.05 (two 
sample t-test), n=6. B) Western blot and C) qRT-PCR to detect the protein and mRNA levels of Cyclin D1 and CDK4. Asterisks indicate significant 
difference from 0 μM SK group: *p<0.05, ***p<0.001 (one-way ANOVA with Tukey correction), n=5.
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mechanism of SK suppressing ERK1/2 phosphorylation, we 
next used Discovery Studio software to analyze the structure 
basis for possible interaction between SK and ERK1/2. The 
molecular structure of SK was downloaded from ChemSpider, 

and RCSB Protein Data Bank (PDB) was used to search for 
the structures of ERK1 (MAPK1-6SLG) and ERK2 (MAPK3-
6GES, Figure 5A). The highest-scored predicted models of 
interaction between SK and ERK1, SK and ERK2 were 

Figure 3. SK inhibited the migration and invasion of ESCC cells in vitro. A) Wound healing assay was used to test the migration of TE-1 and Eca109 
cells after 50 μM SK treatment for 24/48 h. Asterisks indicate significant difference from control group: **p<0.01, ***p<0.001 (two-sample t-test), n=7. 
B) Transwell assay was used to test the effect of 50 μM SK treatment for 24 h on the migration and invasion of TE-1 and Eca109 cells. Asterisks indicate 
significant difference from control group: ***p<0.001 (two-sample t-test), n=7. C) Western blot and D) qRT-PCR to detect the protein and mRNA 
expression of E-cadherin, N-cadherin, and Vimentin. Asterisks indicate significant difference from 0 μM SK group: *p<0.05, **p<0.01, ***p<0.001 
(one-way ANOVA with Tukey correction), n=5.
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discovered by the molecular docking analysis (Figure  5B). 
ERK is activated by the phosphorylation of both threonine 
and tyrosine, which then regulates cell growth, differentia-
tion, apoptosis, and metastasis [23, 24]. Following further 
analyzing the docking targets between SK and ERK1/2, we 
found that multiple binding sites were predicted between SK 
and ERK1/2 (Figure 5C). In particular, SK docked with both 
threonine and tyrosine of ERK1 (Figure  5C, left), despite 
having no interaction with the phosphorylation sites of 

ERK2 (Figure 5C, right). It suggested that SK might affect the 
activation of ERK1 via directly acting on its phosphorylation 
sites, but further studies were needed to prove. This docking 
analysis revealed the 3D structural basis for possible interac-
tions between SK and ERK1/2.

SK suppresses xenograft tumor growth in vivo. To 
further explore the effect of SK on xenograft tumor growth, 
12 BALB/c-nu mice were injected with 1×106 Eca109 cells in 
the left armpit to generate a xenograft mice model. When the 

Figure 4. SK impaired ERK1/2-mediated ESCC cell migration and invasion via downregulating the phosphorylation level of ERK1/2. A, B) Western 
blot detected the protein level of ERK1/2 and p-ERK1/2 of TE-1 and Eca109 cells treated by the different dose of SK for 48 h (A), and 50 μM SK for 48 
h with or without 20 ng/ml hEGF for 3h (B). C) Transwell assay was used to test the migration and invasion of TE-1 and Eca109 cells after treating for 
24 h with 50 μM SK in the presence or absence of 20 ng/ml hEGF. Asterisks and number symbols respectively indicate significant difference from the 
control group and the hEGF group: *p<0.05, **p<0.01, ***p<0.001; ##p<0.01, ###p<0.001 (one-way ANOVA with Tukey correction), n=5.
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tumors reached 50–100 mm3 after Eca109 cells injection, the 
mice were divided randomly into 2 groups (50 mg/kg SK or 
DMSO intraperitoneal injection every other day for 28 days). 
As shown in images of xenograft tumor (Figure  6A), the 
xenograft tumors treated with SK were obviously smaller 
than those in the control group. Indeed, SK treatment 
significantly decreased both the tumor mass and the tumor 

volume after actual measurement (Figure 6B). We next 
detected the expression levels of Ki67 (proliferation marker), 
Vimentin, and p-ERK1/2 in tumor tissues by IHC staining, 
it showed that all three of them exhibited lower expressions 
in SK-treated tumor tissues compared with control tissues 
(Figure 6C). These data suggested that SK is involved in 
regulating the proliferation and metastasis of ESCC in vivo.

Figure 5. SK docked with the phosphorylation sites of ERK1 by molecular docking analysis. A) The molecular structure of SK, the 3D structures of 
ERK1 (MAPK1-6SLG) and ERK2 (MAPK3-6GES). B, C) Discovery Studio software predicted the interactions (B) and binding sites (C) between SK and 
ERK1/2. Arrows indicate threonine and tyrosine of ERK1.
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Discussion

EC, one highly malignant gastrointestinal cancer, is the 
6th leading cause of cancer-related death worldwide, and 
ESCC is one of the main histopathological subtypes of EC 
[3–4]. Although diagnosis and treatment for ESCC have 
been improved in recent years, the overall survival rate of 
ESCC patients remains particularly poor due to the charac-
teristics of early invasion and distant metastasis [25, 26]. The 

pathogenesis of ESCC involves many factors, elucidating 
the mechanism of occurrence and progression of ESCC can 
provide a clinical basis for treatment, and exploration of 
specific molecular targets could be developed into effective 
clinical therapeutic agents.

At present, traditional Chinese medicine regarded as one 
potential anti-tumor treatment has been widely studied, and 
many effective ingredients of Chinese herbal medicine also 
have been used in clinical treatment for cancers [27, 28]. SK, 

Figure 6. SK significantly suppressed the growth of xenografted Eca109 tumors in nude mice. A) The images of xenograft tumor after 50 mg/kg SK (or 
DMSO) intraperitoneal injection every other day for 4 weeks. B) The effect of SK on the xenografted tumor mass (left). Asterisks indicate significant 
difference from control group: ***p<0.001 (two-sample t-test). The effect of SK on the xenografted tumor volume (right). Asterisks indicate the dif-
ference between groups within the corresponding time point: **p<0.01, ***p<0.001; Number symbols indicate significant difference between SK and 
the control group data sets: ##p<0.01 (two-way repeated ANOVA with Tukey correction), n=6. C) The IHC of Ki67, Vimentin, p-ERK1/2 in xenograft 
tumor tissues. IHC ×200.
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one of the fluroquinolone alkaloids, is widely found in the 
Rutaceae plants [29]. Through literature review, we found that 
there are few studies on the pharmacological functions of SK. 
Ratheesh et al. [11] reported one systematic study on the anti-
inflammatory effect of SK, which described SK exerted its 
anti-inflammatory activity in the carrageenan-induced paw 
edema model, the mechanism of this action is the suppres-
sion of pro-inflammatory cytokine production and their 
upstream events, inhibition of neutrophil infiltration and 
neutralization of oxidative stress by stimulation of antioxi-
dant enzyme activity. Inflammation is closely related to the 
development of cancer, and thus anti-inflammatory drugs are 
often used in the study of tumor therapy. However, the effect 
of SK on the anti-tumor potential was rarely reported, Zuo 
et al. [30] revealed SK could significantly inhibit the growth 
and markedly induce apoptosis of non-small cell lung cancer 
cells, however, further mechanism of SK acting on non-small 
cell lung cancer cells still be unclear.

To further research the potential function of SK on the 
treatment of cancers, we showed that SK significantly inhib-
ited the proliferation of ESCC cell lines with a dose-depen-
dent treatment manner. Although it has been reported that 
IC50 values for the cytotoxicity of SK against non-small 
cell lung cancer cells A549, breast cancer cells MCF-7 and 
human laryngeal epidermoid carcinoma cells HEp-2 were 
5.12±0.81 μM, 50.1±4.4 µg/ml, and 79.4±5.8 µg/ml respec-
tively [30, 31], in our study 50 μM SK treatment for 48 h 
inhibited cell viability by 50%. This suggests that SK may 
have the ability to act on different types of tumors, but it is 
varied in the effective anti-tumor concentration.

Previous studies had indicated the disorder of cell cycle 
regulation acted as an important reason for the uncontrolled 
cell proliferation and carcinogenesis [32, 33]. Different 
phases of the cell cycle (G1, S, G2, and M) are closely related 
to key regulatory molecules of the cell cycle. Since the length 
of cell cycle is mainly determined by the length of the G1 
phase, the most important regulatory targets exist in the G1 
phase [34, 35]. Our study showed that ESCC cells with SK 
treatment could be stagnated in the G0/G1 phase instead of 
entering the S phase for DNA replication via inhibiting the 
expression of Cyclin D1 and CDK4.

Uncontrolled proliferation of tumor tissue, abnormal 
differentiation of tumor cells, and the ability of migration 
and invasion of tumor cells are regarded as the most basic 
biological features of malignant cancers. Due to invasion 
and metastasis primarily threatening the health and life of 
patients, therefore it is of great significance to study the effect 
of drugs on tumor migration and invasion [36, 37]. In our 
study, it indicated that SK inhibited the mobility of ESCC 
cells via regulating the expressions of EMT-related proteins. 
Furthermore, SK could reverse hEGF-induced migration 
and invasion of ESCC cells, which suggested this inhibitory 
effect of SK could be due to the regulation of the MAPK/ERK 
pathway.

MAPK/ERK signaling pathway is an evolutionarily 
conservative signaling pathway that regulates a variety of 
cellular processes, including cell survival, proliferation, and 
differentiation [38, 39]. The core of this pathway presented a 
kinase cascade consisting of RAF kinase, mitogen-activated 
protein kinase (MEK), and ERK1/2 kinase. In activating 

Figure 7. SK inhibited the proliferation of ESCC cells via inducing G0/G1 phase cell cycle arrest, prevented the migration and invasion of ESCC cells 
through EMT regulation in vitro, and the anti-tumor mechanism of which could be downregulating the phosphorylation level of ERK1/2.
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many receptor tyrosine kinases (RTK), RAF activated by 
binding to GTP-binding RAS promoted the phosphory-
lation of MEK, which then phosphorylates the threonine 
and tyrosine residues of ERK1/2 to be an activated state. 
Activated ERK1/2 phosphorylates hundreds of cytoplasmic 
and nuclear proteins, such as transcription factors and 
cytoskeletal proteins, which play different roles in a variety of 
biological processes [18, 19, 40]. In this study, SK treatment 
directly reduced the expression of p-ERK1/2 and reversed 
the enhancement effect of hEGF on the level of p-ERK1/2 
in ESCC cells, which suggested SK inhibiting the prolifer-
ation, migration, and invasion of ESCC cells could be in 
correlation with the modulation of MAPK/ERK signaling 
pathway. Next, the molecular docking analysis showed the 
3D structural basis for possible interactions between SK 
and ERK1/2, especially docking with threonine/tyrosine 
phosphorylation sites of ERK1. This suggested SK might 
regulate the MAPK/ERK pathway by directly influencing 
the phosphorylation of ERK1/2. However, there still needs 
to do more exploration for the deeper mechanism on the 
effect of SK in ESCC cells. Furthermore, the in vivo efficacy 
of SK was also confirmed by a xenograft study, in which SK 
significantly suppressed the growth of xenografted Eca109 
tumor in nude mice.

In general, our study demonstrated that SK suppressed 
proliferation, migration, and invasion of ESCC cells in vitro 
and the growth of xenografted tumors in vivo. The mecha-
nism of the inhibitory effect of SK on ESCC progression was 
due to downregulating the level of ERK1/2 phosphoryla-
tion in the MAPK/ERK signaling pathway (Figure 7). Our 
basic research suggests that SK can be a potential therapeutic 
agent for ESCC. We advocate more studies on the anti-tumor 
function of SK and further promote the clinical transforma-
tion of SK as an effective anti-tumor drug.

Supplementary information is available in the online version 
of the paper.
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Supplementary Figure S1. To observe the migration and invasion of ESCC cells treated with different concentrations of SK. Transwell assay was used to 
evaluate the effect of 0, 25, 50 and 100 μM SK treatment for 24/48 h on the migration and invasion of TE-1 (A) and Eca109 (B) cells. Asterisks indicate 
significant difference from 0 μM SK group: ***p<0.001 (one-way ANOVA with Tukey correction), n=5.

Supplementary Figure S2. SK had no obvious effect on PI3K/AKT/mTOR signaling pathway. Western blot was used to detect the protein level of PI3K, 
p-AKT and p-mTOR.


