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Background: Esophageal cancer, especially esophageal squamous cell carcinoma (ESCC), is a common 
malignant tumor of the digestive tract. Bufalin is an effective anti-tumor compound. However, little is known 
about the regulatory mechanisms of Bufalin in ESCC. To investigate the effect and molecular mechanism of 
Bufalin on the proliferation, migration and invasion of ESCC cells will provide a more reliable basis for the 
application of Bufalin in clinical tumor therapy.
Methods: First, the half-inhibitory concentration (IC50) of Bufalin was evaluated by Cell Counting Kit-8 
(CCK-8) assays. In vitro, the effects of Bufalin on the proliferation of the ECA109 cells was measured using 
CCK-8 and 5-ethynyl-2'-deoxyuridine assays. Wound-healing and transwell assays were used to evaluate the 
effects of Bufalin on the migration and invasion of the ECA109 cells. Further, to determine the mechanisms 
underlying the Bufalin-mediated suppression of cell progression in ESCC, total RNA was extracted from 
negative control (NC) and Bufalin treated cells to perform RNA-sequencing (RNA-seq) to screen for 
abnormally expressed genes. In vivo, the ECA 109 cells were subcutaneously injected into BALB/c nude 
mice to determine the effects of Bufalin on tumor cell proliferation. The protein inhibitor of activated signal 
transducer and activator of transcription 3 (PIAS3), signal transducer and activator of transcription 3 (STAT3), 
and phosphorylated STAT3 (p-STAT3) protein expression levels in the ECA109 cells were detected by 
Western blot.
Results: The CCK-8 assays showed that the IC50 of Bufalin was 200 nM. The proliferation, migration, 
and invasion ability of the ECA109 cells was significantly inhibited in the Bufalin group in a concentration-
dependent manner. In vivo, the Xenograft tumor model showed that Bufalin decreased the tumor volume 
and weight of the subcutaneous tumors. The RNA-seq results showed that the expression of PIAS3 was 
upregulated in the Bufalin group. Additionally, down-regulation of PIAS3 decreased the inhibition of 
STAT3, thereby increasing p-STAT3 expression. Finally, PIAS3 knockdown reversed the inhibitory effects 
of Bufalin on the proliferation, migration, and invasion of the ECA109 cells.
Conclusions: Bufalin may inhibit the proliferation, migration, and invasion of the ECA109 cells through 
the PIAS3/STAT3 signaling pathway.
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Introduction

Esophageal cancer (EC) is one of the most common 
malignant tumors of the upper digestive tract in the world (1).  
Recently, the International Agency for Research on Cancer 
of the World Health Organization reported that in 2020, 
there were 600,000 new cases of EC and 540,000 EC-
related deaths worldwide, making it the 8th most common 
cancer, and the 6th leading cause of cancer-related deaths 
(2,3). EC is also one of the top 10 malignant tumors in 
China, and with 320,000 new cases and 300,000 deaths, it 
was the 6th most common cancer and the 4th leading cause 
of cancer-related deaths in 2020 in China (4). The two 
main histological types of EC are esophageal squamous cell 
carcinoma (ESCC) and esophageal adenocarcinoma (5). 
Among them, ESCC is the main histological type of EC in 
China (6). EC has strong invasiveness and high mortality. 
Due to the lack of early and specific clinical symptoms, 
most EC patients are only diagnosed in the late stage.

In recent years, a small number of EC patients have 
benefited from the development of diagnostic technology, 
the optimization of radiotherapy and chemotherapy, and 
the improvement of surgical procedures (7). However, a 
considerable number of EC patients still develop metastasis 
and recurrence after surgery. The 5-year survival rate of EC 
patients after surgery is <20% (8). EC seriously endangers 
the health of people all over the world. EC has a poor 

prognosis because it is prone to local invasion and distant 
lymph node metastasis. To develop more effective diagnosis 
and treatment methods and molecular-targeted therapies 
for EC, the molecular pathological mechanism underlying 
the occurrence, development, and metastasis of EC urgently 
needs to be explored and studied.

In recent years, traditional Chinese medicine (TCM) 
has been shown to have good clinical effects in the 
treatment of tumors, which can significantly improve the 
survival time of patients (9-11). Bufalin is a major anti-
tumor component extracted from the TCM Venenum 
Bufonis (12). Bufalin belongs to cardiotonic glycosides 
and has a wide range of pharmacological effects. Previous 
studies have shown that Bufalin kills a variety of solid 
tumors and hematological tumors, such as prostate tumor 
(13,14), liver tumor (15,16), gastric tumor (17,18), ovarian 
tumor (19), and leukemia (20). The mechanism involves 
the following aspects: the inhibition of cell proliferation, 
the induction of differentiation, the induction of apoptosis, 
the destruction of the cell cycle, the inhibition of tumor 
angiogenesis, the reversal of multidrug resistance, and 
the regulation of the immune response. In addition to its 
anti-tumor effects, Bufalin can also act as an active agent 
to enhance the sensitivity of tumors to chemotherapeutic 
drugs, and even reverse drug resistance in some tumors, 
such as liver cancer (21,22). Thus, the TCM Bufalin may 
be able to be used in the clinical treatment of tumors in the 
future. Studies have found that Bufalin is a broad-spectrum 
anti-tumor drug (23). At present, it has shown its anti-
tumor activity in the clinical treatment of leukemia, liver 
cancer, gastric cancer and other tumors (24,25). A study has 
found that Bufalin can inhibit the proliferation of vascular 
endothelial cells in a variety of tumor tissues, affect its 
neovascularization, and then inhibit tumor growth (26).  
In leukemia-related study, it was found that Bufalin could 
significantly inhibit the growth of leukemic cells and 
induce their differentiation and apoptosis (25). Studies 
have shown that Bufalin can activate members of Caspase 
family and Bcl-2 family, promote the formation of Bax 
homodimer (27), and activate hydrolases such as Caspase-8, 
Caspase-9 and Caspase-3, which significantly increase the 
permeability of mitochondrial membrane and lead to the 
release of cytochrome C into the cytoplasm. And then 
induce apoptosis of tumor cells (23). It has been reported 
that XanduLing can effectively reverse the resistance to 
retinoic acid during chemotherapy in acute promyelocytic 
leukemia and restore chemosensitivity (28). Cytological 

Highlight box

Key findings
• Bufalin suppressed ESCC progression by activating the PIAS3/

STAT3 signaling pathway.

What is known and what is new?
• Bufalin is a main antitumor component extracted from the 

traditional Chinese medicine, Venenum Bufonis. Bufalin kills a 
variety of solid and hematological tumors.

• The effects of Bufalin on the proliferation, migration, and invasion 
of ESCC cells has not yet been fully elucidated. We found that 
Bufalin inhibited the proliferation, migration, and invasion of 
ECA109 cells. We also revealed that Bufalin may inhibit the 
proliferation, migration, and invasion of the ECA109 cells and 
upregulate the expression of PIAS3. Thus, inhibit the activity of 
STAT3, and downregulate the expression of p-STAT3.

What is the implication, and what should change now?
• Further research on the role and molecular mechanism of Bufalin 

in ESCC and other malignant tumors will provide a more reliable 
basis for its application in clinical tumor therapy.



Journal of Thoracic Disease, Vol 15, No 4 April 2023 2143

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2023;15(4):2141-2160 | https://dx.doi.org/10.21037/jtd-23-486

studies showed that Bufalin could inhibit the expression 
of proliferation-related genes in HL-60 cell line, down-
regulate the expression of cyclin and induce cell cycle arrest 
(29,30), and further induce the activation of cell apoptosis. 
It is believed that with the development of modern Chinese 
medicine, the active components of Bufalin can play a 
more important role in anti-tumor therapy (31). In recent 
years, scholars in China and abroad have confirmed that 
Bufalin effectively promotes the apoptosis of EC cells (32), 
and its possible molecular mechanism has been studied 
from different aspects. However, the effects of Bufalin on 
the proliferation, migration, and invasion of ESCC cells 
has not yet been fully elucidated. In this study, we mainly 
sought to examine the inhibitory effects of Bufalin on the 
proliferation, migration, and invasion of ECA109 cells, and 
explore its potential molecular mechanism.

The protein inhibitor of activating signal transducer and 
activator of transcription 3 (PIAS3) is a small ubiquitin-like 
regulatory factor-E3 (SUMO-E3) ligase, which catalyzes the 
covalent binding of small ubiquitin-like modifier (SUMO) 
protein to specific target substrates and directly binds to the 
DNA binding domain of phosphorylated STAT3 (p-STAT3) 
protein (33), thus specifically inhibiting STAT3 activation. 
The overactivation of STAT3 may play an important role 
in the occurrence of a variety of tumors (34). Researchers 
have also studied the expression level of its inhibitor PIAS3 
in tumors. Zhang et al. found that the expression of PIAS3 
in glioblastoma cell lines was significantly suppressed at the 
post-transcriptional level (35). However, other studies have 
found that the expression level of PIAS3 in human lung 
cancer (36,37), breast cancer (38,39), prostate cancer (40), 
and colorectal cancer (41) is significantly increased. Thus, 
PIAS3 may play different roles in different types of tumors. 
The role of PIAS3 in the occurrence and development of 
ESCC has not yet been reported.

In this study, ECA109 cells were used as a model 
to observe the effects of Bufalin on the proliferation, 
migration, and invasion of ECA109 cells. A transplanted 
tumor model of nude mice was used to evaluate the effects 
of Bufalin on the progression of EC. This study sought 
to clarify the biological role of Bufalin in the occurrence 
and development of EC and to explore its potential 
mechanism, and thus provide an experimental basis for 
the clinical application of Bufalin in the treatment of EC. 
We present the following article in accordance with the 
MDAR and ARRIVE reporting checklists (available at 
https://jtd.amegroups.com/article/view/10.21037/jtd-23-
486/rc).

Methods

Patient tissues

In 2015, samples from 20 patients who had been 
pathologically diagnosed with invasive ESCC were collected 
from the Department of Pathology of Shanghai Tenth 
People’s Hospital. At the same time, the corresponding 
adjacent normal tissues (pathologically confirmed well-
differentiated squamous epithelium >2 cm from the cancer) 
were collected to serve as the control. The patients’ ages 
ranged from 45 to 80 years, and 12 were male and 8 were 
female. None of the patients had a history of other tumors or 
autoimmune diseases, and none had received radiotherapy, 
chemotherapy or immunosuppressive therapy before the 
surgery. The EC and paracancerous tissues were put into 
cryopreservation tubes and immediately cryopreserved in 
liquid nitrogen for the subsequent tissue RNA extraction. 
ESCC was confirmed in all the tissue specimens by the chief 
pathologist. This experiment was done in Shanghai Tenth 
People’s Hospital. The collection of all the ESCC specimens 
was approved by the Ethics Committee of Shanghai Tenth 
People’s Hospital (No. SHSY-IEC-4.1/21-78/02), and the 
informed consent of patients was obtained. The study was 
conducted in accordance with the Declaration of Helsinki (as 
revised in 2013).

Antibodies and reagents

Bufalin was purchased from Sigma (Cat# B0261) (St. Louis, 
MO, USA). Antibodies to PIAS3 (Cat# 9042, RRID: 
AB_2797692), STAT3 (Cat# 12640, RRID: AB_2629499), 
p-STAT3 (Cat# 9145, RRID: AB_2491009), and β-actin 
(Cat# 3700, RRID: AB_2242334) were purchased from 
Cell Signaling Technology (Danvers, MA, USA). The 
horseradish peroxidase (HRP)-conjugated goat anti-
rabbit immunoglobulin G (IgG; Cat# AP187P), and HRP-
conjugated goat anti-mouse IgG (Cat# AP181P) were 
purchased from Sigma (St. Louis, MO, USA).

Immunohistochemistry (IHC)

Paraffin-embedded specimens were successively sliced 
according to the standard of 4 μM. Baked the slices in 60 ℃  
for 4 hours. Then, put them in a slicing box for use. The 
slides were baked in 65 ℃ for 2 h before dyeing and put 
in xylene solution I and xylene solution II respectively 
for dewaxing for 10 min ×2 times. Then the slides were 
soaked in 100% ethanol I for 10 min, 100% ethanol II 

https://pubmed.ncbi.nlm.nih.gov/?term=Brat+DJ&cauthor_id=28100038
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for 10 min and 95% ethanol, 90% ethanol, 80% ethanol 
and 70% ethanol for 5 min, respectively, for gradient 
ethanol hydration. The slides were soaked and rinsed in 
phosphate-buffered saline (PBS) solution for 5 min. After 
3 times, citric acid antigen repair solution was added for 
antigen repair at high-temperature (the slides were heated 
in a microwave oven for 20 min, and allowed to naturally 
cool to room temperature). The slides were rinsed in PBS 
buffer solution for 5 min ×3 times and then wiped the 
sections. 3% hydrogen peroxide (H2O2) was added to block 
the endogenous peroxidase, and incubated the slides for  
10 min (in the dark, at room temperature). Goat serum 
was dripped onto the slides and blocked for 30 min (37 ℃). 
The serum was removed from the slides. The slides were 
placed in the moisturizing box. The first antibody working 
solution was dripped (the concentration of PIAS3 antibody 
was 1:200), and kept overnight at 4 ℃. After the slides were 
soaked and rinsed with PBS buffer solution, the biotin 
labeled secondary antibody working solution was dropped 
on the slides and incubated in a wet box for 1 h (37 ℃).  
Then the slides were dropped the working solution of 
streptavidin labeled with HRP and incubated for 1 h (37 ℃).  
Next, both 3,3N-diaminobenzidine tetrahydrochloride 
(DAB) color development and hematoxylin counterstaining 
were performed. Finally, gradient ethanol dehydration was 
performed, the xylene was made transparent, the neutral 
gum was dropped, and the glass was covered. Brown or 
light-yellow granules indicated the positive expression of 
PIAS3, and PIAS3 was mainly located in the nucleus. Based 
on the dyeing degree, the final dyeing result were scored 
as follows: 0 = colorless, 1 = light yellow, 2 = brown-yellow, 
and 3 = brown. According to the percentage of positive 
cells, the percentages of 1–10%, 11–50%, 51–75%, and 
>75%, were scored as 1, 2, 3, and 4, respectively. The total 
score was obtained by multiplying the two scores above. 
The results were characterized as follows: 9–12 points, 
strong positive staining (3+); 6–8 points, moderate positive 
staining (2+); 4–5 points, weak positive staining (1+); 
and 0–3 points, negative staining (–). Moderate positive 
and strong positive staining indicated a high expression 
of PIAS3, while weak positive and negative are staining 
indicated a low expression.

Cell culture and siRNA transfection

Human ESCC cell  l ine ECA109 (CC-Y1150) was 
purchased from Shanghai Cell Bank (Shanghai Biological 
Sciences, Chinese Academy of Sciences, Shanghai, China). 

The ECA109 cells were adherent cells and were cultured 
in Petri dishes. After successful resuscitation, the ECA109 
cells were added to a complete culture medium composed 
of Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 
Carlsbad, CA) containing 100 U/mL of penicillin and  
100 μg/mL of streptomycin (Solarbio, Beijing, China) and 
fetal bovine serum (FBS) (Lonsera, Shanghai, China) at a 
ratio of 9:1, and put into a 5% carbon dioxide (CO2), 37 ℃ 
incubator for routine culture, and the solution was changed 
the next day.

The small-interfering RNAs (siRNAs) targeting human 
PIAS3 were purchased from Genepharma (Shanghai, 
China) with the following sequences: PIAS3 siRNA-1#, 
5'-GCAGGAACCCTTCTACAAA-3'; PIAS3 siRNA-2#, 
5'-GGAGATCCATCAGAGAATA-3'; PIAS3 siRNA-3#, 
5'-GTGATGAGATCCAATTCAT-3'. The ECA109 cells 
were transfected with 80 nM of siRNA using Lipofectamine 
8000 (Invitrogen, CA, USA) for 48 h.

RNA isolation and quantitative real-time polymerase 
chain reaction (qRT-PCR)

The cells or tissues from which the RNA was to be 
extracted, and rinsed twice with PBS solution, after which 
TRIzol LS Reagent (Invitrogen, Carlsbad, CA) was 
added to extract the total RNA. Next, 30 μL of RNase-
free diethyl pyrocarbonate (DEPC) water was added to 
the RNA precipitated tube, and the tube was left to stand 
at room temperature for 2 min to dissolve the RNA. 
The RNA concentration and purity were detected using 
the Nano Drop system (Thermo Scientific). For each 
group, 1 μg of RNA underwent reverse transcription 
according to the instructions of the reverse transcription 
kit (Takara). The reaction conditions were as follows: 
50 ℃ for 15 min, and 85 ℃ for 5 s. The complementary 
DNA solution was stored in a refrigerator at –20 ℃ 
awaiting use. qRT-PCR was performed using SYBR Green 
Master mix (Roche Diagnostics, Basel, Switzerland) on a 
Lightcycler 96 system (Roche, Basel, Switzerland). The 
reaction procedure was as follows: pre-denaturation at 
95 ℃ for 5 min, denaturation at 95 ℃ for 10 s, annealing 
at 60 ℃ for 30 s, and extension at 65 ℃ for 30 s for  
40 cycles. The results were analyzed by 2−ΔΔCt. All the 
primers were designed and synthesized by Shanghai Sangon 
Biological Company, and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as the internal reference 
gene. The specific primer sequences were as follows: 
PIAS3-F CGGACGGAATTACTCCTTGTCTGTG, 
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PIAS3-R GTCAGGGTCAGCAGTCAATTTCTCC; 
GAPDH-F GACCTGACCTGCCGTCTA, GAPDH-R 
AGGAGTGGGTGTCGCTGT.

Western blot analysis

Human ECA109 cells in the logarithmic growth phase in 
good condition were cultured in 6-well plates, the culture 
medium was removed, the cells were washed 3 times with 
PBS, and the residual liquid was removed. Next, 200 μL  
of protein lysate [containing protease inhibitor and 
phenylmethylsulfonyl fluoride (PMSF) premix] was added 
to each well, and the cells were then scraped and moved into 
a precooled 1.5-mL Eppendorf (EP) tube. The cells were 
cracked on ice for 10–15 min, and then centrifuged at 4 ℃, 
1,2000 rpm for 30 min. After that, took the supernatant, and 
moved it into a precooled EP tube. Protein concentration 
was determined using the BCA method in accordance with 
the instructions of the BCA protein sample determination 
kit (Thermo Scientific). The absorbance [optical density 
(OD)] value at the wavelength of 570 nm was measured on 
a microplate reader (Thermo Scientific), the standard curve 
was drawn using the OD value of the standard sample, and 
the total protein concentration of the protein sample was 
calculated. Next, 5× loading buffer was added to the tube. 
The tube was denatured at 100 ℃ for 5 min. Then, 10% 
sodium dodecyl-sulfate polyacrylamide gel electrophoresis 
gel was prepared, and the denatured protein was carefully 
added to each well for electrophoresis, and the protein was 
then transferred to the 0.45-μm polyvinylidene fluoride 
(PVDF) membrane. After the end of transmembrane 
the PVDF membrane was taken out and placed in the 
blocking buffer (containing 5% skim milk powder). After 
incubation at room temperature for 1 h, the membrane 
was taken out of the blocking buffer and washed 3 times 
with Tris-Buffered Saline with Tween (TBST; Tween 
20:Tris-Buffered Saline =1:1,000) for 5 min each time. The 
membrane was incubated with primary antibody PIAS3, 
p-STAT3, STAT3, and β-actin, and kept overnight at 4 ℃. 
After the TBST membrane had been washed for 10 min 
for 3 times each, diluted HRP-labeled secondary antibody 
(1:10,000) was added, and the membrane was incubated in a 
transference decoloring shaker at room temperature for 1 h. 
Finally, taking β-actin as an internal reference. Enhanced 
chemiluminescence (ECL) detection was performed using 
a chemiluminescence instrument and protein bands were 
collected. ImageJ software (National Institutes of Health) 
was used to quantified the bands. The relative expression 

of the target protein was calculated as follows: relative 
expression = gray value of target protein/gray value of 
β-actin.

Cell Counting Kit-8 (CCK-8) assays

The half-inhibitory concentration (IC50) of Bufalin 
in the ECA109 cells and the effects of Bufalin on the 
proliferation of the ECA109 cells were detected using 
the CCK-8 method. The cells in the logarithmic growth 
phase were digested and made into a single cell suspension, 
and the cells were then inoculated in 96-well plates, with 
about 1×103 cells inoculated in each well; each group had  
3 duplicate wells. The cells were cultured at 37 ℃ in 
a cell incubator containing 5% CO2 for 24 and 48 h, 
respectively. Next, 10 μL of CCK-8 solution (Dojindo 
Molecula Technologies) was added to each well, and then the 
cells were continued to incubate in cell incubator in the dark 
for 4 h. Finally, the OD value at 450 nm was detected by using 
a Microplate Reader (BioTek Instruments). Light was avoided 
during the procedure. To determine the IC50 of Bufalin in the 
ECA109 cells, after the cells were inoculated in 96-well plates, 
8 dose groups of 0, 10, 100, 200, 400, 600, 800, and 1,000 nM 
were set, and each dose group had 3 repeat wells. After 24 h of 
culturing, cell survival was detected using the CCK-8 method.

Transwell assays

For the transwell migration assays, each group of the 
ECA109 cells were first digested with 0.25% ethylene 
diamine tetraacetic acid (EDTA) trypsin solution, and then 
suspended by adding the complete culture medium. The 
cells were suspended in DMEM and counted, and the cell 
concentration was adjusted to 5×105 cells /mL. DMEM 
containing 10% FBS was added to the lower chamber of 
the transwell chamber, and the prepared cell suspension of 
each group was added to the upper chamber. Independent 
experiments were performed at least three times. The cells 
were incubated in an incubator at 37 ℃ and 5% CO2 for 
24 h. Next, the culture medium was discarded and the cells 
were washed twice with PBS. The cells were successively 
fixed with 4% paraformaldehyde (PFA) at room temperature 
for 30 min, and stained with 0.1% crystal violet (Beyotime 
Institute of Biotechnology) for 30 min. Then wiped the 
cells in the upper chamber with a cotton swab. The number 
of migrating and invading cells was observed, counted 
and photographed under an inverted microscope. For the 
transwell invasion experiment, the upper chambers were 



Ju et al. Bufalin suppresses ESCC progression2146

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2023;15(4):2141-2160 | https://dx.doi.org/10.21037/jtd-23-486

coated with Matrigel matrix (50 μL/well, BD Biosciences) 
before seeding the cells. The other procedures are the same 
as those of the transwell migration experiment.

Wound-healing assays

Horizontal lines (≥3 lines/holes) were marked with a marker 
pen at the bottom of the 6-well plate. The ECA109 cells of 
each group were digested with trypsin and re-suspended in 
the complete culture medium. The adjusted concentration 
of the cell suspension (3×105 cells/mL) was inoculated into a 
6-well plate (200 μL/well) and incubated in a cell incubator 
until the monolayer cells were formed. Scratch wounds 
were manipulated with the tip of a 100 μL pipette to scrub 
the cells (the scratch was perpendicular to the horizontal 
line at the bottom of the plate) using when the cell density 
reached above 90%. Washed cells twice with PBS. DMEM 
medium was added to the cells to continue culture for 24 
and 48 h. The migration of the cells at different time points 
was observed under an inverted microscope (Leica DM IL 
LED) and photographed. The average scratch width of the 
cells in each group was measured and calculated by ImageJ 
software (National Institutes of Health), and the relative 
migration distance of the cells was calculated.

RNA-sequencing (RNA-seq)

Total RNA from the NC and Bufalin group was extracted 
using TRIzol (Takara) in accordance with the manufacturer’s 
procedure. The messenger RNA-sequencing (mRNA-seq) 
was conducted by Sino-science Gene Technology (Shanghai, 
China). The RNA-seq data presented in this study have 
been deposited in the Gene Expression Omnibus (GEO) 
database.

Animal model

The tumorigenic potency of the ECA109 cells was 
examined using 5-week-old, male BALB/c nude mice (line 
Source: Beijing Vitong Lihua, Cat# 401) that were obtained 
from the Animal Center of the Chinese Academy of Science 
(Shanghai, China). The online tool Quickcalcs (GraphPad 
Software) was used to randomize the animals for the group 
assignments. The mice were randomly and blindly assigned 
to 2 groups (i.e., the negative control (NC) group and the 
Bufalin group) (n=5 mice per group, total n=10 mice) and 
maintained under pathogen-free conditions. Cells (2×106 
cells/200 μL PBS) were injected subcutaneously into the 

nude mice. The NC group was intraperitoneally injected 
with corn oil, while the Bufalin group was intraperitoneally 
injected with 0.2 mg/kg of Bufalin every day. The nude mice 
were monitored at an interval of 3 days for the appearance 
of tumors. The mice were sacrificed by CO2 asphyxiation on 
the 25th day after injection, and tumor size and weight were 
measured. Tumor size was calculated using the following 
equation: tumor size =1/2 length × width2. The whole 
experiment was conducted by 2 uninformed researchers. 
Animal experiments were performed under a project license 
(No. S20200323-186) granted by Institutional Animal 
Care and Use Committees of the Nantong University, in 
compliance with the institutional guidelines for the care and 
use of animals. A protocol was prepared before the study 
without registration.

Statistical analysis

All the experiments were replicated 3 times in the 
laboratory. All the data were analyzed using GraphPad 
Prism 8.0 (GraphPad Software, San Diego, CA, USA). 
All the data are expressed as the mean ± standard error 
mean. One-way analysis of variance was used to analyze 
the data, and Tukey’s post hoc test was used to analyze the 
differences between specific groups. P value <0.05 indicated 
a statistically significant difference.

Results

Bufalin inhibits the proliferation, migration, and invasion 
of ECA109 cells

First, to determine the IC50 of Bufalin on the ECA109 
cells, we treated the ECA109 cells with 0, 10, 100, 200, 400, 
600, 800, and 1,000 nM of Bufalin. The CCK-8 results 
showed that after 24 h of Bufalin treatment, the inhibition 
effect on the ECA109 cells increased as the Bufalin 
concentration increased, and the increase was statistically 
significant compared to that of the NC group (P<0.001) 
(Figure 1A). When the Bufalin concentration was 200 nM, 
the cell viability decreased by 46.18%, so we took 200 nM as 
the IC50. Next, we treated the ECA109 cells with 200 nM  
of Bufalin for 24 h and tested the effects of Bufalin on the 
proliferation of the ECA109 cells through CCK-8 and 
5-ethynyl-2'-deoxyuridine (EdU) experiments. The results 
showed that Bufalin significantly reduced the proliferation 
of the ECA109 cells (Figure 1B-1D). Similarly, we also found 
that the weight and volume of the subcutaneous tumors in 
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Figure 1 Bufalin inhibits proliferation of ECA109 cells. The viability of ECA109 cells treated with different concentrations of Bufalin for 24 
h. The viability of ECA109 cells treated with different concentrations of Bufalin for 24 h (A) and 200 nM Bufalin for different time periods 
(B) was analyzed by CCK-8 assay. (C) The effect of Bufalin on cell proliferation was measured by EdU assay (scale bar =500 μm). (D) The 
statistics result of EdU assay. (E) Xenograft model in nude mice; representative images of tumors from all mice in each group (n=5). Mean 
tumor weights (F) and tumor volume growth curves (G) for tumors formed by the ECA109 cells. X axis represents the number of days after 
subcutaneous inoculation of ECA109 cells. Data are presented as mean ± SD (error bars). Statistical significance was tested by unpaired 
Student’s t-test. *, P<0.05; **, P<0.01; ***, P<0.001. CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-2'-deoxyuridine; NC, negative control; 
OD, optical density; SD, standard deviation.

the nude mice injected intraperitoneally with Bufalin were 
significantly smaller than those of the mice in the NC group 
(P<0.001) (Figure 1E-1G). The above in vitro and in vivo  
results showed that Bufalin significantly inhibited the 

proliferation of the ECA109 cells. In addition, to examine 
the effects of Bufalin on the migration and invasion of the 
ECA109 cells, we conducted wound-healing and transwell 
assays, and found that the number of transmembrane cells 
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in the Bufalin group was significantly reduced compared 
to that of the NC group (P<0.05) (Figure 2A,2B), and the 
scratch healing ability was significantly reduced (P<0.01) 
(Figure 2C,2D). These findings suggest that Bufalin inhibited 
the migration and invasion of ECA109 cells. Thus, Bufalin 
appears to inhibit the proliferation, migration, and invasion 

of the ECA109 cells.

Bufalin inhibits the proliferation, migration, and invasion 
of the ECA109 cells through the PIAS3

To further explore the mechanism of Bufalin-mediated 
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Figure 2 Bufalin inhibits migration and invasion of ECA109 cells. (A) The effect of Bufalin on cell migration and invasion of ECA109 cells 
was investigated by transwell assay (crystal violet staining, scale bar =500 μm). (B) The statistics result of transwell assay. (C)The effect of 
Bufalin on cell migration of ECA109 cells was investigated by wound healing assay (scale bar =100 μm). (D) The statistics result of wound 
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anti-tumor function, total RNA was extracted from the 
ECA109 cells of the NC and Bufalin groups and RNA-seq 
was performed. The results showed that the expression of 

the anti-tumor gene PIAS3 was significantly increased after 
Bufalin treatment (Figure 3A). PIAS3 has been shown to 
bind to STAT3 directly and inactivate it, thereby inhibiting 

Figure 3 Bufalin inhibits the JAK-STAT3 signaling pathway in ECA109 cells. (A) ECA109 cells were treated with 200 nM Bufalin for 24 h. 
ECA109 cells were divided into NC group and Bufalin group. Each group had three replicates, and labeled as NC-1, NC-2, NC-3 and Buf-
1, Buf-2, Buf-3. The total RNA of ECA109 cells was used for RNA-seq analysis. Heatmaps of differentially expressed genes were shown 
based on results from RNA-seq (log2 scale). (B) The expressions of PIAS3 in ECA109 cells of Bufalin group and NC group were measured 
by qRT-PCR. (C) The expressions of PIAS3, p-STAT3 and STAT3 in ECA109 cells of Bufalin group and NC group were measured by 
Western blot. β-actin was used as an internal control. (D) The statistics result of Western blot. Data are presented as mean ± SD (error 
bars). Statistical significance was tested by unpaired Student’s t-test. **, P<0.01. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NC, 
negative control; Buf, Bufalin; p, phosphorylated; PIAS3, protein inhibitor of activated signal transducer and activator of transcription 3; 
STST3, signal transducer and activator of transcription 3; qRT-PCR, quantitative real-time polymerase chain reaction; RNA-seq, RNA-
sequencing; SD, standard deviation.
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its induced gene transcription. The overexpression of 
STAT3 caused by the loss of PIAS3 may promote the 
growth and proliferation of tumor cells. Tumor occurrence 
and metastasis are closely related to the Janus kinase 2 
(JAK2)-STAT3 signal transduction pathway. The JAK-
STAT signaling pathway is an information chain in cells that 
regulates protein interactions and participates in immunity, 
cell division, cell death, tumor formation, development, 
invasion, and metastasis (42). The activation of the STAT3 
signaling pathway contributes to the formation of the tumor 
inflammatory microenvironment, participates in tumor 
angiogenesis, epithelial mesenchymal transformation, and 
extracellular matrix degradation, and plays an important 
role in tumor invasion and metastasis. Based on the above 
RNA-seq results, we further confirmed that Bufalin 
upregulates the expression of PIAS3 in the ECA109 cells 
by qRT-PCR and Western blot analysis. Additionally, the 
expression of p-STAT3 was significantly decreased, while 
the expression of total STAT3 did not change significantly 
(Figure 3B-3D). These results indicate that Bufalin may 
inhibit the proliferation, migration, and invasion of the 
ECA109 cells by inhibiting the STAT3 signaling pathway.

PIAS3 inhibits the proliferation, migration, and invasion 
of ECA109 cells

PIAS3 may play different roles in the development of 
different types of tumors. To further explore the role of 
PIAS3 in the development of EC, we first detected its 
expression in ESCC. The IHC detection results showed 
that the expression level of PIAS3 in the ESCC tissues was 
significantly lower than that in the corresponding adjacent 
tissues (Figure 4A). The Western blot results further 
confirmed that the expression level of PIAS3 in the ESCC 
tissues was significantly lower than that in the corresponding 
adjacent tissues (P<0.05) (Figure 4B,4C). In addition, we 
analyzed PIAS3 expression in the tumor samples and their 
adjacent normal tissue samples using the RNA-seq results 
from The Cancer Genome Atlas database (https://tcga-data.
nci.nih.gov/tcga/). Consistent with the detection results, 
PIAS3 mRNA expression was downregulated in the ESCC 
tumor tissues (P<0.05) (Figure 4D).

Next, we examined the effects of PIAS3 on the 
proliferation, migration, and invasion of the ECA109 
cells. First, PIAS3 siRNAs were transfected into the 
ECA109 cells to knockdown the expression of PIAS3. The 
transfection efficiency is shown in Figure 5A-5C. Among 
the 3 siRNAs, siRNA-2# had the best knockdown effect, 

and was thus chosen for PIAS3 knockdown in the following 
experiments. Subsequently, the effects of Bufalin on the 
proliferation of the ECA109 cells were detected by CCK-
8 and EdU assays. The results showed that the knockdown 
of PIAS3 significantly enhanced the proliferation of the 
ECA109 cells (Figure 5D-5F). In addition, to examine the 
effects of PIAS3 on the migration and invasion of ECA109 
cells, we conducted wound-healing and transwell assays. 
The results showed that the number of transmembrane cells 
in the PIAS3 siRNA-2# group was significantly increased 
compared to that of the NC group (P<0.05) (Figure 6A,6B), 
and the scratch healing ability was significantly enhanced 
(P<0.01) (Figure 6C,6D). These findings showed that 
PIAS3 inhibits the proliferation, migration, and invasion of 
ECA109 cells.

Bufalin inhibits the proliferation, migration, and invasion 
of ECA109 cells by upregulating PIAS3 to inhibit the 
STAT3 signaling pathway

The above findings indicate that the expression of PIAS3 is 
regulated by Bufalin. Next, we sought to determine whether 
the loss of PIAS3 could reverse the tumor suppressor 
effects induced by Bufalin. After PIAS3 was reduced in 
the ECA109 cells, the anti-cancer effects, including cell 
growth (Figure 7), migration, and invasion (Figure 8A-8D) 
of Bufalin were partially impaired. In addition, after PIAS3 
expression was decreased, the expression of p-STAT3 in 
Bufalin + PIAS3 siRNA-2# group was increased compared 
to Bufalin group, which partially reversed the inhibition of 
Bufalin, but the total expression of STAT3 did not change 
(Figure 8E,8F). In conclusion, these results indicate that 
Bufalin inhibits the proliferation, migration, and invasion 
of the ECA109 cells by upregulating PIAS3 to inhibit the 
STAT3 signaling pathway.

Discussion

EC is a common malignant tumor of the digestive tract, 
and its morbidity and mortality are very high. At present, 
surgical resection, chemotherapy, and radiotherapy are 
still the main treatments for EC. The chemotherapeutic 
drugs for the treatment of EC have some limitations. 
Notably, the side effects of the drugs are serious, and 
the therapeutic effects are not ideal. In recent years, the 
potential use of TCM in the treatment of tumors has 
received widespread attention and shown certain clinical 
advantages (9,11). Notably, TCM has been shown to 

https://tcga-data.nci.nih.gov/tcga/
https://tcga-data.nci.nih.gov/tcga/
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improve the postoperative immunity of patients, reduce 
the side effects of radiotherapy and chemotherapy, inhibit 
tumor recurrence, and reduce metastasis (9). For example, 
Oridonin was shown to inhibit the proliferation of EC cells 
by inducing apoptosis and blocking cells in the G2/M phase 

(43,44). TCM also has been shown to inhibit the migration 
of EC cells by inhibiting the expression of epithelial-
interstitial transition markers (45). Some types of TCM 
significantly inhibit cancer cell proliferation and metastasis. 
For example, the injection of compound Sophora flavescens 
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Figure 6 PIAS3 inhibits migration and invasion of ECA109 cells. (A) The effect of PIAS3 on cell migration and invasion of ECA109 cells 
was investigated by transwell assay (crystal violet staining, scale bar =500 μm). (B) The statistics result of transwell assay. (C) The effect of 
PIAS3 on cell migration of ECA109 cells was investigated by wound healing assay (scale bar =100 μm). (D) The statistics result of wound 
healing assay. Data are presented as mean ± SD (error bars). Statistical significance was tested by unpaired Student’s t-test. *, P<0.05; **, 
P<0.01; ***, P<0.001. NC, negative control; PIAS3, protein inhibitor of activated signal transducer and activator of transcription 3; SD, 
standard deviation. 

has been shown to effectively inhibit the metastasis of colon 
cancer, brain cancer, and breast cancer (46), ginsenoside 
has been shown to inhibit the metastasis of gastric cancer 
cells (47,48), and triptolide has been shown to significantly 
inhibit the proliferation of cervical cancer Hela cells in vitro. 

The mechanism of anti-proliferation is related to cell cycle 
arrest in the S phase, which affects the expression of cyclin 
B1 and changes the phosphorylation of P34 (49,50).

Bufalin is an antitumor active ingredient extracted 
from the TCM Venenum Bufonis. Bufalin has anti-tumor, 
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diuretic, cardiotonic, hypertensive, local anesthetic, anti-
inflammatory, anti-radiation, and anti-tussive effects and 
inhibits Na+/K+-ATPase (51,52). In the aspect of anti-
tumor, Bufalin can inhibit the growth of tumor cells, 
promote the differentiation of tumor cells and induce the 
apoptosis of tumor cells (53). Bufalin can inhibit tumor 
cell proliferation by blocking phosphatidylinositol-3-
kinase/serine protein kinase signal pathway, and induce 
tumor cell apoptosis through mitochondrial or death 

receptor-mediated pathway (54), which can reverse the 
drug resistance of hepatocellular carcinoma cells to  
fluorouracil (22). Qi et al. showed that Bufalin could induce 
apoptosis of hepatocellular carcinoma HepG2 cells through 
Fas-mediated Caspase-10 pathway (55). Xie et al. found that 
Bufalin can induce colon cancer cells to activate autophagy 
through N-terminal kinase [c-Jun N-terminal kinase (JNK)] 
pathway, resulting in autophagic apoptosis (56). It has been 
found that Bufalin can effectively inhibit the metastasis 
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Figure 8 PIAS3 knockdown partially rescues inhibited cell migration and invasion induced by Bufalin. ECA109 cells were transfected with 
PIAS3 siRNA-2# for 48 h, and then treated with 200 nM Bufalin for another 24 h. Cell migration and invasion was measured by transwell 
assay (A) (crystal violet staining, scale bar =500 μm) and wound healing assay (C) (scale bar =100 μm). (B) The statistics result of transwell 
assay. (D) The statistics result of wound healing assay. (E) The expressions of PIAS3, p-STAT3 and STAT3 in ECA109 cells of NC, Bufalin 
and Bufalin + PIAS3 siRNA-2# groups were measured by Western blot. β-actin was used as an internal control. (F) The statistics result 
of Western blot. Data are presented as mean ± SD (error bars). Statistical significance was tested by unpaired Student’s t-test. *, P<0.05; 
**, P<0.01; ***, P<0.001. NC, negative control; p, phosphorylated; PIAS3, protein inhibitor of activated signal transducer and activator of 
transcription 3; STST3, signal transducer and activator of transcription 3; SD, standard deviation.
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of lung cancer NCI-H460 cells, which may be related to 
the inhibition of matrix metalloproteinase-9 (MMP-9) 
activity, the decrease of cytoplasmic NF-κB production 
and the reduction of NF-κB nuclear translocation (57). 
Hong et al. found that Bufalin can inhibit the invasion 
and migration of bladder cancer cells, the mechanism is 
that it can inhibit the invasiveness of bladder cancer cells 
by reducing blocking protein, increasing transmembrane 
resistance and tightening tight junction, and inhibit its 
migration by activating ERK pathway and inactivating 
matrix metalloproteinase-2 (MMP-2) and MMP-9 (58). 
Qiu et al. found that, Bufalin combined with mir-497 
could inhibit the expression of vascular endothelial growth 
factor [vascular endothelial growth factor (VEGFA)], 
inhibit the metastasis of neovascularization colorectal 
cancer and improve the quality of life of experimental 
animals (59). Bufalin could inhibit the proliferation, 
migration, invasion and adhesion of hepatoma cells. The 
main mechanism was that Bufalin significantly decreased 
the levels of p-AKT, p-GSK-3β, MMP-9 and MMP-
2, increased the expression of GSK-3β and E-cadherin, 
and inhibited the nuclear translocation of β-catenin (60).  
The above studies show that Bufalin can inhibit the 
proliferation, migration and apoptosis of tumor cells in 
many ways. In this study, we found that Bufalin not only 
inhibited the proliferation, migration, and invasion of the 
ECA109 cells in vitro, but also inhibited the tumorigenesis 
and growth of the ECA109 cells in vivo. Subsequently, 
we detected the differentially expressed genes before and 
after Bufalin treatment. The RNA-seq results showed that 
the expression of PIAS3 was significantly increased after 
Bufalin treatment. Research confirms that miRNA-21 
is a novel miRNA regulating immune cell recruitment, 
which acts at least in part via its inhibition of PIAS3 
expression and oncogenic STAT3 signalling in tumour 
cells (61). Roberts have confirmed that PIAS3 can bind 
to the rPP-C8 region of STAT3 and block JAK/STAT 
signal pathway, which can inhibit the proliferation of 
tumor cells and promote apoptosis (62). In the PI3K/AKT 
signal pathway, PIAS3 can inhibit the phosphorylation of 
Akt and inactivate the signal pathway, thus inhibiting the 
proliferation and division of tumor cells (37).

The regulation factor of STAT3 is very important for 
the regulation of STAT3 effect intensity and duration after 
STAT3 is activated by the JAK pathway. Researchers have 
found that a variety of factors regulate the activation of 
STAT3, among which PIAS3 has been studied extensively. 
PIAS3 has been proven to bind directly to STAT3 

and inactivate it, thus inhibiting STAT3 induced gene 
transcription (63,64). However, the direct inactivation of 
STAT3 by PIAS3 can be reversed by the direct interaction 
between the zinc finger protein Gfi-1 and PIAS3 (65). 
Sun et al. showed that PIAS3 was also involved in the 
dephosphorylation of activated STAT3 (63). It has been 
suggested that the overexpression of STAT3 caused by 
the loss of PIAS3 expression may promote the growth 
and proliferation of tumor cells (66), while enhancing the 
expression of PIAS3 causes some types of tumor cells to 
grow and restores their drug sensitivity (37). In this study, 
we found that the positive expression of PIAS3 in the tumor 
tissues of the ESCC patients was significantly lower than 
that in the adjacent tissues. Moreover, the protein level 
of PIAS3 in the tumor tissues was also significantly lower 
than that in the adjacent tissues. After PIAS3 knockdown, 
the proliferation, migration, and invasion abilities of the 
ECA109 cells were significantly improved. Thus, PIAS3 
deletion may play an important role in the evolution and 
development of ESCC.

Bufalin increased the expression level of PIAS3 
and decreased the expression level of p-STAT3 in the 
ECA109 cells after 24 h of treatment. The anti-tumor 
effects of Bufalin were further verified by the in vivo anti-
tumor experiment in the nude mice. The nude mice 
were inoculated with normal ECA109 cells. After Bufalin 
treatment, the tumor volume was decreased in Bufalin 
group compared to the NC group, and the tumor growth 
was slowed down in Bufalin group. To examine the 
relationship between the anti-tumor effects of Bufalin and 
the PIAS3/STAT3 signaling pathway, we first knocked down 
the expression of PIAS3 in the ECA109 cells by siRNA, and 
then treated the cells with 200 nM of Bufalin. We found 
that PIAS3 knockdown partially reversed the inhibitory 
effects of Bufalin on the tumor cells, and the expression 
of p-STAT3 was increased. Thus, the proliferation, 
migration, and invasion of the tumor cells were inhibited by 
upregulating the activity of PIAS3, inhibiting STAT3, and 
downregulating the expression of p-STAT3. The results 
provide an experimental basis for the clinical application of 
Bufalin in the treatment of ESCC.

Conclusions

Taken together, we found that Bufalin inhibited the 
proliferation, migration, and invasion of ECA109 
cells. Bufalin also had obvious inhibitory effects on the 
transplanted tumors of the ECA109 cells in the nude 
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mice. In addition, we also found that Bufalin may inhibit 
the proliferation, migration, and invasion of the ECA109 
cells, upregulate the activity of PIAS3, inhibit STAT3, and 
downregulate the expression of p-STAT3. Bufalin had anti-
tumor effects on the ECA109 cells. Further research on 
the role and molecular mechanism of Bufalin in ESCC and 
other malignant tumors will provide a more reliable basis 
for the application of Bufalin in clinical tumor therapy.
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