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Abstract 

With the medical model shifting from a single biomedical model to a biopsychological-social model, the 
impact of psychosocial factors on cancer patients has attracted attention. Studies have shown that 
chronic stress caused by long-term psychological stress, such as anxiety and depression, can promote the 
malignant progression of tumors by acting on β2-adrenergic receptor (β2-AR). β2-AR can promote 
tumor migration by activating epithelial–mesenchymal transition (EMT). However, the underlying 
mechanisms in the regulation of EMT by β2-AR are still unclear. In this study, we established a chronic 
stress model by treating MGC-803 and SGC-7901 human gastric cancer cells with isoproterenol (ISO), a 
β2-AR agonist. EMT in the two gastric cancer cell lines was enhanced after ISO treatment. Thereafter, we 
found that the interaction between β2-AR and PlexinA1 was involved in the process by which chronic 
stress affects EMT in both MGC-803 and SGC-7901 cells. Moreover, the activation of β2-AR by ISO 
increased the expression of PlexinA1, activated JAK-STAT3 signaling and further promoted EMT in 
human gastric cancer cells. Importantly, the knockdown of PlexinA1 by small hairpin RNAs inhibited 
JAK-STAT3 signaling and abolished the EMT induced by β2-AR. In conclusion, PlexinA1 was an important 
downstream target of β2-AR, through which β2-AR promoted EMT in human gastric cancer cells by 
activating JAK-STAT3 signaling. 
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Introduction 
Gastric cancer has become a major disease that 

seriously endangers human health. According to the 
latest statistics, there will be more than 1 million new 
cases of gastric cancer in the world, and the number of 
deaths will reach 760,000 in 2020, accounting for the 
fifth and fourth highest number of diagnosed cancer 
cases and deaths worldwide [1]. Chronic stress is a 
recognized risk factor that promotes the occurrence 
and development of tumors through the release of 
stress hormones (such as adrenaline and 

norepinephrine, etc.) [2]. Many studies have shown 
that the activation of β2-AR is an important 
mechanism by which chronic stress affects tumor 
progression. EMT plays an important role in the 
initial stage of tumor invasion and metastasis, and 
β2-AR can promote tumor migration by activating 
EMT [3-5]. However, the underlying mechanisms by 
which β2-AR regulates EMT are still unknown. 

As members of the Sema family, plexins can be 
divided into four subtypes, Plexin A (1–4), Plexin B 
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(1–3), Plexin C1 and Plexin D1, and were first 
discovered to play critical roles in nerve axon 
guidance [6]. PlexinA1 works independently by 
binding to corresponding ligands [7]. Our previous 
study found that the activation of β2-AR induced by 
ISO could significantly increase the expression of 
PlexinA1 in gastric cancer cells [8]. Therefore, we 
speculated that PlexinA1 might be an important 
downstream molecular target of β2-AR and be 
involved in the malignant progression of tumors 
induced by chronic stress. However, whether and 
how PlexinA1 regulates tumor progression affected 
by chronic stress has not yet been studied. The 
JAK-STAT (Janus kinase-signal transducer and 
activator of transcription) signaling pathway plays a 
key role in the EMT process of tumor cells [9, 10]. In 
the process of chronic stress, whether β2-AR/ 
PlexinA1 regulates EMT in gastric cancer cells 
through the JAK-STAT3 signaling pathway needs to 
be further explored. 

In this study, we first established a chronic stress 
model by treating MGC-803 and SGC-7901 human 
gastric cancer cells with ISO. Then, we confirmed that 
PlexinA1 interacted with β2-AR by immuno-
fluorescence and coimmunoprecipitation. On that 
basis, we observed the regulatory role of β2-AR on 
PlexinA1, EMT and the JAK-STAT3 signaling 
pathway through β2-AR functional enhancement and 
inhibition by chemical methods. Finally, we knocked 
down PlexinA1 by applying small interfering RNAs 
and studied its role in β2-AR-JAK-STAT3-mediated 
EMT in gastric cancer cells. 

Materials and methods 
In vivo tumorigenicity assay 

A total of 15 male BALB/c nude mice (6-8 
week-old, body weight 18-20g) were provided by 
Huafukang Bioscience Co., Ltd. (Beijing, China) and 
housed within the individually ventilated caging 
systems. The mice were given subcutaneous injection 
of MGC803-luc gastric cancer cell suspension (200 μl; 
1×106 cells/ml) in the posterior region, and the tumor 
size was measured by IVIS lumina II (Perkin Elmer) 
imaging system 28 days later. Luciferase activity was 
measured after intraperitoneal injection of 10 ul/g 
D-luciferin (15 mg/ml). After that, the mice were 
sacrificed for further tests. 

Cell culture and drug treatment 
Human gastric cancer cell lines MGC-803 was 

brought from the Shanghai Genechem Co., Ltd. 
(GENE, Shanghai, China) and SGC-7901 was 
purchased from the Shanghai Biowing Applied 
Biotechnology Co., Ltd. (BIOWING, Shanghai, 
China). The cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM, Gibco, Grand 
Island, NY) supplemented with 10% fetal bovine 
serum (FBS, Gibco, Grand Island, NY). When the cell 
density reached 70%, the cells were treated with 2 μM, 
10 μM, or 20 μM ISO (HARVEST, Shanghai, China) or 
20 μM, 40 μM, or 50 μM ICI118,551 (a specific β2-AR 
antagonist) (Abcam, #ab120808, US), while the control 
group was given matching normal saline. MGC-803 
cells and SGC-7901 cells were harvested and prepared 
for the next trial after 12 hours and 24 hours, 
respectively. 

ELISA Assay 
Blood samples from BALB/c nude mice were 

collected for 15 min of centrifugation at 3000 ×g under 
4 °C. Mouse serum adrenocorticotropic hormone 
(ACTH) and epinephrine levels were tested using the 
corresponding mouse ELISA kit (Mlbio biotech 
company, Shanghai, China) in accordance with 
specific protocols. In short, the microplate reader was 
used to measure absorbance 450 nm. 

Western blotting 
MGC-803 and SGC-7901 cells were lysed in a 

radio immunoprecipitation assay (RIPA, Solarbio, 
Beijing, China), and total proteins were extracted. The 
protein concentration was measured using a BCA 
Protein Assay kit (Thermo Scientific, #23,227, USA). 
Protein expression was detected by rabbit anti-β2-AR 
antibody (1:5,000 dilution, Abcam, #ab182136,US), 
anti-PlexinA1 (1:500 dilution, HUABIO, #ET1706-17, 
Hangzhou, China), anti-JAK2 (1:1000 dilution, 
HUABIO, #ET1607-35, Hangzhou, China), 
anti-P-JAK2 (1:500 dilution, HUABIO, #ET1607-34, 
Hangzhou, China), anti-STAT3 (1:1000 dilution, 
HUABIO, #ET1607-38, Hangzhou, China), 
anti-p-STAT3 (1:1000 dilution, HUABIO, #ET1603-40, 
Hangzhou, China), anti-E-cadherin (1:500 dilution, 
HUABIO, #0407-25, Hangzhou, China), anti-N- 
cadherin (1:5000 dilution, HUABIO, #ET1607-37, 
Hangzhou, China), anti-α-SMA (1:5000 dilution, 
HUABIO, #ET1607-43, Hangzhou, China), anti-Snail 
(1:1000 dilution, HUABIO, #ER1706-22, Hangzhou, 
China), anti-ZEB-1 (1:2000 dilution, ABclonal, 
#A5600, Wuhan, China), anti-Slug (1:2000 dilution, 
ABclonal, #A1057, Wuhan, China), anti-Vimentin 
(1:5000 dilution, HUABIO, #ET1610-39, Hangzhou, 
China), rabbit antibody, anti-β2-AR (1:1000 dilution, 
Santa Cruz Biotechnology (CBST), sc-271822, US) and 
anti-glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH, 1:10,000 dilution, Abcam, #ab8245, US) 
mouse antibody, at 4 °C overnight. The membranes 
were washed and incubated with corresponding goat 
anti-rabbit IgG-horseradish peroxidase (HRP) 
(1:10,000 dilution, ZSGB-BIO, #ZB-2301, Beijing, 
China) and goat anti-mouse IgG-HRP (1:10,000 
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dilution, ZSGB-BIO, #ZB-2305, Beijing, China) at 
room temperature for 1 hour. Finally, the membrane 
was treated with enhanced chemiluminescence (ECL, 
Vazyme, #E-411–05-AB, Nanjing, China) and imaged 
using a chemiluminescence imaging system (Clinx 
Science Instruments, ChemiScope 6100, Shanghai, 
China). ImageJ software (ImageJ 1.53c, National 
Institutes of Health, US) was used to calculate the 
gray value of the protein bands, and the protein 
expression was normalized to GAPDH. 

Immunofluorescence staining 
MGC-803 cells and SGC-7901 cells were grown 

on coverslips. At the appropriate time points, the cells 
were harvested and fixed with 4% paraformaldehyde. 
The cells were labeled with rabbit anti-PlexinA1 (1:200 
dilution, HUABIO, #ET1706–17, Hangzhou, China), 
mouse anti-β2-AR (1:200 dilution, Santa Cruz 
Biotechnology (CBST), sc-271822, US), rabbit anti- 
E-cadherin (1:500 dilution, GeneTex, #GTX100443, 
Southern California, US), rabbit anti-α-SMA (1:200 
dilution, HUABIO, #ET1607–43, Hangzhou, China), 
and rabbit anti-Vimentin (1:200dilution, HUABIO, 
#ET1610–39, Hangzhou, China) overnight at 4 °C. 
After that, the samples were incubated with the 
corresponding fluorescein isothiocyanate (FITC)- 
labeled goat anti-mouse secondary antibody (1:2000 
dilution, ab150113, Abcam, US) and tetramethyl-
rhodamine isothiocyanate (TRITC)-labeled goat 
anti-rabbit secondary antibody (ab150080, Abcam, 
US). 4’,6-Diamidino-2’-phenylindole (DAPI, 
Vectorlabs, H-1200–10, San Francisco, US) was used to 
stain the nuclei. Cells were subsequently scanned 
with a fluorescence microscope (UltraVIEW VOX, 
PerkinElmer, US). 

Transwell migration analysis 
Transwell chambers (6.5 mm diameter inserts; 8 

μm pore size; polycarbonate membrane, CORING, 
USA) were used to detect cell migration. The cells 
were collected and resuspended in serum-free DMEM 
at a concentration of 0.5×105 cells/ml. Then, the cell 
suspension solution was seeded into the upper 
chambers (200 μl per well). The bottom chambers 
were filled with 1 ml of cell culture medium (serum 
free) containing 20 μM ISO or 50μM ICI. After being 
cultured at 37 °C for 24 h, the cells that did not 
penetrate the polycarbonate membrane were wiped 
off with cotton buds. The membrane was removed 
and fixed with 4% paraformaldehyde and stained 
with crystal violet solution. Five fields were randomly 
selected under an Olympus microscope (Tokyo, 
Japan), and the number of cells was counted. 

Scratch test 
MGC-803 cells and SGC-7901 cells were cultured 

in six-well plates at 37 °C. When the cell density 
reached 80%, scratch wounds were made using the 
fine end of 10 μL pipette tips in the middle. Images of 
the migrated cells at 0 h and 24 h were captured under 
a phase-contrast microscope. Three independent 
repeated tests were conducted. 

PlexinA1 knockdown with shRNA 
MGC-803 cells and SGC-7901 cells were 

incubated with LV3 (H1/GFP&Puro)-shPlexinA1 
(GCAGCGAGCAGTTTGTCTACT, GenePharma, 
Shanghai, China) and LV3 (H1/GFP&Puro)/ 
Neo-shNC (GCACACCCATCGATGGCAAGT, Gene-
Pharma, Shanghai, China) for 48 hours. The 
experiment was performed according to the 
manufacturer’s protocols. The infection rate of the 
lentivirus was analyzed by flow cytometry. Then, 20 
μM ISO or matching normal saline was added. After 
12 hours, the cells were harvested for the next trial. 

Coimmunoprecipitation (Co-IP) assay 
MGC-803 cells and SGC-7901 cells were washed 

twice with 4 °C phosphate-buffered saline (PBS, 
Gibco, Grand Island, NY), lysed with IP lysis buffer 
(Minute™ Non-Denatured Protein Solubilization Reagent 
Cat. No. WA-010) for 30 min, and centrifuged at 
12,000 rpm/min for 10 min. The supernatant was 
collected. Protein A + G-agarose was washed three 
times with washing buffer, and extracts were 
incubated for 2 h at 4 °C with IgG and protein 
A + G-agarose to eliminate nonspecific binding. 
Primary antibodies against PlexinA1 and β2-AR were 
then added to separate cell extract tubes for 
incubation at 4 °C overnight. Protein A/G was added 
and incubated with rotation for 8 h at 4 °C. Protein 
A/G-agarose was collected by centrifugation. The 
supernatant was discarded after washing and 
resuspended in 50 μl of 1× loading buffer, and the 
supernatant was moved to a new tube and boiled in a 
100 °C metal bath for 10 min. Immunoprecipitated 
proteins were analyzed by Sodium dodecyl sulfate 
polyacrylamide gel electropheresis (SDS/PAGE) and 
immunoblotted with anti-PlexinA1 (Rb, 1:500), 
anti-β2-AR (Ms, 1:1000), anti-GAPDH (Ms, 1:10000) 
and corresponding secondary antibodies. The protein 
bands were detected using a chemiluminescence 
imaging system. 

Statistical analysis 
All tests were repeated at least 3 times. The data 

are presented as the mean±s.d. The statistical analyses 
were conducted using GraphPad Prism version 5 
(GraphPad software, San Diego, CA). All data from 
different groups were compared after one-way 
ANOVA. Differences were considered significant at 
the level of a two-sided P < 0.05. 
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Results 
In vivo analysis of ISO and ICI118,551 in 
regulating tumor growth of gastric cancer cells 

We first validated whether ISO affects tumor 
growth in vivo. However, in vivo imaging analysis 
showed that ISO did not affect the ability of tumor 
growth, and ICI118,551 did not inhibit the tumor 
growth in nude mice (Fig. 1A-B). This finding 
consistent with our previous study [11] and another 
study by Caroline P. Le1 [12], which suggested no 
influence of chronic stress on the growth of primary 
tumor. Interestingly, we found that ACTH level in 
ISO group was significantly higher than that in the 
control group, whereas ICI118,551 treatment reversed 
this increase (Fig. 1C). It suggests that the 
Hypothalamic- Pituitary- Adrenal axis (HPA axis) 

remains active in ISO treatment. In this study, we 
further tested the change of serum epinephrine levels. 
The epinephrine levels in ISO group were 
significantly increased compared with those in the 
control group, whereas ICI118,551 treatment reversed 
this increase (Fig. 1D). Thereafter we detected the 
expression of EMT markers in mouse tumor tissues. 
We found that the expression of epithelial marker 
E-cadherin was downregulated, while the expression 
of mesenchymal markers, including ZEB-1, Vimentin, 
Slug and α-SMA, were upregulated, indicating the 
enhanced EMT in tumor issuses pretreated with ISO 
(Fig. 1E and F). These results suggest that ISO 
treatment appears to affect the progression of gastric 
tumors through the regulation of EMT, but not tumor 
growth. 

 

 
Figure 1. Mice were treated with ISO (5 mg/kg/d) and ICI118,551 (0.2 mg/kg/d). (A) Representative images of bioluminescence from mice with MGC803-Luc tumors 
in 3 groups. (B) Quantification of bioluminescence from mice with MGC803-Luc tumors. (C) Mouse serum ACTH levels. (D) Mouse serum epinephrine levels. (E-F) Mouse 
were treated with ISO and ICI118,551 and the tumor were collected for examination. The protein levels of E-cadherin, ZEB-1, Vimentin, Slug and α-SMA were tested by western 
blotting. Three independent repeated experiments were conducted. The gray values of the protein bands were analyzed through ImageJ software, relative values to GAPDH were 
calculated. Data represent mean ± Standard Deviation. (s.d) (n=6 for each group), *P<0.05, **P<0.01. 
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β2-AR positively regulates EMT in human 
gastric cancer cells 

Studies have shown that β2-AR is an important 
effector molecule for chronic stress-mediated adverse 
effects on tumor progression [8, 13, 14]. EMT is an 
important factor affecting tumor invasion and 
metastasis [15-18]. In our study, we treated MGC-803 
cells with ISO, a nonselective β-adrenergic receptor 
(βAR) agonist of β2-AR, at different concentrations 
and found that 20 μM ISO obviously upregulated the 
expression of β2-AR (Fig. 2A and B). Moreover, the 
expression of E-cadherin, an epithelial marker, was 
downregulated, while the expression of mesenchymal 
markers, including N-cadherin, ZEB-1, Vimentin, 
Snail, Slug and α-SMA, was upregulated, indicating 
enhanced EMT in MGC-803 cells pretreated with ISO 
(Fig. 2A and B). On the other hand, when the function 
of β2-AR was specifically inhibited by ICI118,551, 
EMT in MGC-803 cells was blocked, as shown by 
increased epithelial markers and reduced 
mesenchymal markers (Fig. 2C and D). We also 
applied immunofluorescence to verify the effects of 
ISO and ICI on β2-AR expression in MGC-803 cells 
and found results consistent with those of western 
blotting (Fig. 2E). After that, we examined the impact 
of ISO and ICI on MGC-803 cell migration through the 
cell scratch test. The results showed that ISO 
promoted the migration of MGC-803 cells, while ICI 
inhibited migration (Fig. 2F and G). In addition, we 
performed the same experiments using another 
human gastric cancer cell line, SGC-7901, and 
obtained consistent results (Fig. S1). These results 
provided evidence that the activation of β2-AR could 
promote the occurrence of EMT, which led to 
increased migration ability in both MGC-803 cells and 
SGC-7901 cells. 

PlexinA1 and β2-AR colocalize in space and 
interact with each other 

We previously found that the expression of 
PlexinA1 was significantly elevated in the chronic 
stress model induced by ISO. In the present study, we 
further explored the regulatory effects of β2-AR on 
PlexinA1. The results of western blotting and 
immunofluorescence showed that ISO could activate 
the expression of PlexinA1 and that ICI could inhibit 
the expression of PlexinA1 in MGC-803 cells, both of 
which appeared to be dose-dependent, indicating the 
important regulatory roles of β2-AR on PlexinA1 (Fig. 
3A-D, and Fig. 3F). Moreover, we were surprised to 
find colocalization between β2-AR and PlexinA1 in 
MGC-803 cells through immunofluorescence, which is 
a prerequisite for their interaction (Fig. 3E). 
Immunoprecipitation was the first classical experi-
ment to study protein–protein interactions. We thus 

explored the interaction of β2-AR and PlexinA1 in 
MGC-803 cells through Co-IP and found that 
PlexinA1 and β2-AR bound with each other (Fig. 3G). 
These results suggested that PlexinA1 was one of the 
action targets of β2-AR. We also studied the 
β2-AR-PlexinA1 interaction in SGC-7901 cells and 
reached a consistent conclusion (Fig. 3A-D, Fig. 3G). 

PlexinA1 knockdown abolished β2-AR- 
mediated EMT activation in gastric cells 
treated with ISO 

To further verify the role of PlexinA1 in 
β2-AR-mediated EMT, we knocked down the 
expression of PlexinA1 through small hairpin RNAs 
(shRNAs) in MGC-803 cells. The lentivirus infection 
rate reached 70%, as confirmed by flow cytometry, 
and the expression of PlexinA1 in MGC 803 cells 
treated with shRNAs is about 41 times less than that 
in MGC 803 cells treated with the negative control 
(Fig. 4A and D). The activation of β2-AR induced by 
ISO promoted EMT in MGC-803 cells. The 
knockdown of PlexinA1 blocked β2-AR-mediated 
EMT in MGC-803 cells, mainly manifested as 
increased epithelial markers such as E-cadherin and 
reduced mesenchymal markers including N-cadherin, 
ZEB-1, Vimentin, Snail, Slug and α-SMA (Fig. 4E and 
F). The expression of E-cadherin, Vimentin and 
α-SMA in different groups treated with or without 
PlexinA1 shRNAs was further confirmed by 
immunofluorescence (Fig. 4G and H). Moreover, the 
decrease in PlexinA1 via shRNAs could slow down 
the migration speed of MGC-803 cells induced by ISO 
as determined using a scratch test and Transwell 
experiment (Fig. 4I-L). We achieved the same results 
in SGC-7901 cells (Fig. 5A and B). Through these 
results, we demonstrated that PlexinA1 is closely 
involved in the regulation of EMT in both MGC-803 
cells and SGC-7901 cells. 

PlexinA1 knockdown prevents the activation 
of JAK-STAT3 signaling induced by ISO 

As a tyrosine kinase, JAK activates STAT3 and 
regulates gene expression, which plays important 
roles in various types of cancers [9, 10, 19-21]. Our 
previous study found that β2-AR could activate 
STAT3 and initiate EMT in gastric cancer cells [4]. 
However, the effects of β2-AR and PlexinA1 on 
JAK-STAT3 signaling remain to be further explored. 
In this study, our results showed that the activation of 
β2-AR induced by ISO increased the expression of 
JAK2, p-JAK2 (Tyr1007 and 1008), STAT3 and 
p-STAT3 (Tyr705) in MGC 803 cells (Fig. 5C and D), 
indicating that β2-AR plays important roles in the 
regulation of JAK-STAT3 signaling. Meanwhile, when 
the expression of PlexinA1 was inhibited by shRNAs, 
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the phosphorylation activation of JAK-STAT3 
signaling induced by ISO was blocked (Fig. 5C and 
D). Then, we obtained a consistent result in SGC 7901 
cells (Fig. 5E and F). The results suggested that β2-AR 

exerts physiological functions by activating 
JAK-STAT3 signaling, which could be achieved 
through PlexinA1. 

 

 
Figure 2. Effects of isoproterenol (ISO) and ICI118,551 (ICI) on the expression of β2-AR, epithelial markers (E-cadherin) and mesenchymal markers 
(N-cadherin, ZEB-1, Vimentin, Snail, Slug and α-SMA). MGC-803 cells were treated with 0, 2 µM, 10 µM, or 20 µM ISO or 20 µM, 40 µM, or 50 µM ICI, and 
the cells were collected for detection 12 hours later. The protein levels of β2-AR, E-cadherin, N-cadherin, ZEB-1, Vimentin, Snail, Slug and α-SMA were detected by 
western blotting. Three independent repeated experiments were conducted. The gray values of the protein bands were analyzed through ImageJ software, relative values to 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were calculated. The protein bands and associated statistical analysis data in the ISO group are shown in (A-B), and those 
in the ICI group are presented in (C-D). In addition, the expression of β2-AR in MGC-803 cells treated with ISO and ICI was confirmed by immunofluorescence, and 
representative images are shown in (E). Finally, a scratch test was performed to study the migration ability of MGC-803 cells. Scratch wounds were made by using the fine end 
of 10 µL pipette tips, and images were acquired immediately and 24 hours later by a light microscope. Representative images are shown in (F). The width of the scratch was 
measured, and the mobility rate [mobility rate = (width at 0 h -width at 24 h)/width at 0 h] was calculated. The statistical analysis of 3 repeats is shown in (G). The data are 
presented as the mean±s.d. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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Figure 3. Impacts of isoproterenol (ISO) and ICI118,551 (ICI) on the expression of PlexinA1. MGC-803 cells and SGC-7901 cells were treated with 0, 2 
µM, 10 µM, or 20 µM ISO or 20 µM, 40 µM, or 50 µM ICI for 12 or 24 hours, and the cells were collected for examination. The protein level of PlexinA1 was 
tested by western blotting. Three independent repeated experiments were conducted. The gray values of the protein bands were analyzed using ImageJ software, the values 
relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were computed. The protein bands and associated statistical analysis data in the ISO group and in the ICI group 
are shown in (A-D). In addition, the expression of PlexinA1 in MGC-803 cells treated with ISO and ICI was verified by immunofluorescence, and typical images are shown in (F). 
Then, the influence of colocalization between β2-AR and PlexinA1 in MGC-803 cells through immunofluorescence is shown in (E). Finally, coimmunoprecipitation (Co-IP) 
experiments explored the interaction of β2-AR and PlexinA1 in MGC-803 cells and SGC-7901 cells and are shown in (G). The data are presented as the mean±s.d. *, P < 0.05; 
**, P < 0.01. 
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Figure 4. Effects of interference with PlexinA1 through small hairpin RNAs (shRNAs) on the expression of PlexinA1. The lentivirus infection rate confirmed by 
flow cytometry and statistical chart are shown in (A-B). The protein bands and corresponding data analysis are shown in (C-D). Effects of PlexinA1 interference through small 
hairpin RNAs (shRNAs) on the expression of β2-AR, an epithelial marker (E-cadherin) and mesenchymal markers (N-cadherin, ZEB-1, Vimentin, Snail, Slug and α-SMA). 
MGC-803 cells were treated with isoproterenol (ISO). The results for β2-AR, E-cadherin, N-cadherin, ZEB-1, vimentin, Snail, Slug and α-SMA were obtained by western blotting. 
Three independent repeated experiments were conducted. The gray values of the protein bands were analyzed through ImageJ software, relative values to 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were calculated. The protein bands and associated statistical analysis data are shown in (E-F). Furthermore, the 
expression of E-cadherin, Vimentin and α-SMA in different groups treated with PlexinA1 shRNAs was further confirmed by immunofluorescence and is shown in (G-H). Finally, 
the scratch test and Transwell experiment examined the migration ability of MGC-803 cells. Typical images were shown in (I-L). For the Transwell test, five fields were randomly 
selected under a light microscope, and the number of cells was counted. The data are presented as the mean±s.d. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 

 

JAK-STAT3 signaling mediates the occurrence 
of EMT in gastric cancer cells 

The EMT process plays a critical role during 

cancer development through multiple pathways. 
Previous results suggested that β2-AR could pass 
STAT3 to promote EMT in gastric cancer cells. The 
relationship between JAK-STAT3 and EMT has not 
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been thoroughly explored. This study adopted the 
JAK2 inhibitor AG490 and the STAT3 inhibitor Stattic 
to inhibit this pathway. Our research proved that ISO 
induced EMT of MGC-803 cells, while AG490 and 
Stattic reversed this phenomenon and inhibited the 
occurrence of EMT, as revealed by an increase in 
epithelial markers such as E-cadherin and a decrease 
in mesenchymal markers, including N-cadherin, 
ZEB-1, Vimentin, Snail, Slug and α-SMA, after 
blocking the JAK-STAT3 signaling pathway (Fig. 6A 
and B). Meanwhile, we used immunofluorescence to 

demonstrate the effect of the JAK-STAT3 inhibitor on 
EMT expression in MGC-803 cells and obtained 
consistent western blotting results (Fig. 6C and D). In 
addition, the results of scratch tests showed that 
JAK-STAT3 inhibitors were able to reduce the 
migration rate of MGC-803 cells promoted by ISO 
(Fig. 6E and F). Furthermore, we performed 
verification in SGC-7901 cells and obtained similar 
results (Fig. S2A-D). Our results indicated that the 
JAK/STAT3 signaling pathway was involved in the 
EMT induction process of gastric cancer. 

 

 
Figure 5. The influence of interference with PlexinA1 through small hairpin RNAs (shRNAs) on the expression of β2-AR, epithelial markers (E-cadherin) 
and mesenchymal markers (N-cadherin, ZEB-1, Vimentin, Snail, Slug and α-SMA). SGC-7901 cells were treated with isoproterenol (ISO). The results were 
obtained by western blotting. Three independent repeated experiments were conducted. The gray values of the protein bands were analyzed through ImageJ software, relative 
values to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were calculated. The protein bands and associated statistical analysis data are shown in (A-B). The influence of 
PlexinA1 knockdown through small hairpin RNAs (shRNAs) on the protein levels of JAK2, P-JAK2, STAT3, and P-STAT3. The results of this study are shown in (C-F). Three 
independent repeated experiments were conducted. The gray values of the protein bands were analyzed using ImageJ software, the values relative to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) were computed. The data are presented as the mean±s.d. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Figure 6. Isoproterenol (ISO)-induced gastric cancer cell EMT was blocked via the JAK-STAT3 inhibitors AG490 and Stattic. MGC-803 cells were treated 
with 20 µM isoproterenol (ISO), 20 µM AG490 or 20 µM Stattic for 12 hours, and the cells were collected for the next assay. The protein results for β2-AR, E-cadherin, 
N-cadherin, ZEB-1, Vimentin, Snail, Slug and α-SMA were obtained by western blotting. Three independent repeated experiments were conducted. The gray values of the protein 
bands were analyzed through ImageJ software, relative values to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were calculated. The protein bands and correlative 
statistical analysis data are shown in (A-B). Additionally, the expression of E-cadherin, Vimentin, Slug and α-SMA in MGC-803 cells treated with ISO, AG490 and Stattic was 
confirmed by immunofluorescence, and obvious images are shown in (C-D). Finally, scratch experiments were performed to investigate the migration ability of MGC-803 cells. 
Representative images are shown in (E-F). The data are presented as the mean±s.d. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
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Discussion 
The influence of psychosocial factors on the 

prognosis of cancer patients has received increasing 
attention. Studies have shown that chronic stress 
caused by long-term psychological stress, such as 
anxiety and depression, could promote the malignant 
progression of tumors by acting on β2-AR [8, 13, 14]. 
However, the mechanism by which chronic 
psychological stress promotes the malignant 
progression of tumors is still unclear. At present, the 
clinic only provides general psychological support, 
such as health education and education for patients, 
and relatively precise intervention cannot be given. 
The influence of psychosocial factors on the prognosis 
of cancer patients has received attention. Studies have 
shown that chronic stress caused by long-term 
psychological stress, such as anxiety and depression, 
can promote the malignant progression of tumors by 
acting on β2-AR [22-25]. It has been reported that in 
experimental models, blocking adrenergic receptors 
reverses the cancer-promoting effects of chronic stress 
[26]. Furthermore, the downstream targets of β2-AR 
need further research. As suggested by these findings, 
ISO treatment did not significantly affect the ability of 
proliferation of gastric cancer cells. However, an 
increasing number of studies have revealed the 
important role of EMT in the invasion and migration 
ability of cancer cells [15-18]. In this study, we 
confirmed that mimics of chronic stress affected EMT 
in gastric cancer cells. 

Chronic stress affects the EMT of gastric cancer 
cells through multiple signaling pathways. Our 
previous studies have found that the β2-AR agonist 
isoproterenol affects the EMT of gastric cancer cells 
through STAT3-CD44. Other researchers have also 
found that ISO affects the EMT of gastric cancer cells 
through the β2-AR-HIF-1α-Snail signaling pathway, 
which in turn influences the invasion and migration 
ability of gastric cancer, and β2-AR can promote EMT 
by activating many pathways [3, 4, 18]. The typical 
features of EMT are activation of ZEB1, N-cadherin, 
vimentin, Snail, Slug, and α-SMA and 
downregulation of the expression of the epithelial 
marker E-cadherin [15, 27]. Our examination of the 
adopted β-adrenergic receptor agonist isoproterenol 
simulated chronic stress, which could promote EMT, 
and the inhibitor ICI 118,551 inhibited EMT in gastric 
cancer cells. Combining current research hotspots, 
focusing on chronic stress stimulating the secretion of 
adrenal hormones and acting on corresponding 
receptors, and further exploring its mechanism to 
promote the malignant progression of tumors 
constitute the research concept of “producing 
scientific hypotheses based on clinical issues”. 

PlexinA1 is a semaphorin family receptor that acts as 
an axon guidance factor. In recent years, PlexinA1 
was found to play a critical role in regulating tumor 
cell migration and proliferation. A previous study 
suggested that the PlexinA1 expression level could be 
considered a potential diagnostic and prognostic 
marker in glioblastoma [28]. A model for the 
establishment of immune-related genes for the 
prognosis of liver cancer found that PlexinA1 was 
considered an oncogene [29]. We have reported the 
expression and clinical significance of gastric cancer 
[30]. However, little is known about the relationship 
between PlexinA1 and tumor cell EMT. Preliminary 
work suggested that the β2-AR agonist isoproterenol 
could significantly promote the expression of 
PlexinA1 in gastric cancer cells and that PlexinA1 
participates in the malignant progression of gastric 
cancer by mediating EMT and tumor angiogenesis in 
gastric cancer cells. It is relevant in regulating the 
malignant progression of gastric cancer [8, 18]. 
However, the interaction between PlexinA1 and 
β2-AR has not been revealed. Our research results 
showed that isoproterenol could significantly 
promote the expression of PlexinA1 in gastric cancer 
cells and promote EMT in gastric cancer cells. It has 
also been newly discovered that PlexinA1 and β2-AR 
are colocalized and colocalized in space. By 
examining interactions, this study showed that 
PlexinA1 might be a potential target for β2-AR to 
regulate the malignant progression of gastric cancer. 

The JAK/STAT3 signaling pathway plays a vital 
role in various types of cancer. Activation of the 
JAK/STAT3 signaling pathway is related to EMT, 
tumor invasion and metastasis [9, 19-21, 31]. It has 
demonstrated that β2-AR shows kinase activity [25, 
26]. β2-AR could induce the threonine 
phosphorylation of the IL-2Rβ, and further activated 
JAK-STAT3 [32]. Besides, in tumor cells, chronic stress 
mediated by β2-AR promoted the release of IL-6 and 
activated the JAK-STAT3 signaling pathway [33]. 
There is no evidence that PlexinA1 has kinase activity. 
Through our study, PlexinA1 regulated the JAK- 
STAT3 signaling pathway through the interaction 
with β2-AR kinase. In this study, when EMT induced 
by PlexinA1/β2-AR promoted the migration of 
gastric cancer cells, the JAK/STAT3 pathway was 
activated, and AG490 and Stattic reversed these 
effects. Overall, the results showed that EMT induced 
by PlexinA1/β2-AR was inhibited, thus confirming 
that the JAK/STAT3 pathway is involved in EMT 
induction. Overall, our study solved the molecular 
mechanism of chronic stress-mediated EMT through 
PlexinA1 at the cellular level and further explored the 
role of β2-AR and PlexinA1 in chronic stress- 
promoted malignant progression of gastric cancer. 
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The interaction of β2-AR and PlexinA1 activated the 
JAK-STAT3 signaling pathway and promoted EMT in 
gastric cancer cells. (Fig. 7) According to our 
observations, interference with the key target of the 
signaling pathway, PlexinA1, provides new 
treatments for gastric cancer patients with clinically 
unhealthy emotions. 

 

 
Figure 7. Schematic diagram of the β2-AR-PlexinA1-JAK/STAT3 pathway. 
The schematic diagram summarizes the results of this study. Our research showed 
that chronic stress-related hormones are related to the occurrence of EMT in gastric 
cancer. According to our observations, chronic stress then triggers the HPA 
(hypothalamus-pituitary-adrenal) axis to promote the release of catecholamine 
hormones. These β2-AR agonists not only recognize β2-AR but also activate the 
transmembrane protein PlexinA1. β2-AR interacts with PlexinA1 and subsequently 
promotes the downstream JAK-STAT3 signaling pathway. The JAK-STAT3 signaling 
pathway mediates the phenotypic transition of gastric cancer cells to EMT and 
subsequently stimulates the undesirable progression of human gastric cancer. 

 
Our study explored whether chronic stress 

promotes epithelial–mesenchymal transition through 
the PlexinA1/β2-AR-JAK-STAT3 signaling pathway 

in two types of gastric cancer cells, which was not 
verified in vivo and requires further research. 
According to our observations, PlexinA1 and β2-AR 
interact; however, it is unknown how the two regulate 
downstream pathways, which can be further 
considered. 

Conclusion 
Taken together, chronic stress induces epithelial–

mesenchymal transition through the PlexinA1/ 
β2-AR-JAK-STAT3 signaling pathway in gastric 
cancer cells. Isoprenaline, a β2-AR agonist, recognizes 
and activates β2-AR/PlexinA1, which subsequently 
activates the downstream JAK-STAT3 signaling 
pathway. This series of activations functions as a 
positive regulator of EMT under chronic stress. Our 
findings revealed the key role of PlexinA1 in chronic 
stress-induced EMT. The results provide a new 
treatment for gastric cancer patients with chronic 
stress by intervening in the key target of the signaling 
pathway, PlexinA1. 

Supplementary Material  
Supplementary figures.  
https://www.jcancer.org/v13p2258s1.pdf  

Acknowledgements 
Funding 

The present study was funded by the Natural 
Science Foundation of Hebei Province, China 
(H2019406073, H2020406008), the University level 
research project of Chengde Medical College (202007, 
KY2021037), Technology Innovation Guidance 
Project-Science and Technology Work Conference of 
Hebei Provincial Department of Science and 
Technology, the Key Subjects (Pathology and 
Pathophysiology) at Colleges and Universities of 
Hebei Province. 

Author Contributions 
YL performed the research and wrote the 

manuscript; YHH made significant revisions; YJL and 
YHL as the corresponding author designed 
experiments and contributed to the reagents; HZZ, 
YZ, DC, LZ and YQP contributed to discussions about 
the manuscript. All authors contributed to the article 
and approved the submitted version. 

Ethics Statement 
All animal studies were conducted with 

approval of the Institutional Animal Care and Use 
Committee of the Ethics Committees of Chengde 
Medical University (CDMULAC-20201022-017). 



 Journal of Cancer 2022, Vol. 13 

 
https://www.jcancer.org 

2270 

Data Availability Statement 
The original contributions presented in the study 

are included in the article. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. 

Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and 
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021; 
71: 209-49. 

2. Wang K, Zhao XH, Liu J, Zhang R, Li JP. Nervous system and gastric cancer. 
Biochim Biophys Acta Rev Cancer. 2020; 1873: 188313. 

3. Huang Z, Li G, Zhang Z, Gu R, Wang W, Lai X, et al. β2AR-HIF-1α-CXCL12 
signaling of osteoblasts activated by isoproterenol promotes migration and 
invasion of prostate cancer cells. BMC Cancer. 2019; 19: 1142. 

4. Lu YJ, Geng ZJ, Sun XY, Li YH, Fu XB, Zhao XY, et al. Isoprenaline induces 
epithelial-mesenchymal transition in gastric cancer cells. Mol Cell Biochem. 
2015; 408: 1-13. 

5. Pagano F, Angelini F, Siciliano C, Tasciotti J, Mangino G, De Falco E, et al. 
Beta2-adrenergic signaling affects the phenotype of human cardiac progenitor 
cells through EMT modulation. Pharmacol Res. 2018; 127: 41-8. 

6. Tamagnone L, Artigiani S, Chen H, He Z, Ming GI, Song H, et al. Plexins are a 
large family of receptors for transmembrane, secreted, and GPI-anchored 
semaphorins in vertebrates. Cell. 1999; 99: 71-80. 

7. O'Connor BP, Ting JP. The evolving role of semaphorins and plexins in the 
immune system: Plexin-A1 regulation of dendritic cell function. Immunol Res. 
2008; 41: 217-22. 

8. Lu Y, Xu Q, Zuo Y, Liu L, Liu S, Chen L, et al. Isoprenaline/β2-AR activates 
Plexin-A1/VEGFR2 signals via VEGF secretion in gastric cancer cells to 
promote tumor angiogenesis. BMC Cancer. 2017; 17: 875. 

9. Yang X, Gao Y, Liu Q, Wan L, Liu H, Bian W, et al. Zoledronic acid 
re‑sensitises gefitinib‑resistant lung cancer cells by inhibiting the JAK/STAT3 
signalling pathway and reversing epithelial‑mesenchymal transition. Oncol 
Rep. 2021; 45: 459-68. 

10. Yuan J, Zhang F, Niu R. Multiple regulation pathways and pivotal biological 
functions of STAT3 in cancer. Sci Rep. 2015; 5: 17663. 

11. Lu Y, Zhao H, Liu Y, Zuo Y, Xu Q, Liu L, et al. Chronic Stress Activates 
PlexinA1/VEGFR2-JAK2-STAT3 in Vascular Endothelial Cells to Promote 
Angiogenesis. Front Oncol. 2021; 11: 709057. 

12. Le CP, Nowell CJ, Kim-Fuchs C, Botteri E, Hiller JG, Ismail H, et al. Chronic 
stress in mice remodels lymph vasculature to promote tumour cell 
dissemination. Nat Commun. 2016; 7: 10634. 

13. Zhang X, Zhang Y, He Z, Yin K, Li B, Zhang L, et al. Chronic stress promotes 
gastric cancer progression and metastasis: an essential role for ADRB2. Cell 
Death Dis. 2019; 10: 788. 

14. Zhi X, Li B, Li Z, Zhang J, Yu J, Zhang L, et al. Adrenergic modulation of 
AMPK‑dependent autophagy by chronic stress enhances cell proliferation and 
survival in gastric cancer. Int J Oncol. 2019; 54: 1625-38. 

15. Guarino M. Epithelial-mesenchymal transition and tumour invasion. Int J 
Biochem Cell Biol. 2007; 39: 2153-60. 

16. Lan Q, Tan X, He P, Li W, Tian S, Dong W. TRIM11 Promotes Proliferation, 
Migration, Invasion and EMT of Gastric Cancer by Activating β-Catenin 
Signaling. Onco Targets Ther. 2021; 14: 1429-40. 

17. Lu W, Kang Y. Epithelial-Mesenchymal Plasticity in Cancer Progression and 
Metastasis. Dev Cell. 2019; 49: 361-74. 

18. Shan T, Cui X, Li W, Lin W, Li Y, Chen X, et al. Novel regulatory program for 
norepinephrine-induced epithelial-mesenchymal transition in gastric 
adenocarcinoma cell lines. Cancer Sci. 2014; 105: 847-56. 

19. Chen M, Zeng J, Chen S, Li J, Wu H, Dong X, et al. SPTBN1 suppresses the 
progression of epithelial ovarian cancer via SOCS3-mediated blockade of the 
JAK/STAT3 signaling pathway. Aging (Albany NY). 2020; 12: 10896-911. 

20. Jin W. Role of JAK/STAT3 Signaling in the Regulation of Metastasis, the 
Transition of Cancer Stem Cells, and Chemoresistance of Cancer by 
Epithelial-Mesenchymal Transition. Cells. 2020; 9(1): 217. 

21. Lin XL, Liu M, Liu Y, Hu H, Pan Y, Zou W, et al. Transforming growth factor 
β1 promotes migration and invasion in HepG2 cells: Epithelial‑to‑ 
mesenchymal transition via JAK/STAT3 signaling. Int J Mol Med. 2018; 41: 
129-36. 

22. Liu D, Zha L, Liu Y, Zhao X, Xu X, Liu S, et al. β2-AR activation promotes 
cleavage and nuclear translocation of Her2 and metastatic potential of cancer 
cells. Cancer Sci. 2020; 111: 4417-28. 

23. Liu J, Qu L, Wan C, Xiao M, Ni W, Jiang F, et al. A novel 
β2-AR/YB-1/β-catenin axis mediates chronic stress-associated metastasis in 
hepatocellular carcinoma. Oncogenesis. 2020; 9: 84. 

24. Qiao G, Chen M, Mohammadpour H, MacDonald CR, Bucsek MJ, Hylander 
BL, et al. Chronic Adrenergic Stress Contributes to Metabolic Dysfunction and 

an Exhausted Phenotype in T Cells in the Tumor Microenvironment. Cancer 
Immunol Res. 2021; 9: 651-64. 

25. Zhang B, Wu C, Chen W, Qiu L, Li S, Wang T, et al. The stress hormone 
norepinephrine promotes tumor progression through β2-adrenoreceptors in 
oral cancer. Arch Oral Biol. 2020; 113: 104712. 

26. Renz BW, Takahashi R, Tanaka T, Macchini M, Hayakawa Y, Dantes Z, et al. 
β2 Adrenergic-Neurotrophin Feedforward Loop Promotes Pancreatic Cancer. 
Cancer Cell. 2018; 33: 75-90. e 7. 

27. Guarino M, Rubino B, Ballabio G. The role of epithelial-mesenchymal 
transition in cancer pathology. Pathology. 2007; 39: 305-18. 

28. Jacob L, Sawma P, Garnier N, Meyer LA, Fritz J, Hussenet T, et al. Inhibition of 
PlexA1-mediated brain tumor growth and tumor-associated angiogenesis 
using a transmembrane domain targeting peptide. Oncotarget. 2016; 7: 
57851-65. 

29. Yan Q, Zheng W, Wang B, Ye B, Luo H, Yang X, et al. A prognostic model 
based on seven immune-related genes predicts the overall survival of patients 
with hepatocellular carcinoma. BioData Min. 2021; 14: 29. 

30. Zhao XY, Chen L, Li YH, Xu Q. PlexinA1 expression in gastric carcinoma and 
its relationship with tumor angiogenesis and proliferation. World J 
Gastroenterol. 2007; 13: 6558-61. 

31. Shen M, Xu Z, Xu W, Jiang K, Zhang F, Ding Q, et al. Inhibition of ATM 
reverses EMT and decreases metastatic potential of cisplatin-resistant lung 
cancer cells through JAK/STAT3/PD-L1 pathway. J Exp Clin Cancer Res. 
2019; 38: 149. 

32. Ruiz-Medina BE, Cadena-Medina DA, Esparza E, Arrieta AJ, Kirken RA. 
Isoproterenol-induced beta-2 adrenergic receptor activation negatively 
regulates interleukin-2 signaling. Biochem J. 2018; 475: 2907-23. 

33. An J, Feng L, Ren J, Li Y, Li G, Liu C, et al. Chronic stress promotes breast 
carcinoma metastasis by accumulating myeloid-derived suppressor cells 
through activating β-adrenergic signaling. Oncoimmunology. 2021; 10: 
2004659. 


