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Background: Dysfunctional phenotype modulation and calcium channels in airway smooth muscle cells 
(ASMCs) are important characteristics of airway remodeling in chronic asthma. However, the mechanisms 
underlying these pathological processes remain unclear. SET (I2PP2A, inhibitor-2 of protein phosphatase 2A)  
has many significant functions and is involved in various physiological and pathological processes. This study 
aimed to determine the function of SET in chronic asthma.
Methods: BALB/c mice were sensitized by ovalbumin injection and repeated inhalation of ovalbumin. 
The Penh value was measured using the Buxco whole body plethysmography system. A short hairpin RNA 
of the SET gene was designed and transfected into ASMCs derived from asthmatic mice. Flow cytometry 
of Annexin-V/propidium iodide staining was used for evaluating cell apoptosis. Western blot was adopted 
to measure the expression levels of ASMCs phenotype modulation markers and calcium channel-associated 
proteins.
Results: The results showed that shRNA targeting SET significantly decreased the expression of SET, 
and enhanced the apoptosis of ASMCs. SET knockdown promoted the expression of contractile phenotype 
markers such as α-SMA (alpha smooth muscle Actin), SM-MHC (smooth muscle Myosin heavy chain), and 
calponin, and inhibited the expression of synthetic phenotype markers including vimentin and CD44. The 
expression of the calcium channel-related proteins STIM1 (Stromal interaction molecule 1) and Orai1 were 
also inhibited after SET knockdown.
Conclusions: These data demonstrated that SET participated in the development of airway dysfunction 
in asthma, suggesting that the silencing of SET may be a new therapeutic target for the treatment of asthma 
patients.
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Introduction

Asthma is a common chronic respiratory disease that affects 
more than 300 million people (1). The clinical symptoms 
of patients include airway inflammation, remodeling, 
and airway hyper-responsiveness (AHR) (2,3). In recent 
years, numerous investigations have revealed that airway 
remodeling is a common feature in biopsy studies of all 
types of asthma (4,5). The abnormal change in airway 
smooth muscle (ASM) is a significant pathological 
characteristic of airway remodeling. Airway smooth muscle 
cells (ASMCs) are instrumental to airway remodeling due to 
their multiple roles in asthma (6).

ASMCs have two phenotypes include contractile 
phenotype and synthetic phenotype. It is normally 
contractile phenotype and the phenotype modulation of 
ASMCs may contribute to the onset of asthma (7). It has 
been reported that ASMCs exposed to a series of mitogens 
resulted in reversible changes from a contractile phenotype 
to a synthetic phenotype (8), which characterized with 
strong proliferation and division ability, while significantly 
increase in organelles those can synthesize protein and lipid. 
Airway inflammatory diseases such as asthma and COPD 
can cause phenotypic transformation of ASMCs. ASMCs 
calcium channel dysfunction is another important feature 
of asthma and is also associated with airway remodeling. 
The membrane of ASMCs is rich in store-operated calcium 
channels (SOCCs) and voltage-dependent calcium channels 
(VDCCs). ASM is a key cell type in contractility and 
remodeling of asthma, abnormal activation of the calcium 
channels leads to increased intracellular calcium and 
activates excitation-contraction coupling, which promotes 
ASMCs proliferation and makes ASMCs more sensitive to 
stimuli and causes airway remodeling (9,10). In the ASMCs, 
androgen receptor is responsible for the bronchodilator 
effect and its expression is increased in female with asthma. 
And in female asthmatic patients, estrogen receptors on 
the cell membrane interacting with estrogen more quickly 
following produce biological effects. Then estrogen 
receptors are activated and promoted intracellular calcium 
concentration. So we chose female mice as animal model in 
our study.

A study of acute undifferentiated leukemia in 1992 
first identified the SET protein, also termed TAF-1β 
and I2PP2A (11). The SET protein has many important 
functions due to its highly complex structure and evolution 
mechanism. SET is overexpressed in many malignancies, 
such as testicular cancer (12), lung tumors (13), tumors of 

the head and neck (14), breast cancer (15), and prostate 
cancer (16). It has been demonstrated that SET is involved 
in tumorigenesis due to the inhibition of the tumor 
suppressor gene PP2A (17). SET mediates many signal 
transduction pathways, including SET/ERK and SET/
p38MAPK, and further affects the pathophysiological 
processes of ASMCs. However, the function of SET in the 
pathogenesis of asthma is not entirely understood. There 
have been no reports on the study of SET in asthma. 
We have made a pioneering research on the relationship 
between SET and ASMCs phenotypic transformation and 
calcium channels in asthma, hoping to provide basis for the 
research in asthma.

Therefore,  this  work a imed to invest igate  the 
development of ASM phenotypic transformation, calcium 
channel dysfunction, and the involvement of SET in these  
2 physiological processes. The influence of SET knockdown 
with lentivirus-mediated shRNA on airway remodeling 
was also investigated. Our results provide a theoretical and 
experimental basis for potential asthma treatments. 

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-573).

Methods

Chemical and reagents

The 293T cell line was obtained from the Cell Resource 
Center of Shanghai Institutes for Biological Science 
(Chinese Academy of Science, China). Antibodies against 
α-SMA, SM-MHC, calponin, vimentin, CD44, STIM1, 
PI3K, and calmodulin were obtained from Abcam (Abcam, 
Cambridge, UK). The mouse monoclonal antibodies 
against SET and β-actin were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). The secondary 
antibodies were purchased from Thermo Fisher (Thermo 
Fisher, USA). The pLVX-shRNA1 expression vector was 
obtained from Clonetech (Mountain View, CA, USA).

Mice

Six-week-old female BALB/C mice (obtained from the 
center of Medical Experiment Animal of Guangdong 
Province, China) were used for animal experiments. 
Animal experiments are approved by the Animal Care 
and Use Committee of the Experimental Animal Center 
at Shenzhen Center for Disease Control and Prevention. 

http://dx.doi.org/10.21037/atm-21-573
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Animal experiment were performed in accordance with the 
Principles of Laboratory Animal Care (NIH publication 
No. 85-23, revised 1985) and the Regulations of the Animal 
Care and Use Committee of the Experimental Animal 
Center at Shenzhen Center for Disease Control and 
Prevention. All efforts were made to minimize suffering of 
the animals and to reduce the number of mice used.

Animal sensitization and airway challenge

The BALB/C mice group (n=10) was sensitized and 
challenged. Sensitization was induced by intraperitoneal 
injection of 20 μg ovalbumin (OVA, grade V) mixed in 50 μL  
of 30 mg/mL Inject® Alum on days 0, 14, 28, and 42. Then, 
challenges were induced by 5% grade II OVA 3 times per 
week and 30 min each time from day 2. The control group 
(n=10) was treated with normal saline in a similar manner.

Non-invasive measurement of Penh

We used the Buxco whole body plethysmography (WBP) 
system to record respiratory pressure curves (Buxco 
electronics, St. Paul, MN, USA) for evaluating Penh 24 h after 
the last aerosol exposure in response to inhaled methacholine 
(mAch) (0–100 mg/mL) in conscious unrestrained mice. mAch 
was aerosolized for 3 min, and we recorded the readings every 
5 min after each nebulization was averaged.

Lung histopathology

Right upper lobes and right middle lobes were harvested 
for histopathological analysis. Tissues were fixed in 4% 
formaldehyde for 24 h, then paraffin-embedded and cut into 
5 μm sections for staining. Hematoxylin and eosin (H&E) 
was used for assessing the thickness of the smooth muscle 
layer. Morphometry was assessed by blinded individuals.

Primary ASMCs culture from mice

Primary ASMCs were isolated by a modified protocol 
according to a previous study (18). We entirely separated 
the trachea and lungs, carefully removed the extraneous 
membranes and connective tissues, and cut the tissue into 
cross-sections of 2–3 mm. The tissue was placed in a culture 
flask and immersed in Dulbecco’s modified Eagle medium 
(DMEM) containing 20% fetal bovine serum, 4 mM 
glutamine, and 1% penicillin-streptomycin. The cultured 
specimens were incubated in a 5% CO2 incubator at 37 ℃ 

until 80% confluent. We obtained the desired cells which 
could be used for experiments after purification.

Western blot analysis

We extracted protein from lung tissues and cells with lysis 
buffer (Beyotime Biotech, China) based on our previous 
experience. The protein content was measured with a 
BCA assay. Proteins were then separated using 10% SDS-
PAGE and electrically transferred onto PVDF membranes 
(Millipore, MA, USA). The membranes were incubated 
with TBST buffer with 5% milk and then probed with 
antibodies against SET, α-SMA, SM-MHC, calponin, 
vimentin, CD44, STIM1, Orai1, and β-actin. Horseradish 
peroxidase-conjugated secondary antibodies were used to 
detect blots. The protein bands were then incubated with 
Supersignal® West Dura Extended Duration Substrate 
(Thermo Scientific, USA) and visualized with the ECLTM 
western blotting detection system (ImageQuant TM RT, 
GE Healthcare).

SET immunohistochemistry

Immunohistochemical staining was carried out according to 
the instructions Briefly, 5 μm sections of paraffin-embedded 
lung tissues were de-paraffinized, dehydrated, and incubated 
in a 10% hydrogen peroxide buffer for 10 min to eliminate 
endogenous peroxidase activity. The sections were then 
incubated with SET antibody (1:200) solution overnight 
at 4 ℃. Anti-mouse secondary antibody with horseradish 
peroxidase polymer was then applied. The sections were 
stained with the DAB plus kit and analyzed using Image-
Pro Plus software. Specific labeling was unnoticed in 
sections lacking the primary antibody.

Generation of lentivirus shRNA SET knockdown ASMCs

The siRNA oligonucleotides targeting mouse SET 
and human SET were purchased from Sangon Biotech 
(Shanghai, China) and cloned into pLVX-shRNA1 vectors. 
We used the blank plasmid as a control. The pseudotyped 
lentiviruses were produced in 293T cells by co-transfection 
with siRNA plasmids and blank plasmids through the 
lentivirus transfection packaging kit. ASMCs were seeded 
in 6-well plates, and transfected with lentiviruses encoding 
SET shRNA using 4.0 μg/mL polybrene. Then, they were 
treated with medium containing 2.0 μg/mL puromycin for 
15 days. Western blot analysis determined the efficiency of 
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the SET knockdown.

Flow cytometric analysis of apoptosis

Apoptosis of ASMCs was detected by staining with the 
Annexin V-FITC cell apoptosis detection kit (Nanjing, 
keygen, Biotech Co., Ltd, China). Cells were harvested 
and incubated in diluted binding buffer, before adding  
5 μL propidium iodide (PI, 20 μg/mL) for 15 min in the 
dark. Apoptosis was measured using a flow cytometer (BD, 
Franklin Lakes, NJ, USA).

Statistical analysis

All data were expressed as mean ± SD and analyzed using 
SPSS 18.0 software (SPSS Inc., Chicago, USA). Student’s 
t-test and ANOVA were used for analysis, and P<0.05 was 
considered statistically significant.

Results

Airway remodeling and Penh in chronic OVA-sensitized 
mice

To investigate whether OVA-sensitized mice developed 
airway remodeling, AHR and the cross-sectional areas of 
smooth muscle layers were measured. There were no signs 
of asthma in the normal group, while mice in the asthma 
group had sensitivity irregular respiratory rhythm, sneeze, 
and cyanosis of the lips. As shown in Figure 1A the Penh 
value of the asthma group was significantly enhanced 
compared to the normal group. From the histological 
analysis (Figure 1B), there was significant inflammatory 
change in the lung mucosal and submucosal areas. In 
addition, the airway walls were comparatively thicker in the 
asthma group than in the normal group (Figure 1C).

Expression of SET is increased in asthma

To assess the expression of SET, immunohistochemical 
analysis was performed. Representative images of 
the staining are shown in Figure 1D .  Through the 
immunohistochemistry results, it was observed that positive 
staining of SET was weak in normal tissues, while the SET 
level was increased significantly in the asthma group. Lung 
tissues of mice were also analyzed for SET using western 
blot. As shown in Figure 1E, the results demonstrated that 
there was a significant increase in the protein expression of 

SET in the asthma group compared to mice in the normal 
group.

Construction of stable SET siRNA ASMCs

To confirm the efficiency of SET shRNA with RNA 
interference in asthmatic mouse ASMCs, SET protein was 
evaluated with western blot analysis. Figure 2A,B indicated 
that transfection with psiRNA-SET inhibited SET 
expression effectively after 15 days of puromycin selection. 
In contrast, the transfection of the empty vector (pLVX) 
did not obviously influence the expression of SET. The 
data indicated the successful construction of stable SET 
knockdown ASMCs.

Knockdown of SET expression increases cell apoptosis

To evaluate the effect of SET inhibition on the apoptosis 
of ASMCs, cell apoptosis was measured by flow cytometry. 
Figure 3A,B suggested that the cell apoptosis of SET 
knockdown ASMCs was increased compared to the control 
cells. There were no noticeable differences in the cell 
apoptosis of ASMCs between the empty group and the 
control group, which suggested that knockdown of SET 
obviously enhanced the apoptosis of ASMCs.

Effects of SET knockdown on protein levels of phenotype 
switching markers

To further confirm the effects of SET knockdown on 
the modulation of phenotype, western blot determined 
the protein levels of contractile phenotype and synthetic 
phenotype markers. As shown in Figure 4, SET knockdown 
ASMCs had increased contractile phenotype protein 
expression, including α-SMA, SM-MHC, and calponin. In 
contrast, the expression of synthetic phenotype proteins 
such as vimentin and CD44 decreased in SET knockdown 
ASMCs. There was no significant difference between the 
control cells and the empty vector cells.

Regulation of ASMCs calcium channels by knockdown  
of SET

Due to the importance of the abnormal activation of 
calcium channels in the airway remodeling process of 
asthma, a thorough exploration was performed on the 
effects of SET knockdown on SOCC-related proteins in 
ASMCs. As shown in Figure 5, the expression of STIM1 
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Figure 1 Validation of chronic OVA-challenged asthmatic models and the level of SET protein. (A) Penh in the OVA-challenged group 
(abbreviated as asthma group) and the normal group. **P<0.01, ***P<0.001, compared with the normal group (n=10). (B) Representative 
images of lung sections from each group using H&E (×400). (C) Smooth muscle layers thickened in the asthma group. *P<0.05, compared 
with the normal group. (D) Representative images of lung sections from the asthma group and the normal group using IHC (×100). (E) The 
protein expression of SET in the asthma group and the normal group. *P<0.05, compared with the normal group (n=10).

and Orai1 were significantly suppressed in SET knockdown 
ASMCs compared to control cells, whereas similar 
expression levels were found between the control cells and 
the empty vector cells.

Discussion

Airway remodeling is an important characteristic of asthma (19),  
which was confirmed by our animal experiments. We found 
that SET was overexpressed in the lung tissues of the 
asthma group. It has been reported that SET affects cell 

apoptosis, chromatin remodeling, and DNA repair (20,21). 
SET has also been shown to be involved in the development 
of various diseases, including tumors (22), Alzheimer’s 
disease, canine melanoma, and acute myeloid leukemia (23). 
Our findings, together with the diverse functions of SET, 
suggest that the overexpression of SET has a significant 
effect on asthma.

There are many researches on ASMCs phenotype 
modulation of asthma and it’s clear that the process is affected 
by many factors, but the specific regulatory mechanism 
is not clear. The modulation of ASMCs phenotypes can 
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Figure 2 The expression of SET is downregulated by siRNA in ASMCSs. (A) Representative images of western blot. (B) Quantification of 
the SET bands. The data represent the mean ± SD (n≥3) **P<0.01, vs. control cells. ASMCS, airway smooth muscle cell.
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Figure 3 Effects of SET knockdown on cell apoptosis in ASMCs. (A) Representative Annexin-V/PI flow cytometry data of the different 
groups of ASMCs. (B) The quantified flow cytometry data. The data represent the mean ± SD (n≥3). ***P<0.001, vs. control cells. ASMCs, 
airway smooth muscle cell.

affect asthma pathology, and is defined as the switch from a 
contractile phenotype to a synthetic phenotype, along with an 
array of functional changes that are yet to be understood (7). 
In this study, α-SMA, SM-MHC, and calponin were selected 
as representative contractile phenotype markers consistent 
with Ueki et al.’s research (24), and their protein expression 
levels were detected. Our results indicated that contractile 
phenotype proteins were increased due to SET knockdown. 

On the other hand, vimentin and CD44 were selected as 
synthetic phenotype markers according to Halayko et al.’s 
report (25), and it was found that the expression of these 
proteins decreased after SET knockdown. These results 
highlight the abnormal switching of ASMCs phenotypes in 
asthma, which might be attenuated by SET knockdown.

Cytoplasmic Ca2+ is a critical intracellular signal in 
many cell types and mostly originates from SOCCs and 
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Figure 4 Knockdown of SET attenuates the phenotype modulation of ASMCs. The levels of contractile phenotype proteins (A) and 
synthetic phenotype proteins (B) were validated by western blotting. The data represent the mean ± SD (n≥3). *P<0.05, **P<0.01, 
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Figure 5 Knockdown of SET prevents the expression of calcium channel proteins. The levels of calcium channel proteins were validated by 
western blotting. The data represent the mean ± SD (n≥3). *P<0.05, compared with the control cells.
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VDCCs in the plasma membrane (26). The adjustment of 
intracellular Ca2+ concentrations in ASMCs is essential for 
airway contraction in asthma (27). Ohga et al. demonstrated 
that an inhibitor of SOCC could attenuate OVA-induced 
bronchoconstriction in guinea pigs (28). Nearly 2 decades 
ago, it was discovered that STIM1 and Orai1 were the 
molecular basis of SOCCs (29). Many studies have 
demonstrated increases in STIM1 and Orai1 in ASMCs 

derived from asthmatic mice (9,30,31). The knockdown 
of STIM1 or Orai1 with siRNA resulted in a reduction of 
SOCCs in response to storage depletion of thapsigargin 
or cyclopiazonic acid in human ASMCs (30,32). Our 
study indicated that the expression of STIM1 and Orai1 
simultaneously decreased in SET knockdown ASMCs. This 
is consistent with evidence demonstrating that silencing of 
the β1 integrin gene attenuated the increase of STIM1 and 
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Orai1 in asthma (9).
Apoptosis is the spontaneous and orderly death of cells 

controlled by genes in order to maintain homeostasis. 
Inhibiting the apoptosis of normal cells or promoting the 
apoptosis of pathological cells has profound significance for 
humans. Previous in vivo and in vitro studies revealed that 
the apoptosis of ASMCs in asthma decreased clearance (33). 
Annexin V/PI double staining has evolved into an established 
way of detecting cell apoptosis because of its accuracy (34). 
Our study found that apoptosis was accelerated to some 
extent in asthma ASMCs after SET knockdown. This is 
in line with the effects of β1-integrin shRNA on the cell 
apoptosis of ASMCs reported by Shi et al.’s team (18).

In conclusion, the current study demonstrated that 
SET played a role in ASM phenotype modulation and 
intracellular Ca2+ in the process of asthma, highlighting it as 
a therapeutic target with the potential to attenuate airway 
remodeling in chronic asthma.
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