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Abstract
Background: Phenotype modulation of airway smooth muscle cells (ASMC), de�ned as a more
proliferative/synthetic type switched from contractile cells, plays an important role in airway remodeling
of asthma. STIM1 and Orai1, the key aspects mediating store-operated Ca2+ entry (SOCE), have been
shown to promote ASMC proliferation and migration. In this study, we explored the role of STIM1/Orai1-
mediated SOCE in ASMC phenotype transition, and further investigated their involvement in the
extracellular matrix (ECM) deposition in asthma.

Methods: The ASMCs from C57BL/6 mice were prepared and incubated with PDGF-BB to induced the
phenotype switching. SKF-96365, an inhibitor of STIM1/Orai1, was used to detect the effect of SOCE in
the ASMC phenotype transition and ASMC-related ECM doposition. Cell counting kit-8 assay,
immunocytochemistry staining, enzyme-linked immunosorbent assay, and western blot assay were
employed to detect the ASMC’s proliferation and the expressions of contractile proteins, in�ammatory
cytokines as well as exacellular matrix. Moreover, we prepared the asthmatic mice model with SKF-96365
intranasal or intratracheal instillation and western blot assay were employed to determine the effect of
SOCE repression in ECM deposition in vivo.

Results: We prepared the “proliferative/synthetic” type ASMCs with PDGF-BB treatment. and detected the
increased expressions of STIM1 and Orai1 in phenotype switched ASMCs, accompanied by an enhance
of SOCE. SKF-96365 could obviously block the activation of SOCE in ASMC. Meanwhile, the addition of
SKF-96365 in phenotype switched ASMCs could signi�cantly attenuate their increased proliferation
ability, in�ammatory cytokines secretion, and decreased contractile proteins contents induced by PDGF-
BB. Moreover, we detected that PDGF-BB-induced “proliferative/synthetic” ASMCs can produce more ECM
components, including collagen I, elastin and �bronectin, and metalloproteinases (MMPs) such as MMP2
and MMP9, which could be inhibited by the STIM1/Orai1 blocker SKF-96365. In vivo experiments also
showed the similar results that SKF-96365 reduced the ECM deposition and MMPs production in the
asthmatic mice model.

Conclusion: These observations demonstrated the prominent role of STIM1/Orai1-mediated SOCE in the
phenotype modulation of ASMCs and their in�uence in the ASMC-induced excessive and altered ECM
deposition. Therefore, our results indicated that STIM1/Orai1-mediated SOCE may take part in the airway
remodeling of asthma.

1. Background
Airway remodeling has been reported to be an important feature of asthma that contributes to the clinical
manifestations of the disease. In recent years, much attention has been focused on the potential role of
airway smooth muscle (ASM) in the progress of airway remodeling[1]. The diverse functional and
structural alterations of ASM were de�ned as phenotype modulation, which refers to the ability to switch
from a contractile phenotype to a “proliferative/synthetic” phenotype. These cells have an increased
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proliferative capacity, a diminished abundance of contractile apparatus, and a marked abundance of
protein and lipid synthesis, which might cause the deterioration of airway in�ammation, the narrowing of
airway wall and airway remodeling[2]. However, the mechanisms underlying ASMC phenotype modulation
and its effect on airway remodeling have not been fully understood.

The airways of asthmatic patients have increased amounts and altered composition of extracellular
matrix (ECM) deposition, which is another hallmark characteristic of asthma[3]. Aberrant ECM deposition
causes airway rigidity and narrowing, and the altered ECM protein pro�le, which could be regulated by
matrix metalloproteinases (MMPs), may represent speci�c asthma endotypes and intimately correlate
with asthma severity[3, 4]. The pulmonary cells, including in�ammatory cells, �broblasts, and airway
epithelial cells may produce a lot of matrix proteins to accelerate ECM deposition[3, 5]. However, little
information is available regarding the potential role of ASMC, especially the effect of phenotype switched
cells, on exaggerated ECM deposition.

In smooth muscle, Ca2+ in�ux through both receptor-operated calcium (ROC) channels and store-operated
calcium (SOC) channels is believed to provide the Ca2+ signals required for long-term signals, which is
essential for ASMC contractility, growth, and migration[6]. The relative contribution of SOC entry (SOCE) to
the control of Ca2+ was believed to be particularly prominent in ASM[7]. Extensive studies had de�ned the
key aspects of SOCE including a Ca2+ sensor for store depletion (STIM1) and a Ca2+ entry pore (Orai1)[6].
Spinelli’s study showed that STIM1 and Orai1 were upregulated in the ASM of asthmatic mice and
mediated PDGF-BB-activated ASM proliferation and migration[8, 9]. Several other studies using ASMCs
from humans or rats also showed similar results that STIM1 or STIM1/Orai1-mediated SOCE was
involved in ASMC proliferation and migration[10, 11]. However, whether STIM1/Orai1-mediated SOCE was
further involved in the ASMC phenotype modulation, as well as the altered ECM protein pro�le was still
uncertain. In the current study, we explored the involvement of STIM1/Orai1 in the process of phenotype
modulation of ASMC and their effect on ECM deposition.

In the present study, we prepared the “proliferative/synthetic” ASMCs with PDGF-BB treatment, and found
upregulated expressions of STIM1, Orai1 and enhanced SOCE in phenotype switched ASMCs. SKF-96365,
an inhibitor of STIM1/Orai1, was detected to block PDGF-BB-induced increased proliferation ability,
in�ammatory cytokines secretion, and reduced contractile protein pro�le in ASMCs, indicating the
involvement of STIM1/Orai1-mediated SOCE in phenotype modulation of ASMCs. Moreover, we observed
the upregulated ECM protein and MMPs in phenotype switched ASMCs, and SKF-96365 could
signi�cantly ameliorate this effect. In conclusion, our results demonstrated STIM1/Orai1-mediated SOCE
was involved in the phenotype switching of ASMCs and ASMC-related ECM deposition.

2. Methods

2.1 Animals
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Male C57BL/6 mice (6 weeks of age) were obtained from Zhejiang Experiment Animal Center (Hangzhou,
Zhejiang, China) and housed under speci�c pathogen free conditions. This study was approved by the
Animal Experimental Ethical Inspection of the First A�liated Hospital, Zhejiang University School of
Medicine. All mice were anesthetized with iso�urane before intranasal or intratracheal instillation and
were euthanized by cervical dislocation with 10% chloral hydrate anesthesia .

2.2 Isolation and culture of ASM cell
ASMCs were obtained as previously described[12, 13]. Brie�y, the mice tracheae were excised and digested
with 0.2% type IV collagenase (Sigma, C5138) and 0.05% elastase (Sigma, E7885) at 37°C for 45 min.
The cell suspension was �ltered and centrifuged (500g, 5 min), and the pellets were resuspended and
cultured with 1:1 DMEM/Ham’s F12 (Biological Industries, sh00016) containing 20% FBS (Gibco,
10099141). ASMCs were identi�ed by the typical “hill and valley” growth pattern. For the experiments, the
ASMCs at passages 3–6 were used.

2.3 Cell proliferation assay
Cell proliferation was detected using the cell counting kit-8 assay according to the manufacturer’s
instruction (Dojindo, CK04). The optical density (OD) value was measured by a microplate reader
(Molecular Devices) at a wavelength of 450 nm.

2.4 Immunocytochemistry
ASMCs were stimulated with PDGF-BB (Invitrogen, CR40) or PDGF-BB combined with SKF-96365 (selleck,
S7999) for 24h. The cells were �xed, permeabilized and blocked. After that, ASMCs were immunolabeled
with anti-proliferating cell nuclear antigen (PCNA) mAb (Abcam, ab18197, 1:500), and probed by biotin-
conjugated secondary antibodies (Beyotime, A0297, 1:100), followed by incubation with a SABC-HRP kit
(Beyotime, P0603) to enhance the immunoreactivity. Finally, ASMCs were visualized using a DAB
horseradish peroxidase color development kit (Beyotime, P0203) with a microscope (Olympus IX71, ×10
objective, cellSensStandard). The percentage of PCNA+ ASMCs was calculated after 500 cells were
randomly counted.

2.5 Western blot assay
After treatment, whole cells lysates from ASMCs or lung homogenates were prepared and equal amounts
of proteins (20 µg/lane for cells lysates, 40 µg/ml for lung homogenates) were electrophoresed by 10%
SDS-PAGE before being transferred onto PVDF membranes. The membranes were blocked and probed at
4°C overnight with primary antibodies. After incubation with HRP-conjugated secondary antibodies at
room temperature for 1h, the membranes were washed, and the separated protein bands were visualized
by an electrochemiluminescence reagent (Fdbio, #FD8030). The data were expressed as relative values to
control values.

The primary antibodies of STIM1 (PA1-46217, 1:500), Orai1 (PA5-109270, 1:500) and α-smooth muscle
actin (α-SMA) (A5228, RRID AB_1087373, 1:1000) were purchased from Invitrogen. The anti-sm22α
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(ab14106, 1:1000) and anti-�bronectin (ab2415, 1:1000) were purchased from Abcam. The primary
antibodies of MMP9 (db1869, 1:500), MMP2 (db5134, 1:500) were purchased from Diag Biotechnology
and GAPDH (60004-1-Ig, 1:10000), collagen-I (66761-1-Ig, 1:1000), smooth muscle-myosin heavy chain
(sm-MHC) (21404-1-AP, 1:1000) were purchased from proteintech. The HRP-conjugated anti-mouse IgG
(FDR007, 1:10000) and anti-rabbit IgG (FDR006, 1:10000) were obtained from FDbio.

2.6 Enzyme-linked immunosorbent assay
The expression levels of in�ammatory cytokines in the cell supernatants were detected by the ELISA kits
according to the manufacturer’s protocol. The ELISA kits of IL-1β (432604), IL-6 (431304) were obtained
from Biolegend and CXCL1 (70-EK296/2) was from Multi Sciences Biotech.

2.7 Intracellular Ca2+ measurement
To detect intracellular calcium concentration, ASMCs were incubated with 5µM Fluo-4 AM (Invitrogen,
A14201) according to the manufacture’s protocol. Fluorescence was examined using excitation at 494
nm and emission at 506 nm and detected with either a �uorescence inverted microscope (Olympus IX71,
×10 objective, �lter for FITC) or a microplate reader (Molecular Devices). ASMCs were �rst incubated in
zero Ca2+ Tyrode solution. After that, 10 µM cyclopiazonic acid (CPA, Sigma,C1530) was added to empty
Ca2+ stores[14]. Finally, ASMCs were exposed to 2 mM Ca2+ to evaluate the extracellular Ca2+ in�ux by
SOCE. CellSensStandard was used to capture and analyze the image.

2.8 Ovalbumin sensitization and challenge
All mice were sensitized using 100 µg ovalbumin (OVA, Sigma, A5503) in 0.1 ml alum i.p. on days 0 and
12. The experimental group was challenged with aerosolized 5% OVA for 30 min daily between days 18
and 23 and three times per week for the prolonged exposure from day 26 to 34. Mice were euthanized on
day 35 represented asthma model with the characteristic of airway remodeling[12, 13]. Control group was
subjected to the same protocol but received PBS instead of OVA in the challenge phase.

2.9 Treatment of model mice
The SKF96365 (200µg/mouse) was dissolved in 20ul PBS and intranasal or intratracheal instilled in the
asthmatic mice model three times perweek day from day 18 to 34, 1hour before nebulization. Mice were
sacri�ced on day 35, and the lung homogenates were obtained for the western blot analysis and lung
collagen measurement.

2.10 Measurement of collagen
Lung homogenates from mice were collected and analyzed for total lung collagen content using the
Sircol Collagen Assay Kit (Biocolor, S1000) according to the manufacturer’s instructions.

2.11 Statistical analysis
Statistical analysis was performed using Prism 9.00 software (GraphPad Software Inc.). All experiments
were carried out in at least triplicates and all quantitative data were presented as mean ± SD. For multiple
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comparisons, one-way ANOVA was employed and Tukey’s HSD test was used for the post-hoc analysis.
For analysis between two groups, an unpaired student's t-test was utilized. A value of p < 0.05 was
considered statistically signi�cant.

3. Results

3.1 PDGF-BB induces phenotype switching of ASMCs
Previous studies have revealed the role of PDGF-BB in the phenotype modulation of ASMC. Various
concentrations of PDGF-BB were used to activate ASMC switching from contractile type to a more
proliferative/synthetic phenotype[10, 11]. In this study, we applied PDGF-BB to prepare the
proliferative/synthetic ASMC. As shown in Fig. 1A, PDGF-BB treatment for 24h accelerated cells
proliferation in a dose-dependent manner. Thus, we selected the concentrations of 20 and 50 ng/ml for
the following experiments.

The “proliferative/synthetic” ASMCs were assessed by the proliferation ability, in�ammatory cytokines
secretion and the pro�le of contractile protein expression. PCNA immunocytochemistry analysis revealed
the increased expression of PCNA protein after PDGF-BB treatment (Fig. 1B,1C), indicating an enhanced
proliferation ability of ASMCs. The contractile proteins, including α-SMA, sm22α and sm-MHC, were
decreased in PDGF-BB-treated ASMCs, which was shown by western blot results (Fig. 1D ~ 1G),
suggesting the decreased abundance of contractile apparatus in ASMC. For the in�ammatory cytokines’
secretion, the results of ELISA exhibited that the secretion of IL-1β, IL-6 and CXCL1 were up-regulated in
ASMCs stimulated by PDGF-BB (Fig. 1I ~ 1K). These results con�rmed that PDGF-BB induced the
phenotype transition of ASMCs from a contractile to a more proliferative, synthetic and secretive type.

3.2 STIM1/Orai1 expressions and SOCE are upregulated in
“proliferative/ synthetic” ASMCs
To determine whether STIM1/Orai1 were involved during ASMCs phenotype switching, we evaluated the
expressions of STIM1 and Orai1 in PDGF-BB-activated ASMCs at the protein level. According to the
results of western blot analysis (Fig. 2A,2B), STIM1 and Orai1 were obviously upregulated in the PDGF-
BB-activated ASMCs compared to the control group.

To investigate the role of STIM1/Orai1-mediated SOCE in phenotype switched ASMCs, we used the
inhibitor of sarcoplasmic reticulum Ca2+ ATPase (SERCA), CPA (10µM) to empty the Ca2+ store in the
absence of external Ca2+ and then detect the Ca2+ in�ux right after the addition of Ca2+. We found that
SOCE was signi�cantly increased after 20 and 50ng/ml PDGF-BB treatment as compared with the control
group (Fig. 2C ~ 2E), which was in line with the increased expressions of STIM1/Orai1. Therefore, our
results revealed the possible involvement of STIM1/Orai1-mediated SOCE during phenotype modulation
of ASMC.
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3.3 SOCE inhibitor SKF-96365 attenuates PDGF-BB-induced
ASMC phenotype modulation
Since the possible involvement of STIM1/Orai1 in the ASMC phenotype switching, we used SKF-96365,
an inhibitor of STIM1/Orai1-mediated SOCE, to further explore their effect during this process.
Intracellular calcium analysis showed that STIM1/Orai1-mediated SOCE was obviously blocked by SKF-
96365 in PDGF-BB-treated ASMCs (Fig. 3).

Then we investigated the effect of SKF-96365 in the phenotype switched ASMCs. As indicated in Fig. 4A,
the proliferation rate of ASMCs treated with SKF-96365 was signi�cantly lower than that of the group
stimulated with PDGF-BB only. The expression of PCNA protein was also repressed with the inhibitor
(Fig. 4B,4C), which was consistent with the result of the CCK-8 assay. For the contents of contractile
proteins, the addition of SKF-96365 obviously increased the expressions of α-SMA, sm22 , and sm-MHC
both in the PDGF 20ng/ml and 50ng/ml treatment groups (Fig. 4D ~ 4G). For the in�ammatory cytokines’
secretion, the synthesis of IL-1β, IL-6 and CXCL1 was also inhibited by SKF 96365 treatment (Fig. 4I ~ 
4K). In conclusion, SKF-96365 obviously attenuated PDGF-BB-induced phenotype modulation of ASMC,
with reduced proliferation rates, cytokines’ secretions and upregulated contractile protein contents. These
results indicated the prominent role of STIM1/Orai1-mediated SOCE in the phenotype transition of ASMC.

3.4 SOCE-induced ASMC phenotype switching facilitates
ECM deposition
Since SOCE-induced “proliferative/synthetic” ASMC could synthesis and secret more cytokines, we further
explored its role in the synthesis of excessive ECM. According to the results of western blot staining, the
phenotype switched ASMC produced increased levels of collagen I and �bronectin, which could be
inhibited by SKF-96365 treatment. Moreover, the expressions of matrix metalloproteinases, including
MMP2 and MMP9, were also elevated in PDGF-BB-activated ASMCs and their contents were obviously
attenuated by SKF-96365 (Fig. 5). Our results demonstrated that the “proliferative/synthetic” type ASMC
might have a role in the production of excessive and altered ECM deposition, and STIM1/Orai1-mediated
SOCE was involved in this process.

In order to further con�rm the effect of SKF-96365 on ECM deposition, in vivo experiments were
performed by administering SKF-96365 in an asthmatic mice model. Our previous study has
demonstrated that prolonged OVA exposure could induce the asthmatic mice model with the
characteristics of airway remodeling including ASM remodeling and ECM deposition[12, 13]. We prepared
the prolonged OVA challegend mice model, and some of them were intranasal or intratracheal instilled
with SKF-96365. Control group were challegened with PBS. The results of western blot analysis showed
that prolonged OVA challegen induced the elevated expressions of collagen-I and �bronectin, and both
intranasal and intratracheal exposure to SKF-96365 could reduce their expressions obviously (Fig. 6A-C).
The analysis of the total lung collagen content also revealed the similar results that SKF-96365
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abrogated the increased levels of lung collagen deposition induced by OVA exposure (Fig. 6F). The
increased levels of MMP2 and MMP9 induced by OVA challenge were also signi�cantly attenuated by
SKF-96365 instillation (Fig. 6A,D,E). In conclusion, the in vivo experiments also detected the inhibitory
effect of SKF-96365 on the expression of ECM and MMPs, which were consistent with the results of cell
experiments.

4. Discussion
STIM1/Orai1, as the molecular components of the SOCE pathway in smooth muscle cells, has been
demonstrated to contribute to the phenotypic regulation of vascular smooth muscle and vascular
remodeling[15, 16]. Potier et al prepared the “synthetic type” aorta smooth muscle cells and showed
upregulated STIM1 and Orai1 expressions in these cells. Knockdown of STIM1/Orai1 inhibited the
proliferation and migration of these cells[17]. After that, More studies showed the involvement of that
STIM1/Orai1 in the proliferation of vascular smooth muscle cells(VSMC) as well as the neointimal
formation, indicating the promising role of STIM1/Orai1 in the phenotype modulation of VSMC[18, 19]. In
our study, we detected similar effects of STIM1/Orai1 in ASMC. Our results showed that the expressions
of STIM1/Orai1 and their induced SOCE were enhanced in “proliferative/ synthetic” type ASMC and the
inhibition of STIM1/Orai1 obviously attenuated the proliferation of ASMC. Moreover, we further showed
that the blockage of STIM1/Orai1 could attenuate the reduced contractile apparatus expressions induced
by PDGF treatment in ASMCs. Although the effect of STIM1/Orai1-mediated SOCE in the contraction of
ASMC has been fully elucidated, little literature was focused on the effect of SOCE in the expression of
contractile protein pro�le. Imoto K et al’s study regarding pulmonary hypertesion showed an inverse
correlation between the expression of -SMA and STIM1 in �broblasts[20]. In our study, the blockage of
SOCE obviously upregulated the expressions of multiple contractile proteins including -SMA, sm-MHC
and sm22 , indicating the prominent role of STIM1/Orai1-mediated SOCE in ASMC switching from
contractile type to a more proliferative type.

Besides the proliferation and increased ASM mass in the asthmatic airway, ASM plays a pivotal role in
airway in�ammation, the characteristic of asthma as well[21]. Our results showed that the phenotypic
switched ASMCs could express several pro-in�ammatory cytokines, including IL-1β, IL-6, CXCL1. IL-1β
and IL-6 are not only well-recognized inducers of airway in�ammation, including neutrophilic lung
in�ammation and Th17 immunological in�ammation, but also contribute to airway remodeling, such as
collagen repair and mucus hypersecretion[22–24]. Mouse CXCL1 corresponds to human IL-8 that could
recruit an abundance of in�ammatory cells to drive airway in�ammation[25]. Moreover, these cytokines
might be the inducer to promote lots of pro-in�ammatory and pro-�brotic cytokines secretion including IL-
33, TSLP, CCL5 and so on[26], which could further accelerate the airway remodeling of asthma. In our
study, we observed that the production of these in�ammatory cytokines in phenotype switched ASMCs
could partly mediated by STIM1/Orai1-related SOCE. In conclusion, our work provides evidence that SOCE
was involved in the ASMC-induced pro-in�ammatory cytokines’ secretion.
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Besides, the present study further showed the involvement of SOCE in ASM-related ECM deposition.
Although there were several reports regarding cardiac �brosis or heart failure showed the increased SOCE
contributed to the collagen-rich ECM deposition in heart[27–29], few studies investigated its effect in the
ECM deposition in asthma. Our study demonstrated that STIM1/Orai1-activated SOCE could accelerate
the ECM and MMPs production from ASMCs both in vitro and in vivo, suggesting the possible
involvement of Ca2+ in�ux of ASMC in the excessive and altered ECM deposition.

The interplay between ASM mass and ECM has been described by many studies. Previous studies of
airways from asthmatic patients showed altered ECM proteins pro�le with enhanced collagen I and
�bronectin[3]. This altered pro�le of ECM proteins has been shown to play a role in the phenotype
plasticity of asthmatic ASMCs[3, 30, 31]. Extensive studies have demonstrated that the exposure of ASM to
�bronectin and collagen I altered the proliferation, survival and in�ammatory mediators’ release from
ASMCs[32]. However, most of the studies have focused on the effect of the ECM components on the
function of ASMCs. In our study, we showed that the phenotype switched ASMCs could synthesis and
secrete more collagen I and �bronectin which may further aggravate the ECM deposition. In addition,
increased expression of MMP2 and MMP9 from synthetic ASMC were also detected, which may take part
in the matrix turnover[32–34]. Given the degrative ability of MMPs and the speci�c type of ECM produced
by ASMC, we believed an intimate interdependence between ASM mass and ECM deposition, which
combined to make the deterioration of airway remodeling.

5. Conclusions
In summary, we demonstrated that STIM1/Orai1-mediated SOCE may play a role in the PDGF-BB-induced
phenotype modulation of ASMCs, which presented as more proliferation, synthesis cells with less
contractile protein contents. Moreover, the phenotype switched ASM could produce excessive ECM and
matrix metalloproteinase, indicating the important role in the ECM deposition. Therefore, our �ndings
provide a more comprehensive insight into the involvement of STIM1/Orai1-induced SOCE not only in the
phenotype transition of ASMC, but also in the aggravated ECM deposition.

Abbreviations
ASM airway smooth muscle

ASMC airway smooth muscle cells

α-SMA α-smooth muscle actin

CPA cyclopiazonic acid

ECM extracellular matrix

MMP metalloproteinase
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OD optical density

OVA ovalbumin

PCNA proliferating cell nuclear antigen

ROC receptor-operated calcium

SERCA sarcoplasmic reticulum Ca2+ ATPase

sm-MHC smooth muscle-myosin heavy chain

SOC store-operated calcium

SOCE store-operated Ca2+ entry

VSMC vescular smooth muscle cells
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Figure 1

PDGF-BB induces phenotype switching of ASMCs
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Figure 2

STIM1/Orai1 expressions and SOCE are upregulated in “proliferative/ synthetic” ASMCs
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Figure 3

SKF-96365 ameliorates enhanced SOCE induced by PDGF-BB
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Figure 4

SKF-96365 attenuates PDGF-BB-induced ASMC phenotype modulation
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Figure 5

SOCE-induced ASMC phenotype switching facilitates ECM deposition
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Figure 6

SKF-96365 attenuates prolonged OVA-induced ECM deposition in asthmatic mice


