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Airway remodeling and airway hyperresponsiveness are central
drivers of asthma severity. Airway remodeling is a structural
change involving the dedifferentiation of airway smooth muscle
(ASM) cells from a quiescent to a proliferative and secretory phe-
notype. Here, we show up-regulation of the endoplasmic reticu-
lum Ca?* sensor stromal-interacting molecule 1 (STIM1) in ASM of
asthmatic mice. STIM1 is required for metabolic and transcriptional
reprogramming that supports airway remodeling, including ASM
proliferation, migration, secretion of cytokines and extracellular
matrix, enhanced mitochondrial mass, and increased oxidative
phosphorylation and glycolytic flux. Mechanistically, STIM1-
mediated Ca?* influx is critical for the activation of nuclear factor
of activated T cells 4 and subsequent interleukin-6 secretion and
transcription of pro-remodeling transcription factors, growth fac-
tors, surface receptors, and asthma-associated proteins. STIM1
drives airway hyperresponsiveness in asthmatic mice through
enhanced frequency and amplitude of ASM cytosolic Ca?* oscilla-
tions. Our data advocates for ASM STIM1 as a target for asthma
therapy.
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Asthma is characterized as a chronic pulmonary disease
with episodic or persistent airflow obstruction and affects
~339 million people globally (1). In addition, it is estimated to
cost the United States ~81.9 billion dollars a year due to health
care costs and productivity losses (2). Although many asthmatic
patients have their symptoms under control with bronchodila-
tors and corticosteroids, a significant subpopulation of these
patients are refractory to these conventional treatments (3).
Moreover, asthmatic patients have an accelerated decline in
pulmonary function (4). Considering these high costs and mor-
bidities, it is apparent that the current treatment modalities are
inadequate, and additional studies are required to further
understand the molecular mechanisms of asthma that could be
targeted by novel therapies.

Although classically considered an inflammatory disease,
increasing evidence points to the structural changes in the airways
as key determinants in the pathogenesis of asthma (5). These
structural changes, termed airway remodeling (AR), occur in both
mild and severe asthmatics and tend to worsen with asthma sever-
ity (6, 7). AR includes goblet cell hyperplasia and metaplasia,
fibrosis, thickening of the lamina reticularis, angiogenesis, and
hyperplasia and hypertrophy of airway smooth muscle (ASM) (8).
Specifically, ASM cells have been recognized as the effector cells
of AR (5, 9, 10). During AR, ASM cells undergo a phenotypic
switch from a quiescent and contractile phenotype into a synthetic
phenotype. Synthetic ASM cells are highly proliferative, migra-
tory, and secrete a plethora of cytokines and extracellular matrix
molecules that worsen asthma outcome (11, 12).

Calcium (Ca**) signaling is a key regulator of numerous short-
term and long-term cellular functions including contraction and
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activation of transcriptional programs that control proliferation,
migration, secretion, and metabolism (13). Smooth muscle phe-
notypic switch is characterized by extensive remodeling of the cel-
lular ion channel repertoire with major changes in expression
and regulation of Ca** channels and transporters (14-21).The
store-operated Ca®" entry (SOCE) pathway has emerged as par-
ticularly critical for vascular smooth muscle and cardiomyocyte
remodeling during cardiovascular disease (22, 23). SOCE is acti-
vated by the binding of agonists, growth factors, and inflamma-
tory mediators to receptors coupled to phospholipase-C (PLC)
isoforms. PLC induces the cleavage of phosphatidylinositol 4,5-
bisphosphate into the soluble inositol-1,4,5-trisphosphate (IP3)
and the membrane-bound diacylglycerol. IP; is then able to dif-
fuse to the endoplasmic reticulum (ER) and stimulate IP; recep-
tors to deplete ER Ca®" stores. ER Ca®* store depletion causes
Ca** to dissociate from the luminal EF-hand domains of the ER
transmembrane protein, STIM1. This causes STIM1 to gain an
extended conformation, oligomerize, and move into ER-plasma
membrane junctions. At these junctions, STIM1 physically traps
and activates the Ca”* release-activated Ca** (CRAC) channels
that are formed by hexamers of Orai proteins, leading to Ca**
influx from the extracellular milieu into the cytosol (24, 25).
Although mammals express another homolog of STIM1 called
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STIM2, quiescent smooth muscle cells primarily express STIM1
(24, 26, 27). When activated by physiological concentrations of
agonists, SOCE-mediated Ca®* signals take the form of regenera-
tive Ca>* oscillations (28, 29), which are crucial for the activation
of isoforms of Ca®"-dependent transcription factors, including
nuclear factor of activated T cells (NFAT) that drive transcrip-
tional programs supporting proliferation, migration, metabolism,
and cytokine secretion (30, 31).

By comparison to vascular smooth muscle and cardiomyocytes,
very little is known about STIM1 and SOCE in ASM cells. Previ-
ous studies have shown that STIM1 is necessary for SOCE in cul-
tured ASM cells (32, 33) and for ASM cell proliferation and
migration induced by the chemoattractant, platelet-derived growth
factor (PDGF)-BB (33, 34). Here, we hypothesize that STIM1 is
a critical driver of ASM remodeling and airway hyperresponsive-
ness (AHR). We show that mice chronically challenged with the
allergen house dust mite (HDM) have increased STIM1 protein
expression in ASM. Using inducible smooth muscle-specific
STIM1 knockout mice (STIM1°™X®), we reveal that STIM1 is a
core trigger of AR and AHR in asthmatic mice. ASM STIM1 is
required for agonist-induced Ca®* oscillations, activation of the
NFAT4 isoform, interleukin-6 (IL-6) secretion, enhanced meta-
bolic activity, and the reprogramming of ASM into a pro-
remodeling transcriptional program. Intriguingly, transcriptional
profiling showed that the enhanced metabolic activity of synthetic
ASM is controlled by STIM1 and mediated by changes in both
mitochondrial and glycolytic functions. We propose that because
ASM STIM1 is required for both AR and AHR in asthma,
STIML is a potential molecular target in asthma therapy.

Results

Chronic Asthmatic Mice Show Increased STIM1 Expression in ASM.
We generated STIM1°™X© mice by crossing the current gold-
standard tamoxifen-inducible smooth muscle Cre (Myhl11 Cre)
(35) with mice expressing STIMI loxP-flanked alleles (STIM1%™)
(36). Two littermate controls were used for this study to control
for both 1) an active Cre recombinase and 2) the presence of
loxP sites: 1) Myhll Cre mice intrageritonially injected with
tamoxifen and 2) Myh11Cre STIM1"™ mice intraperitonially
injected with vehicle. Thegf will be henceforth referred to as 1)
Myh11°™ and 2) STIM1%%, Genotl\i/}f)ling of the tracheas from
STIM15™XC Myh11%®, and STIM1™® confirms that all cohorts
have the transgenic Myh11€™ while the STIM15™XC and
STIM1™® mice have loxP-flanked alleles, and only the STIM1°™K©
mice have active Cre-Lox recombination. A STIM1"® band can
be seen in the STIM1 A reaction in the STIM1"™¥? cohort. It is
likely that contaminating nonsmooth muscle tissue in these geno-
typing reactions from tracheas generate STIM1® PCR products
in this cohort (SI Appendix, Fig. 1 A and B). Furthermore, West-
ern blots of epithelium-denuded tracheas show that STIM1 pro-
tein expression is signiﬁcantlz reduced in the STIM1™XC mice
compared to both the Myh11™ and STIM 1% littermates (Fig. 1
A and B). Interestingly, STIM2, another STIM homolog, was not
detected in epithelium-denuded trachea from Myh11“™ mice.
Splenic tissue, known for its high expression of STIM1 and
STIM2 (36), was used as a positive control (SI Appendix,
Fig. 1C).

We used a clinically relevant asthmatic model that intranasally
sensitizes and challenges mice to the allergen HDM. Chronic
exposures of HDM have been shown to induce AHR, airway
inflammation, and AR and fibrosis in mice (37-39). Myh11<™®
and STIM1*™%© mice were both challenged with HDM accord-
ing to the protocol described in Fig. 1C. As a control, two addi-
tional groups from both mice genotypes were challenged with
saline. At the end of this HDM-challenge protocol (at day 49;
Fig. 1C), lung slices were isolated and colabeled with the follow-
ing antibodies: anti-smooth muscle a-actin conjugated to Cy3
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(a-SMA; green) and anti-STIM1 with a secondary antibody con-
jugated to Alexa Fluor 647 (red). STIM1 fluorescence (red) was
then quantified specifically in ASM (green) from all mice
cohorts. HDM-challenged Myh11™ mice showed significantly
more STIMI1 protein expression in ASM compared to the saline-
challenged Myh11“" mice. Importantly, both cohorts of the
STIM1™¥© mice had significantly reduced STIM1 expression
specifically in ASM with prominent STIMI staining in adjacent
airway epithelial cells and surrounding lung tissue (Fig. 1 D
and E). The isotype controls had no fluorescent labeling for
STIM1 (SI Appendix, Fig. 1D).

STIM1 Is Required for AR in Chronic Asthmatic Mice. We and others
have shown that STIM1 is necessary for remodeling of vascular
smooth muscle during disease states, including chronic hyperten-
sion and restenosis (27, 40-43). Since AR shares morphological
and mechanistic features with vascular remodeling (22), we
reasoned that STIM1 might be necessary for AR in the chronic
asthmatic HDM-challenge model. By labeling ASM in fixed lung
slices with a-SMA and using immunohistochemistry (IHC), we
observed that HDM-challenged Myh11“™ mice have increased
ASM area as labeled with a-SMA (brown) compared to saline-
challenged Myh11“"® mice, suggesting enhanced AR in agreement
with previous findings (37-39). Remarkably, HDM-challenged
STIM1°™© mice had significantly less ASM area compared to
the HDM-challenged Myh11“™ mice. The saline-challenged
STIM1*™X° mice had similar ASM area to the saline-challenged
Myh11"® mice (Fig. 1 F and G). The isotype control antibody
showed no IHC staining for a-SMA (SI Appendix, Fig. 1E). We
also investigated fibrosis of these lung slices by using Masson’s Tii-
chrome staining, which labels collagen and extracellular matrix
fibers in blue. Consistently, HDM-challenged Myh11™ mice had
significantly more Trichrome blue-stained area than the saline-
challenged Myh11“™ mice, and the HDM-challenged STIM15™X®
mice had dramatically less Trichrome blue staining than the
HDM-challenged I\;[<yhllcrc mice. Furthermore, the saline-
challenged STIM1°*© mice had similar levels of Trichrome blue
staining as the saline-challenged Myh11“™ mice (Fig. 1 H and I).
A prominent feature of asthma is leukocyte recruitment into
the airways. Indeed, HDM-challenged Myh11“™ mice had sig-
nificantly more leukocytes in their bronchoalveolar lavage
(BAL) than saline-challenged Myh11™ mice (SI Appendix,
Fig. 1F). These include monocytes, lymphocytes, neutrophils,
and eosinophils (SI Appendix, Fig. 1G). Interestingly, saline-
challenged and HDM-challenged STIM1°™%° mice had similar
proportions of BAL leukocyte populations as the saline-
challenged and HDM-challenged Myh11™ mice, respectively
(SI Appendix, Fig. 1 F and G). These results suggest that ASM
STIML1 is critical for the development of AR in asthma, includ-
ing smooth muscle thickening and fibrosis, and that this pheno-
type is independent of leukocyte recruitment to the airways.

STIM1 Is Crucial for ASM Proliferation and Migration. To under-
stand the molecular mechanisms by which STIM1 drives AR,
we performed in vitro molecular studies on primary human
ASM cells (HASMCs) (44). We have several cultures of
HASMC s isolated from nonasthmatic and fatal asthmatic
donors (SI Appendix, Fig. 24). Cultured HASMCs express both
STIM1 and STIM2, and we observed no difference in STIM1
and STIM2 protein expression between nonasthmatic and asth-
matic donors using Western blotting (SI Appendix, Fig. 2 B-D).
Furthermore, we measured SOCE among these donors using
the ratiometric Ca** dye Fura2. HASMCs were stimulated first
with 2 uM of the irreversible sarcoplasmic/endoplasmic reticu-
lum Ca** ATPase (SERCA) inhibitor thapsigargin in a nomi-
nally Ca**-free bath solution to evaluate the extent of Ca*"
release from ER Ca®* stores. Where indicated (SI Appendix,
Fig. 2F), 2 mM Ca®* was restored to the bath solution to
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Fig. 1. ASM STIM1 protein is augmented in asthmatic mice and is necessary for AR. (A) Representative Western blot showing STIM1 protein in

the epithelial-denuded tracheas from Myh11<"¢, STIM1%f and STIM1°™® mice. (B) Quantification of STIM1 protein from A in Myh11<" (n = 3), sTIM1%/f
(n = 3), and STIM1°™X® mice (n = 3) denuded tracheas using densitometry normalized to a-tubulin. (C) Scheme illustrating the time line of tamoxifen
injections and intranasal HDM challenges. (D) Representative confocal images of lung slices from Myh11<® and STIM1°™<® mice challenged with either
saline or HDM. Smooth muscle is labeled green with Cy3-congugated smooth muscle a-actin (a-SMA) antibody, STIM1 is labeled red with Alexa Flour 647
secondary and STIM1 antibody, and nuclei are counterstained blue with Hoescht. Images on the left are merged with all three colors, and images on the
right only show STIM1. Zoomed insets focus on ASM. (Scale bars: 25 pm and 12.5 pm for inset.) (E) Quantification of relative fluorescence units (RFU; from
many images like D) of STIM1 in regions of interest (ROIs) overlapping with a-SMA labeling in saline-challenged Myh11"® (n = 98), HDM-challenged
Myh11<® (n = 185), saline-challenged STIM1°™K® (n = 143), and HDM-challenged STIM1°™° mice (n = 122). (F) Representative immunohistochemistry
images of lung slices from Myh11"® and STIM1°™° mice challenged with either saline or HDM. Smooth muscle is labeled brown with a-SMA antibody
and 3,3'-diaminobenzidine, and slides are counterstained with hematoxylin. (Scale bar: 100 pm.) (G) Quantification of a-SMA labeled area from A in
saline-challenged Myh11™® (n = 8), HDM-challenged Myh11<® (n = 9), saline-challenged STIM1°™® (n = 9), and HDM-challenged STIM1°™K® (n = 9) mice.
(H) Representative images of lung slices stained with Masson’s trichrome where collagen is stained blue. (Scale bar: 100 pm.) (/) Quantification of blue
stained area from C in saline-challenged Myh11<® (n = 9), HDM-challenged Myh11<® (n = 10), saline-challenged STIM1™X° (n = 9), and HDM-challenged
STIM1°™K® (n = 9) mice. ns, not significant, *P < 0.05, ***P < 0.001, ****P < 0.0001 when compared to saline-challenged Myh11<™®, ####P < 0.0001 when

compared to HDM-challenged Myh11<® (one-way ANOVA with Dunnett’s test for multiple comparisons).

measure the magnitude of SOCE. We found no difference in
SOCE of HASMCs between nonasthmatic and asthmatic
donors (SI Appendix, Fig. 2 E-G). Smooth muscle cells cultured
in vitro dedifferentiate into a “synthetic” phenotype, remodel
their Ca** signaling machinery, and up-regulate STIM proteins
(11, 45, 46). Nevertheless, this in vitro dedifferentiation occurs
equally in both nonasthmatic and asthmatic HASMCs, thus
cancelling any in vivo differences between these two groups.
This is consistent with results with vascular smooth muscle cells
isolated from normotensive and hypertensive rats (41). Hence,
for the remainder of our experiments, we used HASMCs from
normal donors.

We generated stable STIM1 knockdown (KD) in HASMCs
using two different small hairpin RNAs (shRNAs), and HASMCs
stably expressing scrambled shRNA (shScramble) were used as a
control. STIM1 protein expression was significantly diminished in
shSTIM1#1 and shSTIM1#5 KD HASMCs compared to
shScramble HASMC:s (Fig. 2 A and B). Furthermore, SOCE was
nearly eliminated in both STIM1 KD HASMCs conditions com-
pared to shScramble control (Fig. 2 D and E). There was no com-
pensation in either STIM2 (Fig. 2 A and C), or Orailprotein
expression (SI Appendix, Fig. 3 A-C); both Orail-o and Orail-p
translational variants were analyzed after protein sample deglyco-
sylation as described in Methods. Using RT-qPCR, Orai2 and
Orai3 messenger RNA (mRNA) expression was also comparable

Johnson et al.

STIM1 is a core trigger of airway smooth muscle remodeling and hyperresponsiveness in asthma

between shScramble and shSTIM1 conditions (SI Appendix, Fig. 3
D and E). We then assessed the role of STIM1 in HASMC migra-
tion and proliferation. HASMC migration was measured using
the gap closure assay. To eliminate contributions from HASMC
proliferation, media was supplemented with 10 pg/mL mitomycin
C. Migration was significantly impaired in shSTIM1#1 and
shSTIM1#5 KD HASMCs compared to shScramble HASMCs at
12 and 24 h (Fig. 2 F and G). Similarly, HASMC proliferation
was measured over 72 h using the dye CyQUANT; shSTIM1#1
and shSTIM1#5 KD HASMC:s had significant reduction in pro-
liferation compared to shScramble HASMCs (Fig. 2H). We gen-
erated stable STIM1 KD HASMCs in another nonasthmatic
donor (denoted as “donor 2”). STIMI1 protein expression was
also significantly reduced in shSTIM1#1 and shSTIM1#5 KD
HASMCs compared to shScramble HASMCs from donor 2 (SI
Appendix, Fig. 3 F and G). The proliferation and migration of
HASMCs from donor 2 were also significantly decreased in
shSTIM1#1 and shSTIM1#5 KD conditions compared to
shScramble control (SI Appendix, Fig. 3 H and I). We costained
shScramble, shSTIM1#1, and shSTIM1#5 HASMCs with
7-aminoactinomycin D (7-AAD) and Annexin V to determine
the extent of apoptosis in these cell groups. There was no statisti-
cally significant change between the shSTIM1 and shScramble
HASMC: in the percentage of cells in early (positive for Annexin V),
late (double positive for Annexin V and 7AAD), or total
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E

STIM1 is necessary for ASM cell proliferation and migration. (A) Representative Western blots showing STIM1 and STIM2 protein expression in

HASMCs transfected with either shScramble or with STIM1 shRNA (shSTIM1#1 or shSTIM1#5). (B) Quantification of STIM1 and (C) STIM2 protein expression
in shScramble (n = 3), shSTIM1#1 (n = 3), and shSTIM1#5 (n = 3) HASMCs from A using densitometry normalized to GAPDH. (D) Cytosolic Ca®* measure-
ments using the standard Ca** off/Ca®* on protocol with 2 uM thapsigargin showing SOCE activity in shScramble (n = 61; black trace), shSTIM1#1 (n = 87;
green trace), and shSTIM1#5 (n = 88; blue trace) HASMCs. (E) Quantification of maximal SOCE from D. (F) Quantification of HASMC migration at 12 and
24 h in shScramble (n = 13), shSTIM1#1 (n = 15), and shSTIM1#5 (n = 13) HASMGs. (G) Representative bright-field images from F. (Scale bar: 500 pm.)
(H) Quantification in normalized relative fluorescent units (RFU) of proliferation of shScramble (n = 6; black trace), shSTIM1#1 (n = 6; green trace), and
shSTIM1#5 (n = 6; blue trace) HASMCs over 72 h. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant (unpaired Student’s t test for

two comparisons and ANOVA with Dunnett’s test for multiple comparisons).

apoptosis (sum of early and late apoptosis) (SI Appendix, Fig. 4
A and B). Furthermore, cleaved caspase 3 protein expression,
which is a marker of apoptosis (47), was similar between
shScramble, shSTIM1#1, and shSTIM1#5 HASMCs (SI
Appendix, Fig. 4 C-E).

STIM1 Mediates Pro-remodeling Transcriptional Reprogramming in
ASM. To identify downstream pathways regulated by STIM1 in
ASM, we compared the transcriptional profiles of shScramble and
shSTIM1 HASMC:s using RNA sequencing (Dataset S3). Differ-
ential gene expression analysis revealed numerous genes signifi-
cantly different between shScramble and shSTIM1#1 HASMCs
(Fig. 34) and between shScramble and shSTIM1#5 HASMCs
(SI Appendix, Fig. 54). Through gene set enrichment analysis
(GSEA) using the reactome gene sets, numerous enriched path-
ways were revealed between shScramble and shSTIM1 HASMCs.
Negatively enriched pathways found in shSTIM1 HASMCs
include extracellular matrix organization, collagen formation, dis-
eases of metabolism, metabolism of carbohydrates, signaling by
PDGE and mesenchymal to epithelial transition (MET) pathways
that promote cell motility. Positively enriched pathways include
DNA repair, interferon signaling, cholesterol biogenesis, and mus-
cle contraction (Fig. 3 B-F and SI Appendix, Fig. 5 B and C). We
validated several of these RNA-sequencing findings, especially tar-
gets involved in extracellular matrix production, using RT-qPCR.
HASMC:s transfected with shSTIM1#1 and shSTIM1#5 had
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significantly less COL5A2, LOX, and TGFpR1 mRNA than
HASMC:s transfected with shScramble (SI Appendix, Fig. 5
D-F). Expression profiling showed that STIM1 KD in HASMCs
down-regulated the expression of pro-remodeling genes encod-
ing transcription factors (MYC, FOXO1, KLE ATEF, FOS,
and JUN), cytokines, agonists and receptors (IL-6, VEGF-A,
TGFp1/TGFpR1, Wnt2, Smoothened, and Patchedl), signaling
proteins (CaMK), and the orosomucoid-like 3 (ORMDLZ3) pro-
tein (48) that is specifically associated with human asthma (Fig.
3G). These transcriptional profiling results support a central
function for STIM1 in promoting ASM dedifferentiation while
suppressing the ASM quiescent phenotype.

STIM1 Is Required for NFAT4 Activation and Secretion of IL-6 by
ASM Cells. We next sought to identify the mechanisms by which
STIMI1-mediated Ca®* signals transcriptionally reprogram
ASM to be “synthetic.” SOCE has been well characterized in
providing a specific spatiotemporal Ca®* microdomain that
stimulates the phosphatase calcineurin, which dephosphorylates
numerous phosphorylation sites on the transcription factor
NFAT, causing its translocation to the nucleus (28, 49, 50).
Once in the nucleus, NFAT activates the transcription of other
transcription factors, receptors, channels, and signaling path-
ways, including ones involved in proliferation, migration, and
secretion (49). Furthermore, others have confirmed that
NFAT4 (NFATC3) is the predominant NFAT isoform expressed
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and shSTIM1#1 HASMCs. Genes are plotted by log, fold change and —logo false discovery rate (FDR), with a threshold of an FDR <0.05 (gray line). In the
shSTIM1#1 samples, significantly up-regulated and down-regulated genes are light red and light blue, respectively. (B) Pathway analysis using the reac-
tome pathways gene set ranking significantly up-regulated (red) and down-regulated (blue) pathways based on normalized enrichment score (NES). (C-F)
GSEA enrichment plots using the reactome pathways gene set comparing shSTIM1#1 and shScramble HASMCs showing a negative enrichment of extracel-
lular matrix organization (C), MET promotes cell motility (D) and collagen formation genes (E), and a positive correlation in the enrichment of muscle con-
traction genes (F). For each GSEA enrichment plot, NES and FDR values are displayed. (G) Heatmap display of select genes, including major transcription
factors, agonists, receptors, and effector proteins between HASMCs stably expressing shScramble and those expressing shSTIM1#1. Genes appear in rows,

and samples appear in columns. Gene expression values were mean centered by gene.

in ASM cells (51-53). Following previously established techni-
ques (54), we examined the ability of endogenous NFAT4 to be
dephosphorylated in HASMCs upon maximal SOCE activation
by 2 pM thapsigargin (SI Appendix, Fig. 5G). A total of 5 min
after stimulation with thapsigargin, there was an increase in the
proportion of dephosphorylated NFAT4 (NFAT4-deP) species
relative to the phosphorylated species (NFAT4-P), as shown by
shift in molecular weight on a Western blot. Importantly, both
1 pM cyclosporine (CsA), which inhibits calcineurin (55), and 5
uM gadolinium (Gd**), which specifically inhibits SOCE at
these low concentrations (56), blocked NFAT4 dephosphoryla-
tion (SI Appendix, Fig. 5 G and H). Interestingly, even under
unstimulated conditions, there was significantly less dephos-
phorylated NFAT4 in shSTIM1#1 and shSTIM1#5 HASMCs
compared to shScramble HASMCs (Fig. 4 A and B). After
stimulation with thapsigargin (at 5 min and 15 min), NFAT4
dephosphorylation in shSTIM1#1- and shSTIM1#5-trans-
fected HASMC:s was significantly inhibited compared to shScramble
HASMC:s (Fig. 4 A and B). We also stably expressed NFAT4m-
Cherry in shSTIM1#1, shSTIM1#5, and shScramble HASMCs
and followed its nuclear translocation using time-lapse fluores-
cence microscopy upon stimulation with 2 uM thapsigargin (Fig.
4 C-F). NFAT4mCherry translocated slower and significantly
less in shSTIM1#1- and shSTIM1#5-transfected HASMCs as
compared to shScramble HASMCs (Fig. 4 C-F). These results
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strongly indicate that NFAT4 activation and subsequent NFAT4-
dependent signaling in ASM cells requires STIM1.

A significant property of ASM cells in asthma is their func-
tion as immune effectors that secrete inflammatory mediators,
which further aggravate AR including smooth muscle prolifera-
tion, migration, and deposition of extracellular matrix (57-59).
One such inflammatory mediator that requires SOCE and
NFAT activation is IL-6 (60-63). Our RNA-sequencing findings
showed that IL-6 expression in ASM cells is strongly down-
regulated upon STIM1 KD (Fig. 3G). Thus, we sought to deter-
mine whether STIM1 is specifically required for the secretion
of IL-6 in HASMGCs. Using an enzyme-linked immunosorbent
assay (ELISA), we measured IL-6 secretion in the media from
serum-starved HASMCs stimulated with various asthma-
related agonists (e.g., 500 nM Bradykinin [BK] and 100 pM
methacholine [MeCh]), growth factors (20 ng/mL PDGF), and
allergens (10 pg/mL HDM) in serum-free media for 18 h. All
stimuli caused a significant increase in IL-6 secretion from
HASMCs (Fig. 4G and SI Appendix, Fig. 5I). Interestingly,
shSTIM1#1 and shSTIM1#5 KD HASMCs had significantly
less IL-6 secretion than shScramble HASMCs in response to
all stimuli. Furthermore, shScramble HASMCs treated with
1 uM CsA showed similar levels of stimulated IL-6 secretion to
those of STIM1 KD HASMC:s (Fig. 4G and SI Appendix, Fig.
5I), suggesting that IL-6 secretion requires calcineurin/NFAT
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Fig. 4. STIM1 controls the activation of NFAT4. (A) Representative Western blot showing NFAT4-P and NFAT4-deP, respectively, in HASMCs transfected
with shScramble, shSTIM1#1, or shSTIM1#5 and either unstimulated or stimulated for 5 or 15 min with 2 uM thapsigargin (Tg) in the presence of 2 mM
Ca?*. (B) Quantification of percentage of NFAT4-deP to NFAT-P in shScramble (n = 3), shSTIM1#1 (n = 3), and shSTIM1#5 (n = 3) HASMCs from A using
densitometry normalized to a-tubulin. (C) Representative images of shScramble, shSTIM1#1, and shSTIM1#5 HASMCs expressing NFATAmCherry that are
either unstimulated (time 0) or stimulated with 2 uM Tg in the presence of 2 mM Ca®* for 15 min and 24 min. White arrowheads point to the cell nucleus.
(Scale bar: 25 pm.) (D) Time-lapsed quantification of nuclear NFAT4mcherry translocation of shScramble (n = 41; black trace), shSTIM1#1 (n = 29; green
trace), and shSTIM1#5 (n = 35, blue trace) HASMCs stimulated with 2 uM Tg in the presence of 2 mM Ca*. Translocation is measured by dividing the fluo-
rescence of a region of interest in the nucleus by that of a region of interest in the cytoplasm for each cell. Quantification of maximal (E) and slope (F) of
NFAT4 translocation from C. (G) Using ELISA, IL-6 secretion is measured in shScramble (n = 4; gray circles), shSTIM1#1 (n = 4; green circles), shSTIM1#5 (n
= 4; blue circles), and shScramble pretreated with 1 pM cyclosporine (n = 4; purple circles). HASMCs were stimulated overnight with either vehicle or 500
nM BK. For each condition, IL-6 secretion is normalized to total protein content in media. (H) Quantification of IL-6 in the BAL of saline-challenged
Myh11<"® (n = 10), HDM-challenged Myh11<"® (n = 10), saline-challenged STIM1™° (n = 9), and HDM-challenged STIM1™%° (n = 10) mice. *P < 0.05,
**P < 0.01, ****P < 0.0001 when compared to shScramble or saline-challenged Myh11<¢, #P < 0.05 when compared to HDM-challenged Myh11<® (one-
way ANOVA with Dunnett’s test for multiple comparisons).

signaling downstream of STIM1. Similar results were observed  migration specifically through NFAT4 activation, we generated a
when we studied a different batch of HASMCs originating  constitutively active mutant of NFAT4 (CA-NFAT4) based on
from another donor (donor 2; SI Appendix, Fig. 5J). Furthermore,  constructs previously reported (64, 65). Following the homology
we validated these findings with the chronic asthmatic mouse  of a previously published constitutively active mutant of NFAT1
model (Fig. 1C). We show that IL-6 secretion in the BAL of asth- ~ (66), we generated the CA-NFAT4 construct by introducing 25
matic mice challenged with HDM critically depends on ASM  alanine substitutions at serine phosphorylation sites in the SRR1,
STIM1 (Fig. 4H). Using ELISA, HDM-challenged Myh11"®  SP-1, SP-2, and SP-3 regions (SI Appendix, Fig. 64). We added a
mice had significantly more BAL IL-6 compared to saline- carboxyl-terminal mCherry tag to this CA-NFAT4 construct and
challenged Myh11™ mice. Strikingly, BAL IL-6 was significantly ~ cloned it into a lentiviral vector to allow stable expression in
reduced in the HDM-challenged STIM1°"¥© mice but was similar ~ HASMCs. Wild-type NFAT4mCherry and mCherry alone were
between the saline-challenged cohorts (Fig. 4H). As a control, we  also independently cloned into the same lentiviral vector. Unsti-
measured BAL Immunoglobulin E (IgE), which is predominantly ~ mulated HASMCs expressed NFAT4mCherry primarily in the
secreted by plasma cells. Bal IgE was significantly increased in  cytosol, and following thapsigargin stimulation, the construct
HDM-challenged mice compared to saline-challenged mice. translocated into the nucleus. The CA-NFAT4mCherry primarily
Importantly, the BAL IgE levels of HDM-challenged STIM1™%°  localized to the nucleus in unstimulated HASMCs, suggesting
mice were statistically similar to those of HDM-challenged constitutive activation of this construct (SI Appendix, Fig. 6B).
Myh11¢™ mice. However, there was a trend for decreased BAL ~ We then expressed CA-NFAT4mCherry, NFAT4mCherry, and
IgE in the HDM-challenged STIM1°™¥° mice, which may suggest ~mCherry into stable shScramble, shSTIM1#1, and shSTIM1#5
a possible interaction of smooth muscle and plasma cells that is ~HASMCs and measured proliferation and migration in complete
mediated by smooth muscle STIM1 (SI Appendix, Fig. 5K). These ~ culture media. Results from shSTIM1#1 and shSTIM1#5

data strongly argue that the up-regulation of STIMI specifically in ~ Were normalized to the respective shScramble. We found that
ASM cells of asthmatic mice mediates IL-6 secretion through ~ CA-NFAT4 fully rescues proliferation and migration in shSTIM1#1

activation of NFAT4. and shSTIM1#5 HASMC:s (SI Appendix, Fig. 6 C and D). Inter-

estingly, wild-type NFAT4 also rescued proliferation and migra-
STIM1 Regulates ASM Proliferation and Migration through NFAT4.  tion in shSTIM1#1 and shSTIM1#5 HASMC s, although to a
To establish that STIM1 regulates ASM proliferation and lesser extent than the constitutively active mutant. These results
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suggest that wild-type NFAT4 overexpression in STIM1 KD cells
likely leads to a significantly higher portion of NFAT4 migrating
to the nucleus compared to cells expressing endogenous NFAT4
levels. These results show that STIM1 promotes ASM cell prolif-
eration and migration through NFAT4.

Loss of STIM1 Quells ASM Cell Metabolism. An interesting finding
that emerged from our transcriptional profiling and GSEA
(Fig. 3 A and B) was that the “Diseases of Metabolism” path-
way was significantly down-regulated in shSTIM1 HASMCs
compared to shScramble HASMCs (Fig. 54 and SI Appendix,
Fig. 74). Recent studies suggest that ASM cells from asthmatic
bronchi have enhanced respiration and mitochondrial mass and
hypothesized that this augmented metabolism likely fuels AR
(67, 68). Interestingly, recent evidence from T cells suggested
that through activation of NFAT, SOCE is a major regulator of
metabolic gene programs that support both oxidative phosphor-
ylation and glycolysis (69). Thus, we evaluated mitochondrial
respiration in HASMCs using the Seahorse mitochondrial
stress test. Basal and maximal respiration were significantly
reduced in shSTIM1#1 and shSTIM1#5 HASMCs compared
to shScramble HASMC:s (Fig. 5B and SI Appendix, Fig. 7 B and
C). Nonmitochondrial respiration was unchanged (SI Appendix,
Fig. 7D). Similar results were found with HASMCs obtained
from another donor (donor 2; SI Appendix, Fig. 7I). Using
qPCR, we found that mitochondrial DNA was significantly
decreased in shSTIM1#1 and shSTIM1#5 KD HASMCs com-
pared to shScramble HASMCs (Fig. 5C). Using transmission
electron microscopy (TEM), we revealed that mitochondrial
density was also considerably reduced in shSTIM1#1 and
shSTIM1#5 KD HASMCs compared to shScramble HASMCs
(Fig. 5 D and E and SI Appendix, Fig. 84). Similarly, using flow
cytometry, shSTIM1#1 and shSTIM1#5 KD HASMCs showed
decreased Mitotracker staining compared to shScramble
HASMCs (SI Appendix, Fig. 8B). Interestingly, TEM images
showed that mitochondria were considerably longer in
shSTIM1#1 and shSTIM1#5 KD HASMCs compared to mito-
chondria of shScramble HASMCs (Fig. 5 D and F). This
includes a larger aspect ratio (Fig. 5F) and decreased circular-
ity, roundness, and solidity in shSTIM1#1 and shSTIM1#5 KD
HASMC:s (SI Appendix, Fig. 8 C-E). In further support of this
finding, the protein expression of mitofusin 2 (MFN2) and
OPALl, which are two GTPases important for outer and inner
mitochondrial membrane fusion, respectively (70), were signifi-
cantly increased in shSTIM1#1 and shSTIM1#5 KD HASMCs
compared to shScramble HASMCs (Fig. 5 G-J). However, we
did not observe any changes in the expression of proteins of the
electron transport chain (ATPSA, UQCRC2, MTCO1, SDHB,
and NDUFBS) between shScramble, shSTIM1#1, and
shSTIM1#5 HASMCs (SI Appendix, Fig. 8 F and G). Similarly,
there was no change in protein expression of the mitochondrial
biogenesis transcription regulators: peroxisome proliferator-
activated receptor gamma coactivator 1-a (PGCl-a) and perox-
isome proliferator-activated receptor-y (PPAR-y) between shScram-
ble, shSTIM1#1, and shSTIM1#5 HASMCs (SI Appendix, Fig.
8 H-K). Proteins were quantified with the bicinchoninic acid
(BCA) assay, equal amounts of total proteins were loaded for
each condition, and GAPDH was used as a loading control.
These results suggest that STIM1 regulates mitochondrial respi-
ration, density, and fusion independently of the mitochondrial
biogenesis pathways governed by PGC1-a and PPAR-y.
Furthermore, using the Seahorse glycolytic stress test, we
found that basal acidification, glycolysis, glycolytic capacity, and
nonglycolytic acidification are decreased in shSTIM1#1- and
shSTIM1#5-transfected HASMCs compared to shScramble
HASMC:s (Fig. 5K and SI Appendix, Fig. 7 E-H). Similar results
were obtained with HASMCs originating from another donor
(donor 2; SI Appendix, Fig. 7]). We also measured glucose
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consumption and lactate production in HASMCs using a YSI
bioanalyzer. Compared to shScramble HASMCs, shSTIM1#1
and shSTIM1#5 HASMCs had significantly reduced glucose
consumption and lactate production (Fig. 5 L and M). The pro-
tein expression of the major glucose uniporter in ASM cells,
GLUT1 was also significantly decreased in shSTIM1#1 and
shSTIM1#5 HASMCs compared to shScramble HASMCs
(Fig. 5 N and O). Using liquid chromatography and mass spec-
trometry (Dataset S4), we also discovered that many amino
acids are increased in shSTIM1#1 and shSTIM1#5 HASMCs
compared to shScramble HASMCs (SI Appendix, Fig. 9 A-C),
suggesting that preventing up-regulation of STIM1 leads ASM
cells to accumulate amino acids that are otherwise used to
support the proliferative smooth muscle phenotype.

STIM1*™K® HDM-Challenged Mice Show Decreased ASM Mitochon-
drial Density. Both the Myh11™ and STIM1™" littermate mice
were challenged with either saline or HDM in the chronic asth-
matic mouse model (Fig. 1C). At day 49, fixed airways were
embedded in TEM grids. ASM can be identified in the medial
layers of airways (SI Appendix, Fig. 104; red arrows). Consis-
tent with previous findings (67, 68), mitochondrial density was
significantly augmented in ASM of HDM-challenged Myh11™
mice compared to saline-challenged Myh11°™ mice. Interest-
ingly, and consistent with our in vitro results utilizing synthetic
shSTIM1 KD HASMCs, HDM-challenged STIM1*™%° mice
had considerably less mitochondrial density in their ASM than
HDM-challenged Myh11“™ mice. ASM cells from saline-
challenged group mice had similar mitochondrial density (S
Appendix, Fig. 10 A and B). Consistent with the in vitro results
utilizing synthetic shSTIM1 KD HASMCs, ASM cells from
saline-challenged STIM1°™*° mice had elongated mitochon-
dria with larger aspect ratio compared to ASM cells from
saline-challenged Myh11“™ mice, although this elongated
mitochondrial phenotype was more drastic in cultured HASMCs
(SI Appendix, Fig. 10C).

ASM STIM1 Promotes AHR and ASM Ca”* Oscillations in Asthmatic
Mice. Our mechanistic insights thus far show that inhibition of
STIM1 expression in ASM cells leads to impaired NFAT4 acti-
vation, transcriptional reprogramming, and quelled metabo-
lism. These data led us to hypothesize that HDM-challenged
STIM15™%° mice might have mitigated asthma manifestations.
A cardinal feature of asthma is AHR, or the tendency of asth-
matic airways to excessively contract in response to stimuli (71).
Using the small animal ventilator, Flexivent, we measured
AHR in living mice to the muscarinic agonist MeCh. HDM-
challenged Myh11<™ and STIM1™® mice had enhanced AHR
compared to saline-challenged Myh11°™ mice (Fig. 64).
Astoundingly, HDM-challenged STIM1°™¥© had significantly
less AHR compared to HDM-challenged Myh11<™ and
STIM1™ mice, while AHR was similar between the saline-
challenged cohorts (Fig. 64). These results strongly argue that
ASM STIML1 is required for AHR in asthma.

To elucidate how ASM STIMI1 regulates AHR, we considered
the possibility that STIM1 in ASM cells may directly be modulat-
ing the Ca®* signal generated by each dose of muscarinic agonist.
Indeed, previous studies showed that agonist-induced rapid cyto-
solic Ca”* oscillations are critical for ASM contraction (20, 72).
SOCE, but not voltage-gated Ca>* channels, has been shown as
essential for maintaining Ca®" oscillations in lung slices (73). To
study agonist-induced Ca®* oscillations in ASM from chronic
asthmatic mice gFig. 1C), we crossed STIM1™X° and Myh11™
with GCaMP6™ mice (74), and genotyping confirmed the inser-
tion of the GCaMP6 cassette (SI Appendix, Fig. 11 A and B).
This model allowed us to measure cytosolic Ca** oscillations spe-
cifically in ASM in live freshly isolated lung slices ex vivo.
GCaMP6 fluorescence offered a large dynamic range as
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STIM1 is crucial for metabolic activity of ASM cells. (A) GSEA enrichment plots using the reactome pathways gene set comparing shSTIM1#1 and

shScramble HASMCs showing a negative correlation in the enrichment of diseases of metabolism. (B) Oxygen consumption rate (OCR) in shScramble
(n = 7; black trace), shSTIM1#1 (n = 9; green trace), and shSTIM1#5 (n = 10; blue trace) HASMCs consecutively stimulated with 0.5 uM oligomycin, 2 pM
Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and 0.5 pM rotenone/antimycin A. Measurements are normalized to total proteins in each
sample. (C) Quantification of mitochondrial DNA (mtDNA) in shScramble (n = 4), shSTIM1#1 (n = 4), and shSTIM1#5 (n = 4) HASMCs using RT-qPCR.
mtDNA cycle threshold (CT) values are normalized to CT values of genomic DNA products. (D) Two representative TEM images of shScramble, shSTIM1#1,
and shSTIM1#5 HASMCs. (Scale bar: 1 pm.) (E) Quantification of the number of mitochondria per square micrometer of cytoplasmic area in micrographs
from shScramble (n = 13), shSTIM1#1 (n = 17), and shSTIM1#5 (n = 19) HASMGs. (F) Quantification of the aspect ratio of mitochondria from shScramble
(n =99), shSTIM1#1 (n = 72), and shSTIM1#5 (n = 70) HASMGs. (G) Western blot showing MFN2, OPA1L, and OPA1S proteins in shScramble, shSTIM1#1,
and shSTIM1#5 HASMGs. Quantification of MFN2 (H), OPA1L (/), and OPA1S (J) proteins from G in shScramble (n = 3), shSTIM1#1 (n = 3), and shSTIM1#5
(n = 3) HASMCs using densitometry normalized to a-tubulin and GAPDH. (K) Extracellular acidification rate (ECAR) in shScramble (n = 5; black trace),
shSTIM1#1 (n = 7; green trace), and shSTIM1#5 (n = 6; blue trace) HASMCs consecutively stimulated with 10 mM glucose, 1 uM oligomycin, and 50 mM
2-deoxy-glucose (2-DG). Measurements are normalized to total proteins in each sample. Quantification of glucose consumption (L) and lactate production
(M) in the media of shScramble (n = 8), shSTIM1#1 (n = 8), and shSTIM1#5 (n = 8) HASMCs using a bioanalyzer. (N) Representative Western blot showing
GLUT1 protein in shScramble, shSTIM1#1, and shSTIM1#5 HASMGs. (O) Quantification of GLUT1 protein expression from N in shScramble (n = 3),
shSTIM1#1 (n = 3), and shSTIM1#5 (n = 3) HASMCs using densitometry normalized to GAPDH. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (ANOVA

with Dunnett’s test for multiple comparisons).

determined by comparing unstimulated lung slices and maximally
stimulated slices with 10 uM of the ionophore ionomycin (Fig.
6B). We then stimulated lung slices from saline-challenged and
HDM-challenged Myh11<™ and STIM1™%° mice with the low-
est concentration of MeCh (6.25 mg/mL) used in the AHR
experiments. Six representative cells are shown in Fig. 6C for
each of the four experimental conditions. We noted that ASM
cells from the four different experimental conditions showed dif-
ferent proportions of four distinct patterns of Ca* signals in
response to MeCh. These four patterns of Ca®" signals are 1)
cells that responded with a single transient that eventually
receded to baseline (single spike); 2) cells that responded with
repetitive Ca>* oscillations; 3) cells that responded with a Ca®*
plateau for the duration of the recording; and 4) a subgroup of
cells among the latter group (i.e., group 3) that responded with
Ca®* plateaus with regenerative Ca** oscillations on top of these
plateaus (see SI Appendix, Fig. 12 for representative traces for
each group of cells). We defined a Ca®" oscillation as a spike that
had an amplitude of at least 1.25-fold of the basal fluorescence
value and returned to baseline. Plateaus were defined as
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sustained Ca”" signals for at least 5 min after stimulation that
receded to >25% of the initial peak. The proportion of cells with
plateaus was calculated for each coverslip. For the cells without
plateaus, the number of oscillations for that entire 14 min were
reported.

Most ASM cells from control Myh11<™ mice treated with
saline responded with a Ca”* plateau (55.4 + 3.06%; Fig. 6D),
with the remainin% cells responding with a single spike (11.77 +
1.8%) or with Ca”" oscillations (32.82 + 3.45%) as defined in
Methods and in SI Appendix, Fig. 12. However, most ASM cells
from STIM1°™X° mice treated with saline responded with Ca®*
oscillations (65.3 + 4.65%; Fig. 6D) at the expense of Ca®* pla-
teaus (29.21 + 5.0%) with 5.48 + 1.63% of cells responding
with a single spike, consistent with the requirement of STIM1
in supporting Ca>" plateaus (29). Strikingly, in the HDM-
challenged Myh11<™ mice, the proportion of ASM cells that
responded with Ca** oscillations increased significantly, (to 50.
46 + 5.56%) and among the cells that responded with plateaus
(38.59 + 5.95%), the majority (33.95 + 5.7%) also displayed
Ca”* oscillations on top of these plateaus (Fig. 6E). ASM cells
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Fig. 6. ASM STIM1 is necessary for cytosolic Ca®*

oscillations and AHR. (A) Airway resistance (Rrs) in response to increasing concentrations of MeCh from

saline-challenged Myh11<™ (n = 12; light blue trace), HDM-challenged Myh11<"® (n = 13; dark blue trace), HDM- challenged STIM1" mice (n = 5; green
trace), saline-challenged STIM1°™® (n = 12; pink trace), and HDM-challenged STIM1°™® (n = 14; red trace) mice. (B) Representative confocal images of
lung slices from Myh11<® mice expressing GCaMP6. The top image is unstimulated, and the bottom image is stimulated with 10 uM ionomycin in the
presence of 2 mM Ca*. Inset displays an airway. (Scale bar: 1 mm and 200 um for inset.) (C) Representative traces of Ca®* oscillations in the ASM of lung
slices from Myh11<® and STIM1°™© mice expressing GCaMP6 and challenged with either saline or HDM. Lung slices were stimulated with 6.25 mg/mL
MecCh in the presence of 2 mM Ca?* at 1 min. Ca®* oscillations are measured by the GCaMP6 fluorescence at each time point normalized to the GCaMP6
fluorescence at 0 min (F/Fo). (D and E) Quantification of the percentage of ASM cells responding with 1) a single Ca®* spike, 2) regenerative Ca®* oscilla-
tions returning to baseline, 3) all varieties of Ca®* plateaus, and 4) a subset of Ca%* plateaus from 3) 3 superimposed with Ca®* oscillations in lung slices
from (D) saline-challenged Myh11c'e (n = 15, light blue circles) and saline-challenged STIM15™KC (n = 12, pink circles) mice, and (E) HDM-challenged
Myh1 1<'¢ (n = 12, dark blue circles), and HDM- -challenged STIM15™© (n = 9, red circles) mice. Representative movies of these four experimental conditions
are S| movies S6 through S9, respectively. “n” represents the number of lung slices. Quantification in ASM cells of (F) total Ca®* oscillations per 14 min,
(G) mean amplitude, (H) maximal amplitude, (/) AUC of the Ca®* signal for entire trace from saline-challenged Myh11C"" (n = 108), HDM-challenged
Myh11<® (n = 205), saline-challenged STIM1°™€° (n = 194), and HDM-challenged STIM1™° mice (n = 127). “n" represents number of ASM cells.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 when compared to saline- challenged Myh11 Cre; ##P < 0.01, ###P < 0.001, ####P < 0.0001 when
compared to HDM-challenged Myh11 Cre (one-way ANOVA with Dunnett’s test for multiple comparisons). (J) Summary of the findings from this study

(created with BioRender.com).

from HDM-challenged STIM1°™X° mice mostly responded with
Ca®* oscillations, with fewer cells displaying oscillations on top of
plateaus (5.79 + 1.65%; Fig. 6E). Importantly, although the vast
majority of ASM cells from HDM- -challenged STIM1™¥© mice
res?onded with Ca®" oscillations, they had significantly reduced

oscillatory frequency (3.64 + 0.27 oscillations/14 min com-
pared to 7.5 + 0.4 oscillations/14 min in the HDM-challenged
Myh11°™ group), with most cells showing a rundown of Ca®"
oscillations with time. Interestingly, the HDM-challenged
STIM1*™X® ASM trended to have less Ca*" oscillations than the
saline-challenged STIM1"™X® ASM (Fig. 6 C and F). The reason
for this difference requires further investigations, but it is possible
that HDM causes changes in other proteins regulatlng the activi-
ties of either SOCE, IP; receptor-dependent Ca’" release, or
membrane potential.

When we considered the Ca" signals as a whole without dis-
tinction between the different patterns of Ca®* signals, the
mean of the amplitude, the max1mum amplitude, and the area
under the curve (AUC) of these Ca”" signals were significantly
larger in ASM cells from the HDM-challenged Myh11™ group
compared to the other groups and were significantly blunted in
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ASM cells from the HDM-challenged STIM1°™%° mice (Fig. 6
G-I). These results suggest that during chronic asthma, most
ASM cells respond with a high frequency of repetitive Ca**
oscillations in response to agonists and that even cells respond-
ing with Ca** plateaus display oscillations on top of these pla-
teaus. STIML1 is cru01al for sustaining the high frequency and
amplitude of these Ca** oscillations.

Discussion

It is clearly established that AR and, in particular, the increase of
ASM mass are pathological hallmarks of asthma that contribute
to disease severity (5, 8-10, 75-78). During ASM remodeling,
ASM cells undergo a phenotypic switch from a quiescent to a
synthetic phenotype (11, 12). The molecular mechanisms of this
phenotypic switch remain largely unclear. Evidence points to an
important association between ASM cell remodeling and the
molecular reprogramming of surface receptors, ion channels, and
Ca** signaling pathways Specifically, STIM1, which is a critical
component of SOCE in most cell types, is required for vascular
smooth muscle remodeling in diseases such as chronic
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hypertension and restenosis (26, 27, 41, 43). We previously
showed that STIMI protein is necessary for ASM cell prolifera-
tion and migration and that STIM1 expression is increased in
ASM cells isolated from ovalbumin-challenged asthmatic mice
(33). Others have shown that the pharmacological inhibitors of
SOCE, 3,5-bis(trifluoromethyl) pyrazole and RP3128 mitigate
airway inflammation and AHR in asthmatic rodent models
(79-81). However, the specific role of ASM STIM1 in AR,
AHR, and asthma has remained unknown. Although these
SOCE inhibitors have questionable specificity, our work suggests
that SOCE inhibition specifically in ASM through STIM1 dele-
tion is sufficient to mitigate AR and AHR in asthma.

Here, we show that ASM STIM1 protein expression is
increased in the chronic HDM-challenged asthmatic mice and
that STIM1 is necessary for AR through actlvatron of NFAT4.
We show that HDM-challenged STIM1°™X° mice have less air-
way fibrosis and reduced secretion of IL-6, a cytokine known to
induce airway fibrosis (82). As the mechanisms of airway fibro-
sis are rather undefined (83), ASM cells have emerged as sig-
nificant immunomodulatory cells capable of secreting cytokines
and extracellular matrix (57). IL-6, which is also secreted by
activated airway epithelial cells (62, 63), has been shown to
stimulate smooth muscle cell proliferation and migration (60,
84). HDM has been demonstrated to induce SOCE-mediated
production of IL-6 in airway epithelial cells (85). Hence,
STIM1-mediated SOCE by HDM and agonists in airway cells
and subsequent IL-6 secretion likely form a positive feedback
loop that maintains AR. Our results show that IL-6 production
requires activation of NFAT4, which agrees with previous stud-
ies (60, 86). STIM1 likely regulates the secretion of other profi-
brotic and inflammatory mediators by ASM. Indeed, our RNA
sequencing showed that KD of STIM1 in HASMCs reduces the
expression of transforming growth factor-f (TGF-p) and its
receptor. Previous reports described a link between SOCE and
fibrosis, presumably through SOCE-dependent up-regulation
of TGF-p signaling (87, 88).

A striking finding from our transcriptional profiling experi-
ments was that the asthma-associated gene ORMDL3 was
down-regulated while muscle contractile pathways were posi-
tively enriched in our STIM1 KD HASMC s, suggesting that
STIM1 KD in synthetic HASMCs induces cell differentiation
back into the quiescent/contractile phenotype of healthy air-
ways. Although further studies are required to understand the
molecular mechanisms involved, STIM1-dependent signaling
may serve as a molecular checkpoint in the dedifferentiation
process of ASM remodeling. Previous studies showed that
mitochondrial mass and metabolism are increased during AR
in asthma (67, 68). A key discovery from our study is that
STIML is a central driver of metabolic reprogramming that sup-
ports AR. Recent findings showed that SOCE is required for
proliferation, secretion of cytokines, and clonal expansion of T
cells through metabolic reprogramming and up-regulation of
both oxidative phosphorylation and glycolytic genes (69). Inter-
estingly, we found that STIM1 KD enhances MFN2 and OPA1
protein expression and ASM mitochondrial fusion. These data
suggest that during AR, STIM1 is required for mitochondrial
fission and enhanced mitochondrial function to bolster AR
independently of mitochondrial biogenesis. Indeed, previous
studies have shown that mitochondrial fission reflects a prolifer-
ative phenotype (89), while others reported that MFN2 expres-
sion is reduced in ASM of patients with asthma (90) and that
cytokines induce mitochondrial fission in ASM (91). Future
studies scrutinizing these proteins in isolated mitochondria
would likely shed light on the specific pathways by which
STIM1 controls mitochondrial density and dynamics.

Although AHR is a useful tool in the diagnosis and charac-
terization of asthma (92), the molecular mechanisms of AHR
are rather dubious (71). The contribution of AR to AHR is
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especially controversial. Some animal studies showed that over-
expression of structural genes linked to asthma leads to AR
and AHR in the absence of airway inflammation (93, 94), sug-
gesting that AR contributes to AHR presumably because more
and bigger ASM cells would support enhanced contractility
(95). However, other studies have found no association
between AR and AHR (96, 97). While our data showed that
both AHR and AR are reduced in HDM-challenged STIM1-
smKO mice, STIM1 KD promotes the up-regulation of smooth
muscle contractile genes. This su%gests that AHR is likely
mediated by receptor-dependent Ca“" signaling pathways remi-
niscent of nonexc1table cells (e.g., SOCE) instead of voltage-
dependent Ca** signaling (e.g., Cay1.2) commonly associated
with muscle contractility. Clearly, additional studies are needed
to determine any causal link between AR and AHR and the
molecular pathways 1nvolved Future studies with simultaneous
contractility and Ca®* imaging in isolated bronchial rings from
the four different cohorts of mice studied herein would further
elucidate the role of STIM1 and AR in airway contraction.

The enhanced frequency of Ca®* oscillations has been recog-
nized as an important determinant of AHR (73, 98 99). In
part1cular it has been shown that the frequency of Ca®* oscilla-
tions is directly related to the degree of sustained ASM con-
traction, whlch is important for AHR (99, 100). Frequent and
repetitive Ca”* oscillations are likely more adept at inducing
sustained ASM contraction than monophasic Ca*" spikes or
plateaus that recede over time to near baseline. In addition,
these signals are most likely driving the activation on long-term
remodeling pathways such as ASM prohferatron migration,
fibrosis, and IL-6 secretion. These Ca”* oscillations are a prod-
uct of agonist-induced ER Ca** release from the IP;R (and,
possibly, contributions from ryanodine receptors) and reuptake
into the ER by SERCA (101). Our results demonstrate that
ASM cells from HDM-challenged mice have increased Ca**
oscillation frequency and amplitude compared to ASM cells
from saline-challenged mice and present with a high proportion
of ASM cells that respond with Ca** oscillations on top of sus-
tained plateaus, which provides an explanation as to why asth-
matic ASM exhibit AHR. Importantly, we show that ASM cells
from HDM-challenged STIMI™X® mice have dramatically
fewer Ca®* oscillations than ASM cells from HDM- challenged
Myh11¢™ mice. Our results are consistent with previous phar-
macologlcal studies showmg that SOCE, but not volta, e -gated
Cay1.2 Ca** channels, is important for maintaining Ca** oscil-
lations in lung slices (73). Since STIMl mediates significant
molecular rewiring of ASM Ca®* channels, receptors, and
effectors during asthma, it is reasonable to propose that
up-regulation of STIM1-mediated Ca®" signals in asthmatic
ASM cells mediates both short- term contractlhty that promotes
AHR through receptor-evoked Ca** oscillations and long-term
signaling that drives AR through NFAT4-dependent transcrip-
tional and metabolic reprogrammlng Future studies are
needed to elucidate how these Ca®" oscillations modulate
smooth muscle contraction and how agonists and HDM itself,
which has been shown to stimulate the protease-activated
receptor expressed, drive AHR in asthma.

In summary, ASM STIM1 is up-regulated in asthma and is
crrtlcal for both AR and AHR by mediating receptor -evoked
Ca®* signaling through SOCE, activation of Ca** oscillations in
ASM, NFAT4, and downstream pro-remodelin transcriptional
programs (Frg 6J). Although, historically, Ca™* chelators and
L-type Ca®* channel blockers showed disappointing efficacy in
the treatment of asthma (102, 103) these treatments have 11kely
failed to specifically target the unique spatiotemporal Ca** sig-
nals mediated by STIM1 that are necessary for AR and AHR.
We propose that drugs that interfere with STIM1 function and
block SOCE would likely be efficacious in alleviating AHR and
AR in asthmatic patients. Since STIM1 and SOCE are also
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critical for immune and epithelial cell function and these cell
types are key components of airway inflammation in asthma
(24), STIM1 and SOCE may represent the ideal target for
asthma therapy.

Methods

HASMCGs isolated from healthy and asthmatic donors were maintained in cul-
ture under standard conditions and used to perform biochemical assays, mito-
chondrial fuel flux assays, glucose and lactate measurements, and analysis of
migration and proliferation. These cells were also transfected with shRNA
against STIM1 and used in Ca>* measurements using Fura2 and fluorescence
microscopy. Ca?* measurements on live lung slices from control and asthmatic
mice were achieved through smooth muscle-specific expression of GCaMP6f in
mice. Mitochondrial structure in HAMSCs and in lung slices from mice were
studied using TEM. Lung function in anesthetized control and asthmatic mice
was measured using the Flexivent system in which respiratory mechanics were
evaluated in response to increasing doses of MeCh as described in detail in S/
Appendix. All details of cell-culture conditions, complementary DNA construct
cloning, stable expressions, Western blotting, RT-gPCR, Ca®* imaging, prolifera-
tion and migration assays, flow cytometry, mitochondrial fuel flux assays, glu-
cose and lactate measurements, transcriptome sequencing and analysis, TEM
imaging, metabolomics, mouse models, AHR measurements, GCaMP6f meas-
urements, IHC, IF (immunofluorescence), and BAL cell counts, and ELISA
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