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Background: Increased proliferation and hypertrophy of airway smooth muscle cells (ASMCs) contribute substantially to airway
remodeling in asthma. Interleukin (IL)-13 regulates ASMC proliferation by increasing Orail expression, the pore-forming subunit of
store-operated Ca”" entry (SOCE). The underlying mechanisms of this effect are not fully understood.

Methods: Bioinformatic analysis identified an interaction between microRNA 93-5p (miR-93-5p) and long non-coding RNA
(IncRNA) H19, and between miR-93-5p and Orail. RNA interference was used to investigate H19 knockdown on IL-13-induced
proliferation and migration of in vitro cultured human bronchial smooth muscle cells (hBSMCs). Functional relevance of H19 in
airway inflammation and airway remodeling was investigated in murine models of acute and chronic asthma.

Results: IL-13 concentration-dependently increased the expression of H19 and Orail and decreased the expression of miR-93-5p in
hBSMCs. H19 knockdown partly reversed the effects of IL-13 on the expression of miR-93-5p and Orail and attenuated the
proliferation and migration of hBSMCs promoted by IL-13. IL-13-promoted expression of Orail was attenuated by miR-93-5p
mimic and increased by miR-93-5p inhibitor. IL-13-promoted proliferation of hBSMCs was increased by miR-93-5p inhibitor but not
affected by miR-93-5p mimic, whereas IL-13-promoted migration of hBSMCs was increased by miR-93-5p inhibitor and attenuated
by miR-93-5p mimic. The inhibiting effect of H19 knockdown on IL-13-induced Orail expression and the proliferation and migration
of hBSMCs was counteracted by miR-93-5p inhibitor but only marginally or not impacted by miR-93-5p mimic. The expression of
H19 and Orail was higher in the lungs of asthmatic mice than in control mice. In asthmatic mice, H19 siRNA reduced Orail
expression, inflammatory cell infiltration, goblet cell hyperplasia, collagen deposition and smooth muscle mass in the lungs.
Conclusion: H19 may mediate the effects of IL-13 on Orail expression by inhibition of miR-93-5p in hBSMCs. H19 may be
a therapeutic target for airway inflammation and airway remodeling.
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Background

Asthma is a heterogeneous disease characterized by variable respiratory symptoms and airflow limitation." Type 2
inflammation is now believed to be the immune mechanism responsible for most cases of allergic asthma.® IL-13 is
a type 2 cytokine that can be produced by T helper 2 (Th2) cells and group 2 innate lymphoid cells (ILC2).”
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Airway remodeling is an important feature of asthma that causes persistent airflow limitation and is associated with
decreased reversibility. Airway remodeling may contribute to steroid resistance in asthma patients with persistent
symptoms.” The presence of airway remodeling in early childhood with asthma suggests the dissociation between airway
inflammation and airway remodeling." Pathological changes associated with airway remodeling include epithelial
damage, cilial dysfunction, goblet cell hyperplasia, thickened lamina reticularis and reticular basement membrane,
increased subepithelial collagen deposition and angiogenesis, and airway smooth muscle hypertrophy and
hyperplasia.' Airway smooth muscle cell (ASMC) hypertrophy and hyperplasia represent the major components of
airway remodeling, and ASM mass has been regarded as the best predictor for airflow limitation in asthma.’

IL-13 plays a pivotal role in airway hyperreactivity (AHR)* and airway remodeling.? It acts on different cell types to
induce airway remodeling, including airway epithelial cell,’ fibroblasts,” and more importantly, ASMCs.” We demonstrated
previously that store-operated Ca®" entry (SOCE) contributes to airway inflammation and remodeling in asthma.® IL-13
induces ASMC proliferation by promoting Ca”" release and SOCE.’ Orail is the pore-forming subunit of store-operated Ca*"
(SOC) channels and mediates Ca®" influx upon interaction with stromal interacting molecule 1 (STIM1). STIM1 senses the
Ca®" level in the endoplasmic reticulum (ER) Ca®" store and translocates to ER membrane underneath plasma membrane after
Ca®" store depletion, where it interacts with Orail and activates SOCE.'® Upregulated expression of Orail was shown in
proliferating ASMCs and ASMCs from asthmatic mice, whereas knockdown of Orail attenuated SOCE and ASMC
proliferation.'"'? Caveolae also regulate SOCE in ASMCs via increasing the expression of Orail.'® All these results suggest
a critical role of Orail in the functional regulation of ASMCs in the context of asthma. However, the mechanisms underlying
the regulating effects of IL-13 on Orail in ASMC:s are still not fully elucidated.

Long non-coding RNAs (IncRNAs) are non-coding RNAs of at least 200 nucleotides.'* Three major functional
principles are assigned to IncRNAs: RNA-based function, regulatory element in the gene body and transcription-based
function.'” LncRNAs have been shown to participate in the pathogenesis of airway inflammation and airway remodeling.
LncRNAs may act as biomarkers for asthma phenotypes and also for glucocorticoids sensitivity in asthma.'® A few
IncRNAs have been proved to be involved in the airway remodeling by acting on ASMCs.'®!” For instance, growth
arrest specific-5 (GASS), TCF7, TUGI, Brain cytoplasmic RNA 1 (BCYRN1), LINCO00882, metastasis-associated lung
adenocarcinoma transcript 1 (MALAT1), and COPDA1 promoted proliferation of ASMC, whereas plasmacytoma variant
translocation (PVT1) inhibited the growth of ASMC.'%!’

We aimed to determine the potential IncRNAs that regulate the expression and function of Orail. By using
bioinformatic analysis, we first identified several microRNAs that interact with Orail. Among them, microRNA
(miRNA) has-miR-93-5p (miR-93-5p) has been demonstrated to participate in gene expression in asthma.'® We then
identified a few IncRNAs that interact with miR-93-5p. Of them, IncRNA H19 plays a critical role in diverse biological
and pathophysiological processes including tumor metastasis and progression, hypoxia, metabolism, oxidative stress and
inflammation.'® The role of H19 in airway inflammation and ASMCs is still unknown. It is reported that H19 promotes
pulmonary smooth muscle cell proliferation by sponging miRNA let-7b." Since LncRNA/miRNA/mRNA axis is the
major mechanism of IncRNA regulating biological processes,”® we investigated the potential roles of H19 in the
regulation of Orail expression, ASMC proliferation and migration under stimulation with IL-13. In addition, the role
of H19 in the regulation of airway inflammation and airway remodeling was also examined in murine asthma models.

Materials and Methods

Bioinformatic Analysis

LncRNAs regulate mRNA expression by sponging microRNAs. We first determined to find the microRNAs
potentially interact with Orail. By searching on the public websites TargetScan (http://www.targetscan.org) and
ENCORI (http://starbase.sysu.edu.cn), we identified eight microRNAs in TargetScan and one hundred microRNAs
in ENCORI that target human Orail (Gene ID: 84876). The eight microRNAs identified in TargetScan were also
included in those microRNAs identified in ENCORI: hsa-miR-20a-5p, hsa-miR-519d-3p, hsa-miR-526b-3p, hsa-
miR-106b-5p, hsa-miR-93-5p, hsa-miR-106a-5p, hsa-miR-20b-5p, and hsa-miR-17-5p. By searching in Pubmed, we
found that microRNA-93 has been reported to regulate the expression of Orail in renal fibrosis.”' By using DIANA
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tools (http://diana.imis.athena-innovation.gr/DianaTools/index.php) ten LncRNAs that target hsa-miR-93-5p were
identified: AC021078.1, SNHG16, MALATI, XIST, ARHGAP27P1-BPTFP1-KPNA2P3, AC004656.1,
AC021092.1, AC243964.3, AC005261.1 and H19. LncRNA HI19 has been proven to play an important role in
fibrotic diseases as well as inflammatory processes.>*>** Thus, H19 was selected as the candidate IncRNA of this

study.

In vitro Culture of hBSMCs

Segmental bronchi were obtained from lung cancer patients undergoing pulmonary lobectomy or pneumonectomy in
Zhongnan Hospital of Wuhan University. Informed consent was acquired from all patients and the study was approved by
Medical Ethics Committee of Zhongnan Hospital (Approval number: 2019044). Bronchial smooth muscle was dissected
out and cut into small pieces, which were then placed into 25 cm? culture flasks and cultured in RPMI-1640 medium
containing L-glutamine (2 mM), penicillin (50 U/mL), and streptomycin (50 mg/mL), and supplemented with 10% fetal
bovine serum (FBS). After reaching ~80% confluence, cells were passaged using tyrosination with 0.05% trypsin-EDTA
and then grown in high glucose DMEM/F12 medium (Gibco-BRL, Carlsbad, CA, USA) supplemented with 20% FBS
(Gibco-BRL). Typical hBSMCs exhibited a hill-and-valley pattern when reaching confluence. The purity of hBSMCs
was confirmed by immunocytochemistry with mouse anti-human a-smooth muscle actin (SMA) antibody, and 95% of
cells were positively stained with anti-a-SMA (Figure SA). hBSMCs before passage 5 were used for the experiments. In
these experiments, hBSMCs were seeded at a density of 5x10* cells/mL and cultured in DMEM/F12 with 10% FBS for
24 h. Cells were treated differently according to the purpose of each experiment.

Transfection of hBSMCs

The expression of IncRNA H19 in hBSMCs was inhibited with transfection of siRNA against H19 (50 nM). Scrambled
siRNA was used as the negative control (Qijing, Wuhan, China). SiRNAs were diluted in riboFECTTMCP reagents
(Ribobio, Guangzhou, China). Sequences of H19 siRNA were as follows: sense 5’-CCAACAUCAAAGACACCAUTT-3’,
antisense 5’-AUGGUGUCUUUGAUGUUGGTT-3’. The expression of miR-93-5p was upregulated by miR-93-5p mimic
and downregulated by miR-93-5p inhibitor (Ribobio, Guangzhou, China) respectively. MiR-93-5p mimic or inhibitor was
transfected into hBSMCs with riboFECTTMCP reagents. For transfection, hBSMCs were inoculated into 24-well plates
with a density of 1x10* cells/well and transfection was conducted when cells grew to 50~60% confluence. The transfection
complex was added into DMEM/F12 containing 10% FBS with a final volume of 500 pL. Control cells were treated only
with same volume of PBS. The medium containing transfection complex was removed after 6 h, and cells were cultured in
DMEM/F12 in the presence of IL-13 for an additional 24 — 72 h. The silencing efficiency of siRNA was examined with
qRT-PCR.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA from lung tissues or in vitro cultured hBSMCs was extracted with TRIzol reagents (Invitrogen, CA, USA)
according to the manufacturer’s instructions. For Orail and H19, RNA was reversely transcribed into cDNA using
a ReverTra Ace qPCR RT kit (Toyobo, Tokyo, Japan). cDNA was then amplified with SYBR Premix Ex Taq™ II
(RR820A, Takara, Japan) via the following three steps: 1 cycle at 95°C for 30s, followed by 40 cycles of 95°C for 5s and
60°C for 30s, and a melting curve collected at 95°C for 5 s and 60°C for 1 min. For miR-93-5p detection, reverse
transcription and qRT-PCR were performed using the Bulge-Loop ™ miRNA qRT-PCR starter kit (R11067.2, RiboBio
Co., Guangzhou, China) and the Bulge-Loop™ hsa-miR-93-5p qRT-PCR primer set (R10031.7, RiboBio Co.,
Guangzhou, China). The amplification process included 1 cycle at 95°C for 10 min, 40 cycles of 95°C for 2 s, 60°C
for 20s, and 70°C for 10s. The cycle threshold (CT) values of miR-93-5p were normalized to U6, and CT values of H19
or Orail were normalized to B-actin for respectively. The reaction was performed using the CFX96 Real-Time system
(Bio-Rad, USA). Data were analyzed using 2 “*“T method.
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Western-Blot

Lung tissues or hBSMCs were lysed in RIPA buffer containing phosphatase and protease inhibitors (ST505, Beyotime, China)
on ice for 30 min and centrifuged at 12,000 rpm for 20 min at 4°C. Protein concentrations were detected using a BCA protein
assay kit (Beyotime, China), and equal amounts of protein (40 pg each lane) were separated with SDS-PAGE and then
transferred to Poly (vinylidene fluoride) (PVDF) membranes (Millipore, USA). Membranes were incubated with primary
antibody of Orail (rabbit anti-human, 1:4000, Abcam, USA) and B-actin (goat anti-rabbit, 1:5000, Sigma, St. Louis, MO,
USA) for 18 h, followed by horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h at room temperature.
Enhanced chemiluminescence (ECL) was used to identify the immunoreactive bands, and blots densitometry was analyzed by
Imagel software.

CCK-8 Assay

The proliferation rates of hBSMCs were determined with the cell counting kit-8 (CCK-8) assay (Dojindo, Shanghai,
China). hBSMCs were seeded in 96-wells plates at a concentration of 1x10* cells/well and transfected with siRNA
against H19 or miR-93-5p mimic or miR-93-5p inhibitor. After 6 h, the medium containing transfection complexes was
removed. Cells were then synchronized in FBS-free medium for 24 h, and then incubated in 1% FBS-containing medium
in the presence of IL-13 (10 ng/mL) for 24 h or 48 h. 10 pL of CCK-8 reagent was added into each well and incubated
for 2 — 4 h and the optical density (OD) values of absorbance at 450 nm were measured.

Scratch Wound Healing Assay

A scratch wound healing assay was conducted to determine the migration rates of hBSMCs. hBSMCs were cultured in
6-well plates in DMEM/F12 supplemented with 10% FBS until the cells reached 60% confluency. Cells were then
transfected with siRNA against H19 or miR-93-5p mimic or inhibitor with the same process as in the CCK-8 assay. After
removing transfection complexes and incubating for 24 h in a 10% FBS- containing medium, linear wound tracks were
generated with sterile 1 mL pipettes and IL-13 (10 ng/mL) was added into each well. Non-adherent cells were removed
by rinsing twice with sterile PBS before adding IL-13. DMEM/F12 with 1% FBS was used in this assay. The distance
between the two edges of the wound was measured 24 h after scratching.

Dual-Luciferase Reporter Assay

The sequences of H19 and Orail 3'UTR containing miR-93-5p binding sites were cloned into the downstream of pmirGLO
luciferase reporter vector to form the wild-type (WT) constructs WT-H19 and Orail 3'UTR-WT, respectively. The
corresponding mutant (MUT) constructs MUT-H19 and Orail 3'UTR-MUT were generated by mutating the miR-93-5p
binding sites. For dual-luciferase reporter assay, 93T cells were co-transfected with these constructs and miR-93-5p mimic
or control mimic using Lipofectamine™ 2000. After 48 h, cells were harvested and lysed for luciferase activity analysis
with a dual-luciferase assay system.

Murine Models of Asthma

This study was approved by the Animal Ethics Committee of Zhongnan Hospital (Approval No. 20200708). BALB/c mice
(6 — 8 weeks) were obtained from the Animal Experimental Center of Wuhan University and housed under pathogen-free
conditions at a 12 h:12 h light: dark cycle. The construction of acute asthma mice model has been described previously.**
HDM extract (Stallergenes Greer, London, UK) resolved in PBS was intranasally instilled into the mice. In the 2-week
acute asthma mice model, 100 png HDM in 25 uL. PBS was introduced to each mouse on day 1 — 5(Figure SBi), whereases
the control mice were treated with an equal volume of PBS. To inhibit the expression of H19, mice of acute asthma model
were treated with 50 pL lentivirus (1x10® TU/mL) carrying H19-specific siRNA or scramble siRNA and green fluorescence
protein (GFP) gene (Genechem Co., LTD, Shanghai, China) (Figure SC) respectively by intranasal instillation on day 11
and 13, respectively. 4’,6-diamidino-2-phenylindole (DAPI) blue fluorescence stain was used to show cells’ location and
transfection effect (Figure SC). Asthma mice models were challenged with 100 pg HDM in 25 pL PBS on day 12 and 14,
and the control mice were treated with an equal volume of PBS.
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For the 8-week chronic asthma model, mice were sensitized with 10 ug HDM in 35 pL PBS for 5 consecutive days in
week 1. From week 2 to week 8, mice were challenged with the same concentration of HDM for five consecutive days
per week. Control mice for chronic model were treated only with PBS in the same pattern. To inhibit the expression of
H19, 1x10® TU of lentivirus carrying H19-specific siRNA or scramble siRNA and GFP gene was introduced into the
chronic asthma mice by intranasal instillation on the day before the first HDM challenge every week from week 2 to
week 8. Evaluation of the endpoint metrics was performed 24 h after the last instillation (Figure SBii).

Immunohistochemical Analysis

The left lung tissues of each mouse were fixed with 10% neutral formalin for 24 h, embedded in paraffin and sectioned at
4 mm for hematoxylin-eosin (HE) staining, periodic acid-Schiff (PAS) staining (Solarbio Technology, Beijing, China),
Masson staining, and a-smooth muscle actin (a-SMA; 1:100, Abcam, USA) immunostaining to observe the pathological
changes of lung tissues in mice.

Statistical Analysis

All data were generated from at least three independent assays and presented as mean + standard deviation (SD). Student’s
t-test was used to compare the difference between two groups and one-way ANOVA was used to compare the difference
among three or more groups. All statistical analysis was performed with GraphPad Prism 8 software (La Jolla, CA, USA).
P<0.05 was regarded as statistically significant.

Results
Interactions Among Orail, IncRNA HI9 and miR-93-5p

Bioinformatics predictions using TargetScan and ENCORI indicated that H19 and Orail sequences contain miR-93-5p binding
sites (Figure SD). To determine the direct interactions among miR-93-5p, Orail 3'UTR and H19, the miR-93-5p binding sites in
Orail and H19 were mutated to generate Luc-Orail-MUT and Luc-H19-MUT constructs respectively. Consistently, MiR-93-5p
mimic, plasmid-mediated Orail overexpression construct (Luc-Orail-WT) and H19 overexpression construct (Luc-H19-WT)
were also generated for dual-luciferase reporter assay in 293T cells (Figure 1A and B). MiR-93-5p mimic inhibited the luciferase
activity in Luc-H19-WT but not in Luc-H19-MUT (Figure 1C). Similarly, MiR-93-5p mimic inhibited the luciferase activity in
Luc-Orial-WT but not in Luc-Orail-MUT (Figure 1D). These results confirmed that miR-93-5p interacts with both H19 and
Orail.

Effects of IL-13 on the Expression of H19, miR-93-5p and Orail in hBSMCs

The effects of IL-13 on the expression of H19 and miR-93-5p in in vitro cultured hBSMCs were determined with RT-
PCR. IL-13 increased the expression of IncRNA H19 at all tested concentrations, maximally at 1000 ng/mL (Figure 2A).
By contrast, IL-13 dose-dependently decreased the expression of miR-93-5p in hBSMCs (Figure 2B). Consistent with
our previous results, IL-13 also increased both mRNA and protein expression of Orail in hBSMCs at all tested
concentrations, with a maximal effect at 1000 ng/mL (Figure 2C and D). These results suggested that IL-13 upregulated
the expression of H19 and Orail but inhibited the expression of miR-93-5p.

H19 Knockdown Inhibited the Expression of miR-93-5p and Orail in hBSMCs

We then determined whether H19 has a regulating effect on the expression of miR-93-5p and Orail induced by IL-13. qRT-
PCR showed that H19-specific siRNA but not scrambled siRNA significantly decreased the expression of H19 in hBSMCs
(Figure 3A). IL-13-promoted expression of H19 was inhibited by H19 knockdown with specific siRNA (Figure 3B). In
addition, IL-13-inhibited expression of miR-93-5p was attenuated by H19 knockdown (Figure 3C). IL-13-promoted
expression of Orail, both the mRNA and protein, was inhibited by H19 knockdown in hBSMCs (Figure 3D and E).
These results indicated that H19 mediated the effects of IL-13 on miR-93-5p and Orail expression in hBSMCs. The relation
between H19, miR-93-5p and Orail were depicted in (Figure SE).
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for sponging miR-93-5p and the corresponding mutation sites in Orail are shown in red. (C and D) Luciferase reporter gene assay was used to determine the interaction
between miRNA-93-5p and H19 (C) and Orail (D). ¥**P< 0.001. n=5 for each experiment.

Abbreviation: ns, not significant.

H19 siRNA Knockdown Inhibited the Proliferation and Migration of hBSMCs

The role of H19 in the proliferation and migration of hBSMCs induced by IL-13 was then investigated. As expected,
IL-13 (10 ng/mL) significantly increased the proliferation of hBSMCs when compared with control cells. H19 knock-
down significantly inhibited IL-13-stimulated proliferation of hBSMCs at both 24 h and 48 h (Figure 3F). Similarly, the
migration of hBSMCs induced by IL-13 was also inhibited by H19 knockdown, as demonstrated in wound repair tests
(Figure 3G). These results suggested that H19 was functionally relevant in IL-13-induced proliferation and migration of
hBSMCs.
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Figure 2 Effects of IL-13 on the expression of HI9, miR-93-5p and Orail in hBSMCs. In vitro cultured human bronchial smooth muscle cells (hBSMCs) were stimulated with
different concentrations of IL-13 for 24 h and the relative expression of IncRNA HI9 (A), miR-93-5p (B) and Orail mRNA (C) was assayed with RT-qPCR, the protein
expression of Orail (D) was determined with Western blotting. B-actin was used as internal control for protein expression. Con: control hBSMCs without IL- 13 treatment;
*P < 0.05, ¥¥P<0.01. n=3 for each experiment.

3.5 miR-93-5p Inhibited IL-13-Induced Orail Expression

Since miR-93-5p interacts with Orail, and IL-13 had opposite effects on the expression of Orail and miR-93-5p, we then
explored the role of miR-93-5p in IL-13-induced expression of Orail in hBSMCs by using miR-93-5p-specific mimic or
inhibitor. Both the IL-13-promoted mRNA and protein expression of Orail were inhibited by miR-93-5p mimic and
increased by miR-93-5p inhibitor (Figure 4A and B). These results suggested that miR-93-5p may counteract IL-13-
induced Orail expression.

miR-93-5p Inhibited IL-13-Induced Proliferation and Migration of hBSMCs

We then determined the functional relevance of miR-93-5p in hBSMCs. miR-93-5p mimic had no significant effect on
IL-13-induced proliferation of hBSMCs. However, IL-13-induced proliferation of hBSMCs was significantly increased
by miR-93-5p inhibitor at both 24 h and 48 h (Figure 4C). By contrast, miR-93-5p mimic significantly attenuated,
whereas miR-93-5p inhibitor significantly promoted IL-13-induced hBSMCs migration, as indicated with wound repair
tests. (Figure 4D). These results indicated that miR-93-5p may partly reverse the effects ofIL-13 on the proliferation and
migration of hBSMCs.
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Figure 3 Effects of HI9 knock-down on the expression of HI9, miR-93-5p and Orail, and hBSMCs proliferation and migration. (A) In vitro cultured hBSMCs were treated
with HI9-specific siRNA (HI19 siRNA) or negative control siRNA (siRNA NC), the expression of HI9 was assessed with RT-qPCR. (B-D) HI9 knockdown on the
expression of H19, miR-93-5p and Orail in the presence of IL-13. In vitro cultured hBSMCs were stimulated with or without IL-13 (10 ng/mL) and transfected with HI9-
specific SiRNA. The mRNA expression was assessed with RT-qPCR. (E) The protein expression of Orail in hBSMCs was determined with Western blotting, -actin was used
as internal control. (F) The effect of HI9-specific siRNA on IL-13-induced hBSMCs proliferation rates after 24 h and 48 h was assayed with CCK-8 methods. (G) The effect
of H-19-specific siRNA on IL-13-induced hBSMCs migration rates was investigated with wound healing test. *P<0.05; **P<0.01;****P<0.0001. n=3 for each experiment.

miR-93-5p Counteracted the Effect of HI9 Knockdown on Orail Expression

To directly demonstrate the opposite effects of H19 and miR-93-5p on IL-13-induced Orail expression and biological
functions in hBSMCs, we investigated the effects of miR-93-5p mimic and inhibitor on IL-13-induced Orail expression
in hBSMCs with H19 knockdown. The inhibiting effect of H19 knockdown on IL-13-induced expression of Orail
mRNA was amplified by miR-93-5p mimic and partly counteracted by miR-93-5p inhibitor (Figure 5A). The inhibiting
effect of H19 knockdown on IL-13-induced expression of Orail protein was not significantly affected by miR-93-5p
mimic but was significantly counteracted by miR-93-5p inhibitor (Figure 5B). These results indicate that miR-93-5p may
inhibit the effect of IL-13 on Orail expression by counteracting the effect of H19 on hBSMCs.

miR-93-5p Counteracted the Promoting Effect of HI9 on the Proliferation and

Migration of hBSMCs

The functional relevance of the opposite effects of H19 and miRNA-93-5p was then determined in hBSMCs. H19
knockdown had a significant effect on the IL-13-induced proliferation of hBSMCs at 48 h but not 24 h. In the presence
of IL-13 and H19 siRNA, the proliferation of hBSMCs was significantly inhibited by miR-93-5p mimic at 24 h but not at

1252  "es Journal of Asthma and Allergy 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Xiang et al

>
w

H
J

*

*

Relative mRNA expression
N
L
Relative protein expression
N
13
|
*
*
*

Q
_—
—
:

—
T

L
i

-
|

o
T

o
o
o

I [
IL-13 - + + + ; . + +
miR-93-5p mimic + +
miR-93-5p inhibitor

Orail [ s s we S
B-aclin| e - - —

**k%

w
o
|

2.59 Control

IL-13
IL-13+mimic
IL-13+inhibitor

2.04

BEOO
)
=)
.
|
I

1.5+

1.0

OD value
—
<

Mean width changes(um)
-

0 ! I

!
IL-13 - + + +
+

miR-93-5p mimic - -
miR-93-5p inhibitor - - -
Figure 4 Effects of miR-93-5p mimic and inhibitor on the expression of Orail, the proliferation and migration rates of hBSMC:s. In vitro cultured hBSMCs were transinfected
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h with different treatments as indicated. (D) Migration rates of hBSMCs under different treatments as indicated. *P<0.05; **P <0.01; ***P<0.001. n=3 for each experiment.
Abbreviation: ns, not significant.

48 h, whereas miR-93-5p inhibitor significantly increased the proliferation of hBSMCs at both 24 h and 48 h (Figure 5C).
H19 knockdown significantly inhibited IL-13-induced hBSMCs migration, and this effect was significantly promoted by
miR-93-5p inhibitor but not affected by miR-93-5p mimic (Figure 5D).

Role of HI9 in Orail Expression and Airway Inflammation in the Murine Model of
Acute Asthma

We then determined the in vivo role of IncRNA H19 in Orail expression and airway inflammation. HDM-sensitized
acute asthma mice were transfected with lentivirus carrying H19-specific siRNA. The expression of H19 was elevated in
the lungs of acute asthma mice compared with control mice. Transfection of H19-specific siRNA but not scrambled
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Abbreviation: ns, not significant.

siRNA significantly inhibited the expression of H19 in the lungs of acute asthma mice (Figure 6A). Both the mRNA and
protein expression of Orail in the lungs of acute asthma mice were significantly increased when compared with control
mice (Figure 6B and C). Both the mRNA and protein expression of Orail in the lungs were inhibited by transfection with
H19-specific siRNA but not scrambled siRNA (Figure 6B and C).

Substantial inflammatory cell infiltration was observed in peri-bronchial and perivascular areas of the lungs of acute
asthma mice (Figure 6Dii) when compared with control mice (Figure 6Di). H19-specific siRNA (Figure 6Diii), but not
scrambled siRNA (Figure 6Div), significantly reduced the inflammatory cell infiltration in the lungs of asthma mice.
Inflammatory scores confirmed these results (Figure 6E). H19 siRNA knockdown also significantly inhibited bronchial
goblet cell hyperplasia in acute asthma mice (Figure 6F), as quantified by the proportion of PAS™ area to perimeter of
bronchi (Figure 6G). These results indicated that H19 may be involved in the pathogenesis of airway inflammation in

asthma mice by increasing Orail expression.
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Figure 6 The effects of HI9 inhibition on Orail expression and airway inflammation in acute asthma murine model. Acute asthma mice (AA) were intranasal administrated
with lentivirus-carrying HI9-specific siRNA (AA-si H19) or control scramble siRNA (AA-si-Con) (n = 5 mice in each group). The expression of HI9 (A) and mRNA
expression of Orail (B) in the lungs was assessed with RT-qPCR. (C) The protein expression of Orail in the lungs. Inserted are typical Western blotting assays of Orail and
internal control protein B-actin. (D) Representative H&E staining of lung sections to show inflammatory cell infiltration in the lungs (200%). (E) Inflammation scores (n=3 in
each group). (F) Representative PAS staining of lung sections to show mucus hypersecretion. (G) Ratio of PAS" area to perimeter of bronchi to quantify mucus
hypersecretion. *P<0.05; **P<0.01; ***P<0.001; i. control (AC) mice; ii. AA mice; iii. AA-si HI9 mice; iv. AA-si-Con mice.

Abbreviation: ns, not significant.

Role of HI9 in Orail Expression, Airway Inflammation, and Airway Remodeling in the
Chronic Asthma Murine Model

Consistent with that observed in acute asthma mice, the expression of H19 and the mRNA and protein expression of
Orail were higher in the lungs of HDM-induced chronic asthma mice when compared with control mice (Figure 7A—C).
Transfection of H19-specific siRNA but not scrambled siRNA significantly reduced the expression of H19 in the lungs of
chronic asthma mice (Figure 7A). Transfection with H19-specific siRNA, but not scrambled siRNA, also inhibited both
mRNA and protein expression of Orail in the lungs of chronic asthma mice (Figure 7B and C).

Substantial inflammatory cell infiltration was also observed in the lungs of chronic asthma mice when compared with
control mice. H19-specific siRNA but not scramble siRNA reduced inflammatory cell infiltration in the lungs of chronic
asthma mice (Figure 7D), as quantified with inflammatory scores (Figure 7E). PAS staining showed a prominent goblet
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Figure 7 The impact of H19 inhibition on Orail expression, airway inflammation and airway remodeling in chronic asthma murine model. Chronic asthma mice (CA) were
intranasal administrated with lentivirus carrying H19-specific SiRNA (CA-si H19) or control scramble siRNA (CA-si-Con) (n=5 mice in each group). The expression of HI9
(A) and mRNA expression of Orail (B) in the lungs was assessed with RT-qPCR. (C) The protein expression of Orail in the lungs. Inserted are typical Western blotting
assays of Orail and internal control protein p-actin. (D) Representative H&E staining of lung sections to show inflammatory cell infiltration in the lungs (200%). (E)
Inflammation scores (n=3 in each group). (F) Representative PAS staining to show goblet cell hyperplasia in bronchial mucus. (G) Ratio of PAS" area to perimeters of bronchi
to quantify mucus hypersecretion. (H) Representative Masson staining of lung sections to show collagen deposition in mouse lungs (200x). (I) Ratio of Masson" area to
perimeters of bronchi to quantify collagen deposition. (J) Representative a-SMA immunostaining to show hyperplasia and hypertrophy of ASM in the lungs of mice (200x).
(K) Ratio of a-SMA™ area to perimeter of bronchi to quantify hypertrophy of ASM. n=3 in each group. *P<0.05; *P<0.0; **P<0.001; i: control (CC) mice; ii: CA mice; iii:
CA-si HI9 mice; iv: CA-si Con mice.

Abbreviation: ns, not significant.
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cell hyperplasia in chronic asthma mice when compared with control mice. H19 siRNA but not scrambled siRNA
inhibited goblet cell hyperplasia in bronchial mucosa (Figure 7F), as quantified by the ratio of PAS™ area to perimeter of
bronchi (Figure 7G).

Masson staining showed a higher collagen deposition beneath bronchial mucosa in chronic asthma mice when
compared with control mice. H19-specific siRNA but not scrambled siRNA significantly inhibited the collagen deposi-
tion in bronchi of chronic asthma mice (Figure 7H), as quantified by the ratio of the positive area of Masson staining to
the area of peri-bronchial mucus (Figure 71). Anti-a-SMA antibody staining showed a larger area of smooth muscle
beneath the bronchial mucus in chronic asthma mice compared with control mice. H19-specific siRNA but not scrambled
siRNA reduced the smooth muscle area in the lungs of chronic asthma mice (Figure 7J). The ratio of the positively
stained area with a-SMA to that of the perimeter of bronchi confirmed these results (Figure 7K). Taken together, these
data indicated that H19 may promote airway inflammation and airway remodeling by enhancing the expression of Orail
in the lungs of chronic asthma mice.

Discussion
The dual-luciferase reporter assay confirmed the interactions between miR-93-5p and H19 as well as Orail in 293 T cells.
We then proved these interactions in hBSMCs and found that IL-13 increased the expression of H19 and Orail and
decreased the expression of miR-93-5p in hBSMCs, and this effect of IL-13 was inhibited by H19 knockdown. In
addition, the promoting effect of IL-13 on the expression of Orail was inhibited by miR-93-5p. Moreover, the promoting
effects of IL-13 on hBSMC proliferation and migration were attenuated by H19 knockdown and miR-93-5p mimic but
were aggravated by miR-93-5p inhibitor. In asthma mice models, higher expression of HI9 and Orail and more
remarkable airway inflammation and remodeling were observed in the lungs of asthmatic mice when compared with
control mice. H19 inhibition with siRNA attenuated not only the expression of Orail, but also the airway inflammation
and airway remodeling in the lungs of asthma mice.

Type 2 cytokine IL-13 can be produced by both Th2 cells and ILC2 cells.” IL-13 is essential to the development of
asthma® by inducing different biological effects in inflammatory and structural cells of the airway.?® It has been shown

that IL-13 contributes to airway remodeling of asthma by inducing airway epithelial barrier dysfunction,?”-**

goblet cell
metaplasia, mucus hypersecretion, ASMC proliferation and migration, fibroblasts proliferation,® airway hyperreactivity
and IgE production,®® all of which are features of airway remodeling. We have also previously shown that IL-13 could
upregulate the expression of Orail and STIM1 and the activity of SOCE in cultured ASMCs.’ Consistently, the results in
this study also showed that IL-13 dose-dependently increased the mRNA and protein expression of Orail in hBSMCs.

For the first time, we demonstrated that IL-13 increased the expression of IncRNA H19 and decreased the expression of
miR-93-5p in hBSMC:s. In addition to H19, previous studies also showed that other IncRNAs also play a role in IL-13-induced
responses, eg, IncRNA BANCR in eosinophilic esophagitis29 and multiple IncRNAs in mycobacterium tuberculosis-infected
macrophages.*° In allergic rhinitis, IL-13 decreased the expression of IncRNA Linc00632 in nasal epithelial cells, which then
inhibited IL-13-induced production of GM-CSF, eotaxin and MUACSAC.”!

IL-13 was also shown to regulate the expression of multiple miRNAs associated with airway inflammation. In nasal
epithelial cells, IL-13 promoted the expression of miR-498>' and dose-dependently decreased the expression of miR-15a-5p.*
In human bronchial epithelial cells, miR-330 inhibited IL-13-induced secretion of MUC5AC.>* miRNA microarray assay
showed a higher expression of 79 miRNAs and a lower expression of 138 miRNAs in airway epithelial cells from asthmatic
patients compared to that in healthy control subjects.** Of note, among these miRNAs, the expression of miR-93-5p was lower
in asthmatic patients. Moreover, the expression patterns of miRNAs were similar in the in vitro cultured human bronchial
epithelial cells under stimulation with IL-13 and in asthmatic patients.>* We observed an inhibitory effect of IL-13 on the
expression of miR-93-5p in hBSMCs. Similarly, IL-13 was reported to downregulate the expression of miR-133a* and
miR-140-3p*® in BSMCs, and resulted in the upregulated expression of RhoA, a possible key regulator of bronchial
hyperreactivity. These data suggest that microRNAs, including miR-93-5p, may be actively involved in type 2 inflammation
and airway remodeling in asthma. Further studies are warranted to investigate the expression of miR-93-5p in ASMCs from
asthmatic patients.
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H19 has been reported to interact with multiple miRNAs to regulate diverse biological processes. H19 was shown to
upregulate the expression of angiotensin II type 1 receptor (AT;R) and promote the proliferation of pulmonary artery
smooth muscle cell via interacting with miR-Let-7b."® H19 was also shown to interact with miR-21 to regulate the
proliferation and migration of ASMCs,>” and interact with miR-599 to promote the proliferation of vascular smooth
muscle cells.*® In skeletal muscle, the only tissue with persistent H19 expression after birth, H19 was found to interact
with miR-675-3p and miR-675-5p to promote the differentiation and regeneration of skeletal muscle.”® All these data,
combined with our results of the interaction between H19 and miR-93-5p, support the conclusion that H19 may play an
important role in the regulation of diverse biological functions mediated by miRNAs.

In addition to miR-93-5p, other microRNAs have also been reported to regulate the expression and biological activities of
Orail. MiR-93 was reported to downregulate the expression of Orail and suppress epithelial-mesenchymal transformation
and fibrogenesis induced by transforming growth factor-B1 (TGF-B1).?' In addition, miR-519 could downregulate the
expression of Orail and inhibit the growth of cancer cells.***' In CD4" T cells, overexpression of miR-10a-5p decreased
the expression of Orail, the activity of SOCE, and the cell proliferation.** Deletion of Dicer, the enzyme responsible for
processing the precursor miRNAs to mature miRNAs, resulted in reduced Orail expression and SOCE in CD4" T cells,
indicating the importance of microRNAs both to the expression and to the function of Orail.** Together with our results,
these data suggest that miRNAs are important to the proper function of Orai-mediated SOCE.

Functionally, the interactions between H19 and miRNAs have been proven to regulate the pathogenesis of several
fibrotic diseases, eg, in pulmonary fibrosis by regulating the miR-196a/COL1A1,%* in renal fibrosis by regulating
miR-29a” and in cholestatic liver fibrosis by regulating the SIPR2/SphK2 and let-7/HMGA?2 axis.”> The interactions
between H19 and miRNAs were also reported to play a pivotal role in diverse inflammatory diseases. In rheumatoid
arthritis, H19 promoted the inflammation by degradation of miR-103a.** In ankylosing spondylitis, H19 interacted with
miR-675-5p and miR-22-5p to increase the release of IL-17A/IL-23.* In addition, H19 could regulate aging and age-
related diseases by regulating inflammation.*® Re-expression of H19 in cancer tissues may contribute to the genesis and
metastasis of different types of cancers, such as hepatocellular carcinoma,*’ thyroid cancer cells* and non-small cell
lung cancer.*” H19 also has functional relevance in the regulation of hypoxia-induced tissue injury and oxidative
distress.”® The role of H19 in the regulation of intracellular Ca®" signaling is not clearly elucidated. Our results
demonstrated a promoting effect of H19 on the expression of Orail and the proliferation and migration of hBSMCs.
This is contradictory to another study showing that H19 inhibited platelet-derived growth factor (PDGF)-induced
proliferation and migration of ASMCs.>” A lower expression of H19 was also found in ASMCs from patients with
mild asthma compared to healthy controls.’’ Therefore, further studies are warranted to clarify the precise role of H19 in
the functional regulation of ASMCs.

Our study had several limitations. First, the role of H19 in the functional regulation of hBSMCs was investigated only with
H19 siRNA but not with H19 overexpression. Second, the role of H19 in airway inflammation and airway remodeling needs to
be confirmed in H19 knock-out mice. Finally, the activity of SOCE was not determined with Ca®" fluorescence and/or
electrophysiological measurements using whole-cell patch-clamp technique, due to technical unavailability. Further studies
are warranted to investigate the effects and functional relevance of H19-miR-93-5p-Orail interactions on SOCE in ASMCs
and other cell types that may contribute to the pathogenesis of asthma.

Conclusions

IL-13 can increase the proliferation and migration of airway smooth muscle cells by promoting the expression of H19
and Orail and decreasing the expression of miR-93-5p. H19 aggregates airway inflammation and airway remodeling in
murine models of asthma possibly by inhibition of the expression of Orail. H19 may be a novel target for the treatment
of airway remodeling in asthma.
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Calcium Release-Activated Calcium Modulator 1; siRNA, small interfering RNA; STIM1, Stromal interacting molecule 1; Th2,
T helper 2 cells; WT, Wild-type.
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