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Abstract

Airway hyperresponsiveness (AHR), airway remodelamgl inflammation are the

fundamental pathological alterations that occuaisthma. Transient receptor potential
canonical 3 (TRPC3) has been implicated in divdtseetions of airway smooth

muscle cells (ASMCs) in asthma. However, the unyilegl mechanisms remain
incompletely understood. We investigated the mRNAl grotein expression of

TRPC3 in ASMCs from normal and OVA-sensitized moused the effects of

inhibition or knockdown of TRPC3 with Ethyl-1- (42,3,3-trichloroacrylamide)

phenyl) -5 - (trifluoromethyl) -1H -pyrazole -4-tmxylate (Pyr3) and lentiviral

shRNA on OVA-sensitized mouse AHR, airway remodglicirculating inflammatory

cytokines, cell proliferation and migration. We falthat TRPC3 mRNA and protein
expression levels were significantly increased 8V Cs from OVA-sensitized mouse.

Inhibiting TRPC3 with continuous subcutaneous adstiation of Pyr3 decreased



enhanced pause (Penh) of OVA-sensitized mouse. Whelen both Pyr3 and
lentiviral shRNA treatment of ASMCs in OVA-sensé mouse significantly
decreased their proliferation and migration. Thesellts suggest that TRPC3 plays a
critical role in asthma and represents a promisig target for asthma treatment.
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1. Introduction

Asthma prevalence increased markedly worldwidenduthe second half of the
20th century, especially in developing countrieshe&ey became more westernized or
communities became urbanized [1]. Inhaled glucommds are the first-line
treatment for asthma [2]. Unfortunately, 5-10% g@alis remain symptomatic despite
high-dose glucocorticoids treatments. Moreover,oretiog to community-based
studies, adherence to such therapy can be as |@8%9g3], resulting in poor asthma
control. These concerns have prompted the searditéynative therapies in patients
whose asthma are not well controlled by glucocottis alone. We attempt to develop
novel and effective intervention targeting and mdthin the treatment of asthma, for
which there has not yet been a breakthrough.

Intracellular calcium ([CH]i) participates in various diseases and regulates
variety of cellular processes, including prolifésat contraction, migration and
phenotypic transformation. Canonical transient péme potential channel
(TRPC)-mediated [Cd]i entry has been implicated in the control of sthomuscle
cell proliferation and demonstrated to represerpivatal mechanism underlying
in-stent restenosis [4], but the role of TRPC ia gathogenesis of asthma is not yet
fully understood. Multiple TRPC molecules are essexl in rodent and human
ASMCs, among which TRPC3 [5,6] acts as an impontaoiecular component of the
native nonselective cation channels (NSCCs) [7hoalgh it displays moderate
selectivity for C&" over monovalent cations. A single glutamate resi(E630) was
recognized as the key determinant of ion selegtif]. Neutralization of this
negative charge completely disrupts*Cpermeation. Hofmann et al. [9] suggested
that TRPC3 preferentially associates with TRPC6 amBRPC7 to form

heterotetrameric channel complexes. Previous suidiend that the expression of



TRPC3 significantly increased in ASMCs of patiemigh asthma and of mouse
model of allergic asthma [10,11]. In this study, weestigated the roles of TRPC3 in
AHR, airway remodeling, circulating inflammatorytokines and specific cellular
functions in OVA-sensitized mice after knockdown oTRPC3 with
lentivirus-mediated shRNA or with a selective TRPaBagonist.
2. Materialsand Methods
2.1 Preparation of chronic OVA-sensitized/-challenged mouse model

BALB/c female mice (6 wks old, n=10) were sensttiz®y i.p. injection of 2Qug
grade V ovalbumin (OVA, Sigma-Aldrich, St. LouisMUSA) mixed in 50 pl of 36
mg/ml Imject ®Alum (Thermo Fisher Scientific, BoatdMA, USA) on days 0 and 7.
Mice were challenged with 5% aerosolized OVA for&h per day, three days per
week, from day 14 to day 53. Normal control micel®) were treated with the
equivalent volume of 0.9% saline solution alone.24th after the last aerosolized
exposure to the OVA or saline, mice were subjetted determination of Penh to
acetylg-methyl-choline chloride (methacholine, mAch, SigAddrich, St. Louis,
MO, USA) and then sacrificed by cervical dislocatiAll procedures related to
animal use were approved by the Committee on tleedflive Animals for Teaching
and Research, Shenzhen Institutes of Advanced d&mdy) Chinese Academy of
Sciences.
2.2 Subcutaneous pump implantation

Ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5i{tuoromethyl)-1H-pyrazole-4-c
arboxylate (Pyr3, 0.1 mg/kg/d, Sigma-Aldrich, Stouis, MO, USA) was
administered through osmotic pumps (Alzet, Cuperti@A, USA) that delivered a
continuous dosage of the treatment for 7 days betoe mice were sacrificed. The
Pyr3 dose was chosen according to previous datavdro-osmotic pumps were
implanted under the dorsal skin of the mice byt fwsesthetizing each mouse with 3%
pentobarbital sodium salt (25mg/kg, Merck, Kennys3/oNJ, USA). Following
anesthesia, the skin was cleaned with 75% alc@hsiall incision was made in the
dorsal skin between the scapulae, and a small packe formed by spreading the

subcutaneous connective tissues apart. The ospwtip was inserted into the pocket.



The incision was closed with wound sutures. Micéhim Sham group were subjected
to the same procedure but given 0.9% saline insieRgr3.
2.3 Non-invasive measurement of Penh

Penh was measured 24 h after the last challengedwoyding respiratory pressure
curves using barometric unrestrained whole-body thgmography (Buxco
electronics, St. Paul, MN, USA) in response to lehacreasing doses of mAch
(0-100 mg/ml) in mice. mAch was aerosolized for id,nand readings were recorded
and averaged for 5 min after each nebulizationth&tend of the measurement, mice
were sacrificed by cervical dislocation, and thkings were excised for the
histopathology studies.
2.4 Measurement of IL-13 and TNF « in Plasma

The mice plasma were stored at -80°C before amalysie concentrations of I1L-13
and TNFa in plasma were measured by ELISA kits (NeobiosmeBiotechnology
Co, Shenzhen, China) according to the manufacsurestructions.
2.5 Histopathology

The middle lobe of right lung was harvested fortdpathological examination.
Tissue was fixed in 4% formaldehyde overnight befoaraffin embedding, andsn
slides were prepared with a vibratome from tissemigns for staining. Slides were
stained with hematoxylin and eosin (H&E). Morphorgewwas performed by
individuals blinded to the experimental design. Tagameters bronchial basement
membrane perimeter (Pbm), the area of airway Wefit] were measured by digital
image analysis (Image J, 1.43u; Wayne Rasband, NBA). The ratios of WAt to
Pbm (WAt/Pbm) were used to evaluate the thicknéskeoairway wall. A minimum
of 10 fields for each group were randomly examiftedhe morphometric analyses in
cross-sections which were defined by a ratio ofimah to maximal internal diameter
of less than 0.5. The tissue analysis was blindeld observers .
2.6 Primary culture of ASMCs from mice

Primary ASMCs from normal or OVA-sensitized micereésolated following a
protocol that was used in our laboratory based mvipusly reported data [12].

Briefly, the trachea and lungs were completely detd and the extraneous



membranes and connective tissues were removed.eSiteial tissues were cut intol
mmx3 mm blocks that were tiled on culture flask a@ndnersed in Dulbecco's
modified eagle medium (DMEM, Hyclone, Logan, Ut&JGA) supplied with 20%
FBS (Gibco, Grand Island, NY, USA), 4 mM glutamim&d 1% penicillin -
streptomycin (Gibco, Grand Island, NY, USA). Thédtares were incubated at 37°C,
5% CQ until reaching approximately 80% confluence. Affrrification, cells at
passages 3-8 were used for the experiments deddrdbew. The cells were identified
as ASMCs by morphology and immunofluorescence isigin

2.7 Real-time polymerase chain reaction (QPCR)

Total RNA was extracted according to the RNAisosR[lakara Bio, Dalian, China)
protocol. The first-strand cDNAs were synthesizeaitf RNAS using the ReverTra
Ace gPCR RT Master Mix with gDNA Remover (ToyobosdRa, Japan). The
resultant cDNA templates were amplified with oligateotide primers as follow:
5-GCGAGCAAGAACTGCGAGAT-3' and 3-TGCACCACCTCGTACRIGG-5'
for mouse Trpc3 (NM_019510) and 5-CTGGCACCACACCTRACAATG-3' and
3'-AATGTCACGCACGATTTCCCGC-5' for mous@-actin (NM_007393.5). The
relative mRNA levels were evaluated using the cawpae threshold cycle (dCt)
method and normalized to tifieactin. Real-time PCR assays were carried out using
ABI TagMan Universal Master Mix (Toyobo, Osaka, dapand all the samples were
measured in triplicate.

2.8 Western blotting analysis

Expression of TRPC3 protein was analyzed by westdatting. Protein was
electrophoresed (20ug/lane) through 8% SDS-PAGE and transferred to
polyvinylidene fluoride (PVDF) membranes (MillipgreBillerica, MA, USA).
Membranes were incubated with the primary antib@dpbit anti-TRPC3, 1: 1000
dilution, Alomone Labs, Jerusalem, Israel) overhigh4°C after blocking with 5%
non-fat milk in Tris-buffered saline and 0.05% Tw26, followed by incubation with
secondary goat anti-rabbit IgG (1: 4000 dilutiomncAm, Cambridge, UK) conjugated
with  horseradish peroxidase 2 h at room temperatuEnzyme-linked

chemiluminescence (ECL Plus, Beyotime, Shanghana}iwas used to detected the



reaction. Data were normalized to fh@ctin (Sigma-Aldrich, St. Louis, MO, USA)
in the same lane. The experiment had been reptatsztimes.
2.9 Generation of lentiviral sShRNA TRPC3 knockdown ASMCs

Lentivirus packaged TRPC3 shRNA (TRPC3 KD) and mtiad, nonsilencing
ShRNA (NS) were purchased from GenePharma (GeneRhabuzhou, China).
ASMCs were seeded (2 x16ells/well) in 6-well plates, transfected with figirus
(multiplicity of infection, MOI=100) encoding TRPG# NS shRNA at 37°C for 48 h,
and then treated with puromycin (1 pg/ml). ASMCsraeveassaged after cell
confluence achieved at approximately 100%. Wedbbotting analysis was used to
confirm the effectiveness of the TRPC3 knockdown.
2.10 Cdll proliferation assays

Cells were seeded in 96-well plates at a density#@d0 cells per well. After
incubation with Pyr3 at increasing concentratio@sM, 3 uM,5 uM and 10uM)
overnight at 37°C, Cell proliferation was analyzad®4, 48, 72 by determining the
concentration of formazan in cell supernatants @l Counting Kit-8 (CCK-8 Kkit,
Dojindo, Kumamoto, Japan). After incubation for 2ti87°C, the absorbance of each
well was measured at 450 nm with a microplate ne@leermo Scientific, Rockford,
IL, USA). Pyr3 was dissolved in dimethylsulfoxideNISO, Sigma-Aldrich, St. Louis,
MO, USA) and diluted with PBS (Hyclone, Logan, UtalIBA). Pyr3 @M was added
the equivalent DMSO as other concentrations. Theement had been repeated
three times.
2.11 Cell migration assays

Cells (5x10 cells per transwell) resuspended in 200 pl semem-DMEM were
cultured onto the upper surfaces of transwell issédum pores, Corning, Lowell,
MA, USA). Transwells were placed into wells of 2&ilplates containing 600 ul
DMEM supplemented with 5% FBS. Cells were incubae87°C, 5% C®incubator
for 6 h before fixing in precooled methanol andirstd with 0.5% crystal
violet(Sigma-Aldrich, St. Louis, MO, USA). Migratezklls were counted under high
power fields (HPFs, x 20 ) and 10 HPFs were coutdatketermine the average cell

number migrated per HPF.



2.12 Data analysis
All data are represented as the mean + SEM. Stafistnalyses (two-sample t test,
one-way ANOVA, and two-way ANOVA) were performedtiwiGraphPad Prism 5
(GraphPad, La Jolla, CA, USA). Differences werestdered significant P < 0.05.
3. Results
3.1 Penh, airway remodeling and the gene expression and protein of TRPC3 are
increased in OVA-sensitized mice

In the OVA-sensitized group (abbreviated as Asthgraup), mice demonstrated
tachypnea, irregular respiratory rhythm, sneezéalnility, tremor, and cyanosis of
lips and reduced activity. Mice of asthma group aodmal group were generally
good, eating as usual. There was no significaféraihce in body weight. The Penh
of the asthma group was significantly higher thaat of the normal group (Fig. 1C).
For the histology study, in addition to the appéaienrease in inflammatory cells in
the lung mucosal and submucosal areas, the thiskmésairway walls was
considerably greater in the OVA-sensitized micentiathe normal group (Fig. 1A
and B). Meanwhile, ASMCs manifested consistenihsgtgi of a-smooth muscle actin
(a-SMA) which was specific protein for the smooth miesn the immunohistological
assay and immunofluorescent staining, indicatireg these were ASMCs (data not
shown). Real-time PCR analysis revealed that mRMNAression of TRPC3 in
OVA-sensitized ASMCs was significantly higher thanthe normal group (Fig.1D).
Western blotting demonstrated an important incraasthe protein expression of
TRPC3 compared with the normal group (Fig.1E).
3.2 In vivo antagonism of TRPC3 by Pyr3 suppresses the OVA-sensitized mice Penh,
airway remodeling and circulating IL-13

Our previous experiments have demonstrated inaleBB&C3 expression at both
the mRNA and protein levels. Pyr3 can selectiveliagonize TRPC3 by binding to
the extracellular side of the receptor [13], werdlfiere used this small molecule
antagonist to clarify the role of TRPC3 in AHR o¥/®sensitized mice in vivo. Our
results showed that compared with the Sham grdup,increased mAch-induced

Penh in OVA-sensitized mice was significantly desed by continuous subcutaneous



administration of Pyr3 via the Alzet pump. The Pehkthe Pyr3 group was decreased,
showing responses similar to the normal group (2W#). Pyr3 also reduced the
airway wall thickness compared with the asthma gras demonstrated by H&E
staining (Fig. 2C). Meanwhile, the circulating lev@f IL-13 decreased after Pyr3
administration (Fig. 2B) TNF o level was not affected by the administration ofPy
(data not shown).
3.3 In vitro antagonism of TRPC3 by Pyr3 decreases OVA-sensitized mice ASVIC
proliferation and migration

Based on the aforementioned observed activity, TREC3 antagonist Pyr3 was
used to test the role of TRPC3 in cellular funciafi ASMCs. Treatment with Pyr3
decreased ASMC proliferation at 24 h,48 h and {Eig. 3A). Similarly, Pyr3 at 3
uM, 5 uM and 10uM significantly decreased ASMC migration (Fig. 3BdaC).
3.4 In vitro knockdown of TRPC3 by lentiviral shRNA decreased OVA-sensitized
ASMCs proliferation and migration

We further investigated the role of TRPC3 in ASM@sng lentiviral shRNA.
Western blotting analysis confirmed the knockdovfiea of TRPC3, and lentivirus
No. 2593 was chosen as the most effective (Fig. 4Ad used in the following
experiments. TRPC3 shRNA significantly decreas@&dABMC proliferation at 48 h
(Fig. 4B). Similarly, ASMC migration was significtiyp decreased by TRPC3 shRNA
(Fig. 4C).
4. Discussion

The present study mainly examines the effects d?TR inhibition on Penh and
airway remodeling. We found that Pyr3 decreasedhPanvay wall thickness and the
circulating IL-13 level of OVA-sensitized mouse wivo. Moreover, in vitro
proliferation and migration of OVA-sensitized mou#&sSMC was  significantly
attenuated by Pyr3 or TRPC3 shRNA treatment. Gav@hethora of previous studies
demonstrating that TRPC3 contributes to{Tand the resting membrane potential
(Vm) in normal ASMCs along with Vm agonist-inducii?*]i entry and membrane
depolarization in OVA-sensitized ASMCs [10], theegent study further suggests that

TRPC3 plays an important role in regulating Penti specific cellular functions of



ASMCs.

TRPC channels are termed “classical” or “canonit@tause they are structurally
the closest to the originating family member foundrosophila [14]. The coupling
of IP3R1 and membrane-resident TRPC3 has beenteejpiar be directly involved in
human cerebellar artery myocyte vasoconstrictic). [IRPC3 has been described as
a determinant factor of phenotype switching in wecsmooth muscle cell (VSMC)
and induces cerebrovascular remodeling during hgpsion via the transactivation of
EGF receptor signals [16]. Pyr3 is a potent andcsele antagonist of TRPC3 [17].
Remodeling of airway smooth in asthma shares giitida with the remodeling of
cardiomyocytes and VSMCs that occurs in cardiacehypphy, restenosis and
hypertension [18]. However, compared with the reddy detailed research of TRPC3
in cardiomyocytes and VSMCs [19], the potentialesolof TRPC3 in asthmatic
ASMCs remain incompletely understood. Previousistiave revealed that TRPC3
expression and function are increased in ASMCsvddrirom mice sensitized with
OVA or stimulated with inflammatory factors or fromatients with asthma and
TRPC3 mediates OVA-sensitized membrane depolavizati ASMCs [20]. In line
with the role of Pyr3 in VSMCs preventing in-steastenosis in human arteries [4],
our data show that TRPC3 antagonism by Pyr3 in ASM{@nificantly decreases
OVA-sensitized mouse airway remodeling and Penh.

In our study, in vivo continuous subcutaneous adbtretion of Pyr3 also
decreased the circulating IL-13 level in OVA-sezsil mouse. To our knowledge,
this is the first report that continuous subcutarseadministration of Pyr3 could
attenuate systemic IL-13 in vivo. Thomas and coiles reported that SiRNA
knockdown of TRPC3 decreased agonist-induced?* Ceoncentration and
store-operated Gaentry (SOCE) [7]. Meanwhile, inhibition of TRPC3tv siRNA
or Pyr3 decreased TNé&stimulated brain-derived neurotrophic factor seorein
hASMCs. On the other hand, inflammatory cytokinesimportant asthma mediators
such as TNF increases TRPC3 expression in hASMCs and|Gahus increasing
airway contraction.

In our results, the TRPC3 antagonized by Pyr3 ded TRPC3 knockdown by



TRPC3 shRNA both demonstrated inhibitory effects e proliferation and
migration of ASMCs from OVA-sensitized mouse. Thbufe mechanisms of Pyr3
function and TRPC3 shRNA might be different, as feole-cell patch clamp study
indicated that Pyr3 functioned directly and exthataly, whereas the shRNA
functions through knockdown of the TRPC3 mRNA, bptaved the importance of a
functional role for TRPC3 in the proliferation andigration of ASMCs from
OVA-sensitized mouse. The pathophysiological airwasnodeling is a phenotypic
effect of the change of ASMCs from a quiescent to nagratory and
proliferative/hypertrophic phenotype [21]. The ieration, migration, synthesis and
secretion functions of ASMCs increased in the aywamodeling group [22].
Increased airway smooth muscle mass, which is astIgartially caused by
hyperplasia, is one of the characteristic chandesravay remodeling and impaired
lung function. Exposure of ASMCs to mitogenic stlimsuch as platelet-derived
growth factor results in changing from a hypopesfitive to a proliferative
phenotype, as demonstrated by our and other labvaat[23,24].Our previous work
has shown that NkB signaling is essential for phenotype switchindABMCs and
that inhibition of NFxB alleviates ASMC accumulation both in vivo andritro. The
current study suggests that TRPC3 contributesdiifgmration and migration signaling
in asthma and also represents a promising targettife treatment of airway
remodeling in asthma.

The functional roles of TRPC3 in asthma were furth@oved in the
OVA-sensitized mouse, in which continuous subcutasalelivery of Pyr3 for 7 days
significantly rescued the Penh and the airway reziieg. Moreover, the circulating
level of the inflammatory cytokine IL-13 was supgsed by Pyr3 compared to the
OVA-sensitized group. The essentials of our resalts supported by another
independent study by Song, T. et al. In their stidyatment of the OVA-sensitized
mouse with TRPC3 shRNA and Pyr3 intranasally adstenéd also abolished the
allergen-induced AHR as well as airway remodelirZp][ The inflammatory
cytokines in the bronchoalveolar lavage fluid remedi unaffected by those treatments.

Compared to the effect of TRPC3 blockage by Pyr3hencirculating IL-13 level in



our study, the difference might be due in part lie toute of drug delivery, the
treatment duration and the difference betweendtels of inflammatory cytokines in
bronchoalveolar lavage fluid and plasma.

In conclusion, we have found that in vivo antagonisf TRPC3 by Pyr3 resulted
in decreased OVA-sensitized mouse Penh and dedreaselation of inflammatory
cytokines and that in vitro antagonism of TRPC3Pyy3 and knockdown of TRPC3
by shRNA resulted in decreased proliferation andyration of ASMCs from
OVA-sensitized mouse. We therefore suggest that ORhight be a promising
therapeutic target in asthma and that Pyr3 is aowaging candidate drug, although

more detailed investigations are required.
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Figure L egends

Figure 1. Identification of chronic OVA-sensitized mice model and the mRNA
and protein expression of TRPC3

(A) The photomicrographs are representative ofritjiet-middle lobes of each group
using hematoxylin and eosin (H&E) staining. Scalar, b20 um. (B) Penh in
OVA-sensitized group (abbreviated as Asthma groapd normal group. **P <
0.001 compared with the normal group (n=10). (Cg Tiickness of airway wall was
increased in the OVA-sensitized groupP* 0.01 compared with the normal group.
(D) Relative mRNA level of TRPC3 in ASMCs of the @¢ensitized group and the
normal group. *P < 0.01 compared with the normal group (n=10). (BB Protein
expression of TRPC3 in the OVA-sensitized group taednormal group.

Figure 2. In vivo pharmacological inhibition of TRPC3 by Pyr3 decreased Penh,
airway remodeling and circulating IL-13

(A) Penh to the mAch was measured in the OVA-semsitgroup (Control, n=6),
OVA-sensitized mice with implantation of a pump t@ning Pyr3 (Pyr3, n=6) and
OVA-sensitized mice with a sham operation providing% saline instead of Pyr3
(Sham, n=4). *P < 0.001 compared with control group. (B) ELISA afcalating
IL-13 levels of each group.P* < 0.05 compared with the control group. (C)

Photomicrographs representative of the airwaysashegroup using H&E staining.



Scale bar, 2@um. Bar graph showing the relative airway thickneksach group. P

< 0.05 compared with the control group.

Figure 3. In vitro inhibition of TRPC3 by Pyr3 blocked OVA-sensitized mouse
ASMC proliferation, migration

Effect of Pyr3 on ASMC proliferation (A) and migran (B), a, b, ¢ were represented
as comparing with the @M group, 3uM group and 5uM group respectively.P <
0.05, **P < 0.01, ***P < 0.001 compared with theM group,”P < 0.05,”P < 0.01,
##P < 0.001 compared with the @3V group, *4 P < 0.001 compared with the BV
group. (C) The photomicrographs are representativeell migration. Scale bar, 50
um.

Figure 4. In vitro lentiviral TRPC3 shRNAs blocked the OVA-sensitized mouse
ASMC proliferation and migration

(A) TRPC3 expression was detected in ASMCs. 1684122387 and 2593 represent
ASMCs transfected with different TRPC3 shRNA. (BRAC3 shRNA decreases
ASMC proliferation. Cell proliferation was assess®d?24 h, 48 h, and 72 h after
seeding in 96-well plates. *# < 0.001 compared with the NS group. (C) TRPC3
ShRNA reduces ASMC migration. Scale bar, |60. *P < 0.01 compared TRPC3

KD group with NS group.
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1. Penh, arway remodeling and the gene expression and protein of TRPC3 are
increased in OVA-sensitized mice

2. Inhibition of TRPC3 suppresses the OVA-sensitized mice Penh and airway
remodeling.

3. Inhibition of TRPC3 decreases OVA-sensitized mice ASMC proliferation and
migration.



