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TRPC1 intensifies house dust mite–induced airway
remodeling by facilitating epithelial-to-mesenchymal
transition and STAT3/NF-kB signaling
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ABSTRACT:Airway remodelingwithprogressive epithelial alterations in the respiratory tract is a severe consequence
of asthma. Although dysfunctional signaling transduction is attributed to airway inflammation, the exact mecha-
nism of airway remodeling remains largely unknown. TRPC1, a member of the transient receptor potential ca-
nonical Ca2+ channel family, possesses versatile functions but its role in airway remodeling remains undefined.
Here, we show that ablation of TRPC1 in mice alleviates airway remodeling following house dust mite (HDM)
challengewithdecreases inmucusproduction, cytokinesecretion, andcollagendeposition.HDMchallenge induces
Ca2+ influx via the TRPC1 channel, resulting in increased levels of signal transducer and activator of transcription 3
(STAT3) and proinflammatory cytokines. In contrast, STAT3 expression was significantly decreased in TRPC12/2

mouse lungs comparedwithwild-type controls afterHDMchallenge.Mechanistically, STAT3promotes epithelial-
to-mesenchymal transition and increases mucin 5AC expression. Collectively, these findings identify TRPC1 as a
modulator ofHDM-inducedairway remodelingviaSTAT3-mediated increase inmucusproduction,whichprovide
new insight in our understanding of the molecular basis of airway remodeling, and identify novel therapeutic
targets for intervention of severe chronic asthma.—Pu, Q., Zhao, Y., Sun, Y., Huang, T., Lin, P., Zhou, C., Qin, S.,
Singh, B. B., Wu, M. TRPC1 intensifies house dust mite–induced airway remodeling by facilitating epithelial-to-
mesenchymal transition and STAT3/NF-kB signaling. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Asthma is a common chronic airway disease with signif-
icant mortality and morbidity worldwide (1). Asthma
manifests with reversible airway obstruction, recurring
airway inflammation, and vascular and airway remodel-
ing (2). Airway remodeling, first described by Hubert in
1922 (3), is characterized by the structural changes occur-
ring in both small and large airways associated with
miscellaneous diseases. These structural changes include

enlarged goblet cells and submucosal glands (4), the
thickened basement membrane (5), increased smooth
muscle mass (6), proliferated airway vascularity (7), im-
paired epithelial integrity (8), augmented subepithelial
fibrosis (9), and decreased cartilage integrity (10). In ad-
dition, interactions between lung structural cells and im-
mune cells or their products are attributed to the initiation
and development of airway remodeling (11). Further-
more, epithelial-to-mesenchymal transition (EMT) has re-
cently been implicated in pathophysiological alterations
during airway remodeling via loss of epithelial cell-cell
contact and overgrowth of mesenchymal cells (12). The
molecular mechanism of EMT is complex and is not
completely understood (13). Improved understanding of
the critical components of airway EMT in asthma will in-
dicate novel therapeutic targets to prevent and control
airway remodeling.

The house dust mite (HDM) is an important source
of allergens that can induce asthmatic diseases (14).
HDM sensitivity varies, affecting anywhere from 65 to
130 million people worldwide and constituting 50% of all
asthmatic disease cases (15); however, the mechanism
underlying HDM-related respiratory allergies is not fully
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elucidated. Improved knowledge about HDMs, including
their microhabitats and action mechanisms in causing al-
lergicdiseases (16), canfacilitatedevelopmentofnovel and
efficient approaches to controlling HDM allergy.

The transient receptor potential canonical 1 (TRPC1), a
well-characterized, nonselective cation channel required for
Ca2+ homeostasis, is associated with cell migration, cell
proliferation, metabolism and fluid secretion in various
organ systems (17, 18). Our previous study reported that
TRPC1 is also involved in inflammatory response to bac-
terial infection through the TLR4/TRPC1/NF-kB signaling
circuit (19). In addition, TRPC1 appears to contribute to the
regulation of EMT in cancer (20) and the expression of
TRPC1 channel is associated with progression of chronic
airway inflammation in asthmatic guinea pigs (21). How-
ever, the function of TRPC1 in airway remodeling induced
by thephysiologic allergenHDMhasnotbeen investigated.

To determine the role of TRPC1 in HDM-induced
asthmatic allergy, we utilized TRPC1 knockout mice to
investigate its impact on a chronic allergic model. We
found that TRPC1 may be a new factor of airway remod-
eling via activation of signal transducer and activator of
transcription 3 (STAT3) pathway. The latter is implicated
in a variety of autoimmune diseases in response to stim-
ulation of cytokines and growth factors (22). In TRPC12/2

mice, HDM challenging mitigated the airway remodeling
phenotype with significant reduction of mucus secretion,
a–smooth muscle actin expression, collagen deposition,
and thickening of the peribronchial smooth muscle layer.
Mechanistically, TRPC1 deficiency also led to decreased
STAT3, which promoted the EMT process and mucus
expression in HDM challenge model.

MATERIALS AND METHODS

Reagents

Control small interfering RNA (siRNA) and TRPC1 siRNAwere
purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
ELISAkits for IL-6, IL-Ib, TNF-a, IL-4, and IL-10werepurchased
from R&D Systems (Minneapolis, MN, USA). STAT3 inhibitor
WP1066 (573097) and SFK-96365 were purchased from Milli-
poreSigma (Burlington, MA, USA). All chemicals used were of
analytical grade.

Primary cells and cell lines

MLE-12 lung type II epithelial cells were obtained from the
American Type Culture Collection (Manassas, VA, USA) and
maintained according to the manufacturer’s instructions. Alve-
olar macrophages were isolated by bronchoalveolar lavage from
mice and cultured in Roswell Park Memorial Institute 1640 Me-
dium (Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum and antibiotics (penicillin
and streptomycin) incubated in a 5% CO2 environment at 37°C
(23, 24).

Mice

B6129SF2/J [wild-type (WT)] or TRPC1 (knockout) mice were
obtained from The Jackson Laboratory (Bar Harbor, ME, USA)

and maintained under pathogen-free conditions. Experiments
were initiated when mice were 6–8 wk of age. Genotyping was
performed by PCR and Western blot. All animal studies were
performed in accordance with the guidelines approved by the
Institutional Animal Care and Use Committee.

Calcium measurements

Cells were incubated with 2 mM fura-2 (Molecular Probes,
Eugene, OR, USA) for 45 min, washed twice with Ca2+ free SES
(Standard External Solution, include: 10 mM HEPES, 120 mM
NaCl, 5.4 mMKCl, 1mMMgCl2, 10mMglucose, pH 7.4) buffer.
For fluorescence measurements, the fluorescence intensity of
Fura-2-loaded control cells was monitored with a CCD camera-
based imaging system (Compix, Lake Oswego, OR, USA)
mounted on an Olympus XL70 inverted microscope equipped
with anOlympus340 (1.3 NA) objective. The images ofmultiple
cells collectedat each excitationwavelengthwereprocessedusing
Simple Phase-Contrast X-ray Imaging (PCI) Software (Compix,
Inc., Cranberry Township, PA, USA) to provide ratios of Fura-2
fluorescence from excitation at 340 nm to that from excitation at
380 nm (F340/F380). Fluorescence traces shown represent [Ca2+]
averaged values from $30–40 cells and are representative of re-
sults obtained in$3–4 individual experiments (19).

Electrophysiology

Forpatchclampexperiments, coverslipswithcellswere transferred
to the recording chamber and perfused with an external Ringer’s
solution containing 145mMNaCl, 5mMKCl, 1mMMgCl2, 1mM
CaCl2, 10mMHEPES, and 10mMglucose at a pH of 7.4 (NaOH).
All electrophysiological experimentswere performed according to
previous protocol (24). Briefly, whole-cell currents were recorded
using an Axopatch 200B (Molecular Devices, San Jose, CA, USA).
The patch pipette had resistances between 3 and 5MV after filling
with the standard intracellular solution containing 150mMcesium
methanesulfonate, 8mMNaCL;10mMHEPES,and10mMEGTA
at a pH of 7.2 (CsOH). Basal leaks were subtracted from the final
currents and average currents are shown. The maximum peak
currentswere calculated at a holdingpotential of280mV.The I–V
curves were made using a ramp protocol ranging from 2100 to
+100 mV and 100 ms duration was delivered at 2-s intervals,
whereby current density was evaluated at various membrane po-
tentials andplotted.All experimentswerecarriedout in triplicateat
room temperature (25).

Immunization and HDM challenge

WT and TRPC12/2 mice were sensitized by intraperitoneal in-
jection with 1 mg aluminum hydroxide and 20 mg HDM on d 0
and 14. Mice were challenged with 10 mg HDM in 30 ml PBS
buffer 3 times/wk fromwk3 to 8.WTandTRPC12/2mice in the
control group were also challenged with 30 ml PBS. Mice were
euthanized by intraperitoneal injection of a ketamine mixture
(40 mg/kg ketamine-HCl and 5 mg/kg xylazine-HCl) 24 h after
the final intranasal challenge. Lung tissues were collected in liq-
uid nitrogen or fixed in 10% neutral-buffered formalin and em-
bedded in paraffin. All animal experiments were performed in
accordancewith theguidelinesof theUniversity ofNorthDakota
Institutional Animal Care and Use Committee (26).

ELISA for detecting cytokines

CytokinesweremeasuredbyELISAkits (eBioscience, SanDiego,
CA, USA). Samples of lung homogenates collected at the
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indicated times after HDM challenge. The cytokine concen-
trations were determined according to the corresponding
standards (27).

Airway inflammation and airway
remodeling evaluation

Samples were centrifuged (500 g for 5 min at 4°C) and resus-
pended with PBS. Cells in bronchoalveolar lavage fluid were
enumerated with a hemocytometer. Slides were air dried and
stained by Hema 3 Stat Pack (Thermo Fisher Scientific). Differ-
ential cell counts were administered in duplicate 150 cells from
each specimen. The lung tissues were fixed in 10% neutral-
buffered formalin and embedded in paraffin. To evaluate the
tissue histologic alterations, specimens were stained with stan-
dardhematoxylin and eosinmethods. Periodic acid–Schiff (PAS)
reagent was used to stain lung sections for detecting airway
mucus production. Subepithelial was assessment with fibrosis
Masson’s trichrome staining. The tissues were assessed for gen-
eral morphology and cellular infiltration. The index was calcu-
latedbymultiplyingbyextent (withamaximumpossible scoreof
9) and degree of cellular infiltration was scored by previously
describedmethods (28).Masson’s trichrome stainingwasused to
detect peribronchial collagen deposition. A score ranging from
0 to 3 was applied to each observed bronchus, with ;10 areas
being scored in total (29).

Western blot analysis

The samples obtained from lung homogenates and cells were
lysed in T-Per Tissue Protein Extraction Reagent Buffer, sepa-
rated by electrophoresis with SDS-PAGE gels and transferred to
polyvinylidene fluoride transfer membranes (GE Healthcare
Biosciences, Piscataway, NJ, USA). Proteins testing were per-
formed by using primary antibodies at a concentration of 1/1000
(Santa Cruz Biotechnology) and were incubated overnight.
Corresponding secondary antibodies conjugated to horseradish
peroxidase (Santa Cruz Biotechnology) were used for detecting
the primary antibodies and detected using ECL reagents (Santa
Cruz Biotechnology). Protein levels were quantified by 3 inde-
pendent immunoblotting membranes (30).

Transfection of small interfering RNA or full
length TRPC1

MLE-12cellswere transfectedwith50nMTRPC1orcontrol siRNAs
or full length TRPC1 plasmid using Lipofectamine 2000 (Thermo
Fisher Scientific), following manufacturer’s instruction (31).

Confocal microscopy and
immunofluorescent staining

Tissue sections and MLE-12 cells were incubated with matched
primary antibodies respectively (SantaCruz Biotechnology). FITC-
conjugated or tetramethylrhodamine isothiocyanate–conjugated
secondary antibodies were used to recognize primary antibodies.
Tissue sections were viewed with a Zeiss Meta 510 confocal mi-
croscope (Carl Zeiss, Oberkochen, Germany) (26).

Quantitative RT-PCR

Total RNA of MLE-12 cells were extracted using Trizol (Thermo
Fisher Scientific) according to themanufacturer’s instruction. The
quantitative RT-PCRused iTagUniversal SYBRGreen Supermix

(Bio-Rad,Hercules,CA,USA)andgene-specific primers in aCFX
Connect System (Bio-Rad). (p34:59-AACCACTTTTCCACGG-
AGACT-39 (forward), 59-ACAGGTTCCCAGACTTCCACT-39
(reverse), Mus5ac: 59-GGACCAAGTGGTTTGACACTGAC-39
(forward), 59-CCTCATAGTTGAGGCACATCCCAG-39 (reverse).
GAPDH: 59-TCAACGGCACAGTCAAGG-39 (forward) 59-ACC-
AGTGGATGCAGGGA-39 (reverse). The mRNAs were expressed
as the fold difference to glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) and all these genes showed fold change com-
pared with the indicated reference group in each individual
experiment (32).

Lipid peroxidation assay

Lipid peroxidation process was measured in a colorimetric
assay (Calbiochem) by directly testing its end product malon-
dialdehyde in homogenized lung according to the manufac-
turer’s instructions. Duplicates were done for each sample and
control (33).

Myeloperoxidase assay

Sampleswerehomogenized in 50mmhexadecyltrimethylammonium
bromide (50 mm KH2PO4, pH 6.0, 0.5 mm EDTA) (33). After
centrifuged the samples at 12,000 rpm at 4°C, supernatants
were decanted and 100 ml of reaction buffer (0.167 mg/ml
O-dianisidine, 50 mm KH2PO4, pH 6.0, 0.0005% mm H2O2)
were added to per 100 ml of sample. Read absorbance at
460 nm at 2-min intervals. Duplicates were done for each
sample and control (34).

Flow cytometry

Cellswerewashed3 timeswithPBSanddigestedwith trypsin for
5 min. The cells were centrifuged at 800 rpm for 3min to remove
the trypsin andwashedwith PBS. The cells were then fixed with
70% ethanol and washed again with PBS. The cells were in-
cubated with 40 mg/ml propidium iodide for 30 min and were
tested cell cycle by flow cytometry (35).

Cell survival

Cells were transfected with TRPC1 siRNA or plasmid for 24 h and
were then challenged with 20 mg/ml HDM for 12 h. Cell sur-
vival was tested via 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide treatment and values of OD570 were used to
represent relativecell survival comparedwith the controlgroup (36).

Colony-forming units

MLE-12 cells were incubated in 6-well plates (250 cells/well) to
observe the clone formation at d 7;most cell clones had.50 cells.
Thencellswerewashed3 timeswithPBS, fixedwithmethanol for
15min, andstainedwith crystal violet for 15min.After removing
the dye, we dissolved the crystal violet with 100% ethanol. An
absorbance of 590 was recorded (37). The experiment was per-
formed in triplicate.

Statistical analysis

All experiments were repeated$3 times. Statistical analysis was
performed by 1-way ANOVA with Tukey post hoc tests. The
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results were expressed as the means 6 SD and the significance
level between 2 groups was defined as P, 0.05 (26).

RESULTS

TRPC12/2 mice exhibited decreased
inflammatory responses following
repetitive HDM challenge

To investigate the role of TRPC1 in chronic airway in-
flammation, we performed initial sensitizations by intra-
peritoneal injection of HDM followed by repetitive
intranasal instillation to induce chronic airway inflam-
mation in age-matched WT and TRPC12/2 control mice
(Fig. 1A). After HDM challenges, TRPC12/2 mice
exhibited reduction in both total inflammatory cells and
eosinophils in the lungs (Fig. 1B,C), alongwithadecreased
inflammation index (Fig. 1D) when compared with WT
mice. In addition, myeloperoxidase activity was found to
be significantly decreased in the lungs of TRPC12/2mice
following HDM challenges (Fig. 1E). Consistent with this
observation, lipidperoxidationwas reduced inTRPC12/2

mice (Fig. 1F).Histologic alterationswerealsodecreased in
the lungs and airways in HDM-challenged TRPC12/2

mice compared with sham-challenged controls (Fig. 1G).
Moreover, compared with WT mice, inflammatory cell
infiltration was also markedly decreased in the airway,
aroundbloodvessels, andalongalveoli ofTRPC12/2mice

(Fig. 1G). Finally, in comparisonwithWTmice,TRPC12/2

mice showed significant airway smooth muscle thicken-
ing and angiogenesis. These findings indicate that
TRPC1 may play an important role in HDM-induced
airway chronic remodeling and chronic inflammation
with largely reduced pathophysiological parameters
including polymorphonuclear cell penetration and tis-
sue alterations in TRPC12/2 mice vs. WT mice.

TRPC12/2 mice showed a decline in mucus
secretion and peribronchial collagen
deposition following repetitive
HDM challenge

Airway remodeling and chronic inflammation are char-
acterized by mucus metaplasia, wall thickening, sub-
epithelial fibrosis, myocyte hyperplasia, myofibroblast
hyperplasia, and hypertrophy (38). To examine how
TRPC1 impacts HDM-induced airway remodeling and
inflammation, we detected the levels of mucus in airway
tissue and found that chronic HDM exposure caused
higher mucus secretion (PAS staining in lung tissue)
in WT mice than TRPC12/2 mice (Fig. 2A). Peribronchial
collagen deposition, another important marker of airway
remodeling, was examined by Masson’s trichrome stain-
ing. The results showed that chronic exposure to HDM
increased peribronchial collagen deposition in WT mice
compared with the TRPC12/2 mice (Fig. 2A), providing
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Figure 1. TRPC12/2 mice exhibited reduced inflammation after chronic allergen exposure. A) Sensitization and challenge
protocol for TRPC12/2 and WT mice with HDM (n = 8 mice/group). The number of total cells (B) and eosinophils (EOS) (C)
in the bronchoalveolar lavage of mice exposed to PBS or HDM were determined by differential cell analysis and plotted on a bar
graph. D) Inflammatory cell infiltration was examined in the lungs of TRPC12/2 and WT mice that were subject to the allergen
challenge (10 random areas). E) Myeloperoxidase activity in lungs following HDM challenge in WT mice and TRPC12/2 mice.
F) Lipid peroxidation in TRPC12/2 mouse lung compared with WT mice following HDM challenge. G) Lung tissues from WT
mice and TRPC12/2 mice treated with PBS (control) or allergen challenge (HDM) were stained with hematoxylin and eosin
(arrows indicating typical inflammatory regions; original magnification, 33200). Data are displayed as means 6 SEM and are
representative of 8 mice evaluated in each group. *P , 0.05, **P , 0.01.
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additional evidence that TRPC1 is strongly associated
with airway chronic remodeling. In addition,we observed
adecrease in collagen score aswell as the number of goblet
cells in the airway of HDM-challenged TRPC12/2 mice
when compared with the WT mice (Fig. 2B, C). To delve
into the mechanisms of TRPC1-associated inflammation,
we used a lung epithelial cell line (MLE-12) and evaluated
the cell signaling pathways.Our data showed a significant
increase in mucin (muc) 5AC immunostaining in the
HDM-challenged MLE-12 cells, which was attenuated in
cells pretreated with a nonspecific TRPC1 antagonist
(-96365) (Fig. 2D, E). Consistentwith these results, we also
noted a decrease in muc5AC mRNA levels of MLE-12
cells when treated with SKF-96365 compared with sham
control cells (Fig. 2F). Together, these data demonstrate
that TRPC1 might be involved in airway remodeling and
chronic inflammation.

HDM challenge induced Ca2+ influx via the
TRPC1 channel

In lung epithelial cells, Ca2+ signaling is essential for reg-
ulating various physiologic functions including inflam-
mation. HDM can induce barrier dysfunction and

induce severe inflammation through Ca2+ signaling
mechanisms (39). TRPC1 is thought to mediate calcium
entry in response to depletion of endoplasmic calcium
stores, termed store-operated Ca2+ entry (SOCE), or via
the activation of receptors coupled to the PLC system
(40). To evaluate whether HDM challenge induces air-
way remodeling via TRPC1-mediated Ca2+ signaling, we
examined Ca2+ entry and found that HDM treatment sig-
nificantly increased the calcium influx (SOCE) induced by
the addition of thapsigargin (Tg) (Fig. 3A, B). To evaluate
the properties of the Ca2+ currents, membrane recordings
were performed. Addition of Tg induced a nonselective
inward current that reversed between 0 and25 mV (Fig.
3C, D). Importantly, the current properties observed in
lung epithelial cells were consistent with previous re-
cordings performed in other cell types, which have been
shown tobe linked toTRPC1 channels (41–43), suggesting
that TRPC1 contributes to the endogenous SOCE channel
in these cells. Furthermore, the inward currents were
significantly facilitated after HDM treatment (280 mV
was26.406 0.43 pA/pF in the untreated control,whereas
28.616 0.38 pA/pF was observed with HDM treatment)
(Fig. 3C–E). Although TRPC1 allows plasma mem-
braneCa2+ influx inresponsetoendoplasmicreticulumCa2+

depletion, thus far there are no reports showing that TRPC1
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mediates SOCE inMLE-12 cells. To fill in this knowledge
gap, we silenced TRPC1 (siTRPC1) using an siRNA ap-
proach. As shown in Fig. 3F, expression of TRPC1 was
significantly decreased in lung epithelial cells that
overexpress siTRPC1, but actin (control) was not. Im-
portantly, Tg-induced Ca2+ influx was also inhibited in
cells expressing siTRPC1 (Fig. 3G,H). Furthermore, there
was no significant difference in Ca2+ influx between
siTRPC1 cells and siTRPC1 treated with HDM, again
suggesting that the effects observed here are caused
by TRPC1. Consistent with these results, Tg-induced
Ca2+ currents were significantly inhibited in lung epi-
thelial cells that expressed siTRPC1 (Fig. 3I, J). Similar
results were also observedwithHDM treatment and no
significant difference was noticed in siTRPC1 group

and siTRPC1 treated with HDM. To further establish
that the effect of HDM on cells was dependent on
TRPC1 expression, we transfected lung epithelial
cells with a plasmid expressing full-length TRPC1 and
evaluated the effect of HDM on lung epithelial cells.
Western blot analysis showed increased TRPC1 ex-
pression in lung epithelial cells after transfection (Fig.
3K). Overexpression of TRPC1 increased Tg-induced
Ca2+ influx, whichwas significantly increased byHDM
treatment (Fig. 3L, M). In addition, the Ca2+ current in-
duced by Tg wasmarkedly increased by HDM treatment
in cells overexpressing TRPC1 (Fig. 3N, O). Overall, these
results demonstrate that TRPC1 is essential for SOCE-
mediated Ca2+ entry and that ablation of TRPC1 affects
endoplasmic reticulum and cytosolic Ca2+ homeostasis.
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Figure 3. HDM treatment facilitated TRPC1 channel function in lung epithelial cells. A) Ca2+ imaging was performed in the
presence or absence of HDM in MLE-12 cells. Analog plots of the fluorescence ratio (340/380) from an average of 40–60 cells are
shown. B) Quantification (mean 6 SD) of fluorescence ratio (340/380). C) Whole-cell patch recording showed that bath
application of 1 mM Tg-induced a nonselective inward current in MLE-12 cells. Average I–V curves at 280 mV under these
conditions are shown in D and current density from 8 to 10 cells are quantified in E. F) MLE-12 cell lysates in control (mock-
treated) and TRPC1 siRNA–treated were resolved and analyzed by Western blot. Antibodies used are labeled; b-actin was used as
a loading control. G) Ca2+ imaging was performed in in MLE-12 cells in control and various conditions as labeled in the figure.
Analog plots of the fluorescence ratio (340/380) from an average of 40–60 cells are shown. H) Quantification (mean 6 SD) of
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showed average I–V curves and current intensity (n = 8–10 cells) at 280 mV under these conditions. K) MLE-12 cell lysates
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ratio (340/380). N, O) Average I–V curves from whole-cell patch recording and current intensity at 280 mV under conditions as
stated. *P , 0.005, **P , 0.001.
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TRPC1 deficiency down-regulated STAT3 and
NF-kB in TRPC12/2 mice and in lung
epithelial cells

Our previous studies have shown that silencing TRPC1
suppresses the JNK/NF-kB pathway during Gram-
negative bacterial infection (19). However, TRPC1 func-
tion and its downstream signaling pathways have not
been studied in HDM-induced allergic models. To de-
termine the downstream signals, we evaluated pre-
sumptively relevant kinase proteins and cytokines in
WT and TRPC12/2 mice and in control MLE-12 cells or
cells overexpressing full-length TRPC1 (ovTRPC1) or in
siTRPC1 condition.Western blot analysis demonstrated a
decrease in the phosphorylation of STAT3 andNF-kB p65
in TRPC1 siRNA-transfected MLE-12 cells (Fig. 4A). In
contrast, STAT3 and NF-kB phosphorylation was in-
creased in TRPCI overexpressed MLE-12 cells compared
with control MLE-12 cells (Fig. 4A). Importantly, STAT3
inhibition further decreased phosphorylation of STAT3
but not of NF-kB (Fig. 4B), and stimulation with IL-6 was
able to increase STAT3 phosphorylation (Fig. 4B). Con-
sistently, loss of TRPC1 was also associated with de-
creased secretion of IL-6, TNF-a, IL-4, IL-10, and IL-1b
(Fig. 4C–G). Collectively, these findings illustrate that
TRPC1 deficiency exhibits impaired proinflammatory

responses following HDM challenge through the NF-kB
and STAT3 pathway.

TRPC1 and STAT3 impacted EMT following
HDM challenge

EMT is a significant contributor to airwaywall thickening
in the pathologic course of severe asthma (44), and HDM
exposure promoted EMT in human bronchial epithelium
(45). To elucidate the relationship between EMT and air-
way remodeling, we examined whether HDM exposure
promoted EMT inMLE-12 cells. NF-kB is associatedwith
EMT and plays a crucial role in inflammatory airway
diseases (46–48). Whereas autocrine STAT3 was associ-
ated with EMT in lung adenocarcinoma (49), the role of
STAT3 in EMT in airway remodeling has not been
established. We found that either HDM challenge or
TRPC1 siRNA–transfected MLE-12 cells decreased the
level of E-cadherin, a marker for EMT (Fig. 5A). Impor-
tantly, followingHDMchallenge, TRPC1was colocalized
with E-cadherin, and collagen type I (Fig. 5A, B). More-
over, STAT3 inhibitor abolished the effect of HDM chal-
lenge on E-cadherin expression in MLE-12 cells (Fig. 5C).
These results confirmed the critical role of STAT3 in
inducing EMT and inflammatory response. To explore
the upstream regulator of STAT3, we examined the

Figure 4. TRPC1 silencing suppressed the STAT3/NF-kB pathway following HDM challenge. A) Western blot analysis of total and
phosphorylation of STAT5, NF-kB, and STAT3 in control (WT) MLE-12 cells, siTRPC1 cells, or overexpressing full length TRPC1
(ovTRPC1) that were exposed to HDM or PBS. B) Western blot analysis of NF-kB and STAT3 in MLE12 cells (WT), cells treated
with STAT3 inhibitor III (WP1066), and IL-6–treated cells that were exposed to HDM or PBS. C–G) Cytokines as labeled in the
lung tissues were measured using ELISA (from 4 independent experiments performed in duplicate). **P , 0.01.
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phosphorylationof JNK,whichwas found tobe increased
after HDM challenge (Fig. 5D) and could be blocked by
the addition of TRPC1 blocker (SKF 96365) or in siTRPC1
cells. These data imply that JNK was also involved in
HDM-induced airway remodeling.

TRPC1 impacted cell cycle during HDM-
induced EMT in airway epithelial cells

To further dissect the role of TRPC1 in regulating EMT and
cell homeostasis during HDM challenge, we explored epi-
thelial cell survival and colony formation ability. Our results
showed that decreasing TRPC1 expression and HDM chal-
lenge had no impact on cell survival (Fig. 6A). In contrast,
blocking TRPC1 function (adding SKF) significantly inhibi-
ted their colony-forming ability (Fig. 6B). Interestingly,
TRPC1 overexpression influenced both cell survival and the
colony formation (Fig. 6A, B). To further probe how TRPC1
alters cell growth during HDM challenge, we evaluated
whetherTRPC1 can alter cell cycle, and found that therewas
a significantdifference in theS-phaseof cell cycleprogression
upon TRPC1 blocking (Fig. 6C). Importantly, p34, which is

activatedat the startof theSphase,wasalsodecreasedunder
these conditions (Fig. 6D, E). These results argue that the cell
cyclewas arrested at the SphasewhenTRPC1was inhibited
and theG2andMphaseswereacceleratedwhenTRPC1was
overexpressed in the presence of HDM. Taken together,
thesedata indicate that TRPC1may impact the cell cycle and
EMT following HDM challenge through activation of the
STAT3/NF-kB pathway (Fig. 6F).

DISCUSSION

The etiology and progression mechanisms of asthma are
complex and are not fully understood. HDM-induced
airway inflammation influences both innate and adaptive
immunity, making it very difficult to totally reveal the
mechanisms, despite intense research efforts. Previous
studies have identified that a rise in cytosolic Ca2+ con-
centration serve as a shared signal transduction ele-
ment that causes bronchial wall thickening and bronchial
constriction in asthma (50). TRPC1, mediate Ca2+ entry
in response to depletion of endoplasmic Ca2+ stores (40),
thus has the potential function in asthma. In addition to

Figure 5. TRPC1 and STAT3 were critical for EMT in epithelial cells. A) Immunofluorescence of E-cadherin and TRPC1 in
the WT (mock-treated; No) TRPC1 siRNA–transfected cells exposed to HDM and WT cells exposed to HDM. B) Immunofluorescence
of collagen type 1 (COL 1A) and TRPC1 in the MLE-12 cells exposed to PBS or HDM. C) MLE-12 cells were treated with STAT3
inhibitor III (WP1066) and then treated with 20 mg/ml HDM or PBS. Fluorescence intensity was detected by confocal imaging. D)
Western blot analysis of total and phosphorylation of JNK proteins in MLE-12 cells after exposed to HDM (+) or PBS (2) in control
(WT) or SKF (+ SKF 96365), or siTRPC1 cells.
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bronchial wall thickening and bronchial constriction, air-
way remodeling is also an important marker of asthma
(51), butwhether this is associatedwithCa2+orTRPC1has
not been demonstrated. In this study, we showed that
HDM challenge facilitated the activation of Ca2+ influx via
the TRPC1 channel, exhibiting an apparent phenotype
related to TRPC1. Furthermore, TRPC12/2 mice show
decreased inflammation and mucus secretion following
repetitive HDM challenge. Although mucus produced by
goblet cells serves to protect epithelial cells in the re-
spiratory tract (52) by catching small particles such asdust,
allergens, and infectious agents, in asthma conditions they
are oversecreted and cause harm to patients by plugging
their airways.

TRPC1 plays an important role in Ca2+ entry, which
belongs to the group of store-operated Ca2+ channels
(SOCCs) and is the main Ca2+ influx pathway for non-
excitable cells. For non- Ca2+-selective SOCCs, TRPC1

together with the molecules STIM1 (stromal interaction
molecule 1) and Orai1 (ORAI calcium release-activated
calcium modulator 1) form a macromolecular com-
plex that constitutes the basic structure of the SOCCs.
SOCCs could control the muscle contractility and cellu-
lar inflammatory factors (chemokines) and regulates
cell growth and airwaypathology (53). Importantly,when
TRPC1 was knocked out, the airway phenotype, includ-
ing mucus secretion, was altered. The decrease in mucus
indicated that the airway remodeling was mitigated after
the loss of TRPC1 expression, and blocking TRPC1 func-
tion also decreased muc5AC expression. This is con-
sistent with down-regulated inflammation pathways,
especially the STAT3/NF-kB signaling pathway, along
with decreased proinflammatory cytokines including
IL-4, IL-1b, and TNF-a (Fig. 4). STAT3 is important
for the differentiation of immune cells, such as Th17
helper cells, that are involved in a variety of autoimmune

Figure 6. TRPC1 and HDM altered the cell cycle of airway epithelial cells. A, B) Cell survival and colony-forming units were
determined in inhibitor-treated (SKF) or TRPC1-overexpressing MLE-12 cells. C) Flow cytometry analysis of cell cycle
progression of MLE-12 cells using propidium iodide stain. D, E) Quantitative RT-PCR and Western blot analysis of cell
cycle–associated genes at the mRNA and protein levels. F) Schematic of the underlying pathway revealed in the study. *P , 0.05,
***P , 0.001.
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diseases (22). During infection, mice lacking STAT3
showedmore severe inflammatory response (54).Over the
years, the role of STAT3 in airway inflation is becoming
quite conspicuous since Simeone et al. (39) reported that
STAT3 was necessary for allergic inflammation in HDM-
treated mice. Similarly, subsequent studies also showed
that phospho-STAT3 was up-regulated in HDM-induced
airway inflammation (55–57). These lines of evidence
provide strong support for the regulation of STAT3 via
TRPC1 activation in murine asthma models. In addition,
the Janus kinase 2 (JAK2)/STAT3 signaling pathway also
function in cell growth by directly or indirectly regulating
cell cycle.

Importantly, TRPC1 silencing led to thedown-regulation
of E-cadherin, which promotes EMT. It has been con-
firmed that airway remodeling is involved differentiation
ofairwayepithelial cells intomyofibroblasts throughEMT
to intensify the level of subepithelial fibrosis (58). Our re-
sults indicate that TRPC1 was involved in EMT, thus re-
vealing a novel mechanism by which TRPC1 facilitates
HDM-induced airway remodeling and inflammation
through elevation of the STAT3/NF-kB pathway and
through regulation of the cell cycle. Although TRPC1was
reported to arrest cell cycle in both cancer cells and bone
marrow stromal cells (59–61), this is seldom reported
in HDM-induced asthma. Our observations provide a
new perspective on how the cell cycle is altered during
HDM challenge. Overall, our data demonstrate a typical
phenotype of HDM challenge in TRPC12/2 mice and
suggest an important role for TRPC1 in airway remodel-
ing. TRPC1 elevates the STAT3 pathway, leading to the
dysregulated proinflammatory response during HDM
challenge andEMT. Either inhibitingor regulatingTRPC1
expression influences the dysregulated proinflammatory
response by different but overlapping pathways. HDM
increases the activity of TRPC1, providing new insight
into the role of TRPC1 in the airway remodeling following
HDM challenge and indicating novel drug targets for
treating clinical asthma.

Althoughonly a small proportionof patients experience
severe asthma, it is the principal element of asthma-related
morbidity (62). Targeted treatments for its phenotypes in-
dicatemajor advancement in the therapy of severe asthma.
Monoclonal antibody treatment with the eosinophilic
asthma phenotype seems to benefit patients (62), and new
therapeutic procedures such as bronchial thermoplasty,
which reduces airway smooth muscle mass in patients
with severe uncontrolled asthma, have been developed
(62). A targeted approach will provide a major advance-
ment in better understanding of the mechanism of asthma
and help develop more effective treatment strategies. As
the study progressed,many functions of TRPC1, including
intrauterine immunoregulation, were discovered, such as
stem cell proliferation (63), neuron distribution (64), and
lipid raft integrity (65). Thus, the potential of TRPC1 as an
asthma therapy target is increasing.However, themultiple
roles of TRPC1 and calcium signaling raised additional
questions: What is the identity of the SOCE channel in
different cell types (lung cells, smooth muscle cells, im-
mune cells, etc.) that are influenced during asthma? Does
TRPC1 form multimeric channels with other TRPCs and

Orais?HowdoesTRPC1 interactwith othermolecules that
influence calcium entry (including STIM1, STIM2, SARAF,
SIGMA, and others)? Does TRPC1 function change in re-
sponse to different pathogens or allergens? Does it have a
universal effect or is it specific to HDM treatment? Hence,
further studies on TRPC1 and its related signaling mech-
anisms are necessary to identify novel therapeutic targets
for treating asthma and chronic obstructive pulmonary
disease.
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