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Abstract

Oxidative stress is a predisposing factor in Chronic Obstructive Pulmonary Disease (COPD).
Specifically, pulmonary epithelial (PE) cells reduce antioxidant capacity during COPD because of
the continuous production of reactive oxygen species (ROS). However, the molecular pathogenesis
that governs such ROS activity is unclear. Here we show that the dysregulation of intracellular
calcium concentration ([Ca2*];) in PE cells from COPD patients, compared to the healthy PE cells,
is associated with the robust functional expressions of Transient Receptor Potential Canonical
(TRPC)1 and TRPC3 channels, and Ca2* entry (SOCE) components, Stromal Interaction
Molecule 1 (STIM1) and ORAI1 channels. Additionally, the elevated expression levels of fibrotic,
inflammatory, oxidative, and apoptotic markers in cells from COPD patients suggest detrimental
pathway activation, thereby reducing the ability of lung remodeling. To further delineate the
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mechanism, we used human lung epithelial cell line, A549, since the behavior of SOCE and the
expression patterns of TRPC1/C3, STIM1, and ORAI1 were much like PE cells. Notably, the
knockdown of TRPC1/C3 in A549 cells substantially reduced the SOCE-induced [Ca2*]; rise,
and reversed the ROS-mediated oxidative, fibrotic, inflammatory, and apoptotic responses, thus
confirming the role of TRPC1/C3 in SOCE driven COPD-like condition. Higher TRPC1/C3,
STIM1, and ORAI1 expressions, along with a greater Ca2* entry, via SOCE in ROS-induced
Ab549 cells, led to the rise in oxidative, fibrotic, inflammatory, and apoptotic gene expression,
specifically through the extracellular signal-regulated kinase (ERK) pathway. Abatement of
TRPC1 and/or TRPC3 reduced the mobilization of [Ca?*]; and reversed apoptotic gene expression
and ERK activation, signifying the involvement of TRPC1/C3. Together these data suggest that
TRPC1/C3 and SOCE facilitate the COPD condition through ROS-mediated cell death, thus
implicating their likely roles as potential therapeutic targets for COPD.

Summary:

Alterations in Ca2* signaling modalities in normal pulmonary epithelial cells exhibit COPD
through oxidative stress and cellular injury, compromising repair, which was alleviated through
inhibition of store-operated calcium entry.

Graphical Abstract
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Schematic representation of the proposed mechanism in developing chronic obstructive pulmonary
disease (COPD) condition in pulmonary epithelial (PE) cells causing injury via in PE cell
involving intracellular calcium ([Ca2*];) mobilization. A. Ca2* entry in normal PE cells is
activated through the GPCR-PLC pathway which yields diacylglycerol (DAG) to activate
receptor-operated Ca2* entry (ROCE), or IP to cause store-operated Ca2* entry (SOCE).

SOCE involves Transient Receptor Potential Canonical 1 (TRPC1) and TRPC3, through IP3
receptor (IP3-R) and by the activation of ORAIL channels by STIM1. B. In COPD PE cells a
greater and prolonged rise in [Ca2*];, due to SOCE activation caused by the robust functional
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expressions of Transient Receptor Potential Canonical 1 (TRPC1), TRPC3, and the store-operated
Ca?* entry (SOCE) components, STIM1 and ORAI1. Antioxidant capacity in COPD PE cells

is substantially reduced due to continuous production of ROS with the robust expressions

of fibrotic, inflammatory, oxidative stress, and apoptotic marker. Functional interaction of
TRPC1/C3 and TRPC1/C3-STIM1-Orail towards operating SOCE could potentially provide a
novel mechanism for the development of COPD condition by compromising the repair and
remodeling process. GPCR: G-protein coupled receptor; Ga.: G-protein; PLC: Phospholipase

C; DAG: diacylglycerol; IP3: Inositol trisphosphate; SERCA: sarco/endoplasmic reticulum Ca2*-
ATPase; NOX4: Nicotinamide-adenine dinucleotide phosphate oxidases 4; transforming growth
factor beta 1: TGF-B1; Fibronectin: FN1; IL-6: interleukin-6; MCP1: monocyte chemoattractant
protein 1; BAX1: BCL2-associated X protein 1; BCL2: B-cell lymphoma 2.

Keywords

Calcium; ROS; Cellular signaling; lung disease; TRPC channel; pulmonary epithelial cells; Ca2*
signaling; oxidative stress; lung disease

Introduction:

Baseline reactive oxygen species (ROS) levels act as an integral component of cellular
function. However, during certain conditions, such as drug metabolism or ischemia-
reperfusion, ROS generation can overwhelm cellular antioxidant defenses that can lead to
oxidative stress [1]. Although, it has been established that an increase in cytosolic [Ca?*]

is critical for ROS generation [2,3], the mechanism of Ca2* entry remains unclear. ROS-
induced intracellular Ca2* [(Ca2*);] overload due to Ca%* channel activation is critical for
cell death in cardiomyocytes [4]. Interestingly, Ca2* channel antagonists have been shown to
inhibit oxidative stress in heart cells, which was mediated via the ROS-scavenging enzymes

[5].

Oxidants were known to impose growth control on airway epithelial cells through the
upstream modulation of receptor functions, leading to Ca%* influx [6,7]. However, the
regulation of cytosolic [Ca2*] in those epithelial cells remain elusive. The depletion of
(Ca2*); stores that induces Ca2* entry has been shown to trigger agonist-mediated bronchial
constriction and dysfunction of smooth muscle cells [8,9]. Thus, a rise in [Ca2*]; may serve
as a shared signaling element towards promoting constriction and thickening of bronchial
wall in diseased states such as asthma and chronic obstructive pulmonary disease (COPD).

Both internal and external sources of Ca2* have been shown to generate Ca%* signals

in different cell types [10]. Specifically, activation of G-protein coupled receptors

(GPCR), such as muscarinic or a—adrenergic receptors, acts as an initiator of the
phosphoinositol metabolism resulting in the production of inositol 1,4,5-trisphosphate (1P3)
and diacylglycerol (DAG) [11]. IP5 further releases Ca2* from internal stores by binding

to the 1P receptor (IP3R), which activates Ca2* channels of the plasma membrane to
initiate store-operated Ca2* entry (SOCE), causing the rise in cytosolic [Ca2*]; [10,12].
DAG, on the other hand, can directly activate plasma membrane’s Ca2* channels, known
as receptor-operated Ca2* entry (ROCE; [13]). We have shown the role of the transient
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receptor potential canonical (TRPC) subfamily of channels in regulating Ca?* entry in
various epithelial cell types [14-17]. While TRPC3 and TRPC6 appear to be activated

by phosphatidylinositol 4,5-bisphosphate (PIP5) hydrolysis, TRPC1 seems to induce store-
depletion and in turn induce Ca2* entry [18-20]. Interestingly, in salivary epithelial cells
GPCR activated Ca%*-signaling was shown to induce both TRPC1 and TRPC3 channels
through heteromeric interaction [21], however, such function in native cells remains
unknown. Although Ca?* entry via TRPCs is required for inherent cellular functions [22],
the sustained elevation of cytosolic [Ca2*];, we found during oxidative stress in renal
epithelial cells [23], could also be deleterious to pulmonary epithelial (PE) cells.

Activation of mammalian TRPC channels can enhance oxidative stress [24]. Our recent
study supports this idea of linking GPCR-induced prolonged rise in [Ca2*];, and subsequent
ROS generation, which leads to renal epithelial cell damage [25]. Furthermore, we have
shown that the upregulation of two endoplasmic reticular (ER) SOCE components, STIM1
and STIM2, and SOCE channel, ORAI3, during ER stress, evoked ROS production and
contributed to oxidative stress-induced cell death [26]. However, the impact of these SOCE
players and their role(s) in such detrimental Ca2* signaling/oxidative stress in PE cells
remain unknown. Here we show for the first time that targeting TRPC1/C3 or STIM1/
ORAI1 can hinder ROS-induced deleterious responses in COPD-PE cells, which implicates
the possible roles of TRPC1/C3, and STIM1-ORAI1 complex in store-operated Ca2* influx.
Our data provide insight into the molecular mechanisms of (Ca2*); dysregulation, ROS
generation, ER stress, and cell death in PE cells during COPD, and thus, could have

a translational role by providing potential novel therapeutic targets for the treatment of
COPD. Taken together, modulation of Ca2* signaling can be used as a tool to reverse the
pathological consequences of COPD condition.

Methods and Materials

Reagents and chemicals

NPS-2143 and SKF-96365 were purchased from Tocris Bioscience (Minneapolis,

MN). Bis-chloroethylnitrosourea (BCNU), carbachol (CCh), Pyr3, Pyr6, Pyr10, 2-
Aminoethoxydiphenyl borate (2-APB), thapsigargin (Tg), 1-oleoyl-2-acetyl-sn-glycerol
(OAG) and ionomycin were obtained from Sigma-Aldrich (St Louis, MO). Pico1,4,5 and
Synta66 were purchased from MedChemExpress (Monmouth Junction, NJ). GSK2833503A
and GSK1702934A were purchased from BioTechne (Minneapolis, MN). We procured
F-12K medium, Fetal Bovine Serum (FBS), penicillin, streptomycin, and Fura-2-
acetoxymethyl ester (Fura-2-AM) from Invitrogen (Carlsbad, CA). SAGM SingleQuot kit
and SABM basal medium were purchased from Lonza (Walkersville, MD). All chemicals
utilized are of analytical grade.

2.2. Cell culture

Small airway epithelial cells (cc-2547) and D-SAEC-COPD small airway epithelial cells
(cc-2934) were purchased from Lonza (Walkersville, MD) and were cultured in SAGM
medium that was prepared with SAGM SingleQuots Kit and the SABM Basal Medium,
according to manufacturer’s instructions, at 37°C in 5% CO, [27]. A549 cells (CCL-185)
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were obtained from ATCC (Manassas, VA), and seeded in culture using F-12K medium,
supplemented with 10% FBS, 2mM glutamine and 1% penicillin/streptomycin at 37°C in
5% CO, [28]. All experiments with PE and COPD cells were performed on the 2" and 3rd
passages and we followed the same for using A549 cells to minimize the variation between
the passages and preserve the optimal cellular functions.

2.3. ROS induction in cells

Cells were placed in F-12K complete culture media and grown to 80% confluency until
they were subcultured or used for experiments. For BCNU treatments, appropriate amounts
(50-100uM) were added in serum-free media and incubated for several time points (6, 12,
18, or 24 h) under standard humidified conditions at 37 °C in 5% CO,.

2.4. Transfection of siRNA

A549 cells were transfected with (10 nM) targeted siRNA(S) against 7RPCI (Santa Cruz
Biotechnology, Santa Cruz CA; sc-42664), TRPC3 (Santa Cruz Biotechnology, Santa

Cruz CA,; sc-42666), ORA/I (Santa Cruz Biotechnology, Santa Cruz CA; sc-76001),
STIM1 (Santa Cruz Biotechnology, Santa Cruz CA,; sc-76589) and nontarget (scrambled)
siRNA-A (Santa Cruz Biotechnology, Santa Cruz CA; sc-37007) as negative control. An
average of 1x106 cells per well were seeded in a 6-well plate or glass-bottom dish as
required for the experimental setup. Transfection was performed using Lipofectamine-2000
Reagent (ThermoFisher Scientific, Waltham, MA) according to manufacturer’s instructions.
The efficiency of sSiRNA-mediated gene silencing was evaluated by RT-PCR analysis as
previously described [25].

2.5. [Ca?*]; Fura-2 measurements by time-lapse fluorescence

[CaZ*]; measurements were conducted on Fura-2-AM loaded cells as previously described
[25,29]. Experiments were performed within humidified microincubator with gaseous
mixture of 95% air and 5% CO» set to 37°C. Fluorescence was recorded at emission peak
absorbance of 500 nm wavelength with an excitation peak absorbance that continuously
shifted 340 nm and 380 nm wavelengths. Real-time recordings were set to different

points of time (300-500 s) at 1 s intervals and were measured at an average of 50-150
cells. Fluorescence absorbance was analyzed offline using Slidebook™ software. Statistical
analysis and graph plotting was performed using Origin 6.1.

2.6. Electrophysiology

Whole-cell patch clamp was performed as described previously [25,29]. Cells were bathed
in external solution containing (in mM): 140 NaCl, 4 KCI, 1 MgCly, 2 CaCls,, 5 D-glucose,
and 10 HEPES (NaOH, pH 7.4). The intracellular solution contained (in mM): 50 CsCl,
10 NaCl, 60 CsF, 20 EGTA, and 10 HEPES (CsOH, pH 7.2). I-V were recorded and
measured every 3 s by applying voltage ramps (300 ms) from —100 mV to +100 mV

at a holding potential of —80 mV. Before establishing the whole-cell configuration, the
membrane resistance was >500 MQ. All experiments were conducted at room temperature
(25 °C).
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H,O0, release measurement

H»0, release from cells was assessed using an H,O, Cell-Based Assay Kit (Cayman
Chemicals, Ann Arbor, MI) according to the manufacturer’s instructions. H,O» release
was calculated by subtracting the background wavelength (540 nm) from the emission
wavelength (590 nm).

Lactate dehydrogenase (LDH) release measurement

LDH release from A549 cells treated with BCNU was measured using a Pierce LDH
Cytotoxicity Assay kit (ThermoFisher Scientific) according to manufacturer’s instructions.
LDH release reaction in external media was assessed by the subtraction of the absorbance at
680 nm (background) from the absorbance at 490 nm.

2.9. DAPI (4’,6-diamidino-2-phenylindole) staining

DAPI staining was used to detect apoptotic nuclei as previously described [25]. Cells were
fixed with 3% paraformaldehyde and permeabilized with 0.01% Triton X-100 in 0.1% BSA
for 2 min. Cells were then washed with 1x PBS once and incubated with DAPI (1 pg/ml in
1x PBS pH 7.4) in 500 pl in dark conditions. DAPI solution was then removed, and cells
were washed twice with 1x PBS and visualized under fluorescence microscopy (Axiovision,
Carl Zeiss). Cell death percentage was calculated: # of cells indicative of cell death/the total
# of cells x 100.

2.10. Detection of ROS using 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA)

Carboxy-H2DCFDA reagent was oxidized in the presence of ROS and developed green
fluorescence. Intracellular fluorescent ROS measurements were performed using a cell-
permeable probe, H2DCFDA [30]. Cells were incubated with H2DCFDA (10 pM) in a
colorless HBSS (Invitrogen) medium for 30 min at 37°C in dark conditions. Subsequently
the media were removed, and the cells were rinsed (1 x PBS) for visualization and
measurement of fluorescence under a Zeiss LSM710 laser-scan fluorescence microscope
(Carl Zeiss).

2.11. Annexin V apoptosis assay

Small airway epithelial cells or COPD small airway epithelial cells undergoing apoptosis
were detected with the Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit (ThermoFisher
Scientific, Waltham, MA; [31]). Cells were washed with 1x binding buffer and incubated
with Annexin V for 15 min at room temperature as described by the manufacturer’s
protocol. Cells were then washed again with 1 x binding buffer twice. Fluorescent images
were obtained using a Zeiss LSM710 laser-scan fluorescence microscope (Carl Zeiss).

2.12. Cell viability assay

BCNU-treated cells were lifted-off using trypsin and were stained with trypan blue 0.4%
w/v in 1 x PBS). Both living and dead cells were counted using a hemocytometer.
Percentage cell viability was calculated by dividing the number of live cells by the total
number of cells and multiplying by 100.
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2.13. Gene expression analyses

Total RNA was extracted with Trizol reagent (Invitrogen, CA, USA) as previously described
[25]. Subsequently, DNase treatment has been performed, and RNA concentration was
measured using a nanodrop spectrophotometer. Afterwards, a cDNA synthesis kit (Promega,
Madison, WI) was used to produce cDNA by reverse transcription of RNA. The cDNA

was amplified using gene specific primers (Table 1) from either Invitrogen or Integrated
DNA Technologies (Coralville, 1A), along with a master mix PCR amplification reagent
(Promega). With a T100 Thermocycler (Bio-Rad, Hercules, CA), the following PCR
conditions were used: one initial cycle at 95 °C for 3 min; 30-35 cycles of denaturation

at 95 °C for 30 s, annealing at 55 °C for 30 s, elongation at 72 °C for 45 s; an additional 5
min at 72 °C; and a final hold at 4 °C.

2.14. Protein expression analyses

Proteins were extracted from cells and analyzed using SDS-PAGE (using 4-12% gels;
Invitrogen) and subsequently transferred onto an Immobilon-PSQ transfer membrane
(Millipore Corp, Bedford, MA) at room temperature as previously described [15]. Equal
amount of protein (20 ug) from each sample was loaded into gel for Western blot analyses.
Antibody labeling was detected via enhanced chemiluminescence (ECL) using primary
antibodies as described in Table 2. Anti-mouse secondary antibodies from Sigma-Aldrich
and ECL kit from Pierce (Invitrogen) were used.

2.15. Statistical analysis

Statistical comparisons were performed using Student’s unpaired t-test (two-tailed) in Origin
6.1 or one-way ANOVA with post-hoc Tukey’s test in PSPP 1.4 (GNU), as appropriate.
Statistically significant comparisons were accepted at P < 0.05 (*) or P < 0.01 (**).

3. Results

3.1. COPD drives SOCE function and channel protein expression mediated by TRPC1 and

TRPC3

We initially assessed SOCE in healthy human PE and COPD cells. Application of Tg (0.5
M), a non-competitive inhibitor of the sarco/endoplasmic reticulum Ca2*-ATPase pump
that induces [Ca2*]; rise and can activate SOCE [32], resulted in an expected rise in [Ca2*];
in these PE cells due to [Ca?*]; release from the ER stores (Figure 1A). A subsequent
application of 2 mM extracellular Ca* ([Ca2*],) further mobilized [Ca%*];, indicating a
Ca?* entry through a Ca2* channel (Figure 1A). Next, we analyzed the presence of a
functional TRPC channel by using SKF-96365, as a TRPC channel inhibitor [33]. Our data
showed a significant reduction in Ca2* response by SKF-96365, suggesting that a TRPC
channel was working in tandem to induce SOCE (Figure 1A). Moreover, addition of 2-APB,
a known membrane permeable intracellular IP3-R and SOCE inhibitor [34], significantly
diminished [Ca2*]; mobilization after the application of 2 mM [Ca2*], in PE cells (Figure
1A). In both PE and diseased (COPD) cells, Tg induced a steep rise in Ca2* release and

a prolonged return to baseline (Figure 1A-B). PE cells exhibited a slight decrease in Ca2*
release upon 2-APB application, while there were no changes in COPD cells (Figure 1A-B).
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However, replenishing the cell bath with 2.0 mM Ca?* elicited a sharp and greater Ca2"* rise
followed by a prolonged Ca2* entry in COPD cells (Figure 1B). Inhibition with SKF-96365
in COPD cells blocked Ca2* entry by nearly 60% and 2-APB completely inhibited the Ca2*
entry, proportionally like those of the PE cells (Figure 1A-B), which may suggest that the
SOCE is activated with the same receptor components.

Having established the involvement of TRPC channel(s) in SOCE in normal PE and COPD
epithelial cells, we next sought to measure TRPC channel expression. Here we assessed the
full complement of TRPC channels and identified transcript expressions of TRPC channels
C1 and C3in both PE and COPD cells (Figure S1A). Of note, TRPC1 and TRPC3 channel
expressions were much enhanced in COPD cells compared to normal epithelial cells (Figure
1Ci—ii). We also assessed the transcripts of SOCE-molecular components, STIM and ORAI,
in normal PE and COPD cells, which depicted prominent expressions of STIM1 and ORAI1
(Figure S1B). Interestingly, expressions of STIM1 and ORAI1 were much enhanced in
COPD compared to PE cells, which may point to greater utilization of the SOCE pathway in

3.2. COPD amplifies SOCE-induced current mediated by TRPC3

Since our findings revealed prolonged dysregulated Ca2* entry in COPD epithelial cells

and enhanced expressions of STIM1, ORAIL, TRPC1, and TRPC3 channels, we sought to
further examine the SOCE activity using whole cell patch clamp experiments. Here, we
examined the electrophysiological characteristics of both PE and COPD cells by i) blocking
IPz-induced SOCE (2-APB) pathway; ii) using an inhibitor of TRPC channel, SKF-96365;
and iii) application of Pyr3, a TRPC3 inhibitor [35]. Current was evoked by either Tg

or CCh, a muscarinic receptor agonist [36]. The I-V curves for both normal and COPD

cells revealed an outwardly rectified current, commonly found in TRPC channels [35].

The applied Tg activated the current and the subsequent application of 2-APB blocked the
activated current by approximately half (Figure 2A). Interestingly, the application of Tg in
COPD cells resulted in greater current activation, approximately twice more compared to
PE cells, indicating greater SOCE response (Figure 2A-B). Moreover, application of 2-APB
in these cells completely inhibited the activated Tg current to baseline, confirming that the
activated current was IP3-R induced SOCE (Figure 2B). When CCh was applied to the
healthy PE cells, the current at +100 mV was activated significantly (Figure 2C). Again,

a current was evoked to a greater extent in COPD cells compared to that of its healthy
counterpart (Figure 2C-D). Application of SKF-96365 inhibited ~75% of the CCh current in
both healthy and COPD lung cells, suggesting that TRPC channels mediate the CCh-elicited
responses for the PE cells (Figure 2C-D). Next, we utilized Pyr3 in COPD cells which
inhibited nearly all the current activity induced by CCh (100 uM), suggesting that most of
the muscarinic activation is mediated through TRPC3 (Figure 2E-F). It should also be noted,
however, that Pyr3 can also inhibit the ORAI1-mediated Ca2* entry, which can also work in
SOCE with TRPC3 channels [37].
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3.3. COPD mediated by ROS-forming oxidases enhances fibrosis, inflammation, and

apoptosis

Nicotinamide-adenine dinucleotide phosphate (NADPH) oxidases (NOXs) have been
recognized as an important source of ROS in COPD [38]. We measured the transcript
levels of NOX4 and P22 phox, regulatory subunits of NOX, and found that NOX4 was
consistently augmented in COPD compared to normal PE cells (Figure 3A). Furthermore,
the expression of transforming growth factor beta 1 (TGFp1), a multifunctional cytokine,
was also elevated in COPD cells compared to normal PE cells, which may have contributed
to the increase in NOX4 expression, as well as the elevated expression of fibronectin

(FN2), an indicator of lung remodeling ([39,40]; Figure 3B). Expressions of interleukin
(IL)-6, monocyte chemoattractant protein 1 (MCP1), Tumour Necrosis Factor a (TNFa)
[inflammatory markers; Figure 3C)]; BAX/BCL2 ratio (apoptosis), Caspase (Casp) 3 and
Casp9, with exception of Casp4 (executors of apoptosis; Figure 3D) were also elevated.
These findings characterized COPD-PE cells revealing a profile of challenged lung capacity
[41], inflammation, and apoptosis compared to normal PE cells. With evidence of enhanced
apoptosis in COPD-PE cells compared to normal cells, and earlier established involvement
of TRPC channel and SOCE in Ca?* regulation, both cells were treated with Tg to elicit
the depletion of stored Ca2* and affected Ca?* entry with either TRPC channel inhibitor,
SKF-96365 or SOCE inhibitor, 2-APB. The inhibition of the TRPC channel and IP3-R
protected against intracellular ROS production and cell death in COPD cells, unraveling a
potential role for TRPC channel in cell death/protection (Figure 3E-G, S2).

3.4. Characterization of Ca2* influx in A549 cells for mechanistic study

Next, we used A549 cells as a PE cell line, to elucidate the mechanism of ROS induced Ca2*
signaling. First, we examined the expression of TRPC channel and SOCE components STIM
and ORAI channel proteins in A549 cells and found expression profiles close to PE cells
(Figure S1, S3). Therefore, we used both Tg (SOCE-inducer) and OAG (ROCE activator)

to confirm the Ca?* entry via TRPC1 and TRPC3. First, we used Tg to induce the store
release of Ca?*, followed by Ca2* entry, both of which were blocked by a selective TRPC1
inhibitor, Picol,4,5 [42], and an SOCE inhibitor, Synta66 [43], suggesting that TRPC1 is
involved in SOCE in A549 cells (Figure S4A-B). To confirm the involvement of TRPC3, we
used OAG (activator of TRPC3), which elicited a Ca%* entry response, that was blocked by
both, and GSK2833503A (TRPC3 inhibitor) [44,45] and Pyr10 (ROCE inhibitor and TRPC3
blocker) [46] (Figure S4C-D). Replenishing the cell bath with 2.0 mM Ca2* in these cells
elicited a sharp Ca2* rise followed by an entry phase (Figure 4A). To investigate the role

of TRPC channels in SOCE, we treated cells with SKF-96365. Interestingly, TRPC channel
inhibition resulted in 50% decrease in Ca2* release (Figure 4A). To further examine the Ca%*
entry pathway, we treated A549 cells with 2-APB. Significantly, IP3-R and SOCE inhibition
resulted in nearly complete blockade of Ca2* release, confirming the ER Ca2* release by the
induction of Tg (Figure 4A). Next, we sought to delineate TRPC channel involvement in the
Ca?* entry pathway. Since TRPC1 and TRPC3 channel transcript and protein expressions
were assessed in both normal and diseased epithelial cells, we further evaluated the Ca2*
signaling entry pathway of A549 cells to delineate the CaZ* entry pathway. We treated

cells with either Pyr6, a STIM1/ORAI1 inhibitor or Pyr10 [46]. While the Ca2* release did
not change between the control and treated groups, application of Pyr6 inhibited the Ca2*
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entry by 50% (Figure 4B). These data suggest that TRPC3 may play a lesser role in SOCE
in the Ca?* entry pathway of A549 cells. These results have been corroborated using a
selective Ca2* ionophore, ionomycin [47], that is similar to Tg, which substantially elicited
both Ca?* release and entry (Figure S5A); however, ionomycin triggered a sustained [Ca?*];
rise due to global Ca2* induction (Figure S5A). Such ionomycin-evoked Ca?* response
was markedly blocked by Pyré compared to Pyr10 (Figure S5B-E). To verify our findings
distinguishing the involvement of STIM and ORAI receptors, and TRPC channels in the
SOCE entry pathway, we assessed the current induced by CCh using a whole cell patch
clamp, and with Pyr6 (Figure 4C) or Pyr10 (Figure 4D). Interestingly, our established basal
current resembled an outwardly rectifying current typical of TRPC channels [35]. After
establishing the basal current, 100 uM CCh was applied, and the amplitude was doubled
upon activation. Application of Pyr10 blunted the current by ~80%, thereby reducing the
amplitude towards baseline reading (Figure 4C), while application of Pyr6 inhibited the
activated current to a much less extent by ~40 % (Figure 4E). Interestingly, inhibition by
Picol,4,5 significantly decreased the activated current, while Synta66 did not affect the
CCh-induction of muscarinic receptor activated current (Figure S6A-B), which suggests
that TRPC1 may also be involved in ROCE. Implementing GSK1702934A, a direct TRPC3
activator [44,45], has evoked the current, which was blocked by GSK2833503A (Figure
S6C), thus confirming the role of TRPC3. These results corroborate with our Ca2* imaging
findings, suggesting that in SOCE, both TRPC1 and TRPC3 play crucial roles in mediating
its response, while CCh-induced responses are mostly mediated by ROCE in A549 cells.

3.5. Similar to PE cells, SOCE in A549 cells mediates through TRPC1 and TRPC3

Since TRPC1 and TRPC3 were likely play a crucial role in SOCE pathway, forming
connections with ORAIL and STIM1 in A549 cells, we sought to investigate the
contributions of those TRPC channels in SOCE pathway (Figure S7A-F). We sequentially
knocked down the expressions of TRPC1, TRPC3, TRPC1 + TRPC3, ORAIL, or STIM1
SIRNA(s) in A549 cells (all siRNA knockdowns were confirmed by gene expression
analysis; Figure S7G). Indeed, TRPC1, TRPC3, ORAI1 and STIM1 gene expressions were
decreased but GAPDH expression was not as affected (Figure S7G). While the Ca?* release
was unchanged after the application of each siRNA(s) stated above (Figure STA-F, H), the
Ca?* entry has decreased in each of the transfected cells, with the exception of ORAI1
(Figure STA-F, 1). In particular, the cells with TRPC1 + TRPC3 siRNAs have exhibited the
most decline in CaZ* entry, indicating that both TRPC1 and TRPC3 contribute to most of the
[Ca?*]; increase in A549 cells. Since STIM1 and ORAI1 genes were found to be expressed
in A549 cells (Figure S7), we also investigated the extent to which the knockdown of known
SOCE pathway receptors STIM1 or ORAIL may directly impede the flux of CaZ* into the
cell. We blocked SOCE and TRPC3 channel using Pyr6 and Pyr10 to delineate the Ca2*
entry pathway. Pyr6 application suppressed more Ca?* release responses in TRPC1 and
TRPCL1 + TRPC3 siRNA transfected cells compared to the sham (Figure 5A, B), whereas
Ca?* entry was only reduced in cells with TRPC3 or STIM1 siRNA, though not to the
extent with TRPC3 or TRPC1 + TRPC3 siRNA (Figure 5A, B), suggesting that STIM1
works in conjunction with TRPC1 and TRPC3 in mediating Tg-induced [Ca2*]; increase and
subsequent [CaZ*]; entry response in A549 cells. Interestingly, Pyr10 application decreased
the Ca?* release of cells with TRPC1, TRPC1 + TRPC3, ORAIL, or STIM1 siRNA, except
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TRPC3 siRNA (Figure 5A, D). As expected, cells with TRPC1 and/or TRPC3, STIM1
siRNAs exhibited nearly complete inhibition of Ca2* entry after Pyr10 application while
ORAI1 siRNA treated cells experienced a slight decrease compared to the sham cells
(Figure 5A, E), further corroborating with our results for cells treated with SiRNA only
(Figure STA-F, ).

3.6. COPD-like oxidative stress amplifies SOCE mediated by TRPC1 and TRPC3 function
and expression in A549 cells

To examine the imbalance of oxidants to antioxidants in A549 cells that mimics the

COPD condition, we induced oxidative stress using 1,3-bis-(2-chloroethyl)-1-nitrosourea
(BCNU; 50 uM) in A549 cells [48]. Since we observed enhanced expression of TRPC1,
TRPC3, STIM1 and ORAIL in COPD-derived cells, we again analyzed the transcriptional
expressions of these molecular players under BCNU-induced oxidative stress. Indeed, we
found that expressions of TRPC1, TRPC3, STIM1 and ORAI1 were much enhanced by the
treatment of BCNU (Figure 6A-B).

Next, we induced oxidative stress in A549 cells using BCNU to determine the effect of
enhanced ROS generation upon Ca?* entry. SOCE induction by Tg showed a rapid release
of Ca2*, that was not significantly different in both sets of cells (control and BCNU treated:;
Figure 6C-D). However, the addition of 2 mM [Ca%*], induced a rapid increase in Ca2*
entry, which was significantly higher in ROS-induced cells (Figure 6C-D) suggesting

that oxidative stress increases the Ca2* influx via the SOCE. We also used blockade of
SOCE components, to examine the ROS-induced Ca2*signaling in SOCE. Interestingly,
Ca?* release from the control A549 cells exhibited significant release through 2-APB, but
not Pyr6 (Figure 6C-D). However, Pyr6 and 2-APB both inhibited the Ca2* entry to a
greater extent in BCNU treated cells compared to the control (Figure 6C-D). Here, we
demonstrated the physiological confirmation of greater SOCE activity induced by oxidative
stress through ROS-induced Ca?* signaling.

3.7. COPD enhances oxidative stress, leading to upregulation of fibrotic, inflammatory,
apoptotic genes in A549 cells

To establish the effects of oxidative stress in COPD, we induced ROS in A549 cells

and examined the expressions of P22 Phox and NOX4 (source of ROS) (Figure 7A) and
H,0, release as a measure of oxidant (Figure 7B). ROS induction increased the expression
of P22 Phox, NOX4 and overall H,05 release in a concentration (0, 30, 50, 100 pM)

and time (6 and 24 h) -dependent manner. Next, we assessed a broad range of markers:
TGFB1; FN, smooth muscle a (SMa) for airway remodeling/fibrosis (Figure 7C), and IL-6,
MCP1, TNFa and NF-xp (inflammatory markers) (Figure 7D). We observed the role of
oxidative stress in all facets that we analyzed, which manifested as an increased capacity
for epithelial cells to differentiate and an elevation in the expression of inflammatory

and fibrotic markers. Next, we sought to distinguish the effect of induced oxidative stress
(BCNU) and the addition of exogenous oxidants (H,0O,) on the ER-mitochondria mediated
downstream pathway. To this end, we treated cells with either BCNU (50 uM) or H20,
(500 uM) for 1 h or 12 h. Following treatment, we evaluated BAX/BCL2 ratio as a measure
of apoptosis, and we found that addition of H,O, induced greater cell death than BCNU
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induced oxidative stress at lower exposure (1 h) and high exposure (12 h; Figure 7E). We
also examined the expressions of Extracellular signal-related kinase (ERK) and p-ERK,
part of the mitogen-activated protein kinase pathway. We determined that p-ERK/ERK ratio
was enhanced following the addition of H,O,, compared to BCNU induction (Figure 7F).
Significantly, our results suggest that the p-ERK/ERK ratio could be used as a marker

for enhanced oxidative stress condition. Since our western blot data showed that apoptotic
protein levels for BAX/BCL-2 have been elevated (Figure 7E), we also evaluated our
findings by assessing expression levels for their correspondent apoptotic genes. Our results
have shown that A549 cells, under oxidative stress, experienced elevated apoptotic gene
expression levels compared to control (Figure 7G), which corroborated with our previous
western blot findings (Figure 7E). We investigated the effect of BCNU on cell death

by fluorescent DAPI staining and plasma membrane damage (LDH) and observed that
BCNU-induced oxidative stress increased in cell death and damage in A549 cells that were
incubated in 30, 50, or 100 uM concentrations (Figure 7H-I). Furthermore, to confirm the
involvement of TRPC1/TRPC3-Ca?* signaling in ROS mediated cell death and cytotoxicity
we used TRPC1 (Picol,4,5) and TRPC3 (GSK2833503A and Pyr10) specific inhibitors to
examine BCNU-induced cell death. Our results show that percent cell death (DAPI staining)
and cytotoxicity (LDH release) were alleviated by GSK2833503A, Picol,4,5, and Pyr10,
suggesting that TRPC1 and TRPC3 Ca?* signaling may be involved in BCNU-induced
oxidative stress (Figure SBA-C).

3.8. Knockdown of TRPC1 and/or TRPC3 protects against ROS-induced apoptosis in

A549 cells

To determine the contribution of TRPC channels in oxidative stress induced by BCNU
and/or H,05, we knocked down TRPC1 expression in A549 cells by using specific TRPC1
SiRNA (used in Figure S7G) and compared its effect to non-targeting siRNA as control.

We then analyzed the expression of the apoptotic indicators (BAX/ BCL-2 and p-ERK/
ERK ratios), as our defined markers for enhanced oxidative stress condition. TRPC1 siRNA
transfected cells showed a reduction in the BAX/BCL-2 ratio, in response to both BCNU-
and H,05-induced oxidative stress (Figure 8A). However, the basal expression levels of
those genes were not elevated upon H,02 or BCNU exposure (Figure 8A). Correspondingly,
transient reduction in TRPC1 expression also resulted in a decrease in the p-ERK to

ERK ratio, in response to BCNU and H,0, addition (Figure 8A). Next, to analyze the
contribution of TRPC channels to oxidative stress, we knocked down the expression of

an additional TRPC channel, TRPC3, using a TRPC3-specific siRNA demonstrated in
Figure S7G. We then induced the enhanced oxidative stress condition in TRPC1 and
TRPC3 siRNAs transfected cells with either H,O, (500 uM) or BCNU (50 uM) for 18

h and analyzed the resultant BAX/BCL2 gene expression ratio. We found that both TRPC1
and TRPC3 siRNAs treated cells had a suppressed BAX/BCL2 ratio in response to both
H,0, (Figure 8B) and BCNU (Figure 8C). Since the occurrence of functional dimeric and
heteromeric TRPC channels in membranes has been reported [49], we then asked whether
silencing of both the channels would lead to enhanced protection from H,0, and BCNU-
induced oxidative stress. To this end, we transfected cells with a combination of TRPC1 and
TRPC3 specific siRNAs and then treated transfected cells with H,O, (500 uM) or BCNU
(50 uM). We observed the expected rise in BAX/BCL2 levels due to H,O, treatment and,
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our results showed a decrease in BAX/BCL2 ratio in those TRPC1/C3 siRNAs transfected
Ab549 cells with a similar treatment, suggesting that TRPC1 and TRPC3 could be involved
in apoptotic regulation to reduced cell death (Figure 8D). We also analyzed BAX/BCL2 and
p-ERK/ERK ratios following BCNU treatment and found that silencing both the TRPC1
and TRPC3 genes resulted in lower BAX/BCL2 and p-ERK/ERK ratios compared to the
knockdown of TRPC3 alone (Figure 8E-G). Taken together, these results demonstrate that
both TRPC1 and TRPC3 channels are regulator of oxidative stress and apoptotic response in
A549 cells.

4. Discussion

Oxidative stress contributes to the pathogenesis of several pulmonary diseases, including
COPD or asthma [50]. Among the factors that contribute towards the development of
oxidative stress, are exogenous factors such as atmospheric pollution and tobacco smoke,
and endogenous factors e. g. the mobilization of inflammatory cells (macrophages and
polymorphonuclear neutrophils). Antioxidant capacity of lung epithelial cells is much
reduced in the COPD condition compared to normal [51]. Regulation of [Ca%*]; is critical to
the maintenance of normal cellular function. Previous studies have shown alterations in CaZ*
signaling in COPD cells involving dysregulation of ER Ca2* release [52,53].

In the present study, we sought to elucidate the Ca2* signaling mechanism and the
downstream process of the disease condition compared to the normal PE cells. Our findings
suggested that COPD cells utilize greater involvement of the TRPC1 channel in ER Ca2*
release induced SOCE pathway, confirming our hypothesis that [Ca2*]; is differentially
regulated in COPD-PE cells compared to physiologically normal PE cells (Figure S6).

We have also shown that increased intracellular ROS production in COPD cells and
elevated SOCE activity through the activation of IP3R and the TRPC1/C3 channels. One
explanation is that the increased intracellular production of ROS in the COPD cells may
have perpetuated oxidative conditions and increased the affinity of IP3R for 1P through the
loss of ERp44 binding [54]. In addition, there is a possibility that the increased ROS can
inhibit the Ca?* pumps and opens up Ca%* permeable channels, in the ER or the plasma
membrane, allowing decrease in CaZ* flow and the concentration gradient, resulting in an
increase of the [Ca2*]; [55].

TRPCL1/TRPC3 channel activities have been previously studied in freshly isolated smooth
muscle cells, where the inhibition of the heteromeric channel was shown to contribute
towards nitric oxide-mediated vasorelaxation [56]. We found increased expression and
activity of TRPC1 and TRPC3 channels in COPD cells compared to PE cells. While
TRPC1/C3 mediation in SOCE has been demonstrated in various tissues and cell lines
[57-59], its expression and functionality have not been clearly elucidated in lung epithelial
cells. Yuan et al. have demonstrated that the heteromultimerization of TRPC1 and TRPC3
and their function in SOCE is inextricably linked to STIM1 [59]. In our findings, the
application of Pyr6, a STIM1/ORAI1 inhibitor, or Pyr10, a selective ROCE and TRPC3
inhibitor, effectively inhibited Ca2* entry, suggesting that TRPC1 and TRPC3 are working
in tandem for the SOCE pathway, along with STIM1. The findings in our whole-cell

patch clamp experiment corroborated with our Ca2* imaging results when the COPD cells
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exhibited greater current activation upon applying Tg, which in turn was blocked with Pyr3,
2-APB, and SKF-96365. In support, using a double knockdown of (TRPC1 + TRPC3)

lung epithelial cells, we showed that Tg-induced [Ca%*]; rise and SOCE activation was
nearly completely inhibited compared to that of the control, suggesting that TRPC1 and
TRPC3 are involved in mediating the SOCE pathway. We have also found that Ca2* release
was inhibited when Pyr6 or Pyr10 was utilized after TRPC1 and TRPC3 were knocked
down. Another study has reported that the usage of Pyr6 may inhibit Ca?* release in OV90
cells, which we also found [60]. TRPC1 and TRPC3 channels function in concert with
STIM/ORALI in SOCE, and TRPC1/C3 channel inhibition attenuates downstream effects of
oxidative stress induced by COPD.

Most notably, our findings in healthy and COPD lung cells mirrored the results in A549
cells with or without induction of oxidative stress by BCNU or HyO,. ROS-induced A549
cells displayed greater SOCE upon Tg induction, along with a greater inhibition by Pyr6 or
2-APB, while A549 cells with TRPC1 and/or TRPC3 siRNA(s) displayed greater resilience
to post-H,0, or BCNU treatment compared to its non-treated counterparts as evidenced

by BAX to BCL2 and p-ERK to ERK expression ratios. We propose that the TRPC1
and/or TRPC3 contribute in a significant manner towards [Ca2*]; regulation, and TRPC1
blockade may be plausible as a therapeutic intervention in treating COPD. It should be
noted that unlike in clinical COPD conditions, the COPD-like condition induced in A549
cells was only inflicted short-term for 18 h prior to experiments [61]. Likewise, additional
localization-studies for the TRPC1 and TRPC3 may be needed for further confirmation.
More importantly, we have been able to show a direct link between TRPC1/C3 mediated
Ca?* signaling and ROS mediated cell death and cytotoxicity. Overall, our results for the
first time show molecular candidates that govern ROS mediated clinical condition of COPD
and the Ca2* signaling mechanism leading to COPD-like condition, where TRPC1/C3
mediated SOCE is the major pathway. ROS-mediated COPD condition develops due to
long-term exposure to irritants such as cigarette smoking [62], which may be occasionally
exacerbated by hypoxia. In such cases treatment options are limited, and the side effects
can be overwhelming. Additionally, the symptoms of COVID-19 infection and a flare-up
of COPD can overlap in many ways, while those afflicted with COPD are more prone

to poor clinical outcomes from COVID-19 infections [63]. Our findings on the molecular
pathophysiology involving Ca2* signaling regulation will pave the way in finding a new
targeted treatment strategy.

The PE cells we used here are from normal individuals, which have been extensively
characterized [64—65] and used for biomarker and mechanistic studies [66-67], including
air-liquid interface systems and other cellular models [68]. The PE and COPD epithelial
cells were utilized as primary cells in these experiments to obtain the first-track information
about COPD condition, which has been extrapolated for revealing the mechanism in A549
cells imposing a COPD-like condition. Specifically, we focused on the inflammatory,
apoptotic and fibrotic upregulation elicited by decreased antioxidant ability, as opposed

to other phenotypes for this condition, such as the propensity of COPD airway cells for
de-differentiation towards mesenchymal cells [69]. Nevertheless, we have shown that TGF-
B1, which has a crucial role for epithelial to mesenchymal transition [69], was elevated in
COPD-PE cells and COPD-like A549 cells. Finally, this study will be the basis for reversing
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the lung remodeling capacities that were compromised due to COPD, using TRPC1 and
TRPC3 channels as potential candidates and SOCE as a possible mechanism.
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Highlights

TRPC1/3 mediates store operated Ca?* entry (SOCE) in COPD pulmonary
epithelial (PE) cells.

COPD evokes oxidative stress induced detrimental pathway activation in PE
cells.

Induction of oxidative stress in A549 cells resulting SOCE-induced COPD-
like conditions.

TRPC1/3 ablation lowered Ca?* entry and reversed apoptotic expression and
p-ERK activation.
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Figure 1. Store-operated ca?t entry activation involves TRPC channel in PE or COPD cells.
Fura-2 ratiometric (340/380) [Ca2*]; measurements were retrieved from (A) PE or (B)

COPD cells in Ca%*-free cell bath. Thapsigargin (Tg; 0.5 pM) was applied to cells with: no
inhibitor (control; Con), 10 uM SKF-96365 (SKF), or 12 uM 2-APB, then the cell bath was
replenished with 2.0 mM Ca2*. Quantitated bar diagrams (A, B) are depicting Ca2* release
or Ca?* peaks. (C) Western blots showing expression of (i) TRPC1, (ii) TRPC3 and STIM1,
or (iii) ORAI1 proteins in normal PE and COPD cells. Relative expressions hormalized to
[B-actin are shown in bar diagrams. All bar diagrams are presents as mean + SEM. *, P <
0.05; **, P < 0.01. Experiments were performed n = 3 times. Student’s two-tailed t-test was
performed to evaluate statistical significance between control (Con or PE) and experimental
groups (+SKF, +2-APB, or COPD).
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Figure 2. Enhanced Tg-induced SOCE current in COPD cells.
Current densities of voltage ramps from —100 to +100 mV were collected from PE or COPD

cells and quantitated into 1-V curves (A-F). After receiving baseline measurements from

the cells, (A-B) Tg (0.5 uM) or (C-F) CCh (100 uM) was applied as an agonist, and then
2-APB (12 uM), SKF-96365 (SKF; 10 uM), or Pyr3 (3 pM) was applied as an inhibitor

to the induced current. Bar graphs in A-F show average current densities at +100 mV in
mean + SEM. *, P < 0.05; ** P < 0.01. Experiments were performed n=3 times. Student’s
two-tailed t-test was performed to assess statistical significance between basal and activated/
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inhibited current densities of PE or COPD cells with agonist (CCh or Tg; A-F), and inhibitor
(SKF-96365, 2-APB, or Pyr3; A-F).
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Figure 3. COPD induces oxidative stress leading to upregulation of inflammation, fibrosis, and
apoptosis.

Comparative gene expression analysis of PE cells and COPD cells depicts (A) oxidative
stress (P22 Phox and NOX4), (B) fibrosis (TGFB1 and FN1), (C) inflammation (IL-6,
MCP1, and TNFa) or (D) apoptosis [BAX, BCL-2, Caspase (Casp) 3, Casp9, and Casp4].
(E) H2DCF2, (F) DAPI, and (G) Annexin V stainings were performed on PE and COPD
cells with no treatment, Tg (1 uM) only, Tg+SKF-96365 (SKF; 10 pM), or Tg+2-APB (12
uM). Fluorescence intensity and percentage cell death were quantitated into bar graphs.
Experiments were performed n=3 times. Bar graphs are in means £ SEM. *, p < 0.05; **, p
< 0.01. Student’s two-tailed t-test was performed to establish statistical significance between
the two groups. All gene (MRNA) expressions are normalized to GAPDH or p-actin.
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Figure 4. Differential ca?* response in A549 cells after exposure to CCh and Tg.
Fura-2 traces of ratiometric (340/380) [Ca2*]; measurements were retrieved from A549 cells

in a Ca%*free cell bath. 0.5 uM Tg was applied to A549 cells with no inhibitor (Con), (A) 10
UM SKF-96365 (SKF) or 12 uM 2-APB, and (B) Pyr6 (3 uM) or Pyr10 (3 uM) inhibitors to
delineate the Ca2* entry after replenishing the cell bath with 2.0 mM CaZ*. Current densities
of voltage ramps from —100 to +100 mV were collected from A549 cells and quantitated
into 1-V curves. After obtaining the basal current measurement, CCh (100 uM) was applied
as the agonist, then (C) Pyr6 or (D) Pyr10 was applied as an inhibitor. Bar graphs in A-E
show the average current densities at +100 mV after applying CCh and Pyr6 or Pyr10 in
mean + SEM. Percentage Pyr6 or Pyr10 inhibitions of CCh-induced current were quantified
into bar diagrams in mean + SEM. *, P < 0.05; **, P < 0.01. Experiments were performed

n = 3 times. Student’s two-tailed t-test was performed to evaluate statistical significance
between control and experimental groups.
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Figure 5. Silencing TRPC1 and TRPC3 in A549 cells diminishes the SOCE pathway.
Ratiometric (340/380) Fura-2 traces of [CaZ*]; measurements were retrieved from A549

cells in a Ca2*-free cell bath. 0.5 uM thapsigargin (Tg) were applied to A549 cells with (i)
no siRNA, (ii) TRPC1 siRNA, (iii) TRPC3 siRNA, (iv) TRPC1+TRPC3 siRNAs, (v) ORAI
SIRNA, or (vi) STIM1 siRNA, then cell bath was replenished with 2.0 mM Ca2*. Inhibitors
Pyr6 or Pyr10 were utilized in i-vi. Quantitated bar diagrams depicting Ca?*release or Ca2*
peak for experimental groups with (B-C) Pyr6 or (D-E) Pyr10 inhibitors are in mean +
SEM. *, P < 0.05; ** P < 0.01. Experiments were performed n=3 times. Student’s two-tailed
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t-test was performed to evaluate the statistical significance between the sham (control) cells
and those with siRNA (s).
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Figure 6. SOCE is enhanced in COPD-like conditions for A549 cells.
Gene expression profiles of control (Con) or treated (+BCNU) A549 cells for (A) TRPC1

and TRPC3, or (B) SOCE components STIM1 and ORAIL. Expression levels (NRNA)
were normalized by GAPDH. Mean fluorescence traces of Fura-2-AM-loaded (C) untreated
or (D) BCNU-treated A549 cells showing Tg (0.5 pM)-induced rise of [Ca2*]; in Ca2*-

free bath solution and its inhibition by Pyr6 or 2-APB. Extracellular solution was then
adjusted to 2.0 mM Ca2*, Bar diagrams in C and D represent Ca2*release or Ca2* entry
peaks. Quantitated bar diagrams for A-D are in mean £ SEM. *, P < 0.05; ** P < 0.01.
Experiments performed n=3 times. Student’s two-tailed t-test was performed to evaluate
statistical significance between control and treated groups.
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Figure 7. BCNU induces oxidative stress leading to upregulation of inflammation, fibrosis and
apoptosis for A549 cells in COPD-like conditions.

Comparative analysis of A549 cells (Con) and treated A549 cell (+BCNU) showing
oxidative stress through analyses gene expressions (MRNA) of (A) P22 Phox and NOX4,
which was further corroborated by (B) 6 and 24 h H,0O5 release measurements, showing
progressive increase in H,O, release with increasing BCNU concentration [control (OuM),
30uM, 50uM, 100uM]. A549 fibrosis was evident following BCNU treatment in gene
expressions of (C) TGFB1, FN and SMa and inflammatory gene expression markers,
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namely (D) IL-6, MCP1, TNFa and NF-xf3. BCNU treatment also induced apoptosis in
Ab549 cells as shown in (E) protein expression analysis of BAX and BCL-2 following
incubation of A549 cells with BCNU or H,0, at 1 and 12 h and (F) ERK phosphorylation
(p-ERK) (incubated with BCNU or H,0, for 1 and 12 h). (G) Gene expression analysis

of BAX, BCL-2, Caspase 3 and Caspase 9, (H) DAPI staining and (1) LDH release
analysis, further corroborated evidence of BCNU-inducing apoptosis in A549 cells in
increasing concentrations [Con (OuM), 30uM, 100uM, or Con (OuM), 30uM, 50uM, 100uM,
respectively]. For all gene expression analyses, A549 cells were incubated with BCNU

for 12 h. Bar graphs are in mean £ SEM. *, P < 0.05; **, P < 0.01. All gene and

protein expressions are normalized to GAPDH and B-actin respectively. Experiments were
performed n=3 times. Student’s two-tailed t-test was performed to evaluate statistical
significance between control and BCNU-treated A549 cells (A-D, G), or control A549
cells with or without treatment (+BCNU or +H,0,; B, H). One way ANOVA and post-hoc
Tukey’s test for further analysis was performed to compare and analyze A549 cells in
different BCNU concentrations (E, F).
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Figure 8. Knockdown of TRPC1 and 3 protects A549 cells from ROS mediated apoptosis.
To analyze the contributions of TRPC1 (C1) and TRPC3 (C3) in Oxidative stress

induced cell death, (A) effect of silencing TRPC1 (siRNA 10nM) in A549 cells were
presented through western blot analysis, [protein expression through BAX/BCL-2 ratios
and p-ERK/ERK (total) ratios] following BCNU (50uM) or H,0, (500uM) treatments for
18 h. The siRNA (10nM) inhibition of C1 and/or C3 genes was analyzed through mRNA
expressions of BAX and BCL-2 following (B) H20, (500uM) and (C) BCNU (50uM)
incubations respectively for 18 h. (D) A double knockdown of C1 and C3 (siRNA; 10nM)
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was also performed and analyzed through gene expressions of BAX and BCL-2 following
H>0, (500uM) incubation for 18 h. (E) The silencing of C3 and the double knockdown

of C1 and C3 were analyzed through protein expression analysis of (F) BAX/BCL-2 ratios
and (G) p-ERK/ ERK ratios following BCNU (50uM) treatments. A non-targeting SiRNA
(NS; scramble; 10nM) was used as a control in all SiRNA experiments. Bar graphs are

in means + SEM. *, P < 0.05; **, P < 0.01. All expressions were normalized to B-actin.
Experiments were performed n=3 times. One way ANOVA and post-hoc Tukey’s test were
performed to compare and analyze A549 cells in different BCNU concentrations and siRNA
(s) conditions (A-G).
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Table 1:

Primer information

5"—- GGA AGT CAAGTA ACG ATG CAC -3’

Primer Sequence (sense, antisense) Expected Band Size (dp)

hBAX1 5’ — ATG GAC GGG TCC GGG GAG -3’ 455
5’ — ATC CAG CCC AAC AGC CGC -3’

hBCL2 5’ — AAG CCG GCG ACG ACT TCT -3’ 258
5" - GGT GCC GGT TCAGGT ACTCA-3’

hCasp3 5’ — TTA ATA AAG GTA TCC ATG GAG AAC ACT -3’ 849
5" - TTA GTG ATA AAAATAGAG TTC TTT TGT GAG -3’

hCasp4 5’ —GCT GTT TAC AAG ACC CACGTG -3’ 280
5" -GTG GCT TCCATT TTC AAT TGC -3’

hCasp9 5 -GAGTCAGGCTCTTCCTTTG-3’ 241
5’ - CCT CAAACT CTC AAG AGCAC -3’

hCLDN 1 | 5 - GGT GCA GAA GAT GAG GAT GGC TG -3’ 170
5’ - AGC CAG TGA AGA GAG CCT GAC G -3’

hERN1 5" -AGA GAAGCAGACTTT GTC -3’ 108
5-GTT TTG GTG TCG TAC ATG GTG A -3’

hFN-1 5"~ AGC AGACCCAGCTTAGAGTT -3 310
5'-GCAGAAGTGTTTGGG TGACT -3’

hGAPDH | 5’ -TCC CTG AGC TGA ACG GGA AG -3’ 218
5’ - GGA GGA GTG GGT GTC GCT GT-3’

hGRP78 5’-GGA TCA TCA ACG AGC CTA CG -3’ 90
5’-CAC CCA GGT CAAACACCAG -3’

hiL-6 5" - ATG AACTCC TTC TCC ACAAG -3’ 626
5 - AGA GCCCTCAGG CTGGACTG -3’

hMCP-1 5’ — GAT CTC AGT GCA CAG GCT CG -3’ 155
5 —TTT GCT TGT CCA GGT GGT CC-3’

hNFxB 5 - GTG GAG GCATGT TCG GTAGT -3’ 373
5 - AGC TGC AGA GCC TTC TCAAG -3’

hNOX4 5" - CCG GCT GCATCAGTCTTAACC-3’ 220
5’ - TCG GCA CAG TAC AGG CAC AA -3’

hOrai 1 5’-AGC AAC GTG CAC AAATCT CAA -3’ 344
5’-GTC TAT GGC TAACCAGTG A -3’

hOrai2 5'-CGG CCA TAA GGG CAT GGA TT -3’ 333
5 -TTG TGG ATG TTG CTC ACG GC -3’

hOrai3 5 —-CTCTTCCTT GCT GAAGTT GT -3’ 380
5 —-CGATTC AGT TCC TCT AGT TC -3’

hp22 5’ -ATG GGG CAG ATC GAG TGG GCC ATG -3’ 588

Phox 5’ - TCACACGACCTCATCTGTCACTGG - 3’

hSMa 5’ - TGT GGC TAT CCA GGC GGT GC -3’ 153
5" - TCT CGG CCAGCC AGATCCAGAC-3

hSTIM1 5-TGT GGA GCT GCC TCAGTA TG -3’ 183
5-AAG AGA GGA GGC CCA AAG AG -3’

hSTIM2 5-TGT CAC TGA GTC CAC CAT GC -3’ 469
5- GGG CGT GTT AGA GGT CCA AA -3’

hTGFB-1 | 5 - ACT ACT ACG CCAAGG AGGTCAC-3’ 148
5’ - GAG AGC AAC ACG GGT TCAGG -3’

hTNFa 5’ - GGC GTG GAG CTG AGA GAT AAC -3’ 120
5" - GGT GTG GGT GAG GAG CAC AT -3’

hTRPC1 5" - CTA TGG AGA AGA ACT GCAGTC -3’ 400
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Primer Sequence (sense, antisense) Expected Band Size (dp)

hTRPC3 5" -~ TGT TCA ATG CCT CAG ACA GG -3’ 343
5 - AGT GTCACT TCACTGAGGTC-3’

hTRPC4 5" - TGG AAC AAT AGG GAG GCG AG -3’ 580
5 - TCT CTC AAG TGG TCC TGC AG - 3’

hTRPC5 5’ — ACC AGA GCT ATC GAT GAG CC -3’ 951
5" — ACT GGG TTC AGA CAT ATG ACC -3’

hTRPC6 5 —-CTTTTG CTG AAG GCA AGA GG -3’ 457
5" - CTG CAC AGA TCA AGG AGTCC -3’

hTRPC7 5 -CTGCACAATGTCTCGCTTC-3 655
5 -TGAGGC ACATCTTGATTCTC-3’

hp-actin 5’ - ATC GTG GGG CGC CCC AGG CAC -3’ 543

5 -CTCCTT AAT GTCACG CACGATTTC-3"
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Table 2:
Antibody information

Primary Antibody Protein Dilution | Company

Mouse monoclonal antibody | TRPC1 1:500 Santa Cruz Biotechnology
Mouse monoclonal antibody | TRPC3 1:500 Santa Cruz Biotechnology
Mouse monoclonal antibody | STIM1 1:500 Sigma Chemicals
Rabbit polyclonal antibody ORAIl1 1:500 Sigma Chemicals
Mouse monoclonal antibody BAX1 1:1000 Santa Cruz Biotechnology
Mouse monoclonal antibody BCL2 1:1000 Santa Cruz Biotechnology
Mouse monoclonal antibody Casp3 1:1000 Santa Cruz Biotechnology
Mouse monoclonal antibody ERK 1:1000 Santa Cruz Biotechnology
Mouse monoclonal antibody | p-ERK 1:1000 | Santa Cruz Biotechnology
Mouse monoclonal antibody | p-actin 1:2000 Santa Cruz Biotechnology
Mouse monoclonal antibody | GAPDH 1:2500 Santa Cruz Biotechnology
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