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The initial bronchoconstrictor response of the asthmatic airway
depends on airway smooth muscle (ASM) contraction. Intracellular
calcium is a key signaling molecule, mediating a number of re-
sponses, including proliferation, gene expression, and contraction
of ASM. Ca21 influx through receptor-operated calcium (ROC) or
store-operated calcium (SOC) channels is believed to mediate lon-
ger term signals. The mechanisms of SOC activation in ASM remain
to be elucidated. Recent literature has identified the STIM and ORAI
proteins as key signaling players in the activation of the SOC sub-
type; calcium release–activated channel current (ICRAC) in a number
of inflammatory cell types. However, the role for these proteins in
activation of SOC in smooth muscle is unclear. We have previously
demonstrated a role for STIM1 in SOC channel activation in human
ASM. The aim of this study was to investigate the expression and
define the potential roles of the ORAI proteins in SOC-associated
Ca21 influx in human ASM cells. Here we show that knockdown of
ORAI1 by siRNA resulted in reduced thapsigargin- or cyclopiazonic
acid (CPA)–induced Ca21 influx, without affecting Ca21 release
from stores or basal levels. CPA-induced inward currents were also
reduced in the ORAI1 knockdown cells. We propose that ORAI1
together with STIM1 are important contributors to SOC entry in
ASM cells. These data extend the major tissue types in which these
proteins appear to be major determinants of SOC influx, and sug-
gest that modulation of these pathways may prove useful in the
treatment of bronchoconstriction.
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Contraction of airway smooth muscle (ASM) is a key response
underlying bronchoconstriction in asthmatic airways. Unlike
vascular smooth muscle, in which voltage-dependent channels
are important in Ca21 homeostasis, in ASM the contractile
response is dependent on both release from intracellular stores
and influx through non–voltage-dependent pathways. Thus, ma-
jor contractile agonists, such as histamine, will activate Ca21

signals by rapid release from internal stores via activation by
inositol 1,4,5-triphosphate followed by a more sustained Ca21

influx via plasma membrane ion channels (reviewed in Refer-
ence 1). In smooth muscle, Ca21 influx through both receptor-
operated calcium (ROC) channels and store-operated calcium
(SOC) channels is believed to provide the Ca21 signals required
for long-term signals, sustained contraction, and the refilling of
internal Ca21 stores (2, 3).

The mechanisms of SOC entry in smooth muscle remain
unidentified. Recent advances in the investigations of these
mechanisms in inflammatory and other cell types have identified
both STIM (stromal interaction molecule) and ORAI proteins
as critical components of the SOC pathway (4–7). STIM1 has
been identified as a single transmembrane protein that resides
in both the plasma membrane and the membrane of the
sarcoplasmic reticulum (8). Having no channel-like properties,
STIM1 is believed to be a Ca21 sensor, monitoring the Ca21

content of intracellular stores (9). Current evidence supports
the hypothesis that upon depletion of Ca21 store content,
STIM1 aggregates with itself into discrete puncta (7). From
there, it interacts with other proteins in the plasma membrane,
resulting in the activation of SOC influx.

Further advances followed with the identification of ORAI.
There are three known human ORAI homologs: ORAI1
(FLJ14466), ORAI2 (C7prf19), and ORAI3 (MGC13024). ORAI1
was originally identified as being critical for the activation of SOC
influx in T cells through investigation of two patients with
severe combined immunodeficiency disease (SCID) (4). These
patients with SCID had T cells with defective SOC and a single
mutation in ORAI1 was found to be responsible. Additional
groups have also identified the ORAI homologs as being critical
to the SOC pathway (5, 10). These studies have mainly focused
on the activity of the Ca21 release–activated Ca21 current (ICRAC);
a non–voltage-gated, inwardly rectifying, Ca21-selective current
present in T cells and other hematopoietic cells. Small inter-
fering RNA (siRNA)–mediated knockdown of ORAI1 in these
cell types resulted in a significant reduction in both ICRAC and
store depletion–induced Ca21 influx. In addition, overexpres-
sion of ORAI1 together with STIM1 resulted in a large
amplification of ICRAC (5, 10–13). However, ICRAC is not readily
detectable in all cell types. Other cell types, including smooth
muscle cells, are sensitive to store depletion, yet the SOC cur-
rents present are less Ca21 selective with marked outward
rectification. For example, whole cell currents induced by cyclo-
piazonic acid (CPA) in human bronchial smooth muscle cells
have previously been reported (2, 14). The contribution of
ORAI to these other SOC currents remains unclear.

We have previously used siRNA-based approaches to clarify
the role of STIM1 in SOC-associated Ca21 influx in primary
human ASM (HASM) cells (14). Selective suppression of
STIM1 resulted in a reduction of both store depletion– and
histamine-induced Ca21 influx and a reduction in nonselective
SOC-associated inward currents in these cells. The aims of the
current study were as follows: (1) to investigate the expression
and roles of the ORAI homologs in SOC signals in ASM cells

CLINICAL RELEVANCE

Our findings demonstrate expression and roles for ORAI
homologs in store-operated calcium influx in human airway
smooth muscle cells. Modulation of calcium influx path-
ways may prove useful in the treatment of bronchocon-
striction in asthmatic airways.
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using siRNA targeted against ORAI1, 2, and 3; and (2) to
further delineate the nature of SOC currents in these cells.

MATERIALS AND METHODS

Unless otherwise stated, all reagents used were obtained from Sigma
(Poole, Dorset, UK).

Cells

Human airway tissue was obtained from the bronchi of patients (with
no history of asthma) undergoing surgery and with full patient and
ethical approval from the Nottingham local research ethics committee.
HASM cells were isolated from fresh tissue and cultured using pub-
lished methods (15).

Transfection of siRNA

All siRNA sequences were designed by and purchased from Ambion
(Huntingdon, Cambridge, UK). The sequences targeted were as follows:
ORAI1 (FLJ14466) siRNA; AAGCAACGTGCACAATCTCAA, ORAI2
(C7orf19) siRNA; AACCGTTTGGTTCAATGAGGG and ORAI3
(MGC13024) siRNA; AACCATTTCCATTCCTATACA. HASM cells
(passage 3–4) were transfected with 20 nM siRNA (final concentration)
in serum free Dulbecco’s modified Eagle medium (DMEM; containing
2 mM glutamine) for 6 hours. After 6 hours, the medium was aspirated
away and replaced with serum (10% fetal calf serum [FCS]) containing
DMEM and incubated for approximately 45 hours longer. The siRNA
was transfected into cells using Lipofectamine 2000 (Invitrogen, Paisley,
UK) at a final concentration of 2 ml/ml, as per the manufacturer’s in-
structions.

Total RNA Extraction and Reverse Transcriptase–Polymerase

Chain Reaction

Total RNA was isolated and purified from pelleted HASM cells using
the RNeasy mini kit and QIAshredders (Qiagen, Sussex, UK) follow-
ing the manufacturer’s instructions. Isolated RNA was then reverse
transcribed using Superscript II reverse transcriptase (Invitrogen) and
random hexamers (Invitrogen). Polymerase chain reaction (PCR) was
performed on the cDNA (1:5 dilution) to investigate the expression of
ORAI1, 2, and 3 in HASM. Specific primers were designed using
primer 3 software (16) and the primer sequences are listed in Table 1.
Cycling was performed 35 times; first at 948C, followed by 508C
(annealing temperature), then at 728C (all for 90 s), followed by 10
minutes at 728C. PCR products were separated by electrophoresis on
a 1% agarose gel and visualized by ethidium bromide staining. The
identit of the products was confirmed by direct sequencing.

Real-Time Quantitative PCR (Taqman)

Real-time quantitative (Taqman) PCR was used to determine gene
mRNA levels in RNA extracted from HASM cells. The level of ORAI
mRNA knockdown was quantitatively measured using the Mx3005P
Taqman machine and MxPro software (Stratagene, La Jolla, CA).
Primer and probe assays for ORAI1, 2, and 3 were designed to meet
specific criteria using Beacon software (Stratagene). The primer and
probe sequences are listed in Table 1; primers were made and pur-
chased from Invitrogen, probes from Applied Biosystems (Foster City,
CA). The 59 and 39 nucleotides of the probes were labeled with
a reporter (6-carboxy-fluorescein [FAM]) and a quencher (6-carboxy-

tetramethylrhodamine [TAMRA]) dye, respectively. The PCRs were
performed with the Applied Biosystems Universal Master Mix (Ap-
plied Biosystems), using 4 ml diluted cDNA (1:25 dilution), 900-nM
primers, and a 250-nM probe in a 20-ml final reaction mixture. The
PCR protocol consisted of 10 minutes at 958C followed by 40 cycles of
30 seconds at 958C and 60 seconds at 608C. Each sample was run in
triplicate and mRNA knockdown was measured from mRNA obtained
from three separate transfections. 18s RNA was used as a reference
gene to correct for equal cDNA input. The relative expression of the
target gene was calculated using the comparative method (22DDCt,
where Ct indicates the cycle number threshold at which amplification is
exponential) (17). Each Taqman assay was initially validated to use this
method of analysis by assessing the primer efficiencies by plotting
a cDNA standard curve. The primer efficiencies of each assay were all
100 6 10% and so approximately equal.

Measurement of [Ca21]i

HASM cells (passage 3–5) were plated in black-walled, clear-bottom,
96-well plates at a density of approximately 10,000 cells per well. The
following day, the cells were transfected as previously described and
assayed for intracellular Ca21 45–50 hours later. At the time of assay,
each well of a 96-well plate is predicted to contain approximately
20,000 cells. The cells were loaded with the calcium detection dye Fluo-
4AM (Molecular Probes, Leiden, The Netherlands) for 1 hour at room
temperature in DMEM supplemented with 10% FCS and 2.5 mM
probenecid, after which they were washed with Hanks’ balanced salt
solution containing 10 mM N-2-hydroxyethylpiperazine-N9-ethane
sulfonic acid (HEPES), 2.5 mM probenecid, 0.1 mM CaCl2, and
1 mM MgCl2, and left at room temperature for 20 minutes before assay.
Fluorescence was continuously recorded at wavelengths of 485 nm
excitation and 520 nm emission using a Flexstation (Molecular Devices,
Wokingham, UK). Cells were stimulated with 10 mM CPA for 4
minutes or 1 mM thapsigargin (TG) for 24 minutes (TG was added in
immediately after the wash step) followed by the addition of 1.9 mM
CaCl2 (2-mM final concentration). Data are presented as changes in
fluorescence intensity compared with the baseline; the area under the
curve was used as an estimate of changes in [Ca21]i.

Patch-Clamp Electrophysiology

Whole cell currents were recorded using an EPC-10 double ampli-
fier and analyzed with Patchmaster version 2.10 software (HEKA,
Lambrecht, Germany). Whole cell SOC currents were activated through
passive depletion of the sarcoplasmic reticulum Ca21 store with 10 mM
CPA. These studies were performed in extracellular solution that was
free of Ca21 to amplify the SOC currents for easier detection.
Compositions of intracellular and extracellular solutions were as
follows: internal solution: 140 mM Cs-methasulfanate, 2 mM MgCl2,
1 mM Mg(ATP)2, 5 mM ethyleneglycol-bis-(b-aminoethyl ether)-N,N9-
tetraacetic acid (EGTA), 1.5 mM CaCl2, 10 mM HEPES (pH 5 7.2,
free Ca21 concentration 5 70 nM); external solution: 140 mM NaCl,
5.4 mM CsCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM
HEPES (pH 5 7.4). The calcium-free solution contained 0.5 mM
EGTA and verapamil (5 mM), and niflumic acid (100 mM) was in-
cluded in the external solution to inhibit any residual L-type voltage
Ca21 channels and Cl2 currents. Pipettes were pulled from borosilicate
glass capillaries (World Precision Instruments, Sarasota, FL) using
a pipette puller, model PP-830 (Digitimer Research Instruments,
Bunkyo-Ku, Tokyo) and had resistances of 5–8 MV when filled with
internal solution.

TABLE 1. PRIMER AND PROBE SEQUENCES FOR REVERSE TRANSCRIPTASE POLYMERASE CHAIN
REACTION AND QUANTITATIVE POLYMERASE CHAIN REACTION (TAQMAN)

Gene Forward Primer Reverse Primer Probe

ORAI1 (Taqman) CTTCGCCATGGTGGCAAT CAGGCACTGAAGGCGATGA AGCTGGACGCTGACC

ORAI2 (Taqman) TCTACCTGAGCAGGGCCAAG GGGTACTGGTACTGCGTCTCC CTCCAGCAGGACCTCCGCCCTCC

ORAI3 (Taqman) AGCTTCCAGCCGCACGT AGGCACTGAAGGCCACCA TGCCTTGCTCTCGGGCTTCGCC

ORAI1 RT-PCR GACTGGATCGGCCAGAGTTA CACTGAAGGCGATGAGCAG N/A

ORAI2 RT-PCR GTCACCTCTAACCACCACTCG CGGGTACTGGTACTGCGTCT N/A

ORAI3 RT-PCR GCACGTCTGCCTTGCTCT GAGGTTGTGGATGTTGCTCA N/A

Definition of abbreviations: N/A 5 not applicable; RT-PCR 5 reverse transcriptase–polymerase chain reaction.
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Resuspended HASM cells were placed directly into the cell chamber
and allowed to settle. The cell chamber was continuously perfused with
external solution at a steady speed of 6 ml/minute. Drugs were delivered
through a puffer pipette positioned approximately 50 mm from the cells.
Cells were held at a membrane potential of 240 mV and current–voltage
relationships were analyzed every 5 seconds from voltage ramps from
2100 to 1100 mV at a rate of 0.5V � second21. Currents were filtered
at 1 kHz and sampled at 4 kHz. Currents recorded before the activation
of the SOC currents were used as a template for subtraction of leak
currents. Individual cell current densities were calculated by dividing
peak current amplitude at maximum activation of inward current (at
280 mV) and outward current (180 mV) by cell capacitance.

Western Blot Analysis

Western blot analysis was used to detect ORAI1 protein (z50 kD) in
HASM and to detect changes in protein level after siRNA transfection.
HASM cells were scraped from a confluent 75-cm2 flask and collected
into ice cold phosphate-buffered saline (PBS). Cells were lysed on ice
with a lysis buffer consisting of a complete inhibitor cocktail 1 1 mM
ethylenediaminetetraacectic acid (cat. no. 11-836-153-001; Roche
Diagnostics Ltd, West Sussex, UK) with 20 mM Tris base, 0.9% NaCl,
0.1% Triton X-100, 1 mM dithiothreitol, and 1 mg/ml pepstatin A. The
Bio-Rad assay (Bio-Rad Laboratories Ltd., Herts, UK) was used (fol-
lowing manufacturer’s instructions) to quantify the level of protein in
each sample to ensure equal protein loading. Sodium dodecyl sulfate–
polyacrylamide gel electrophoresis was used to separate the proteins
according to their molecular weight. Briefly, 20 mg protein (denatured)
along with a molecular weight protein marker, Bio-Rad Kaleidoscope
marker (Bio-Rad Laboratories), was loaded onto an acrylamide gel
consisting of a 5% acrylamide stacking gel stacked on top of a 10%
acrylamide resolving gel and run through the gel by application of
100 V for approximately 1 hour. Proteins were transferred from the gel
to a polyvinylidene difluoride membrane using a wet blotting method.
The membrane was blocked with 5% Marvel in PBS containing 0.1%
Tween20 (PBS-T) and then probed with an anti-ORAI1 (1:1,000) anti-
body (rabbit polyclonal antibody; Axxora Life Sciences, Nottingham,
UK) followed by a peroxidase conjugated secondary (1:10,000) anti-
body. The enhanced chemiluminescence method of protein detection
using enhanced chemiluminescence reagents (Amersham GE Health-
care, Buckinghamshire, UK) was used to detect labeled proteins.

Statistical Analysis

Averaged data are presented as mean 6 SEM. Where appropriate,
statistical analysis was assessed by unpaired Student t tests or one-way
analysis of variance followed by the Dunnett’s test for multiple group
comparisons. Data were considered significant at P , 0.05 or P , 0.01.

RESULTS

ORAI mRNA Expression in HASM Cells

We first examined the expression of the three known human
ORAI homologs (ORAI1, 2, and 3) in primary cultured HASM
cells. Figure 1A shows the PCR products obtained: all three
homologs were detected. Each PCR product was directly se-
quenced to confirm identity.

siRNA-Mediated Knockdown of ORAI1, 2, and 3

We next obtained selective siRNA sequences to target and
knockdown all three homologs. All three siRNAs were pur-
chased from Ambion: sequences are listed in MATERIALS AND

METHODS. Delivery of siRNA to the cells was achieved through
use of lipid-based transfection by Lipofectamine 2000 (Invitro-
gen). Efficiency of knockdown was assessed with quantitative
real-time PCR (Taqman). Figure 1C shows the knockdown of
mRNA achieved with each siRNA. The level of ORAI mRNA
expression in HASM cells transfected with siRNA was com-
pared relative to an untreated control, which was set to 100%.
The Ct values from the untreated medium controls were as
follows (mean 6 SEM, n 5 3); ORAI1 (29.5 6 0.5), ORAI2

(31.3 6 0.1), and ORAI3 (31.1 6 0.2). Results are expressed as
the mean 6 SEM, cDNA samples were tested in triplicate and
the graph represents data from three separate transfections.
Transfection with 20 nM ORAI1 siRNA resulted in 97.6 6

0.8% knockdown of ORAI1 mRNA, without affecting expres-
sion of ORAI2 or ORAI3. Transfection with 20 nM ORAI3
siRNA resulted in an 82.7 6 1.4% reduction of ORAI3 mRNA
again without affecting ORAI1 or 2. Transfection with 20 nM
ORAI2 siRNA reduced ORAI2 expression by 74.7 6 4.6%;
however, a small nonspecific reduction in ORAI3 expression
was also observed.

Western blotting was used to study the expression of ORAI1
at the protein level and to assess the level of protein knockdown
after siRNA transfection. Protein data are restricted to ORAI1
due to lack of commercially available antibodies against other
members of the ORAI family. Western blot analysis revealed
a prominent band of 50 kD in size, which corresponds to the
expected size of ORAI1. Other, less intense protein bands of
different molecular weights appeared; the bands are likely to be
a result of nonspecific/background binding as a result of using
a polyclonal primary antibody. Cell lysates were collected from
control cells and cells treated with 20 nM ORAI1 siRNA; cel-
lular protein levels were estimated and equal amounts of pro-
tein were loaded; equal protein loading was checked by probing
for smooth muscle a-actin expression. Figure 1B shows a West-
ern blot showing ORAI1 and smooth muscle a-actin expression
from both control and ORAI1 siRNA–treated cells. A signif-
icant reduction in band definition corresponding to ORAI1
protein is seen with the siRNA-treated sample compared with
control sample.

Figure 1. Expression of ORAI homologs in human airway smooth

muscle (HASM) and siRNA-targeted knockdown of ORAI homologs. (A)
mRNA expression of ORAI1, 2, and 3 in HASM cells using reverse

transcriptase–polymerase chain reaction (RT-PCR) (O1: ORAI1, O2:

ORAI2, O3: ORAI3). PCR products were sequenced to confirm expres-

sion. No products were detected in the RT samples (i.e., RNA samples
that have not been reverse transcribed) to confirm no genomic DNA

contamination. (B) Western blot analysis of ORAI1 protein expression

after ORAI1 siRNA transfection; expression of smooth muscle a-actin

was assessed as a control for equal protein loading. (C) siRNA-mediated
knockdown of ORAI1, 2, and 3 mRNA assessed by real-time, quanti-

tative PCR; the effects of individual siRNAs on expression of all ORAI

homologs were assessed. The level of ORAI mRNA expression in HASM

cells transfected with siRNA was compared relative to an untreated
control, which was set to 100%. Results are expressed as the mean 6

SEM, cDNA samples were tested in triplicate and the graph represents

data from three separate transfections.
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Effects of ORAI1, 2, and 3 mRNA Knockdown on SOC Influx

Assessed through Intracellular Ca21 Measurements

After successful knockdown of mRNA and (for ORAI1) pro-
tein, we then observed the functional effects on Ca21 signals
induced by store depletion. Changes in intracellular Ca21 were
measured using the Ca21 detection dye Fluo-4AM (Molecular
Probes). Store depletion was induced by either 10 mM CPA or 1
mM TG in a low extracellular Ca21 (0.1 mM) buffer. After 4
minutes of stimulation with CPA or 24-minute incubation with
TG, the addition of extracellular Ca21 resulted in a large influx
of Ca21 over basal compared with cells not prestimulated with
TG or CPA. Both TG- and CPA-induced Ca21 influx was
significantly decreased in cells transfected with siRNA targeted
at ORAI1 (Figure 2) compared with cells transfected with an
equal concentration of negative control siRNA. Transfection
with ORAI2 siRNA had no inhibitory effects on Ca21 influx.
Transfection with ORAI3 siRNA also resulted in abnormal
CPA-induced Ca21 signals: both Ca21 release from stores and
Ca21 influx from the extracellular space was decreased com-
pared with control cells.

Effects of ORAI1 Knockdown on Store-Operated Inward

Currents Assessed by Whole Cell Patch Clamp

As a result of these Ca21 data and given the level of knock-
down and the specificity of the siRNA, we studied the effect of

ORAI1 siRNA transfection on whole cell inward currents
initiated by store depletion. Extracellular Ca21 was omitted in
these experiments because SOC currents are amplified under
conditions where extracellular Ca21 is absent and so are easier
to study. In control cells under the experimental conditions
described, application of CPA resulted in the activation of an
inward current with two distinct components (Figure 3A). The
first stage (depicted in Figure 3A as ‘‘1’’) was a small, transient
inward current followed by a further gradual development of
current. The I-V profile at this point (‘‘1’’) is shown in Figure
3Bi and shows an inward current, with minimal outward current
and a reversal potential of approximately 140 mV. The second
current was larger and more sustained, with a more linear I-V
relationship and marked outward current. In cells transfected
with 20 nM siRNA targeted at ORAI1, activation of the initial
current was inhibited. The second, larger, more sustained cur-
rent was not greatly affected, taking into consideration the re-
duced baseline current before the activation of this secondary
current. The characteristics of the initial current are similar to
those previously observed for ICRAC. We therefore examined
the effects of 100 mM La31, 100 mM Gd31, and 50 mM 2-
aminoethoxydiphenylborane (2-APB) on the CPA-induced in-
ward current. These inhibitors have been used in the past to
inhibit SOC influx (18–20). At the concentrations stated, all
inhibitors significantly suppressed the initial inward current (at
point 1). Figure 4A shows a time course of current density

Figure 2. Effects of ORAI1, 2, or 3 mRNA knockdown on cyclopiazonic acid (CPA)– and thapsigargin (TG)-induced Ca21 influx. (Ai and Aii)
Representative raw traces illustrating the CPA-induced changes in [Ca21]i (presented as fluorescence intensity [FI]) in HASM cells transfected with

ORAI1 siRNA (Ai) and ORAI3 siRNA (Aii), compared with HASM cells transfected with a negative control siRNA. CPA (10 mM) was added to the cells in

the presence of low extracellular Ca21 (0.1 mM) followed by the restoration of 2 mM Ca21 as indicated. (Aiii) Summary of the data illustrated in (Ai)

and (Aii) showing averaged changes in fluorescence after 2 mM Ca21 restoration (averaged data from 8 separate experiments, at least 6 repeats within
each experiment). (Bi and Bii) Representative raw traces illustrating the TG-induced changes in [Ca21]i in HASM cells transfected with ORAI1 siRNA (Bi)

and ORAI3 siRNA (Bii), compared with control cells. TG (1 mM) was added to the cells in the presence of low extracellular Ca21 (0.1 mM) for 20

minutes before assay, followed by the restoration of 2 mM Ca21 as indicated. (Biii) Summary of the data illustrated in (Bi) and (Bii) showing averaged
changes in fluorescence after 2 mM Ca21 restoration (averaged data from 4 separate experiments, at least 6 repeats within each experiment). Results

are expressed as % changes 6 SEM compared with control. Data are indicated as statistically significant with *P , 0.05 and **P , 0.01.
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showing control cells versus cells treated with 100 mM La31.
Figure 4Bi shows a representative I-V profile at point 1 on the
time course and compares a control cell with an La31-treated
cell. The averaged inward current densities at point 1 (measured
at 280 mV) are illustrated in Figure 4Bii, which shows control
cells (n 5 9) compared with cells treated with 100 mM La31

(n 5 9), 100 mM Gd31 (n 5 9), and 50 mM 2-APB (n 5 9).

DISCUSSION

Understanding the mechanisms underlying activation of ASM
contraction is of fundamental importance to asthma. Although
it has been clear for many years that Ca21 plays a key role in the
contractile response, the mechanisms underlying control of Ca21

homeostasis have been uncertain. The concept of Ca21 influx
mediated by a depletion of intracellular Ca21 stores was first
introduced over 20 years ago (21). Over the last few decades,
many mechanisms of communication between intracellular stores
and plasma membrane ion channels have been proposed, in-
cluding the release of diffusional messengers and vesicle fusion
(reviewed in Reference 22), all of which have remained contro-
versial. Recently, there has been interest in members of the
STIM and ORAI family of proteins and their roles in SOC influx.
Using an RNA interference approach, we demonstrated a role
for STIM1 in the activation of SOC influx in primary HASM cells
(14). We now report expression and studies on the potential roles
for the three known human ORAI homologs (ORAI1, 2, and 3)
in the activation of SOC influx in HASM cells.

All three ORAI homologs were found to be expressed in the
primary airway myocytes. Successful knockdown of mRNA of

all three homologs was achieved through siRNA transfection,
and the level of knockdown was measured through quantitative
reverse transcriptase (RT)–PCR. Knockdown of ORAI1 pro-
tein was achieved and visualized through Western blotting.

After successful knockdown of ORAI1 mRNA and protein,
the effects of knockdown on store-mediated Ca21 influx were
then investigated. Both CPA- and TG-mediated Ca21 influx was
greatly reduced in the ORAI1 siRNA–transfected cells compared
with the negative control–transfected cells. Knockdown of
ORAI2 mRNA had no inhibitory effects on SOC influx in these
cells; if anything, a slight enhancement of Ca21 influx was ob-
served. These data could suggest a role for ORAI2 in regulation
of Ca21 influx but should be interpreted with caution as some off-
target effects were seen with this siRNA (unlike the other siRNAs
used), including a small upregulation of STIM1 expression (data
not shown). The cells transfected with siRNA targeted at ORAI3
also displayed abnormal CPA-mediated Ca21 signals. Both Ca21

release from stores and Ca21 influx were reduced in the ORAI3
knockdown cells. These novel data suggest that cells with reduced
ORAI3 expression have a lower Ca21 store content—that is,
ORAI3 may function to regulate basal Ca21 levels or ORAI3
may play a role in Ca21 release from stores.

As a result of the data obtained on Ca21 influx and given the
level of knockdown and the specificity of the siRNA species used,
we next investigated the effect of ORAI1 siRNA transfection on
whole cell inward currents initiated by store depletion. Extracel-
lular Ca21 was omitted in these experiments because SOC cur-
rents are amplified under conditions where extracellular Ca21 is
absent and so are easier to study. In control cells under the
conditions described, application of CPA resulted in the activation

Figure 3. Effects of ORAI1 knockdown on CPA-induced inward cur-

rents in single HASM cells assessed by whole cell patch clamp. (A) Time

course of current density (inward currents measured at 280 mV, out-
ward current measured at 180 mV); each point represents mean data 6

SEM of all cells in each group; control cells treated with negative con-

trol siRNA (n 5 12), ORAI1 suppressed cells (n 5 17). (Bi) Representa-

tive current–voltage (I-V) relationships at point 1 from the time course.
(Bii) Bar chart illustrating CPA-sensitive inward current density at point 1

(measured at 280 mV) in cells transfected with negative control or ORAI1

siRNA. Data are indicated as statistically significant with *P , 0.05.

Figure 4. Inhibitory effects of 100 mM La31, 100 mM Gd31, and 50 mM

2-aminoethoxydiphenylborane (2-APB) on CPA-induced inward cur-

rents in single HASM cells assessed by whole cell patch clamp. (A) Time
course of current density (inward currents measured at 280 mV, out-

ward current measured at 180 mV) showing control cells versus cells

treated with 100 mM La31, each point represents mean data 6 SEM of

all cells in each group; control cells (n 5 9), La31-treated cells (n 5 9).
(Bi) Representative current–voltage (I-V) relationships at point 1 from

the time course. (Bii) A bar chart illustrating CPA-sensitive inward

current density at point 1 (measured at 280 mV) of control cells com-
pared with cells treated with 100 mM La31, 100 mM Gd31, and 50 mM

2-APB. Data are indicated as statistically significant with *P , 0.05,

**P , 0.01.
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of an inward current with two separate components. The first
smaller, transient inward current was inhibited in the ORAI1
siRNA–transfected cells. Taking into consideration the reduced
baseline current in the ORAI1-transfected cells, the activation of
the second current was similar to that of control cells. Various
known inhibitors of SOC influx, including 2-APB, La31, and
Gd31, have also inhibited these currents (see Figure 4). The I-V
profile of the initial current demonstrates characteristics typical of
ICRAC (i.e., very positive reversal potential with limited outward
rectification), whereas the secondary current shows similarities to
previously observed ISOC currents responsible for capacitative
store filling in human bronchial smooth muscle cells (2). These
data demonstrating that the initial (ICRAC-like) current was
inhibited by knockdown of ORAI1 could potentially be explained
in two ways: that ICRAC is present in ASM or that ORAI1 con-
tributes to other ISOC currents in these cells. Both of these possi-
bilities are novel to previous concepts of ASM function, although
some relevant data are emerging in other cell types.

Until recently, all of the studies investigating ORAI have
focused on its involvement in the activation of the specific SOC
subtype ICRAC. Mutations in ORAI1 result in significant changes
to the electrophysiologic properties of ICRAC, rendering the cur-
rent less Ca21 selective with outward rectification (23). Such
studies have provided evidence for the theory that ORAI1 forms
the pore-forming subunits of the CRAC channel. However, there
is some evidence that ORAI1 and STIM1 can contribute to
function of other SOC channels (24). For example, ORAI1 has
been reported to interact with Transient Receptor Potential
Classical (TRPC)1 and forms a ternary complex together with
STIM1 in the plasma membrane (25). Both STIM1 and ORAI1
are believed to contribute to the SOC function of TRPC1.
Knockdown of either ORAI1 or STIM1 inhibits TRPC1 mediated
ISOC in human salivary gland cells (25). It may be that the
function of other TRPC channels is also mediated by the STIM
and ORAI proteins given that ORAI1 interacts with TRPC3 and
TRPC6, and there is suggestive evidence that ORAI1 may
function to regulate these channels (26).

It is well established that TRPC channels assemble into homo-
or heterotetramers with other TRPC subunits (27). It is possible
that different TRPC/STIM/ORAI subunits interact to form differ-
ent SOC channels with different electrophysiology and pharma-
cologic properties in ASM and that these complexes underlie the
different Ca21 influx pathways present in this cell type. Our group
has previously found expression of a range of TRPC homologs in
HASM and lung tissue including TRPC1, 3, 4, and 6 (28).

In summary, the data presented here clearly show a role for
ORAI1 and, potentially, ORAI3 in SOC signals in ASM cells. It
is likely that the role of ORAI and STIM homologs in SOC
activation also extends to other smooth muscle cell types.
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