The Contribution of TRPC1 and STIM1
to Capacitative Ca** Entry in Pulmonary Artery
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Abstract Capacitative calcium entry (CCE) through store-operated channels (SOCs)
has been shown to contribute to the rise in intracellular calcium concentration ([Ca*])
and mediate pulmonary artery smooth muscle contraction. CCE is activated as a result
of depletion of intracellular Ca* stores but there is a great deal of controversy surround-
ing the underlying signal that active CCE and the molecular makeup of SOCs. The
discovery of canonical subgroup of transient receptor potential channels (TRPC) and
recent identification of stromal-interacting molecule 1 (STIM1) protein have opened a
door to the study of the identity of SOCs and the signal that activates these channels.
Among all the TRPC channels, TRPCI is widely studied in many cell types and shown
to be part of SOCs components, whereas STIM1 protein is found to act as a Ca** sensor
in the intracellular Ca®* stores and activates SOCs. However, there is very little evidence
for the roles of TRPC1 and STIM1 in the contribution of CCE in pulmonary artery. This
chapter outlines the roles of TRPC1 and STIMI1 in pulmonary artery smooth muscle
cells and discusses our recent findings that TRPC1 and STIM1 are functionally interact
with each other to mediate CCE in these cells. We also propose a model for the molecu-
lar makeup of SOCs formed by TRPC1 and STIM1 in pulmonary artery.
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1 Introduction

Capacitative Ca?* entry (CCE) or store-operated Ca’* entry was first proposed by
Putney in 1986: Depletion of intracellular Ca** stores leads to the activation of
Ca’ entry from the extracellular space to reload the stores.! The stores serve as a
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capacitor, and much as in an electrical circuit, a capacitor must be charged before
current can flow through it." CCE can be activated by any procedure that causes
depletion of Ca** from the intracellular Ca?* stores. This includes agonists activat-
ing receptors coupled to the inositol 1,4,5-trisphosphate (IP,) signaling pathway,
intracellular dialysis of high concentrations of Ca®* chelators Ethylene glycol-
bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA) or 1,2-bis(2-aminophe-
noxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA), thereby preventing store refilling
by chelating Ca** that leaks from the stores or using agents that inhibit the sarco-
plasmic reticulum (SR)/endoplasmic reticulum Ca*-ATPase (adenosine triphos-
phatase) (SERCA), such as cyclopiazonic acid (CPA) or thapsigargin.”> The
concept of CCE was first confirmed by electrophysiological evidence in mast
cells, in which store depletion caused activation of a Ca®* current, so-called Ca>*-
release activated Ca** current (I, ).’ I, is voltage independent, inwardly recti-
fying, and highly selective to Ca** and has a very low unitary conductance of 0.02
pS. It is now accepted that /_, . is a predominant Ca* entry pathway in nonexcit-
able cells, but it is not the only store-operated current.” Many studies have reported
a variety of store-operated currents with a range of channel conductances (>1 pS),
along with varying Ca?* selectivity in both nonexcitable and excitable cells.?
Unlike nonexcitable cells, Ca** entry in excitable cells such as vascular smooth
muscle cells is generally accomplished by voltage-operated Ca** channels
(VOCCs) or receptor-operated channels (ROCs). However, increasing evidence
has shown that Ca®* entry through store-operated nonselective cation channels
(SOCs) contributes to the rise in [Caz*]i and responsible for vascular smooth
muscle contraction.? To date, there are only a few studies that showed the record-
ing of store-operated currents in vascular smooth muscle cells. In cell-attached
patches of cultured aorta smooth muscle cells, a 3-pS cation-conducting channel
activated by thapsigargin or the cell-permeant Ca** chelator BAPTA-AM (ace-
toxymethyl ester) was reported by Trepakova et al.’ In cell-attached patches of
cultured human pulmonary artery smooth muscle cells (PASMCs), Golovina
et al.’ reported a 5.4-pS Ca**-permeable channel that was activated by CPA. In
rabbit portal vein cells, CPA, caffeine, BAPTA-AM, or calmodulin antagonist
W-7 activated SOCs with a single-channel conductance of 2.1 pS.” Following this
observation, Saleh et al.*? also recorded 2.6- and 1.9-pS SOC in coronary artery
and mesenteric artery smooth muscle cells, respectively. It is not clear whether
the single-channel events described in these studies were indeed due to SOCs as
opposed to another Ca** entry pathway because Ca** release from the stores may
activate other nonselective cation channels; even in cells loaded with BAPTA-AM,
it has not always been shown that sufficient BAPTA has accumulated in the cyto-
sol to suppress the rise in intracellular Ca** following store depletion.” Perhaps
the more convincing evidence for the existence of SOCs in vascular smooth
muscle cells comes from the whole-cell recording of rat PASMCs'® and human
saphenous vein cells.'" In the former study, a CPA-induced inward current was
recorded when cells were internally dialyzed with 10 mM EGTA or 10 mM
BAPTA. The latter study showed that thapsigargin activated lanthanum-sensitive
currents in cells dialyzed with 40 mM EGTA. However, the single-channel con-
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ductance for SOCs has not been reported in these studies. Thus, the electrophysi-
ological evidence for SOCs in vascular smooth muscle cells remains to be
elucidated.

2 Molecular Composition and Molecular Signals that Underlie
Store-Operated Channels in Vascular Smooth Muscle

Over the past decade, CCE has gained a significant amount of attention in vascular
smooth muscle research.”'> However, the molecular composition of SOCs and the
intracellular signals that activate these channels remain unclear. The discovery of
mammalian homologues of Drosophila transient receptor potential (TRP) gene that
encode 28 nonselective cation channel proteins with varying permeability to Ca®* has
led to a plethora of studies on the possible role of TRP channels underlying SOCs and
ROC:s. Since 1995, increasing evidence indicated members of the canonical subgroup
of transient receptor potential nonselective cation channel (TRPC) constitute tetram-
ers of both ROCs and SOCs.>'*!” Based on the structural and functional similarities,
members of the TRPC family are divided into four subgroups: TRPC1, TRPC2,
TRPC3/6/7, and TRPC4/5. These TRPC members have all been suggested as com-
ponents of SOCs, but there is also evidence that they are components of ROCs.'® This
could be explained by the findings that different TRPC subunits can associate to form
heterotetramers in different cell types. In general, TRPCI, 4, and 5 are sensitive to
store depletion and interact with each other to function as SOCs, whereas TRPC3, 6,
and 7 can interact with each other and function as ROCs that are gated by G protein-
phospholipase C and diacylglycerol.'® TRPC2 is a pseudogene in humans.

Several studies have confirmed the existence of TRPC channels in various vas-
cular preparations.*!” However, there is little evidence that TRPC channels function
as SOCs in vascular smooth muscle cells. Using inhibitory antibodies, antisense,
and small-interfering RNA (siRNA) methods, several studies have presented evi-
dence for TRPC1 as an essential component for SOCs in vascular smooth muscle
cells from the aorta,'®!” cerebral artery,”® mesenteric artery,® coronary artery,’”' and
portal vein.” Interestingly, TRPC1 and TRPC5 have been shown to colocalize and
associate with one another in the rabbit pial arteriole,” and antibodies directed
against TRPC1 and TRPCS5 were shown to inhibit store-operated currents in mes-
enteric artery,” suggesting that TRPC1/TRPCS5 may form heterotetramers in vascu-
lar smooth muscle. TRPCI1, 5, and 6 were suggested to form SOCs in rabbit
coronary artery, and TRPC1, 5, and 7 were suggested to form SOCs in rabbit portal
vein.” This finding goes against the original principle that TRPC1, 4, or 5 and
TRPC3, 6, or 7 can only interact with each other within the group to form hetero-
tetramers and function as ion channels.”*** However, it has also been proposed that
functioning cation channels may be composed of subunits from both of these
groups.”*’ Thus, comparison of the proposed heterotetrameric structures in expres-
sion systems with native SOCs is required to precisely identify the molecular
makeup of endogenous SOCs.
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While the molecular identity of SOCs is incomplete, the molecular signals that
activate these channels also remain unresolved. Many studies have been performed
since 1990 to examine the molecular signals that activate SOCs.> These include (1)
the generation of a “Ca’ influx factor” from the SR after store depletion, which
induces activation of Ca**-independent phospholipase A, leading to the activation
of SOCs; (2) conformational coupling of the SR IP, receptors with SOCs on the
cell membrane; and (3) fusion of vesicles containing SOCs in the cell membrane,
leading to the increase in channel number in the membrane. However, none of
these hypotheses is unequivocally accepted for the activation of SOCs.” The dis-
covery of STIMI (stromal interacting molecule 1) has opened a new direction
toward the search for a molecular intermediate involved in the activation of SOCs.
STIM1 was found to act as a sensor within the stores?®? and may play a role in
the plasma membrane* to activate I .. To date, there is little information on
the role of STIMI1 in vascular smooth muscle cells. STIMI messenger RNA
(mRNA) was shown to be expressed in cultured human coronary artery smooth
muscle cells,’’ mouse aorta smooth muscle cells,”” and human saphenous vein
cells,'" and siRNA targeting STIM1 resulted in reduction of Ca* entry and whole-
cell current activated by CPA or thapsigargin.''?!33 These results suggest an impor-
tant role of STIM1 in mediating CCE in vascular smooth muscle cells. Interestingly,
In human embryonic kidney 293 (HEK293) cells, STIM1 was found to bind to
TRPC1, TRPC4, and TRPCS and directly regulate these channels, whereas the
regulation of TRPC3 and TRPC6 by STIM1 was mediated by STIM1-dependent
heteromultimerization of TRPC3 with TRPC1 and TRPC6 with TRPC4.**
Therefore, the notion that STIM1 interacts with various TRPC channels to mediate
CCE cells has emerged as an important focus in vascular research.

3 Role of TRPC1 as an Essential Component for
Store-Operated Channels in Pulmonary Artery

The TRPC channels, except TRPC2 have been found in pulmonary vascular prepa-
rations.'*!*357 However, there is little evidence for the functional significance of
these channels in pulmonary vascular research. Because of the relatively abundant
expression of TRPC1 in PASMCs, the functional role of TRPC1 has been widely
studied compared to other TRPC channels. There is increasing evidence that
TRPC1 functions as SOCs in pulmonary arteries. In human PASMCs, CCE is
enhanced in proliferative cells,*® and this is associated with an increase in TRPC1
expression in these cells.® In addition, TRPC1 gene expression and CCE were sig-
nificantly reduced in human PASMCs treated with TRPCI1 antisense.”
Overexpression of human TRPC1 in rat pulmonary arteries enhanced the contrac-
tile responses to CPA.*’ Knockdown of TRPC1 protein with siRNA inhibited cation
influx caused by thapsigargin in rat PASMCs,*' further supports that TRPCI is an
important molecular candidate for SOCs in PASMCs. Our study in mouse PASMCs
also suggested that TRPCI is an essential component of SOCs in these cells.** We
found that CPA caused an increase in nifedipine-insensitive transient and sustained
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Fig. 8.1 TRPCI mediates CCE in mouse PASMCs. (a) When applied in Ca**-free solution, deple-
tion of intracellular stores with 10 uM CPA transiently elevated the fura-2 fluorescence ratio,
indicating Ca®* release from the intracellular stores (arrow). Readdition of 2 mM Ca?* in the con-
tinued presence of CPA caused a transient followed by a sustained increase in the fluorescence
ratio. The transient but not the sustained component was reduced by 10 uM nifedipine (Nif). (b)
Depletion of intracellular Ca* stores with 10 uM CPA increased the rate of Mn** quench of fura-2
fluorescence in the presence of 10 pM nifedipine. (¢) RT-PCR (reverse-transcription polymerase
chain reaction) products from cultured mouse PASMCs amplified using primers for mouse TRPC1
(516 bp) and B-actin (498 bp). (d) TRPC1 protein and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were detected in cultured mouse PASMCs using Western blot analysis. A negative con-
trol was performed by preincubating TRPC1 antibody with the antigen peptide. (¢) TRPC1 anti-
body (1:100) inhibited the CPA-induced sustained but not transient increase in fura-2 fluorescence
ratio in the presence of 10 uM nifedipine. (f) TRPC1 antibody (1:100) inhibited the increase in
Mn?* quench of fura-2 fluorescence caused by 10 uM CPA in the presence of 10 uM nifedipine.
Modified with permission*

rise in [Ca*] and an increase in Mn** quench of fura-2 fluorescence (Fig. 8.1).
These increases in [Ca®*], and Mn>* quench rate were due to CCE because they were
activated by store depletion and blocked by SKF-96365, Ni**, La*, and Gd**,*
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a characteristic property of SOCs in many tissues, including pulmonary arter-
ies.!012141536 We have also shown the expression of endogenous TRPC1 mRNA and
protein in mouse PASMCs. Furthermore, the increase in dihydropyridine-insensi-
tive sustained rise in [Ca*]. and the increase in Mn** quench rate caused by CPA
were both inhibited by antibody raised against an extracellular epitope of TRPCI,
suggesting an important role of TRPC1 in the contribution of CCE in mouse
PASMCs.

4 STIM1 Mediates Capacitative Ca’>* Entry
in Pulmonary Artery Smooth Muscle

STIM1 mRNA and protein were found to express in rat PASMCs.*” However, the
functional role of STIM1 in the activation of CCE in PASMCs remains unknown.
We have studied the functional role of STIM1 in mouse PASMCs using the siRNA
approach and overexpression methods.”” We have shown that endogenous STIM1
mRNA and protein express in mouse PASMCs, and the expression level of STIM1
protein was reduced by siRNA knockdown of STIM1 mRNA (Fig. 8.2). We found
that siRNA knockdown of STIM1 protein reduced the dihydropyridine-insensitive
transient and sustained rise in [Caz*]i and cation influx activated by store depletion,
and these responses to store depletion were enhanced in cells overexpressing
STIMI. These data provide the first functional evidence that endogenous STIM1
contributes to CCE in PASMCs.

5 Functional Interaction of TRPC1 and STIM1
in Pulmonary Artery Smooth Muscle

So far, there is little evidence for the functional interaction between TRPC1 and
STIMI in vascular smooth muscle cells. Although TRPC1 was shown to be an
essential component of SOCs in PASMCs,* aorta,'®!” cerebral artery,”” mesenteric
artery,® and coronary artery®' smooth muscle cells and STIM1 was found to medi-
ate CCE in human airway smooth muscle cells,* cultured human coronary artery
cells,?' and mouse aorta smooth muscle cells,* none of these studies showed that
STIMI is functionally linked to TRPC1 in mediating CCE in the same cell. Only
one study suggested STIM1 may interact with TRPC1, which was reported by
Li et al."" in cultured human saphenous vein cells. They showed that thapsigargin-
induced rise in [Ca®*], was inhibited by STIM1 antibody and STIMI siRNA. On
the other hand, they also showed that thapsigargin-induced rise in [Ca®*], was
inhibited by TRPCI1 antibody. However, they did not test whether STIM1 is func-
tionally associated with TRPC1. To address this question, we have studied the
effects of TRPCI1 antibody in cells overexpressing STIM1.*> We found that
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Fig. 8.2 STIMI mediates CCE in mouse PASMCs. (a) RT-PCR products from cultured mouse
PASMCs amplified using primers for mouse STIM1 (473 bp) and B-actin (498 bp). (b) STIM1
protein and GAPDH were detected in mouse PASMCs (nontransfected) and in PASMCs trans-
fected with 200 nM scrambled siRNA (negative control). The expression of STIMI1 but not
GAPDH was reduced significantly in cells transfected with 200 nM STIM1 siRNA. (c¢) siRNA
knockdown of STIM1 reduced the CPA-induced transient and sustained increase in fura-2 fluo-
rescence ratio in the presence of 10 puM nifedipine. (d) siRNA knockdown of STIM1 reduced the
increase in Mn?* quench of fura-2 fluorescence caused by 10 uM CPA in the presence of 10 pM
nifedipine. (e) Overexpression of STIM1 enhanced the increase in CPA-induced transient and the
sustained rise in fura-2 fluorescence ratio in the presence of 10 pM nifedipine. /nset STIM1 pro-
tein and GAPDH were detected in noninfected mouse PASMCs and in PASMCs infected with
adenovirus containing green fluorescent protein (Ad-GFP). The expression of STIM1 increased
markedly in cells infected with STIM 1-GFP-adenovirus (Ad-GFP-STIM1). (f) Overexpression of
STIM1 enhanced the increase in Mn?* quench of fura-2 fluorescence caused by 10 uM CPA in the
presence of 10 uM nifedipine. Modified with permission*?
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Fig. 8.3 STIMI associates with TRPC1 to mediate CCE in mouse PASMCs. (a) In cultured
mouse PASMCs overexpressed with STIM1, TRPC1 antibody (1:100) reduced the CPA-induced
transient and sustained increase in the fura-2 fluorescence ratio in the presence of 10 pM
nifedipine. (b) In cultured mouse PASMCs overexpressing STIM1, TRPC1 antibody (1:100)
inhibited the increase in Mn?** quench of fura-2 fluorescence caused by 10 uM CPA in the presence
of 10 uM nifedipine. Modified with permission*

overexpression of STIM1 resulted in an increase in the dihydropyridine-insensi-
tive transient and sustained rise in [Ca*], and the Mn** quench rate caused by
CPA (Fig. 8.3). These responses were reduced in cells treated with TRPC1 anti-
body, suggesting a functional association of STIM1 and TRPC1 to mediate CCE
in mouse PASMCs.

More interestingly, we found that STIM1 coimmunoprecipitates TRPC1, and the
precipitation level of TRPC1 was increased during store depletion (Fig. 8.4).
Therefore, SOCs may consist of a molecular complex composed of TRPC1 and
STIM1 in mouse PASMCs, and when the intracellular Ca** stores are depleted,
STIM1 that resides in the cytosol may be recruited to the cell membrane and inter-
acts with more TRPC1 to enhance CCE. This molecular complex has not previously
been described in any vascular smooth muscle preparation, including PASMCs.
Although STIM1 has been shown to coimmunoprecipitate with TRPC1 in cultured
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Fig. 8.4 TRPCI interacts with STIMI to form SOCs in mouse PASMCs. STIM1 coimmunopre-
cipitates TRPC1 in cultured mouse PASMCs in the absence and presence of store depletion.
STIM1 was first immunoprecipitated (IP) with EXBIO STIM1 antibody (10 pg), and the blot was
subsequently probed with BD Biosciences STIMI1 antibody (WB, 1:100). The blot was then
probed for co-IP of TRPC1 expression using TRPC1 antibody (WB, 1:100, Alomone). Modified
with permission*

human saphenous vein cells, the possibility that the association between TRPC1 and
STIM1 maybe increased after store depletion in these cells was not examined.'!

6 Summary and Conclusions

Our study in mouse PASMCs confirmed a novel functional interaction between
STIM1 and TRPC1, in which TRPC1 mediates CCE through activation of STIM1.*
This is supported by the evidence that endogenous TRPC1 (Fig. 8.1) and STIM1
(Fig. 8.2) mediate CCE in mouse PASMCs. Overexpression of STIM1 increased
CCE, and this increase in CCE was significantly reduced by TRPC1 antibody (Fig. 8.3).
Moreover, STIM1 coimmunoprecipitates TRPC1, and store depletion enhances the
association of STIM1 and TRPC1 in mouse PASMCs (Fig. 8.4). These data provide
strong evidence for a functional link between STIM1 and TRPC1 to mediate CCE.

Another interesting finding is that the dihydropyridine-insensitive transient rise
in [Ca*], caused by CPA was not affected by TRPC1 antibody but was significantly
reduced in PASMCs transfected with STIM1 siRNA (Figs. 8.1 and 8.2). Therefore,
it is likely that other TRPC channels may heteromultimerize with TRPC1 and
STIM1 to function as SOCs in mouse PASMC:s. It is also possible that the dihydro-
pyridine-insensitive transient rise in [Ca*"], may be mediated by Orail, which has
been shown to be a pore-forming subunit of the calcium release-activated calcium
(CRAC) channel in nonexcitable cells.**** Coexpression of Orail and STIM1 was
found to cause a significant gain in CRAC channel function, suggesting that STIM1
interacts with Orail to cause CCE.*“° On the other hand, overexpression of Orail
in HEK cells was found to interact with the store depletion-insensitive channels
TRPC3 and TRPC6 and confer store depletion sensitivity to these channels.”’
Furthermore, TRPC1 was shown to form a complex with STIM1 and Orail to
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Fig. 8.5 A plausible model for molecular makeup of store-operated channels activated by STIM1
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VOCC voltage-operated Ca** channel

activate SOCs in human salivary gland cells.*® Thus, future studies on whether
other TRPC channels or Orail interact with STIM1 and mediate the dihydropyri-
dine-insensitive transient rise in [Ca*"], in mouse PASMCs are warranted.

Based on our study in mouse PASMCs and other studies in nonexcitable
cells,”>*“% we have proposed a model for the molecular makeup of SOCs activated
by STIM1 and other Ca®* entry pathways activated by store depletion in PASMCs
(Fig. 8.5). Depletion of intracellular Ca** stores causes Ca** release from the SR,
activation of the Ca*-activated chloride channel, leading to chloride efflux and
membrane depolarization, which causes activation of VOCCs. Store depletion also
causes activation of SOCs, leading to Na* and Ca** entry. When the stores are
depleted, STIM1 in the SR senses the depletion of Ca*, coalesces, and moves to
the cell membrane to interact with STIM1 that resides in the membrane. The
STIM1 complex then activates the opening of SOCs in the cell membrane. SOCs
may be composed of a- and B-subunits. TRPC1 channels possess six transmembrane-
spanning regions, which may serve as the a-subunit, either as a homotetramer or a
heterotetramer with other TRPC channels. Orail is composed of four transmembrane-
spanning regions that may serve as the 3-subunit. Orail may act as a transducer of
STIM1 signals, leading to the activation of nonselective cation TRPC1 channels
and Ca”" and Na* entry.

To date, the study of CCE has become one of the important areas for pulmonary
vascular research because of its implication in hypoxic pulmonary vasoconstriction
(HPV). Pulmonary vasoconstriction in response to hypoxia is an important protective
mechanism that diverts blood flow away from hypoxic alveoli into better-ventilated
regions of the lung. This acute hypoxic pressor response is a unique physiological
process that distinguishes pulmonary from the systemic circulation, which usually
dilates in response to hypoxia. Evidence that hypoxia causes a sustained rise in
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[Ca*], through activation of CCE in PASMCs,">" intact pulmonary arteries,” and
isolated lungs™ confirms a significant role of CCE in HPV. Interestingly, expression
of TRPC1 and TRPC6 was significantly elevated in chronic hypoxia, and TRPC1
was found to mediate CCE in rat PASMCs,*' suggesting a potential role of the
TRPCI1 channel in HPV. As discussed in this chapter, STIM1 was found to interact
with TRPC1 to mediate CCE in mouse PASMCs.* This may serve as an important
model for future studies of the mechanisms underlying HPV.
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