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Introduction to the Role of TRPC Channels  
in Store-Operated Ca2+ Entry

Store-operated calcium entry (SOCE) was identified more than 
two decades ago as a Ca2+ entry mechanism that is activated 
in response to stimulation of calcium mobilizing receptors. It 
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A rise in cytoplasmic [Ca2+] due to store-operated Ca2+ entry 
(SOCE) triggers a plethora of responses, both acute and long 
term. This leads to the important question of how this initial 
signal is decoded to regulate specific cellular functions. It is 
now clearly established that local [Ca2+] at the site of SOCE 
can vary significantly from the global [Ca2+] in the cytosol. The 
assembly of key Ca2+ signaling proteins within the domains 
generates such Ca2+ microdomains. For example, GPCR, IP3 
receptors, TRPC3 channels, the plasma membrane Ca2+ pump 
and the endoplasmic reticulum (ER) Ca2+ pump have all been 
found to be assembled in a complex and all of them contribute 
to the Ca2+ signal. Recent studies have revealed that two other 
critical components of SOCE, STIM1 and Orai1, are also recruited 
to these regions. Thus, the entire machinery for activation and 
regulation of SOCE is compartmentalized in specific cellular 
domains, which facilitates the specificity and rate of protein-
protein interactions that are required for activation of the 
channels. In the case of TRPC1-SOC channels, it appears that 
specific lipid domains, lipid raft domains (LRDs), in the plasma 
membrane, as well as cholesterol-binding scaffolding proteins 
such as caveolin-1 (Cav-1), are involved in assembly of the TRPC 
channel complexes. Thus, plasma membrane proteins and 
lipid domains as well as ER proteins contribute to the SOCE-
Ca2+ signaling microdomain and modulation of the Ca2+ signals 
per se. Of further interest is that modulation of Ca2+ signals, 
i.e., amplitude and/or frequency, can result in regulation of 
specific cellular functions. The emerging data reveal a dynamic 
Ca2+ signaling complex composed of TRPC1/Orai1/STIM1 that is 
physiologically consistent with the dynamic nature of the Ca2+ 
signal that is generated. This review will focus on the recent 
studies, which demonstrate critical aspects of the TRPC1 
channelosome that are involved in the regulation of TRPC1 
function and TRPC1-SOC-generated Ca2+ signals.

The dynamic complexity  
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was further established that SOCE is activated by depletion of 
the endoplasmic reticulum (ER)-Ca2+ stores per se and not due 
to events proximal to receptor signaling. Physiologically, this is 
achieved in response to stimulation of plasma membrane receptors 
that result in activation of phosphatidyl inositol-4,5-bisphosphate 
(PIP

2
)-specific phospholipase C (PLC), hydrolysis of PIP

2
 into IP

3
 

and DAG, and IP
3
-mediated release of Ca2+ from the ER via bind-

ing to the IP
3
R. SOCE occurs in both non-excitable and excitable 

cells, and is vital for the control of many critical functions such as 
gene expression, proliferation, migration, fluid secretion, mast cell 
degranulation, platelet aggregation and T-cell activation. SOCE 
has been extensively studied in all cell types and conclusive evi-
dence was presented early on that Ca2+ influx was mediated via 
a channel. However, the mechanism(s) involved in sensing ER 
calcium depletion and relaying the signal to the plasma mem-
brane for activation of the plasma membrane calcium channels, as 
well as the molecular identity of the components of the channels 
involved in SOCE, remained elusive for a very long time.

The well-established role of Drosophila TRP channel in pho-
totransduction,1,2 and its characterization as a Ca2+-permeable 
channel that is activated in response to receptor-mediated PIP

2
 

hydrolysis, propelled the search for mammalian homologs of this 
channel. This led to the discovery of the superfamily of TRP 
channels that consists of three major subfamilies—the TRP 
canonical (TRPC), TRP vanilloid (TRPV) and TRP melas-
tatin (TRPM) groups; and two minor subfamilies—TRPP (TRP 
channels linked to polycystic kidney disease) and TRP mucolipin 
(TRPML) groups,2 The TRPC subfamily that consists of seven 
members (TRPC1-7) critically contribute to SOCE and agonist-
dependent, store-independent calcium channels, in a number of 
different cell types.1-5 The TRPC family is most closely related 
to the Drosophila TRP both in sequence homology and by their 
activation in response to receptor-coupled PIP

2
 hydrolysis.1-3,6-8 

However, it became evident that TRPCs did not account for 
SOCE in all cell types, especially in cells such as T lymphocytes 
and mast cells which display a highly Ca2+-selective current called 
I

CRAC
 (Ca2+-release activated Ca2+ current).9-11 This current is 

inhibited by characteristic SOCE inhibitors, 2APB and low con-
centrations (1–5 μM) Gd3+ and La3+.4 On the other hand both 
endogenously and heterologously expressed TRPC channels do 
not display I

CRAC
-like properties. Instead they generate relatively 

non-selective cation channels in response to agonist stimula-
tion.4,12 Furthermore, although all TRPC proteins have been 
proposed as candidates for channels mediating SOCE, a number 
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with a pore region that is localized in the linker region between 
the fifth and sixth domains. Both the N and C termini are 
localized within the cytosol, and all TRPC proteins also have 
3–4 N-terminal ankyrin repeats, a conserved C-terminal TRP 
domain, coiled-coiled domains and putative PIP

2
 binding 

domains.1,2,6,35,36 These domains delineate regions in the channels 
where protein-protein interactions can occur. Indeed, mamma-
lian TRPC channels were shown several years ago to be assem-
bled in a supramolecular signaling complex, which included key 
Ca2+ signaling proteins as well as other signaling and scaffold-
ing proteins. For example, all these channels have calmodulin 
(CaM)-binding domains and direct interaction with CaM has 
been reported in almost all cases, although the exact function 
of these is not yet clear. In addition, the channels appear to 
have conserved Homer1, IP

3
R and caveolin-1 (Cav-1)-binding 

domains.32,37-40 Biochemical evidence has also been provided 
for the association of G proteins, SERCA and PMCA as well as 
PLC with TRPC channels. It is interesting to note that TRPCs 
have the ability to interact with both plasma membrane as well 
ER-associated proteins (these have also been confirmed in pro-
teomic studies for TRPC3 3,41). In addition, some TRPC proteins 
also bind lipids such as PIP

2
 and possibly cholesterol. The rest 

of this review will primarily focus on proteins associated with 
TRPC1 and their role in the regulation of channel function, cel-
lular localization and targeting to the plasma membrane.

TRPC1 is localized in a wide variety of tissues and contributes 
to various physiological functions, including fluid secretion, 
endothelial cell migration and permeability, smooth and skel-
etal muscle function, cell proliferation, differentiation, wound 
healing and protection against cell death. The characteristics of 
the channels formed by TRPC1 are quite diverse, ranging from 
relatively Ca2+ selective to non-selective (when comparing Ca2+ 
vs. Na+ permeability), likely due to its assembly in a heteromeric 
channel with other TRPC proteins.3,27-29,42,43 Of these, only 
interaction with TRPC1, TRPC4, TRPC3 or TRPC7 has been 
linked with generation of SOC channels. Most of the reported 
interactions appear to involve the N-terminus of these channels, 
and more specifically the coiled-coiled or ankyrin repeat regions 
of the protein.3,36,42,44,45 Furthermore, surface expression of the 
TRPC1 channel has also been reported to depend on its inter-
actions with other TRPCs (e.g., TRPC4) in some instances.42 
More detailed studies will be required to map the exact residues 
involved in these TRPC1-TRPC interactions and to confirm the 
physiological relevance of the putative heteromeric channels in 
native systems.

In addition to other TRPCs, interaction of TRPC1 with 
proteins such as Cav-1,37,38 β-tubulin (microtubule structures),46 
and RhoA (remodeling of the cytoskeleton) 19 also determines 
surface expression of the channel. TRPC1 channelosome con-
tains scaffolding proteins, such as RACK1, HOMER, IP

3
R, 

ezrin, caveolin, junctate, ZO1, EB-50 and NHERF that deter-
mine the localization of the channel complex in the cell. Key Ca2+ 
signaling proteins such PLC, G

αq/11
, IP

3
R and PMCA,3,38,39,47-49 

and depending on the cell type, neurotransmitter and growth 
factor receptors such as bradykinin50 and fibroblast growth fac-
tor receptors17 are also found to be associated with the channel. 

of them are activated only in response to treatment with agonist 
and not thapsigargin and not all of them are blocked by 2APB or 
1 μM Gd3+. Some TRPC channels also appear to be directly acti-
vated by Ca2+ (e.g., TRPC4 and TRPC5 channels). Thus, only 
some TRPC channels fulfill all the criteria for SOCE. However, 
inconsistencies have been reported in the activation of these chan-
nels by store depletion, much more so in heterologously expressed 
systems. Studies examining effects of knockdown of endogenous 
proteins have yielded more consistent findings. Another compli-
cation in elucidating the role of TRPC channels in SOCE is the 
ability and propensity of different members of the TRPC sub-
family to form homomeric or heteromeric channels. Such inter-
actions can potentially result in the generation of a plethora of 
Ca2+-permeable channels with a range of channel properties and 
activation mechanisms12,13 although there is not much informa-
tion available regarding the endogenous status of TRPC channels. 
Despite the lack of such data, it was clearly shown that none of the 
TRPC channels, either individually or in combination, recapitu-
lated the properties of I

CRAC
. Thus they were excluded as potential 

CRAC channel component(s) and TRPC channels that were 
activated by store depletion were termed SOC (store-operated 
calcium) channels. Among the seven TRPC channels, TRPC1 has 
been most consistently demonstrated as a component of the SOC 
channel in a variety of cell types.14-24 The role of TRPC1 in SOCE 
was further established by data showing that fluid secretion from 
salivary glands is severely compromised in TRPC1-/- mice which 
is associated with loss of SOCE in acinar cells.25 Pancreatic acini 
from these mice also display loss of SOCE.26 It has been suggested 
that heteromeric associations of TRPC1 with other TRPC chan-
nels can underlie the diversity in channel properties (as reviewed 
in refs. 3 and 27–29). Another interesting concept is that TRPC1 
can serve as a functional link to couple store-independent TRPC 
channels to intracellular Ca2+ store depletion.30 The latter role of 
TRPC1 is yet to be tested physiologically.

Based on the findings that TRPC channels do not contrib-
ute to the CRAC channel function, search for the molecular 
component(s) of the CRAC channel continued, as did studies to 
identify the ER Ca2+ sensor and regulatory mechanism for SOCE. 
Both of these components have been elucidated recently. The dis-
covery of Orai1 as the essential component of CRAC channels 
and STIM1 as the ER Ca2+ sensor protein involved in regulat-
ing the plasma membrane channels have provided new areas for 
study in the field of SOCE. Of further interest is the finding that 
activation of TRPC channels following store depletion is depen-
dent not only on STIM1 but also on Orai1 (discussed in detail 
below). Thus significant strides have been made in the field of 
calcium signaling that expand our understanding of the compo-
nents and possible mechanisms that determine the regulation of 
TRPC channels.27,30-32 This review will highlight these advances 
with a special focus on the function and regulation of TRPC1.

TRPC Channel Complexes

TRPC channels have the inherent ability to interact with other 
TRPC proteins as well as with regulatory and scaffolding pro-
teins.3,33,34 All TRPC proteins have six transmembrane domains 
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ER-PM signaling required for the activation of SOCE. It has now 
been shown that local Ca2+ signals generated by CRAC channels 
can be decoded for activation of specific gene transcription.59-61

Consistent with the findings that TRPC1 is assembled in 
microdomains several studies have provided conclusive evidence 
that SOCE occurs within spatially segregated Ca2+ signaling 
microdomains.12,34,48,60-62 Thus, it is reasonable to suggest that 
downstream effector and regulatory proteins might also be scaf-
folded in close vicinity to the channels. Proteins involved in gen-
erating the intracellular calcium signals as well as those regulating 
the level of [Ca2+]

i
 in the cell are tightly associated with each 

other and localized in a functional complex within this region, 
e.g., PMCA interacts with TRPC1 and has also been shown to 
regulate CRAC channel function. The microdomain provides the 
spatial and structural architecture to facilitate the specificity and 
optimal rate of protein-protein interactions required for the gen-
eration of active channels and for transduction of the Ca2+ signals 
for cellular regulation. Another example of such an interaction 
is between Homer, IP

3
R and TRPC1, which leads to regulation 

of TRPC1 function. HOMER mediates the interaction between 
TRPC1 and IP

3
R and disruption of this interaction is associated 

with TRPC1 activation by ER-Ca2+ depletion.39 RhoA, which 
associates with TRPC1, is also involved in TRPC1-IP

3
R interac-

tions and regulation of SOCE.19

In addition to protein components, plasma membrane lipids 
also significantly contribute to the organization and function of 
Ca2+ signaling microdomains and TRPC1 channelosome. For 
example, PIP

2
, PIP

3
, cholesterol and sphingolipids are concen-

trated in biochemically distinct plasma membrane lipid domains 
called the lipid raft domains (LRDs) or caveolar LRDs, refer-
ring to LRDs that contain the cholesterol-binding protein 
Cav‑1.12,53,63,64 The importance of lipid rafts in calcium signaling 
has been highlighted in several recent reviews.12,53,63 Key calcium 
signaling protein components (e.g., EGFR receptors, G-proteins, 
PMCA pumps, Homer and PKC) and related cellular events 
(e.g., receptor-mediated turnover of PIP

2
) have been localized 

to caveolar LRDs.12,53 Importantly, SOCE has been proposed to 
occur within LRDs, including caveolin-containing LRDs, as dis-
ruption of these domains attenuates SOCE.12 Studies showing 
that TRPC1 channel function require intact LRDs have been 
reported in human salivary gland cells,37,38,65 C2C12 skeletal 
myoblasts,66 striated muscle (as recently reviewed by Sabourin et 
al.67 polymorphonuclear neutrophils,68 endothelial cells,69 human 
platelets,70 THP-1 monocytic cells71 and mouse spermatogenic 
cells and sperm).72 There are strong data to show that TRPC1 
is regulated within lipid raft domains. In resting cells, TRPC1 is 
partitioned in both raft and non-raft fractions38 while following 
Ca2+ store depletion, there is a significant increase in TRPC1 in 
the lipid raft fraction.65 Furthermore, STIM1, a key activator of 
TRPC1, was has also been shown to associate with LRDs where 
it interacts with TRPC1 and gates the channel, consistent with 
demonstration that TRPC1-SOCE occurs in LRD. Disruption 
of LRDs attenuates STIM1 association with LRDs, as well as 
its interaction with TRPC1, leading to reduced SOCE.65 It is 
interesting to hypothesize that following stimulation of the cells 
LRDs might contribute to the critical molecular reassembly and 

Several studies have also reported direct interaction of TRPC1 
with the IP

3
R.19,32,51 In aggregate, proteomic and biochemical 

studies reveal that TRPC1 is assembled in a supramolecular 
signaling complex with various calcium signaling proteins that 
include upstream components (e.g., G protein-coupled receptors, 
G-proteins and PLC) and downstream components (e.g., IP

3
Rs 

and [Ca2+]
i
 regulatory proteins such as SERCA and PMCA).33,41,52

Proteomic analysis of affinity purified TRPC1 complex has 
led to the identification of a number of proteins that are involved 
in vesicle trafficking and membrane fusion events, such as vesicle-
associated SNARE proteins, dynamin, clathrin, PI3K, rac, RhoA 
and Cav-1. A number of cytoskeletal components and actin-inter-
acting proteins were also detected within TRPC1 channelosome. 
While cytoskeletal remodeling associated with the activation of 
TRPC1 channelosomes has not yet been described, PIP

2
 hydro-

lysis leads to localized cytoskeletal changes. Since the TRPC 
channelosome also contains proteins from the ER and plasma 
membrane, it has been suggested that TRPC1 is segregated into 
specific Ca2+ signaling complexes components that are associ-
ated with the ER as well as the plasma membrane. The proteins 
in both membranes are held together by direct protein-protein 
interactions or via association with a scaffolding protein. This 
implies that the ER and plasma membrane are in close apposition 
to each other at the site where this complex is localized. TRPC1 
has a conserved Cav-1 binding domains in the N-terminus and 
two putative domains on the C-terminus.37,38,53,54 Based on the 
detergent solubility of TRPC1 and its association with Cav-1, a 
cholesterol-binding protein that resides in the lipid raft domains, 
it was proposed that TRPC1 channels are localized within these 
functionally distinct plasma membrane domains. An important 
aspect of this suggestion is that the architecture of the domain 
might facilitate the specificity as well as rate of protein-interac-
tions required for channel activation. The domain can also pro-
vide a platform for the assembly and dynamic interactions within 
the complex.

Localization of the TRPC Channelosome  
in Calcium Signaling Microdomains

The process by which cells coordinate signals generated intracel-
lularly with the activation of different calcium channels in the 
plasma membrane is vital to ensure the efficiency and efficacy of 
cellular signaling. This precise coordination is achieved by segre-
gating proteins into complexes in distinct cellular or membrane 
domains. Assembly of the protein complex allows the plasma 
membrane calcium channel to be located in close proximity 
to its regulator(s) and/or effector(s). Furthermore, segregating 
these protein complexes into microdomains allows for the gen-
eration of compartmentalized Ca2+ signals which can be locally 
decoded for the regulation of downstream effectors.33,55,56 The 
early observations that SOCE-dependent refill of internal Ca2+ 
stores occurred with minimal diffusion of Ca2+ in the cytosol 
suggested the Ca2+ entering the cell is rapidly sequestered into the 
ER by the activity of the ER Ca2+ pump (SERCA).4,57,58 This led 
to the hypothesis that the ER was localized in close proximity to 
the plasma membrane, which could potentially contribute to the 
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targeting to and clustering of TRPC 
channels at the plasma membrane, as 
well as regulation of channel activity. 
It is reasonable to hypothesize that 
assembly and regulation of TRPC 
channels within specialized cellular 
domains determines the generation 
and precise regulation of distinct Ca2+ 
signaling microdomains. The ampli-
tude and duration of these localized 
intracellular calcium signals will be 
determined by mechanisms generat-
ing the signal (Ca2+ internal release 
and entry channels, as well as traf-
ficking and regulation of these chan-
nels) and those involved in decay of 
the signal (channel inactivation, Ca2+ 
pumping via SERCA and PMCA, 
buffering and diffusion) (see Fig. 1). 
Such local [Ca2+]

i
 changes are likely to 

be important in the regulation of cel-
lular functions, both acute (activation 
of ion-channels, secretion, etc) and/or 
long-term (activation of transcription, 
proliferation, etc.).

New Components of TRPC1 
Channelosome

As noted above, the identification of 
Orai1 and STIM1 about six years 
ago invigorated the field of calcium 
signaling.31,74 Two critical and central 
proteins involved in SOCE were iden-

tified within a short span of time that paved the way for exciting 
new studies. The first STIM1, a single transmembrane domain 
protein located in the ER membrane, with cytosolic C-terminus 
and a luminal N-terminus containing an EF-hand domain that 
functions as a sensor domain for [Ca2+]

ER
.75-78 Further it has 

been established that STIM1 is the primary regulator of SOCE 
involved in the gating of SOC and CRAC channels. Under rest-
ing conditions, STIM1 shows a diffuse pattern of localization in 
the ER. Following store depletion Ca2+ binding to the EF-hand 
domain is disrupted, causing STIM1 to multimerize and translo-
cate to the ER-PM junctional regions (in the cell periphery where 
ER is apposed to the plasma membrane) where it aggregates 
(referred to as punctae). STIM1 interacts with and gates plasma 
membrane channels (Orai1 and TRPC1) leading to activation 
of SOCE within the same domain.79-81 The C‑terminal region 
of STIM1 (aa 233–685) is believed to span the region between 
the ER and PM and be associated either directly with lipid 
components in the plasma membrane or proteins which helps 
to anchor protein. The relatively high concentration of STIM1 
that is generated at these specific ER-PM junctional domains 
facilitates recruitment of Orai1 and TRPC1 to these sites. The 
second component, Orai1, was identified by RNAi screens of 

reorganization of TRPC1 channelosomes that are required for 
activation and maintenance of an activated SOC channel.

Lipid composition of the plasma membrane can also elicit 
effects via rearrangement of the cytoskeleton and/or regulation of 
vesicle trafficking. One concept that has gained much attention is 
that vesicle fusion or channel targeting does not randomly occur 
in all regions of the plasma membrane but involves precise spatio-
temporal resolution. Such targeting is critical in the generation of 
active channels at the exact localization in the cell where they can 
impact regulation of specific cellular functions. It has been sug-
gested that the lipid composition of LRD functions as a platform 
to coordinate events associated with cytoskeletal remodeling and 
PIP

2
 metabolism.73 Considerable data have been provided to sug-

gest that vesicle fusion events occur within this domain based 
on the detection of SNARE proteins associations with LRDs.63 
Alternatively, lipid modification of proteins as well as their inter-
action with PIP

2
 via PH domains can target their localization into 

lipid rafts. Thus, it is significant that several TRPCs, including 
TRPC1, are associated with LRDs and have PIP

2
-binding 

domains. The relatively high concentrations of PIP
2
 in LRD as 

well the presence of proteins involved in PIP
2
 metabolism, pro-

tein scaffolding and cytoskeletal remodeling, could direct the 

Figure 1. Model showing the various molecular components associated with the store-operated 
calcium entry pathway. The figure depicts the Ca2+ signaling microdomain related to the activation, 
regulation and modulation of SOCE and the resultant changes in [Ca2+] in the cytosol. Both local and 
global changes can result as a result of activation of SOCE and these can lead to long-term as well as 
acute effects on cell function. Major regulatory pathways are shown by black dashed lines while Ca2+ 
fluxes are indicated by red arrows. Large light red arrows indicate TRPC1 trafficking of TRPC1-vesicles 
and status of Cav-1-TRPC1 interaction in “inactive” and active TRPC1-SOC channel. Further details of 
each component are discussed in the text.
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membrane phospholipids.87,92 This raises the possibility that this 
region may serve to anchor STIM1 in the plasma membrane, 
thereby facilitating its subsequent association with other proteins 
including the Orai1 and TRPC1. Furthermore, it has been pro-
posed that PIP

2
-rich plasma membrane domains, which include 

LRDs, are involved in the regulation of SOCE by STIM1 as 
disruption of lipid rafts alters the interactions of STIM1 with 
plasma membrane channels and activation of TRPC1-mediated 
SOCE. The latter finding is consistent with all previous stud-
ies demonstrating the localization of TRPC1, and its regulation, 
within LRD.

Adding to the complexity of store-dependent activation of 
TRPC1, several studies showed that Orai1 is also required for 
TRPC1 function in SOCE.59,93,94 Orai1 associates with TRPC1 
following store depletion and this interaction is required for 
TRPC1 activation. In fact all three proteins, STIM1, Orai1 and 
TRPC1 form a complex following store depletion, which criti-
cally depends on the translocation and aggregation of STIM1 
in the ER/PM junctional domains. More importantly, several 
studies showed that functional Orai1 channel is required for the 
activation of TRPC1 by STIM1, ruling out the possibility that 
the CRAC channel functions merely as a scaffold for TRPC1. 
Thus, the newly identified components of TRPC1 channelo-
some, Orai1 and STIM1, critically and dynamically impact 
channel activation. In addition, proteomic analysis of immuno-
purified TRPC channel complex has provided novel putative 
interacting partners for TRPC1 (as well as TRPC3).41,52 In par-
ticular several proteins are involved in membrane trafficking such 
as SNAPs, SNARES, GTPases, dynamin, clathrin-coated vesicle 
associated proteins. Some regulatory proteins such as phosphates 
and kinases were also identified as were cytoskeletal and micro-
tubule components. Functional role for these proteins remains to 
be established.

Dynamic Reorganization of the TRPC1 Channelsome 
During Activation of SOCE

An important component of TRPC1 channelosome that is required 
for plasma membrane localization of the channel is Cav‑1. This 
component binds to an N-terminal region of TRPC1 (aa 271–
349) which when mutated disrupts the plasma membrane localiza-
tion of TRPC1, resulting in a significant decrease in Ca2+ influx 
upon store depletion.37,69,95 Subsequent studies have revealed two 
putative Cav-1 binding domains in the C-terminus of TRPC1: aa 
626–635, the function of which is not known37,38,53 and aa 781–
789, which binds to the Cav-1 scaffolding domain and appears to 
be involved in channel activation.54 Paradoxically, overexpression 
of Cav-1 leads to a reduction in SOCE.37,53 A recent study demon-
strated that in resting cells Cav-1 sequestered the inactive channel 
within the PM region.95 Following stimulation TRPC1 dissociates 
from Cav-1 and binds to STIM1, which also results in activation 
of TRPC1-SOC channel. Thus, it has been suggested that Cav-1 
determines the tonic activity of TRPC1 and can compete against 
endogenous STIM1. Indeed, inhibition of SOCE induced by 
overexpression of Ca

v
1 was reversed by simultaneously expressing 

higher levels of STIM1 (relative to that of Cav-1).53,95 Even more 

Drosophila S2 cells as well as genetic linkage analysis in severe 
combined immune deficiency (SCID) patients who express an 
Orai1 mutant (Orai1R91W) that is associated with loss of CRAC 
channel activity and defective calcium signaling in T lympho-
cytes and accounts for the immunodeficiency in the individuals. 
Furthermore, overexpression of Orai1 with STIM1 recapitulates 
almost all the native properties of the CRAC channel. Orai1 is a 
four transmembrane domain that has been shown by mutational 
analysis to form the pore of the CRAC channel and determine the 
high Ca2+ selectivity of the channel.31,82,83 Thus, with the discov-
ery of STIM1 and Orai1 the elusive CRAC channel components 
were finally identified. Another member of the STIM family, 
STIM2, shares significant homology to STIM1 but appears to 
have different properties and functions than STIM1. The exact 
function of STIM2 and its interaction with either TRPC1 or 
Orai1 is not clear. Similarly two other Orai proteins have also 
been identified, Orai2 and Orai3. The exact function of these has 
not yet been established although it appears that their properties 
are not exactly alike.

A major advancement in the field of TRPC channels was the 
finding that STIM1 also interacts with and regulates activation of 
TRPC1 in response to Ca2+ store depletion.24,30,84-86 Knockdown 
of STIM1 prevents activation of TRPC1 while expression of con-
stitutively active STIM1 mutants leads to activation of the chan-
nel. Further, there is an increase in TRPC1-STIM1 association 
upon store depletion, which is reversed following store refilling. 
STIM1 also reportedly associates with a number of other TRPC 
channels, including TRPC3 and TRPC6, and regulate the activ-
ity of these channels in response to internal Ca2+ store depletion. 
However, this study also suggested a central role for TRPC1 in 
the activation of these other TRPCs by STIM1. It was shown 
that the apparent regulation of these TRPC channels by STIM1 
is due to their heteromeric interaction with TRPC1 and that 
STIM1 primarily interacts with and regulates TRPC1. Initially, 
the ezrin/radizin/moesin (ERM) domain of STIM1 was reported 
to be the domain involved in the interaction with TRPC1, while 
the lysine-rich region in the tail of STIM1 C-terminus (com-
monly known as the polybasic tail/motif) was proposed to medi-
ate STIM1 aggregation at the ER-PM junctional domains87,88 and 
activate TRPC1-SOC channels.30 However, subsequent studies 
revealed the presence of an Orai1-interacting region, SOAR, 
within this ERM domain.89,90 Expression of the SOAR induced 
activation of endogenous Orai1 in the absence of store depletion 
(note that TRPC1 is not activated by this domain). Furthermore, 
in resting, unstimulated cellular conditions, the Orai1-gating 
domain in STIM1 is occluded by intramolecular interactions 
within STIM1 that are modified by store depletion. This results in 
unmasking of this domain and subsequent gating of Orai1 chan-
nel by STIM1.91 An important study demonstrated that STIM1 
gates TRPC1 via an electrostatic interaction between the posi-
tively charged amino acids in the STIM1 polybasic tail (684KK685) 
and the negatively charged ones in the C-terminus of TRPC1 
(639DD640).85 Thus, distinct domains in the STIM1 C-terminus 
are involved in gating Orai1 and TRPC1. Notably, the polybasic 
tail region of STIM1 also contains a putative consensus sequence 
that has been suggested to mediate its interaction with the plasma 
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between the two putative Cav-1 binding domains. Based on the 
finding that when Cav-1 is dissociated from the channel STIM1 
binds to and gates TRPC1 following store depletion, it is interest-
ing to speculate that this domain might have a role in the regula-
tion of TRPC1 by STIM1. In addition to STIM1 and Cav-1, the 
C-terminus of TRPC1 also contains the binding site for Homer 1 
(aa 644–650), which lies just downstream of the STIM1 gating 
site. Homer 1 functions as a regulator of TRPC1 channel activity, 
as disruption of the TRPC1-Homer 1 association results in spon-
taneous channel activity.39 Homer 1 also mediates the association 
of TRPC1 with IP

3
R to form a TRPC1/Homer/IP

3
R complex, 

and suppresses the activity of both TRPC1 as well as IP
3
R. It has 

been suggested that the association of Homer 1 with TRPC1 pre-
vents STIM1 access to the C-terminal gating site on TRPC1.32 
Whether and how Cav-1, Homer and STIM1 coordinately regu-
late the same TRPC1-SOC channel remains to be determined. 
Alternately, Cav-1 and Homer regulation of the channel could 
depend on the cell type or particular cellular localization; e.g. 
Cav-1 is not uniformly distributed in polarized epithelial cells.

There is an increasing amount of data showing the require-
ment of intact LRDs for the formation of TRPC1 channelosomes, 
several recent studies have suggested a link between Orai1 func-
tion with lipid rafts and possibly Cav-1. It has been shown that 
phospholipids in the plasma membrane significantly influences 
Orai1-mediated Ca2+ entry or STIM1 translocation.97,98 Also 
Orai1 has been shown to actively recycle between the endosomal 
compartment and the plasma membrane during resting physiolog-
ical conditions. Following depletion of the ER-Ca2+ stores, Orai1 
is actively trafficked to the plasma membrane from the endosomal 
compartments, which results in increased surface expression of 
Orai1. Cell division also alters Orai1 trafficking. During meiosis, 
Orai1 is internalized through an endocytic pathway mediated 
and regulated by Cav-1. A Cav-1-binding site has been mapped to 
the N-terminus of Orai1, although both the cytoplasmic N- and 
C-termini are required for its internalization. More intriguingly, 
STIM1 puncta can form intracellularly and interact with Orai1 in 
the endosomes.99 Lutz Birnbaumer and co-workers had previously 
proposed that the recruitment of Orai1:TRPC:STIM1 complexes 
into the LRDs determines their function as SOC channels, as 
these same complexes would function as receptor-operated chan-
nels when localized outside lipid rafts.100 With the identification 
of Cav-1 binding domains on both TRPC1 and Orai1 channels, 
as well as the implications of LRDs in the trafficking of both 
channels, the key step to understanding their channel functions 
would be to elucidate how and what protein-protein association(s) 
determine the assembly of a dynamic active complex comprising 
of Orai1, TRPC1 and STIM1 (including possibly STIM2) in 
the ER-PM junctions and subsequent dissociation of this com-
plex once the stores are refilled. Thus, the data available until 
now demonstrate that SOCE is accompanied by a specific, spa-
tiotemporally-determined reorganization of the channels as well 
as the regulator(s) of this process. This complex can be remod-
eled depending on the functional exigency of the cells as well as 
the physiological function of different cell types. Future studies 
should focus on establishing the physiological relevance and local-
ization of this mechanism in various cell and tissue types.

interesting is the apparent shift in state of TRPC1 clustering in 
ER-PM junctional domains. Prior to activation, the channel is 
clustered with Cav-1 is dissociated from the channel whereas after 
stimulation it aggregates with STIM1. Whether Orai1 impacts 
this reorganization is not very well established. However, these 
data provide evidence for a critical rearrangement of the TRPC1 
channelosome that is essential for channel activation.

As discussed above, Orai1 is a critical component of the active 
TRPC1-channelosome. Association of TRPC1 not only with 
STIM1 but also Orai1 determines activation of TRPC1 follow-
ing depletion of ER-Ca2+ stores, although the latter association 
is likely not to be a direct protein-protein interaction. In cells 
such as salivary gland and pancreatic acini as well as other cell 
types, Orai1, TRPC1 and STIM1 contribute to SOCE.47,84,96 In 
these cells, TRPC1 generates channels with characteristics of 
I

SOC
 while endogenous I

CRAC
 is not detected under normal con-

ditions of store depletion. These studies raise the question as 
to whether Orai1 and TRPC1 form a heteromeric channel or 
whether the two proteins constitute two distinct channels that 
function within a single Ca2+ signaling microdomain. This criti-
cal question was addressed in a recent study which demonstrated 
that TRPC1 and Orai1 are components of distinct STIM1-gated 
channels.59 In cells that typically express SOC channel activity 
upon activation, expression of a STIM1 mutant that can gate 
Orai1 but not TRPC1 results in generation of I

CRAC
 in cells 

typically displaying I
SOC

. This suggested that these cells have an 
underlying CRAC channel activity that is masked by the sup-
pression of the function of endogenous TRPC1. Furthermore, 
expression of SOAR in these cells resulted in CRAC channel acti-
vation in the absence of store depletion and this function did not 
involve TRPC1. Finally this study revealed that Orai1-mediated 
Ca2+ influx triggers recruitment of TRPC1 into the plasma mem-
brane where it is gated by STIM1. Based on this finding, it will be 
important to assess the involvement of the vesicle fusion proteins 
identified by the proteomic analysis of TRPC1 channelosome in 
the trafficking of TRPC1 during SOCE. In aggregate, this study 
established that the Orai1/STIM1-CRAC channel is likely to be 
the first channel to be activated following ER-Ca2+ store deple-
tion and that extracellular Ca2+ entry via Orai1 triggers insertion 
of TRPC1 channel within the same plasma membrane domain 
where it is gated by STIM1.59 As discussed above, this is accompa-
nied by a reorganization of the TRPC1/Cav-1 complex to result 
in the TRPC1/STIM1/Orai1 signaling complex. Importantly, 
while Ca2+ entry via Orai1 is sufficient for regulation of some cel-
lular functions, e.g. NFAT activation, the additional Ca2+ entry 
mediated by TRPC1 is required for activation of K

Ca
 channels. 

The complex dissociates once ER-Ca2+ stores are refilled. Under 
this condition, STIM1 leaves the ER-PM junctional domains 
and relocalizes in the ER and Orai1 is also predicted to move out 
of the puncta regions.

While Cav-1 binding on the N-terminus of TRPC1 plays a 
crucial role in determining the plasma membrane localization 
and retention of TRPC1, function of the putative Cav-1 bind-
ing domains on the C-terminus has not yet been established. 
It is interesting to note that the first C-terminal Cav-1 binding 
domain overlaps with the site of STIM1 gating, which lies in 
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expression have been associated with anti-apoptotic events, cell 
proliferation, exposure to cytokines such as TNFα, and during 
muscular hypertrophy. While similar changes in Orai1 or STIM1 
expression under specific conditions have not yet been reported, 
it is reasonable to propose that the TRPC1 channel together with 
STIM1 and Orai1 can control and determine the plasticity of 
cellular calcium homeostasis by modulating, either acutely or 
long-term, local intracellular calcium signals. Furthermore, the 
SOCE-specific Ca2+ microdomains provide a compartmental-
ized but dynamic platform for the regulation of specific Ca2+-
dependent cellular functions. The interaction of TRPC1 with 
various proteins in the plasma membrane and those involved 
in mediating events upstream and downstream of the signaling 
cascade facilitates the generation and determines the regulation 
of the TRPC1 channelosome. Future studies directed towards 
resolving the spatio-temporal assembly of the TRPC1 channel 
complex will provide significant insights into the dynamic com-
plexity and plasticity of such complexes in generating, maintain-
ing and regulating intracellular calcium signaling.

Concluding Remarks

In conclusion, the TRPC1 channel is localized with other 
components of SOCE (e.g., STIM1, Orai1, Cav-1, etc.,) within 
the calcium signaling microdomains. Generation of the TRPC1 
channelosome is dynamic as rearrangement occurs prior to 
and after activation. Prior to activation by STIM1, TRPC1 (or 
TRPC1-containing vesicles) likely recycle within the plasma 
membrane domain, scaffolding to Cav-1 in the plasma membrane 
for short periods of time. In response to stimulation the status of 
the channel changes to a stable STIM1-TRPC1 active channel 
that is closely associated with a STIM1-Orai1-CRAC channel. 
Thus, recruitment of TRPC1 into the Ca2+ signaling microdo-
main also leads to dynamic modulation of the spatial pattern-
ing of local Ca2+ signals generated by Orai1. Activity of TRPC1 
can modify the duration and/or amplitude of local [Ca2+]

i
 which 

results in the regulation of specific downstream functions. Both 
acute and long term remodeling of the TRPC1 channel com-
plexes have been observed. For example, increases in TRPC1 
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