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Abstract
Store-operated calcium entry (SOCE) is activated in response to depletion of the endoplasmic
reticulum-Ca2+ stores following stimulation of plasma membrane receptors that couple to PIP2
hydrolysis and IP3 generation. Search for the molecular components of SOCE channels led to the
identification of mammalian transient receptor potential canonical (TRPC) family of calcium-
permeable channels (TRPC1–TRPC7), which are all activated in response to stimuli that result in
PIP2 hydrolysis. While several TRPCs, including TRPC1, TRPC3, and TRPC4, have been
implicated in SOCE, the data are most consistent for TRPC1. Extensive studies in cell lines and
knockout mouse models have established the contribution of TRPC1 to SOCE. Furthermore, there
is a critical functional interaction between TRPC1 and the key components of SOCE, STIM1, and
Orai1, which determines the activation of TRPC1. Orai1-mediated Ca2+ entry is required for
recruitment of TRPC1 and its insertion into surface membranes while STIM1 gates the channel.
Notably, TRPC1 and Orai1 generate distinct patterns of Ca2+ signals in cells that are decoded for
the regulation of specific cellular functions. Thus, SOCE appears to be a complex process that
depends on temporal and spatial coordination of several distinct steps mediated by proteins in
different cellular compartments. Emerging data suggest that, in many cell types, the net Ca2+ entry
measured in response to store depletion is the result of the coordinated regulation of different
calcium-permeable ion channels. Orai1 and STIM1 are central players in this process, and by
mediating recruitment or activation of other Ca2+ channels, Orai1–CRAC function can elicit rapid
changes in global and local [Ca2+]i signals in cells. It is most likely that the type of channels and
the [Ca2+]i signature that are generated by this process reflect the physiological function of the cell
that is regulated by Ca2+.

1. INTRODUCTION
Store-operated calcium entry (SOCE) is a ubiquitous Ca2+ entry pathway that is activated in
response to stimulation of plasma membrane receptors that are coupled to PIP2 hydrolysis,
IP3 generation, and IP3-mediated Ca2+ release from the endoplasmic reticulum (ER). The
primary trigger for activation of SOCE is the depletion of the ER-Ca2+ store, while refilling
of this store leads to inactivation. The first store-operated Ca2+ current, ICRAC, was
measured in mast cells and T lymphocytes (Parekh & Penner, 1997). Later studies revealed
currents with varying characteristics in other cell types (Liu, Groschner, & Ambudkar, 2004;
Parekh & Putney, 2005). These observations suggested possible cell-specific differences in
the channels mediating SOCE, which likely depend on the components of the channel in
different cell types and the physiological function regulated by SOCE in a particular cell.
The critical mechanism that senses the status of ER-[Ca2+] and regulates plasma membrane
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channels, as well as the channels involved in mediating SOCE, remained a challenge to
researchers in the field for more than two decades until they were elucidated fairly recently
(Hogan, Lewis, & Rao, 2010; Parekh & Putney, 2005; Prakriya, 2009; Venkatachalam &
Montell, 2007).

Search for the molecular components of SOCE channels led to the identification of
mammalian transient receptor potential canonical (TRPC) family of calcium-permeable
channels, which are all activated in response to stimuli that result in PIP2 hydrolysis
(Venkatachalam & Montell, 2007). Studies reported by a large number of investigators
suggest that TRPC members contribute to SOCE, although data for some TRPCs are not
very consistent. For example, activation of TRPC5, TRPC6, and TRPC7 in most cases is
achieved via store-independent mechanisms. The available data are most consistent and
strongest in support of a role for TRPC1 in SOCE. TRPC3 and TRPC4 have also been
shown to be activated by store depletion, although in relatively less number of studies. Very
early studies with these channels established that activation of TRPC1 and other TRPC
channels generate relatively nonselective cation currents termed ISOC (Liu, Singh, &
Ambudkar, 2003) that are distinct from ICRAC, a highly inwardly rectifying Ca2+-selective
current mediated by the calcium release activated calcium (CRAC) channel (Cahalan &
Lewis, 1990; Hoth & Penner, 1993).

Recent identification of two other critical components of SOCE has transformed and rapidly
advanced our knowledge of SOCE. STIM1 is an ER-Ca2+-binding protein that senses ER-
[Ca2+] status and transmits the store depletion signal to plasma membrane channels. It was
shown that STIM1 aggregates in response to ER-Ca2+ store depletion and translocates to as
yet poorly defined microdomains in the cell periphery where it interacts with and activates
the channels mediating SOCE (Liou et al., 2005; Roos et al., 2005). Importantly, Orai1, a
four-transmembrane channel protein, was identified as the pore-forming component of
CRAC channels, and it was confirmed that Orai1 and STIM1 are sufficient for generating
ICRAC, thus ending the long search for CRAC channel components (Feske et al., 2006; Vig
et al., 2006). Several studies show that STIM1 also gates TRPC1–SOC channels, and
furthermore, it has now been established that activation of TRPC1/STIM1 channels requires
functional Orai1 (Cheng, Liu, Ong, & Ambudkar, 2008; Huang et al., 2006; Kim, Zeng, et
al., 2009). Thus, SOCE appears to be a complex process that depends on temporal and
spatial coordination of several distinct steps mediated by proteins in different cellular
compartments. Emerging data suggest that, in many cell types, Ca2+ entry measured in
response to store depletion is determined by the coordinated regulation of different calcium-
permeable ion channels. For example, activation of Orai1 channels can lead to activation of
TRPC channels (Fig. 7.1) (Cheng, Liu, Ong, Swaim, & Ambudkar, 2011). Conversely,
activation of Orai1–CRAC can be associated with inhibition of another channel, such as the
voltage-gated Ca2+ channel (Park, Shcheglovitov, & Dolmetsch, 2010; Wang et al., 2010).
Regulation of other Ca2+ signaling components (e.g., IP3Rs, PMCA, or mitochondria) can
also modulate the final Ca2+ signal generated in the cell.

Typical reagents used for activation of SOCE include physiologically relevant agonists as
well as agents (ER-Ca2+ pump inhibitors) that lead to passive depletion of the ER Ca2+ store
such as thapsigargin (Tg) and di-tert-butylhydroquinone. The current criteria used to identify
SOCE are (i) activation of Ca2+ entry and calcium currents by agonists, Tg, or IP3 (the latter
is included in the pipette solution for current measurements); (ii) inhibition of both activities
by 1–5 µM Gd3+ and 10–20 µM 2APB; and (iii) requirement of STIM1. The best-
characterized channel among the store-operated calcium channels is the CRAC channel,
which generates ICRAC, an inwardly rectifying current with a reversal potential (Erev) of >
+50 mV (Parekh & Putney, 2005). There is now relatively detailed understanding of the
pore characteristics of the Orai1–CRAC channel (Hogan et al., 2010; Prakriya, 2009). More
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recently, the crystal structure of a hexameric Orai1 channel has been resolved (Hou, Pedi,
Diver, & Long, 2012). Details of recent studies of STIM1–Orai1 interactions as well as
regulation of CRAC channel function will be discussed in further detail in other chapters of
this issue. In the following sections of this chapter, we will describe and discuss the
contribution of TRPC channels to SOCE, with a focus on TRPC1 and the mechanism(s) of
activation as well as the functional interactions between TRPC and Orai1 channels.

2. PHYSIOLOGICAL FUNCTIONS OF TRPC CHANNEL-MEDIATED SOCE
There are six TRPC proteins in humans (TRPC1, TRPC3–TRPC7), which have been
divided into two subfamilies, TRPC1/TRPC4/TRPC5 and TRPC3/TRPC6/TRPC7, based on
biochemical and functional similarities. The remaining member, trpc2, is a pseudogene in
humans but is expressed in other species, with a rather selective expression in some tissues
(Vannier et al., 1999). Furthermore, a wide range of physiological functions have been
attributed to SOCE mediated by various TRPC channels (Ambudkar et al., 2006; Feske,
2009; Hogan et al., 2010; Venkatachalam & Montell, 2007). TRPC proteins have six
transmembrane domains, with a proposed pore domain spanning the region between the fifth
and sixth transmembrane domains. The involvement of this region in ion channel
permeability has been confirmed in a number of studies with different TRPC proteins (Liu et
al., 2003; Owsianik, Talavera, Voets, & Nilius, 2006). The first evidence that endogenous
TRPC1 is involved in SOCE, as well as confirmation of its contribution to Ca2+

permeability, came from studies in human submandibular gland (HSG) ductal cells showing
that knockdown of TRPC1 decreases SOCE and mutations in the putative pore domain
either changes the cation permeability or completely blocks pore function (Liu et al., 2003,
2000). Although exogenously expressed TRPC1 does not consistently result in an increase
in SOCE, knockdown of TRPC1 has been consistently associated with reduction of store
depletion-mediated Ca2+ entry in a variety of cell types, including keratinocytes, platelets,
smooth, skeletal, and cardiac muscles, DT40, HEK293, salivary gland, neuronal, intestinal,
and endothelial cells (Beech, 2005; Cai et al., 2006; Dietrich, Chubanov, Kalwa, Rost, &
Gudermann, 2006; Fiorio Pla et al., 2005; Liu, Cheng, et al., 2007; Liu et al., 2000; Mehta et
al., 2003; Mori et al., 2002; Rao et al., 2006; Tiruppathi, Ahmmed, Vogel, & Malik, 2006;
Vandebrouck, Martin, Colson-Van Schoor, Debaix, & Gailly, 2002; Zagranichnaya, Wu, &
Villereal, 2005). Conclusive evidence has been provided by studies using a knockout mouse
model which showed that salivary gland and pancreatic acinar cells from TRPC1−/− mice
display strong reductions in SOCE and Ca2+-dependent regulation of cell function (fluid
secretion and Ca2+-dependent K+ channel activation) (Hong et al., 2011; Liu, Cheng, et al.,
2007). Kochukov, Balasubramanian, Noel, and Marrelli (2013) reported that TRPC1
contributes to Ca2+ influx and vasorelaxation of aorta in primary aortic endothelial cells and
TRPC1-mediated Ca2+ entry is required in skeletal muscles for maintenance of force (Zanou
et al., 2010). Conversely, upregulation of TRPC1 channel function was associated with
proliferation of airway smooth muscle cells (Sweeney et al., 2002) and embryonic rat neural
stem cells (Fiorio Pla et al., 2005), as well as modulation of endothelial barrier permeability
(Ahmmed et al., 2004; Paria et al., 2004). Interestingly, some tissues in the knockout mice
do not demonstrate any changes in SOCE (Dietrich et al., 2007; Varga-Szabo et al., 2008),
whereas a recent study showed enhanced calcium signaling in bone marrow-derived mast
cells (Medic et al., 2013). Such discrepancies in the apparent redundancy of TRPC1 in
different tissues remain to be fully understood.

TRPC3, TRPC4, and TRPC7 have also been implicated in SOCE. While overexpression of
TRPC3 increases SOCE in HEK293 cells, the mode of regulation appears to depend on its
level of expression. Nonetheless, knockdown of TRPC3 transcript in cell lines or deletion of
the protein in mouse models decreases SOCE with consequent effects on cell function (Kim
et al., 2006; Zagranichnaya et al., 2005). Loss of TRPC3 in pancreatic acinar and
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submandibular gland cells harvested from knockout mice exhibited significantly reduced
(>50%) SOCE. Furthermore, severity of acute pancreatitis was less in the TRPC3−/− mice,
as indicated by the low levels of pancreatic edema and serum amylase (Kim, Hong, et al.,
2009). While TRPC3−/− mice have also been reported to exhibit impaired motor
coordination and abnormal walking behavior (Hartmann et al., 2008), whether TRPC3
mediates SOCE following activation of metabotropic glutamate receptors in neurons
remains to be elucidated. A role for TRPC4 in SOCE has been proposed based on the
suppression of function by knockdown of TRPC4 expression and inhibition by TRPC4
antibodies in mouse mesangial cells and smooth muscle cells, respectively. In addition,
TRPC4−/− mice display loss of store-operated current in adrenal, endothelial, and smooth
muscle cells, resulting in impaired endothelial cell function, vascular smooth muscle
contractility, and lung microvascular permeability (Freichel et al., 2001, 2004; Philipp et al.,
2000; Tiruppathi et al., 2002). SOCE was attenuated following knockdown of TRPC5 in
human monocytes and thus the channel may have an important role in the pathogenesis of
hypertension (Liu, Thilo, et al., 2007). Even though TRPC6 and TRPC7 have been
implicated in SOCE in a few studies, these channels are largely believed to be receptor-
activated (Ambudkar, Ong, Liu, Bandyopadhyay, & Cheng, 2007; Venkatachalam &
Montell, 2007). Another interesting, but complicated, aspect of TRPC channels appears to
be their ability to form heteromeric channels. While studies using heterologously expressed
channels show that TRPC1 can interact with TRPC4/TRPC5, and TRPC3 can interact with
TRPC6/TRPC7 (Goel, Sinkins, & Schilling, 2002; Hofmann, Schaefer, Schultz, &
Gudermann, 2002; Strubing, Krapivinsky, Krapivinsky, & Clapham, 2003), it is important to
note that very little is reported thus far regarding the status of endogenous heteromeric
TRPC channels and the physiological functions that may be ascribed to these channels.
Endogenous TRPC1/TRPC3 involvement in SOCE has been reported in human parotid
gland ductal cells (Liu, Bandyopadhyay, Singh, Groschner, & Ambudkar, 2005) and rat
H19-7 hippocampal cell lines (Wu, Zagranichnaya, Gurda, Eves, & Villereal, 2004);
TRPC1/TRPC5 in vascular smooth muscle (Beech, 2005); TRPC1/TRPC4 in endothelial
cells (Sundivakkam et al., 2012); and TRPC1/TRPC3/TRPC7 in HEK293 cells
(Zagranichnaya et al., 2005).

3. CHARACTERISTICS OF TRPC CHANNELS
TRPC channels have been reported to be nonselective cation channels with low Ca2+

selectivity in contrast to CRAC channels that are highly Ca2+ selective. The channels
display permeability to K+, Na+, Cs+, Ca2+, Ba2+, and other divalents to varying degrees
(Parekh & Penner, 1997). When activated by agonist and store-depleting conditions, TRPC
channels typically display currents with relatively linear current–voltage relationship that
have been called ISOC, to differentiate them from ICRAC (Ong & Ambudkar, 2011). Reversal
potentials for ISOC range from zero to slightly positive (Kim, Zeng, et al., 2009; Liu et al.,
2000; Seth et al., 2009), which differs from the Erev of >+50 mV for ICRAC. The
electrophysiological characteristics of currents measured in various cells depend on the type
of TRPC channels involved. For example, in HSG cells, the macroscopic current primarily
determined by TRPC1 displays a slight inward rectification with Erev≈ +15 mV (Liu et al.,
2003). In addition to TRPC1, TRPC5 and TRPC4 channels are also relatively Ca2+

selective. TRPC5 displays a distinct current–voltage relationship with double rectification
due to a Mg2+ block that is relieved at +mV (Blair, Kaczmarek, & Clapham, 2009; Obukhov
& Nowycky, 2008). TRPC4 is the only TRPC channel that was reported to display an
inwardly rectifying cation current in bovine adrenal cells (Philipp et al., 2000). However,
this property of TRPC4 has not been observed in other cell types. In most other cases,
TRPC4-associated currents are relatively nonselective. Overexpressed TRPC3 and TRPC6
channels when directly activated by DAG or via agonist stimulation display linear currents
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(Dietrich, Kalwa, Rost, & Gudermann, 2005; Parekh & Putney, 2005; Venkatachalam &
Montell, 2007). Relatively fewer studies have been done with TRPC7.

TRPCs are capable of forming multiple heteromeric and/or homomeric channels, which
could potentially lead to a plethora of channels displaying a wide variety of properties. For
example, a heteromeric store-operated TRPC1/TRPC4 channel has been identified in
endothelial cells, which conducts an inwardly rectifying ISOC current with a Erev near +40
mV. Orai1 interacts with both TRPC4 and TRPC1 upon ER-Ca2+ store depletion (Cioffi et
al., 2012). Loss of Orai1 coincides with a left shift in the reversal potential suggesting that
Orai1 either contributes to the measured macroscopic current or influences the calcium
selectivity of the TRPC1/TRPC4 channel. On the other hand, TRPC1 and TRPC3
heteromeric channel mediates a nonselective cation channel that exhibits a linear current–
voltage relationship with a Erev of about 0 mV in parotid salivary gland cell line (Liu et al.,
2005). The heteromeric TRPV4/TRPC1 channel displays distinct electrophysiological
properties that differ from those generated by homomeric TRPV4 channels (Ma, Nilius,
Wong, Huang, & Yao, 2011). Heteromeric TRPV4/TRPC1 channels show a strong field
strength cation binding site, in contrast to a weak field strength binding site reported for
homomeric TRPV4 channels. Moreover, heteromeric TRPV4/TRPC1 channels are slightly
more permeable to Ca2+ with reduced sensitivity to inhibition by extracellular Ca2+ than
homomeric TRPV4 channels (Ma et al., 2011).

SOC and CRAC channels markedly vary in their single-channel conductance. Direct and
conclusive measurements of the single-channel conductance for ICRAC have not yet been
reported, although an extremely small single-channel conductance (<<1 pS) has been
suggested based on noise analysis (Parekh & Putney, 2005). TRPC channel activity has been
recorded at the single-channel level for TRPC1, TRPC3, and TRPC5. TRPC1 was reported
to have a single-channel conductance of 22.8 pS in HEK293 cells (Zhang et al., 2009); 16–
17 pS in rat sympathetic neuron cells and HEK293 cells (Skopin et al., 2013); and 20 pS in
HSG cells (Liu et al., 2003). On the other hand, heteromeric expression of TRPC1/TRPC5
channel proteins produces single-channel currents with a unitary conductance of about 5 pS
(Strubing, Krapivinsky, Krapivinsky, & Clapham, 2001), which is similar to endogenous
TRPC1 + TRPC5 channels found in vascular smooth muscle (2–5 pS) (Golovina et al.,
2001; Trepakova et al., 2001). TRPV4 and TRPC1 in HEK293 cells display conductance of
~95 pS for outward currents and ~83 pS for inward currents (Ma et al., 2011).

As discussed further in this review, the ISOC current might not be solely mediated by TRPC
channels as has been believed thus far. In fact, the whole cell current measured is likely to
be a mixed current with contributions from different channels. For example, the current in
HSG cells is not solely mediated by TRPC1 but also has contributions from Orai1. Since
TRPC1 function is lost when Orai1 activity is suppressed, the exact properties of TRPC1
channels per se following store depletion have not yet been resolved. Similar conclusions
can be made regarding cells that have other TRPC channel activities. Based on recent
studies elucidating the regulation of TRPC channels following store depletion, it is
important to view previously reported characteristics of ISOC currents with some caution.
Further studies are necessary to conclusively describe currents exclusively mediated by
TRPC channels.

4. TRPC1 CHANNEL IN SOCE
TRPC1, the first mammalian TRPC protein to be identified, is widely expressed in both
neuronal as well as nonneuronal tissues (Ambudkar et al., 2007; Venkatachalam & Montell,
2007). Support for a role for TRPC1 in SOCE was provided by several earlier observations
showing that knockdown of endogenous TRPC1 resulted in a decrease in SOCE in several
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tissues (Ahmmed et al., 2004; Fiorio Pla et al., 2005; Paria et al., 2004; Sweeney et al.,
2002). This was further confirmed using the TRPC1 knockout mouse model. Severe loss of
salivary gland fluid secretion and SOCE was observed in TRPC1−/− mice (Liu, Cheng, et al.,
2007). Further, pancreatic acinar cells from these mice displayed defects in SOCE and Ca2+-
activated Cl− channel function (Hong et al., 2011). Decreased SOCE was also detected in
dopaminergic neurons (Fiorio Pla et al., 2005) and smooth muscle cells (Sweeney et al.,
2002). However, some tissues in this mouse model did not have SOCE defects, indicating
possible cell or and tissue-specific functions for TRPC1.

The mechanism by which TRPC1 gets activated following store depletion was established
by studies showing that TRPC1 binds and clusters with STIM1 and is gated via electrostatic
interaction of STIM1(684KK685) with TRPC1(639DD640) residues (Zeng et al., 2008). The
acidic residues involved in the gating by STIM1 are conserved in all TRPC channels and all
TRPC channels have the inherent ability to bind and be gated by STIM1. This was
demonstrated in using heterologously expressed TRPC channels with STIM1 (Lee, Yuan,
So, Worley, & Muallem, 2010) where the individual TRPC channels showed activation by
STIM1. However, it has been reported that not all TRPC channels are gated by STIM1 even
when they appear to contribute to SOCE, for example, TRPC5 (Yuan, Zeng, Huang,
Worley, & Muallem, 2007). Nevertheless, there is strong evidence that activation of TRPC
channels following store depletion is dependent on Orai1. The exact mode by which Orai1
determines TRPC1 function has also been established (further discussed below). While
TRPC1 can form homomeric channels, it has also been shown to interact with other TRPCs
members including TRPC3, TRPC4, and TRPC5. This association is mediated via
interactions between the N-terminal domains of the monomers (Liu et al., 2005). An
interesting hypothesis suggests that association of other, nonstore-dependent, TRPC
members with TRPC1 can potentially endow the former with store-dependent regulation
(Ambudkar et al., 2007; Yuan et al., 2007). The concept proposed was that TRPC1 in the
channel complex will be the component that binds to STIM1 and mediate gating by STIM1.
Alternatively, since other TRPCs have the capacity to bind and be activated by STIM1, they
need to have the correct localization in the cell to be activated by STIM1. As discussed
above, the channels need to be localized in the microdomain where STIM1 puncta are
tethered in the cell periphery. Further, they will also need to be located in close vicinity to
Orai1. Since TRPC1 has a propensity to be localized in this region and also be translocated
into these domains upon stimulation (Cheng et al., 2011; Ong et al., 2007; Pani & Singh,
2009), heteromerically interacting TRPCs will be trafficked together with TRPC1. In the
absence of binding to TRPC1, these other TRPCs can possibly be localized in different
regions of the cell where they cannot be regulated by STIM1. Thus, TRPC1 can serve as an
important determinant of the regulation of other TRPC channels. More significantly, ion
permeability of heteromeric TRPC channels will be determined by the relative composition
of the channels, and this could have a significant impact on the downstream functions that
are being regulated. Whether all TRPC channels are gated by STIM1 and are dependent on
Orai1 for function under physiological conditions is yet to be established. Moreover, current
exclusively mediated by TRPC1/STIM1 channels has not yet been measured.

4.1. TRPC–STIM1–Orai1 complex
In addition to interacting with other TRPC channels, TRPC1 is also assembled in a complex
with several key Ca2+ signaling proteins. Evidence has been provided for association of
TRPC1 with calmodulin (CaM), IP3R, PMCA, Caveolin1 (Cav1), Gq/11, and Homer
(Ambudkar et al., 2007). The domains in TRPC1 that are involved in some of these
interactions have been defined, as are the effects on TRPC1 function. However, the actual
gating mechanism of TRPC1 was only identified recently. It has now been demonstrated
that TRPC1 dynamically interacts with STIM1 and Orai1 in response to store depletion and
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that all three proteins are involved in SOCE (Ong & Ambudkar, 2012). The three proteins
are colocalized in the plasma membrane region of cells and can be coimmunoprecipitated
following store depletion by agonists or Tg (Ong et al., 2007). Recruitment of TRPCs and
Orai1 in this complex is dependent on STIM1 (Cheng et al., 2011). These results have been
confirmed in different cell types by various research groups. SOCE involving TRPC1/
STIM1/Orai1 complex has been observed in human salivary gland cell (Ong et al., 2007),
mouse pulmonary arterial smooth muscle cells (Ng et al., 2009), human liver cells (Zhang,
Pan, & Zhang, 2010), human parathyroid cells (Lu et al., 2010), and rat kidney fibroblasts
(Almirza, Peters, van Zoelen, & Theuvenet, 2012). In addition to TRPC1, other members of
the TRPC family also display functional interactions with STIM and Orai proteins in SOCE.
Physical interaction of Orai1 with the N- and C-termini of TRPC3 and TRPC6 has been
reported (Liao et al., 2007), TRPC6/STIM1/Orai1 association was shown in human platelets
(Jardin, Gomez, Salido, & Rosado, 2009), TRPC1/TRPC4/STIM1 complex in glomerular
mesangial cells (Sours-Brothers, Ding, Graham, & Ma, 2009) and endothelial barrier
function (Sundivakkam et al., 2012), and TRPC5/STIM1/Orai1 association in mast cell
degranulation (Ma et al., 2008).

4.2. TRPC1–STIM1 interactions
Interaction of STIM1 with TRPC1 has been demonstrated by (i) clustering and
coimmunoprecipitation of TRPC1 and STIM1 following store depletion; (ii) attenuation of
TRPC1-mediated Ca2+ entry in response to store depletion by knockdown of STIM1
expression in several cell types; (iii) increase in SOCE following coexpression of TRPC1
and STIM1; (iv) suppression of TRPC1-mediated SOCE by dominant-negative STIM1
constructs; and (v) spontaneous activation of TRPC1 by the constitutively active STIM1-
D76A mutant. Together, these data suggest a crucial, non-redundant role for STIM1 in
store-dependent activation of TRPC channels (Yuan et al., 2007; Zeng et al., 2008). STIM1
domains involved in binding and gating of TRPC1 have now been identified. The ERM
(ezrin/radixin/moesin) domain in the cytosolic carboxyl terminus of STIM1 is required for
the binding to TRPC1 and a few other TRPCs (TRPC2, TRPC4), but not TRPC3, TRPC6, or
TRPC7 (Huang et al., 2006). The requirement of STIM1 for activity of TRPC3 and TRPC6,
channels it normally does not bind to, is determined by the ability of these channels to
interact with TRPC1 or TRPC4. These data provide a feasible explanation for the observed
function of TRPC3 and TRPC6 in SOCE.

Binding of the STIM1–ERM domain to TRPC1 is not sufficient to activate the channel. A
lysine-rich region (referred to as polybasic tail or K domain, aa 671–685; Fig. 7.1) is present
at the C-terminal end of STIM1, which has been proposed to be important in anchoring
STIM1 to the plasma membrane, possibly via interaction with PIP2 and PIP3 domains. Data
in support of the distinct binding and gating domains in STIM1 come from studies showing
that overexpression of the cytosolic C-terminal region of STIM1 results in constitutive
activation of endogenous TRPC1, while expression of a truncated STIM1, lacking the K
domain, binds but does not activate TRPC1. The molecular mechanism by which STIM1
gates TRPC channel has now been established by Zeng et al. (Worley et al., 2007; Zeng et
al., 2008). This elegant study demonstrated that STIM1 gates Orai1 and TRPC channels
through distinct domains in its C-terminus. While STIM1 interacts with and gates Orai1 via
a cytosolic SOAR domain (aa 344–442) (Yuan et al., 2009), gating of TRPC1 by STIM1 is
achieved by electrostatic interaction between highly conserved, negatively charged aspartate
residues in TRPC1 (639DD640) with the positively charged lysines in the STIM1 C-terminus
(684KK685). Mutation of DD or KK in either of the two proteins attenuates TRPC1 channel
activation, whereas aspartate–lysine charge swapping between TRPC1 and STIM1
completely rescues channel function. Since these negatively charged residues of TRPC1 are
highly conserved in TRPC3, TRPC4, TRPC5, and TRPC6, these channels also have the
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ability to be gated by intermolecular electrostatic interaction with STIM1 (Zeng et al.,
2008).

4.3. TRPC–Orai1 interactions
A somewhat puzzling and intriguing aspect of TRPC regulation is the functional
requirement of Orai1 in the activation of the channel by store depletion. The original
observations demonstrate that knockdown of endogenous Orai1 or transfection of cells with
functionally defective Orai1 mutants (R91W, E106Q) attenuates the increase in SOCE
induced by TRPC1 + STIM1 overexpression (Cheng et al., 2008; Kim, Zeng, et al., 2009).
In addition, endogenous SOCE in HSG cells, which is primarily contributed by TRPC1, is
suppressed by similar experimental maneuvers (Ong et al., 2007). Together, these data
indicated that abrogation of Orai1 function eliminates SOCE and activation of TRPC
channels. Several studies have addressed this critical functional interaction between Orai1
and TRPC1, and it has been proposed that Orai1 physically modulates TRPC channels and
confers STIM1-mediated activation in response to store depletion (Liao et al., 2007). This
study hypothesized that native SOCE is mediated by TRPC channels, with Orai acting as a
regulatory subunit. The suggestion was based on the findings that Orai1 physically interacts
with the N- and C-termini of TRPC3 and TRPC6 in coimmunoprecipitation experiments
(Liao et al., 2007). Another prediction was that Orai1 and TRPC1 might form heteromeric
channels, with properties distinct from that mediated by Orai1 or TRPC alone (Liao et al.,
2008). However, neither of these proposals has been further supported by studies or
conclusive data.

Identification of distinct domains of STIM1 that are involved gating TRPC1 and Orai1
provided an important tool for assessing whether TRPC1 and Orai1 contribute to single
heteromeric channel or whether these proteins form different channels. A key study was
carried out using the HSG cell line which contains both Orai1 and TRPC1 channels and in
which TRPC1 is major contributor of SOCE. The current typically activated by store
depletion in these cells is a relatively Ca2+-selective current, ISOC, with Erev = +15 mV.
Importantly, activation of TRPC1 by STIM1 following store depletion is dependent on
Orai1. However, expression of the SOAR domain in these cells results in generation of a
spontaneous ICRAC, which is not affected by knockdown of TRPC1. Furthermore,
expression of the dominant-negative STIM1-EE mutant that cannot gate TRPC1, but retains
activation of Orai1, also results in activation of ICRAC (instead of ISOC) in response to store
depletion. These important findings suggest that Orai1 and TRPC1 form distinct channels
and that ISOC activated by store depletion in these cells is composed of TRPC1 + STIM1-
mediated nonselective cation current and Orai1 + STIM1-mediated ICRAC (Cheng et al.,
2011). The smaller ICRAC current is most likely masked by the larger nonselective TRPC1 +
STIM1-mediated current. The underlying mechanism has been revealed by data showing
that Ca2+ entry via Orai1 triggers recruitment of TRPC1 to the plasma membrane. Increase
of TRPC1 expression in the surface membrane is prevented by blocking SOCE with 1 µM
Gd3+, removal of extracellular Ca2+, knockdown of Orai1, or expression of dominant-
negative mutant Orai1 lacking a functional pore (E106Q). This study also revealed that
while Orai1-mediated Ca2+ entry can trigger recruitment of TRPC1, gating of the channel is
achieved by electrostatic interaction with STIM1, as previously reported. Together, these
data provide an important insight into the critical interactions between Orai1 and TRPC1
that are required for TRPC1 function. These data also suggest that coordinated regulation of
the surface expression of TRPC1 by Orai1 and gating by STIM1 provides a mechanism for
rapidly modulating and maintaining SOCE-generated Ca2+ signals. By recruiting ion
channels and other signaling pathways, Orai1 and STIM1 concertedly impact a variety of
critical cell functions that are initiated by SOCE.
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In addition to TRPC1, other TRPC subtypes also appear to be regulated by Orai1, such as
TRPC4 and TRPC5. TRPC5 forms a nonselective cation channel that can be directly
activated by increases in [Ca2+]i induced by store depletion or by other mechanisms. TRPC5
activation by Orai1–CRAC channel-mediated Ca2+ entry has been reported. Extracellular
Ca2+ entry mediated by Orai1 + STIM1 is required for a sustained activation of TRPC5,
while Tg-induced release of Ca2+ from internal stores produces a transient channel
activation (Gross et al., 2009). These findings demonstrate an additional mode by which
Orai1 function can be coupled to regulation of TRPC channels, and this can explain the
requirement for Orai1 and TRPC5 previously reported in SOCE in mast cells (Ma et al.,
2008). TRPC4 channels can also be similarly modulated by Ca2+, although exactly how
Orai1 determines TRPC4 channel activity is not yet known. As noted above, channels that
heteromerically interact with TRPC1 can be activated by STIM1 and the possibility that
these heteromeric channels are also recruited to the plasma membrane along with TRPC1
cannot be ruled out. It is interesting to note a recent study showing Orai1-dependent
trafficking of TRPC1/TRPV4 channel in smooth muscle cells, where both channels
contribute to SOCE (Ma et al., 2011).

5. PLASMA MEMBRANE DOMAINS INVOLVED IN SOCE
Lipid raft domains (LRDs) which are enriched in such lipids can serve as platforms for
recruiting and anchoring STIM1/channel complexes in the cell periphery. LRDs are
biochemically distinct plasma membrane lipid domains that are enriched in cholesterol,
sphingolipids, PIP2, PIP3, and key calcium-signaling protein components (e.g., Cav1,
EGFRs, G-proteins, PMCA pumps, Homer, and PKC). SOCE has been proposed to occur
within LRDs, as disruption of these domains attenuates SOCE. The dependence of TRPC1
channel function on intact LRDs has been shown in many cell types, such as HSG cells,
C2C12 skeletal myoblasts, polymorphonuclear neutrophils, endothelial cells, and human
platelets (Ong & Ambudkar, 2012). Further evidence for the involvement of LRD in
assembly of functional TRPC1 channels was provided by data demonstrating an increase in
the partitioning of TRPC1 into lipid rafts following stimulation of cells and Ca2+ store
depletion (Lockwich et al., 2000; Pani et al., 2008). Consistent with the suggestion that
STIM1 may be anchored to the plasma membrane via interaction with LRDs, partitioning of
STIM1 into LRD is increased during activation of SOCE. More importantly,
coimmunoprecipitation of TRPC1 + STIM1 is achieved in the LRD, but not in non-LRD,
fractions. When these domains are disrupted, the partitioning and coimmunoprecipitation of
TRPC1 and STIM1, as well as SOCE, are attenuated. The polybasic tail of STIM1 contains
a consensus sequence that can potentially mediate its binding to PIP2 in the plasma
membrane (Liou, Fivaz, Inoue, & Meyer, 2007). This has been confirmed in experiments
showing that deletion of the polybasic tail results in loss of SOCE as well as STIM1 puncta
formation in the ER–plasma membrane (PM) junctional regions. The exact interactions
between STIM1 and plasma membrane proteins or lipids have not yet been resolved. It is
also unclear whether other scaffolding proteins are involved in targeting the STIM1 clusters
to specific plasma membrane regions. It is likely that these regions have specific
biochemical, structural, and spatial characteristics since ion channels and possibly other
effector proteins regulated by SOCE, such as CaM and calcineurin, are recruited and
regulated within this domain. Thus, the rate and specificity of these processes need to be
strictly controlled.

Cav1, a cholesterol-binding protein that is localized within and organizes LRD, has been
proposed to be involved in the regulation of SOCE via both Orai1 and TRPC1, and to serve
as a scaffold for recruitment of various proteins into LRDs. In Xenopus oocytes, Orai1
actively recycles between the endosomal compartment and the plasma membrane. Following
cell stimulation, Orai1 is actively trafficked to the plasma membrane from the endosomal
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compartments. A putative Cav1-binding site is present in the N-terminus of Orai1 and Cav1
has been shown to play a role in the endocytosis of Orai1 during meiosis (Yu, Sun, &
Machaca, 2010). While further studies are required to define the role of LRDs in modulating
Orai1 channel function, a number of studies published demonstrated a role for Cav1 in the
regulation of TRPC1 (Ong & Ambudkar, 2012; Pani & Singh, 2009). TRPC channels have
conserved Cav1-binding domains located within the N- and C-termini. The N-terminal
Cav1-binding motif (aa 322 and 349 of TRPC) binds to the scaffolding domain in Cav1 (aa
82 and 101). TRPC1 coimmunoprecipitates with Cav1 in HSG (Lockwich et al., 2000) and
pulmonary artery endothelial cells (Kwiatek et al., 2006). Further, the N-TRPC1/Cav1
interaction serves to scaffold TRPC1 in the plasma membrane region and determines its
subsequent activation by store depletion. A concerted role for Cav1 and STIM1 in the
regulation of TRPC1 has been demonstrated. The suggested mode of regulation for TRPC1
is that in resting cells, it is present in recycling endosomes. Cav1 interacts with and scaffolds
TRPC1 vesicles near the plasma membrane. This scaffolding likely represents a short
retention of the channel at this location. From here, it either recycles back into the
trafficking pathway or if store depletion is initiated, the channel is recruited to the plasma
membrane, interacts with STIM1 and is activated. Following ER-Ca2+ store depletion,
STIM1 translocates to the periphery of the cells, interacts with and activates Orai1, and
Orai1-mediated Ca2+ influx drives insertion of TRPC1 into the plasma membrane.
Following insertion, STIM1 gates and activates TRPC1. The binding of STIM1 to TRPC1
also induces dissociation of TRPC1/Cav1 complex (Pani et al., 2009). The present data
suggest that STIM1/TRPC1 forms a stable complex that helps to retain active TRPC1
channels in the plasma membrane. Refilling of the ER-Ca2+ stores leads to inactivation of
the channel, due to the dissociation of STIM1 from TRPC1. At this point, TRPC1 can
reassociate with Cav1 (Pani et al., 2009) or, alternatively, it can be endocytosed via a
different route. More studies are required to further delineate protein–protein interactions
involved in the progress of TRPC1 through the different steps involved in its activation
(trafficking, insertion into the plasma membrane, scaffolding, and activation by STIM1).
Interestingly, Homer-1 has been reported to bind TRPC1 channel and facilitate rapid
reassembly of the TRPC1/Homer/IP3R complex, following refilling of the ER-Ca2+ stores
(Worley et al., 2007). How exactly Homer-1, Cav1, STIM1, and IP3R regulate the
trafficking and function of TRPC1 in a single cell has yet to be elucidated. Another
interesting hypothesis that needs to be further examined is the proposal that recruitment of
Orai/TRPC/STIM1 complexes into the LRDs is required for store-dependent regulation but
that the same complexes can function as receptor-operated channels when localized outside
lipid rafts (Liao et al., 2009). Thus, several proteins have the capacity to critically affect
TRPC functions. Whether these are ubiquitous in all cell types or whether TRPC1–SOCE is
regulated in a cell-specific way needs to be established.

6. DISTINCT PHYSIOLOGICAL FUNCTIONS OF TRPC1 AND ORAI1
SOCE mediates a wide variety of cellular functions in various tissues. As discussed above,
several distinct channels can contribute to the net [Ca2+]i increase in cells following store
depletion. Even more significant is the observation that there are functional differences
between two channels that are simultaneously activated. For example, both TRPC1 and
Orai1 are gated by STIM1 and activated following store depletion. However, once activated,
the two channels have distinct functional contributions (Cheng et al., 2011). Orai1-mediated
Ca2+ influx is sufficient for regulation of Ca2+-dependent gene expression via activation of
the transcription factor, nuclear factor activated T cells (NFAT). Nuclear translocation of
NFAT occurs in an “all-or-none” manner and requires the activation of calcineurin, a Ca2+-
CaM-dependent phosphatase that dephosphorylates NFAT prior to translocation (Parekh,
2011). By contrast, activation of the transcription factor, nuclear factor kappa-light-chain
enhancer of activated B cells (NFκB) is primarily dependent on TRPC1 function (Cheng et
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al., 2011; Ong, Jang, & Ambudkar, 2012). KCa channel activity in salivary gland cells is also
dependent on TRPC1 activation. However, NFκB and KCa activation are lost by elimination
of Orai1 function since TRPC1 activation requires Orai1. In B cells, additional channels
activated downstream from Orai1 or via other mechanisms associated with cell activation
can lead to higher levels of [Ca2+]i exceeding that achieved by CRAC channel activity
alone. This results in a different gene expression pattern (Scharenberg, Humphries, &
Rawlings, 2007). Thus, it can be hypothesized that channels like TRPC1 that are activated in
response to store depletion and Orai1 activation can modulate the initial Ca2+ signal
generated by Orai1–CRAC channels. The downstream cellular function that can be
regulated under these conditions would then depend on the nature of individual [Ca2+]i
signals generated by the two types of channels as well as the resultant pattern of [Ca2+]i
increase in the cell when both are simultaneously activated.

To some extent, this has been tested physiologically using mouse models that lack TRPC1.
Previous studies using TRPC1−/− mice showed a substantial decrease in SOCE in acinar
cells from salivary glands, which accounted for the decrease in KCa activation and fluid
secretion from the glands (Liu, Cheng, et al., 2007). Similarly, pancreatic acinar cells from
TRPC1−/− mice demonstrated decreased SOCE and Ca2+ -activated Cl− channel activity
(Hong et al., 2011). Hence, it can be concluded that TRPC1 serves a nonredundant function
in these cells and that residual Orai1 alone cannot support these cellular functions. What is
important to note is that, unlike in cell lines, these channels are not distributed uniformly in
exocrine acinar cells. While TRPC1 is localized primarily in the lateral membrane with
some basal localization, Orai1 is mainly concentrated in the lateral membrane toward the
apical pole of the cell (Hong et al., 2011). STIM1 relocates to regions of the cells containing
both channels after stimulation. Thus, the three proteins overlap in the lateral membrane
toward the apical end while TRPC1–STIM1 overlap can be seen in the lateral membrane
toward the basal pole of the cell. One report suggested that Orai1 might be located in
intracellular compartments in the apical region of acinar cells; however, this has not been
substantiated by further studies. In terms of [Ca2+]i signals generated by agonist stimulation
in acinar cells, it has been well established that the initial increase in [Ca2+]i occurs in the
apical region. In pancreatic acinar cells, these increases are oscillatory at very low levels of
stimulation and are retained within the apical pole of the cells. However, at higher levels of
stimulation, they are initiated in the apical region but spread to the basal region. In salivary
gland acinar cells, at both low and high levels of stimuli, Ca2+ increases are initiated at the
apical end and then spread in a wave-like pattern to the basal end of the cell (Fig. 7.2).
During regulation of fluid or protein secretion in salivary or pancreatic acini, respectively,
various ion channels, transporters, and granule fusion (in pancreatic acini) are activated in
different cellular regions. Thus, to maintain the secretion in either cell type, it is imperative
that the Ca2+ signal required for regulation of the various processes is achieved or is
initiated at the proper cellular location. The exact temporal and spatial contributions of
TRPC1 and Orai1 to agonist-stimulated Ca2+ signals and how these are utilized for
regulation of specific cellular functions need to be studied in greater detail.

7. ASSEMBLY AND FUNCTION OF TRPC/STIM1/ORAI1 MICRODOMAINS
A wide range of cellular functions are regulated by [Ca2+]i changes mediated by one or
more Ca2+ channels; further, these need to have the exact spatiotemporal characteristics. An
important question that needs to be considered is how the cell decodes a specific [Ca2+]i
signal for regulation of cellular functions. There is increasing evidence to show that such
precise coordination is achieved by the assembly and segregation of channels and their
accessory proteins (e.g., Ca2+ sensors, scaffolding proteins, Ca2+-dependent effectors) into
complexes that are localized within discrete cellular or membrane domains. Formation of
such Ca2+-signaling microdomains allows for generation of compartmentalized Ca2+ signals
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with distinct amplitude, pattern, and frequency, which are then either locally decoded for the
regulation of downstream effectors or propagated into the cytoplasmic milieu in the form of
Ca2+ waves or oscillations (Berridge, Bootman, & Roderick, 2003; Parekh, 2011).
Localization of accessory proteins within the microdomains facilitates the sensing of Ca2+

signals by Ca2+ sensors and rapid transduction of these signals by downstream effector
proteins to induce both acute and long-term cellular events. Ca2+ signals that are situated
very close to the channel pore are called “local Ca2+ signals,” whereas the bulk cytoplasmic
Ca2+ signals are considered as “global Ca2+ signals.” It has been suggested that [Ca2+]
within these microdomains can rise to micromolar concentrations, often without
significantly changing the bulk cytoplasmic [Ca2+]. There are two main advantages of this:
(i) high [Ca2+] can be achieved without inducing cell toxicity and (ii) initiation of
downstream cellular events can occur with minimal channel opening times. An appropriate
sensor (e.g., CaM) can rapidly sense these changes and regulate the function of other
proteins, some of which can induce long-term effects on cell functions such as gene
expression (e.g., via calcineurin/NFAT pathway) (Parekh, 2011). Changes in gene
expression are seen long after the initial Ca2+ signal has decayed and are most often
determined by the slow off-rate of effector components that are involved in sensing and
transducing the signal. In contrast, acute modulation of regulatory processes, such as the
activation of KCa channels, Ca2+-activated Cl− channels, or protein secretion, results from
more direct effects of Ca2+ and thus their activity correlates with changes in [Ca2+]i. The
spatial and structural architecture of microdomains ensure the specificity, rate, and efficacy
of protein–protein interactions required for the generation of distinct Ca2+ signals and
transduction of these signals for regulation of cell functions.

Several studies have provided conclusive evidence that Orai1- and TRPC1-mediated SOCE
occur within calcium-signaling microdomains (Derler, Madl, Schutz, & Romanin, 2012;
Ong & Ambudkar, 2012). In addition to these channels, accessory proteins involved in
generating the intracellular Ca2+ signals and modulating the cellular level of [Ca2+] have
also been reported to be localized within these microdomains. For example, PMCA, which
plays a vital role in regulating [Ca2+]i by pumping Ca2+ out of the cell, has been shown to
associate with TRPC1 (Singh, Liu, Tang, Zhu, & Ambudkar, 2002) and also to regulate
CRAC channel function (Bautista & Lewis, 2004). Homer-1 and IP3R were also reported to
be associated with TRPC1 and involved in channel activation following store depletion
(Yuan, Lee, Hong, & Muallem, 2012). Additionally, TRPC1 was shown to interact with
cytoskeletal modulators such as RhoA, suggesting the possibility that local cytoskeletal
rearrangements might be involved in SOCE on TRPC1 regulation (Galan, Dionisio, Smani,
Salido, & Rosado, 2011; Mehta et al., 2003). The critical functional interaction between
Orai1 and TRPC1 is also determined by the assembly and localization of these channels and
STIM1 within specific ER/PM junctional domains. Recruitment of Orai1 into regions where
STIM1 puncta accumulates is an essential requirement for activation of CRAC channels
(Hogan et al., 2010). A number of proteins have been identified that interact with either
Orai1 or STIM1 and modulate the activity of Orai1 or its activation by STIM1 (Soboloff,
Rothberg, Madesh, & Gill, 2012; Srikanth et al., 2012). It has been suggested that TRPC1-
containing vesicles are scaffolded near the Orai1 channels so that Ca2+ entry via the CRAC
channel is sensed via an as yet unidentified mechanism that triggers insertion of TRPC1 into
the plasma membrane. As noted above, this insertion is blocked when Orai1 function is
abrogated (Cheng et al., 2011). Localization of TRPC1 near the plasma membrane also
facilitates its subsequent interaction with STIM1. As discussed above, LRD and Cav1 have
important roles in the assembly of TRPC1/STIM1 complex. The possible role of LRD in
Orai1–CRAC activity needs to be further elaborated.

How Ca2+ signals generated by channels that are in the close proximity to each other within
a cell are delineated and decoded to regulate distinct cellular functions is an important
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question that has been receiving quite a bit of attention lately. It has been suggested that
signaling specificity is achieved by specific accessory proteins that can differentially detect
the Ca2+ entry via different channels. For example, although TRPC1 and Orai1 are localized
in close proximity to each other, only Orai1-mediated Ca2+ entry is utilized for NFAT
activation. While this is believed to occur via the scaffolding of CaM-calcineurin close to
the Orai1 channel, conclusive data are required to establish this. In contrast, KCa activation
is primarily dependent on TRPC1 and NFκB activation requires Ca2+ influx mediated by
both channels (Cheng et al., 2011). Furthermore, it is also possible that the channels
contribute distinct Ca2+ signals that can be decoded by the cellular machinery. Concurrent
with this, a recent study (Ong et al., 2012) demonstrated that endogenous Orai1 and TRPC1
channels contribute distinct local and global [Ca2+]i signals following agonist stimulation of
HSG cells, in which both channels contribute to the net SOCE (Fig. 7.3). At relatively high
[CCh] (>1 µM), Orai1-mediated Ca2+ entry generates baseline [Ca2+]i oscillations (seen in
cells where TRPC1 channel activation is supported). When TRPC1 is also functional, this
pattern is altered to oscillations over a sustained baseline [Ca2+]i. Interestingly, at very low
[CCh] (300 nM), the baseline [Ca2+]i oscillations are Orai1-dependent but require Ca2+

entry via TRPC1 to maintain the oscillation frequency. Thus, Orai1 channel function in
these cells results in the generation of [Ca2+]i oscillations, whereas TRPC1 channel function
appears to increase signal amplitude and frequency. More importantly, cell functions that are
Orai1-dependent (e.g., NFAT activation) are unaffected by the TRPC1-mediated global
Ca2+ signals. Hence, despite the close proximity of Orai1 and TRPC1 channels to each
other, the Ca2+ entering via these channels contribute to different [Ca2+]i signals (local vs.
global). Activation of NFAT nuclear translocation and NFAT-dependent gene expression is
exclusively driven by local [Ca2+]i mediated by Orai1. In contrast, Ca2+ entry via TRPC1 is
the primary determinant in the activation of NFκB-dependent gene expression and KCa
channel activation (Ong et al., 2012). It is unclear whether these are determined by local or
global [Ca2+]i signals generated by TRPC1. The stimulus intensity most likely determines
the number of channels that are activated within the cell which then control the magnitude of
local [Ca2+]i increase. The exact patterns of Ca2+ signals generated due to Ca2+ entry via
Orai1, TRPC1, or other TRPCs in different cell types have not yet been fully elucidated.
Nevertheless, it is reasonable to speculate that all cells are likely to have mechanisms to
decode the Ca2+ signals generated by different channels for regulation of various cellular
processes.

8. CONCLUSION
SOCE is a complex process that is determined by temporal and spatial coordination of
several distinct steps that involve interactions and regulation of proteins in different cellular
compartments. Several channels impact SOCE, for example, TRPCs, Orai1, and voltage-
gated calcium channels. Of these, Orai1 and TRPCs contribute to the net [Ca2+]i increase.
TRPC-mediated Ca2+ entry (via TRPC1, TRPC3, and TRPC4) has a nonredundant role in
regulation of function in a variety of tissues, including exocrine glands. The very critical
role of Orai1/STIM1–CRAC channels is now emerging. Orai1-mediated Ca2+ entry can
regulate several different channels. For example, TRPC1 is recruited to the plasma
membrane by an as yet unidentified mechanism dependent on Orai1-mediated Ca2+ entry
where it is gated by STIM1. Alternatively, Orai1-mediated Ca2+ entry also induces direct
Ca2+-dependent activation of channels such as TRPC5. In addition, STIM1 can also
modulate the function of Ca2+-signaling proteins, such as PMCA. Together, this leads to
rapid and specific effects on [Ca2+]i that are decoded for regulation of the physiological
functions of the cell that are regulated by Ca2+. Several interesting questions remain to be
answered with regard to how these channels are clustered and what determines the formation
of microdomains. Even more critical is to elucidate the mechanisms that sense the Ca2+

entry via different channels and decode them for the regulation of specific cellular functions.

Cheng et al. Page 13

Curr Top Membr. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



It can be speculated that several scaffolding, trafficking, and signaling proteins might be
involved in this process. Future studies should be directed toward identifying these and
resolving their role in SOCE and cell function. It is now accepted that both lipids and protein
components are involved in determining the assembly of Ca2+-signaling complexes and
spatiotemporal patterning of Ca2+ signal. It has also been suggested that both the dose and
type of agonists can determine the pattern of [Ca2+]i signals that are generated by SOCE.
Finally, it is important that the endogenous status of the channels in native cell types is
studied in further detail to fully elucidate the physiological implications of their function.
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Figure 7.1.
(A) Schematic model showing the different domains of STIM1. The polybasic tail in the C-
terminal end is expanded, with the lysines mediating electrostatic interactions with TRPCs
in red. The negatively charged residues in the C-terminus of TRPC1, TRPC3, TRPC4,
TRPC5, and TRPC6 that binds electrostatically to the lysines are also in red. The ezrin/
radixin/moesin (ERM) and STIM1-Orai1-activating region (SOAR) domains are denoted in
the model. SP, signaling peptide; EF, EF hand; SAM, sterile α motif; TM, transmembrane;
and S/P, serine/proline-rich. (B) Model showing cellular events activated Orai1-mediated
Ca2+ entry. Following depletion of the ER-Ca2+ stores, STIM1 aggregates and translocates
to the ER–PM junctional regions where it binds to and activates the Orai1 channel. The
Orai1-mediated Ca2+ entry may induce the trafficking of homomeric TRPC channels or
heteromeric TRPC channels (e.g., TRPC1/TRPC3 and TRPC1/TRPC4) to the cell surface,
following by insertion into the plasma membrane and subsequent gating by STIM1.
Additionally, the extracellular Ca2+ entering via Orai1 may also directly activate other
channels, such as TRPC5. ER, endoplasmic reticulum; PM, plasma membrane.
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Figure 7.2.
Ca2+ signaling mechanisms regulating salivary gland fluid secretion. The figure shows
Ca2+-mobilizing events in acinar cells that are initiated by a stimulus and lead to fluid
secretion. The coordinated regulation (spatial and temporal) of Ca2+ signaling as well as
channel function (KCa, TMEM16A, AQP5 insertion) achieves fluid secretion via the apical
membrane of acinar cells. Release of calcium via apically localized IP3Rs triggers the initial
apical rise in cytosolic [Ca2+] (denoted in the figure as Ca2+ signal, red stellate area). The
Ca2+ signal is then propagated toward the basal region of the cell. It is suggested that
apically and basolaterally localized Orai1 and TRPC1 channels mediate Ca2+ entry that is

Cheng et al. Page 22

Curr Top Membr. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



critical for the maintenance of sustained elevation of [Ca2+]i which is required to drive fluid
secretion.
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Figure 7.3.
Distinct Ca2+ signals and currents, as well as downstream cellular events associated with
Orai1- and TRPC1-mediated Ca2+ entry. (A–C) Distinct Ca2+ signals induced by 1 µM CCh.
The pattern shown in control cells reflects the activation of both Orai1 and TRPC1 channels.
No response was seen following knockdown ofOrai1. In the case of cells lacking TRPC1,
baseline oscillations were seen and these are attributed to the still functional Orai1 channel.
(D–F) Activation of NFAT translocation from the cytoplasm into the nuclear (denoted by *)
following store depletion. Nuclear translocation of a GFP-tagged NFAT could be clearly
seen in control cells but not in cells lacking Orai1, pointing to Ca2+ entry via Orai1 as the
primary determinant of NFAT activation. This was further supported by the observation of
nuclear translocation of NFAT in cells lacking TRPC1, where the Orai1 channel could still
be activated following store depletion. (G–I) Currents activated following store depletion.
The ISOC measured in control cells is a combination of currents carried by Ca2+ entry via
both TRPC1 and Orai1 channels. Loss of Orai1 expression resulted in no currents, as neither
Orai1 nor TRPC1 was functional. However, an ICRAC could be seen in cells lacking TRPC1.
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