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Abstract

Ca”* signaling entails receptor-stimulated Ca”* release from the ER stores that
serves as a signal to activate Ca?* influx channels present at the plasma mem-
brane, the store-operated Ca®* channels (SOCs). The two known SOCs are the
Orai and TRPC channels. The SOC-dependent Ca”* influx mediates and sustains
virtually all Ca®*-dependent regulatory functions. The signal that transmits the
Ca®* content of the ER stores to the plasma membrane is the ER resident, Ca%*-
binding protein STIMI1. STIM1 is a multidomain protein that clusters and
dimerizes in response to Ca®* store depletion leading to activation of Orai and
TRPC channels. Activation of the Orais by STIMI1 is obligatory for their
function as SOCs, while TRPC channels can function as both STIM1-dependent
and STIM1-independent channels. Here we discuss the different mechanisms by
which STIM1 activates the Orai and TRPC channels, the emerging specific and
non-overlapping physiological functions of Ca”* influx mediated by the two
channel types, and argue that the TRPC channels should be the preferred
therapeutic target to control the toxic effect of excess Ca®* influx.

Keywords
TRPC channels « STIM1 ¢ Gating « Physiology ¢ Pathology

1 Introduction

The receptor-evoked Ca”* signal is initiated by the hydrolysis of PI(4,5)P2 either by
phospholipase CP (G protein-coupled receptors) or phospholipase Cy (tyrosine
kinase receptors) to generate IP; and diacylglycerol. IP; releases Ca** primarily
from the endoplasmic reticulum (ER), which provides a signal to activate Ca>*
influx channels at the plasma membrane. The ensuing increase in free cytoplasmic
Ca”* ([Ca®"];) activates the plasma membrane Ca®* ATPase (PMCA) and the
sarcoplasmic reticulum Ca®* ATPase (SERCA) pumps that clear Ca** from the
cytosol (Kiselyov et al. 2003). At weak receptor stimulation, this cycle is periodi-
cally repeated to generate Ca”* oscillations, while at intense receptor stimulation,
the IP; receptors (IP;Rs) remain active to keep the ER depleted of Ca*, and [Ca®*);
is determined by a “pump-leak turnover” with the Ca®* influx channels providing
the leak and the PMCA the pump (Kiselyov et al. 2006).

The Ca®* influx channels participate in all aspects of the receptor-evoked Ca®*
signal. They contribute to the initial increase in [Ca**]; upon receptor stimulation,
they reload the stores with Ca** between the Ca** spikes during Ca®* oscillations,
and they remain active for many minutes at the end of the stimulation period until
the stores are fully loaded with Ca%* (Muallem et al. 1988; Pandol et al. 1987,
Parekh and Putney 2005). In polarized cells the Ca”* signal initiates at the apical
pole and propagates to the basal pole in the form of Ca®* waves (Kasai and
Augustine 1990; Thorn et al. 1993). Ca’* influx accelerates the rate of Ca>* wave
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propagation (Lee et al. 1997). The Ca®* influx channels determine practically all
physiological and pathological effects of [Ca®*]; by determining the size and shape
of the Ca* signal. In fact, all Ca**-dependent physiological functions occurring
after the first 1 min of cell stimulation stops in the absence of Ca”* influx (Parekh
and Putney 2005), while excessive activation of the Ca®" influx channels and Ca®*
influx is largely responsible for the pathological effects of Ca>* (Lee et al. 2010a;
Petersen et al. 2006).

Two types of channels mediate the bulk of the receptor-stimulated Ca** influx,
the TRPC and Orai channels (Lee et al. 2010a). The contribution and role of the
TRPC channels to the receptor-stimulated Ca* influx has been extensively studied
(Pandol et al. 1987; Lee et al. 1997) before the discovery of the Orai channels
(Feske et al. 2006; Zhang et al. 2006; Vig et al. 2006) and of STIM1 (Roos
et al. 2005; Liou et al. 2005). In this chapter we will argue that both the TRPC
and Orai channels are gated by STIMI, that the contribution of both channel types
is vital for cell function, that the TRPC and Orai channels sense and respond to the
activity of each other, that increasing evidence suggests that each channel type may
regulate separate Ca”*-dependent cell functions, and that the TRPC channels
may provide an important and perhaps preferred therapeutic target to guard against
Ca**-dependent toxicity and pathology.

2 The STIM1 Functional Domains
2.1 The STIM1 Domains

The relationship between the ER Ca®* load and the function of the Ca®* influx
channels was resolved with the discovery of the ER Ca®* content sensor STIM1
(Roos et al. 2005; Liou et al. 2005). STIM1 is a multidomain protein, the function of
which is continually being updated as more information becomes available. The
currently known STIM1 domains are depicted in Fig. 1a. These include the ER
lumen resident Ca”* binding EF hand and SAM domains. The EF hand is the Ca**-
binding site, while the SAM domain participates in STIM1 clustering (Stathopulos
et al. 2008; Zheng et al. 2008). Binding of Ca®* to the EF hand keeps STIMI in a
non-clustered form and restrict its access to the Ca®* influx channels. The luminal
domain also has reactive cysteines that appear to participate in ER redox sensing
through S-glutathionylation of cysteine 56 (Hawkins et al. 2010). The SAM domain
is followed by a short transmembrane domain and a long cytoplasmic domain. The
cytoplasmic domain of STIMI1 mediates the opening of the TRPC and Orai
channels (Huang et al. 2006). The cytoplasmic domain starts with the first coiled-
coil domain (CC1), which includes a short helix at its C terminus that functions as
an inhibitory helix (IH) (Yu et al. 2013; Yang et al. 2012). CC1 is followed by the
SOAR domain (Yuan et al. 2009), which is also known as CAD (Park et al. 2009) or
CCb9 (Feske et al. 2010). SOAR is the minimal STIM1 domain needed to fully
activate Orail (Yuan et al. 2009; Park et al. 2009; Feske et al. 2010). SOAR may
also participate in the regulation of TRPC channels by STIM1 (see below). The
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Fig. 1 The STIM1 domains. The currently known domains of STIM1 are shown in (a). Panel (b)
shows the crystal structure of the SOAR dimer and monomer and the position of the four lysines
(4K) and four glutamates (4E) in IH taken from Archana Jha Malini Ahuja et al. (2013). Panel (c)
is a predicted structure of SOAR (red) and the N terminal (blue) and C terminal (green) lobes
of CTID

crystal structure of the SOAR domain was resolved recently (Jha et al. 2013;
Fig. 1b). Recent analysis identified a new highly conserved domain immediately
C terminus to SOAR that we named CTID (for C terminus inhibitory domain). The
predicted structure of CTID is shown in Fig. 1c (see also Jha et al. 2013). CTID is
followed by a long sequence, the function of which is only beginning to emerge.
Recent study reported that the function of this C terminus portion of STIMI is to
keep SOAR in an inactive state (Yu et al. 2013). The C terminal end of STIM1 is
polybasic with multiple lysine residues (K-domain). The K-domain interacts with
PI(4,5)P2 at the plasma membrane to stabilize the clustered STIMI1 at the
ER/plasma membrane microdomain (Liou et al. 2007). Most significantly, the
K-domain gates open the TRPC channels (see Zeng et al. (2008) and below).
Several recent studies revealed that when the ER stores are filled with Caz+,
STIMI resumes a compact structure. Upon Ca** store depletion, STIM1 undergoes
massive conformational transition to a more extended conformation (Yu et al. 2013;
Korzeniowski et al. 2010; Muik et al. 2011). Sequence analysis identified four
conserved lysines in SOAR (marked by 4K in Fig. 1b, c) that potentially interact
either with four conserved glutamates in the IH domain in CC1 (marked by 4E in
Fig. 1b, c) or with conserved glutamates in Orail that may fold similarly
(Korzeniowski et al. 2010). Mutations of the glutamates in IH resulted in a
constitutively active STIM1, while mutations of the lysines in SOAR inhibited
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STIM1 function. Based on these findings, it was suggested that CC1 interacts with
SOAR to keep it in inactive state (Yu et al. 2013; Korzeniowski et al. 2010; Muik
et al. 2011). Direct evidence for folding and interaction of CC1 and SOAR was
provided by convincing experiments using a STIM1 conformational FRET reporter
(Muik et al. 2011). These studies suggested that the CC1-SOAR interaction is
mediated by hydrophobic interactions. This conclusion is supported by further
analysis of the role of the glutamates in the CC1 domain (Yu et al. 2013). In
addition, recent crystal structure of SOAR and IH revealed that the lysines in SOAR
and the glutamates in CC1 do not interact (Yang et al. 2012). However, they are
consistent with the possibility that the lysines in SOAR may mediate SOAR
interaction with Orail (Korzeniowski et al. 2010). Our studies suggest that mutation
of the lysines in SOAR likely disrupts its structure to the extent that STIM1 with the
lysines mutated to alanines aggregates in small intracellular inclusions (Jha
et al. 2013). Another fold that occludes SOAR is present in STIM1 C terminus to
SOAR (Yu et al. 2013; Jha et al. 2013). Initially, it was shown that replacing the
STIM1 C terminus with GFP resulted in activation of STIM1 by making SOAR
available for interaction with Orail (Yu et al. 2011). Subsequently, another STIM1
conformational reporter that includes the entire STIM1 cytoplasmic domain was
used to show that the STIM1 C terminus folds to contact CC1, likely in the IH, and
participates in the occlusion of SOAR (Yu et al. 2013). Together, the conforma-
tional reporters and SOAR structure suggest that in the basal state, STIM1 is folded
in a manner that CC1 interacts with SOAR and the C terminus folds back to interact
with the IH in CCl, resulting in occlusion of SOAR.

2.2 STIM1 Interactors

Additional regulation of STIMI function is due to its interaction with other
proteins. Comprehensive analysis of the STIMI interactome is not available as
yet. The two established interactors are the microtubule-plus-end-tracking protein
end binding (EB1) (Grigoriev et al. 2008) and the SOCE-associated regulatory
factor (SARAF) (Palty et al. 2012). Interaction of STIM1 with EB1 forms comet-
like accumulations at the sites of microtubule end-ER contacts. The interaction is
regulated by phosphorylation of STIMI in serine/threonine residues in the C
terminus region of STIM1 (Smyth et al. 2012). Interestingly, this interaction
appears to participate in ER remodeling (Grigoriev et al. 2008; Smyth
et al. 2012). In particular, STIMI1 interaction with EB1 is inhibited during mitosis,
resulting in exclusion of STIM1 from the mitotic spindle, and this is reversed by
phosphorylation-compromised STIM1 mutant (Smyth et al. 2012). Importantly,
STIM1 phosphorylation at the sites that affect EB1 interaction and spindle exclu-
sion has no role in the regulation of Ca** influx by STIM1 (Smyth et al. 2012),
suggesting that STIM1 has roles outside the regulation of Ca** influx channels. This
has also been shown for the regulation of endothelial barrier function that is
regulated by STIM1-mediated coupling of the thrombin receptor to activation of
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RhoA, formation of actin stress fibers, and the eventual loss of cell—cell adhesion
(Shinde et al. 2013).

High-throughput screen has identified SARAF as a negative regulator of STIM1
(Palty et al. 2012). SARAF is a single transmembrane span, ER resident protein
with the N terminus in the ER lumen and the C terminus in the cytoplasm. SARAF
interacts with STIM1 upon Ca>* store depletion to facilitate inactivation of Orail
by Ca®*. It appears that the C terminus of SARAF mediates the interaction with
STIM1 (Palty et al. 2012). Once activated, Orail undergoes two types of Ca®*-
mediated inactivation, fast (FCDI) and slow (SCDI) inactivation with time courses
of ms and min (Parekh and Putney 2005). Prior work identified a negatively charged
STIMI sequence (*”’DDVDDMDEE*?) that mediates the FCDI (Lee et al. 2009;
Mullins et al. 2009; Derler et al. 2009). Before the discovery of SARAF, no
information was available on the mechanism of the SCDI. In a systematic domain
analysis, we identified SOAR as the STIM1 domain that interacts with SARAF (Jha
et al. 2013). Moreover, we found that CTID, the highly conserved STIM1 domain C
terminus to SOAR, controls the access of SARAF to SOAR to mediate the SCDI.
As shown in Fig. 1c, CTID appears to have two lobes, with the N terminal lobe
[STIM1(447-490)] restricting the access of SARAF to SOAR and the C terminal
lobe [STIM1(491-530)] facilitating interaction of SARAF with SOAR (Jha
et al. 2013). Finally, CTID appears to also have a role in the FCDI of Orail, as
modification of the interaction of SARAF with STIMI1 alters the kinetics of or
prevents FCDI (Jha et al. 2013).

That STIMI has both Ca** influx-dependent and Ca®* influx-independent
functions strongly suggest that STIM1 interacts with many more proteins in addi-
tion to EB1 and SARAF within signaling complexes. It is likely that the STIM1
interactome will become available in the near future.

3 Gating of Ca®* Influx Channels by STIM1
3.1 Gating of Orai Channels by STIM1

This topic is discussed only briefly. Further details can be found in recent compre-
hensive reviews (Engh et al. 2012; Shaw and Feske 2012; Muik et al. 2012). STIM1
activates the Orai channels to mediate the Ca’*-release-activated Ca®* (CRAC)
current (Zhang et al. 2006). The Orai channels are four transmembrane span
proteins with cytoplasmic N and C termini. Early biochemical and single molecule
photobleaching studies suggested that the Orai channels are tetramers (Demuro
etal. 2011; Penna et al. 2008; Ji et al. 2008). However, the recent crystal structure of
Orail revealed that the channel is a hexamer with the selectivity filter composed of
a ring of glutamates (Hou et al. 2012). Cytoplasmic extensions of the fourth
transmembrane domain of four of the six subunits fold into coiled-coil domains.
Functional (Muik et al. 2008; Frischauf et al. 2009) and the structural (Hou
et al. 2012) information showed that the C terminus coiled-coil domains are
essential for activation of the Orai channels by STIM1. SOAR opens all three
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Orai channels by interaction with the C-terminus coiled-coil domains of the Orais
(Lee et al. 2009). A second interaction of SOAR/CAD was found with the
N-terminus of Orail downstream of residue 73 (Park et al. 2009). Recently, it
was suggested that STIMI1 interaction with the Orail C terminus mediates the
binding between the proteins, while interaction of STIM1 with the N terminus of
Orail gates the opening of Orail (Zheng et al. 2013). However, farther recent
examination of this topic shows that interaction of STIM1 with both the C and N
termini of the Orail participates in channel gating (McNally et al. 2013). Moreover,
both interactions are required for the effect of STIM1 on Orail channel selectivity
(McNally et al. 2012, 2013). The later findings are also compatible with the role of
the Orai channels C termini in the extent and mode of channel regulation. The three
Orai channels have a typical FCDI, with Orail showing the least prominent and
Orai3 the most prominent inactivation (Lis et al. 2007). The information for the
type of inactivation is coded in their C termini, as revealed by translocation of the
inactivation kinetics with the C-termini when they are swapped among the Orais
(Lee et al. 2009). Since removal of CTID eliminates both the FCDI and SCDI (Jha
et al. 2013) and SARAF accelerates the SCDI of Orail (Jha et al. 2013; Palty
et al. 2012), it should be of interest to determine whether and how SARAF affects
the FCDI and SCDI of Orai2 and Orai3.

4 TRPC Channels and STIM1

The regulation of TRPC channels by STIMI1 is poorly understood and sparsely
studied and thus remains controversial to some extent. Several aspects of TRPC
channels function and regulation are generally accepted. TRPC channels mediate
significant portion of the receptor-stimulated Ca®* influx, TRPC3, TRPC6, and
TRPC7, but not TRPC1, TRPC4, and TRPCS are activated by diacylglycerol, and
Ca** influx by TRPC channels has multiple roles in virtually every cell type (Parekh
and Putney 2005; Pedersen et al. 2005; Freichel et al. 2005). Biochemical interac-
tion between TRPC channels and STIM1 is a highly consistent finding. It is also a
consistent finding that knockdown or deletion of Orail or STIM1 eliminates the
store-dependent and receptor-activated Ca®* influx (Lee et al. 2010a). At the same
time, numerous studies in multiple cell types consistently find that knockout or
knockdown of TRPC channels significantly or markedly reduce the store-mediated
and receptor-activated Ca®* influx. Examples of the effect of TRPC1 and TRPC3
knockout of receptor- and store-dependent Ca”* influx in pancreatic acini are
illustrated in Fig. 2. Deletion of TRPC1 (green traces and columns) or TRPC3
(red traces and columns) reduces the receptor-stimulated Ca®" influx (reduced
plateau) and Ca”* influx evoked by store depletion (Fig. 2a, ¢, d) and thus the
frequency of Ca”* oscillations (Fig. 2b). Additional examples of the effect of TRPC
channels knockdown on Ca** influx are in Lee et al. (2010a), Ng et al. (2012),
Antigny et al. (2013), Zhang et al. (2010), Rao et al. (2012), and Sundivakkam
etal. (2012). Given the complete inhibition of Ca>* influx by deletion of STIM1 and
Orail and the substantial inhibition of Ca** influx by deletion of TRPC channels, it
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Fig. 2 TRPC1 and TRPC3 as store-operated Ca>" influx channels in pancreatic acini. [Ca®*]; was
measured in wild-type (black traces and columns), Trpc3 '~ (red traces and columns), and
Trpel ™' (green traces and columns) pancreatic acini stimulated with the indicated concentration
of agonists to generate a sustain response (a) or Ca* oscillations (b) or treated with 25 pM CPA to
deplete the stores and measure Ca** influx by Ca®" re-addition (c, d). Results were reproduced
from Kim et al. (2009b)

follows that TRPC channels required Orail function and/or Orail requires TRPC
channels function for their activity and, moreover, that TRPC channels are
regulated by STIM1.

4.1 STIM1-Dependent and STIM1-Independent Function of TRPC
Channels

In spite of the findings mentioned above, regulation of TRPC channels by STIM1
remains poorly understood and is not fully accepted or appreciated. This is mostly
because regulation of TRPC channels by STIMI is not always observed when the
two are co-expressed in model systems. How can this be reconciled with the
knockout/knockdown results? A major reason is that TRPC channels can function
as both STIMI-dependent and STIMI-independent channels while the Orai
channels function is strictly dependent on STIM1. Thus, the early studies already
showed that TRPC1, TRPC2, TRPC4, and TRPCS5 can directly interact with
STIM1, while TRPC3, TRPC6, and TRPC7 do not (Huang et al. 2006). However,
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it is well established that TRPC channels can heteromultimerize, including
TRPC1-TRPC3 (Yuan et al. 2007; Liu et al. 2005) and TRPC4-TRPC6 (Yuan
et al. 2007). It turned out that TRPC3 can function as STIM1-dependent channel
only in the presence of TRPC1 and TRPC6 functions as STIM1-dependent channel
only in the presence of TRPC4 (Yuan et al. 2007). Notably, in the absence of
TRPC1 and TRPC4, TRPC3 and TRPC®6, respectively, are fully active, but their
activity is STIM1 independent. This indicates that (1) the cellular composition of
TRPC channel isoforms will determine whether their function is STIM1 dependent
or not and (2) a precise, physiological expression level and ratio of TRPC channels
isoforms is required to observe and study their STIM1 dependence. Hence, a
common problem in the field is that often marked overexpression of the channels
is used to study their regulation by STIMI, conditions that ensure their STIM1-
independent function.

The study of the regulation of TRPC channels by STIM1 is further complicated
by the requirement of Orail for TRPC channels function. Undoubtedly, the Orai
and TRPC channels can function independent of each other to mediate the CRAC
current (Zeng et al. 2008) and nonselective, Ca2+—permeable current (Pedersen
et al. 2005; Freichel et al. 2005; Nilius et al. 2007) and dominate Ca?* influx in
particular cell types. For example, Orail-mediated current is prominent in all
blood-born cell types (Engh et al. 2012; Shaw and Feske 2012). However, in
most cell types, it is difficult to record Icrac current, where TRPC channels likely
mediate most of the Ca®* influx. In such cells, both the Orai and TRPC channels
appear to be required for SOC by affecting the activity of each other. Initial
indication for this was obtained by demonstrating that deletion of Orail inhibits
all forms of Ca®* influx. Subsequently it was shown that all Orai channels interact
with TRPC channels to complex with STIMI1 and enhance TRPC channels store
dependence (Liao et al. 2007, 2008, 2009). Additional relationship between the
channels was shown by demonstrating that functional Orail and TRPC channels are
required to restore the physiological store-mediated Ca** influx, with channel-dead
Orail or TRPC channel mutants unable to do so (Kim et al. 2009a). The interde-
pendence of the channels is attributed to their insertion in the plasma membrane and
stabilization of the Orail-STIMI-TRPC complexes in plasma membrane
microdomain (Kim et al. 2009a; Ong et al. 2007; Cheng et al. 2011). Importantly,
modulation of TRPC channels function by the Orais and reconstitution of SOCs
were observed only when the Orai and TRPC channels are expressed at very low,
close to physiological levels (Liao et al. 2007, 2008, 2009; Kim et al. 2009a). The
latter suggest that the ratio of Orail/TRPC channels is important for the STIM1-
dependent function of the TRPC channels.

Another factor contributing to the problem in studying TRPC channels regula-
tion by STIMI is the activation/regulation of TRPC channels by other ligands/
regulators. For example, TRPC3, TRPC6, and TRPC7 are activated by
diacylglycerol (Pedersen et al. 2005; Freichel et al. 2005), TRPC4 and TRPCS
are activated by Go subunits (Jeon et al. 2012), TRPCS is activated by Ca’* (Blair
et al. 2009), and TRPC4 and TRPCS5 are activated by redox compounds
(Xu et al. 2008; Takahashi and Mori 2011). These forms of activation are
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STIM1-independent and, when functioning, may overwhelm the STIM1-dependent
activation of the channels.

The discussion above points to the caution needed when selecting the system and
conditions to study regulation of TRPC channels by STIM1. However, the impor-
tant point is that this topic is neglected and grossly understudied by investigators
interested in TRP channels and in the role of TRPC channels in receptor-mediated
Ca®* influx and its functions. Biochemical interaction between STIMI and the
TRPC channels is a highly consistent observation. Therefore, understanding how
STIMI interacts with and affects the function of TRPC channels is paramount for
the understanding receptor-mediated Ca®* signaling.

4.2 Gating of TRPC Channels by STIM1

Probably the strongest evidence that TRPC channels are gated by STIMI is the
finding that STIM1 gates TRPC channels by electrostatic interaction (Zeng
et al. 2008). Initial structure-function studies revealed that deletion of the STIM1
K-domain prevents activation of TRPC1 by STIMI, Ca®* influx, and translocation
of NFAT to the nucleus (Huang et al. 2006). The K-domain is predicted to fold as a
helix with the positive charge of the last two lysines (K) on the surface at the end of
the helix. This prompted us to search for a helix with negatively charged residues
that might complement the positive charges in the STIM1 K-domain. Such two
conserved residues (DD/DE/EE) were identified in all TRPC channels (Park
et al. 2009). Mutation analysis revealed that the negatively charged residues
(D639 and D®* in the case of TRPC1) interact with the last two lysines (K684 and
K®) in STIMI, that interaction of both lysines with the two negative charges is
required, that insertion or deletion of a single glycine within 100 residues upstream
of the STIMI1 C terminus disrupted the gating, and, most notably, that gating of
TRPC channels by STIM1 occurs whether the positive or negative charges are on
STIM1 or TRPC channels, as long as the negative charges on one protein are
matched with positive charges on the other protein (Zeng et al. 2008).

Subsequent studies examined gating by electrostatic interaction with other
TRPC channels to show that the same mechanism operates with TRPC3, TRPC4,
TRPCS5, and TRPC6 (Lee et al. 2010b). These studies also resulted in an excellent
tool to selectively inhibit TRPC channels independent of the inhibition of Orail.
Since the STIM1 K-domain is not required for activation of Orail (Yuan
et al. 2009), STIM1(K®**E/K®*°E) has no effect on Orail, but inhibits the native
TRPC channels activity. This tool was used together with mutations of the
conserved TRPC3(D*’K/D®*®K) to demonstrate gating of TRPC3 by electrostatic
interaction and the STIM1-dependent and STIM1-independent function of TRPC3.
As illustrated in Fig. 3 (taken from Lee et al. 2010b), while wild-type STIM1
increased, the mutant STIM1(K®**E/K*°E) strongly inhibited the current of wild-
type TRPC3 (Fig. 3a—c). The TRPC3(D*’K/D%*®K) mutant that is not gated by
STIMI1 retained full activity. Notably, the current of TRPC3(D697K/D698K) was not
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Fig. 3 Function of TRPC3 in STIM1-dependent and STIM1-independent modes. HEK cells were
transfected with wild-type TRPC3 (a—c) or the mutant TRPC3(DD/KK) (d-f) and either empty
vector (black traces and columns), STIMI1 (red traces and columns), or STIM1(KK/EE) (blue
traces and columns), and the carbachol-activated current was measured. Note that STIMI
activated wild-type TRPC3 but strongly inhibited the mutant TRPC3(DD/KK) while the reverse
charge STIM1(KK/EE) had the opposite effects. Results were reproduced from Lee et al. (2010b)
* In c,f denotes p<0.05

affected by the reverse charge STIM1(K®**E/K®*°E), but was fully inhibited by
wild-type STIM1 (Fig. 3d-f).

An important remaining question in the gating of TRPC channels by STIM1 is
their interacting modules. The STIM1 K-domain that gates the channel is not
required for STIM1-TRPC channels interaction (Huang et al. 2006). The most
likely STIM1 domain that interacts with the TRPC channels is SOAR. SOAR folds
into a coiled-coil domain structure and crystallizes as a V-shaped dimer with lysines
lining both sides of the V interior (Yang et al. 2012; Fig. 1b) that may interact with
the Orail C terminus (Korzeniowski et al. 2010). The Orail C terminus folds into a
coiled-coil domain structure (Hou et al. 2012), and the coiled-coil domain fold is
required for activation of Orail by STIM1 (Muik et al. 2008; Frischauf et al. 2009).
The same mechanism may hold for TRPC channels, which are predicted to have N-
and C terminal coiled-coil domains. The role of the TRPC channels coiled-coil
domains in interaction with STIM1 and in regulation of TRPC channels function by
STIM1 was reported recently in Lee et al. 2014.

4.3 TRPC Channels in Physiology and as Therapeutic Target
The presence of two STIM1-gated Ca”* influx channels in the same cells that affect

the activity of each other raises the question of their expression pattern and whether
Ca”* influx through each of the channels mediate specific cell function. Expression



1046 S. Choi et al.

lateral

Fig. 4 Localization of the native STIMI, Orail, and TRPC1 in polarized cells. Localization of
Orail, TRPC1, and STIMI1 was determined relative to localization of IP;Rs in the apical pole.
Note that Orail is confined largely to the apical pole whereas TRPC1 and STIM1 are found at the
apical and lateral membrane with minimal expression of the proteins in the basolateral membrane.
The turquoise squares mark regions expressing STIM1 and TRPC1 but devoid of Orail. Results
were reproduced from Archana Jha Malini Ahuja et al. (2013)

pattern of the native STIMI, Orail, and TRPC channels has been examined to a
very limited extent, especially in animal tissues (rather than in cell lines). Such
studies were performed in the polarized pancreatic acinar cells and an example is
shown in Fig. 4 that was taken from Hong et al. (2011). Localization of the proteins
was examined relative to IP3 receptors (IP;Rs) that are clustered at the apical pole
(Lee et al. 1997; Hong et al. 2011; Yule et al. 1997). Orail shows perfect
colocalization with IP3Rs, while the localization of TRPC1 and STIMI1 only
partially overlap with the localization of IP3Rs. This indicates that STIM1 forms
several Ca®* influx complexes in the same cells, Orail-STIM1, Orail-STIM1-
TRPC1, and STIM1-TRPC1 complexes. Complexes of TRPC1-STIM1 are formed
when cells are stimulated and can be readily immunoprecipitated (Hong
et al. 2011).

Emerging evidence points to selective roles of the STIM1-regulated Ca** influx
pathways in cellular physiology. Several of these examples are described below.
Orail-mediated Ca”* influx activates the Ca**-dependent phosphatase calcineurin
that dephosphorylates NFAT, resulting in translocation of NFAT to the nucleus
(Shaw and Feske 2012; Darbellay et al. 2010). Selective inhibition of Ca** influx by
TRPC channels was reported to have no effect on NFAT translocation to the
nucleus (Cheng et al. 2011; Darbellay et al. 2010). Conversely, Ca** influx
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mediated by TRPC1 activates the Ca**-dependent transcription factor NFkB that is
less affected by Orail-mediated Ca** influx (Cheng et al. 2011; Darbellay
et al. 2010). The TRPC1-mediated Ca®" influx activates the Ca’-activated K*
channel in salivary glands acinar cells (Cheng et al. 2011) that are localized at
the apical pole (Ong et al. 2012). This is despite the findings that Orail channels are
present in and mediate Ca®* influx across the luminal membrane (Almassy
et al. 2012).

The Orail-STIM1-mediated Ca** influx was found to be essential for postnatal
human myoblast differentiation through activation of the transcription factors
MEF2 and myogenin (Hong et al. 2011; Balghi et al. 2011). On the other hand,
TRPC1 and TRPC4 mediate a portion of STIMI-dependent store-operated Ca>*
influx necessary for activation of MEF2 that mediates myoblasts fusion. Ca** influx
by Orail did not substitute for the TRPC channel-mediated Ca®* influx that
facilitates the myogenic fusion (Antigny et al. 2013). Proliferation of adult neuronal
progenitor cells is regulated by store-dependent Ca** influx. Knockdown of Orail
and TRPC1 was equally effective in inhibition of the proliferation and causing cell
cycle arrest (Li et al. 2012). Similarly, Ca>* influx by TRPC] is essential for the
platelet-derived growth factor-BB-mediated restoration of neuronal progenitor
cells proliferation that had been impaired by HIV Tat-cocaine via the cognate
receptors (Yao et al. 2012). Similar effect was proposed for TRPCS in the A2B5
neuronal progenitor cells (Shin et al. 2010).

In a Parkinson’s disease model induced by neurotoxin, loss of dopaminergic
neurons in the substantia nigra is associated with a decrease in TRPC1 expression
and interaction of TRPC1 with STIM1. Ca** influx through the STIM1-regulated
TRPC1 was essential and sufficient for activating the AKT pathway to mediate the
neuroprotection (Selvaraj et al. 2012).

Vascular permeability is controlled by endothelial cells, a function regulated by
TRPC channels, in particular by TRPC1 and TRPC4 when activated by STIM1 to
mediate SOC-dependent Ca®* influx (Di and Malik 2010). Knockdown of Trpc4 or
STIMI inhibited vascular endothelial cells Ca®* influx and caused disruption of the
endothelial barrier (Sundivakkam et al. 2012). Notably, knockdown of Orail or
Orai3 in these cells had minimal effect of Ca®* influx and barrier integrity.
Similarly, overexpression of Orail or STIMI in Trpe4™'~ cells failed to rescue
Ca* influx (Sundivakkam et al. 2012), further demonstrating the essential role of
TRPC channels in endothelial cell SOCs.

Another, potentially important aspect of TRPC channels relative to the Orail
channel is their potential as therapeutic targets. Several diseases have been
associated with mutations in TRPC channels. They are not discussed here, but
information on this topic can be found in other chapters of this book and in Nilius
and Owsianik (2011). However, the reason TRPC channels should be considered as
therapeutic target is that deletion of TRPCI1 (Liu et al. 2007), TRPC3 (Kim
et al. 2009b, 2011; Hartmann et al. 2008), TRPC4 (Freichel et al. 2005), TRPC5
(Riccio et al. 2009), and TRPC6 (Dietrich et al. 2005) has relatively minor
phenotypes, while deletion of Orail is embryonically lethal (Vig et al. 2006;
McCarl et al. 2009). Moreover, deletion of the ubiquitous Orail eliminates all
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Fig. 5 Inhibition of TRPC3 protects against Ca**-dependent injury. Ca>* measurements show that
deletion of TRPC3 and Pyrazole 3 inhibits the same component of Ca?* influx activated by receptor
stimulation (a—c) or store depletion (d—f). Treating mice with Pyrazole 3 reduces the severity of
cerulein-induced acute pancreatitis as assayed by the increase in serum amylase (g) and edema (h)
and activation of intracellular trypsin (i). Results were reproduced from Smyth et al. (2012)

* In c,f denotes p<0.05

forms of receptor-stimulated Ca>* influx. By contrast, expression of TRPC channels
is more cell-specific and deletion of any of the TRPC channels results in only partial
reduction in the receptor-mediated Ca®* influx. Although TRPC channels also
contribute to the regulation of the membrane potential by depolarizing the cells
when activated, it seems that their function can be spared, at least temporarily.
Good examples for the therapeutic potential of inhibiting TRPC channels are the
inhibition of TRPC3 and TRPC6 in reducing cardiac hypertrophy (Kuwahara
et al. 2006; Wu et al. 2010) and of TRPC3 in ameliorating Ca**-dependent damage
in the brain, pancreas, and salivary glands (Kim et al. 2009b, 2011; Hartmann
et al. 2008). Analysis of patient tissues revealed increased TRPC3 and TRPC6
expression in cardiac hypertrophy that could be reproduced by overexpression of
the channels in mice hearts, and hearts are protected when expression of the
channels is reduced (Kuwahara et al. 2006; Wu et al. 2010; Millay et al. 2009).
This suggested that pharmacological inhibition of TRPC3 should prevent cardiac
hypertrophy. Pyrazole 3 is an inhibitor of TRPC3 (Kim et al. 2011; Kiyonaka
et al. 2009; see Fig. 5) that is tolerated well by mice with no apparent gross side



The TRPCs-STIM1-Orai Interaction 1049

effects when infused over a 2 weeks period (Kiyonaka et al. 2009). Inhibition of
TRPC3 by Pyrazole 3 prevented cardiac hypertrophy induced by aortic banding
(Kiyonaka et al. 2009). Together, the genetic and pharmacological studies suggest
that inhibition of TRPC3 is a promising target in treatment of cardiac hypertrophy.

It was recently shown that inhibition of TRPC3 reduces brain injury caused by
hemorrhage-related brain inflammation. Intracerebral hemorrhage caused by rup-
ture of blood vessels in the brain results in leakage of thrombin into the parenchyma
and activation of neuronal and astrocytes TRPC3. Activated Ca®* influx causes
excessive Ca”* influx that is associated with inflammation and neuronal injury
(Qureshi et al. 2009). Application of Pyrazole 3 intracerebroventricularly and
intraperitoneally to mice after induction of intracerebral hemorrhage to inhibit
TRPC3 activation significantly reduced brain injury (Munakata et al. 2013). It
should be of interest to determine whether inhibition of TRPC3 reduces brain
damage due to other inflammation modalities.

Acute pancreatitis and Sjogren’s syndrome are inflammatory diseases that dam-
age the pancreas and salivary glands (Sah et al. 2012; Alevizos and Illei 2010). A
common nodal point in all models of these diseases is an excess Ca®* influx (Cheng
et al. 2012; Petersen and Sutton 2006). Salivary glands and pancreatic acini express
high level of TRPC3 (Bandyopadhyay et al. 2005; Kim et al. 2006), and TRPC3
mediates significant portion of receptor- and store-mediated Ca®* influx (Kim
et al. 2009b). The therapeutic potential of inhibiting TRPC3 in these diseases was
tested by genetic and pharmacological inhibition of TRPC3 (Kim et al. 2011). Part
of these findings is illustrated in Fig. 5 (reproduced from Kim et al. 2009b).
Figure 5a—f shows similar inhibition of receptor- and store-mediated Ca”* influx
by deletion of TRPC3 and by Pyrazole 3 and that Pyrazole 3 has no effect on the
Ca”* signal in Trpc3 ™'~ cells, indicating that in vivo Pyrazole 3 primarily inhibits
TRPC3. Inhibition of TRPC3 by Pyrazole 3 reduced all indices of acute pancreati-
tis, including serum amylase (Fig. 5g), edema (Fig. 5h), and intracellular activation
of trypsin (Fig. 5i). Pyrazole 3 similarly inhibited all Ca**-dependent acinar cells
injury tested in the parotid glands (Kim et al. 2009b).

The results with Pyrazole 3 in the three model diseases illustrate the usefulness
and relative safety of inhibiting TRPC channels activity as a therapeutic approach
to diseases caused by excessive Ca’* influx, in particular inflammatory diseases. It
is hoped that as more and more potent and selective inhibitors of TRPC channels
develop, the full benefit of inhibiting their function will be explored and will be
used to treat human diseases.
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