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Stimulation of cell-surface receptors induces cytosolic Ca2+ ([Ca2+]i) increases that are de-
tected and transduced by effector proteins for regulation of cell function. Intracellular Ca2+

release, via endoplasmic reticulum (ER) proteins inositol 1,4,5-trisphosphate receptors (IP3R)
and ryanodine receptors (RyR), and Ca2+ influx, via store-operated Ca2+ entry (SOCE), con-
tribute to the increase in [Ca2+]i. The amplitude, frequency, and spatial characteristics of the
[Ca2+]i increases are controlled by the compartmentalization of proteins into signaling com-
plexes such as receptor-signaling complexes and SOCE complexes. Both complexes include
protein and lipid components, located in the plasma membrane (PM) and ER. Receptor
signaling initiates in the PM via phospholipase C (PLC)-mediated hydrolysis of phosphati-
dylinositol 4,5-bisphosphate (PIP2), and culminates with the activation of IP3R in the ER.
Conversely, SOCE is initiated in the ER by Ca2+-sensing stromal interaction molecule
(STIM) proteins, which then interact with PM channels Orai1 and TRPC1 to activate Ca2+

entry. This reviewwill address how ER–PM junctions serve a central role in agonist regulation
of SOCE.

Calcium (Ca2+) signaling mechanisms with-
in a cell are tightly controlled to ensure gen-

eration of [Ca2+]i signals with appropriate
magnitude as well as spatial and temporal
characteristics that are required for regulating
specific physiological functions. [Ca2+]i signals
usually consist of an increase in cytosolic Ca2+

concentration, which is detected and transduced
by effector proteins (Berridge 2006). In nonex-
citable cells, such increases in [Ca2+]i result from
the stimulation of cell-surface receptors, primar-
ily G-protein-coupled (GPCR) or tyrosine-
kinase-coupled receptors, which lead to activa-

tion of phospholipase C (PLC) and hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP2).
This is a critical initial step in the Ca2+-signaling
cascade and results in the generation of two in-
tracellular messengers: inositol 1,4,5-trisphos-
phate (IP3) and diacyl glycerol (DAG). DAG is
retained in the plasmamembrane (PM) where it
modulates a number of cellular functions such
as regulation of ion channels and enzyme acti-
vation. IP3, a soluble metabolite, diffuses in the
cytosol and binds to its receptor, the IP3R, which
is a Ca2+ channel localized in the endoplasmic
reticulum (ER)membrane. The resulting release
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ofCa2+ from theER lumen leads to an increase in
[Ca2+]i, which is used to control many cellular
functions, including ion channel regulation and
gene expression (Mikoshiba 2015). Release of
Ca2+ from the ER also causes a decrease in Ca2+

concentration within the ER lumen ([Ca2+]ER)
and, depending on the magnitude, a substantial
and sustained decrease in [Ca2+]ER can be dele-
terious to cells, affecting processes such as pro-
tein synthesis and cell proliferation (Mekahli et
al. 2011). The ER-Ca2+ pool is finite, and main-
taining long-term signaling requires refilling of
the ER-Ca2+ stores via Ca2+ influx from the ex-
tracellular medium. In the absence of Ca2+ in-
flux, the release of Ca2+ from the ER would be
transient in nature because of progressive run-
down of [Ca2+]ER and the lack of ER-Ca2+ store
refilling by incoming extracellular Ca2+. This re-
view will discuss current concepts pertaining to
IP3-induced Ca2+ signaling and the store-oper-
ated Ca2+ entry (SOCE) pathway (Putney 1990,
2017).

SOCE is mediated by PM Ca2+ channels ac-
tivated in response to decreases in [Ca2+]ER and
inactivated by refilling of the ER-Ca2+ stores
(Ambudkar 2006; Ambudkar et al. 2006; Putney
2017). The close coupling between SOCE and
Ca2+ uptake into the ER suggests the forma-
tion of cellular microdomains, in which SOCE
components in the PM are in close proximity to
ER-Ca2+-signaling components, such as sarco/
ER Ca2+ ATPase (SERCA) and IP3Rs. Many
studies have now established that SOCE is regu-
lated within ER–PM junctions that are formed
by interactions of ER-resident proteins with the
PM lipid or protein components. The PM pro-
tein Orai1 was identified as a critical compo-
nent of SOCE as it forms the pore of the highly
Ca2+-selective channel that is activated by
ER-Ca2+ store depletion. This channel carries
the Ca2+ release-activated Ca2+ current (ICRAC;
Feske et al. 2006; Prakriya et al. 2006; Vig et al.
2006; Zhang et al. 2006; Hou et al. 2012; Yen
et al. 2016). Orai1 has four transmembrane-
spanning domains and assembles to form a hex-
americ channel that is activated by direct inter-
action with the ER proteins called STIMs,
STIM1 and STIM2. Both STIM isoforms sense
the decrease in [Ca2+]ER via amino-terminal

Ca2+-binding domains, known as EF-hand do-
mains, that are located in the ER lumen. Release
of Ca2+ from the EF-hand domain triggers con-
formational changes to enable STIM1 or STIM2
protein clustering at the cell periphery where
they recruit Orai1. The STIM carboxy-terminal
tail mediates its binding to PMPIP2, whereas the
cytosolic STIM–Orai1 activation region (SOAR;
also known as CRAC activation domain [CAD])
interacts with and gates Orai1 (Liou et al. 2005;
Roos et al. 2005; Brandman et al. 2007; Park et al.
2009; Yuan et al. 2009b; Bhardwaj et al. 2013).
The STIM–Orai1 interaction, together with
STIM1 scaffolding at the PM, culminates in
the formation of ER–PM junctions that mark
the sites of Ca2+ entry into the cell. Activation
of clustered Orai1 channels generates higher
[Ca2+]i near the cytosolic mouth of the channels
(referred to as local increase in [Ca2+]i) than
when the channels are diffusely spread within
the PM (Samanta et al. 2015). Both local and
global [Ca2+]i changes are used by cells to regu-
late distinct functions (Kar et al. 2011; Ong et al.
2012; Kar and Parekh 2015).

Transient receptor potential canonical
(TRPC) channels, suggested as candidates for
SOCE channels before the discovery of STIM
and Orai, are also activated in response to recep-
tor-stimulated PM PIP2 hydrolysis, and con-
tribute to agonist-induced [Ca2+]i increases
(Ambudkar et al. 2006; Abramowitz et al. 2007;
Yuan et al. 2009a). TRPC channels regulate im-
portant physiological functions in several tissues
such as exocrine glands, endothelium, cardiac
muscle, neurons, and kidney cells (Ong et al.
2014). TRPC1, TRPC3, and TRPC4 have been
shown to mediate Ca2+ entry following PM re-
ceptor stimulation and/or ER-Ca2+ store deple-
tion. TRPC channel association with the Orai1/
STIM1 complex is shown by the interaction of
TRPC1 and TRPC3 with STIM1 (Yuan et al.
2007; Zeng et al. 2008). The localization of
TRPC1 with Orai1/STIM1 in ER–PM junctions
is a critical determinant of its activation (Pani
et al. 2009; Cheng et al. 2011; de Souza et al.
2015). The polybasic domain of STIM1, specif-
ically 684KK685, which is distinct from the
SOAR/CAD domain, activates TRPC1 by bind-
ing to 639DD640 (Huang et al. 2006; Zeng et al.
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2008). In cells expressing both TRPC1 and
Orai1, both channels are activated by ER-Ca2+

depletion. Further, TRPC1-mediated Ca2+ entry
enhances the [Ca2+]i increase induced by Orai1
and contributes to sustained elevation of [Ca2+]i
(Ong et al. 2007). Importantly, Ca2+ signals gen-
erated by TRPC1 are used by cells for regulating
functions distinct from those activated by Orai1;
for example, NFAT is regulated by Ca2+ entry
mediated by Orai1, whereas NF-κB regulation
involves TRPC1. Local [Ca2+]i increase mediat-
ed by Orai1 is exclusively used for NFAT1 acti-
vation. The increase in [Ca2+]i detected by
calmodulin leads to activation of calcineurin,
dephosphorylation ofNFAT1, and translocation
of the transcription factor to the nucleus. Global
Ca2+ signals resulting from TRPC1 function are
detected by [Ca2+]i sensors, such as calmodulin
kinase II, to cause NF-κB activation. Addition-
ally, in exocrine gland cells, TRPC1-mediated
Ca2+ entry is required for regulation of Ca2+-ac-
tivated Cl

–

and K+ channel activities (Cheng
et al. 2011; Hong et al. 2011; Ong et al. 2012;
Sun et al. 2015).

The nature of SOCE-associated ER–PM
junctions, their molecular components, and
architecture, as well as their physiological rele-
vance, are currently the subject of many studies
in the field of Ca2+ signaling. Emerging data
suggest that these junctions are not only in-
volved in sensing agonist stimulation and regu-
lating SOCE but also in compartmentalization
of specific downstream targets and effector pro-
teins that drive SOCE-dependent control of cell
function. In the later sections of this article, we
will discuss the role of ER–PM junctions as sig-
naling hubs that coordinate agonist regulation of
PIP2 hydrolysis with depletion of ER-Ca2+ store
and activation of SOCE. Precise spatial and tem-
poral coordination of these processes generates
specific Ca2+ signals that regulate different cell
functions.

AGONIST-DEPENDENT GENERATION
OF [Ca2+]i SIGNALS

Signaling Complexes and ER–PM Junctions

Two major types of stimuli that trigger [Ca2+]i
increases innonexcitable cells are those actingon

GPCRs (e.g., muscarinic and α1-adrenergic re-
ceptors) and those acting on tyrosine kinase-
coupled receptors (e.g., growth factor receptors
and T-cell receptor [TCR]; Berridge 2017). Ac-
tivation of either class of PM receptors leads to
the assembly of a receptor-associated signaling
complex that includes G proteins, PLCs, and
downstream targets such as adenylyl cyclases,
RyR, and IP3R.A familyof proteins that function
as regulators of G protein signaling (RGS) has
been suggested to serve as scaffolds in the assem-
bly of such signaling complexes. Additionally,
other scaffolding proteins (e.g., HOMER and
A-kinase anchoring proteins [AKAPs]) and
PM lipid domains have also been implicated in
this process. Such association between proteins
of the ER and PM results in the formation of
ER–PM junctions. An important function of
these junctions, which contain PM receptor-sig-
naling proteins and the IP3R, ensures that IP3 is
effectively delivered from the site of its synthesis
in the PM to its receptor in the ER membrane
with minimal diffusion or hydrolysis. Targeted
delivery of IP3 increases the response speed and
organizes the Ca2+ signals in spatially segregated
areas within the cell (Delmas et al. 2002). Inter-
action of IP3Rs with other proteins, such as
PLCs, receptor of activation protein C kinase 1
(RACK1), AKAPs, or HOMER, may bring them
close to the PM receptor-signaling complex to
facilitate IP3 delivery in a selective and rapid
manner. Notably, some of these proteins also
interact with TRPC channels and Orai1 (Ong
et al. 2014; Prole and Taylor 2016). Thus, Ca2+

signaling is organized to be rapid and specific
through compartmentalization of signaling pro-
teinswithinprivilegedER–PMjunctions that are
assembled to initiate the PLC cascade and IP3-
induced Ca2+ release from the ER (Thillaiappan
et al. 2019).

TRPC channels reside in PM lipid raft do-
mains (LRDs), which are also populated by a
number of receptor-coupled signaling proteins
(Ong et al. 2014). These channels assemble and
form signaling complexes with PLC, IP3R, G
proteins, and scaffolding proteins such as
RACK1 (TRPC3) and HOMER (TRPC1; Yuan
et al. 2003; Bandyopadhyay et al. 2008; Ong et al.
2014). Taken together, these findings showed
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that PM Ca2+ influx channels, activated in re-
sponse to PIP2 hydrolysis, are recruited into the
same junctions as the signaling complex that
causes hydrolysis of PIP2. Importantly, bio-
chemical and total internal reflection microsco-
py (TIRFM) data show interactions between
TRPC1 and TRPC3 with STIM1 and Orai1
(Ong et al. 2007; Yuan et al. 2007; Cheng et al.
2008, 2011; Zeng et al. 2008). These findings
placeOrai1/STIM1 togetherwithTRPCchannel
within close proximity to the receptor-signaling
complexes and IP3Rs. Further confirmation is
provided by a recent study showing that native
IP3Rs are preclustered in cellular areas in which
STIM1 accumulates after store depletion (Thil-
laiappan et al. 2017). It has been suggested that
this allows STIM1 to sense decreases in [Ca2+]ER
near the IP3Rs, and rapidly respond to activate

Orai1 within the same microdomain. This
would also lead to regulation of TRPC1 function
(further discussed below), which is directed to
regions where Orai1/STIM1 cluster via a fast
endocytic recycling pathway (de Souza et al.
2015) or interaction with PM caveolin-1
([Cav-1]; Brazer et al. 2003; Pani et al. 2009). It
is not clear whether the receptor and SOCE-sig-
naling complex involve the formation of smaller
“sub”or “nano”domainswithin a larger ER–PM
junction or whether they are both segregated
within a single large domain (summarized in
the model shown in Fig. 1). Research in the field
of lipid rafts has suggested that smaller rafts
containing different components can undergo
fusion to allow proteins seggregated in two dif-
ferent domains to be incorporated into one do-
main, enabling protein–protein interactions to
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Figure 1. Organization of endoplasmic reticulum–plasma membrane (ER–PM) junctions involved in agonist-
regulated store-operated Ca2+ entry (SOCE). Binding of an agonist/ligand to its G-protein-coupled receptor in
the PM triggers a signaling cascade that results in phospholipase C (PLC)-mediated hydrolysis of phosphatidy-
linositol 4,5-bisphosphate (PIP2) in the PM and generation of the secondmessenger inositol 1,4,5-trisphosphate
(IP3). When IP3 binds to its receptor (IP3R) in the ER membrane, it causes release of Ca2+ from the ER-Ca2+

stores. Alternatively, the second messenger NAADP can activate the ryanodine receptors (RyRs) to cause Ca2+

release from the ER. The resulting decrease in Ca2+ concentration within the ER lumen ([Ca2+]ER) is sensed by
stromal interaction molecules STIM1 and STIM2, which aggregate and translocate to the cell periphery to
activate Orai1. Ca2+ entry via Orai1 raises the local [Ca2+] (denoted by boxed [Ca2+]i) near the channel pore,
which is required for the trafficking of TRPC1 to and its insertion into the PM, as well as activation of NFAT
signaling (not shown). Following channel insertion into the PM, TRPC1 is activated by STIM1. At themoment, it
has not been shown that STIM2 also activates transient receptor potential canonical 1 (TRPC1). The Ca2+ entry
via TRPC1 contributes to a global increase in [Ca2+]i, which is required for other downstream Ca2+-dependent
processes such asNF-κB activation and fluid secretion in salivary glands. Additionally, the sarco/ERCa2+ATPase
(SERCA) and PM Ca2+-ATPase (PMCA) pumps also modulate the [Ca2+]i by pumping Ca2+ into the ER or
outside of the cell, respectively. Assembly of the proteins within these junctions coordinate PM–ER signaling,
which then induces ER–PM signaling. Precise attunement of the functional and physical interactions between ER
and PM proteins is critical for the cell.
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occur in a regulated manner (Ong and Am-
budkar 2015). Such a mechanism would bring
agonist-signaling components within close
proximity to SOCE components to facilitate in-
teractions between them. There are no data to
directly show this. However, it has been reported
that the association of Orai1/STIM1 complexes
with PM lipid domains may be altered following
stimulation of Ca2+ entry (Maleth et al. 2014).
Additionally, remodeling of ER–PM junctions
has also been reported (further discussed be-
low), which could reorganize the signaling com-
plex and modulate protein function.

Stimulus Intensities and Activation of SOCE

Agonist-induced, IP3-dependent release of Ca
2+

from the ER causes [Ca2+]i elevation, the pattern
and amplitude of which varies depending on the
cell type and stimulus intensity. Low agonist
concentrations typically trigger an oscillatory
pattern of [Ca2+]i increase. Intermediary agonist
concentrations induce either more frequent
Ca2+ oscillations or Ca2+ oscillations arising
from an elevated baseline. High agonist concen-
trations can cause a sustained elevationof [Ca2+]i
(Bird and Putney 2005; Putney and Bird 2008;
Ong et al. 2015). Both intracellular Ca2+ release
via IP3Rs and extracellular Ca

2+ influx via SOCE
or other Ca2+ channels contribute to the eleva-
tions in [Ca2+]i. Several Ca

2+
fluxmechanisms in

the cell can contribute to Ca2+ oscillations. In
some cases, positive feedback regulation of PLC
by Ca2+ causes IP3 levels to oscillate, which can
drive periodic release of Ca2+ from the ER (Ka-
wabata et al. 1996; Nash et al. 2001). However,
Ca2+ oscillations have also been detected in cells
with stable IP3 levels (Dupont et al. 2011). Im-
portantly, [Ca2+]i oscillations in many cell types
can be supported for a short time period in the
absence of external Ca2+ because of repetitive
Ca2+ release and reuptake into ER. Such [Ca2+]i
oscillations are primarily controlled by regula-
tion of IP3R function by IP3 and [Ca2+]i. The
Ca2+-dependent activation of IP3Rs, followed
by their Ca2+-dependent inhibition, can fully ex-
plain Ca2+ oscillations in most cells (Iino 1990;
Bezprozvannyet al. 1991). In the absence ofCa2+

influx, there is an incremental loss of Ca2+ con-

tent in theERduring theoscillations as a result of
the efflux of Ca2+ from the cell by the PM Ca2+

pump PMCA. Sustained Ca2+ oscillations or
elevation in [Ca2+]i, which are critical for regu-
lating most cellular functions, are dependent on
Ca2+ entry, primarily via the SOCE mechanism
(Parekh 2011; Thillaiappan et al. 2019).

SOCE modifies the pattern of Ca2+ oscilla-
tions by increasing the frequency and/or ampli-
tude of the Ca2+ signal with a more sustained
elevation of [Ca2+]i being generated at higher
stimulus intensities. It is important to consider
the status of ER-Ca2+ stores at different stimu-
lus intensities. At low agonist concentrations, as
a result of less IP3 generation and oscillatory
[Ca2+]i, there is less depletion of ER-Ca

2+ stores.
Conversely, a higher agonist concentration pro-
duces a greater amount of IP3 and substantial
depletion of [Ca2+]ER. Thus, SOCE modulation
requires differential Ca2+ sensing of ER-Ca2+

stores across the range of [Ca2+]ER that result
from agonist stimulation of cells. Although
STIM1 and STIM2 share many properties,
they have key differences that are critical in de-
termining agonist regulation of SOCE. The dif-
ferent Ca2+ affinities of their EF-hand domains
allow the proteins to differentially respond at
high and low [Ca2+]ER, and regulate the re-
sponse of SOCE to different stimulus intensities
(Liou et al. 2005; Brandman et al. 2007; Car-
rasco and Meyer 2011; Ong et al. 2015; Subedi
et al. 2018). STIM1 has a relatively high affinity
for Ca2+ (about 200 µM) and thus can respond
only when [Ca2+]ER is substantially decreased.
Such STIM1-activating [Ca2+]ER decreases are
typically achieved only with high agonist con-
centrations, or when SERCA function is com-
promised in cells. On the other hand, STIM2
has lower affinity for Ca2+ (around 400 µM) and
can sense small changes in [Ca2+]ER (note that
ambient [Ca2+]ER is around 600–800 µM).
Thus, STIM2 is well placed to respond to low
agonist concentrations that lead to small de-
creases in [Ca2+]ER, such as those observed in
cells with [Ca2+]i oscillations. Together, STIM2
and STIM1 can regulate activation of SOCE
across a wide range of agonist concentrations
and consequent [Ca2+]ER depletion levels. In-
deed, previous findings have shown that STIM2
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tunes the sensitivity of SOCE activation at low
agonist concentration (Ong et al. 2015). STIM2
has been shown to be important in maintaining
both basal Ca2+ entry and Ca2+ influx in re-
sponse to weak levels of stimulation (Brandman
et al. 2007). Moreover, STIM1 is much more
effective than STIM2 at gating Orai1, resulting
in more Ca2+ entry via the channel, which is
critical for cell function. STIM2 causes relatively
weak Orai1 channel activation, which leads to
less [Ca2+]i increase. [Ca

2+]i signals generated
by Orai1/STIM1 or Orai1/STIM2 complexes
have been reported to cause activation of distinct
cellular functions in mast cells (Kar et al. 2012;
Thiel et al. 2013). Despite the contribution of
STIM2 in Orai1 function, STIM1 has been es-
tablished as the critical regulatory component
for Orai1 activation. SOCE and SOCE-depen-
dent cell function, at both low and high agonist
concentration, are almost completely eliminated
in cells lacking STIM1 (Luik et al. 2008; Oh-
Hora et al. 2013; Ong et al. 2015; Subedi et al.
2018). A major question arising from these
findings is how does STIM1 activate Orai1 at
[Ca2+]ER that is not low enough to trigger its
activation. Indeed, TIRFM shows that STIM1
does not respond to low [agonist] (Ong et al.
2015).

Recent findings have revealed a novel func-
tion for STIM2 in regulating SOCE. STIM2
mediates recruitment of STIM1 to ER–PM junc-
tions, facilitating assembly of STIM1/Orai1 at
low agonist concentrations (Ong et al. 2015;
Subedi et al. 2018). Further, interaction of
STIM1 with STIM2 causes a conformational
change in the former that leads to STIM1-acti-
vating Orai1 even when [Ca2+]ER is not low
enough to elicit a STIM1 response (Subedi
et al. 2018). This scaffolding role for STIM2 ap-
pears to be critical for SOCE-dependent regula-
tion of cell functions, such as cytokine synthesis
in stimulated T lymphocytes, which is depen-
dent on the assembly of Orai1/STIM1 complex-
es and strong Orai1 activation (Oh-Hora et al.
2008; Diercks et al. 2018). The relatively stronger
PIP2-binding domain in STIM2 is a key deter-
minant of its ability to cluster and generate ER–
PM junctions in response to low level stimuli
(Bhardwaj et al. 2013). Importantly, the carbox-

yl terminus of STIM2 has been shown to be in a
more open conformation that allows the protein
to be in an activated state to recruit and activate
Orai1 in cells with minimal depletion of ER-
Ca2+ stores (Subedi et al. 2018; Zheng et al.
2018). This ability of STIM2 to respond to small
depletions of ER-Ca2+ stores and recruit Orai1/
STIM1 under conditions in which STIM1 can-
not respond on its own plays a critical role in the
regulation of cell function.

REGULATION OF TRPC CHANNELS
IN ER–PM JUNCTIONS

All TRPC channels are activated in response to
stimulation of PIP2 hydrolysis by agonists. Some
of them are activated by agonist-induced deple-
tion of ER-Ca2+ stores (Ambudkar et al. 2006;
Yuan et al. 2009a; Ong et al. 2014), whereas
others are dependent on metabolites arising
from receptor-stimulated PIP2 hydrolysis
(Hurst et al. 1998; Liu et al. 2000; Strübing
et al. 2001). The available data are the most con-
sistent and strongest in support of a role for
TRPC1 in SOCE. Nonetheless, a few studies
have shown TRPC3 and TRPC4 to be activated
by store depletion. Importantly, TRPC1 and
TRPC3 are dependent on Orai1 and STIM1
for their function, as loss of either of these latter
components eliminates TRPC-mediated Ca2+

entry. In contrast, knockdown of TRPC chan-
nels only causes partial reduction of Ca2+ entry.
However, loss of TRPC function is reflected by a
change in the phenotype of the current induced
by store depletion. In cells expressing both
TRPC andOrai channels, the current is typically
nonselective, referred to as store-operated calci-
um current (ISOC). Loss of TRPC channels re-
sults in attenuation of the ISOC current. Instead,
ICRAC carried by the residual Orai1 channel can
be detected (Cheng et al. 2011). In cells contain-
ing both Orai1 and TRPC1, both channels con-
tribute to [Ca2+]i increase. Nevertheless, Ca

2+

entry mediated by each channel is used by cells
to regulate distinct functions.

Several studies have shown that TRPC1 and
Orai1 cocluster and interact with STIM1 within
ER–PM junctions. STIM1 is required for clus-
tering, as well as activation, of the channels.
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LRDs are enriched in cholesterol and sphingo-
lipids, and have been proposed to provide a sta-
ble platform for the assembly of Ca2+-signaling
complexes (Pani and Singh 2009; Lingwood and
Simons 2010; Ong and Ambudkar 2012). The
structural integrity of LRD appears to be vital for
SOCE as disruption, using methyl-β-cyclodex-
trin to sequester cholesterol, has been shown to
attenuate SOCE in many cell types. Moreover,
LRDs in the PM are involved in localizing
TRPC1 channels to the ER–PM junctions (Lock-
wich et al. 2000; Brownlow et al. 2004; Kannan
et al. 2007; Jardin et al. 2008; Pani et al. 2008;
Bomben et al. 2011). Disruption of LRD causes
impairment of TRPC1 assembly with Orai1,
STIM1, and the type 2 isoform of the inositol
1,4,5-triphosphate receptor ([IP3R2]; Brownlow
and Sage 2003; Brownlow et al. 2004; Pani et al.
2008; Galan et al. 2010). TRPC1 and STIM1
partition into, and interact within, LRDs follow-
ing store depletion (Lockwich et al. 2000; Ber-
thier et al. 2004; Kannan et al. 2007; Pani et al.
2008; Formigli et al. 2009). Recruitment of
TRPC1 into LRDs is mediated by Cav-1, where-
as STIM1 is likely to interact directly with the
PM phospholipids via its carboxy-terminal
polybasic domain. Subsequent studies have
shown that the Orai1/STIM1 complexes are
also recruited into a microdomain that is PIP2-
rich and contains Cav-1 (Jha et al. 2013; Maleth
et al. 2014). Cav-1 has been also shown to reg-
ulate Orai1 function and trafficking (Yu et al.
2010; Yeh and Parekh 2015). These studies
further highlight the importance of specialized
PM domains in the assembly and regulation of
SOCE channels.

Several studies have addressed the critical
functional interaction between Orai1 and
TRPC1. Strong evidence supports the sugges-
tion that Ca2+ entry via Orai1 triggers recruit-
ment of TRPC1 to the PM (Cheng et al. 2011).
Thus, coordinated regulation of TRPC1 surface
expression by Orai1 and gating by STIM1 pro-
vides a mechanism for rapidly modulating and
amplifying Orai1-generated Ca2+ signals (Ong
et al. 2012). By recruiting ion channels (e.g.,
TRPC channels) and other signaling compo-
nents (e.g., adenylyl cyclase and NFAT-signal-
ing complexes), Orai1 and STIM1 concertedly

impact a variety of critical cell functions. The
specific effector proteins that are involved in
sensing the respective Ca2+ signals for regulating
cell function are not yet known for TRPC1. Al-
though AKAP79 provides a scaffold to coordi-
nate Orai1-mediated NFATactivation (Kar et al.
2014), there are no data to show a role for
AKAP79 in TRPC1-mediated regulation of cell
function. Whereas other scaffolds, such as
RACK1, Homer, and NHERF (Na+/H+ ex-
change regulatory factor), have been associated
with TRPC proteins, it remains to be seen
whether these represent signaling complexes in
different ER–PM junctions (Ong et al. 2014).

ER-Ca2+ STORE RELEASE—A CRITICAL LINK
BETWEEN RECEPTOR SIGNALING AND
SOCE

IP3Rs

IP3 links receptor-stimulated, PLC-mediated,
hydrolysis of PIP2 in the PM with ER-Ca2+ re-
lease via the IP3R. This critical step, leading to a
decrease in [Ca2+]ER, is also the trigger for
STIM/Orai1 clustering, TRPC recruitment,
and activation of SOCE. Thus, signals are trans-
mitted from the PM to the ER and back to the
PM (denoted in the model in Fig. 1). The gen-
eration and concentration of IP3, as well as the
location and activity of IP3R, are critical factors
in the coordinated regulation of SOCE. IP3R
function is exquisitely regulated by a number
of different cellular factors. Although gating is
primarily induced by IP3, Ca

2+ exerts an impor-
tant biphasic effect on IP3R, which enables the
channel to be activated when [Ca2+]i is low but
inhibited when [Ca2+]i is elevated above a cer-
tain threshold (Iino 1990; Bezprozvanny et al.
1991; Thillaiappan et al. 2019). IP3Rs are also
regulated by cAMP-dependent protein kinase
A (PKA). IP3R phosphorylation enhances IP3
binding affinity (Taylor 2017). Because Ca2+

entering via SOCE regulates Ca2+-dependent
adenylyl cyclases within ER–PM junctions,
IP3R in the vicinity of ER–PM junctions could
be sensitized by cAMP to respond to low IP3
concentrations. Thus, there is a feedforward reg-
ulation of IP3R by SOCEvia generation of cAMP
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and activation of PKA (Thillaiappan et al. 2019).
Conversely, adenylyl cyclases that are inhibited
by Ca2+ will be suppressed by SOCE, causing a
decrease in ambient cAMP concentration and
dampening of IP3R function (Willoughby et al.
2014).

It is important to note that although IP3Rs
are localized throughout the ER, the distribution
is not uniform. The location of IP3R in the cell
determines the spatial characteristics of IP3-gen-
erated Ca2+ signals, and also likely defines the
location of other signaling proteins that are reg-
ulated by the Ca2+ released from the ER. In po-
larized cells like exocrine gland acinar cells,
IP3Rs are enriched in the apical region where
the Ca2+ signal initiates following stimulation
of cells (Yule et al. 1997; Lee et al. 2006; Petersen
and Tepikin 2008). Importantly, STIM1, Orai1,
and TRPC channels also overlap, at least partial-
ly, with IP3R in this region, suggesting close
association between IP3Rs and the SOCE-sig-
naling components in the PM (Hong et al.
2011). It has been reported that there are two
populations of IP3R: mobile (∼75%) and immo-
bile receptors. The latter group are found in dis-
crete clusters at the ER membrane localized im-
mediately beneath the PM. Interestingly, the
small population of immobile IP3R clusters rep-
resent the sites of Ca2+ release induced by ago-
nists, despite the population ofmobile receptors.
Further, following ER-Ca2+ release, STIM1 ac-
cumulates at ER–PM junctions that are located
adjacent to immobile IP3Rs. These findings pro-
posed that the immobile IP3R clusters are
“licensed” receptors positioned to sense IP3 in
the vicinity of the receptor-signaling complex
in which it is generated. STIM1 localized
near these IP3R can sense this decrease in local
[Ca2+]ER and rapidly move to the ER–PM junc-
tions to recruit and activate Orai1 (Thillaiappan
et al. 2017). Together, these interesting findings
place IP3R as a central Ca2+-signaling protein
that links the receptor-mediated signaling
events with those that result in SOCE activation.
A key point to be considered is that both GPCR-
and SOCE-associated signaling components are
compartmentalized within ER–PM junctions.
Localization of STIM1 in the close vicinity of
IP3R suggests cross talk between these two func-

tionally linked signaling complexes, in which
the function of one protein may influence that
of another. Alternatively, remodeling of SOCE-
associated ER–PM junctions could bring the
SOCE-associated signaling components close
to the IP3R/GPCR-signaling complex. This
would allow IP3R to rapidly respond to IP3 gen-
eration and STIM proteins to efficiently detect a
decrease in the ER locally near the site of Ca2+

release, and activate Orai1 and TRPC channels.
Currently, available data do not resolve between
these two possible scenarios, which may not be
mutually exclusive.

RyRs and T-Cell Receptor

TCR engagement leads to depletion of Ca2+ in
the ER-Ca2+ stores followed by activation of
SOCE, primarily via Orai1 (Lewis and Cahalan
1989; Zweifach and Lewis 1996). The cellular
location where T cells make contact with anti-
gen-presenting cell, the immunological synapse
(IS), represents the signaling center in the cell. It
has been shown that Orai1 and STIM1 are rap-
idly recruited to the IS, resulting in enhanced
localized calcium influx at this site. Further,
Orai1 and STIM1 colocalized with IS proteins,
CD3, CD28, and LFA-1. Two types of T-lym-
phocyte potassium channel, Kv1.3 and KCa3.1,
that are indirectly involved in functional Ca2+

signaling, are also recruited to the IS. Although
SOCE is not required for IS formation, blocking
Ca2+ entry compromises its long-term stability
(Panyi et al. 2004; Beeton et al. 2006; Nicolaou
et al. 2007). For example, SOCE is involved in
the reorganization of actin, which helps regulate
the intensity and duration of TCR signaling
(Hartzell et al. 2016).

The earliest intracellular signals that occur
after T-cell activation are local Ca2+ microdo-
mains, which occur in the sub-PM region, close
to where the TCR is activated. Ryanodine recep-
tor type 1 (RyR1), NAADP, and Ca2+ entry con-
tribute to these Ca2+ microdomains (Wolf et al.
2015; Wolf and Guse 2017). Recently, Ca2+ mi-
crodomain formation has also been described in
unstimulated T cells, which require Orai1,
STIM1, and STIM2, and which are preclustered
within ER–PM junctions (Diercks et al. 2018).
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Following cell stimulation, the number of Ca2+

microdomains increased locally near the site of
stimulation. This increase requires Orai1,
STIM2, RyR1, and NAADP. The latter complex,
involving ER-Ca2+ release, rapidly increases the
number of Ca2+ microdomains, causing global
spread of Ca2+ signals to promote full T-cell
activation. Dependent on TCR stimulation,
NAADP, IP3, and cADPR are formed sequen-
tially to bind and activate their respective target
Ca2+ channels in the ER such as RyRs and IP3Rs
(Streb et al. 1983; Guse et al. 1999; Gasser et al.
2006). The preformed Orai1/STIM1/STIM2
complexes may enable the SOCE machinery in
T cells to respond very quickly to ER-Ca2+ store
depletion.

ACCESSORY PROTEINS WITHIN ER–PM
JUNCTIONS—TETHERING AND LIPID
TRANSFER PROTEINS

SOCE-associated ER–PM junctions are suggest-
ed to contribute to maintenance and/or re-
plenishment of PM lipids, including sterols and
phosphoinositides. Once in the junctions,
STIM1 andOrai1 trigger the recruitment of pro-
teins that induce remodeling of PM lipids as well
as the underlying cytoskeleton (Jha et al. 2013;
Sharma et al. 2013; Jing et al. 2015). Extended
synaptotagmins (E-Syts1, -2, and -3) are ER pro-
teins that tether to the PM and promote the
formation and stabilization of ER–PM junc-
tions. These proteins have a lipid-binding
domain (SMP domain), which has been impli-
cated in lipid transfer between membranes in-
dependently of vesicular transport (Herdman
and Moss 2016). In E-Syts, the SMP domain
binds phosphatidylcholine, phosphatidyletha-
nolamine, phosphatidylinositol (PI), and phos-
phoserine (Schauder et al. 2014). The conserved
domain 2 (C2 domain) has been shown to me-
diate the Ca2+-dependent binding of E-Syts to
PMPIP2,which is required for tethering the pro-
teins to the PM. The ER–PM gap and character-
istics of the junctions are determined by the car-
boxy-terminal lengths of the proteins. E-Syts2
and -3 contribute to formation of constitutive
junctions, which display further narrowing fol-
lowingstimulation. In contrast,E-Syt1 isprimar-

ily intracellular in unstimulated cells and recruit-
ed to ER–PM junctions after activation of SOCE,
as it is anchored toPMPIP2 in aCa

2+-dependent
manner (Min et al. 2007; Herdman and Moss
2016). Agonist stimulation of the cell induces
formation of new junctions at which STIM1 co-
localizes with Orai1 and E-Syt1. Although
knockout of all three E-Syts is required to signifi-
cantly reduce the number of ER–PM junctions,
silencing E-Syt1 attenuates Orai1/STIM1 clus-
tering (Giordano et al. 2013; Idevall-Hagren
et al. 2015). However, the effect of E-Syt knock-
down on SOCE has not been clearly established.
Whereas one study shows that there is no effect
onOrai1 function (Giordano et al. 2013), anoth-
er shows diminished histamine-induced Ca2+

pulses (Chang et al. 2013). It can be suggested
thatER–PMjunctions containingE-Syts2 and -3
represent preformed sites where SOCE compo-
nents can assemble immediately following ER-
Ca2+ store depletion, whereas E-Syt1-dependent
junctions represent newly formed junctions.
Whether the function of E-Syts is determined
by the stimulus intensity and how they contrib-
ute to STIM2 function are not yet known.

RASSF4, a member of the RASSF family of
proteins that are proposed to function as adaptor
or scaffolding proteins for large signaling com-
plexes, modulates STIM1 translocation into the
ER–PM junctions by regulating the ER–PM
tethering functions of E-Syts2 and -3. Further,
RASSF4 regulates the PM targeting of Arf6,
an upstream regulator of phosphatidylinositol
phosphate kinase ([PIP5K]; Chen et al. 2017).
Loss of endogenous RASSF4 significantly re-
duces the steady-state levels of PIP2, leading to
adverse effects on junction formation and stabil-
ity and SOCE activation. Conversely, overex-
pression of RASFF4 enhanced the formation
of ER–PM junctions and clustering of STIM1
and SOCE (Chen et al. 2017). Arf6 can activate
phospholipase D (PLD) and, thus, act synergis-
tically to increase PM-PIP2 levels. PLD also hy-
drolyzes phosphatidylcholine to generate phos-
phatidic acid (PA), which may act as a cofactor
for activating PIP5K (Dickson 2017). PA also
promotes recruitment of Nir2 to ER–PM junc-
tions, which boosts the replenishment of PM
PIP2 levels following PLC-mediated hydrolysis
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of PIP2. Both STIM1 and Nir2 colocalized
with MAPPER, a marker for SOCE-associated
ER–PM junctions (Chang et al. 2013). The syn-
ergistic actions of E-Syt1, Nir2, RASSF4, and
Arf6 provide a positive feedback mechanism to
replenish PM PI, PI-4-phosphate, and PIP2 at
contact sites where SOCE occurs, enabling cells
to respond to further agonist stimulation and
prolonging the duration of Ca2+ signaling
(Chang et al. 2013; Chen et al. 2017; Dickson
2017). It is interesting that Ca2+-induced feed-
forward regulation of E-Syts and other regula-
tory proteins involved in lipid transfer are local-
ized in/or in close proximity to the SOCE
domain. This allows PM PIP2 to be maintained
at levels optimal for assembly of the STIM/Orai1
complex and PLC-stimulated hydrolysis follow-
ing cell stimulation. Whether lipid microdo-
main(s) involved in agonist-stimulated PIP2 hy-
drolysis and SOCE vary and are differentially
regulated needs further study.

CONCLUDING REMARKS

The nature of SOCE-associated ER–PM junc-
tions, their molecular components and architec-
ture, as well as their physiological relevance, are
currently the subject of many studies in the field
of Ca2+ signaling. Emerging data suggest that
these junctions are not only hubs for sensing
agonist stimulation and regulating SOCE but
also for compartmentalizing specific down-
stream targets and effector proteins that drive
SOCE-dependent regulation of cell function.
Future studies should focus on the identification
of the components involved in assembly and
remodeling of these junctions. Furthermore,
most of the currently available data have been
obtained from studies with cell lines, using over-
expressed proteins. Thus, information regarding
the native status of these proteins and junctions
is lacking. Further studies will be required to fill
in this knowledge gap and increase our under-
standing of how receptor signaling, culminating
in intracellular Ca2+ release, functionally and
physically interact with, and regulate, SOCE. It
is possible that tissue function will determine
localization of the junctions as well as diversity
in the components. Nevertheless, signaling

from PM to the ER and, conversely, from the
ER to the PM is central to agonist regulation of
SOCE.
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