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Cardiac, skeletal, and smooth muscle cells shared the common feature of contraction

in response to different stimuli. Agonist-induced muscle’s contraction is triggered

by a cytosolic free Ca2+ concentration increase due to a rapid Ca2+ release from

intracellular stores and a transmembrane Ca2+ influx, mainly through L-type Ca2+

channels. Compelling evidences have demonstrated that Ca2+ might also enter through

other cationic channels such as Store-Operated Ca2+ Channels (SOCCs), involved in

several physiological functions and pathological conditions. The opening of SOCCs

is regulated by the filling state of the intracellular Ca2+ store, the sarcoplasmic

reticulum, which communicates to the plasma membrane channels through the Stromal

Interaction Molecule 1/2 (STIM1/2) protein. In muscle cells, SOCCs can be mainly

non-selective cation channels formed by Orai1 and other members of the Transient

Receptor Potential-Canonical (TRPC) channels family, as well as highly selective Ca2+

Release-Activated Ca2+ (CRAC) channels, formed exclusively by subunits of Orai

proteins likely organized in macromolecular complexes. This review summarizes the

current knowledge of the complex role of Store Operated Calcium Entry (SOCE)

pathways and related proteins in the function of cardiac, skeletal, and vascular smooth

muscle cells.
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GENERAL OVERVIEW OF STORE-OPERATED Ca2+ ENTRY

Physiological agonists promote a rise in intracellular free Ca2+ concentration ([Ca2+]i) involving
Ca2+ release from intracellular stores, the Endoplasmic or Sarcoplasmic Reticulum (ER/SR), and
Ca2+ entry through ion channels located in the Plasma Membrane (PM) (Jackson, 2000). In 1986,
Putney suggested that the reduction of internal Ca2+ storees could control this PM Ca2+ influx.
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The mechanism was originally named Capacitative Ca2+ Entry
(CCE) because it was first thought that the Ca2+ ions, which
enter through PM channels, could be taken up directly into the
ER as in a capacitor (Putney, 1986). CCE was later named Store-
Operated Ca2+ Entry (SOCE) by analogy to voltage-operated
Ca2+ channels. In 1990 Kwan and colleagues demonstrated
that the refilling process does not involve a direct route to
the intracellular stores, but it is the result of a sequential
Ca2+ transport into the cytoplasm and the subsequent uptake
from the stores by Sarco/Endoplasmic Reticulum Ca2+-ATPase
(SERCA) (Kwan et al., 1990). Subsequently, SOCE has been
characterized and widely studied in non-excitable cell types
(Tojyo et al., 2014; Verkhratsky and Parpura, 2014; Lopez
et al., 2017), while its role in excitable cells was difficult to
demonstrate. However, few years before the first formulation
of Putney’s model (Putney, 1986), Casteels and Droogmans
reported similar observations in Vascular Smooth Muscle Cells
(VSMCs) (Casteels and Droogmans, 1981). Later, compelling
evidences established SOCE in neonatal and adult cardiac muscle
(Hunton et al., 2002; Uehara et al., 2002; Collins et al., 2013), in
different vascular beds (Trepakova et al., 2001; Leung et al., 2008;
Park et al., 2008; Wang et al., 2008), as well as in skeletal muscle
(Dirksen, 2009; Stiber and Rosenberg, 2011).

Since the identification of SOCE, both the nature of the
Store-Operated Ca2+ Channels (SOCCs) and its mechanism of
activation, this Ca2+ influx has been extensively investigated
(Parekh and Putney, 2005; Bolotina, 2008; Hogan and Rao,
2015). Different hypotheses have been resumed in: firstly, a
conformational coupling between elements in the ER/SR and the
PM or secondly, the indirect coupling between the ER/SR and
the PM via diffusible messengers (Rosado, 2006). Afterwards and
thanks to the advances in molecular biology techniques, arrays
study, genes screening, etc., major breakthroughs have been
made in understanding SOCE mechanism of activation, which
determined an increasing number of the molecular components
of SOCE and their cellular organization. In 2005, the Stromal
Interaction Molecule-1 (STIM1) was characterized as the ER/SR
luminal Ca2+ sensor, using an RNA interference-based screen to
identify genes involved in Thapsigargin (TG)-evoked Ca2+ entry
(Roos et al., 2005). Soon after, in 2006 thanks to whole-genome
screening of Drosophila S2 cells and gene mapping in patients
with the hereditary Severe Combined Immunodeficiency (SCID)
syndrome, Orai1 was identified as a pore-forming subunit of
SOCC (Feske et al., 2006; Vig et al., 2006). In addition, Orai1

Abbreviations: ARC, Arachidonate-Regulated Ca2+ ; [Ca2+]i, intracellular free
Ca2+ concentration; CCE; Capacitative Ca2+ Entry; CREB, cAMP Response
Element Binding protein; CRAC, Ca2+-Release Activated Ca2+ Channels; DMD,
Duchenne Muscular Dystrophy; EC coupling, Excitation-Contraction coupling;
ER/SR, Endoplasmic/Sarcoplasmic Reticulum; GPCRs, G Protein Coupled
Receptors; iPAH, idiopathic Pulmonary Arterial Hypertension; IP3, Inositol 1,4,5-
trisphosphate; KO, knockout; LTCC, L-type Ca2+ Channel; NCX, Na+/Ca2+

exchanger; NFAT, Nuclear Factor of Activated T-cells; PASMCs, Pulmonary
Artery Smooth Muscle Cells; PM, Plasma Membrane; PLB, Phospholamban;
SERCA, Sarco/Endoplasmic Reticulum Ca2+ ATPase; SCID, Severe Combined
Immunodeficiency; siRNAs, small interfering RNAs; SOCCs, Store-Operated Ca2+

Channels; SOCE, Store-Operated Ca2+ Entry; STIM1/2/1L, Stromal Interaction
Molecule 1/2/1Large; TG, Thapsigargin; TRPC Transient Receptor Potential-
Canonical.

homologs, Orai2 and Orai3, have been also demonstrated to
be activated by Ca2+ store depletion (Lis et al., 2007; Frischauf
et al., 2009). Similarly, an alternative spliced long variant of
STIM1, STIM1L, has been related to SOCE especially in skeletal
and cardiac muscle (Rosado et al., 2016). Meanwhile, the role
of STIM2 in SOCE is still under debate, although STIM2 was
suggested to interact to its homolog STIM1 (Williams et al.,
2001). Independently of its central role in SOCE activation,
STIM1 is also activated by diverse stimuli such as oxidation,
temperature, hypoxia, acidification, etc. (Hooper et al., 2013).
In this review, we will focus on STIM1 and STIM1L role on
SOCE since little is known about STIM2 in cardiac, skeletal and
VSMCs.

Independent studies showed that SOCE’s players could
be modulated by phosphorylation. Smyth et al. showed that
phosphorylation of STIM1 at Ser486 and Ser668 inactivates
SOCE during mitosis (Smyth et al., 2009). In contrast, later
study by Pozo-Guisado et al. demonstrated that Extracellular
signal-Regulated Kinases 1/2 (ERK1/2) phosphorylates STIM1 at
Ser575, Ser608, and Ser62137; and enhances SOCE in HEK293
cells (Pozo-Guisado et al., 2010). Meanwhile, Kawasaki et al.
observed that Protein Kinase C (PKC) phosphorylates Orai1 at
N-terminal Ser27 and Ser30 which suppress SOCE (Kawasaki
et al., 2010).

Nowadays, as illustrated in Figures 1–3, it is agreed that
upon store depletion or Ca2+ release from ER/SR, STIM1
moves to distinct punctate aggregates at ER-PM junctions
(Liou et al., 2005; Zhang et al., 2005), forming clusters which
facilitate the recruitment of Orai1 to the same junctions (Luik
et al., 2006; Várnai et al., 2007). In addition, a study from
Balla’s group suggested the presence of additional molecular
components within the STIM1-Orai1 complex, as they found
that the colocalization between STIM1 and Orai1 happens only
in areas where a larger (12–14 nm) gap exists between the ER
and the PM (Várnai et al., 2007). In fact, others molecular
components regulating SOCE have been described (Lopez et al.,
2016). For example, a protein called Ca2+ Release Activated
Channel Regulator 2A (CRACR2A), a Ca2+ sensor located in
the cytoplasm that modulates STIM1–Orai1 complexes (Srikanth
et al., 2010); STIM-activating enhancer (STIMATE) an ER-
resident protein that apparently modulates the activation and
translocation of STIM1 toward ER–PM junctions (Jing et al.,
2015); SARAF (SOCE-Associated Regulatory Factor) located
in the membrane of the ER which interacts with STIM1
under resting conditions to prevent it spontaneous activation
(Palty et al., 2012). Recently, SARAF was also found in the
PM in SH-SY5Y neuroblastoma cells where it interacts with
Orai1 (Albarran et al., 2016). In addition, lysophospholipids
products of Ca2+ independent Phospholipase A2 (iPLA2)
were suggested as auxiliary components that co-activate and
mediate STIM1–Orai1 interaction (Bolotina, 2008; Smani et al.,
2016).

After an intense debate, two types of SOCCs have been
proposed so far (Figures 1–3): the Ca2+ Release-Activated Ca2+

(CRAC) channel formed by homo- or hetero-multimeric Orai
subunits (Orai1/2) (Desai et al., 2015; Vaeth et al., 2017), and
non-selective SOCC involving Orai subunits which interact with
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FIGURE 1 | A scheme illustrating the standard mechanism and molecular components of SOCE in vascular smooth muscle cells. Store depletion by thapsigargin or

vasoactive agonists binding to GPCR, induces Ca2+ store depletion, STIM1 organization in puncta and translocation to the plasma membrane, activation of Ca2+

entry through Orai1 and/or TRPC-dependent SOCC. A mechanism involving Orai1, TRPC1 and the voltage-sensitive Cav1.2, has also been implicated in Ca2+ influx

induced by SOCE. Agonists also stimulate store independent Ca2+ entry through Orai1/3 activated by AA or LTC4; or through TRPC3/6/7 activated by DAG.

members of Transient Receptor Potential Canonical (TRPC)
channels (Desai et al., 2015). Actually, many works sustain
the involvement of non-selective TRPC subunits in SOCCs
(Jardin et al., 2008; Desai et al., 2015). However, the presence
of heteromultimers formed by Orai1 and TRPC subunits has
not yet proved experimentally. Recently, Ambudkar et al. stated
that Ca2+ entering through classical Orai1 channels recruits
TRPC channels to the PM where they are activated by STIM1
(Ambudkar et al., 2017). In 1992, Hoth and Penner were the
first to record in mast cells whole-cell currents activated by Ca2+

store depletion, ICRAC or Ca2+ release-activated Ca2+ current.
This current is similar to other selective Ca2+ currents in being
highly selective for Ca2+ with a very large positive reversal
potential, but being also strongly inwardly rectifying (Hoth
and Penner, 1992). Nevertheless, only few reports succeeded
to record ICRAC in excitable cells as VSMCs (Potier et al.,
2009; Rodríguez-Moyano et al., 2013), or in skeletal muscle
(Yarotskyy et al., 2013). In contrast, SOCC currents (ISOC)
are non-selective for Ca2+ ions with a linear I/V relationship
(Wayman et al., 1996). ISOC was initially characterized in
VSMCs isolated from rabbit portal vein (Albert and Large,
2002), mouse and rabbit aorta (Trepakova et al., 2000; Smani
et al., 2004), rat pulmonary artery (Ng and Gurney, 2001) or
A7r5 cell line (Brueggemann et al., 2006). ISOC with similar
biophysics properties was later recorded in cardiac myocytes
(Hunton et al., 2004) and skeletal muscle (Ducret et al.,
2006).

SOCE IN VASCULAR SMOOTH MUSCLE
CELLS

The molecular mechanism of SOCE in VSMCs still remains
intriguing (Figure 1). The first evidence of SOCE presence in
VSMCs, as we mentioned previously, relies to Casteels and
Droogmans studies (Casteels and Droogmans, 1981). They
suggested two pathways for the transport of Ca2+ from the
extracellular medium to the noradrenalin-sensitive intracellular
store, one including a direct route into the store similar
to Putney’s description (Putney, 1986). Subsequently, several
works determined the activation of SOCE in VSMCs either
by vasoactive agonists or SERCA inhibition (Jackson, 2000;
Albert and Large, 2002). SOCE is essential in VSMCs because
it preserves SR Ca2+ homeostasis adequately, therefore it makes
possible a proper Ca2+ signaling (Manjarrés et al., 2010). SOCE
is also relevant to different physiological processes as vascular
tone regulation (Park et al., 2008; Domínguez-Rodríguez et al.,
2012), vasculogenesis and VSMCs proliferation (Barlow et al.,
2006; Rodríguez-Moyano et al., 2013). However, at the same
time SOCE is involved in vascular disorders as essential and
pulmonary hypertension or restenosis (Tanwar et al., 2017).

STIM and SOCE in Vascular Smooth
Muscle
Several reports confirmed the classical mechanism of SOCE
activation in these cells and the concept that STIM proteins
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operate as SR Ca2+ sensors for store depletion in VSMCs
(Peel et al., 2006; Dietrich et al., 2007; Wang et al., 2008).
As illustrated in Figure 1 SOCE activation involves functional
STIM1 organization in puncta and their activation of Ca2+ influx
through SOCCs, as in other tissues (Wang et al., 2008). In
VSMCs and upon store depletion, STIM1 binds to Orai1, but
also to TRPC1 to allow SOCE (Rodríguez-Moyano et al., 2013).
Interestingly, Wang et al. demonstrated that in VSMCs cell line
A7r5, upon SOCE activation STIM1 translocates toward PM,
where it binds to Orai1 and to CaV1.2 L-type Ca2+ channel
(LTCC) (Wang et al., 2010). The role of STIM1 in SOCE was also
demonstrated by the effect of its downregulation, which inhibits
SOCE and the activated current in VSMCs isolated from aorta,
pulmonary or coronary arteries (Domínguez-Rodríguez et al.,
2012; Ng et al., 2012). Furthermore, STIM1’s role in vascular
contraction was by vessel transfection with small interfering
RNAs (siRNAs) or delivery of antibodies using the chariot
delivery technique considered an ideal tool for functional studies
as it quickly and efficiently transports peptides and antibodies
directly into cells (Giachini et al., 2009; Domínguez-Rodríguez
et al., 2012). These studies showed that vessel transfection with
STIM1 antibody or siRNA attenuates TG- or agonist-induced
vasoconstriction. Other study demonstrated that α1-adrenergic-
mediated aortic contraction is significantly reduced in STIM1
knockout (KO) mice, while depolarization-induced contraction
is unchanged (Mancarella et al., 2013).

In addition to its role in vascular reactivity, STIM1 is
involved in VSMCs proliferation and migration (Potier et al.,
2009; Rodríguez-Moyano et al., 2013). STIM1 upregulation is
associated with VSMCs growth, actually the expression of STIM1
is increased in the tunica media of the aorta in spontaneously
hypertensive rats (Giachini et al., 2009), and of the carotid artery
after balloon injury (Zhang et al., 2011). In contrast, silencing
of STIM1 reduces the neointima formation and inhibits the
activation of transcription factors as cAMP Response Element
Binding protein (CREB) or Nuclear Factor of Activated T-cells
(NFAT), associated with VSMCs proliferation (Potier et al., 2009;
Rodríguez-Moyano et al., 2013).

Unlike STIM1, the role of STIM2 in SOCE is still unclear.
Song and colleagues suggested that STIM2 contributes to
SOCE in Pulmonary Artery Smooth Muscle Cells (PASMCs)
from Patients with idiopathic Pulmonary Arterial Hypertension
(iPAH). STIM2 might play a key role, but is not sufficient, in the
upregulation of SOCE and PASMCs proliferation during iPAH
(Song et al., 2011). A more recent study from the same group
suggest that STIM2 upregulation is necessary to increase the
resting cytoplasmic Ca2+ levels in patients with iPAH, which
activate CREB, NFAT, AKT, and STAT3 signaling pathways
that promote cell proliferation (Song et al., 2018). In this way,
Fernandez et al. determined that STIM2 upregulation contributes
to the transition of PASMCs from a contractile to proliferative
phenotype in iPAH patients (Fernandez et al., 2015).

Orai and SOCE in Vascular Smooth Muscle
In VSMCs, Orai proteins are present and function in the same
manner as in other tissues (Beech, 2012). Expression of Orai
isoforms, Orai1/2/3, is relatively low in contractile VSMCs;

however, their expression is dramatically increased in cultured
VSMCs. VSMCs in culture are known to experiment a phenotypic
switch to a synthetic or proliferative state, what is correlated with
a prominent Ca2+ influx that can be dependent or independent of
store depletion (Berra-Romani et al., 2008; Bisaillon et al., 2010;
Gonzalez-Cobos et al., 2013).

The role of Orai1 in VSMCs processes has been largely studied.
Knockdown of Orai1, but not Orai2 or Orai3, inhibits SOCE
and ICRAC in aortic VSMCs (Potier et al., 2009). Meanwhile, the
overexpression of Orai1 recovers SOCE after Orai1 knockdown
by siRNA in VSMCs isolated from human saphenous veins (Li
et al., 2011). Silencing of Orai1 or its functional inhibition with
monoclonal antibodies attenuate significantly SOCE and inhibit
agonists-induced, coronary and aorta contraction (Giachini et al.,
2009; Domínguez-Rodríguez et al., 2012). Furthermore, different
studies demonstrated that Orai1-dependent SOCE is necessary
for the proliferation and/or migration of aortic and coronary
VSMCs (Potier et al., 2009; König et al., 2013; Rodríguez-Moyano
et al., 2013). Orai1 is upregulated in VSMCs during vascular
injury or in neointima formation following balloon injury of
rat’s carotids (Zhang et al., 2011). Orai1 is also required for the
activation of NFAT and CREB involved in VSMCs proliferation
(Potier et al., 2009; Rodríguez-Moyano et al., 2013).

In addition to the association of Orai1 with others isoform,
there are evidences in non-excitable cells demonstrating
associations between Orai1 and other channels, such as TRPC1.
Orai1 resides in close proximity to TRPC1 channels, which
allows them to interact at least functionally as demonstrated by
independent reports (Gueguinou et al., 2016; Ambudkar et al.,
2017). Using co-immunoprecipitation experiments, our group
demonstrated that passive store depletion with TG promotes
TRPC1 association with Orai1 as well as STIM1 with Orai1
in aortic rat VSMCs (Rodríguez-Moyano et al., 2013). Similar
finding was observed inmouse PASMCs under acute hypoxia (Ng
et al., 2012). Recently, we determined that Orai1 interacts with
TRPC1 and LTCC, CaV1.2 isoform, to form a macromolecular
signaling complex to regulate vascular tone in mice aorta (Avila-
Medina et al., 2016) (Figure 1). Likewise, Orai1 also interacts
with other ion channels as the SK3 channel activated by Ca2+

to regulate agonist-induced contraction in VSMCs (Song et al.,
2015), or even with the Ca2+-activated big K+ (BK) channel
to reduce agonist-induced membrane depolarization, preventing
excessive contraction of VSMCs (Kwan et al., 2009).

While there is no doubt regarding the role of Orai1 in
SOCE, the participation of Orai2 and Orai3 is still unclear. The
role of Orai2 in SOCE was described in synthetic proliferating
PASMCs (Fernandez et al., 2015). Meanwhile, a recent study
suggested that the 3 isoforms of Orai participate in chronic
hypoxia-induced elevation of SOCE in PASMCs (Wang et al.,
2017). In contrast, silencing of Orai2 or Orai3 barely affects
PDGF-induced SOCE and aortic VSMCs migration, meanwhile
the knockdown of Orai1 attenuates Ca2+ entry and VSMCs
migration mediated by PDGF (Bisaillon et al., 2010). Other study
proposed a significant role for Orai3 in regulating basal Ca2+

levels of SR or in mediating Ca2+ release from intracellular
stores in human airway smooth muscle cells (Peel et al., 2008).
Moreover, Orai3 is widely accepted as an important component
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of store-independent Arachidonate-Regulated Ca2+ (ARC) entry
(Mignen et al., 2008), and of store-independent Leukotriene
C4 (LTC4)-regulated Ca2+ entry in VSMCs isolated from aorta
(Gonzalez-Cobos et al., 2013).

TRPC and SOCE in Vascular Smooth
Muscle
Although, it still remains a controversial issue, there is a body
of evidence supporting the participation of TRPC channels
in SOCE in VSMCs (DeHaven et al., 2009; Alonso-Carbajo
et al., 2017). Since the discovery of SOCE, contribution of TRP
channels, especially TRPC1-7 subfamily, was proposed to form
non-selective SOCCs, both in non-excitable and excitable cells
(Clapham et al., 2001). Numerous TRPC channels contribute to
regulation of membrane potential and vascular tone due, in part,
to their Ca2+ permeability (Mulier et al., 2017). TRPC channels
are not addressed in detail here, but a brief discussion of their role
in SOCE, especially of TRPC1, is included.

TRPC1 contribution to SOCE has been intensively
investigated in VSMCs (Beech et al., 2003; Leung et al.,
2008). Beech was the first to propose TRPC1 as a native SOCC in
several vascular territories (Xu and Beech, 2001). Subsequently,
others studies using neutralizing antibodies or knockdown
mediated by siRNAs of TRPC1 showed partial suppression of
SOCE in aorta, pulmonary, portal veins or in cerebral VSMCs
(Brueggemann et al., 2006; Li et al., 2008; Ng et al., 2012;
Rodríguez-Moyano et al., 2013). TRPC1 silencing also inhibited
CREB activation and VSMCs proliferation (Rodríguez-Moyano
et al., 2013). In contrast, other studies did not observe a role of
TRPC1 in the induced SOCE in synthetic VSMCs or in TRPC1
KO mice (Dietrich et al., 2007; Potier et al., 2009). Recently, a
well-designed work from Albert and co-authors showed that
in contractile VSMCs, store depletion causes movement of the
SR membrane containing activated STIM1 toward the PM,
where it interacts with TRPC1, stimulating PLCβ1 and inducing
channel opening through DAG-mediated PKC phosphorylation
of TRPC1 (Shi et al., 2017). This study might help to clarify
the role of TRPC1 in SOCE as previous reports suggested that
TRPC1-mediated currents are activated secondarily as a result of
PLC activation but not due to store depletion (Zarayskiy et al.,
2007). Recently, Ambudkar et al. discussed the role of TRPC
channels in SOCE and concluded that Ca2+ entering through
classical Orai1 channels recruits TRPC1 channels to the PM
where they are activated by STIM1 (Ambudkar et al., 2017).

The participation of other TRPC isoforms in SOCE in VSMCs
is still controversial. Independent works suggested that TRPC1
forms heteromeric channels with TRPC4 and/or TRPC5 to
mediate SOCE in contractile VSMCs (Clapham et al., 2001;
Sabourin et al., 2009; Shi et al., 2012). TRPC3 barely participates
in SOCE (Thebault et al., 2005), while TRPC4 seems involved
in SOCCs in aortic and mesenteric VSMCs (Lindsey et al.,
2008). TRPC5 is less expressed in VSMCs and its function is
still unknown (Zholos, 2014). Meanwhile, TRPC6 and TRPC7
are mainly considered receptor-operated channels rather than
SOCCs (Dietrich et al., 2005; Maruyama et al., 2006; Albert et al.,
2008).

SOCE IN SKELETAL MUSCLE

Intracellular Ca2+ is a central player in Excitation-Contraction
(EC) coupling to fulfill skeletal muscle’s contraction (Ríos et al.,
1992). In 2001, a first study showed that repeated application
of high concentration of K+ combined with SERCA inhibitor
(in the absence of external Ca2+) induced the depletion of
SR which activates SOCE in isolated muscle fibers from adult
mice (Kurebayashi and Ogawa, 2001). Subsequent studies further
highlighted the presence of Ca2+ entry pathways independent
of the dihydropyridine receptor in the skeletal muscle and
their physiological relevance. Therefore, increasing evidences
revealed the importance of SOCE in skeletal muscle contraction,
development, fatigue and disease (Dirksen, 2009; Stiber and
Rosenberg, 2011; Wei-Lapierre et al., 2013). Remarkably, only
few groups succeeded to measure ICRAC-like and ISOC currents
in skeletal myotubes (Ducret et al., 2006; Stiber et al., 2008;
Yarotskyy and Dirksen, 2012).

SOCE was described in primary cultured myotubes and in
adult muscle fibers, in response to depletion of SR Ca2+ stores
either by inhibition of SERCA with TG or by inhibition of
Ryanodine Receptors (RyRs) (Kurebayashi andOgawa, 2001; Pan
et al., 2002, 2014). Currently, the SOCE machinery is believed
as a signaling complex located at the triad of skeletal muscle
as illustrated in Figure 2. It contains several components, e.g.,
STIM1, Orai1 and RyRs, which control Ca2+ influx to refill
SR Ca2+ store (Stiber et al., 2008; Pan et al., 2014). However,
loss of SOCE does not directly affect EC coupling. In contrast,
high frequency stimulation of muscle activates SOCE to sustain
muscle contraction (Allen et al., 2008; Pan et al., 2014). Therefore,
SOCE likely participates in the muscle contractions during
tetanic stimulations in vigorous exercise and fatigue as well as
under usual conditions where a contraction might need to be
sustained for a long period (Allen et al., 2008). Nevertheless, a
recent study suggested that SOCE has a role in maintaining and
refilling SR Ca2+ stores, not only in repetitive tetanic stimulation,
but also on an immediate basis (Sztretye et al., 2017).

Different models for SOCE in skeletal muscle have been
proposed (Figure 2), including the conformation coupling
between STIM1 and Orai1, STIM1 and TRPC, and RyRs and
TRPCs (Kiviluoto et al., 2011). Actually, SOCC might be formed
by Orai1 channels in close association with TRPC1/3 or 6
channels to increase the Ca2+ entrance (Lyfenko and Dirksen,
2008; Stiber et al., 2008). A particular feature of SOCE in skeletal
muscle is its very fast kinetics of activation. The process leading
to SOCE (STIM1 aggregation, ER translocation to the PM and
Orai1 opening), takes place in less than a second accordingly
to some studies (Launikonis et al., 2009; Edwards et al., 2010b).
This feature is apparently due to the architecture of the SR that is
permanently close to T-tubules at the triad, which allows STIM1
and Orai1 proximity even before store depletion.

STIM and SOCE in Skeletal Muscle
Since the identification of STIM1 and Orai1 as components
of SOCE, independent studies confirmed that STIM1 is highly
expressed in myotubes and adult skeletal muscle (Lyfenko and
Dirksen, 2008; Stiber et al., 2008; Darbellay et al., 2010). As
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FIGURE 2 | A scheme illustrating the standard mechanism and molecular components of SOCE in skeletal muscle. At the triad junction, the voltage-sensitive CaV1.1

and RyR1 interacts physically. STIM1 and STIM1L are in close proximity or in complex with Orai1 even before store depletion. This pre-localization of STIM1/1L with

Orai1 likely facilitates the fast-activation kinetics of SOCE. A similar mechanism involving TRPC channels and STIM1 has also been implicated in Ca2+ influx

mechanisms. STIM1 interacts with STIM2, which regulates SERCA1-mediated filling of the SR Ca2+ store and sustains resting [Ca2+] in the cytosol.

in other cell types, STIM1 activates Orai1 to introduce Ca2+

inside skeletal muscle (Lyfenko and Dirksen, 2008; Shin and
Muallem, 2008). In addition, STIM1 might bind directly to
Orai1, to TRPC1/4/5, or indirectly to TRPC3/6 to promote
SOCE (Yuan et al., 2007). The importance of STIM1 in SOCE
skeletal muscle was clarified by experiments of upregulation and
downregulation. STIM1 knockdown by siRNA inhibits SOCE
and prevents the refilling of internal Ca2+ store (Lyfenko and
Dirksen, 2008). Moreover, the integrity of STIM1 turn to be
essential for normal development of muscle mass and fatigue
(Kiviluoto et al., 2011; Carrell et al., 2016). For example, silencing
of STIM1 reduces SOCE and impairs myoblast differentiation,
whereas overexpression of STIM1 increases significantly SOCE
(Antigny et al., 2013), and accelerates myoblasts’ differentiation
(Darbellay et al., 2009). Experiments using conditional skeletal
muscle STIM1 KOmice also demonstrated that STIM1-mediated
SOCE is required for neonatal skeletal growth and differentiation
(Li et al., 2012). These KO mice showed an alteration in the
maintaining and refilling of SR Ca2+ store, a reduction of body
mass and susceptibility to fatigue (Li et al., 2012).

The alteration in the expression of STIM1 is also associated
with different muscle diseases (Lacruz and Feske, 2015). Patients
with SCID, associated with mutations of STIM1 and Orai1

genes, have depressed SOCE, manifest atrophy in skeletal-muscle
fibers, amyopathy and a severe chronic pulmonary problem due
to respiratory muscle weakness (Kiviluoto et al., 2011; Lacruz
and Feske, 2015). Meanwhile, Duchenne Muscular Dystrophy
(DMD) mice (mdx animal model), have alterations in Ca2+-
handling proteins involving STIM1 upregulation (Edwards et al.,
2010a; Onopiuk et al., 2015). Recently, mice lacking of myostatin
gene, which negatively regulates skeletal muscle growth and
mass, exhibit reduced STIM1 and Orai1 expression compared to
wild typemice. The lower expression of STIM1 andOrai1 in these
mice is accompanied by a reduction in SOCE, SR Ca2+ content
and depolarization-evoked Ca2+ release (Sztretye et al., 2017).

In addition, a splice variant of STIM1, called STIM1L, has
been described in human skeletal muscle (Horinouchi et al.,
2012) and differentiated myotubes (Darbellay et al., 2011;
Sztretye et al., 2017). STIM1L contains an extra 106 amino acids
insert in the cytosolic region, which provides STIM1 the ability
to interact with Orai1 channels; leading to the formation of
permanent STIM1L-Orai1 clusters. These clusters are responsible
for the rapid (<1 s) activation of SOCE in skeletal muscle in
comparison with other cells (Rosado et al., 2016). STIM1L
is colocalized with Orai1 as well as others channels, such
as TRPC1, TRPC3, TRPC4, and TRPC6 (Horinouchi et al.,
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2012; Antigny et al., 2017; Saüc and Frieden, 2017). STIM1L
silencing evokes significant delay in SOCE activation and
promotes the formation of small myotubes. In contrast, STIM1L
overexpression accelerates SOCE activation and triggers the
formation of larger myotubes (Darbellay et al., 2011; Horinouchi
et al., 2012; Antigny et al., 2017; Saüc and Frieden, 2017).

STIM2 is also expressed in myotubes and adult skeletal
muscle, and is considered a necessary partner of STIM1 during
EC coupling (Darbellay et al., 2010). However, its role in SOCE
modulation is still unclear. STIM2 silencing was associated with a
reduction in SERCA1a as well as RyR1 activity and SOCE during
skeletal muscle contraction (Darbellay et al., 2010; Oh et al.,
2017). Other authors have described that STIM2 knockdown
inhibits SOCE and C2C12 myoblast differentiation (Phuong and
Kang, 2015). STIM2 was proposed to interact with STIM1 to
control SOCE during human myoblast differentiation (Darbellay
et al., 2010). Interestingly, a recent study demonstrated that
STIM2 attenuates SERCA1a activity, which also contributes to
the Ca2+ distribution between the cytosol and the SR (Oh et al.,
2017). This recent report suggested that STIM2 knockdown
enhances Ca2+ uptake into SR and decreases SOCE in skeletal
muscle.

Orai Role in Skeletal Muscle SOCE
Orai1 is confirmed as the most important isoform in skeletal
muscle, meanwhile the role of Orai2 and Orai3 in Ca2+

homeostasis is less characterized (Roberts-Thomson et al.,
2010). Orai1 is abundantly expressed in neonatal myotubes
and adult muscle fibers (Stiber et al., 2008; Dirksen, 2009;
Sztretye et al., 2017), and is required for the activation of
SOCE in myotubes since the expression of human dominant-
negative Orai1 abolishes SOCE (Wei-Lapierre et al., 2013). Upon
store depletion endogenous Orai1 colocalizes with STIM1 or
STIM1L at triad junction to form STIM1/1L–Orai1 complexes.
This colocalization happens even when the SR is full to form
permanent clusters at the triad junction responsible of the fast
activation of SOCE (Darbellay et al., 2011; Pan et al., 2014).

Experiments using Orai1 KO mice showed diverse results.
Some data confirmed a dysregulation in SOCE, in muscle
development, muscle mass in adulthood and muscle proper
functioning. However, it is not clear whether these effects are
related directly with SOCE (Kiviluoto et al., 2011; Wei-Lapierre
et al., 2013; Carrell et al., 2016). A recent study using inducible
and constitutive muscle-specific Orai1 KO mice showed that
activation of Orai1 during muscle use is not required, at least,
for maximal performance (Carrell et al., 2016). In contrast, Orai1
mutation R91W, in SCID patients, evokes depressed SOCE and
muscular hypotonia (Feske et al., 2006). Others patients with
Orai1 A103E/L194P mutations showed similar muscle weakness
and hypotonia (Lacruz and Feske, 2015). A recent study by
Böhm et al. identified three Orai1 mutations, G98S, V107M and
T184M, involved in tubular aggregate myopathy associated with
an enhanced SOCE (Böhm et al., 2017). This study suggested that
these Orai1 mutations produce constitutively active channels,
permeable of Ca2+ even in the absence of store depletion.
Recently, Sztretye et al. showed that reduced expression of Orai1,
together with STIM1 and STIM1L, correlates with a reduction

in SOCE, SR calcium content and depolarization-evoked calcium
release in mice with myostatin mutation (Sztretye et al., 2017). In
contrast, Orai1 is overexpressed in the adult dystrophic muscles
in mdx mice, which is associated with exacerbated SOCE and SR
Ca2+ storage (Zhao et al., 2012).

TRPC Channels and SOCE in Skeletal
Muscle
In skeletal muscle, several isoforms of the TRPC subfamily
are expressed (Saüc and Frieden, 2017). In particular, TRPC1,
TRPC3, TRPC4, and TRPC6 have been consistently found in
cultured myoblasts or in adult muscles (Gailly, 2012; Antigny
et al., 2013). Most studies have focused on TRPC1 and TRPC4
role in SOCE. TRPC1 gene encodes both a stretch-activated
channel, as well as a SOCC (Maroto et al., 2005). TG-induced
store depletion activates TRPC1 and TRPC4 (Ducret et al.,
2006). Moreover, upregulation of TRPC1 and TRPC4 enhances
the Ca2+ influx (Sabourin et al., 2009). In contrast, siRNA or
dominant negative constructions reduces TRPC1- and TRPC4-
dependent SOCE in myoblasts (Antigny et al., 2013). TRPC1
and TRPC4 downregulation also decreases the occurrence of
SOCE and affects the formation of normal-sized myotubes
(Vandebrouck et al., 2002). Importantly, TRPC1 and/or TRPC4
inhibition recovers Ca2+ homeostasis in skeletal muscle fibers
frommdxmice (Vandebrouck et al., 2002; Kiviluoto et al., 2011).

As reviewed by Kiviluoto and colleagues, in skeletal muscle
TRPC likely forms ternary complexes with STIM and Orai1
proteins (Kiviluoto et al., 2011), they might associate only with
Orai1 (Stiber and Rosenberg, 2011), or they can even associate
to RyRs apparently to trigger SOCE response (Lee et al., 2006).
Interestingly similar interaction between TRPC and RyRs has
been described earlier in cardiac muscle (Goel et al., 2007) and
recently in smooth muscle (Lin et al., 2016). Nevertheless, RyRs
are not considered essential for SOCE in skeletal muscle and
their conformational coupling with Orai1 or TRPC is no longer
accepted, since myotubes of mice lacking RyR1/RyR3 still display
prominent SOCE (Zhao et al., 2006; Lyfenko and Dirksen, 2008).

SOCE IN CARDIAC MUSCLE

Cardiac EC coupling is based on a tightly regulated cascade of
Ca2+ fluxes. Ca2+ entry to the cytosol occurs through LTCC or
from SR via RyR release. Meanwhile, its reduction in the cytosol
is due to the reuptake of Ca2+ by SERCA in the SR or the
activity of Na+/Ca2+ exchanger (NCX) located in the PM (Bers,
2002). The presence of SOCE in cardiomyocytes has been initially
ignored since cardiomyocytes have large Ca2+ influx arising
with each heartbeat (Collins et al., 2013; Bootman and Rietdorf,
2017). Actually, the contribution of SOCE to normal cardiac
physiology is still under debate (Bootman and Rietdorf, 2017).
However, growing set of experiments have demonstrated the
presence of SOCE especially in neonatal cardiomyocytes (Bartoli
and Sabourin, 2017). SOCE occurs as a result of an upregulation
of ion channels in the course of the reactivated fetal gene
program, or because of an increased ion channel activity during
chronic cardiac disease development (Eder and Molkentin, 2011;
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Hulot et al., 2011; Luo et al., 2012). Different works showed
that cardiomyocytes stimulation with TG or agonists activating
G Protein Coupled Receptors (GPCRs), evokes persistent Ca2+

influx that is insensitive to LTCC or NCX inhibition, but sensitive
to blockers of SOCE (Uehara et al., 2002; Hunton et al., 2004;
Kojima et al., 2012). Store depletion also promotes significant
rise in Ca2+ entry in pacemaker cells isolated from mouse
sinoatrial node, meanwhile SOCE blockers reduce the amplitude
and frequency of spontaneous Ca2+ transients and decrease Ca2+

store content (Liu et al., 2015).
As illustrated in Figure 3, the standardmolecular components

of SOCE (e.g., Orai, and TRPC proteins) are expressed in
adult, neonatal and cell line of cardiomyocytes where they
participate in cardiomyocyte development, homeostasis, and
genes transcription (Ohba et al., 2007; Voelkers et al., 2010;
Hulot et al., 2011; Völkers et al., 2012; Zhu-Mauldin et al.,
2012). Independent studies indicate that STIM, Orai, and TRPC
proteins contribute to disease conditions such as pathological
hypertrophy or conduction disorders (Eder andMolkentin, 2011;
Dionisio et al., 2015).

STIM Role in Cardiac Myocytes
Cardiomyocytes express three isoforms of STIM: STIM1,
STIM1L, and STIM2 (Horton et al., 2014; Correll et al., 2015;
Zhao et al., 2015), although, little is known regarding the
potential role of STIM2 in the heart. STIM1 and STIM1L
colocalize with key regulators of SOCE such as SERCA,
phospholamban and RyRs in neonatal and adult rat hearts
(Zhu-Mauldin et al., 2012; Correll et al., 2015; Zhao et al.,
2015). In neonatal cardiomyocytes, SR Ca2+ depletion leads
to the formation of STIM1 puncta (Hulot et al., 2011) and
their interaction with Orai1 (Zhu-Mauldin et al., 2012; Sabourin
et al., 2016). Other studies have demonstrated that Ca2+

influx observed upon re-addition of extracellular Ca2+ could
be decreased by downregulation of STIM1 or by its inhibition
with dominant-negative mutants (Hulot et al., 2011; Luo et al.,
2012). STIM1 siRNA also decreases the frequency of spontaneous
Ca2+ transients, which affects cytosolic and SR Ca2+ handling
leading to lower diastolic Ca2+ levels and minor SR Ca2+

content in neonatal cardiomyocytes (Voelkers et al., 2010).
Furthermore, in sinoatrial node STIM1 activates Ca2+ entry
via Orai1 channels and modifies the heart rate. Cardiac-specific
deletion of STIM1 in mice depletes SR Ca2+ stores of sinoatrial
node cardiomyoctes and leads to pacemaker dysfunction, as
was evident by a reduction in heart rate, sinus arrest and an
exaggerated autonomic response to cholinergic signaling (Zhang
H. et al., 2015). In contrast, a recent study by Zhao and colleagues
suggested that STIM1 is not necessary for SOCE activation in
cardiomyocytes. They failed to observe SOCE in control or in
ventricular myocytes overexpressing STIM1 (Zhao et al., 2015).
Moreover, Parks et al. demonstrated that STIM1 forms pre-
constituted “punctate” structures without the need of Ca2+ store
depletion in neonatal and adult cardiomyocytes, the same as in
skeletal muscle (Parks et al., 2016). Therefore, the precise role of
STIM1 in cardiomyocytes is still unclear and additional studies
are needed to clarify the controversy of STIM1 role in SOCE in
heart.

In addition to STIM1 role in cardiac homeostasis, compelling
evidences characterized the role of STIM1-mediated SOCE
in cardiac hypertrophy. STIM1 is considered an essential
activator of the NFAT transcription factor, a well-known positive
regulator of cardiac growth (Heineke and Molkentin, 2006).
In agreement with an early finding by Pang et al. who
demonstrated that Ca2+ influx induced by angiotensin II or
SERCA inhibition activates nuclear translocation of NFAT in
cardiomyocytes (Pang et al., 2002). Luo and colleagues found
that STIM1 levels increase substantially in response to transaortic
constriction-induced hypertrophy (Luo et al., 2012). Hulot
et al. reported that STIM1 dependent-SOCE is significantly
increased following cardiac hypertrophy both in vitro and
in the adult heart (Hulot et al., 2011). They observed that
transfection of cardiomyocytes with constitutively active-STIM1
is sufficient to increase hypertrophy and protein synthesis. In
contrast, in vivo STIM1 gene silencing protects the heart from
pressure overload-induced hypertrophy. Other report showed
that STIM1-KO hearts exhibits ER dilatation, disorganization
of mitochondrial size and as consequence the development of
a dilated cardiomyopathy, revealing an essential role of STIM1
for normal cardiomyocyte function (Collins et al., 2014). Amore
recent study showed that cardiac STIM1 silencing using AAV9
inhibits cardiac hypertrophy (Bénard et al., 2016). However,
these effects in transfected heart or STIM1-KO mice are not
necessarily dependent on SOCE. Indeed and independently of
its role in SOCE, STIM1 likely participates to the contractile
rhythmicity of cardiomyocytes by moderating T-type Ca2+

channel expression and activity (Nguyen et al., 2013), increases
Ca2+ spark rates and induces spontaneous action potentials
(Troupes et al., 2017), and its overexpression leads to Ca2+

transients dysregulation (Correll et al., 2015; Zhao et al.,
2015).

Orai and SOCE in Cardiac Myocytes
The three members of the Orai family (Orai1, Orai2, and Orai3)
are present in neonatal and adult cardiomyocytes (Collins et al.,
2013; Domínguez-Rodríguez et al., 2015; Sabourin et al., 2016),
sinoatrial node (Ju et al., 2015; Zhang H. et al., 2015) and/or
atrial cells (Touchberry et al., 2011; Wolkowicz et al., 2011). The
physio/pathological role of Orai1 in heart has been extensively
studied; meanwhile the roles of Orai2 and Orai3 are less defined.
Several data demonstrated that Orai1 participates actively in
SOCE and might be implicated in the development of diseases
such as arrhythmias, cardiac fibrosis or hypertrophy (Ruhle and
Trebak, 2013). Previous studies demonstrated that knockdown
of Orai1 inhibits significantly TG-induced SOCE, as well as both
cytosolic and SR Ca2+ levels in neonatal cardiomyocytes and HL-
1 cell line (Voelkers et al., 2010; Touchberry et al., 2011). A recent
study demonstrated that specific inhibition of Orai1 by Synta66
prevents completely aldosterone evoked diastolic Ca2+ overload
in neonatal cardiomyocytes (Sabourin et al., 2016). Other recent
works suggested that SOCE mediated by Orai1 interaction with
STIM1 modifies heart rate by pacemaker stimulation (Zhang H.
et al., 2015), and plays a role in the initiation of arrhythmias
in both atrial and ventricular myocytes (Wolkowicz et al., 2011;
Wang et al., 2012).
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FIGURE 3 | A scheme illustrating the standard mechanism and molecular components of SOCE in cardiac muscle. Store depletion involves STIM1/1L interaction with

Orai1 which likely recruits Orai3. STIM1/1L colocalizes with key regulators of SOCE such as Orai1, SERCA, phospholamban (PLB), and RyR2. A similar mechanism

involving TRPC1/4/5 channels and STIM1 has also been implicated in SOCE. Store independent Ca2+ entry through Orai3 activated by AA, or via TRPC3/6 activated

by DAG has been described.

As stated before, several studies proposed a pathological
key role for STIM1/Orai1-mediated SOCE in altered Ca2+

signaling underlying the development of cardiac hypertrophy by
changing the fetal gene program regulated by NFAT signaling.
Silencing of Orai1 completely revokes phenylephrine-mediated
hypertrophic neonatal cardiomyocyte growth, involving NFAT
activation (Voelkers et al., 2010). In contrast, loss of Orai1 in
KO mice promotes tissue fibrosis and cardiomyocyte apoptosis,
which accelerates the dilated cardiomyopathy and heart failure
(Horton et al., 2014). Interestingly, a recent study by Saliba
et al. demonstrated that Orai3 is recruited to STIM1/Orai1
complexes during cardiac hypertrophy. They observed that Orai1
and Orai3 knockdown prevents SOCE, and Orai3 also drives
store-independent Ca2+ entry through ARC channel. Therefore,
authors suggested that Orai3 interacts with Orai1 and STIM1
to form a signaling complex which is thought necessary for an
amplified Ca2+ entry in hypertrophied cardiomyocytes (Saliba
et al., 2015).

Altogether, these studies confirm that Orai1, and perhaps
Orai3, are important regulators of myocardial electromechanical
activity, although further investigations are required to
determine the precise role of Orai1/3 in cardiac process.

TRPC and SOCE in Cardiac Myocytes
Nearly all isoforms of the TRPC family (TRPC1–7) have
been described in heart (Sabourin et al., 2011; Correll et al.,

2015; Domínguez-Rodríguez et al., 2015). Their roles in
cardiomyocytes have been described extensively in previous
studies (Eder and Molkentin, 2011; Sabourin et al., 2011).
Here, we will briefly describe their role in SOCE. Earlier
studies demonstrated that a store-dependent activation involves
different TRPC isoforms. Ohba et al. showed that chronic GPCRs
stimulation with angiotensin II, phenylephrine or endothelin-1
evokes cardiomyocytes enlargement and enhances the expression
of hypertrophic marker gene. They also demonstrated an
exacerbated SOCE elicited by TG, which correlates with an
enhanced TRPC1 expression. Furthermore, downregulation of
TRPC1 by siRNA markedly reduces SOCE in agonists-treated
cardiomyocytes (Ohba et al., 2007). Recently, TRPC1 and TRPC4
activation were associated with a passive Ca2+ influx induced by
angiotensin II or isoproterenol, and were related to maladaptive
cardiac hypertrophy since their double KO protects mice from
pressure overload-induced hypertrophy and interstitial fibrosis
(Camacho Londoño et al., 2015). In other study, Makarewich
et al. used dominant negative mutants of TRPC4 and TRPC6 to
demonstrate that only TRPC4 is sensitive to passive Ca2+ store
depletion, while TRPC3 and TRPC6 responds to the stimulation
with diacyglycerol independently of store depletion (Makarewich
et al., 2014). Moreover, upregulation of TRPC3 and TRPC4 in
adult ventricular cardiomyocytes correlates with the appearance
of increased SOCE and pro-arrhythmic spontaneous Ca2+

waves (Domínguez-Rodríguez et al., 2015). Moreover, chronic
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treatment of cardiomyocytes with aldosterone potentiates SOCE,
which is dependent of Orai1, TRPC1, TRPC4, and TRPC5
channels (Sabourin et al., 2016). Based on these findings, SOCE is
likely due to the interaction of different isoforms of TRPCs, Orai1
and STIM1.

SUMMARY AND CONCLUSION

Substantial progress has been made in terms of understanding
molecular structures and mechanisms underlying SOCE in
vascular, skeletal and cardiac muscle. Compelling experimental
evidences have shown that SOCE plays a central role in
providing the complex spatiotemporal Ca2+ signals required
for the regulation of diverse cellular functions such as vascular
reactivity, myotubes differentiation, skeletal muscle fatigue and
endurance, cardiac homeostasis and pacemaking as illustrated in
Figures 1–3. SOCE also seems relevant for processes involved in
muscle diseases such as cardiovascular remodeling and different
myopathies. The ability of muscle cells to signal through homo-
or hetero-multimeric Orai channels in combination with TRPC
channels increases the diversity of Ca2+ signaling pathways used

for the control of specific physiological and pathophysiological
functions.

Consequently, given the recent advances, the singular
implication of these channels in muscle physiopathology is
actually considered of a major interest. Nevertheless, more
studies are needed to clarify their possible use as therapeutic
target for the prevention of different muscle diseases.

AUTHOR CONTRIBUTIONS

JA-M, IM-G, AD-R, IG-C, and TS wrote different parts of the
manuscript. JAR, JR, AO, and TS discuss the manuscript. TS
edited the manuscript.

ACKNOWLEDGMENTS

This work was supported by FEDER funds and by Spanish
Ministry of Economy and Competitiveness [BFU2016-74932-
C2; BFU2013-45564-C2]; Institute of Carlos III [PI15/00203;
CB16/11/00431]; and by the Andalusia Government [P12-CTS-
1965; PI-0313-2016].

REFERENCES

Albarran, L., Lopez, J. J., Woodard, G. E., Salido, G. M., and Rosado, J. A.
(2016). Store-operated Ca2+ entry-associated Regulatory factor (SARAF) plays
an important role in the regulation of arachidonate-regulated Ca2+ (ARC)
channels. J. Biol. Chem. 291, 6982–6988. doi: 10.1074/jbc.M115.704940

Albert, A. P., and Large, W. A. (2002). A Ca2+-permeable non-selective cation
channel activated by depletion of internal Ca2+ stores in single rabbit portal
vein myocytes. J. Physiol. 538, 717–728. doi: 10.1113/jphysiol.2001.013101

Albert, A. P., Saleh, S. N., and Large, W. A. (2008). Inhibition of native TRPC6
channel activity by phosphatidylinositol 4,5-bisphosphate in mesenteric artery
myocytes. J. Physiol. 586, 3087–3095. doi: 10.1113/jphysiol.2008.153676

Allen, D. G., Lamb, G. D., and Westerblad, H. (2008). Skeletal
muscle fatigue: cellular mechanisms. Physiol. Rev. 88, 287–332.
doi: 10.1152/physrev.00015.2007

Alonso-Carbajo, L., Kecskes, M., Jacobs, G., Pironet, A., Syam, N., Talavera, K.,
et al. (2017). Muscling in on TRP channels in vascular smooth muscle cells and
cardiomyocytes. Cell Calcium 66, 48–61. doi: 10.1016/j.ceca.2017.06.004

Ambudkar, I. S., de Souza, L. B., and Ong, H. L. (2017). TRPC1, Orai1,
and STIM1 in SOCE: friends in tight spaces. Cell Calcium 63, 33–39.
doi: 10.1016/j.ceca.2016.12.009

Antigny, F., Koenig, S., Bernheim, L., and Frieden, M. (2013). During post-
natal human myogenesis, normal myotube size requires TRPC1- and TRPC4-
mediated Ca2+ entry. J. Cell Sci. 126, 2525–2533. doi: 10.1242/jcs.122911

Antigny, F., Sabourin, J., Saüc, S., Bernheim, L., Koenig, S., and Frieden, M. (2017).
TRPC1 and TRPC4 channels functionally interact with STIM1L to promote
myogenesis and maintain fast repetitive Ca2+ release in human myotubes.
Biochim. Biophys. Acta 1864, 806–813. doi: 10.1016/j.bbamcr.2017.02.003

Ávila-Medina, J., Calderón-Sánchez, E., González-Rodríguez, P., Monje-Quiroga,
F., Rosado, J. A., Castellano, A., et al. (2016). Orai1 and TRPC1 proteins co-
localize with CaV1.2 channels to form a signal complex in vascular smooth
muscle cells. J. Biol. Chem. 291, 21148–21159. doi: 10.1074/jbc.M116.742171

Barlow, C. A., Rose, P., Pulver-Kaste, R. A., and Lounsbury, K. M. (2006).
Excitation-transcription coupling in smooth muscle. J. Physiol. 570, 59–64.
doi: 10.1113/jphysiol.2005.098426

Bartoli, F., and Sabourin, J. (2017). Cardiac remodeling and disease: current
understanding of STIM1/Orai1-mediated store-operated Ca2+ entry in
cardiac function and pathology. Adv. Exp. Med. Biol. 993, 523–534.
doi: 10.1007/978-3-319-57732-6_26

Beech, D. J. (2012). Orai1 calcium channels in the vasculature. Pflugers Arch. 463,
635–647. doi: 10.1007/s00424-012-1090-2

Beech, D. J., Xu, S. Z., McHugh, D., and Flemming, R. (2003). TRPC1
store-operated cationic channel subunit. Cell Calcium 33, 433–440.
doi: 10.1016/S0143-4160(03)00054-X

Bénard, L., Oh, J. G., Cacheux, M., Lee, A., Nonnenmacher, M., Matasic, D. S., et al.
(2016). Cardiac Stim1 silencing impairs adaptive hypertrophy and promotes
heart failure through inactivation of mTORC2/Akt signaling. Circulation 133,
1458–1471; discussion: 1471. doi: 10.1161/CIRCULATIONAHA.115.020678

Berra-Romani, R., Mazzocco-Spezzia, A., Pulina, M. V., and Golovina, V. A.
(2008). Ca2+ handling is altered when arterial myocytes progress from a
contractile to a proliferative phenotype in culture. Am. J. Physiol. Cell Physiol.

295, C779–C790. doi: 10.1152/ajpcell.00173.2008
Bers, D. M. (2002). Cardiac excitation-contraction coupling. Nature 415, 198–205.

doi: 10.1038/415198a
Bisaillon, J. M., Motiani, R. K., Gonzalez-Cobos, J. C., Potier, M., Halligan, K.

E., Alzawahra, W. F., et al. (2010). Essential role for STIM1/Orai1-mediated
calcium influx in PDGF-induced smooth muscle migration. Am. J. Physiol. Cell

Physiol. 298, C993–C1005. doi: 10.1152/ajpcell.00325.2009
Böhm, J., Bulla, M., Urquhart, J. E., Malfatti, E., Williams, S. G., O’Sullivan, J.,

et al. (2017). ORAI1 mutations with distinct channel gating defects in tubular
aggregate myopathy. Hum. Mutat. 38, 426–438. doi: 10.1002/humu.23172

Bolotina, V. M. (2008). Orai, STIM1 and iPLA2beta: a view from a different
perspective. J. Physiol. 586, 3035–3042. doi: 10.1113/jphysiol.2008.154997

Bootman, M. D., and Rietdorf, K. (2017). Tissue specificity: store-operated
Ca2+ entry in cardiac myocytes. Adv. Exp. Med. Biol. 993, 363–387.
doi: 10.1007/978-3-319-57732-6_19

Brueggemann, L. I., Markun, D. R., Henderson, K. K., Cribbs, L. L., and Byron, K.
L. (2006). Pharmacological and electrophysiological characterization of store-
operated currents and capacitative Ca2+ entry in vascular smooth muscle cells.
J. Pharmacol. Exp. Ther. 317, 488–499. doi: 10.1124/jpet.105.095067

Camacho Londoño, J. E., Tian, Q., Hammer, K., Schröder, L., Camacho Londoño,
J., Reil, J. C., et al. (2015). A background Ca2+ entry pathway mediated by
TRPC1/TRPC4 is critical for development of pathological cardiac remodelling.
Eur. Heart J. 36, 2257–2266. doi: 10.1093/eurheartj/ehv250

Carrell, E. M., Coppola, A. R., McBride, H. J., and Dirksen, R. T. (2016). Orai1
enhances muscle endurance by promoting fatigue-resistant type I fiber content
but not through acute store-operated Ca2+ entry. FASEB J. Off. Publ. Fed. Am.

Soc. Exp. Biol. 30, 4109–4119. doi: 10.1096/fj.201600621R
Casteels, R., and Droogmans, G. (1981). Exchange characteristics of the

noradrenaline-sensitive calcium store in vascular smooth muscle cells or
rabbit ear artery. J. Physiol. 317, 263–279. doi: 10.1113/jphysiol.1981.sp
013824

Frontiers in Physiology | www.frontiersin.org 10 March 2018 | Volume 9 | Article 257

https://doi.org/10.1074/jbc.M115.704940
https://doi.org/10.1113/jphysiol.2001.013101
https://doi.org/10.1113/jphysiol.2008.153676
https://doi.org/10.1152/physrev.00015.2007
https://doi.org/10.1016/j.ceca.2017.06.004
https://doi.org/10.1016/j.ceca.2016.12.009
https://doi.org/10.1242/jcs.122911
https://doi.org/10.1016/j.bbamcr.2017.02.003
https://doi.org/10.1074/jbc.M116.742171
https://doi.org/10.1113/jphysiol.2005.098426
https://doi.org/10.1007/978-3-319-57732-6_26
https://doi.org/10.1007/s00424-012-1090-2
https://doi.org/10.1016/S0143-4160(03)00054-X
https://doi.org/10.1161/CIRCULATIONAHA.115.020678
https://doi.org/10.1152/ajpcell.00173.2008
https://doi.org/10.1038/415198a
https://doi.org/10.1152/ajpcell.00325.2009
https://doi.org/10.1002/humu.23172
https://doi.org/10.1113/jphysiol.2008.154997
https://doi.org/10.1007/978-3-319-57732-6_19
https://doi.org/10.1124/jpet.105.095067
https://doi.org/10.1093/eurheartj/ehv250
https://doi.org/10.1096/fj.201600621R
https://doi.org/10.1113/jphysiol.1981.sp013824
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Avila-Medina et al. Muscling Store Operated Ca2+ Entry

Clapham, D. E., Runnels, L. W., and Strübing, C. (2001). The TRP ion channel
family. Nat. Rev. Neurosci. 2, 387–396. doi: 10.1038/35077544

Collins, H. E., He, L., Zou, L., Qu, J., Zhou, L., Litovsky, S. H., et al. (2014).
Stromal interaction molecule 1 is essential for normal cardiac homeostasis
through modulation of ER and mitochondrial function. Am. J. Physiol. Heart

Circ. Physiol. 306, H1231–H1239. doi: 10.1152/ajpheart.00075.2014
Collins, H. E., Zhu-Mauldin, X., Marchase, R. B., and Chatham, J. C. (2013).

STIM1/Orai1-mediated SOCE: current perspectives and potential roles in
cardiac function and pathology. Am. J. Physiol. Heart Circ. Physiol. 305,
H446–H458. doi: 10.1152/ajpheart.00104.2013

Correll, R. N., Goonasekera, S. A., van Berlo, J. H., Burr, A. R., Accornero,
F., Zhang, H., et al. (2015). STIM1 elevation in the heart results in
aberrant Ca2+ handling and cardiomyopathy. J. Mol. Cell. Cardiol. 87, 38–47.
doi: 10.1016/j.yjmcc.2015.07.032

Darbellay, B., Arnaudeau, S., Bader, C. R., Konig, S., and Bernheim, L. (2011).
STIM1L is a new actin-binding splice variant involved in fast repetitive Ca2+

release. J. Cell Biol. 194, 335–346. doi: 10.1083/jcb.201012157
Darbellay, B., Arnaudeau, S., Ceroni, D., Bader, C. R., Konig, S., and Bernheim,

L. (2010). Human muscle economy myoblast differentiation and excitation-
contraction coupling use the same molecular partners, STIM1 and STIM2. J.
Biol. Chem. 285, 22437–22447. doi: 10.1074/jbc.M110.118984

Darbellay, B., Arnaudeau, S., König, S., Jousset, H., Bader, C., Demaurex, N.,
et al. (2009). STIM1- and Orai1-dependent store-operated calcium entry
regulates human myoblast differentiation. J. Biol. Chem. 284, 5370–5380.
doi: 10.1074/jbc.M806726200

DeHaven, W. I., Jones, B. F., Petranka, J. G., Smyth, J. T., Tomita, T., Bird, G. S.,
et al. (2009). TRPC channels function independently of STIM1 and Orai1. J.
Physiol. 587, 2275–2298. doi: 10.1113/jphysiol.2009.170431

Desai, P. N., Zhang, X., Wu, S., Janoshazi, A., Bolimuntha, S., Putney,
J. W., et al. (2015). Multiple types of calcium channels arising from
alternative translation initiation of the Orai1 message. Sci. Signal. 8, ra74.
doi: 10.1126/scisignal.aaa8323

Dietrich, A., Kalwa, H., Storch, U., Mederos y Schnitzler, M., Salanova, B.,
Pinkenburg, O., et al. (2007). Pressure-induced and store-operated cation influx
in vascular smooth muscle cells is independent of TRPC1. Pflugers Arch. 455,
465–477. doi: 10.1007/s00424-007-0314-3

Dietrich, A., Mederos, Y. Schnitzler, M., Gollasch, M., Gross, V., Storch,
U., Dubrovska, G., et al. (2005). Increased vascular smooth muscle
contractility in TRPC6-/- mice. Mol. Cell Biol. 25, 6980–6989.
doi: 10.1128/MCB.25.16.6980-6989.2005

Dionisio, N., Smani, T., Woodard, G. E., Castellano, A., Salido, G. M., and
Rosado, J. A. (2015). Homer proteins mediate the interaction between
STIM1 and Cav1.2 channels. Biochim. Biophys. Acta 1853, 1145–1153.
doi: 10.1016/j.bbamcr.2015.02.014

Dirksen, R. T. (2009). Checking your SOCCs and feet: the molecular
mechanisms of Ca2+ entry in skeletal muscle. J. Physiol. 587, 3139–3147.
doi: 10.1113/jphysiol.2009.172148

Domínguez-Rodríguez, A., Díaz, I., Rodríguez-Moyano,M., Calderón-Sánchez, E.,
Rosado, J. A., Ordóñez, A., et al. (2012). Urotensin-II signaling mechanism
in rat coronary artery: role of STIM1 and Orai1-dependent store operated
calcium influx in vasoconstriction. Arter. Thromb. Vasc. Biol. 32, 1325–1332.
doi: 10.1161/ATVBAHA.111.243014

Domínguez-Rodríguez, A., Ruiz-Hurtado, G., Sabourin, J., Gómez, A. M., Alvarez,
J. L., and Benitah, J. P. (2015). Proarrhythmic effect of sustained EPAC
activation on TRPC3/4 in rat ventricular cardiomyocytes. J. Mol. Cell. Cardiol.

87, 74–78. doi: 10.1016/j.yjmcc.2015.07.002
Ducret, T., Vandebrouck, C., Cao, M. L., Lebacq, J., and Gailly, P.

(2006). Functional role of store-operated and stretch-activated channels
in murine adult skeletal muscle fibres. J. Physiol. 575, 913–924.
doi: 10.1113/jphysiol.2006.115154

Eder, P., and Molkentin, J. D. (2011). TRPC channels as effectors of cardiac
hypertrophy. Circ. Res. 108, 265–272. doi: 10.1161/CIRCRESAHA.110.225888

Edwards, J. N., Friedrich, O., Cully, T. R., von Wegner, F., Murphy, R. M.,
and Launikonis, B. S. (2010a). Upregulation of store-operated Ca2+ entry in
dystrophic mdx mouse muscle. Am. J. Physiol. Cell Physiol. 299, C42–C50.
doi: 10.1152/ajpcell.00524.2009

Edwards, J. N., Murphy, R. M., Cully, T. R., von Wegner, F., Friedrich, O.,
and Launikonis, B. S. (2010b). Ultra-rapid activation and deactivation of
store-operated Ca2+ entry in skeletal muscle. Cell Calcium 47, 458–467.
doi: 10.1016/j.ceca.2010.04.001

Fernandez, R. A., Wan, J., Song, S., Smith, K. A., Gu, Y., Tauseef, M., et al.
(2015). Upregulated expression of STIM2, TRPC6, and Orai2 contributes to
the transition of pulmonary arterial smooth muscle cells from a contractile
to proliferative phenotype. Am. J. Physiol. Cell Physiol. 308, C581–C593.
doi: 10.1152/ajpcell.00202.2014

Feske, S., Gwack, Y., Prakriya, M., Srikanth, S., Puppel, S. H., Tanasa, B., et al.
(2006). A mutation in Orai1 causes immune deficiency by abrogating CRAC
channel function. Nature 441, 179–185. doi: 10.1038/nature04702

Frischauf, I., Muik, M., Derler, I., Bergsmann, J., Fahrner, M., Schindl, R.,
et al. (2009). Molecular determinants of the coupling between STIM1
and Orai channels: differential activation of Orai1-3 channels by a STIM1
coiled-coil mutant. J. Biol. Chem. 284, 21696–21706. doi: 10.1074/jbc.M109.
018408

Gailly, P. (2012). TRP channels in normal and dystrophic skeletal muscle. Curr.
Opin. Pharmacol. 12, 326–334. doi: 10.1016/j.coph.2012.01.018

Giachini, F. R., Chiao, C. W., Carneiro, F. S., Lima, V. V., Carneiro,
Z. N., Dorrance, A. M., et al. (2009). Increased activation of stromal
interaction molecule-1/Orai-1 in aorta from hypertensive rats: a
novel insight into vascular dysfunction. Hypertension 53, 409–416.
doi: 10.1161/HYPERTENSIONAHA.108.124404

Goel, M., Zuo, C.-D., Sinkins, W. G., and Schilling, W. P. (2007). TRPC3 channels
colocalize with Na+/Ca2+ exchanger and Na+ pump in axial component of
transverse-axial tubular system of rat ventricle. Am. J. Physiol. Heart Circ.

Physiol. 292, H874–H883. doi: 10.1152/ajpheart.00785.2006
González-Cobos, J. C., Zhang, X., Zhang, W., Ruhle, B., Motiani, R. K., Schindl,

R., et al. (2013). Store-independent Orai1/3 channels activated by intracrine
leukotriene C4: role in neointimal hyperplasia. Circ. Res. 112, 1013–1025.
doi: 10.1161/CIRCRESAHA.111.300220

Guéguinou, M., Harnois, T., Crottes, D., Uguen, A., Deliot, N., Gambade,
A., et al. (2016). SK3/TRPC1/Orai1 complex regulates SOCE-dependent
colon cancer cell migration: a novel opportunity to modulate anti-
EGFR mAb action by the alkyl-lipid Ohmline. Oncotarget 7, 36168–36184.
doi: 10.18632/oncotarget.8786

Heineke, J., and Molkentin, J. D. (2006). Regulation of cardiac hypertrophy
by intracellular signalling pathways. Nat. Rev. Mol. Cell Biol. 7, 589–600.
doi: 10.1038/nrm1983

Hogan, P. G., and Rao, A. (2015). Store-operated calcium entry: Mechanisms
and modulation. Biochem. Biophys. Res. Commun. 460, 40–49.
doi: 10.1016/j.bbrc.2015.02.110

Hooper, R., Samakai, E., Kedra, J., and Soboloff, J. (2013). Multifaceted roles of
STIM proteins. Pflugers Arch. 465, 1383–1396. doi: 10.1007/s00424-013-1270-8

Horinouchi, T., Higashi, T., Higa, T., Terada, K., Mai, Y., Aoyagi, H.,
et al. (2012). Different binding property of STIM1 and its novel
splice variant STIM1L to Orai1, TRPC3, and TRPC6 channels.
Biochem. Biophys. Res. Commun. 428, 252–258. doi: 10.1016/j.bbrc.2012.
10.034

Horton, J. S., Buckley, C. L., Alvarez, E. M., Schorlemmer, A., and Stokes,
A. J. (2014). The calcium release-activated calcium channel Orai1
represents a crucial component in hypertrophic compensation and the
development of dilated cardiomyopathy. Channels Austin Tex 8, 35–48.
doi: 10.4161/chan.26581

Hoth, M., and Penner, R. (1992). Depletion of intracellular calcium stores activates
a calcium current in mast cells. Nature 355, 353–356. doi: 10.1038/355353a0

Hulot, J. S., Fauconnier, J., Ramanujam, D., Chaanine, A., Aubart, F., Sassi,
Y., et al. (2011). Critical role for stromal interaction molecule 1 in cardiac
hypertrophy.Circulation 124, 796–805. doi: 10.1161/CIRCULATIONAHA.111.
031229

Hunton, D. L., Lucchesi, P. A., Pang, Y., Cheng, X., Dell’Italia, L. J., and Marchase,
R. B. (2002). Capacitative calcium entry contributes to nuclear factor of
activated T-cells nuclear translocation and hypertrophy in cardiomyocytes. J.
Biol. Chem. 277, 14266–14273. doi: 10.1074/jbc.m107167200

Hunton, D. L., Zou, L., Pang, Y., and Marchase, R. B. (2004). Adult rat
cardiomyocytes exhibit capacitative calcium entry. Am. J. Physiol. Heart Circ.

Physiol. 286, H1124–H1132. doi: 10.1152/ajpheart.00162.2003
Jackson, W. F. (2000). Ion channels and vascular tone. Hypertension 35, 173–178.

doi: 10.1161/01.HYP.35.1.173
Jardin, I., Lopez, J. J., Salido, G. M., and Rosado, J. A. (2008). Orai1 mediates

the interaction between STIM1 and hTRPC1 and regulates the mode of
activation of hTRPC1-forming Ca2+ channels. J. Biol. Chem. 283, 25296–25304.
doi: 10.1074/jbc.M802904200

Frontiers in Physiology | www.frontiersin.org 11 March 2018 | Volume 9 | Article 257

https://doi.org/10.1038/35077544
https://doi.org/10.1152/ajpheart.00075.2014
https://doi.org/10.1152/ajpheart.00104.2013
https://doi.org/10.1016/j.yjmcc.2015.07.032
https://doi.org/10.1083/jcb.201012157
https://doi.org/10.1074/jbc.M110.118984
https://doi.org/10.1074/jbc.M806726200
https://doi.org/10.1113/jphysiol.2009.170431
https://doi.org/10.1126/scisignal.aaa8323
https://doi.org/10.1007/s00424-007-0314-3
https://doi.org/10.1128/MCB.25.16.6980-6989.2005
https://doi.org/10.1016/j.bbamcr.2015.02.014
https://doi.org/10.1113/jphysiol.2009.172148
https://doi.org/10.1161/ATVBAHA.111.243014
https://doi.org/10.1016/j.yjmcc.2015.07.002
https://doi.org/10.1113/jphysiol.2006.115154
https://doi.org/10.1161/CIRCRESAHA.110.225888
https://doi.org/10.1152/ajpcell.00524.2009
https://doi.org/10.1016/j.ceca.2010.04.001
https://doi.org/10.1152/ajpcell.00202.2014
https://doi.org/10.1038/nature04702
https://doi.org/10.1074/jbc.M109.018408
https://doi.org/10.1016/j.coph.2012.01.018
https://doi.org/10.1161/HYPERTENSIONAHA.108.124404
https://doi.org/10.1152/ajpheart.00785.2006
https://doi.org/10.1161/CIRCRESAHA.111.300220
https://doi.org/10.18632/oncotarget.8786
https://doi.org/10.1038/nrm1983
https://doi.org/10.1016/j.bbrc.2015.02.110
https://doi.org/10.1007/s00424-013-1270-8
https://doi.org/10.1016/j.bbrc.2012.10.034
https://doi.org/10.4161/chan.26581
https://doi.org/10.1038/355353a0
https://doi.org/10.1161/CIRCULATIONAHA.111.031229
https://doi.org/10.1074/jbc.m107167200
https://doi.org/10.1152/ajpheart.00162.2003
https://doi.org/10.1161/01.HYP.35.1.173
https://doi.org/10.1074/jbc.M802904200
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Avila-Medina et al. Muscling Store Operated Ca2+ Entry

Jing, J., He, L., Sun, A., Quintana, A., Ding, Y., Ma, G., et al. (2015). Proteomic
mapping of ER-PM junctions identifies STIMATE as a regulator of Ca2+ influx.
Nat. Cell Biol. 17, 1339–1347. doi: 10.1038/ncb3234

Ju, Y. K., Lee, B. H., Trajanovska, S., Hao, G., Allen, D. G., Lei, M., et al. (2015).
The involvement of TRPC3 channels in sinoatrial arrhythmias. Front. Physiol.
6:86. doi: 10.3389/fphys.2015.00086

Kawasaki, T., Ueyama, T., Lange, I., Feske, S., and Saito, N. (2010). Protein
kinase C-induced phosphorylation of Orai1 regulates the intracellular Ca2+

level via the store-operated Ca2+ channel. J. Biol. Chem. 285, 25720–25730.
doi: 10.1074/jbc.M109.022996

Kiviluoto, S., Decuypere, J.-P., De Smedt, H., Missiaen, L., Parys, J. B., and
Bultynck, G. (2011). STIM1 as a key regulator for Ca2+ homeostasis
in skeletal-muscle development and function. Skelet. Muscle 1:16.
doi: 10.1186/2044-5040-1-16

Kojima, A., Kitagawa, H., Omatsu-Kanbe, M., Matsuura, H., and Nosaka, S.
(2012). Presence of store-operated Ca2+ entry in C57BL/6J mouse ventricular
myocytes and its suppression by sevoflurane. Br. J. Anaesth. 109, 352–360.
doi: 10.1093/bja/aes212

König, S., Browne, S., Doleschal, B., Schernthaner, M., Poteser, M., Mächler,
H., et al. (2013). Inhibition of Orai1-mediated Ca2+ entry is a key
mechanism of the antiproliferative action of sirolimus in human arterial
smooth muscle. Am. J. Physiol. Heart Circ. Physiol. 305, H1646–H1657.
doi: 10.1152/ajpheart.00365.2013

Kurebayashi, N., and Ogawa, Y. (2001). Depletion of Ca2+ in the sarcoplasmic
reticulum stimulates Ca2+ entry into mouse skeletal muscle fibres. J. Physiol.
533, 185–199. doi: 10.1111/j.1469-7793.2001.0185b.x

Kwan, C. Y., Takemura, H., Obie, J. F., Thastrup, O., and Putney, J. W. Jr. (1990).
Effects of MeCh, thapsigargin, and La3+ on plasmalemmal and intracellular
Ca2+ transport in lacrimal acinar cells. Am. J. Physiol. 258, C1006–C1015.
doi: 10.1152/ajpcell.1990.258.6.C1006

Kwan, H. Y., Shen, B., Ma, X., Kwok, Y. C., Huang, Y., Man, Y. B.,
et al. (2009). TRPC1 associates with BK(Ca) channel to form a signal
complex in vascular smooth muscle cells. Circ. Res. 104, 670–678.
doi: 10.1161/CIRCRESAHA.108.188748

Lacruz, R. S., and Feske, S. (2015). Diseases caused by mutations in ORAI1 and
STIM1. Ann. N. Y. Acad. Sci. 1356, 45–79. doi: 10.1111/nyas.12938

Launikonis, B. S., Stephenson, D. G., and Friedrich, O. (2009). Rapid Ca2+

flux through the transverse tubular membrane, activated by individual
action potentials in mammalian skeletal muscle. J. Physiol. 587, 2299–2312.
doi: 10.1113/jphysiol.2009.168682

Lee, E. H., Cherednichenko, G., Pessah, I. N., and Allen, P. D. (2006). Functional
coupling between TRPC3 and RyR1 regulates the expressions of key triadic
proteins. J. Biol. Chem. 281, 10042–10048. doi: 10.1074/jbc.M600981200

Leung, F. P., Yung, L. M., Yao, X., Laher, I., and Huang, Y. (2008). Store-operated
calcium entry in vascular smooth muscle. Br. J. Pharmacol. 153, 846–857.
doi: 10.1038/sj.bjp.0707455

Li, J., McKeown, L., Ojelabi, O., Stacey, M., Foster, R., O’Regan, D.,
et al. (2011). Nanomolar potency and selectivity of a Ca2+ release-
activated Ca2+ channel inhibitor against store-operated Ca2+ entry and
migration of vascular smooth muscle cells. Br. J. Pharmacol. 164, 382–393.
doi: 10.1111/j.1476-5381.2011.01368.x

Li, J., Sukumar, P., Milligan, C. J., Kumar, B., Ma, Z. Y., Munsch, C. M.,
et al. (2008). Interactions, functions, and independence of plasma membrane
STIM1 and TRPC1 in vascular smooth muscle cells. Circ. Res. 103, e97–e104.
doi: 10.1161/CIRCRESAHA.108.182931

Li, T., Finch, E. A., Graham, V., Zhang, Z. S., Ding, J. D., Burch, J., et al. (2012).
STIM1-Ca2+ signaling is required for the hypertrophic growth of skeletal
muscle in mice.Mol. Cell. Biol. 32, 3009–3017. doi: 10.1128/MCB.06599-11

Lin, A. H., Sun, H., Paudel, O., Lin, M. J., and Sham, J. S. (2016).
Conformation of ryanodine receptor-2 gates store-operated calcium entry in rat
pulmonary arterial myocytes. Cardiovasc. Res. 111, 94–104. doi: 10.1093/cvr/
cvw067

Lindsey, S. H., Tribe, R. M., and Songu-Mize, E. (2008). Cyclic stretch decreases
TRPC4 protein and capacitative calcium entry in rat vascular smooth muscle
cells. Life Sci. 83, 29–34. doi: 10.1016/j.lfs.2008.04.013

Liou, J., Kim, M. L., Heo, W. D., Jones, J. T., Myers, J. W., Ferrell, J. E., et al.
(2005). STIM is a Ca2+ sensor essential for Ca2+-store-depletion-triggered
Ca2+ influx. Curr. Biol. 15, 1235–1241. doi: 10.1016/j.cub.2005.05.055

Lis, A., Peinelt, C., Beck, A., Parvez, S., Monteilh-Zoller, M., Fleig, A.,
et al. (2007). CRACM1, CRACM2, and CRACM3 are store-operated

Ca2+ channels with distinct functional properties. Curr. Biol. 17, 794–800.
doi: 10.1016/j.cub.2007.03.065

Liu, J., Xin, L., Benson, V. L., Allen, D. G., and Ju, Y. K. (2015). Store-operated
calcium entry and the localization of STIM1 and Orai1 proteins in isolated
mouse sinoatrial node cells. Front. Physiol. 6:69. doi: 10.3389/fphys.2015.00069

Lopez, J. J., Albarran, L., Gómez, L. J., Smani, T., Salido, G. M., and Rosado,
J. A. (2016). Molecular modulators of store-operated calcium entry. Biochim.

Biophys. Acta 1863, 2037–2043. doi: 10.1016/j.bbamcr.2016.04.024
Lopez, J. J., Salido, G. M., and Rosado, J. A. (2017). Cardiovascular and Hemostatic

disorders: SOCE and Ca2+ Handling in platelet dysfunction. Adv. Exp. Med.

Biol. 993, 453–472. doi: 10.1007/978-3-319-57732-6_23
Luik, R. M., Wu, M. M., Buchanan, J., and Lewis, R. S. (2006). The elementary

unit of store-operated Ca2+ entry: local activation of CRAC channels
by STIM1 at ER-plasma membrane junctions. J. Cell Biol. 174, 815–825.
doi: 10.1083/jcb.200604015

Luo, X., Hojayev, B., Jiang, N., Wang, Z. V., Tandan, S., Rakalin, A.,
et al. (2012). STIM1-dependent store-operated Ca2+ entry is required
for pathological cardiac hypertrophy. J. Mol. Cell. Cardiol. 52, 136–147.
doi: 10.1016/j.yjmcc.2011.11.003

Lyfenko, A. D., and Dirksen, R. T. (2008). Differential dependence of store-
operated and excitation-coupled Ca2+ entry in skeletal muscle on STIM1 and
Orai1. J. Physiol. 586, 4815–4824. doi: 10.1113/jphysiol.2008.160481

Makarewich, C. A., Zhang, H., Davis, J., Correll, R. N., Trappanese, D. M.,
Hoffman, N. E., et al. (2014). Transient receptor potential channels contribute
to pathological structural and functional remodeling after myocardial
infarction. Circ. Res. 115, 567–580. doi: 10.1161/CIRCRESAHA.115.303831

Mancarella, S., Potireddy, S., Wang, Y., Gao, H., Gandhirajan, R. K., Autieri,
M., et al. (2013). Targeted STIM deletion impairs calcium homeostasis,
NFAT activation, and growth of smooth muscle. FASEB J. 27, 893–906.
doi: 10.1096/fj.12-215293

Manjarrés, I. M., Rodríguez-García, A., Alonso, M. T., and García-Sancho,
J. (2010). The sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) is the
third element in capacitative calcium entry. Cell Calcium 47, 412–418.
doi: 10.1016/j.ceca.2010.03.001

Maroto, R., Raso, A., Wood, T. G., Kurosky, A., Martinac, B., and Hamill, O. P.
(2005). TRPC1 forms the stretch-activated cation channel in vertebrate cells.
Nat. Cell Biol. 7, 179–185. doi: 10.1038/ncb1218

Maruyama, Y., Nakanishi, Y.,Walsh, E. J.,Wilson, D. P.,Welsh, D. G., and Cole,W.
C. (2006). Heteromultimeric TRPC6-TRPC7 channels contribute to arginine
vasopressin-induced cation current of A7r5 vascular smooth muscle cells. Circ.
Res. 98, 1520–1527. doi: 10.1161/01.RES.0000226495.34949.28

Mignen, O., Thompson, J. L., and Shuttleworth, T. J. (2008). Both Orai1 and Orai3
are essential components of the arachidonate-regulated Ca2+-selective (ARC)
channels. J. Physiol. 586, 185–195. doi: 10.1113/jphysiol.2007.146258

Mulier, M., Vriens, J., and Voets, T. (2017). TRP channel pores and local calcium
signals. Cell Calcium 66, 19–24. doi: 10.1016/j.ceca.2017.04.007

Ng, L. C., and Gurney, A. M. (2001). Store-operated channels mediate Ca2+

influx and contraction in rat pulmonary artery. Circ. Res. 89, 923–929.
doi: 10.1161/hh2201.100315

Ng, L. C., O’Neill, K. G., French, D., Airey, J. A., Singer, C. A., Tian, H., et al. (2012).
TRPC1 and Orai1 interact with STIM1 and mediate capacitative Ca2+ entry
caused by acute hypoxia in mouse pulmonary arterial smooth muscle cells. Am.

J. Physiol. Cell Physiol. 303, C1156–C1172. doi: 10.1152/ajpcell.00065.2012
Nguyen, N., Biet, M., Simard, E., Béliveau, E., Francoeur, N., Guillemette, G.,

et al. (2013). STIM1 participates in the contractile rhythmicity of HL-1 cells
by moderating T-type Ca2+ channel activity. Biochim. Biophys. Acta 1833,
1294–1303. doi: 10.1016/j.bbamcr.2013.02.027

Oh, M. R., Lee, K. J., Huang, M., Kim, J. O., Kim, D. H., Cho, C.-H., et al. (2017).
STIM2 regulates both intracellular Ca2+ distribution and Ca2+ movement in
skeletal myotubes. Sci. Rep. 7:17936. doi: 10.1038/s41598-017-18256-3

Ohba, T.,Watanabe, H., Murakami, M., Takahashi, Y., Iino, K., Kuromitsu, S., et al.
(2007). Upregulation of TRPC1 in the development of cardiac hypertrophy. J.
Mol. Cell. Cardiol. 42, 498–507. doi: 10.1016/j.yjmcc.2006.10.020

Onopiuk, M., Brutkowski, W., Young, C., Krasowska, E., Róg, J., Ritso, M.,
et al. (2015). Store-operated calcium entry contributes to abnormal Ca2+

signalling in dystrophic mdx mouse myoblasts. Arch. Biochem. Biophys. 569,
1–9. doi: 10.1016/j.abb.2015.01.025

Palty, R., Raveh, A., Kaminsky, I., Meller, R., and Reuveny, E. (2012). SARAF
inactivates the store operated calcium entry machinery to prevent excess
calcium refilling. Cell 149, 425–438. doi: 10.1016/j.cell.2012.01.055

Frontiers in Physiology | www.frontiersin.org 12 March 2018 | Volume 9 | Article 257

https://doi.org/10.1038/ncb3234
https://doi.org/10.3389/fphys.2015.00086
https://doi.org/10.1074/jbc.M109.022996
https://doi.org/10.1186/2044-5040-1-16
https://doi.org/10.1093/bja/aes212
https://doi.org/10.1152/ajpheart.00365.2013
https://doi.org/10.1111/j.1469-7793.2001.0185b.x
https://doi.org/10.1152/ajpcell.1990.258.6.C1006
https://doi.org/10.1161/CIRCRESAHA.108.188748
https://doi.org/10.1111/nyas.12938
https://doi.org/10.1113/jphysiol.2009.168682
https://doi.org/10.1074/jbc.M600981200
https://doi.org/10.1038/sj.bjp.0707455
https://doi.org/10.1111/j.1476-5381.2011.01368.x
https://doi.org/10.1161/CIRCRESAHA.108.182931
https://doi.org/10.1128/MCB.06599-11
https://doi.org/10.1093/cvr/cvw067
https://doi.org/10.1016/j.lfs.2008.04.013
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1016/j.cub.2007.03.065
https://doi.org/10.3389/fphys.2015.00069
https://doi.org/10.1016/j.bbamcr.2016.04.024
https://doi.org/10.1007/978-3-319-57732-6_23
https://doi.org/10.1083/jcb.200604015
https://doi.org/10.1016/j.yjmcc.2011.11.003
https://doi.org/10.1113/jphysiol.2008.160481
https://doi.org/10.1161/CIRCRESAHA.115.303831
https://doi.org/10.1096/fj.12-215293
https://doi.org/10.1016/j.ceca.2010.03.001
https://doi.org/10.1038/ncb1218
https://doi.org/10.1161/01.RES.0000226495.34949.28
https://doi.org/10.1113/jphysiol.2007.146258
https://doi.org/10.1016/j.ceca.2017.04.007
https://doi.org/10.1161/hh2201.100315
https://doi.org/10.1152/ajpcell.00065.2012
https://doi.org/10.1016/j.bbamcr.2013.02.027
https://doi.org/10.1038/s41598-017-18256-3
https://doi.org/10.1016/j.yjmcc.2006.10.020
https://doi.org/10.1016/j.abb.2015.01.025
https://doi.org/10.1016/j.cell.2012.01.055
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Avila-Medina et al. Muscling Store Operated Ca2+ Entry

Pan, Z., Brotto, M., and Ma, J. (2014). Store-operated Ca2+

entry in muscle physiology and diseases. BMB Rep. 47, 69–79.
doi: 10.5483/BMBRep.2014.47.2.015

Pan, Z., Yang, D., Nagaraj, R. Y., Nosek, T. A., Nishi, M., Takeshima, H., et al.
(2002). Dysfunction of store-operated calcium channel in muscle cells lacking
mg29. Nat. Cell Biol. 4, 379–383. doi: 10.1038/ncb788

Pang, Y., Hunton, D. L., Bounelis, P., and Marchase, R. B. (2002).
Hyperglycemia inhibits capacitative calcium entry and hypertrophy in neonatal
cardiomyocytes. Diabetes 51, 3461–3467. doi: 10.2337/diabetes.51.12.3461

Parekh, A. B., and Putney, J. W. (2005). Store-operated calcium channels. Physiol.
Rev. 85, 757–810. doi: 10.1152/physrev.00057.2003

Park, K. M., Trucillo, M., Serban, N., Cohen, R. A., and Bolotina, V. M. (2008).
Role of iPLA2 and store-operated channels in agonist-induced Ca2+ influx and
constriction in cerebral, mesenteric, and carotid arteries. Am. J. Physiol. Heart

Circ. Physiol. 294, H1183–H1187. doi: 10.1152/ajpheart.01148.2007
Parks, C., Alam, M. A., Sullivan, R., and Mancarella, S. (2016). STIM1-dependent

Ca2+ microdomains are required for myofilament remodeling and signaling in
the heart. Sci. Rep. 6:25372. doi: 10.1038/srep25372

Peel, S. E., Liu, B., and Hall, I. P. (2006). A key role for STIM1 in store
operated calcium channel activation in airway smooth muscle. Respir. Res.
7:119. doi: 10.1186/1465-9921-7-119

Peel, S. E., Liu, B., and Hall, I. P. (2008). ORAI and store-operated calcium influx in
human airway smooth muscle cells. Am. J. Respir Cell. Mol. Biol. 38, 744–749.
doi: 10.1165/rcmb.2007-0395OC

Phuong, T. T. T., and Kang, T. M. (2015). Stromal interaction molecule
2 regulates C2C12 myoblast differentiation. Integr. Med. Res. 4, 242–248.
doi: 10.1016/j.imr.2015.09.001

Potier, M., Gonzalez, J. C., Motiani, R. K., Abdullaev, I. F., Bisaillon, J. M.,
Singer, H. A., et al. (2009). Evidence for STIM1- and Orai1-dependent store-
operated calcium influx through ICRAC in vascular smoothmuscle cells: role in
proliferation and migration. FASEB J. 23, 2425–2437. doi: 10.1096/fj.09-131128

Pozo-Guisado, E., Campbell, D. G., Deak, M., Alvarez-Barrientos, A., Morrice,
N. A., Alvarez, I. S., et al. (2010). Phosphorylation of STIM1 at ERK1/2
target sites modulates store-operated calcium entry. J. Cell Sci. 123, 3084–3093.
doi: 10.1242/jcs.067215

Putney, J. W. Jr. (1986). A model for receptor-regulated calcium entry. Cell
Calcium 7, 1–12. doi: 10.1016/0143-4160(86)90026-6

Ríos, E., Pizarro, G., and Stefani, E. (1992). Charge movement and the nature of
signal transduction in skeletal muscle excitation-contraction coupling. Annu.
Rev. Physiol. 54, 109–133. doi: 10.1146/annurev.ph.54.030192.000545

Roberts-Thomson, S. J., Peters, A. A., Grice, D. M., and Monteith,
G. R. (2010). ORAI-mediated calcium entry: Mechanism and
roles, diseases and pharmacology. Pharmacol. Ther. 127, 121–130.
doi: 10.1016/j.pharmthera.2010.04.016

Rodríguez-Moyano, M., Díaz, I., Dionisio, N., Zhang, X., Avila-Medina, J.,
Calderón-Sánchez, E., et al. (2013). Urotensin-II promotes vascular smooth
muscle cell proliferation through store-operated calcium entry and EGFR
transactivation. Cardiovasc. Res. 100, 297–306. doi: 10.1093/cvr/cvt196

Roos, J., DiGregorio, P. J., Yeromin, A. V., Ohlsen, K., Lioudyno, M., Zhang, S.,
et al. (2005). STIM1, an essential and conserved component of store-operated
Ca2+ channel function. J. Cell Biol. 169, 435–445. doi: 10.1083/jcb.200502019

Rosado, J. A. (2006). Discovering the mechanism of capacitative
calcium entry. Am. J. Physiol. Cell Physiol. 291, C1104–C1106.
doi: 10.1152/classicessays.00045.2006

Rosado, J. A., Diez, R., Smani, T., and Jardín, I. (2016). STIM and
Orai1 variants in store-operated calcium entry. Front. Pharmacol. 6:325.
doi: 10.3389/fphar.2015.00325

Ruhle, B., and Trebak, M. (2013). Emerging roles for native Orai Ca2+

channels in cardiovascular disease. Curr. Top. Membr. 71, 209–235.
doi: 10.1016/B978-0-12-407870-3.00009-3

Sabourin, J., Bartoli, F., Antigny, F., Gomez, A. M., and Benitah, J.-P. (2016).
Transient Receptor Potential Canonical (TRPC)/Orai1-dependent Store-
operated Ca2+ Channels: new targets of aldosterone in cardiomyocytes. J. Biol.
Chem. 291, 13394–13409. doi: 10.1074/jbc.M115.693911

Sabourin, J., Lamiche, C., Vandebrouck, A., Magaud, C., Rivet, J., Cognard, C.,
et al. (2009). Regulation of TRPC1 and TRPC4 cation channels requires an α1-
syntrophin-dependent complex in skeletal mouse myotubes. J. Biol. Chem. 284,
36248–36261. doi: 10.1074/jbc.M109.012872

Sabourin, J., Robin, E., and Raddatz, E. (2011). A key role of TRPC channels in
the regulation of electromechanical activity of the developing heart.Cardiovasc.
Res. 92, 226–236. doi: 10.1093/cvr/cvr167

Saliba, Y., Keck, M., Marchand, A., Atassi, F., Ouillé, A., Cazorla, O., et al. (2015).
Emergence of Orai3 activity during cardiac hypertrophy. Cardiovasc. Res. 105,
248–259. doi: 10.1093/cvr/cvu207

Saüc, S., and Frieden, M. (2017). Neurological and motor disorders:
TRPC in the skeletal muscle. Adv. Exp. Med. Biol. 993, 557–575.
doi: 10.1007/978-3-319-57732-6_28

Shi, J., Ju, M., Abramowitz, J., Large, W. A., Birnbaumer, L., and Albert,
A. P. (2012). TRPC1 proteins confer PKC and phosphoinositol activation
on native heteromeric TRPC1/C5 channels in vascular smooth muscle:
comparative study of wild-type and TRPC1−/− mice. FASEB J. 26, 409–419.
doi: 10.1096/fj.11-185611

Shi, J., Miralles, F., Birnbaumer, L., Large, W. A., and Albert, A. P. (2017). Store-
operated interactions between plasmalemmal STIM1 and TRPC1 proteins
stimulate PLCbeta1 to induce TRPC1 channel activation in vascular smooth
muscle cells. J. Physiol. 595, 1039–1058. doi: 10.1113/JP273302

Shin, D. M., and Muallem, S. (2008). Skeletal muscle dressed in SOCs. Nat. Cell
Biol. 10, 639–641. doi: 10.1038/ncb0608-639

Smani, T., Domínguez-Rodriguez, A., Callejo-García, P., Rosado, J. A., and
Avila-Medina, J. (2016). Phospholipase A2 as a molecular determinant
of store-operated calcium entry. Adv. Exp. Med. Biol. 898, 111–131.
doi: 10.1007/978-3-319-26974-0_6

Smani, T., Zakharov, S. I., Csutora, P., Leno, E., Trepakova, E. S., and Bolotina, V.
M. (2004). A novel mechanism for the store-operated calcium influx pathway.
Nat. Cell Biol. 6, 113–120. doi: 10.1038/ncb1089

Smyth, J. T., Petranka, J. G., Boyles, R. R., DeHaven, W. I., Fukushima, M.,
Johnson, K. L., et al. (2009). Phosphorylation of STIM1 underlies suppression
of store-operated calcium entry during mitosis. Nat. Cell Biol. 11, 1465–1472.
doi: 10.1038/ncb1995

Song, K., Zhong, X. G., Xia, X.M., Huang, J. H., Fan, Y. F., Yuan, R. X., et al. (2015).
Orai1 forms a signal complex with SK3 channel in gallbladder smooth muscle.
Biochem. Biophys. Res. Commun. 466, 456–462. doi: 10.1016/j.bbrc.2015.09.049

Song, M. Y., Makino, A., and Yuan, J. X. (2011). STIM2 Contributes to Enhanced
store-operated Ca entry in pulmonary artery smooth muscle cells from
patients with idiopathic pulmonary arterial hypertension. Pulm. Circ. 1, 84–94.
doi: 10.4103/2045-8932.78106

Song, S., Carr, S. G., McDermott, K. M., Rodriguez, M., Babicheva, A.,
Balistrieri, A., et al. (2018). STIM2 (Stromal Interaction Molecule 2)-mediated
increase in resting cytosolic free Ca2+ concentration stimulates PASMC
proliferation in pulmonary arterial hypertension. Hypertens. 71, 518–529.
doi: 10.1161/HYPERTENSIONAHA.117.10503

Srikanth, S., Jung, H. J., Kim, K. D., Souda, P., Whitelegge, J., and Gwack, Y.
(2010). A novel EF-hand protein, CRACR2A, is a cytosolic Ca2+ sensor that
stabilizes CRAC channels in T cells. Nat. Cell Biol. 12, 436–446. doi: 10.1038/
ncb2045

Stiber, J. A., and Rosenberg, P. B. (2011). The role of store-operated
calcium influx in skeletal muscle signaling. Cell Calcium 49, 341–349.
doi: 10.1016/j.ceca.2010.11.012

Stiber, J., Hawkins, A., Zhang, Z.-S., Wang, S., Burch, J., Graham, V., et al.
(2008). STIM1 signaling controls store operated calcium entry required for
development and contractile function in skeletal muscle. Nat. Cell Biol. 10,
688–697. doi: 10.1038/ncb1731

Sztretye, M., Geyer, N., Vincze, J., Al-Gaadi, D., Oláh, T., Szentesi, P., et al. (2017).
SOCE is important for maintaining sarcoplasmic calcium content and release
in skeletal muscle fibers. Biophys. J. 113, 2496–2507. doi: 10.1016/j.bpj.2017.
09.023

Tanwar, J., Trebak, M., and Motiani, R. K. (2017). Cardiovascular and Hemostatic
disorders: role of STIM and Orai proteins in vascular disorders. Adv. Exp. Med.

Biol. 993, 425–452. doi: 10.1007/978-3-319-57732-6_22
Thebault, S., Zholos, A., Enfissi, A., Slomianny, C., Dewailly, E., Roudbaraki,

M., et al. (2005). Receptor-operated Ca2+ entry mediated by TRPC3/TRPC6
proteins in rat prostate smooth muscle (PS1) cell line. J. Cell Physiol. 204,
320–328. doi: 10.1002/jcp.20301

Tojyo, Y., Morita, T., Nezu, A., and Tanimura, A. (2014). Key components of store-
operated Ca2+ entry in non-excitable cells. J. Pharmacol. Sci. 125, 340–346.
doi: 10.1254/jphs.14R06CP

Frontiers in Physiology | www.frontiersin.org 13 March 2018 | Volume 9 | Article 257

https://doi.org/10.5483/BMBRep.2014.47.2.015
https://doi.org/10.1038/ncb788
https://doi.org/10.2337/diabetes.51.12.3461
https://doi.org/10.1152/physrev.00057.2003
https://doi.org/10.1152/ajpheart.01148.2007
https://doi.org/10.1038/srep25372
https://doi.org/10.1186/1465-9921-7-119
https://doi.org/10.1165/rcmb.2007-0395OC
https://doi.org/10.1016/j.imr.2015.09.001
https://doi.org/10.1096/fj.09-131128
https://doi.org/10.1242/jcs.067215
https://doi.org/10.1016/0143-4160(86)90026-6
https://doi.org/10.1146/annurev.ph.54.030192.000545
https://doi.org/10.1016/j.pharmthera.2010.04.016
https://doi.org/10.1093/cvr/cvt196
https://doi.org/10.1083/jcb.200502019
https://doi.org/10.1152/classicessays.00045.2006
https://doi.org/10.3389/fphar.2015.00325
https://doi.org/10.1016/B978-0-12-407870-3.00009-3
https://doi.org/10.1074/jbc.M115.693911
https://doi.org/10.1074/jbc.M109.012872
https://doi.org/10.1093/cvr/cvr167
https://doi.org/10.1093/cvr/cvu207
https://doi.org/10.1007/978-3-319-57732-6_28
https://doi.org/10.1096/fj.11-185611
https://doi.org/10.1113/JP273302
https://doi.org/10.1038/ncb0608-639
https://doi.org/10.1007/978-3-319-26974-0_6
https://doi.org/10.1038/ncb1089
https://doi.org/10.1038/ncb1995
https://doi.org/10.1016/j.bbrc.2015.09.049
https://doi.org/10.4103/2045-8932.78106
https://doi.org/10.1161/HYPERTENSIONAHA.117.10503
https://doi.org/10.1038/ncb2045
https://doi.org/10.1016/j.ceca.2010.11.012
https://doi.org/10.1038/ncb1731
https://doi.org/10.1016/j.bpj.2017.09.023
https://doi.org/10.1007/978-3-319-57732-6_22
https://doi.org/10.1002/jcp.20301
https://doi.org/10.1254/jphs.14R06CP
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Avila-Medina et al. Muscling Store Operated Ca2+ Entry

Touchberry, C. D., Elmore, C. J., Nguyen, T. M., Andresen, J. J., Zhao, X.,
Orange, M., et al. (2011). Store-operated calcium entry is present in HL-
1 cardiomyocytes and contributes to resting calcium. Biochem. Biophys. Res.

Commun. 416, 45–50. doi: 10.1016/j.bbrc.2011.10.133
Trepakova, E. S., Csutora, P., Hunton, D. L., Marchase, R. B., Cohen, R. A.,

and Bolotina, V. M. (2000). Calcium influx factor directly activates store-
operated cation channels in vascular smooth muscle cells. J. Biol. Chem. 275,
26158–26163. doi: 10.1074/jbc.M004666200

Trepakova, E. S., Gericke, M., Hirakawa, Y., Weisbrod, R. M., Cohen, R. A., and
Bolotina, V. M. (2001). Properties of a native cation channel activated by Ca2+

store depletion in vascular smooth muscle cells. J. Biol. Chem. 276, 7782–7790.
doi: 10.1074/jbc.M010104200

Troupes, C. D., Wallner, M., Borghetti, G., Zhang, C., Mohsin, S., von
Lewinski, D., et al. (2017). Role of STIM1 (Stromal Interaction Molecule
1) in hypertrophy-related contractile dysfunction. Circ. Res. 121, 125–136.
doi: 10.1161/CIRCRESAHA.117.311094

Uehara, A., Yasukochi, M., Imanaga, I., Nishi, M., and Takeshima, H.
(2002). Store-operated Ca2+ entry uncoupled with ryanodine receptor and
junctional membrane complex in heart muscle cells. Cell Calcium 31, 89–96.
doi: 10.1054/ceca.2001.0257

Vaeth, M., Yang, J., Yamashita, M., Zee, I., Eckstein, M., Knosp, C., et al. (2017).
ORAI2modulates store-operated calcium entry and T cell-mediated immunity.
Nat. Commun. 8:14714. doi: 10.1038/ncomms14714

Vandebrouck, C., Martin, D., Colson-Van Schoor M., Debaix, H., and Gailly, P.
(2002). Involvement of TRPC in the abnormal calcium influx observed in
dystrophic (mdx) mouse skeletal muscle fibers. J. Cell Biol. 158, 1089–1096.
doi: 10.1083/jcb.200203091

Várnai, P., Tóth, B., Tóth, D. J., Hunyady, L., and Balla, T. (2007). Visualization
and manipulation of plasma membrane-endoplasmic reticulum contact sites
indicates the presence of additional molecular components within the STIM1-
Orai1 Complex. J. Biol. Chem. 282, 29678–29690. doi: 10.1074/jbc.M704339200

Verkhratsky, A., and Parpura, V. (2014). Store-operated calcium entry in
neuroglia. Neurosci. Bull. 30, 125–133. doi: 10.1007/s12264-013-1343-x

Vig, M., Beck, A., Billingsley, J. M., Lis, A., Parvez, S., Peinelt, C., et al. (2006).
CRACM1 multimers form the ion-selective pore of the CRAC channel. Curr.
Biol. 16, 2073–2079. doi: 10.1016/j.cub.2006.08.085

Voelkers, M., Salz, M., Herzog, N., Frank, D., Dolatabadi, N., Frey, N., et al.
(2010). Orai1 and Stim1 regulate normal and hypertrophic growth in
cardiomyocytes. J. Mol. Cell. Cardiol. 48, 1329–1334. doi: 10.1016/j.yjmcc.2010.
01.020

Völkers, M., Dolatabadi, N., Gude, N., Most, P., Sussman, M. A., and Hassel,
D. (2012). Orai1 deficiency leads to heart failure and skeletal myopathy in
zebrafish. J. Cell Sci. 125, 287–294. doi: 10.1242/jcs.090464

Wang, J., Xu, C., Zheng, Q., Yang, K., Lai, N.,Wang, T., et al. (2017). Orai1, 2, 3 and
STIM1 promote store-operated calcium entry in pulmonary arterial smooth
muscle cells. Cell Death Discov. 3:17074. doi: 10.1038/cddiscovery.2017.74

Wang, P., Umeda, P. K., Sharifov, O. F., Halloran, B. A., Tabengwa,
E., Grenett, H. E., et al. (2012). Evidence that 2-aminoethoxydiphenyl
borate provokes fibrillation in perfused rat hearts via voltage-independent
calcium channels. Eur. J. Pharmacol. 681, 60–67. doi: 10.1016/j.ejphar.2012.
01.045

Wang, Y., Deng, X., Hewavitharana, T., Soboloff, J., and Gill, D. L.
(2008). Stim, ORAI and TRPC channels in the control of calcium entry
signals in smooth muscle. Clin. Exp. Pharmacol. Physiol. 35, 1127–1133.
doi: 10.1111/j.1440-1681.2008.05018.x

Wang, Y., Deng, X., Mancarella, S., Hendron, E., Eguchi, S., Soboloff, J., et al.
(2010). The calcium store sensor, STIM1, reciprocally controls Orai and Cav1.2
channels. Science 330, 105–109. doi: 10.1126/science.1191086

Wayman, C. P., McFadzean, I., Gibson, A., and Tucker, J. F. (1996). Two distinct
membrane currents activated by cyclopiazonic acid-induced calcium store
depletion in single smooth muscle cells of the mouse anococcygeus. Br. J.
Pharmacol. 117, 566–572. doi: 10.1111/j.1476-5381.1996.tb15228.x

Wei-Lapierre, L., Carrell, E. M., Boncompagni, S., Protasi, F., and Dirksen, R. T.
(2013). Orai1-dependent calcium entry promotes skeletal muscle growth and
limits fatigue. Nat. Commun. 4:2805. doi: 10.1038/ncomms3805

Williams, R. T., Manji, S. S., Parker, N. J., Hancock, M. S., Van Stekelenburg, L.,
Eid, J. P., et al. (2001). Identification and characterization of the STIM (stromal
interaction molecule) gene family: coding for a novel class of transmembrane
proteins. Biochem. J. 357, 673–685. doi: 10.1042/bj3570673

Wolkowicz, P. E., Huang, J., Umeda, P. K., Sharifov, O. F., Tabengwa, E., Halloran,
B. A., et al. (2011). Pharmacological evidence for Orai channel activation as
a source of cardiac abnormal automaticity. Eur. J. Pharmacol. 668, 208–216.
doi: 10.1016/j.ejphar.2011.06.025

Xu, S. Z., and Beech, D. J. (2001). TrpC1 is a membrane-spanning subunit of store-
operated Ca2+ channels in native vascular smooth muscle cells. Circ. Res. 88,
84–87. doi: 10.1161/01.RES.88.1.84

Yarotskyy, V., and Dirksen, R. T. (2012). Temperature and RyR1 regulate the
activation rate of store-operated Ca2+ entry current in myotubes. Biophys. J.
103, 202–211. doi: 10.1016/j.bpj.2012.06.001

Yarotskyy, V., Protasi, F., andDirksen, R. T. (2013). Accelerated activation of SOCE
current in myotubes from two mouse models of anesthetic- and heat-induced
sudden death. PLoS ONE 8:e77633. doi: 10.1371/journal.pone.0077633

Yuan, J. P., Zeng, W., Huang, G. N., Worley, P. F., and Muallem, S. (2007).
STIM1 heteromultimerizes TRPC channels to determine their function as
store-operated channels. Nat. Cell Biol. 9, 636–645. doi: 10.1038/ncb1590

Zarayskiy, V., Monje, F., Peter, K., Csutora, P., Khodorov, B. I., and Bolotina, V.
M. (2007). Store-operated Orai1 and IP3 receptor-operated TRPC1 channel.
Channels Austin 1, 246–252. doi: 10.4161/chan.4835

Zhang, H., Sun, A. Y., Kim, J. J., Graham, V., Finch, E. A., Nepliouev,
I., et al. (2015). STIM1-Ca2+ signaling modulates automaticity of the
mouse sinoatrial node. Proc. Natl. Acad. Sci. U.S.A. 112, E5618–E5627.
doi: 10.1073/pnas.1503847112

Zhang, S. L., Yu, Y., Roos, J., Kozak, J. A., Deerinck, T. J., Ellisman, M. H.,
et al. (2005). STIM1 is a Ca2+ sensor that activates CRAC channels and
migrates from the Ca2+ store to the plasma membrane. Nature 437, 902–905.
doi: 10.1038/nature04147

Zhang, W., Halligan, K. E., Zhang, X., Bisaillon, J. M., Gonzalez-Cobos, J.
C., Motiani, R. K., et al. (2011). Orai1-mediated I (CRAC) is essential
for neointima formation after vascular injury. Circ. Res. 109, 534–542.
doi: 10.1161/CIRCRESAHA.111.246777

Zhao, G., Li, T., Brochet, D. X. P., Rosenberg, P. B., and Lederer, W. J.
(2015). STIM1 enhances SR Ca2+ content through binding phospholamban
in rat ventricular myocytes. Proc. Natl. Acad. Sci. U.S.A. 112, E4792–E4801.
doi: 10.1073/pnas.1423295112

Zhao, X., Moloughney, J. G., Zhang, S., Komazaki, S., and Weisleder, N. (2012).
Orai1 mediates exacerbated Ca2+ entry in dystrophic skeletal muscle. PLoS
ONE 7:e49862. doi: 10.1371/journal.pone.0049862

Zhao, X., Weisleder, N., Han, X., Pan, Z., Parness, J., Brotto, M., et al. (2006).
Azumolene inhibits a component of store-operated calcium entry coupled
to the skeletal muscle ryanodine receptor. J. Biol. Chem. 281, 33477–33486.
doi: 10.1074/jbc.M602306200

Zholos, A. V. (2014). TRPC5. Handb Exp Pharmacol. 222, 129–56.
doi: 10.1007/978-3-642-54215-2_6

Zhu-Mauldin, X., Marsh, S. A., Zou, L., Marchase, R. B., and Chatham, J. C.
(2012). Modification of STIM1 by O-linked N-acetylglucosamine (O-GlcNAc)
attenuates store-operated calcium entry in neonatal cardiomyocytes. J. Biol.
Chem. 287, 39094–39106. doi: 10.1074/jbc.M112.383778

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Avila-Medina, Mayoral-Gonzalez, Dominguez-Rodriguez,

Gallardo-Castillo, Ribas, Ordoñez, Rosado and Smani. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 14 March 2018 | Volume 9 | Article 257

https://doi.org/10.1016/j.bbrc.2011.10.133
https://doi.org/10.1074/jbc.M004666200
https://doi.org/10.1074/jbc.M010104200
https://doi.org/10.1161/CIRCRESAHA.117.311094
https://doi.org/10.1054/ceca.2001.0257
https://doi.org/10.1038/ncomms14714
https://doi.org/10.1083/jcb.200203091
https://doi.org/10.1074/jbc.M704339200
https://doi.org/10.1007/s12264-013-1343-x
https://doi.org/10.1016/j.cub.2006.08.085
https://doi.org/10.1016/j.yjmcc.2010.01.020
https://doi.org/10.1242/jcs.090464
https://doi.org/10.1038/cddiscovery.2017.74
https://doi.org/10.1016/j.ejphar.2012.01.045
https://doi.org/10.1111/j.1440-1681.2008.05018.x
https://doi.org/10.1126/science.1191086
https://doi.org/10.1111/j.1476-5381.1996.tb15228.x
https://doi.org/10.1038/ncomms3805
https://doi.org/10.1042/bj3570673
https://doi.org/10.1016/j.ejphar.2011.06.025
https://doi.org/10.1161/01.RES.88.1.84
https://doi.org/10.1016/j.bpj.2012.06.001
https://doi.org/10.1371/journal.pone.0077633
https://doi.org/10.1038/ncb1590
https://doi.org/10.4161/chan.4835
https://doi.org/10.1073/pnas.1503847112
https://doi.org/10.1038/nature04147
https://doi.org/10.1161/CIRCRESAHA.111.246777
https://doi.org/10.1073/pnas.1423295112
https://doi.org/10.1371/journal.pone.0049862
https://doi.org/10.1074/jbc.M602306200
https://doi.org/10.1007/978-3-642-54215-2_6
https://doi.org/10.1074/jbc.M112.383778
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	The Complex Role of Store Operated Calcium Entry Pathways and Related Proteins in the Function of Cardiac, Skeletal and Vascular Smooth Muscle Cells
	General Overview of Store-Operated Ca2+ Entry
	SOCE in Vascular Smooth Muscle Cells
	STIM and SOCE in Vascular Smooth Muscle
	Orai and SOCE in Vascular Smooth Muscle
	TRPC and SOCE in Vascular Smooth Muscle

	SOCE in Skeletal Muscle
	STIM and SOCE in Skeletal Muscle
	Orai Role in Skeletal Muscle SOCE
	TRPC Channels and SOCE in Skeletal Muscle

	SOCE in Cardiac Muscle
	STIM Role in Cardiac Myocytes
	Orai and SOCE in Cardiac Myocytes
	TRPC and SOCE in Cardiac Myocytes

	Summary and conclusion
	Author Contributions
	Acknowledgments
	References


