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Abstract: Ca2+ itself or Ca2+-dependent signaling pathways play fundamental roles in various
cellular processes from cell growth to death. The most representative example can be found in
skeletal muscle cells where a well-timed and adequate supply of Ca2+ is required for coordinated
Ca2+-dependent skeletal muscle functions, such as the interactions of contractile proteins during
contraction. Intracellular Ca2+ movements between the cytosol and sarcoplasmic reticulum (SR)
are strictly regulated to maintain the appropriate Ca2+ supply in skeletal muscle cells. Added to
intracellular Ca2+ movements, the contribution of extracellular Ca2+ entry to skeletal muscle functions
and its significance have been continuously studied since the early 1990s. Here, studies on the roles
of channel proteins that mediate extracellular Ca2+ entry into skeletal muscle cells using skeletal
myoblasts, myotubes, fibers, tissue, or skeletal muscle-originated cell lines are reviewed with special
attention to the proposed functions of transient receptor potential canonical proteins (TRPCs) as
store-operated Ca2+ entry (SOCE) channels under normal conditions and the potential abnormal
properties of TRPCs in muscle diseases such as Duchenne muscular dystrophy (DMD).
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1. Introduction

Regarding skeletal muscle, intracellular Ca2+ from the SR (similar to the ER in the other types
of cells) has been thought to be the only Ca2+ source for excitation-contraction (EC) coupling during
skeletal muscle contraction [1–6]. A new study found that the depletion of Ca2+ from the SR induces
extracellular Ca2+ entry (also called Ca2+ influx) into mouse skeletal muscle fibers, and this extracellular
Ca2+ entry is independent of the well-known dihydropyridine receptor (DHPR), an L-type Ca2+ channel
in the plasma membrane [7]. These findings raise the following questions about extracellular Ca2+ entry
in skeletal muscle cells: when, how, and why is extracellular Ca2+ entry used in skeletal muscle cells?

Before going further, please note that several terms are used to define skeletal muscle cells at
different stages or conditions: satellite cells (skeletal muscle stem cells), myoblasts (a proliferative
form of satellite cells after losing stemness), myotubes (multinucleated skeletal muscle cells that are
differentiated in vitro), and adult skeletal muscle fibers (or simply adult fibers, mature muscle cells
isolated from the skeletal muscles of animals or human biopsy). Myoblasts are differentiated into
muscle fibers (or myotubes in vitro) during the development or regeneration of skeletal muscle, such as
during postnatal growth or regeneration after injury. The former scenario is called differentiation,
while the latter scenario is called terminal differentiation.
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2. Store-Operated Ca2+ Entry (SOCE) as a Mechanism of Extracellular Ca2+ Entry into Skeletal Muscle

The channel proteins responsible for extracellular Ca2+ entry in response to Ca2+ depletion from
internal Ca2+ stores (the ER or SR) in various cells are defined as SOCE channels (these include the Ca2+

release-activated channels (CRAC) and capacitative Ca2+ entry (CCE) channels defined during the late
1990s and early 2000s) [8–10]. The functions of SOCE channels were initially unclear in these studies,
although the existence of SOCE channels was previously described in studies on Ca2+ movement in
skeletal muscle [7,11]. Further studies on SOCE channels using skeletal muscle myotubes or isolated
adult skeletal muscle fibers have been successfully performed and have revealed the roles of SOCE
in skeletal muscle physiology and pathophysiology [12–19]. SOCE is believed to be important in the
refilling of the SR with Ca2+ (such as after or during tetanic stimulations or fatigue) and in maintaining
the SR Ca2+ content at a steady state for maximal skeletal muscle performance [13,15,20,21].

Generally, upon Ca2+ depletion from the ER or SR, STIM (stromal interaction molecule, which is
an ER Ca2+ sensor) self-oligomerizes and activates SOCE by binding to Ca2+ entry channels in
the plasma membrane (usually Orai1 in many cell types) [22–27]. The oligomerized complexes of
STIMs and Orai1 that form during SOCE are called puncta. Known variants of STIM and Orai,
namely, STIM1, STIM2, STIM1L, Orai1, Orai2, and Orai3, are expressed in different tissues [28].
STIMs have a luminal N-terminus with a Ca2+-binding canonical EF-hand and a sterile α-motif, a single
transmembrane domain, and a cytosolic C-terminus with three coiled-coil domains (that overlap
with the STIM–Orai-activating region/CRAC activation domain (SOAR/CAD)), a Pro/Ser-rich domain,
and a Lys-rich domain [28]. Orais are predicted to have four transmembrane domains and share
structural similarities with the γ subunit of the L-type Ca2+ channel [28,29].

Concerning skeletal muscle cells, STIM-dependent SOCE-mediating channels are divided into
two groups: Orai channels (main players) and transient receptor potential canonical channels (TRPCs,
emerging players) [8,13,15,30–38]. Both groups of SOCE-mediating channels are efficiently and closely
located in the triad junction, a specialized macrostructure composed of a parallel transverse (t)-tubule
and two opposing SR membranes in skeletal muscle cells [1–6]. SOCE through Orai in skeletal
muscle has been well studied. Patients with mutations in Orai1 manifest skeletal myopathies and
immunodeficiencies [39], for example. Added to the interaction of Orai1 with STIMs, TRPCs also
function as SOCE channels in skeletal muscle cells, and the heteromerization of TRPCs with STIM1
allows for this SOCE channel function [35–37]. Some TRPCs in skeletal muscle cells also may serve as
Ca2+ entry channels but not through SOCE mechanisms [38]. The properties of Orai and the TRPCs
that are known to be expressed in skeletal muscle cells and their functions are discussed below.

3. Orais and STIMs in Skeletal SOCE

Regarding skeletal muscle, the formation of puncta is achieved as a part of the terminal
differentiation process from myoblasts to myotubes, which increases the skeletal SOCE kinetics
to less than one second by skipping punctum formation (i.e., temporal advantage due to the positioning
at the triad junction) [15,40–43]. Orai1 is the major SOCE-mediating channel in skeletal muscle
cells [13,17,19,21,43,44]. Knockout of Orai1 in mice induces defects in muscle development and
terminal differentiation and reduces muscle mass due to the absence of SOCE through Orai1 [19,33,45].
Mutations in the Orai1 gene, and subsequently abnormal SOCE, are closely related to skeletal
muscle diseases. Patients with an Orai1 mutation (R91W) show muscular hypotonia along with
severe combined immunodeficiency (SCID), mainly due to depressed SOCE [25]. Other patients
with A103E/L194P Orai1 mutations also show muscle weakness and hypotonia [39]. Patients with
constitutively active Orai1 mutants (G98S, V107M, or T184M) show tubular aggregate myopathy
associated with enhanced SOCE [46]. A murine animal model of DMD (i.e., mdx mice) shows excessive
SOCE due to increased Orai1 expression [47]. SOCE through Orai1 has been shown to participate in
the maintenance of Ca2+ levels in both the cytosol and SR at rest in mouse skeletal myotubes [48].
Orai1 interacts with Mitsugumin 53 and this interaction has been shown to enhance Ca2+ entry
through Orai1 via a SOCE mechanism in mouse skeletal myotubes [49]. The roles of Orai2 or Orai3 in
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skeletal muscle are not well studied. Like Orai1, Orai2 and Orai3 are expressed in C2C12 myoblasts
and, whereas Orai1 expression is increased during the terminal differentiation of C2C12 myoblasts,
the expression levels of Orai2 and Orai3 are not changed [50]. Additionally, the mRNA for Orai2 and
Orai3 is detected at lower levels than that for Orai1 during all stages [50].

STIM1, STIM2, and STIM1L are expressed in skeletal muscle cells, and STIM1 is directly involved
in the normal development and functions of skeletal muscle [13,32,42,43,51,52]. STIM1 knockdown
inhibits SOCE and SR Ca2+ refilling and subsequently impairs the terminal differentiation of myoblasts
to myotubes, whereas STIM1 overexpression accelerates terminal differentiation by increasing
SOCE [32,53,54]. The conditional knockout of STIM1 in mouse skeletal muscle induces defects
in neonatal skeletal muscle growth and differentiation, and the defects induce a reduction in body mass
and perinatal lethality [33,55]. Mutations in the STIM1 gene also are associated with SCID and also are
accompanied by skeletal muscle atrophy and myopathy due to a reduction in SOCE [33,56]. Myotubes
from mdx mouse models show higher expression of STIM1 with changes in other Ca2+-handling
proteins [57,58]. A muscular hypotonia-associated STIM1 mutation at R429 induces abnormalities
in intracellular Ca2+ movement, mitochondria and SOCE in mouse skeletal myotubes [59]. Added
to STIM1 acting as a SOCE-mediating protein in skeletal muscle, it also mediates the intracellular
Ca2+ distribution between the SR and the cytosol by regulating sarcoplasmic/endoplasmic reticulum
Ca2+-ATPase 1a (SERCA1a) activity without affecting SOCE [60].

STIM1L, a splice variant of STIM1 with additional residues in the cytosolic region, has been
identified in skeletal muscle [42,43,52]. The silencing of STIM1L induces a significant delay in the
activation of SOCE and the formation of small myotubes, and the effects of STIM1L overexpression are
the opposite of those caused by STIM1L silencing [34,42,52,61]. Added to the positional advantage of
STIMs and Orais at the triad junction (i.e., the preformation of puncta), it has been proposed that the
formation of a permanent STIM1L–Orai1 complex also could be responsible for the faster activation of
SOCE in skeletal muscle cells than in other types of cells [42].

STIM2, another isoform of STIM1, is expressed in skeletal muscle [51]. The silencing of STIM2 decreases
both the type 1 ryanodine receptor (RyR1, an internal Ca2+ channel in the SR membrane) activity and SOCE,
and induces defects in the terminal differentiation of myoblasts into myotubes [51,62,63]. STIM1 and STIM2
are functionally redundant because the overexpression of either STIM1 or STIM2 alleviates most of the
effects of STIM2 or STIM1 silencing on SOCE and differentiation [51]. STIM2 also regulates intracellular
Ca2+ distribution by attenuating SERCA1a activity in mouse skeletal myotubes [62], which is similar to the
regulation of intracellular Ca2+ distribution by STIM1, but the mechanisms by which STIM2 and STIM1
regulate SERCA1a activity are different [60].

To compare Orai1-mediated skeletal SOCE and cardiac or smooth muscle SOCE, please refer to
a recent brief review article [64].

4. General Aspects of TRPCs

The transient receptor potential (TRP) superfamily includes more than 28 related members in
mammalian tissues and is ubiquitously expressed in many types of cells [65–71]. Most TRP channels
are non-selective, non-voltage-dependent (or very weak voltage-dependent) Ca2+-permeable cation
channels and participate in various cellular processes ranging from sensory events to social behaviors.

The discovery of a spontaneously occurring mutation in Drosophila melanogaster that resulted
in the lack of a TRP protein (that responds to a continuous light stimulus with a transient receptor
potential response) initiated the discovery of the TRP family [72]. Based on amino acid sequences,
TRP channels are divided into six subfamilies: TRPC (canonical), TRPV (vanilloid), TRPM (melastatin),
TRPA1 (ankyrin), TRPP (polycystin) and TRPML (mucolipin) [67,73,74]. TRP channels form both
homomeric and heteromeric oligomers, which confers the different characteristics of these channels
due to the heterogeneity of subunit composition and a main disadvantage: the difficulty to study
physiological characteristics of heteromers. All TRPs have six transmembrane domains, intracellular N-
and C-termini, and a P-loop (i.e., pore-forming region) between the fifth and sixth transmembrane
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regions, which is similar to that of voltage-dependent K+ channels, such as Kv1.2, except that the
fourth transmembrane segment is not positively charged. The proteins homologous to TRP in
mammalian cells mediate cellular responses to a large variety of extracellular signals, such as ligands
(agonists/antagonists), temperature, pH, osmolarity, oxidative stress, etc. Mutations in TRP homologs
induce various diseases ranging from neurodegenerative disorders to different types of cancers [71,75].

The TRPC subfamily is the most closely related to the TRP in Drosophila melanogaster, and there
are seven TRPCs in mammals (TRPC1 to TRPC7) [67,73,74,76–78]. However, TRPC2 is not expressed
in humans (i.e., a pseudogene). Based on amino acid sequences, TRPC1, TRPC4 and TRPC5 are
considered to form one subgroup, and TRPC3, TRPC6 and TRPC7 form another subgroup. All the
TRPCs mediate extracellular cation entry into cells. Their N-terminus contains three to four ankyrin
repeats and a putative caveolin binding site that are involved in the targeting of TRPCs to the plasma
membrane. Ankyrin repeats are involved in the homo- and hetero-oligomerization of TRPCs, but the
native compositions of TRPCs are not fully understood. TRPCs contain calmodulin (CaM)-binding
sites that play roles in the Ca2+-dependent modulation of TRPC activities. Binding of CaM to the
C-terminal CaM and IP3R-binding site of TRPC (called the CIRB site) induces Ca2+-dependent feedback
inhibition [79]. Downstream from the CIRB site of TRPC1, TRPC2, TRPC4 and TRPC5, there is another
CaM-binding site (called the CCBII site) and the regulatory effects of CaM by binding to the CCBII site
depend on the TRPC subtype: for example, CaM binding to this site causes slow inhibition of TRPC1
and while it activates TRPC5 [79,80]. Both the N- and C-termini contain a coiled-coil region that also
participates in the oligomerization of TRPCs.

Generally, the gating of TRPCs is relatively slower than that of other ligand-gated ion channels,
and TRPCs are not directly gated by major physiological ligands but involve other regulatory
proteins [76,81–85]. The activation of TRPCs involves the activation of phospholipase C (PLC),
leading to inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) production. Several TRPCs
(TRPC1, TRPC3, and TRPC6) are directly coupled to IP3 receptors in the ER or are directly regulated
by DAG. Regarding details on the modulators of TRPCs, please refer to other well-written review
articles [76,81,86,87]. A macroscopic but useful classification to overview TRPC modulators is as
follows: (1) CaM kinases, tyrosine kinases (or agonists of tyrosine kinase receptors), and redox (such
as H2O2) are common stimulators of TRPCs; (2) serine-threonine kinases, cyclic AMP (and PKA),
and cGMP (and PKG) are common negative modulators of TRPCs; and (3) PKC modulates TRPCs. PKC
mostly inhibits TRPCs, but it is an activator when TRPCs are heteromerized with TRPC1. TRPCs are
also activated by combined signaling pathways such as phosphatidylinositide 3-kinase, the Rho
GTPase Rac1, or phosphatidyl-inositol 4-phosphate 5-kinase [88–90]. Several TRPCs are constitutively
active without an agonist under some conditions [90–92]. As expected, some TRPCs are activated by
Ca2+ depletion from the ER or SR (i.e., function as SOCE channels) [93–97]. Although this specific
property has not been directly studied in skeletal muscle, it has been shown that some TRPCs are
mechanosensitive and activated by membrane stretching [38,98–107]. However, one study suggests
that neither TRPC1 or TRPC6 responds to stretch when they are expressed in cells which normally
do not express them and another study has suggested the possibility that TRPCs are activated in
response to a stimulus from other receptors (in this case G-proteins) which are the actual transducers
of stretch [108,109].

5. TRPCs as SOCE Channels in Skeletal Muscle

Various TRP isoforms have been identified in mouse skeletal muscle. Regarding the case of the
TRPC subfamily, TRPC1, TRPC3, TRPC4 and TRPC6 expression has mainly been found in skeletal
muscle (TRPC2 is a pseudogene in humans) [38,53,61,74,110–112]. There are controversies about the
expression level of TRPC5 and TRPC7 in skeletal muscle. Using real-time RT-PCR, one study shows
no detectable expression of TRPC5 and TRPC7 in mouse tibialis anterior (TA) muscle [38]. However,
another study suggests that TRPC5 and TRPC7 expression is higher than those of other subtypes of
TRPCs in TA, extensor digitorum longus (EDL) and soleus muscles [113] and in a third study it is
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found that TRPC5 expression is the same as TRPC1 and TRPC3 in TA muscle but that the expression of
TRPC7 is lower [110]. Overall, it seems that the expression level of TRPC5 and TRPC7 is lower than
those of other TRPC subtypes in skeletal muscle, suggesting that studies on the expression and function
of TRPC5 and TRPC7 in skeletal muscle are needed to resolve this controversy. TRPCs are known
to participate in various physiological and pathophysiological events in skeletal muscle, as briefly
summarized in Figure 1. Concerning a comparison of TRPC-mediated SOCE or Ca2+-entry in skeletal,
cardiac or smooth muscle SOCE, please refer to recent review articles [64,76,114,115].

Figure 1. Roles of TRPCs in skeletal muscle. Differentiation or terminal differentiation process is
represented by blue arrows. The dashed circle with dashed arrows represents the self-renewal process
of satellite cells. Quiescent and active satellite cells are shown in orange and red, respectively. Nuclei are
presented as light purple ovals. Green or red TRPCs indicate the involvement of the TRPCs in
physiological or pathophysiological processes, respectively. ‘SOCE’ or ‘SAC’ indicates the involvement
of TRPCs as a SOCE channel or SAC, respectively. Question mark (?) indicates that the involvement
of the channel is established but the working mechanism of the channel is not investigated. SOCE:
store-operated Ca2+ entry; SAC: stretch-activated Ca2+ channel; TRPC: transient receptor potential
canonical protein; DMD: Duchenne muscular dystrophy

5.1. TRPC1 and TRPC4 in Skeletal Muscle

During the development or regeneration of skeletal muscle, the differentiation or terminal
differentiation of myoblasts into muscle fibers (or myotubes in vitro) is a critical event [116–118].
During the differentiation processes, myoblast migration, alignment, and fusion occur, and Ca2+ is
a key regulator of the differentiation processes [117,118]. TRPC1 and TRPC4 are important players in the
Ca2+ supply for the differentiation processes. The expression of TRPC1 is detected in the myoblast stage
of C2C12 cells and TRPC1, presumably acting as a stretch-activated mechanosensitive Ca2+ channel,
participates in the terminal differentiation of C2C12 myoblasts by increasing its expression during
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the terminal differentiation, followed by a decrease in its expression in mature C2C12 myotubes [107].
Concerning C2C12 myoblasts, TRPC1, which functions as a SOCE channel, also participates in the
migration and fusion of myoblasts via calpain activation during the terminal differentiation [119].
Overexpression of TRPC1 in C2C12 myoblasts decreases the nuclear expression of the transcription
factor nuclear factor of activated T cells (NFAT) via their function as SOCE channels and this induces
negative effects on the terminal differentiation by causing a delay in the onset of terminal differentiation
and a formation of thinner myotubes [120].

Muscles from TRPC1-null mice display small fibers (smaller cross-sectional area), less force, and less
myofibrillar proteins than muscles from control mice [113]. Found in a heterologous expression system,
TRPC1 physically interacts with the a-isoform of the inhibitor of the myogenic family (I-mfa, an inhibitor
of basic helix-loop-helix transcription factors such as MyoD and myogenin) [121], which suggests the
possibility that TRPC1 participates in the terminal differentiation by interacting with I-mfa. TRPC1 also
participates in an adaptive response of skeletal muscle (i.e., muscle regeneration). Down-regulation
of TRPC1 expression is required for the regrowth of the mouse soleus muscle after muscle atrophy
and the inhibition of calcineurin (CaN) signaling is involved in the down-regulation of TRPC1
expression [122,123]. Additionally, the PI3K/Akt/p70S6K pathway plays an important role in muscle
regeneration and development and Ca2+ entry through TRPC1 has been shown to play a role in the
activation of the PI3K/Akt/p70S6K pathway during the regenerating of TA and EDL muscles [124].
TRPC1 is expressed in satellite cells and fibroblast growth factor 2 has been shown to trigger the
elevation of intracellular Ca2+ by activating TRPC1, which participates in the maintenance of the
physiological niche of satellite cells on the surface of isolated adult muscle fibers from a mouse by
increasing the expression of MyoD [125]. It has been reported that exercise-induced activation of
satellite cells in the human vastus lateralis muscle is mediated by cation entry through TRPC1 and the
subsequent activation of hepatocyte growth factor [126]. However, the mechanisms activating TRPC1
in satellite cells or during skeletal muscle regeneration have not been addressed. TRPC1 interacts with
both TRPC3 and RyR1, and this pair can form heteromeric channels in mouse skeletal myotubes [127].
However, the functional relevance of the heteromeric channels with TRPC1 has not been addressed.

The silencing or dominant-negative suppression of TRPC4, or both TRPC1 and TRPC4 in mouse
skeletal muscle fibers or human myotubes, reduces SOCE [38,53], and the overexpression of both
TRPC1 and TRPC4 enhances SOCE [128]. TRPC1 and TRPC4 participate in SOCE, which is necessary
for the expression of myocyte enhancer factor-2 (MEF2, synergizing the effects of MyoD) and the fusion
of human myoblasts to myotubes during terminal differentiation [53].

5.2. TRPC3 and TRPC6 in Skeletal Muscle

TRPC3 is another important mediator of the Ca2+ supply in the differentiation processes of
skeletal muscle and Ca2+ entry is a crucial step in the beginning of the skeletal muscle differentiation
processes. The expression of TRPC3 is detected in mouse skeletal myoblasts and is sharply upregulated
in the early stage of the terminal differentiation (i.e., an initial peak) followed by a gradual decrease
during further terminal differentiation to the level of that in myoblasts [127]. Concerning a model
where TRPC3 is knocked down with siRNA in α1DHPR-null mouse skeletal myoblasts, there are
severe defects in the proliferation of myoblasts and apoptosis during the terminal differentiation,
suggesting that the coordinated Ca2+ entry through both TRPC3 and DHPR is important for the
terminal differentiation process [129]. Interestingly, like TRPC1, TRPC3 expression is down-regulated
during the early phase of regrowth of mouse hind limb muscle after atrophy [123]. TRPC3 has been
shown to form heteromers with TRPC1 via its ankyrin repeats and regulates the resting cytosolic Ca2+

levels in mouse skeletal myotubes [130]. However, it is not understood whether TRPC3 in terminal
differentiation and heteromeric TRPC1/3 are acting as SOCE channels. Ca2+ entry through TRPC3
via the SOCE mechanism in C2C12 myotubes activates the signaling pathway of CaN/NFAT that
determines the myotube phenotype and subsequently alters gene expression from a fast-glycolytic to
a slow-oxidative phenotype in a CaN-dependent manner [131]. This phenotype change seems to involve
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the down-regulation of α-actinin-3 expression, which triggers to increase the expression of proteins that
are involved in oxidative metabolism through activation of CaN signaling (such as α-actinin-2, CaN 1.4,
acetyl-CoA carboxylase, AMP-activated protein kinase, ATP synthase, succinate-Q oxidoreductase,
cytochrome-c oxidoreductase and cytochrome c oxidase) [132]. Regarding an overexpression system,
it has been found that Orai1 binds to the N- and C-termini of TRPC3 or TRPC6 and confers SOCE
activity to TRPC3 or TRPC6 [35]. However, it is not clear whether TRPC3 or TRPC6 alone act as SOCE
channels in human skeletal muscle.

Ca2+ entry through TRPC3 via other activation mechanisms has been reported. TRPC3 colocalizes
with insulin-sensitive glucose transporter 4 in the t-tubule membrane, and Ca2+ entry through
DAG-activated TRPC3 enhances insulin-mediated glucose transport [133]. Apart from the role of
TRPC3 as a SOCE channel, TRPC3 in mouse skeletal myotubes is required for full EC coupling [134],
and the indirect interaction of TRPC3 with RyR1 via other proteins such as, possibly, TRPC1, junctophilin
2, mitsugumin 29, homer 1 and calreticulin has been suggested [127,135]. Thus, it seems that TRPC3 is
multifunctional in skeletal muscle.

The role of TRPC6 in skeletal muscle has not been investigated yet, although its expression has
been firmly established. Aspects of TRPC6 identified in the non-skeletal muscle cells or heterologous
expression systems below help us to predict the roles of TRPC6 in skeletal muscle: TRPC6 forms homo-
or heterotetramers with TRPC3 and TRPC7 [136]. TRPC6 also interacts with a number of adaptor
proteins, including cytoskeletal proteins [136]. TRPC6 has been shown to be a mechanosensitive
channel in several types of cells [137,138]. Mutations in the TRPC6 gene are linked to human diseases.
Mutations in the TRPC6 gene (R895C, E897K, or P112Q, gain-of-function mutants) cause familial focal
segmental glomerulosclerosis [139,140]. A single nucleotide polymorphism in the TRPC6 gene (C254G)
has been linked to idiopathic pulmonary hypertension [141].

Interestingly, STIM1L also interacts with TRPC1, TRPC3, TRPC4, and TRPC6 in skeletal
muscle [34,52]. TRPC1 and TRPC4 act as SOCE channels by interacting with STIM1L to promote
myogenesis and maintain a fast repetitive Ca2+ release in human skeletal myotubes [34], but it is not
certain that the same mechanism occurs with TRPC3 and TRPC6.

6. TRPCs in Muscular Dystrophy

Human muscular dystrophy is a group of diseases that cause the progressive degeneration of
skeletal muscle with severe pain, disability, and finally death [142]. The most severe muscular dystrophy
is caused by mutations in dystrophin-associated-proteins (DAP, also called dystrophin–glycoprotein
complex (DGC)) on the plasma membrane, although various mutations in different proteins cause
human muscular dystrophies [143–145]. Dystrophin (427 kDa, an X-chromosome gene, a cytoskeletal
protein associated with the plasma membrane) is a scaffold protein for DAP, and syntrophin is the
adaptor protein that allows DAP to anchor to various signaling molecules near the plasma membrane,
such as ion channels.

6.1. Duchenne Muscular Dystrophy (DMD)

DMD is the most prevalent muscular dystrophy (one in 3500 male births) due to a genetic
mutation that leads to the complete or partial deficiency of dystrophin and, ultimately after several
degeneration/regeneration cycles, leads to the subsequent replacement of skeletal muscle fibers by fat
and connective tissue [98,146–153]. First, the lack or partial loss of dystrophin induces a reduction in
the expression of DAP and deteriorates the physical link between the cytoskeleton and the extracellular
matrix, which makes the plasma membrane more fragile and likely to be torn during stretching
stress, such as strong skeletal muscle contraction (concerning more details on stretch-induced muscle
damage, please refer to a recent review article on muscle damage [154]). Second, tears in the plasma
membrane induce the aggregation of ion channels in the plasma membranes, leading to abnormal
channel functions, which disturb Ca2+ homeostasis, especially an increase in intracellular Ca2+ levels in
DMD. The total amount of Ca2+ in muscle biopsies from DMD patients was greater than that in muscle
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biopsies from controls [155]. The Ca2+ level in both the SR and cytosol was also higher in mdx myotubes
than in control myotubes [156–160]. These increased Ca2+ levels activate the aberrant activation of
signaling pathways, leading to the loss of satellite cells and nuclei from muscle fibers (subsequent
apoptosis and necrosis of muscle fibers) and finally muscle weakness and wasting, impaired muscle
regeneration and DMD etiology [161–163], as depicted in Figure 1.

Over the past two decades, the dystrophin-deficient mdx mouse, a mouse model of
DMD with a relatively milder phenotype than patients with DMD, has been widely used to
investigate the mechanism that causes dystrophic muscle damage and degeneration [159,164,165].
Dystrophic myotubes from mdx mice or DMD patients show aberrant Ca2+-sensitive signaling
pathways due to their high cytosolic Ca2+ level: activation of calpains, phospholipase A2, and src
kinase, production of reactive oxygen species (ROS), and mitochondrial dysfunction [150,159,166–174].
An increase in Ca2+ leakage through certain channels was suggested to be a reason for the high
cytosolic Ca2+ level in dystrophic myotubes (originally called Ca2+ leak) [98,157,175–179]. The channels
that are responsible for the Ca2+ leak are voltage-insensitive, only moderately selective for Ca2+,
mechanosensitive, have a larger conductance and a higher open probability than those found in
wild-type myotubes and are decisively intracellular Ca2+ store-dependent (i.e., SOCE) [12,38,180].
Added to the large SOCE, excess mitochondrial Ca2+ uptake that induces the functional and structural
defects in mitochondria is found in dystrophin-deficient Sol8 myotubes and the expression of
mini-dystrophin alleviates the high mitochondrial Ca2+ uptake and large SOCE [169]. Biopsies from
DMD patients also show ultrastructural abnormalities in mitochondria (without a change in the content
of mitochondria) and 60% of maximal respiration activities of control [181,182]. Concerning more
details on the role of mitochondria in the regulation of Ca2+ signaling in both normal conditions and
muscle diseases, refer to a review article [183]. Conversely, studies on muscle-specific transgenic
mice overexpressing TRPC3 have indicated that increased Ca2+ entry through TRPC3 is sufficient
to induce a dystrophic muscle phenotype independent of dystrophin-related membrane tears [184].
These studies suggest that TRPC could be responsible for the abnormal Ca2+ entry that induces high
cytosolic Ca2+ levels in dystrophic myotubes, as summarized in Figure 1.

6.2. TRPCs in DMD

The extracellular Ca2+ entry in mdx myotubes is approximately twice as high as that in control
myotubes [100]. TRPC1 forms a mechanosensitive Ca2+ channel (also called a stretch-activated
Ca2+ channel (SAC) in other articles) in both normal and mdx muscle fibers [38]. The activity of
TRPC1 is higher in dystrophic myotubes from mdx mice and human DMD patients, and TRPC1 is
responsible for the increased Ca2+ entry in mdx myotubes compared with control myotubes [38,98–101].
Under oxidative stress, NADPH oxidase is a major source of ROS, and its enhanced activity increases
the activity of src kinase, the expression of TRPC1 and, subsequently, the mechanosensitive entry of
Ca2+ through TRPC1 (rather than SOCE through TRPC1), which is believed to be a key mechanism for
muscle damage and functional impairment during the pathogenesis of DMD [38,185]. TRPC1 exists
as a macromolecular complex anchored to cytoskeletal proteins, such as dystrophin or caveolin-3,
in skeletal myotubes or tissues [170,186,187]. Seen in mouse skeletal myotubes, targeting TRPC1 to
the plasma membrane requires the binding of TRPC1 to caveolin-3, which also contributes to the
higher activity of TRPC1 in mdx myotubes as an SAC [170]. As a cause of higher Ca2+ entry in
mdx myotubes, higher SOCE is also reported, and TRPC1, as a SOCE channel, is responsible for the
higher SOCE [169,186,188].

Caveolin-3 is another protein involved in the pathogenesis of DMD. The expression of caveolin-3,
TRPC1 and src kinase, which bind one another, is increased in mdx muscle tissue and shows an irregular
membrane distribution [170,189–191]. Either the upregulation of caveolin-3 or the suppression of
caveolin-3 via genetic ablation deteriorates muscular dystrophies such as DMD or limb-girdle muscular
dystrophy-1C [192]. Similar to TRPC1, caveolin-3 also binds to the DAP complex [190,192–194].
Therefore, it seems that caveolin-3 is a partner of TRPC1 in the pathogenesis of DMD. Homer proteins
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are expressed during the terminal differentiation and activate muscle-specific Ca2+-dependent gene
expression [195]. TRPC1 binds to Homer 1, and mice lacking Homer 1 exhibit myopathy characterized
by decreases in muscle fiber cross-sectional area and force generation due to constitutive Ca2+ entry
thorough TRPC1 (as an SAC) [196].

TRCP4, as an SAC, also contributes to abnormally increased Ca2+ entry in adult skeletal muscle
fibers from mdx mice [38]. The TRPC4 in mouse skeletal myotubes heteromerizes with TRPC1 and the
TRPC1/4 functions as a SOCE channel, the increased Ca2+ entry in α1-syntrophin-deficient myotubes
is decreased by the repression of either TRPC1 or TRPC4 [128]. TRPC6, as a SOCE channel, also is
related to muscular dystrophy. The overexpression of a dominant negative mutant of TRPC6 in mdx
or sarcoglycan-deficient mouse models of muscular dystrophy mitigates the dystrophic phenotype by
inhibiting SOCE through TRPC6 [184].

Therefore, TRPCs represent valuable therapeutic targets in the treatment of skeletal muscle
dystrophies, especially DMD. However, despite extensive research on the mechanisms underlying
DMD pathogenesis, no effective treatment is available for patients with DMD. Several clinical trials
have attempted to treat DMD patients; however, they were not successful. Aminoglycosides improve
the translation of dystrophin in cultured cells; however, an initial trial of gentamicin (one of the
aminoglycosides) in DMD patients induces long-term toxic effects with little or no therapeutic
benefit [197,198]. Like gentamicin, an initial trial of ataluren (also called PTC124) in DMD patients
induces no therapeutic benefit [199]. The high cytosolic Ca2+ level at rest in dystrophin-deficient
Sol8 myotubes due to higher SOCE is restored to a normal level with the expression of a functional
mini-dystrophin or α1-syntrophin, however, unfortunately, the expression of dystrophin in DMD
patients is antigenic [169,186,200,201].

7. Concluding Remarks

Based on evidence from the studies of many independent laboratories, it seems that SR Ca2+ plays
several primary roles in skeletal muscle functions, and extracellular Ca2+ entry via SOCE and SAC
mechanisms (i.e., through Orais or TRPCs) modulates the primary regulatory roles of Ca2+ and plays
important roles in reinstating skeletal muscle cells to a normal state to be ready for the next cycle
of functions.

Until now, many studies on the characterization of TRPCs have been performed using
heterologously overexpressed TRPCs, which could be forced to form abnormal multimeric complexes
of TRPCs and/or to mislocate within cells. These channels could behave differently from the TRPCs
in bona fide cells where TRPCs are normally expressed. Indeed, there are several discrepancies in
the activation mechanism of TRPCs and their responses to agonists or antagonists. It seems possible
that different genes from different species, different endogenous regulators in exogenous expression
systems, and/or the abnormal overexpression of homo- and heteromeric channels could be the reason
for the discrepancies. However, it is worth using heterologously and/or overexpressed TRPCs in
studying the channel properties and in understanding the regulation mechanisms of TRPCs if it is
paralleled by comparative studies using bona fide TRPC-expressing cells and/or using in vivo models
of vertebrates and mammals, which could finally dissect the role of TRPCs linked to Ca2+ signaling.
Therefore, additional extensive studies on the rising star ‘TRPCs’ using bona fide skeletal muscle cells
are clearly necessary to help clarify the following questions: when, how, and why is extracellular Ca2+

entry used in skeletal muscle cells, and how do STIMs select TRPCs as a functional partner for SOCE
rather than Orai1?
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