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Harisseh R, Chatelier A, Magaud C, Déliot N, Constantin B.
Involvement of TRPV2 and SOCE in calcium influx disorder in
DMD primary human myotubes with a specific contribution of
�1-syntrophin and PLC/PKC in SOCE regulation. Am J Physiol
Cell Physiol 304: C881–C894, 2013. First published February 20,
2013; doi:10.1152/ajpcell.00182.2012.—Calcium homeostasis is
critical for several vital functions in excitable and nonexcitable cells
and has been shown to be impaired in many pathologies including
Duchenne muscular dystrophy (DMD). Various studies using murine
models showed the implication of calcium entry in the dystrophic
phenotype. However, alteration of store-operated calcium entry
(SOCE) and transient receptor potential vanilloid 2 (TRPV2)-depen-
dant cation entry has not been investigated yet in human skeletal
muscle cells. We pharmacologically characterized basal and store-
operated cation entries in primary cultures of myotubes prepared from
muscle of normal and DMD patients and found, for the first time, an
increased SOCE in DMD myotubes. Moreover, this increase cannot
be explained by an over expression of the well-known SOCE actors:
TRPC1/4, Orai1, and stromal interaction molecule 1 (STIM1) mRNA
and proteins. Thus we investigated the modes of regulation of this
cation entry. We firstly demonstrated the important role of the scaf-
folding protein �1-syntrophin, which regulates SOCE in primary
human myotubes through its PDZ domain. We also studied the
implication of phospholipase C (PLC) and protein kinase C (PKC) in
SOCE and showed that their inhibition restores normal levels of
SOCE in DMD human myotubes. In addition, the involvement of
TRPV2 in calcium deregulation in DMD human myotubes was
explored. We showed an abnormal elevation of TRPV2-dependant
cation entry in dystrophic primary human myotubes compared with
normal ones. These findings show that calcium homeostasis mishan-
dling in DMD myotubes depends on SOCE under the influence of
Ca2�/PLC/PKC pathway and �1-syntrophin regulation as well as on
TRPV2-dependant cation influx.

DMD; human primary myotubes; Ca2�/PLC/PKC; �1-syntrophin;
TRPV2; SOCE

CALCIUM HOMEOSTASIS IS BASED on strictly cohesive and regulated
communication between internal and plasma membrane calcium
channels and pumps and has been shown to be altered in several
pathologies and particularly in dystrophinopathies including
Duchenne muscular dystrophy (DMD; Ref. 5). DMD is charac-
terized by an abnormally high concentration of intracellular ion-
ized calcium (7), which is thought to contribute to the final muscle
necrosis. DMD is an X-linked recessive genetic disorder that
affects 1 male birth over 3,500 in the world. This disease is caused
by mutations on the locus Xp21.2 of the gene encoding the

subsarcolemmal dystrophin, resulting in the loss of this protein
(57). In the absence of dystrophin, the transmembrane dystrophin
glycoprotein complex components lose their localization at
costamers. This disorganization is thought to be responsible for
membrane instability and muscle damage and for alterations in
cell signaling and calcium homeostasis (4).

Impairment of calcium homeostasis in DMD has been
largely investigated in mouse myotubes and fibers. Several
studies characterized abnormal calcium entry in dystrophin-
deficient skeletal muscle cells attributed to deregulated sar-
colemmal calcium permeable channels (17, 23, 56). Calcium
influx through transient receptor potential canonical (TRPC)
channels has even been shown to be sufficient to induce
muscular dystrophy in vivo in a study on transgenic mice
overexpressing TRPC3 (42). Moreover, stretch-activated chan-
nels (SAC) have been studied by the cell-attached patch-clamp
technique and displayed an increased open probability and
occurrence in mdx myotubes (a commonly used DMD mouse
model; Refs. 18, 19) and in human DMD myotubes (60). In a
study on mdx fibers, enhanced activity of store-operated chan-
nels was described with similar characteristics than SAC re-
corded in the same preparation (13). TRP vanilloid 2 (TRPV2),
a cationic channel with mechanosensitivity (44), has been
particularly studied in dystrophin-deficient skeletal muscle
cells. TRPV2 is normally localized in intracellular membrane
compartments, but its translocation to the plasma membrane is
increased in dystrophic muscle fibers (28). Its specific inhibi-
tion appears to improve muscular dystrophy. Indeed, mdx mice
expressing a dominant-negative TRPV2 have a reduced Ca2�

entry in their muscle fibers. This TRPV2 mutant also displays
reduced muscle degeneration (necrosis and apoptosis) and
regeneration (central nuclei, etc.). These observations suggest
that the TRPV2 channel is an important pathway of Ca2� entry
in dystrophic muscle (29, 64).

Our group also showed an abnormal increase in store-
operated calcium entry (SOCE) in dystrophin-deficient mouse
myotubes corrected by a stable tranfection with minidystrophin
(41, 58). The regulation of SOCE involves the subsarcolemmal
scaffolding protein �1-syntrophin, which is capable of correct-
ing the abnormal increase of SOCE in dystrophin-deficient
mouse myotubes (50, 59). The identity and regulation of SOCE
are now better understood but still a matter of debate and
several proteins seem to participate to SOCE. Different studies
have pointed out the implication of TRPC channels (50, 59, 61)
of stromal interaction molecule 1 (STIM1; Refs. 38, 48) and of
Orai1, the protein responsible for CRAC currents (40, 62) in
the mechanism of calcium entry triggered by sarcoplasmic
reticulum (SR) Ca2� store depletion in skeletal muscle.
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In human skeletal muscle cells, dysfunctional calcium han-
dling was also documented in particular altered calcium influx.
The regulation of the free cytosolic calcium concentration is
known to be impaired in DMD human myotubes (17), and
studies using contracting myotubes suggested that the calcium
elevation resulted from abnormal activation of cation channels
or from membrane alteration during contraction (24–26).
Moreover, in DMD myotubes, stretch-activated channels are
known to be abnormally stimulated (60), and although calcium
entry through the reverse mode of Na�/Ca2� exchanger was
unchanged, the resulting calcium-induced calcium release was
increased (12). Other alternative pathways for calcium entry
were described in human myotubes such as SOCE, which has
been evoked in normal human myotubes by activation of
ryanodine receptors (RyR; Ref. 63). SOCE has also been
described in resealed T-tubular systems of skinned fibers from
malignant hypothermia patients (14) and shown to be depen-
dent on STIM1 (48). However, most of calcium mishandling
mechanisms have been described in the mdx mouse, which
displays a different dystrophic phenotype than humans.

The previous work on mdx dystrophic mouse muscle cells
suggested that calcium mishandling is preponderant in the
development of dystrophic phenotype. For instance, artificially
increased TRPC-dependent calcium entries were recently
shown to be sufficient to induce muscular dystrophy in mouse
independently on membrane fragility (42). On the other hand,
expression of a dominant-negative TRPV2 mutant was shown
to reduce calcium influx through inhibition of endogenous
TRPV2 in FDB fibers and to ameliorate muscular dystrophy in
mdx mouse (29). Two different calcium influx pathway
through SOC or TRPV2 channels could thus be determinant for
DMD physiopathology. This prompted us to characterize store-
operated cation entry as well as TRPV2-dependent calcium
entry of normal and DMD primary cultured human myotubes.
Because of our previous findings on dystrophin- or syntrophin-
deficient myotubes (49), we also studied the implication of
�1-syntrophin but also of phospholipase C (PLC) and protein
kinase C (PKC) in the impairment of Ca2� entry in human
myotubes.

MATERIALS AND METHODS

Antibodies and Drugs

Antibodies against TRPC1, Orai1 (Sigma-Aldrich), and TRPC4
(Alomone) were rabbit polyclonal. Antibodies against STIM1 (BD
Biosciences) and �-tubulin (Sigma-Aldrich) were mouse monoclonal
while antibodies against TRPV2 (Santa Cruz) and �1-syntrophin
(Abcam) were goat polyclonal. Gadolinium (Gd3�); 2-aminoethoxy-
diphenyl borate (2APB); 1{�-[3-(4-methoxyphenyl) propoxyl]-4-me-
thoxyphenethyl}-1H-imidazole hydrochloride (SKF-96365); N,N,N=,
N=-tetrakis(2-pyridylmethyl)ethilenediamine (TPEN); 4-methyl-4=-[3,5-
bis(trifluoromethyl)-1H-pyrazol-1-yl]-1,2,3-thiadiazole-5-carboxanilide
(YM-58483); nifedipine; U73122; U73343; bisindolylmaleimide I
(BIM); ruthenium red (RR); cyclopiazonic acid (CPA); and caffeine were
all purchased from Sigma-Aldrich. �9-Tetrahydrocannabinol (THC) was
kindly donated by Dr. M. Solinas.

Cell Culture

Primary myoblasts (normal and DMD) were obtained from Myo-
bank and Myoxis (Association Française Contre la Myopathie). Cells
were seeded in 6-well or 12-well plates on Matrigel-coated glass
coverslips. Cells were cultured at 25,000 cells/well (6-well plates) and

12,000 cells/well (12-well plates) in growth medium (skeletal muscle
cell growth medium purchased from PromoCell supplemented with a
mix provided by Promocell, 15% fetal calf serum, 1% L-glutamine,
and 50 �g/ml gentamicin). At confluence, growth medium was
replaced by differentiation medium (97% DMEM, 2% horse serum,
1% L-glutamine, 50 �g/ml gentamicin, and 10 �g/ml insulin). Exper-
iments were performed after 11 days of fusion, the estimated time for
myotubes formation and differentiation.

Cell Transfection

Plasmid transfection. Differentiated myotubes were transfected
using jetPRIME transfection reagent (Polyplus Transfection) with a
1:2 ratio (DNA �g: jetPRIME �l). For six-well plates, 8 �l of
jetPRIME transfection reagent were added to a mix of 4 �g of DNA
diluted in 200 �l of transfection buffer. After a 10-min incubation at
room temperature, the transfection mix was added to the well drop
wise onto the cells kept in regular cell growth medium. Medium was
replaced after a 4-h incubation at 37°C, 5% CO2. Experiments were
performed 48 h after transfection. Normal and DMD primary human
myotubes were transfected with wild-type (WT) TRPV2 and domi-
nant-negative TRPV2 (DK; substitution of Glu594 and Glu604 with
lys; Ref. 29) in pIRES2-AcGFP1 vector, kindly donated by Dr. Y.
Iwata, and with full-length �1-syntrophin (FL �1-syn) and �1-syntro-
phin without its PDZ (�N �1-syn) in the pCMS-EGFP plasmid.
Control transfection was performed with Pmax.

ShRNA infection. Differentiated myotubes were infected with a
mixture of 5 �g/ml polybrene and PLC�1 or CopGFP lentiviral
particules (Santa Cruz) and incubated for 24 h. Medium was then
removed and replace by fresh culture medium. Experiments were
performed 48 h after infection.

Western Blotting

Proteins were extracted from differentiated myotubes cultures us-
ing RIPA buffer [50 mM Tris·HCl, 100 mM NaCl, 5 mM EDTA,
0.05% NP-40, 1% DOC, 1% Triton X-100, 0.1% SDS supplemented
with AEBSF and anti-protease cocktail (Sigma-Aldrich)]. Cell extract
was then passed through insulin syringe and sonicated. Protein ex-
tracts were dosed using BCA kit (Sigma-Aldrich) at 562 nm and then
divided into 40-�g samples and denatured by incubation in Laemmli
buffer 2� (Sigma-Aldrich) for 30 min at room temperature. Samples
were then subjected to SDS-PAGE and Western blot analysis. The
blots were treated with primary antibody solutions overnight then for
1 h with horseradish peroxidase-conjugated secondary antibody and
developed with enhanced chemiluminescence kit (Amersham). The
apparent molecular weight was estimated according to the position of
prestained protein markers (kaleidoscope; Bio-Rad).

Immunostaining

The cultured myotubes were fixed in TBS (20 mM Tris base, 154 mM
NaCl, 2 mM EGTA, and 2 mM MgCl2, pH 7.4)/4% paraformaldehyde
and permeabilized with TBS/0.5% Triton X-100. Cells were then incu-
bated overnight with primary antibodies in TBS/1% BSA (Sigma-
Aldrich) and for 45 min with secondary antibodies in TBS/1% BSA.
Samples were mounted using Mowiol mounting medium (Sigma-
Aldrich). The immunolabeled samples were examined by confocal laser
scanning microscopy using a Bio-Rad MRC 1024 ES equipped with an
argon-krypton gas laser. Data were acquired using an inverted micro-
scope (Olympus IX70) with �60 water immersion objective [image
processing was performed with Olympus Fluoview (FV10-ASW 2.0) for
adjustments of brightness and contrast].

Ca2� Influx Measurement Using Mn2� Quenching of Fura 2
Fluorescence

Differentiated myotubes, plated on glass coverslips, were briefly
rinsed with a standard external solution 1.8 mM Ca2� solution (130
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mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, 10 mM
HEPES, and 5.6 mM D-glucose, pH 7.4, with NaOH) and incubated
for 45 min at 37°C, 5% CO2 in the same solution supplemented with
3 �M (final concentration) of fura 2-AM (Santa Cruz). After being
loaded, cells were washed with Ca2�-free solution (130 mM NaCl,
5.4 mM KCl, 0.1 mM EGTA, 0.8 mM MgCl2, 10 mM HEPES, and
5.6 mM D-glucose, pH 7.4 with NaOH) before measurement of
calcium influx. Cells were perfused by means of a homemade gravity
microperfusion device. Fura 2-loaded cells were excited at 360 nm
with a CAIRN monochromator (Cairn Research Limited, Faversham,
UK), and emission fluorescence was monitored at 510 nm using a
CCD camera (Photonic Science, Robertsbridge, UK) coupled to an
Olympus IX70 inverted microscope (�40 water immersion fluores-
cence objective). The influx of Mn2� through cationic channels was
evaluated by the quenching of the fura 2 fluorescence excited at 360
nm, i.e., at the isosbestic point. The variation of fluorescence was
recorded with the Imaging Workbench 4.0 (IW 4.0) software (Indec
BioSystems, Mountain View, CA). Cells were tested without or after
a 6-min depletion protocol consisting of three times 1-min alternated
application of free Ca2� solution � 5 �M CPA � 10 mM caffeine
and of free Ca2� solution � 15 �M CPA. Cation influx was generated
by perfusion of Mn2� solution (130 mM NaCl, 5.4 mM KCl, 1.8 mM
CaCl2, 0.8 mM MgCl2, 10 mM HEPES, 5.6 mM D-glucose, and 50
�M MnCl2).

Ca2� Measurement Data Analysis

The rate of fluorescence intensity loss at 360 nm was divided by the
initial fluorescence intensity in the cell measured before manganese
ions were added to correct for differences in the cell size or fura 2
loading. The quench rate, of the fluorescence intensity, expressed as
percent per minute, was estimated using linear regression analysis.
Statistical analysis was performed with Origin 5.0 software (Origin-
Lab, Northampton, MA). The difference between the mean values of
measured parameters was determined by the Student’s t-test.

Real-Time Quantitative RT-PCR

Reverse transcription. Total cellular RNA was extracted using
RNABle kit (Eurobio). RNA (10 �l) were reverse transcribed in a
25-�l reaction mixture consisting of first-strand buffer (25 mM Tris
pH 8.3, 37.5 mM KCl, and 1.5 mM MgCl2), 10 mM dithiothreitol, 1
mM each dNTP, 2.4 �g of random hexamers, 40 U RNase inhibitor
(RNA guard; Amersham Biosciences), and 400 U MMLV reverse
transcriptase (GIBCO-BRL). Reverse transcription was performed at
37°C for 60 min followed by 2 min at 100°C.

Quantitative PCR. For TRPC1, TRPC4, and TRPV2, quantitative
(q)PCR was performed in the presence of 15 ng of cDNA and a 16-�l
reaction mixture containing 10 �l Taqman Fast Universal Master Mix
2� (Applied Biosystems), 1 �l of Taqman Gene Expression Assays
20� and 5 �l of water. Amplification was performed at 95°C for 10
min, followed by 40 cycles at 95°C (3 s) and 60°C (30 s). Reactions
were performed in MicroAmp optical 96-well reaction plates (Applied
Biosystems) using a 7500HT Real-Time PCR system (Applied Bio-
systems). All measurements were normalized to GAPDH gene (en-
dogenous control) to account for the variability in the initial concen-
tration and quality of the total RNA. Taqman Gene Expression
Assays FAM/MGB probes were purchased from Applied Biosys-
tems (Hs99999905_m1-Human GAPDH, Hs00608195_m1-Human
TRPC1, Hs00211805_m1-Human TRPC4 and Hs00901640_m1-Hu-
man TRPV2, and Hs0300473_m1-Human Orai1).

SYBR Green system (Applied Biosystems) was also used for STIM1
and �1-syntrophin. All measurements were normalized to GAPDH as a
reference (endogenous control) to account for the variability in the initial
concentration and quality of the total RNA. qPCR was performed in the
presence of 100 ng cDNA and 15-�l reaction mixture containing 7.5 �l
SYBR Green mix 2� and 900 nM of each primer (sens and reverse).
Amplification was performed at 50°C for 2 min, 95°C for 10 min,

followed by 40 cycles at 95°C (15 s) and 60°C (1 min). Reactions were
carried out as described above.

Primers were as follows: for STIM1, forward primer: 5=-GAC-TGA-
CAG-GGA-CTG-TGC-TGA-AG-3= and reverse primer: 5=-AAG-AGA-
GGA-GGC-CCA-AAG-AG-3=; for �1-syntrophin, forward primer: 5=-
CAA-GAT-GCC-TAT-TCT-CAT-TTC-C-3= and reverse primer: 5=-
TCC-TTC-ATA-TAC-TTG-ACC-TCC-AG-3=; and for GAPDH,
forward primer: 5=-CAA-TGC-CTC-CTG-CAC-CAC-3= and reverse
primer: 5=-CCT-GCT-TCA-CCA-CCT-TCT-TG-3=.

Data Analysis

For all cation influx recording results, bar graphs represent mean rates
of fluorescence decrease induced by Mn2� (expressed in %/min) � SE.
The difference between mean values of measured parameters was
determined by Student’s t-test and considered significant at P �
0.001. For RT-qPCR and Western blot analysis, all experiments were
repeated three times with myotubes from different patients. Bar
graphs of RT-qPCR represent the mean of triplicates from three
different experiments. The difference between mean values of mea-
sured parameters was determined by one-way ANOVA analysis and
considered significant at F � 0.05 (ns).

Patch-Clamp Experiments

The measurements were carried out at room temperature (	22°C).
Patch electrodes (3–5 M
) were pulled from borosilicate glass cap-
illaries using a vertical micropipette puller (Narishige, Tokyo, Japan).
Voltage-clamp experiments were performed using an Axopatch 200B
amplifier with a CV 203BU headstage (Molecular Devices, CA).
Voltage command pulses were generated by a personal computer
equipped with an analog-digital converter (Digidata 1200; Molecular
Devices) using pCLAMP software v8.0 (Molecular Devices). Cur-
rents were filtered at 2 kHz and digitized at 5 kHz. The digitized
currents were stored on a computer for later offline analysis. Cell
capacitance (277.19 � 102.65 pF; n � 4) was measured by integrating
the area under the capacitative transient elicited by 10-mV depolar-
izing steps from a holding potential of �20 mV. Before the experi-
ments, cells were washed with a bath solution containing the follow-
ing (in mM): 145 Na-methansulfonate, 10 CsCl, 10 CaCl2, 1.2
MgSO4, 10 HEPES, and 10 glucose (pH was adjusted to 7.4 with
NaOH). The patch pipettes were filled with the following (mM): 145
Cs-methanesulfonate, 1 EGTA, 8 MgCl2, and 10 HEPES (pH adjusted
to 7.2 with CsOH). Calcium store depletion was recorded using a
calcium-free perfusion containing the following (in mM): 145 Na-
methansulfonate, 20 CsCl, 1.2 MgSO4, 10 HEPES, and 10 glucose
(pH was adjusted to 7.4 with NaOH). Depletion protocol consisting of
three times 1 min alternated application of free Ca2� perfusion � 5
�M CPA � 10 mM caffeine and of free Ca2� solution � 15 �M
CPA. SOC currents were then generated by perfusion of the bath
solution � 10 �M nifedipine. The THC-induced current was recorded
after the perfusion of bath solution supplemented with 100 �M
THC � 10 �M nifedipine. A �10-mV correction of the liquid
junction potential between the patch pipette and the bath solutions was
performed before experiments. After break-in, cells were held at 0 mV
and stimulated with depolarizing voltage ramps from �80 mV to
�140 mV within 1 s every 5 s. Data were analyzed using a combi-
nation of pCLAMP software v8.0 (Molecular Devices), Microsoft
Excel, and SigmaPlot 8.0 (SPS, Chicago, IL).

RESULTS

Characterization of Cation Influx in Normal and DMD
Primary Human Myotubes

This work was performed on human primary myotubes from
normal patients or patients suffering from DMD. We first checked
the expression of dystrophin in these human primary cultures: as
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expected this protein is localized at the sarcolemma in normal
cultures and is absent in DMD myotubes (Fig. 1A). Two different
cation influxes were recorded in both types of myotube: first, basal
calcium entry, a spontaneous influx that occurs subsequent to the
addition of manganese ions in the extracellular medium (without
depletion, Fig. 1C), and second, the cation entry subsequent to SR
calcium store depletion (Fig. 1D).

Basal cation entry was recorded using the quenching of
fura-2 fluorescence by manganese technique. The perfusion of
Mn2� solution generated a similar basal calcium entry in
normal and in DMD human primary myotubes (7.95 � 0.44%/
min, n � 36, and 7.34 � 0.23%/min, n � 30, respectively; Fig.
1D). This shows that regulation of basal calcium entry from the
extracellular space is not impaired at this stage.

We also investigated the presence, of a calcium influx
triggered by SR depletion. For that, SR calcium store were
depleted by activation of RyR with caffeine and inhibition of
sarco(endo)plasmic reticulum calcium ATPase (SERCA) with
CPA. Depletion protocol consisted of three perfusions (1 min
each) of 10 mM caffeine in calcium-free solution with 5 �M
CPA alternating with three perfusions (1 min each) of calcium-
free solution with CPA (Fig. 1B). Once the SR stores were
depleted, Mn2� solution was introduced into the extracellular
medium and cation influx was recorded (Fig. 1C). This influx

was almost two fold higher in DMD primary human myotubes
compared with normal ones (28.40 � 0.45%/min, n � 95, and
15.93 � 0.32%/min, n � 98, respectively) (Fig. 1D). These
results show an abnormal increase of calcium influx in DMD
human myotubes after SR store depletion, suggesting that the
regulation of external calcium uptake after this stimulation is
mishandled in DMD human primary myotubes. This influx is
consistent with the one previously described by our group in
mouse cell lines SolD6 expressing minidystrophin (14.70 �
0.4%/min, n � 124) and SolC1 dystrophin-deficient (28.10 �
0.8%/min, n � 115; Ref. 50). Interestingly, we observed
similar absolute values and levels of increase (2-fold) in mouse
and human models.

Pharmacological Profile of Cation Influx Recorded After SR
Store Depletion

A panel of cation and calcium channels inhibitors was intro-
duced in the last CPA solution perfusion and after SR store
depletion in the Mn2� solution. The influx we recorded in normal
and in DMD primary human myotubes was not affected by the
voltage-gated channel inhibitor nifedipine (5 �M; 13.67 �
1.39%/min, n � 15, vs. 15.93 � 0.32%/min, n � 98, in control
condition and 25.6 � 1.19 vs. 28.40 � 0.45%/min, n � 95, in

Fig. 1. Characterization of basal and sarcoplasmic reticulum (SR) store depletion-dependent cation influx in normal and Duchenne muscular dystrophy (DMD)
primary human myotubes. A: immunostaining with anti-dystrophin antibody (in red) was performed in normal (left) and DMD human myotubes (right). DAPI
staining (blue) was used to mark the nucleus. Images were obtained using confocal microscopy; bar � 10 �m. B: depletion of SR store protocol was constituted
of 3 perfusions, 1 min each, of calcium-free solution containing 10 mM caffeine and 5 �M cyclopiazonic acid (CPA) alternated with 3 perfusions, 1 min each,
of calcium-free solution containing 15 �M CPA. This protocol was applied similarly to normal (dark grey) and DMD (light grey) human myotubes. Cytosolic
calcium variations were recorded by ratiometric measurement of fura 2 fluorescence intensity and shown as fluorescence ratios at 340 nm and 380 nm � SE
(n � 12). C: representative recording of fura 2 fluorescence during perfusion with 50 �M Mn2� obtained from normal (dark grey) and DMD (light grey) human
myotubes after application of the depletion protocol. D: manganese influx was recorded without or after SR calcium store depletion in normal and DMD primary
human myotubes. Measurements are represented as slopes of the Mn2�-induced decreasing phase of fura 2 fluorescence measured at 360 nm and expressed as
percent decrease per minute. Bar-graphs represent mean rates of fluorescence decrease induced by Mn2� (expressed in %/min) � SE in normal (dark grey) and
DMD (light grey) human myotubes. ***P � 0.001; ns, nonsignificant.
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control condition, respectively; Fig. 2A). Nifedipine is known to
selectively inhibit voltage-dependent L-type calcium channels at
this concentration (21, 31). This allowed ruling out the participa-
tion of voltage-gated channels in the recorded influx.

Gd3� and 2APB, two nonselective inhibitors of calcium
channels, were also tested. Both inhibitors completely abol-
ished the SR depletion-dependent part of the calcium influx in
the same way in normal and DMD primary human myotubes
(Fig. 2B). In the presence of 10 �M Gd3� and 50 �M 2APB,
cation entry recorded in normal myotubes was 5.14 � 0.29%/
min, n � 20, and 5.89 � 0.73%/min, n � 19, respectively, and
in DMD myotubes was 5.83 � 0.93%/min n � 11 and 6.63 �
0.97%/min, n � 12, respectively. Then, we tested SKF-96365,
a nonselective SOCE inhibitor (11, 43), and YM-58483, char-
acterized as a selective inhibitor of SOCE (20, 27, 65). Cation
influx recorded in normal human myotubes was inhibited in the
same way by 40 �M of SKF-96365 (introduced during perfu-
sion as described above) and by incubation with 1 �M of
YM-58483 during 45 min loading with fura 2 (6.27 � 0.35%/
min, n � 17, and 8.65 � 0.35%/min, n � 43, respectively).
Similarly cation influx in DMD myotubes was also decreased
by SKF-96365 and YM-58483 (8.87 � 0.51%/min, n � 13,
and 8.81 � 0.45%/min, n � 22, respectively) (Fig. 2C). All
together these results suggest that cation entry recorded in
normal and DMD human primary myotubes after SR store

depletion displays the classical pharmacological profile of
SOCE.

Interestingly, none of these inhibitors had an effect on bas-
al influx recorded in the absence of depletion (Fig. 2D). Indeed,
in normal and DMD human myotubes, in the presence of these
inhibitors we noticed no significant variation compared with
the control condition (Fig. 2D): nifedipine: 8.24 � 0.46%/min,
n � 15, and 8.47 � 0.40%/min, n � 20, respectively; Gd3�:
7.79 � 0.29%/min, n � 26, and 8.39 � 0.31%/min, n � 28,
respectively; 2APB: 8.61 � 0.22%/min, n � 15, and 7.99 �
0.50%/min, n � 14, respectively; and SKF-96365: 7.92 �
0.32%/min, n � 21, and 8.06 � 0.37%/min, n � 21, respec-
tively; vs. control condition: 7.95 � 0.44%/min, n � 36, and
7.34 � 0.23%/min, n � 30, respectively. This part of cation
entry shows resistance toward all tested agents. Only store-
operated part of the influx was affected.

Expression Profile and Localization of TRPC1, TRPC4,
STIM1, and Orai1, the Major Actors of SOCE

Since SOCEs has been shown to be carried by Orai1 and TRPC
channels under the control of STIM1 (51), we decided to study the
localization and expression of these proteins in normal and DMD
primary human myotubes. We first explored the regulation of the
transcriptional level in both myotube types. Quantitative RT-PCR
showed no significant difference in TRPC1, TRPC4, STIM1, and

Fig. 2. Pharmacological profile of cation influx recorded in normal and DMD primary human myotubes. A: manganese influx was recorded in normal and DMD
myotubes in the presence (light-grey columns) and absence (white columns) of 5 �M of the voltage-gated channel inhibitor nifedipine after SR calcium store
depletion. B: nonselective calcium channel inhibitors Gd3� (10 �M, light-grey columns) and 2-aminoethoxydiphenyl borate (2APB; 50 �M, dark-grey columns)
were tested on normal and DMD human myotubes and compared with control condition (white columns) after SR store depletion. C: manganese influx triggered
by SR store depletion was measured in the absence (white columns) or the presence of 40 �M SKF-96365, a nonselective store-operated calcium entry (SOCE)
inhibitor (light-grey columns) or of 1 �M YM-58483, characterized as a selective inhibitor of SOCE (dark-grey columns). D: same pharmacological compounds
were tested at the same concentrations on basal Manganese influx (without store depletion) and compared with control condition in normal and DMD human
myotubes. ***P � 0.001.
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Orai1 mRNA expression level between normal and DMD human
myotubes (Fig. 3, A, B, C, and D, respectively). In both human
myotube types, TRPC1 (Fig. 3A) showed mainly a sarcolemmal
but also an internal localization that seem to be at the sarcoplasmic
reticulum. Western blot analysis showed that TRPC1 protein was
slightly decreased in DMD human myotubes. In the same manner
we showed a strictly sarcolemmal localization of TRPC4 in

normal and DMD myotubes with a decrease of the protein level in
DMD human myotubes (Fig. 3B). Immunostaining with STIM1
antibody displayed a typical SR internal distribution in both
myotube types and Western blot analysis revealed a slight in-
crease of STIM1 expression in DMD human myotubes (Fig. 3C).
Orai1 exhibited predominantly a sarcolemmal localization in both
myotube types and a decrease of expression in DMD myotubes

Fig. 3. Expression and localization of transient receptor potential channel TRPC1, TRPC4, stromal interaction molecule 1 (STIM1), and Orai1 in normal and
DMD human myotubes. RT-quantitative (q)PCR, Western blot analysis, and immunofluorescence microscopy were performed on normal and DMD human
myotubes after 11 days of differentiation to show localization, mRNA and protein expression of TRPC1 (A), TRPC4 (B), STIM1 (C), and Orai1 (D). The
expression level of mRNA was addressed by quantitative RT-PCR-based analysis and GAPDH mRNA was used as an internal standard to normalize mRNA
level. Expression level of each protein was analyzed by Western blot and compared with �-tubulin. Immunostaining experiments show the localization of TRPC1
(A), TRPC4 (B), STIM1 (C, in red), and Orai1 (D, in green). DAPI staining (blue) was used to mark the nucleus. Images were obtained using confocal
microscopy; bar � 10 �m.
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(Fig. 3D). Since mRNA expression levels are not different for
TRPC1, TRPC4, and Orai1 between healthy and dystrophic
myotubes, the decrease in channel protein amount is not due to a
transcriptional regulation, but may be due to a lower stability of
these channels.

�1-Syntrophin is Involved in the Abnormal Increase of SOCE
in DMD Human Myotubes

�1-Syntrophin is a major partner of dystrophin glycoprotein
complex that binds dystrophin through its syntrophin unique
domain (1) and interacts with several ionic channels and
signaling proteins using its PDZ (PSD-95, Discs-large, ZO-1)
domain. We previously demonstrated a crucial role of �1-
syntrophin and more precisely its PDZ domain in the regula-
tion of SOCE in mouse myotubes (50, 59). This finding led us
to seek the role of �1-syntrophin in the regulation of SOCE in
the primary human myotubes.

We first checked the expression and localization of this
protein in our models. We observed a slight decrease in
�1-syntrophin expression in DMD human myotubes with a
similar mRNA expression (Fig. 4A). The sarcolemmal local-
ization of �1-syntrophin in normal human myotubes is lost to
an intracellular one in DMD myotubes (Fig. 4A).

We also investigated the role of �1-syntrophin in the regu-
lation of SOCE in human myotubes. Immunostaining shows
that overexpression of �1-syntrophin in DMD myotubes al-
lowed its readdressing to the subsarcolemma (Fig. 4B). We
recorded SOCE in normal and DMD human myotubes after
their transfections with FL �1-syn or �1-syntrophin without its
PDZ domain (�N �1-syn). Transfection with full-length �1-

syntrophin restored normal levels of SOCE in DMD human
myotubes (15.02 � 0.65%/min, n � 20) while the transfection
with �1-syntrophin lacking its PDZ domain did not affect
SOCE abnormal increase in DMD human myotubes (26.32 �
1.25%/min, n � 17; Fig. 4C). Transfection of normal human
myotubes with these two plasmids had no effect on SOCE (FL
�1-syn: 14.90 � 1.06%/min, n � 10; �N �1-syn: 12.90 �
0.48%/min, n � 11; Fig. 4C). Transfection of EGFP (Pmax) as
a negative control did not affect SOCE in normal: 15.37 �
0.78%/min, n � 17, or in DMD: 26.88 � 0.88%/min, n � 14.

SOCE Increase in DMD Primary Human Myotubes Depends
on PLC and PKC

As we showed above (Fig. 1, C and D), SOCE is abnormally
increased in DMD compared with normal primary human
myotubes and this deregulation is dependent on �1-syntrophin
(Fig. 4). To further understand the machinery leading to cal-
cium mishandling in DMD human myotubes and since inositol
1,4,5-trisphosphate (the product of PLC catalytic activity) is
increased in dystrophic human and murine cell lines (37), we
investigated the PLC pathway as an underlying mechanism for
this deregulation. PLC activity was blocked with a membrane-
permeable PLC inhibitor, U73122. Several studies have previ-
ously shown that pretreatment with 5 or 10 �M U73122
prevented PLC activation fully and irreversibly (9, 30). Normal
and DMD myotubes were incubated 15 min in the presence of
5 �M and 10 �M U73122 before SOCE recording. No signif-
icant changes have been observed in SOCE recorded in normal
human myotubes after PLC inhibition (5 �M U73122: 14.76 �
0.59%/min, n � 29; and 10 �M U73122: 14.18 � 0.41%/min,

Fig. 4. Regulation of store-dependent cation entry by �1-syntrophin in primary human myotubes. A: RT-qPCR and Western blot analysis were used to compare
mRNA and protein expression of �1-syntrophin between normal and DMD human myotubes. Immunostaining against �1-syntrophin (in green) shows its
localization in normal (left) and DMD (right) human myotubes. DAPI staining (blue) was used to mark the nucleus in normal myotubes. Images were obtained
using confocal microscopy; bar � 10 �m. B: immunostaining against �1-syntrophin was performed on DMD myotubes after transfection with full-length
�1-syntrophin in red. Green staining (EGFP) allows the detection of transfected cells; bar � 20 �m. C: store-operated cation entry was recorded in normal and
DMD human myotubes in control or transfected myotubes. Ctrl, Pmax; �1-syn, �1-syntrophin; FL �1-syn, full-length �1-syntrophin; �N �1-syn, PDZ domain
deleted �1-syntrophin. ***P � 0.001.
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n � 36; vs. control condition: 15.93 � 0.32%/min, n � 98;
Fig. 5A), suggesting that PLC is not involved in SOCE in
normal myotubes. On the contrary, 5 and 10 �M of U73122
inhibited respectively 50% and 51% of SOCEs measured in
DMD human myotubes (5 �M U73122: 14.17 � 0.62%/min,
n � 42; 10 �M U73122: 14.46 � 0.69%/min, n � 29, vs.
28.40 � 0.45%/min, n � 95 in control condition) while
treatment with 10 �M U73343 an inactive analog of U73122
had no effect on SOCE in DMD myotubes (26.93 � 0.73%/
min, n � 29; Fig. 5A). The specific involvement of PLC�1 an
essential isoform in skeletal muscle (16) was investigated by
infecting DMD human myotubes with PLC�1 lentiviral parti-
cles or CopGFP control lentiviral particles. This resulted in a
decrease of SOCE (shPLC�1: 17.05 � 0.85%/min, n � 11,
and copGFP: 25.42 � 1.12%/min, n � 8; Fig. 5B), equivalent
to the inhibition obtained with pharmacological inhibitors.
Therefore, PLC plays an important role in SOCE deregulation
in DMD human myotubes given that the blockage of PLC
restored SOCE at their normal levels.

Since PLC is known to stimulate PKC, we decided to look
into the implication of this kinase in the deregulation of SOCE
in DMD human myotubes. We used BIM, a highly selective,
cell-permeable, and reversible PKC inhibitor shown to inhibit
PKC at 1.5 �M (10). A 45-min preincubation of normal human
myotubes with 1.5, 10, and 50 �M of BIM had no effect on

SOCE (1.5 �M BIM: 13.54 � 0.93%/min, n � 32; 10 �M
BIM: 16.81 � 0.48%/min, n � 31; and 50 �M 15.54 �
0.38%/min, n � 31; vs. control condition: 15.93 � 0.32%/min,
n � 98; Fig. 5C). On the other hand, the inhibition of PKC in
DMD myotubes with 1.5, 10 and 50 �M BIM decreased 56,
46, and 56% of SOCE respectively, (1.5 �M BIM: 12.34 �
1.27%/min n � 35; 10 �M BIM: 15.39 � 0.41%/min, n � 54;
and 50 �M 12.49 � 0.84%/min, n � 17; vs. control condition:
28.40 � 0.45%/min, n � 95; Fig. 5C). PKC is thus implicated
in SOCE deregulation in DMD human myotubes.

We also looked into the role of intracellular calcium in the
activation of PKC and used TPEN, a low-affinity calcium chela-
tor, to mime SR calcium store depletion without any calcium
release in the cytoplasm (Fig. 5D). Depletion with TPEN allowed
recovering normal levels of SOCE entry in DMD myotubes
suggesting that cytoplasmic calcium concentration is involved in
the abnormal increase of cation influx observed in DMD human
myotubes. All together these results involve Ca2�/PLC/PKC path-
way in the elevated SOCE in DMD primary human myotubes.

Characterization of TRPV2-Dependent Calcium Influx in
Normal and DMD Primary Human Myotubes

TRPV2 has been shown to play an important role in mdx
fibers and seems to constitute a major input path of Ca2� in

Fig. 5. Effect of U73122 and bisindolylmaleimide I (BIM) on SOCE in human myotubes. A: normal and DMD human myotubes were preincubated for 15 min
with 5 �M (light-grey columns) and 10 �M (dark-grey columns) of PLC inhibitor U73122 before SOCE measurement and compared with control condition
(white columns). Effect of 10 �M U73343, a U73122 inactive analog, was also tested in DMD myotubes (black column). B: DMD myotubes were infected with
control copGFP (light-grey columns) or PLC�1 (dark-grey columns) lentiviral particles before SOCE measurement after caffeine � CPA depletion and compared
with control condition (white columns). C: normal and DMD myotubes were incubated 45 min in the presence of 1.5, 10, and 50 �M of the selective PKC
inhibitor BIM before SOCE measurement and compared with control condition. D: SOCE was recorded in normal and DMD myotubes after TPEN-dependent
depletion. ***P � 0.001.
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dystrophic muscle fibers (29, 64). Given the essential implica-
tion of TRPV2 shown in mdx and the protective effect of its
downregulation, we considered studying TRPV2-dependent
influx in normal and DMD primary human myotubes.

We studied the localization and the expression of TRPV2 in
normal and DMD human myotubes (Fig. 6A). Immunostaining
with antibody against TRPV2 presents an internal localization
in both normal and DMD myotubes with a partial translocation
to the plasma membrane observed only in DMD myotubes.
Western blot analysis and quantitative RT-PCR showed no
difference in TRPV2 mRNA or protein expression between
normal and DMD human myotubes.

To study the physiological role of TRPV2 in human myo-
tubes, we used THC, a well known activator of human and rat
TRPV2 (45) and RR, an inhibitor of TRPV2 (36, 45). Calcium
influx was recorded in normal and DMD human myotubes
without depletion and only after the introduction in the extra-
cellular medium of Mn2� solution supplemented with 100 �M
THC with or without 30 �M RR (Fig. 6, C and D). The
activation with 100 �M THC causes an increase of cation
influx in normal and DMD myotubes (19.08 � 1.5%/min, n �
21, and 24.76 � 1.09%/min, n � 32, respectively). This
elevation was abolished in the presence of 30 �M RR in both
myotube types (7.81 � 0.36%/min, n � 26, and 8.45 �

Fig. 6. TRP vanilloid 2 (TRPV2)-dependent cation influx in normal and DMD primary human myotubes. A: RT-qPCR and Western blot analysis were used to
compare mRNA and protein expression of TRPV2 between normal and DMD human myotubes. Immunostaining against TRPV2 (in red) shows its localization
in normal (left) and DMD (right) human myotubes. DAPI staining (blue) was used to mark the nucleus in normal myotubes. Images were obtained using confocal
microscopy; bar � 10 �m. B: immunostaining against TRPV2 was performed on DMD myotubes after transfection with TRPV2 dominant-negative (DK) in red.
The green staining (EGFP) allows the detection of transfected cells; bar � 20 �m. C: Representative manganese Influx recording without SR depletion in the
presence or absence of �9-Tetrahydrocannabinol (THC; TRPV2 activator) in normal and DMD myotubes. D: cation influx was recorded (without SR calcium
store depletion) in the presence of 100 �M THC with or without 30 �M RR (TRPV2 inhibitor) in normal and DMD myotubes. DMD human myotubes were
transfected with wild-type (WT) TRPV2 and TRPV2 dominant-negative DK. The consequence of these transfections has been studied without SR depletion in
the presence of only Mn2�, 100 �M THC or 100 �M THC � 30 �M RR. E: effect of U73122 and BIM on TRPV2-dependent calcium entry in human myotubes.
Normal and DMD human myotubes were preincubated for 15 and 45 min with 10 �M U73122 (light-grey columns) and 10 �M BIM (dark-grey columns),
respectively, before TRPV2-dependent calcium entry measurement and compared with control condition (white columns). **P � 0.05; ***P � 0.001.
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0.37%/min, n � 27, respectively). The fact that the increase of
calcium influx observed in the presence of THC was eliminated
by RR suggests that the recorded influx is TRPV2 dependent
(Fig. 6D). To further confirm this proposal, we transfected
DMD myotubes with pIRES2-AcGFP1 vector containing WT
TRPV2 or TRPV2 DK and the cation influx was recorded 48
h after transfection. DMD myotubes transfected with TRPV2
DK exhibit a sarcolemmal expression of this dominant-nega-
tive showed by immunostaining experiments (Fig. 6B). The
activation with 100 �M THC had no effect on cation influx in
TRPV2 DK-transfected DMD myotubes (8.71 � 0.68%/min,
n � 9). The influx recorded in WT-transfected DMD myotubes
in the presence of 100 �M THC and 30 �M RR was equivalent
to that in the control condition with only Mn2� stimulation
(8.24 � 0.58%/min, n � 10) and was not significantly different
from the nontransfected myotubes in the presence of only 100
�M THC (22.90 � 0.87%/min, n � 15; Fig. 6D). This
demonstrates that the influx recorded in those specific condi-
tions is carried by TRPV2. Interestingly, the influx measured
after the activation of TRPV2 with 100 �M THC was signif-
icantly (95% confidence interval, P � 0.05, with Student t-test)
more important in DMD primary human myotubes than in
normal ones. Thus TRPV2 seems to be involved in calcium
homeostasis impairment.

We also investigated the role of PLC and PKC in the
abnormal increase of TRPV2-dependent calcium entry in these
myotubes. Pharmacological inhibition of PLC (10 �M
U73122) or PKC (10 �M BIM) was performed before the
activation of TRPV2-dependent calcium entry using 100 �M
THC. Interestingly we observed an increase of these entries in
normal (Ctrl: 19.08 � 1.46%/min, n � 21; BIM: 22.45 �
0.99%/min, n � 21; and U73122: 24.02 � 0.69%/min, n � 21)
as well as in DMD myotubes (Ctrl: 24.76 � 1.05%/min, n �
32; BIM: 30.35 � 1.08%/min, n � 14; and U73122: 33.57 �
1.39%/min, n � 21; Fig. 6E). This suggests that PLC/PKC
pathway exerts the same regulatory effect on TRPV2 channels
in normal and DMD myotubes and thus does not seem to be
implicated in the enhancing of TRPV2-dependent calcium
entry in DMD myotubes.

SOCE and THC-Induced Calcium Entry are Supported By
Distinct Channels in Human Myotubes

To determine the connection between SOCE and THC-
induced calcium entry two experiments were performed. First,
SOCE was recorded in myotubes transfected with TRPV2
dominant-negative, DK, to achieve TRPV2 channels inhibition
(Fig. 7A). No significant difference has been observed when
compared with transfected control (Pmax) or nontransfected
control in normal (Ctrl: 15.93 � 0.32%/min, n � 98; Pmax:
15.51 � 0.83%/min, n � 15; and DK: 14.62 � 0.53%/min,
n � 15) and DMD myotubes (Ctrl: 28.40 � 0.45%/min, n �
95; Pmax: 27.93 � 1.05%/min, n � 12; and DK: 27.37 �
1.50%/min, n � 14; Fig. 7A). This suggests that TRPV2
channels are not involved in SOCE likely supported by Orai
and TRPC channels as previously demonstrated in mouse
myotubes (49). We also studied the effect of SOCE inhibition
on TRPV2-dependent calcium entry in both cell types (Fig.
7B). One-hundred micromoles of THC were used to activate
TRPV2 channels in the presence of 1 �M YM58483, SOCE
blocker. The inhibition of SOCE had no significant effect on

TRPV2-dependent calcium entry in normal (Ctrl: 19.08 �
1.46%/min, n � 21; and 1 �M YM58483: 18.03 � 0.78%/min,
n � 17) and DMD myotubes (Ctrl: 24.76 � 1.09%/min, n �
32; and 1 �M YM58483: 22.41 � 1.09%/min, n � 13; Fig.
7B). We can thus conclude that SOCE and TRPV2-dependent
calcium entry are supported by different channels in normal
and DMD human myotubes. These channels do not seem to
present any direct connection although both conduct abnor-
mally high calcium entry in DMD cells. Whole cell patch-
clamp experiments were performed in normal myotubes to
characterize calcium current in response to caffeine � CPA
perfusion (Fig. 7, C and D). The same experiments were done
in normal myotubes to characterize calcium current in response
to the calcium store depletion protocol already applied for
measurements of cation entry with the fura-2 technique. The
store depletion protocol consisted in perfusion of a 0 calcium
solution with caffeine � CPA (Fig. 7, C and D). The perfusion
of a 10 mM calcium solution after store depletion protocol
activated a small inward current for negative membrane po-
tentials. The current-voltage (I/V) curve obtained by the dif-
ference between ramp currents recorded in control and in 10
mM calcium perfusion displays a very small current density
with an inward rectification representative of SOCE current.

Cation current was also recorded in response to THC per-
fusion in primary human normal myotubes during application
of a voltage ramp (Fig. 7, E and F). Perfusion of THC activated
a significant current at all potential. The resulting I/V curve is
significantly different to the SOC I/V curve and close to the
outwardly rectifying I/V curve obtained for TRPV2 expressed
in Chinese hamster ovary cells (32). This confirms that caf-
feine � CPA perfusion and THC perfusion are stimulating
different currents and activating independently SOCs and
TRPV2, respectively.

DISCUSSION

Recent evidences have challenged the idea that Ca2� entry
contributes little to calcium homeostasis in skeletal muscle,
and SOCE has been proposed to have critical influence in
muscle development and disease (54). SOCE requires deple-
tion of the internal stores and has been mainly characterized as
a major calcium entry pathway in nonexcitable cells (47). It
was also described in mouse myotubes (22), mouse fibers (35),
and normal human myotubes by stimulating RyR resulting in
the liberation of calcium from the SR to the cytoplasm (63).
The present work confirms that cation influx can be evoked in
human myotubes by the depletion of the SR calcium store
using the stimulation of RyR with caffeine and the inhibition of
calcium recapture by blocking SR SERCA pump using CPA
(Fig. 1B).

Cation entry in response to the SR-depletion protocol in
human myotubes showed the pharmacological profile previ-
ously reported for SOCE (Fig. 2), and the same profile has been
noticed between DMD and normal ones. Measurements of
cation entry showed an abnormal increase of store-operated
cation entry in DMD primary human myotubes compared with
normal ones. Indeed, SOCE was almost twofold higher in
DMD primary human myotubes, suggesting that this abnormal
cation entry may contribute to impairment of calcium homeo-
stasis observed in DMD (Fig. 1D). This is consistent with the
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differences of SOCE already reported between normal and
dystrophin-deficient mouse myotubes and fibers (58, 59).

Early studies in murine model suggested the involvement of
TRPC channels in SOCE (6), and our group showed previously
the direct implication of TRPC1 and TRPC4 by selectively
silencing their expression using small interfering RNA (50,
59). Moreover, overexpression of TRPC3 transgenic mice was
sufficient to increase Ca2� entry and to induce muscular
dystrophy in vivo (42). The role of STIM1 and Orai1 has also
been investigated in mouse models, and it is now acknowl-
edged that these two proteins are key elements of SOCE in
skeletal muscle. Indeed, it has been proved that STIM1-defi-
cient mice show deficiency in SOCE accompanied by myop-
athies (53) and that the loss of expression of STIM1 or the
expression of dominant-negative Orai1, E106Q, causes a sig-
nificant decrease in SOCE in mouse myotubes (40). Since

SOCE has been shown to involve the SR protein STIM1, and
the sarcolemmal cation channels Orai1 and TRPCs, we looked
for a differential expression of STIM1, Orai1, TRPC1, and
TRPC4 proteins in normal and DMD primary human myo-
tubes. Although we expected an increase in the expression of
these proteins in DMD human myotubes, no noticeable differ-
ence was observed at the protein level after Western blot
analysis. During primary culture of human myotubes, a change
in expression of SOCE actors is thus not responsible for the
enhancement of cation entry in DMD myotubes. Instead, we
found that TRPC4, TRPC1, and Orai1 were less abundant in
DMD human myotubes. Since mRNA expression levels are not
different for TRPC1, TRPC4, and Orai1 between healthy and
dystrophic myotubes, the decrease at the protein level may
reflect an increase in protein degradation or a decrease of
channels stability when not associated with the dystrophin

Fig. 7. Relation between SOCE and TRPV2
dependent cation entry in human myotubes.
A: SOCE were recorded in normal and DMD
human myotubes after transfection with Ctrl
plasmid, Pmax (light-grey columns), or
TRPV2 dominant-negative DK (dark-grey col-
umns), SOCE measurement were com-
pared with control condition (white columns).
B: TRPV2-dependent cation entry was re-
corded in normal and DMD myotubes in the
presence (light-grey columns) or the absence
(white columns) of 1 �M YM58483 SOCE
blocker. C–F: calcium currents recorded in
primary human myotubes. C: representative
ramp current traces recorded in the same cell in
the absence (control) or in the presence of 10
mM calcium (SOC current) after calcium store
depletion protocol. D: current-density-voltage
relationship obtained from the difference be-
tween both control and SOC ramp currents in
each cells (n � 3). E: ramp current traces
recorded in the same cell with bath solution in
the absence (control) or in the presence of 100
�M THC. F: current-density-voltage relationship
obtained from the difference between both con-
trol and 100 �M THC ramp currents (n � 1).
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scaffold. This decrease in store-operated channels is, however,
not accompanied by a decrease of SOCE, which is enhanced by
PLC/PKC pathway. Only the STIM1 protein level was slightly
elevated in these myotubes (Fig. 3). This is the first study of the
expression of these proteins in human DMD myotubes. Only
the mRNA levels of STIM1 and Orai1 were already compared
with a microarray analysis of human skeletal muscle biopsies
from control patients and DMD patients (Gene Expression
Omnibus: http://www.ncbi.nlm.nih.gov/geo/). This study indi-
cated that the STIM1 mRNA levels tended to decrease in the
muscle of the dystrophic patients and that the Orai1 mRNA
levels were not significantly changed (for review: see Ref. 34),
which confirms our observations. This indicates a difference
between the human and murine models since a dramatic
increase of STIM1/Orai-protein level has been reported in mdx
muscle fibers (15). Thus we showed the major SOCE actors
were present in primary human myotubes but the role of
STIM1, Orai1, and TRPC channels in the establishment of
SOCE in this model needs to be investigated in a complemen-
tary study.

As we suggested before for mouse myotubes (50, 59), SOCE
impairment is likely due to dysfunction in mechanisms of
SOCE regulation. Furthermore, it has been shown that PLC/
PKC pathway is involved in SOCE since the blocking of PLC
or PKC completely abolished the thapsigargin-dependent cal-
cium entry in endothelial cell line (3). We thus investigated the
implication of PLC in SOCE impairment in DMD human
myotubes and pointed the dependency of SOCE deregulation
on this pathway using a specific pharmacological inhibitor
U73122 (Fig. 5A). This inhibition had no effect in normal
human myotubes as reported by Weigl et al. (63).

PLC can activate conventional PKC isoforms (�, �1, �2, and
; Ref. 8), and, on the other hand, SOCE actors such as TRPC
channels, Orai1, and STIM1 seem to be regulated by phos-
phorylation (2, 33, 36, 39, 46, 52). The PKC blocker, BIM
restored SOCE to normal levels in DMD human myotubes and
had no effect on SOCE in normal ones, suggesting that PKC
are also involved in the deregulation of SOCE in DMD (Fig.
5B). It is well known that calcium ion is involved in conven-
tional PKC isoforms pathway. In DMD human myotubes,
depletion using TPEN induced a SOCE equivalent to that
observed in normal human myotubes after caffeine/CPA-in-
duced Ca2� store depletion or after a TPEN-dependent deple-
tion (Fig. 5C). We can thus draw a SOCE regulatory scheme
involving Ca2�/PLC/PKC pathway in DMD primary human
myotubes.

To understand DMD calcium mishandling, several models
of regulation have been suggested in mice. Our group proposed
a regulation by �1-syntrophin and showed the capacity of this
protein to reestablish normal SOCE levels in dystrophin-defi-
cient mouse myotubes (50, 59). Our observations confirm the
delocalization of �1-syntrophin to an internal sparse localiza-
tion in DMD human myotubes comparing to the subsarcolem-
mal distribution in normal ones. Moreover, we showed that
transfection of FL �1-syn restores normal levels of SOCE in
the absence of dystrophin and that its regulatory role is per-
formed through its PDZ domain (Fig. 4C). These observations
are consistent with the findings in murine myotubes and high-
light the key role of �1-syntrophin in the regulation of SOCE
in primary human myotubes.

In the murine model, calcium mishandling has been related
to other calcium entry pathway such as TRPV2 channels,
which can be activated by membrane stretch (44). It is nor-
mally localized in intracellular membrane compartments but is
translocated to the plasma membrane in dystrophic muscle
fibers (28). Its specific inhibition appears to improve muscular
dystrophy phenotype in mdx mice expressing a dominant-
negative mutant of TRPV2 channel that reduces Ca2� entry in
muscle fibers (29, 64). It was also shown that the sensitivity to
muscle stretch is mainly due to the abnormal localization in the
plasma membrane or to the abnormal regulation of TRPV2
channels (64).

Our work in human cells showed a partial delocalization of
TRPV2 to the plasma membrane (Fig. 6A) and an abnormal
increase in cation entry triggered by THC in DMD myotubes
compared with normal ones (Fig. 6D). Blockage by RR and by
the expression of TRPV2 dominant-negative indicates that this
cation entry is carried out by TRPV2 channels. This strength-
ens the idea that TRPV2 is responsible for an abnormally
increased cation entry in DMD human myotubes as shown in
mdx fibers (29, 64). We also observed that PLC and PKC play
a regulatory role on TRPV2 channels activity in both healthy
and DMD myotubes, suggesting that this pathway is not
implicated in increased TRPV2-dependent calcium entry ob-
served in DMD myotubes (Fig. 6E).

Even though TRPV2 and SOC are both involved in Ca2�

deregulation in DMD myotubes, no connection has been found
between TRPV2-dependent calcium entry and SOCE in human
myotubes. TRPV2 channels inhibition using dominant-nega-
tive DK had no effect on SOCE (Fig. 7A), and SOCE inhibition
using YM58483 did not affect TRPV2-dependent calcium
entry (Fig. 7B). Therefore, no direct relation seems to exist
between these entries in normal as well as in DMD human
myotubes.

All together these findings give, for the first time, important
elements regarding calcium mishandling in a human primary
model of DMD. In this work we showed an abnormal increase
of SOCE in DMD human myotubes that is dependent on
Ca2�/PLC/PKC pathway and highlighted the regulation of
SOCE by �1-syntrophin via its PDZ domain. We also deter-
mined a role of TRPV2 in the calcium mishandling in DMD
human myotubes. With these new basics, several therapeutic
approaches could be envisaged. �1-Syntrophin seems to be
sufficient to regulate abnormal cation entry triggered by SR
store depletion in the absence of dystrophin. As already exper-
imented with utrophin, upregulation of �1-syntrophin could be
used for compensating the absence of dystrophin (55). Further-
more, �1-syntrophin presents the advantage of being already
expressed in DMD muscle cells, which excludes the risk of
immune response in treated patients.

We also showed that TRPV2 activity is abnormally en-
hanced in DMD human myotubes and that TRPV2-dependent
cation entry is restored by TRPV2 dominant negative. This
same mutant reduced the progressive loss of force developed
by mdx muscles and their sensitivity to eccentric contractions
(64). The small size of the TRPV2 cDNA could facilitate its
cloning in recombinant adeno-associated viruses (rAAV) for
infection of DMD skeletal muscle cells with dominant-nega-
tive TRPV2. This work proposes new insights regarding cal-
cium influx disorders in DMD myotubes and offers perspec-
tives for DMD treatment.
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