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The dystrophin-associated protein complex (DAPC) is
essential for skeletal muscle, and the lack of dystrophin in
Duchenne muscular dystrophy results in a reduction of
DAPC components such as syntrophins and in fiber necrosis.
By anchoring various molecules, the syntrophins may confer
a role in cell signaling to the DAPC. Calcium disorders and
abnormally elevated cation influx in dystrophic muscle cells
have suggested that the DAPC regulates some sarcolemmal
cationic channels. We demonstrated previously that mini-
dystrophin and �1-syntrophin restore normal cation entry in
dystrophin-deficient myotubes and that sarcolemmal TRPC1
channels associate with dystrophin and the bound PDZ
domain of �1-syntrophin. This study shows that small inter-
fering RNA (siRNA) silencing of �1-syntrophin dysregulated
cation influx in myotubes. Moreover, deletion of the PDZ-
containing domain prevented restoration of normal cation
entry by �1-syntrophin transfection in dystrophin-deficient
myotubes. TRPC1 and TRPC4 channels are expressed at the
sarcolemma of muscle cells; forced expression or siRNA
silencing showed that cation influx regulated by �1-syntro-
phin is supported by TRPC1 and TRPC4. A molecular associ-
ation was found between TRPC1 and TRPC4 channels and
the �1-syntrophin-dystrophin complex. TRPC1 and TRPC4
channels may form sarcolemmal channels anchored to the
DAPC, and �1-syntrophin is necessary to maintain the nor-
mal regulation of TRPC-supported cation entry in skeletal
muscle. Cation channels with DAPC form a signaling com-
plex that modulates cation entry and may be crucial for nor-
mal calcium homeostasis in skeletal muscles.

Dystrophin is a large cytoplasmic protein located at the
inner face of the sarcolemma inmuscle cells. The N-terminal
portion of the protein binds actin, and the C-terminal por-
tion binds �-dystroglycan, which is part of the dystrophin-
glycoprotein complex; this complex is believed to provide a
framework that connects the extracellular matrix to the intra-
cellular cytoskeleton (1). Because of this structural organiza-

tion, dystrophin has been postulated to protect fibers against
mechanical damage. Knowledge of the role of dystrophin in
skeletal muscle has been gained by intensive studies of muscles
from patients suffering from Duchenne muscular dystrophy
(DMD)2 as well as from mdx mice, the animal model of the
genetic disease. In very severe DMD phenotypes, the total
absence of dystrophin leads to necrosis of skeletal muscle and
results in a reduction or complete absence of dystrophin-asso-
ciated protein complex (DAPC) components such as sarcogly-
cans and syntrophins (2, 3).
The syntrophins are a family of intracellular peripheral

membrane proteins. The binding of syntrophins to a variety of
channels or enzymes has contributed to the idea that these pro-
teins are molecular adaptors that confer a signaling role to the
DAPC. �1-Syntrophin is the predominant syntrophin isoform
in skeletal and cardiac muscles (4). This adaptor protein binds
transmembrane channels, such as sodium channels SkM1 and
SkM2 (5) or the potassium channel Kir4.1 (6), through a PDZ
(PSD95-disc large-zona occludens) domain.
In skeletal muscle, we have demonstrated for the first time

that endogenous TRPC1 channels form a macromolecular
complex with the costameric proteins �1-syntrophin and dys-
trophin and bind to the PDZ domain of the �1-syntrophin (7).
TRPC1 has been shown to interact with other scaffolding
proteins such as Homer (8) and caveolin-1 (9).
The TRPC1 protein is one element of certain non-voltage-

gated heteromeric cation channels involved in Ca2� and Na�

pathway, which can be activated in response to agonist-stimu-
lated phosphatidylinositol 4,5-bisphosphate hydrolysis; it is
thought to be a component of store-operated channels (SOCs)
in various tissues (10). Recently, the study of salivary gland cells
from TRPC1�/� mice showed that TRPC1 is necessary for
store-operated currents in this tissue (11), whereas the analysis
of platelets from TRPC1�/� mice showed that store-operated
calcium entry (SOCE) occurs independently of TRPC1 (12).
Two other proteins, STIM1, a single transmembrane protein
(stromal interaction protein 1) and Orai1, a four-transmem-
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brane domain protein, have emerged as components of the
store-operated channels (13, 14) and can interact with TRPC
proteins in a heteromeric complex to confer responsiveness to
store depletion in various cells (15–17). In muscle fibers, the
study by Kurebayashi and Ogawa in 2001 (18) showed that
complete or partial depletion of sarcoplasmic reticulum stores
during repetitive activation of calcium release stimulates store-
operated calcium entry. Recent studies have revealed high lev-
els of Orai1 (19) and STIM1 at the membrane of the sarcoplas-
mic reticulum (20) in skeletal muscle as well as a requirement
for STIM1 in SOCE and in the contractile function of skeletal
muscle (20). The localization of STIM1 at the sarcoplasmic
reticulum suggests its involvement in the activation of SOCs
and calcium influx through the membrane of T-tubule, which
occurs after calcium release (21).
At the sarcolemma, TRPC1 and TRPC4 are involved in

a cationic channel with activity enhanced by the depletion of
calcium stores by thapsigargin (22) and with many biophysi-
cal properties similar to those of the mechanosensitive (MS)
channels recorded in the same preparation (23). Moreover, a
stretch-activated channel, as well as a SOC, was shown to be
encoded by the TRPC1 gene (24). Taken together, these data
suggest that MS channels and SOCs may represent the same
channel, constituted by at least TRPC1. The activity of MS
channels (25–27) and SOCs (22) is higher in dystrophin-defi-
cient muscle cells. The sarcolemma of dystrophin-deficient
muscle also displays cation channels that are active when mus-
cles are at rest, with greater open probability (28), and an anti-
sense strategy suggested that the spontaneously active channels
are constituted by TRPC protein (22). These studies and others
led to the hypothesis that the DAPC may control TRPC-MS/
SOC channels at the sarcolemma and that is involved in regu-
lating subsarcolemmal calcium concentration. These channels
could be regulated directly in normal cells by the presence of
the DAPC, which could explain the enhanced SOCE observed
in dystrophin-deficient muscles (29, 30). In accordance with
this idea, we recently reported that when transfected in dystro-
phin-deficient myotubes, recombinant mini-dystrophin or
�1-syntrophin forms a complex with TRPC1 channels and
restores normal divalent cation entry after store depletion (7).
Because TRPC1 has the ability to form heteromeric channels,
the association with other TRPC was explored. Several contri-
butions have shown that TRPC1 and TRPC4 associate to build
a cation channel that is permeable to calcium (31) and that
reducing TRPC1 and TRPC4 expression decreases the occur-
rence of store-operated currents recorded at the sarcolemma of
muscle fibers (22).
These data and the association of TRPC1 with endogenous

complex �1-syntrophin/dystrophin prompted us to investigate
whether �1-syntrophin, the predominant syntrophin isoform
in striated muscle, could play a crucial role in regulating the
sarcolemmal cation channels supported byTRPC1 andTRPC4.
We thus performed small interfering RNA (siRNA) experi-
ments to establish whether the reduction of �1-syntrophin
could result in cation influx deregulation. Deletion of the N
terminus corresponding to the PH1a (pleckstrin homology 1a)
and PDZ domains, as well as forced expression of the deleted
�1-syntrophin in dystrophin-deficient myotubes, was also per-

formed to determine whether the N-terminal domain is neces-
sary for this regulation.

EXPERIMENTAL PROCEDURES

cDNA Constructs and Recombinant Proteins

Full-length (FL) Mus musculus �1-syntrophin cDNA was
obtained from Stephen Gee (University of Ottawa, Canada)
and subcloned in pCMS-enhanced GFP with NheI and NotI
restriction enzymes and with two tandem N-terminal Myc
epitope tags. The�N-�1-syntrophinwas obtained by deleting a
162-bp fragment, which corresponds to the PH1a and PDZ
domains. This cDNA was ligated into bicistronic pCMS-en-
hanced GFP. The GST-PDZ domain (amino acids 75–170 of
�1-syntrophin) was obtained and produced by means of the
plasmid pGEX-5X-3. Recombinant proteins were prepared as
GST fusion proteins in Escherichia coli (Tg1), purified using
glutathione-Sepharose beads (Amersham Biosciences), eluted
with glutathione, and used as GST fusion proteins. Plasmids
containing the cDNA of TRPC1 and TRPC4 were obtained
from Dr. Craig Montell (The Johns Hopkins University School
of Medicine, Baltimore).

Cell Culture and Transfections

Experiments were performed on two cell lines: dystro-
phin-deficient dys� SolC1 and one expressing mini-dystro-
phin minidys� SolD6. These cell lines were cultured as
described elsewhere (30). Transfection was performed on
proliferative myoblasts, and experiments were performed on
myotubes at days 3 and 4 after initiation of myoblasts fusion.
For primary cultures, the procedure was as described else-
where (7). Myoblasts were transfected on the day of seeding
in plastic dishes or glass coverslips using Nucleofector trans-
fection (Amaxa Biosystems, Cologne, Germany). One million
cells were centrifuged at 90� g at room temperature for 10min
and resuspended at room temperature inNucleofector solution
(Nucleofector kit V) to a final concentration of 1 million cells/
100 �l. The 100-�l cell suspension was mixed with plasmid
solution prepared with a Qiagen plasmid purification maxi kit
(Qiagen, Courtaboeuf, France). For single transfection of syn-
trophin in bicistronic plasmid, 2 �g of �N-�1-syntrophin-
EGFP or FL-�1-syntrophin-EGFP was diluted in cell suspen-
sion. For double transfection of TRPC1 or TRPC4 with EGFP,
the 100-�l cell suspension was mixed with 1 �g of pmaxGFP
and 5 �g of TRPC1 or TRPC4 plasmids. The cell suspension
was submitted to a pulse protocol (Amaxa B-032, kit V) for
nucleotransfection (Amaxa Biosystems). 500 �l of prewarmed
culturemediumwas added to transfected cells, and themixwas
added to the myoblasts.

Silencing of �1-Syntrophin, TRPC1, and TRPC4 Expression

We obtained mouse SolD6 myotubes with reduced �1-syn-
trophin expression using transient transfection of siRNA. The
siRNA silencing sequence (5�-AAGGUAUGAAUGUGCCGA-
UCUGCGC-3� (Eurogentec, Seraing, Belgium)) was designed
to target mouse �1-syntrophin mRNA (GenBankTM accession
numberNM_009228). SiRNAand its control (sequencewith no
homology with any known eukaryotic gene; Eurogentec) were
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transfected at 3 �g/1 million cells into SolD6myoblasts using a
Nucleofector transfection device. Silencing was also performed
using the same transfection protocol with 3 �g of a bicistronic
shRNA plasmid (SuperArray, Bioscience Corp.) encoding a
short hairpin silencing sequence (5�-TGTGTTGGAGGTTAA-
GTACAT-3�). The bicistronic shRNA plasmid contains the
shRNA under control of the U1 promoter and the EGFP
cDNA to enable the identification of transfected myotubes.
Silencing of the TRPC1 or TRPC4 gene was performed by
means of the same transfection protocol using two different
siRNA sequences (Eurogentec) against mouse TRPC1mRNA
(5�-GCAUCGUAUUUCACAUUCU-3�; 5�-UGAGCCUCUU-
GACAAACGA-3�) or against the mouse TRPC4 mRNA (5�-
CCCUUUCCUUACUGCCUU-3�; 5�-CGAGUUCACUG-
AGUUUGU-3�).

Antibodies

Antibodies used against TRPC1 andTRPC4 (Sigma-Aldrich)
were rabbit polyclonal antibodies, and those against �1-syntro-
phin were goat and rabbit polyclonal antibodies (Abcam, Cam-
bridge, UK). Antibodies against dystrophin were rabbit poly-
clonal antibodies (Santa Cruz Biotechnology) and NCLDYS2
mouse monoclonal (Novocastra, Newcastle, UK). Others
antibodies used weremousemonoclonal anti-c-Myc (Sigma-
Aldrich) and mouse monoclonal anti-FLAG M2 antibody
(Sigma-Aldrich). Secondary antibodies for immunofluores-
cence were Rhodamine Red-X-conjugated affinity-purified
goat anti-rabbit IgG (Jackson ImmunoResearch) and Fluo-
Probes 488 anti-mouse IgG antibodies (FluoProbes, Inter-
chim, Montluçon, France). Secondary antibodies for West-
ern blotting (Amersham Biosciences) were horseradish
peroxidase-conjugated goat anti-mouse IgG and horseradish
peroxidase-conjugated goat anti-rabbit IgG.

Pulldown Assays

Total cell lysates were obtained fromminidys� SolD6. Cells
were washed three times in cold 1� TBS (20 mM Tris base, pH
7.4, 154 mMNaCl, 2 mMMgCl2, 2 mM EGTA) and then lysed in
1 ml of radioimmune precipitation assay buffer (50 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% Nonidet P-40
(w/v), 1% deoxycholate (w/v), 1% Triton X-100 (v/v), 0.1% SDS
(w/v)) in the presence of a 1% protease inhibitor mixture (1 mM

phenylmethylsulfonyl fluoride, 20 mM leupeptin, 0.8 mM apro-
tinin, and 10 mM pepstatin). Protein lysates were homogenized
by mechanical dissociation. The total protein concentration
was measured by means of a Bio-Rad DC protein assay kit.
Glutathione S-transferase (60 �g) or fusion protein consisting
of GST and �1-syntrophin PDZ domain (60 �g) was incubated
with 600 �g of cell lysates in a volume of NET solubilization
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA,
0.05% Nonidet P-40 (v/v)) at 4 °C overnight with constant mix-
ing followed by washing three times in NET. The bound pro-
teins were eluted in an equal volume (20 �l) of loading buffer
and heated for 5 min at 90 °C. The bound proteins were sub-
jected to 10% SDS-PAGE, blotted, and probed with an anti-
TRPC1 or anti-TRPC4 antibody.

Immunoprecipitation

After cell lysis, 2 �g of antibody was added to 200 �l of cell
lysates diluted with 600 �l of NET solubilization buffer and
incubated at 4 °C overnight with constant mixing. Then, the
protein-antibody complex was incubated for 1 h at 4 °C with
constant mixing with 40 �l of protein A/G-Sepharose
(Amersham Biosciences). The immune complexes were col-
lected by centrifugation and washed three times in NET.
After denaturing, samples were subjected to SDS-PAGE,
blotted with antibodies against dystrophin, TRPC1, TRPC4,
c-Myc, and �1-syntrophin, probed for 1 h with 1:3000 horse-
radish peroxidase-conjugated anti-mouse or anti-rabbit anti-
bodies (Amersham Biosciences), and developed with an
enhanced chemiluminescence kit (Amersham Biosciences).
The molecular weight of proteins was estimated according to
prestained protein markers (Rainbow, Sigma-Aldrich).

Immunological Staining

The cultured cells were fixed in freshly made TBS, 4%
paraformaldehyde for 20 min and permeabilized with TBS,
0.5% Triton X-100. A saturation step was executed with TBS,
1% BSA. Samples were incubated for 1 h with primary anti-
bodies diluted in TBS, 1% BSA (20 mM Tris base, 154 mM

NaCl, 2 mM EGTA, 2 mM MgCl2, pH 7.5). After washing out in
TBS, cells were incubated for 1 h in TBS, 1% BSA with second-
ary antibodies. The cells were mounted using Vectashield
mounting medium (Vector Laboratories, Burlingame, CA).
Muscle tissue was fixed by perfusion of TBS, 4% paraformalde-
hyde in situ for 30 min. Skeletal muscles were removed by dis-
section from 4-week-old mice and immediately fixed with 3%
paraformaldehyde, 0.1 M phosphate buffer, pH 7.4, for 1 h at
4 °C. The fixed tissue was infused with a 30% sucrose solutions
in PBS (20 mM phosphate buffer, pH 7.5, 150 mM NaCl) over-
night at 4 °C. Cryosections of muscle fibers were immunola-
beled overnight at 4 °C for indirect immunofluorescence with
primary antibodies diluted at 2–5 �g/ml after 4 h in blocking
solution (TBS, 1% BSA). The immunolabeled samples were
examined using an Olympus IX71 epifluorescence microscope
(Olympus, Tokyo, Japan), and confocal images were acquired
by means of confocal laser scanning microscopy using an
Olympus confocal system (confocal FV-1000 station). The
maximal resolution was obtained with an Olympus UplanSapo
�60 water, 1.2 NA, objective lens. Fluorophores were excited
with a 488-nm line of an argon laser (for fluorescein isothiocya-
nate), a 543-nm line of a HeNe laser (for TRITC). The emitted
fluorescence was detected through spectral detection channels
between 500 and 530 nmand 550 and 625 nm, for green and red
fluorescence, respectively.

Measurement of Cation Influx Using Mn2� Quenching of
fura-2 Fluorescence

Myotubes at 3 or 4 dayswere rinsedwith an external 1.8Ca2�

solution (130 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM

MgCl2, 10 mM HEPES, 5.6 mM D-glucose, pH 7.4, with NaOH)
and incubated for 30 min in darkness and then for 15 min at
37 °C in the same solution supplemented with 3 �M (final con-
centration) fura-2/AM (FluoProbes). Loaded cells were washed
with Ca2�-free solution (130 mM NaCl, 5.4 mM KCl, 0.1 mM
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EGTA, 0.8mMMgCl2, 10mMHEPES, 5.6mMD-glucose, pH7.4,
with NaOH) before measurements were made. fura-2 was
excited at 360 nm with a Cairn monochromator (Cairn Re-
search Ltd., Faversham, UK), and emission fluorescence was
monitored at 510 nm using an intensified cooled charge-cou-
pled device camera (Photonic Science Ltd., Robertsbridge, UK)
coupled to an Olympus IX70 inverted microscope (�40 water
immersion fluorescence objective). Transfected cells were
located by EGFP fluorescence at 520 nm with excitation at 450
nm. The cation influx was evaluated by the quenching of fura-2
fluorescence at 360 nm when Mn2� ions entered the cell. Flu-
orescence variations were recorded using ImagingWorkbench
4.0 (IW 4.0) software (INDEC BioSystems, Mountain View,
CA). The depletion protocol was three 1-min applications of 0
Ca2�, 15�M cyclopiazonic acid (reversible inhibitor of SERCA)
alternating with three 1-min applications of free Ca2�, 5 �M

cyclopiazonic acid � 10 mM caffeine solution. The quench
rate of the fluorescence intensity was estimated using linear
regression of the decaying phase (slope) during the first 40 s
after Mn2� addition (50 �M, final concentration). The
quench rate was expressed as percent/minute to correct for
differences in the cell size or fluorophore loading. Statistical
analysis was performed with Origin 5.0 software (OriginLab,
Northampton, MA). No bleaching was observed during flu-
orescence measurements or a decrease of less than 0.5%/
min. The difference between the mean values of measured
parameters was tested statistically using the Student’s t test and
was considered significant at p � 0.05.

Membrane Potential Recordings

Membrane potential was recorded at room temperature
from culturedmyotubes using thewhole-cell patch clamp tech-
nique. Glass micropipettes (2–5 megohms) were connected to
the head stage of the patch clamp amplifier (Axopatch 200B,
Axon Instruments, Foster City, CA) driven by an IBM PC-AT-
compatible microcomputer equipped with an A/D-D/A con-
version board (Digidata 1320A, Axon Instruments). Data
acquisition and analysis were performed using the pCLAMP
software package (Axon Instruments). Resting membrane
potential (Vm) was recorded with the whole-cell patch clamp
technique using the current clampmode (current was clamped
to zero). In this case, pipettes were filled with an internal
medium containing (mM): 1 MgCl2, 0.005 CaCl2, 1 EGTA, 140
KCl, 10 HEPES, pH 7.2, with KOH. The external medium was
composed of (mM): 0.8 MgCl2, 1.8 CaCl2, 5.6 glucose, 10
HEPES, 130 NaCl, 5.4 KCl, pH 7.4, with NaOH.

Reverse Transcription-PCR and Real-time PCR

Reverse Transcription—Total cellular RNA was extracted
using RNABle kit (Eurobio). RNAs (10 �l) were reverse tran-
scribed in 25 �l of reaction mixture consisting of first strand
buffer (25mMTris, pH 8.3, 37.5mMKCl, 1.5mMMgCl2), 10mM

dithiothreitol, 1 mM each dNTP, 2.4 mg of random hexamers,
40 units of RNase inhibitor (RNAguard, Amersham Bio-
sciences), and 400 units of Moloney murine leukemia virus
(M-MLV) reverse transcriptase (Invitrogen). Reverse tran-
scription was performed at 37 °C for 60 min followed by 2 min
at 100 °C. The solution was then diluted twice in water.

Real-timePCR—The15-�l reactionmixture contained 7.5�l
of 2� TaqMan Universal Master Mix (Applied Biosystems), 5
�l of reverse transcription products, and the appropriate prim-
ers and probes (900 and 200 nM, respectively). All probes con-
tained a 3�-6-carboxytetramethylrhodamine (TAMRA) quencher
dye and were labeled at the 5�-end with a 6-carboxyfluorescein
(FAM) reporter fluorescent dye. Amplification was performed
at 50 °C for 2 min and then 95 °C for 10 min followed by 40
cycles at 95 °C (15 s) and 60 °C (1 min). Reactions were per-
formed in MicroAmp optical 96-well reaction plates (Applied
Biosystems) using an ABI PRISM 7700 sequence detection sys-
tem (Applied Biosystems). All measurements were normalized
to the mitochondrial ribosomal protein S6 (Mrps6, an endoge-
nous control) to account for the variability in the initial concen-
tration and quality of the total RNA.
For �1-syntrophin, the forward primer was 5�-ACT-GAC-

CCA-GAG-CCC-AGG-TA-3�, and the reverse primer was 3�-
TTG-GCC-CTC-AAG-AAG-ACA-GC-5�; the probe was 5�-6-
FAM-CCT-GGC-CGT-CCG-CTG-CAC-AGA-T-3�-TAMRA.
For SP6 protein control, the forward primer was 5�-TTT-GAT-
TCT-GAA-AGC-CAT-GCG-3�, and the reverse primer was 3�-
CGG-TCC-ATC-AGG-GAT-TCT-ATT-G-3�; the probe was
5�-6-FAM-CGG-CCA-GAG-ACC-GCT-GCT-GCT-3�-TAMRA.

RESULTS

siRNA Inhibition of �1-Syntrophin Expression Leads to
Abnormal Increase of Divalent Cation Influx in Myotubes—To
demonstrate that the expression level of �1-syntrophin at
the sarcolemma is crucial for regulating cation influx, �1-
syntrophin expression was repressed with siRNAs. Myo-
blasts were transfected with siRNA duplexes targeting
�1-syntrophin mRNA, and 3-day differentiated minidys�
SolD6 myotubes were tested for expression levels of �1-syn-
trophin mRNA. We observed a drastic 93% extinction of the
�1-syntrophin transcript value in cells transfected with
siRNA against �1-syntrophin compared with cells trans-
fected with a nontargeting siRNA pool (siRNA ghost) (Fig.
1A). The �1-syntrophin protein level was determined by
Western blotting (Fig. 1B). The ratio of �1-syntrophin to
mini-dystrophin (minidys) proteinswas expressed as a percent-
age. Immunoblots showed that siRNA against �1-syntrophin
decreased protein expression by 61% in transfected minidys�
SolD6 myotubes. The low expression of �1-syntrophin at the
sarcolemma was confirmed by immunofluorescence labeling.
�1-Syntrophin was detected at the sarcolemma of minidys�
SolD6 myotubes but not in samples obtained from cells trans-
fected with siRNA against �1-syntrophin (Fig. 1C).
The impact of �1-syntrophin repression was tested on the

association of this protein with dystrophin-based cytoskele-
ton. Minidys� SolD6 muscle cells were transfected with
siRNA against �1-syntrophin, and coimmunoprecipitation
experiments were performed to isolate macromolecular
complexes from 3-day myotubes. Protein extracts were incu-
bated with anti-�1-syntrophin antibody for immunoprecipita-
tion and probed with anti-dystrophin antibody (Fig. 2A, upper
panel). The amount ofmini-dystrophin coimmunoprecipitated
with �1-syntrophin was decreased by 57% in siRNA-trans-
fected myotubes. This result is in accordance with the diminu-
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tion of �1-syntrophin protein expression shown in Fig. 2A,
lower panel. The drastic extinction of �1-syntrophin is accom-
panied by a loss ofTRPC1-�1-syntrophin complex, as shownby
the absence of TRPC1 immunoprecipitated with �1-syntro-
phin (Fig. 2B).
Minidys� SolD6 myotubes were transfected with siRNA

against �1-syntrophin to determine the impact of the loss of
�1-syntrophin on cation influxes after 3 days of differentiation.
Divalent cation entry was stimulated after partial store deple-
tion by the repetitive activation of calcium release by caffeine
(10 mM) in the presence of cyclopiazonic acid, a SERCA inhib-
itor. After the stores were depleted by this procedure, 50 �M

manganese ions were readmitted in the extracellular space,
which induced a store-operated influx of divalent cations
reflected by the progressive quenching of fura-2 fluorescence
by Mn2� (Fig. 2C). All values of the quenching rate were
expressed as absolute values. This divalent cation entry was
shown previously to be blocked by 40 �M SKF-96365, a cation
channels inhibitor (7). It must be noted that when 50 �M man-
ganese ions were readmitted without depletion of the stores, a
Mn2�-decreasing phase of fura-2 fluorescence was recorded
(6.0%/min � 0.2, n � 131 in nonstimulated minidys� SolD6
myotubes), which was not affected by SKF-96365 (data not
shown). This influx is represented in all bar graphs under the
dotted line (Fig. 2D, Fig. 3E, and Fig. 5, B, D, and E). The values
of cationic influx are thus the result of a store-operated cation
entry sensitive to SKF-96365 and of a background cation entry
insensitive to SKF-96365.After depletion, the resulting divalent
cation entries were greatly increased in transfected cells with

�1-syntrophin siRNA (24%/min �
0.9, n � 81) as compared with
untransfected SolD6 myotubes
(control cells; 13.5%/min � 0.5, n �
74) or with transfected cells with a
nontargeting siRNA pool (15.1%/
min � 0.6, n � 28) (Fig. 2D). Inci-
dentally, �1-syntrophin silencing
led to divalent cation influx, which
tended to reach levels similar to the
cation influxes recorded in dystro-
phin-deficient cells (dys� SolC1;
28.1%/min � 0.8, n � 115). A
shRNA plasmid encoding a silenc-
ing shRNA targeted to another
sequence of �1-syntrophin mRNA
was also used to rule out off-target
effects. Transfection with the
shRNA plasmid also resulted in
expression of EGFP, which allowed
us to identify transfected cells. When
transfection resulted in 30% of the
myotubes expressing EGFP, quanti-
fication of �1-syntrophin by immu-
noblots performed on total protein
lysate showed a 35% decrease in the
protein level. The cation influx was
recorded on shRNA-transfected
myotubes expressing EGFP (data

not shown). The analysis of these recordings showed an 86%
increase in divalent cation influx, which is similar to the results
obtained after silencing with siRNA (77% increase). These data
demonstrate that the loss of �1-syntrophin severely increases
divalent cation entry in muscle cells and alters regulation by
mini-dystrophin. This result suggests a crucial role of �1-syn-
trophin in the regulation of cation influx by the dystrophin-
based cytoskeleton.
Requirement of �1-Syntrophin PH1a and PDZ Domains (N

Terminus) for Regulation of Divalent Cation Entry inMyotubes—
The syntrophins are a family of scaffolding proteins that con-
tain four distinct domains (Fig. 3A). The N-terminal part
contains a half-PH1a domain and a PDZ domain. Expression
vector �N-�1-syntrophin-EGFP (Fig. 3A, �N-�-synt) was
developed; this encodes for a truncated �1-syntrophin lacking
the PH1a and PDZ domains with the aim of evaluating the
functional role of those domains.
Immunostaining of �1-syntrophin was performed to estimate

the overexpression of the truncated protein �N-�-synt in trans-
fected minidys� SolD6 myotubes compared with untransfected
cells and to observe its localization despite the absence of the
N-terminal of �1-syntrophin. When transfected, �N-�1-syntro-
phin was clearly concentrated at the sarcolemma (Fig. 3B), as well
as the staining of transfected FL-�1-syntrophin (Fig. 3C), whereas
EGFPexpressionwas observed in the cytoplasm.The immunoflu-
orescent staining of �N-�1-syntrophin was strongly increased at
the sarcolemma as compared with the staining obtained from
endogenous �1-syntrophin (Fig. 3D). Despite the absence of the
N-terminal part, it appears that the truncated �1-syntrophin is

FIGURE 1. Extinction of �1-syntrophin transcript and reduction of �1-syntrophin protein in minidys�
SolD6 myotubes. A, 3-day differentiated minidys� SolD6 muscle cells were harvested after transfection with
siRNA against �1-syntrophin. Bar graphs represent the amount of �1-syntrophin mRNA analyzed by quantita-
tive real-time PCR (value relative to the siRNA ghost control oligo). B, expression levels of �1-syntrophin in
minidys� SolD6 myotube control cells (ctrl) or in cells transfected with �1-syntrophin siRNA were analyzed by
Western blots using an �1-syntrophin polyclonal antibody. The level of �1-syntrophin was compared with that
of mini-dystrophin detected with a polyclonal antibody. C, immunofluorescence microscopy of minidys�
SolD6 myotubes transfected with �1-syntrophin siRNA. The right panel represents a phase contrast picture of
the same �1-syntrophin siRNA-transfected cells in the central panel. Bars � 10 �M.
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normally targeted to the sarcolemma of myotubes expressing
dystrophin.
The truncated �1-syntrophin was transiently transfected in

normal minidys� SolD6myotubes (Fig. 3E) and also in dystro-
phic dys� SolC1 myotubes (Fig. 3F); the consequences for cat-
ion influx were explored by measuring store-operated divalent
cation influx in myotubes 4 days after initiation of differentia-
tion. The green fluorescence of myotubes was used to identify
transfected cellswith pCMS-enhancedGFPplasmid expressing
both EGFP and recombinant �N-�1-syntrophin indepen-
dently. No significant variations in the rate of quenching of

fura-2 (reflecting divalent cation entry) were observed in con-
trolminidys� SolD6myotubes expressing recombinant�N-�-
synt (15.8%/min � 0.9, n � 52) compared with untransfected
cells (14.7%/min � 0.4, n � 124). As described previously, dys-
trophin-deficient myotubes displayed higher levels of cation
influx than myotubes expressing mini-dystrophin (7). Forced
expression of �N-�-synt in dystrophin-deficient myotubes did
not reduce divalent cation influx (25.5%/min � 1.5, n � 30) as
comparedwith untransfected dystrophin-deficient SolC1myo-
tubes (28.1%/min� 0.8, n� 115). By contrast, the cation influx
was significantly reduced into myotubes transfected with FL-

FIGURE 2. �1-Syntrophin is essential for normal regulation of cation entry in cultured myotubes. A, protein lysates from minidys� SolD6 myotubes
transfected with siRNA against �1-syntrophin or from untransfected cells (control (ctrl)) were incubated with polyclonal antibody raised against �1-syntrophin
(�-synt lane). Western blots of the immunoprecipitated proteins (IP) were probed with a polyclonal antibody against mini-dystrophin and a polyclonal antibody
against �1-syntrophin. B, protein lysates from minidys� SolD6 myotubes transfected with siRNA against �1-syntrophin or from untransfected cells were
incubated with polyclonal antibody raised against TRPC1 and �1-syntrophin. Western blots of the immunoprecipitated proteins were probed with a polyclonal
antibody against �1-syntrophin and a polyclonal antibody against TRPC1. C, three representative recordings of fura-2 fluorescence during perfusion of 50 �M

Mn2� obtained from nontransfected minidys� SolD6 myotubes (dotted line), from a minidys� SolD6 myotubes transfected with siRNA against �1-syntrophin
(bolder gray line), and from a dystrophin-deficient SolC1 myotubes (gray line). D, slopes of the Mn2�-induced decreasing phase of fura-2 fluorescence were
measured and expressed as percent decrease/min. Bar graphs represent mean rates of fluorescence decrease induced by Mn2� (expressed in %/min) � S.E. in
control SolD6 myotubes (black column), in control SolD6 myotubes transfected with siRNA ghost (dark gray column), and in SolD6 transfected with �1-syntro-
phin siRNA (light gray column). The white column represents abnormally elevated cation entry in dys� SolC1 myotubes. The difference between mean values
of measured parameters was determined by Student’s t test and considered significant at p � 0.05 (***, p � 0.001). The cationic influx measured under the
dotted line represents the background cation entry insensitive to SKF-96365. n.s., no significant.
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�1-syntrophin (13.0 � 1.0, n � 28). The results obtained with
FL-�1-syntrophin confirmed our previous observation in Van-
debrouck et al. (7). These data suggest that the N-terminal part
of �1-syntrophin mediates the regulation of cation entry in
muscle cells.
Endogenous TRPC4 Interacts with Sarcolemmal TRPC1 in

Muscle and Cultured Myotubes—The formation in skeletal
muscle cells of heterotetrameric channels associating TRPC1
and TRPC4 was explored because the use of antisense had
suggested previously that store-operated calcium currents
recorded in fibers are dependent on the expression level of
TRPC1 and TRPC4 channels (22). Moreover, TRPC1 translo-
cation into the plasma membrane has been shown to depend

upon the expression of TRPC4 at
the membrane (32). Fig. 4A shows
representative images obtained
with confocal fluorescence micros-
copy that illustrate TRPC4 and
TRPC1 localization in differenti-
ated minidys� SolD6 myotubes, in
myotubes from C57BL/10 mice pri-
mary cultures, and in C57BL/10
fibers. Higher magnifications re-
vealed strong staining along the sar-
colemma and punctuate intracellu-
lar staining of TRPC4 andTRPC1 in
myotubes. Substantial staining of
TRPC1 in a striated pattern was
observed in muscle fibers, and
TRPC4 and TRPC1 were also dis-
tributed along the sarcolemma as
shown by the costaining of dystro-
phin (Fig. 4A), which is in agree-
mentwith data described previously
(22). These immunostainings show
that these two types of channels are
localized at the same sarcolemmal
area in skeletal muscle and may
form plasma membrane channels
associated with costameres.
This result illustrates sarcolem-

mal localization of TRPC4 and
TRPC1, which suggests a possible
molecular association. To demon-
strate that TRPC1 and TRPC4
form a complex in muscle cells,
we performed coimmunoprecipi-
tation assays.Western blots probed
with TRPC1 and TRPC4 anti-
bodies (Fig. 4B) revealed that TRPC1
was coimmunoprecipitated with
TRPC4 (IP lane: TRPC4) and con-
versely that TRPC4was coimmuno-
precipitated with TRPC1 (IP lane:
TRPC1) in normal C57BL/10.
These results show that TRPC1
and TRPC4 form a stable complex
in muscle cells and may form a

heterotetrameric channel along the sarcolemma.
TRPC1 and TRPC4 Are Involved in Divalent Cation Influx in

Cultured Myotubes—To determine whether TRPC1 and TRPC4
support the store-operated cation entry recorded in skeletal
muscle cells, we first used an overexpression strategy and sec-
ondly an RNA interference strategy to decrease endogenous
TRPC mRNA levels with further assessments of its impact on
cation influx.
Exogenous Myc-tagged TRPC4 and FLAG-tagged TRPC1

were transfected in minidys� SolD6 myotubes and conse-
quently immunostained with goat anti-mouse Alexa 488
secondary antibody. The staining of TRPC1 and TRPC4 was
enriched along the sarcolemma of the myotubes, confirming

FIGURE 3. The N terminus corresponding to the PH1a and PDZ domains of �1-syntrophin is necessary for
regulating the abnormally elevated cation entry in dystrophin-deficient cultured myotubes. A, struc-
tural diagram of FL-�1-syntrophin and �1-syntrophin missing the PH1a and PDZ domains (�N), showing the
relative localization of the PH domains, the PDZ domain, and the syntrophin-unique domain. B–D, differenti-
ated minidys� SolD6 myotubes were transfected with plasmids encoding �N-�1-syntrophin-EGFP and FL-�1-
syntrophin-EGFP. Myotubes were immunostained with antibody specific for �1-syntrophin (in red). EGFP
expression in cytoplasm is shown in green. The expression level of �1-syntrophin was evaluated by the inten-
sity of red fluorescence. Bars � 10 �M. E and F, minidys� SolD6 and dys� SolC1 myotubes were transfected
with the expression vector encoding �N-�1-syntrophin-EGFP. E, mean rates of fluorescence decrease induced
by Mn2� (expressed in %/min) � S.E. in minidys� SolD6 myotubes transfected (gray column) with the �N-�1-
syntrophin-EGFP or nontransfected (NT, black column). ns, not significant. F, same experiment as in E on dys�
SolC1 myotubes. The white columns represent results of the effect of FL-�1-syntrophin forced expression on
cation entry, which confirms those already reported by Vandebrouck et al. (7).
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that TRPC1 and TRPC4 form channels at the sarcolemmal
compartment (Fig. 5A).
Myoblasts were co-transfected using Nucleofector tech-

nology (Amaxa) with FLAG-tagged TRPC1 or Myc-tagged
TRPC4 plasmids and a plasmid expressing only EGFP (called
pmaxGFP) with a ratio of 1 �g of pmaxGFP to 4 �g of FLAG-
tagged TRPC1 or Myc-tagged TRPC4. The GFP plasmid was
used to identify transfected myotubes with TRPC1 and
TRPC4. As shown in Fig. 5A, the distribution of transfected
TRPC1-FLAG and TRPC4-Myc was examined in minidys�
SolD6myotubes, presenting a clear concentration of these pro-
teins at the sarcolemma.
Divalent cation influx was explored after the recombinant

TRPC1 or TRPC4 was transiently transfected in minidys�
SolD6 myotubes (Fig. 5B). The recordings of store-operated
divalent cation influxes showed a large increase in divalent cat-
ion entry in myotubes expressing either recombinant TRPC1
(24.3%/min� 1.8, n� 16) or TRPC4 (22.8%/min� 1.9, n� 28)
compared with control myotubes (14.7%/min � 0.4, n � 124).
Therefore, overexpression of TRPC1 and TRPC4 appears to
enhance the divalent cation influx recorded in myotubes stim-
ulated by a store depletion protocol.
Moreover, culturedmyoblasts were transfected by nucleo-

fection with siRNA against TRPC1 and, on the other hand,
with siRNA against TRPC4 (Fig. 5C and D). The conse-

quences for the protein level and
for store-operated cation entry
were explored, respectively, by
Western blot (Fig. 5C) and by
measuring cation influx in differ-
entiated myotubes 3 days after ini-
tiation of differentiation (Fig. 5D).
Western blot analysis showed a
large decrease in TRPC1 expres-
sion by 89% and TRPC4 expres-
sion by 84% in minidys� SolD6
myotubes transfected with TRPC1
and TRPC4 siRNAs compared with
control cells, confirming TRPC1
and TRPC4 knockdown at the pro-
tein level.
Alterations of endogenous TRPC1

protein appeared to decrease store-
operated cation influx (TRPC1
siRNA: 9.3%/min � 0.5, n � 42) as
well as TRPC4 siRNA (9.5%/min �
0.7, n� 27) compared with the con-
trol cell values (13.5%/min � 0.5,
n � 74). In other words, TRPC1
knockdown resulted in a 31% inhi-
bition of divalent cation influx in
myotubes. Similarly, TRPC4 silenc-
ing resulted in a 30% inhibition of
divalent cation influx. This shows
that at least part of the divalent cat-
ion influx recorded in myotubes
after store depletion was supported
by TRPC1 and TRPC4. Taking into

account the background non-store-operated cation entry
recorded in nondepleted myotubes (6.0%/min), the remaining
store-operated component of cation entry was 41 and 44% after
TRPC1 and TRPC4 knockdown, respectively (Fig. 5D). This
remaining component after siRNA treatment could be sup-
ported by residualTRPC1 andTRPC4 expression or other types
of store-operated channels. To rule out off-targets effects, two
different siRNAs designed against different targets in TRPC1
and TRPC4mRNAwere used, giving similar results in the inhi-
bition of divalent cation entry (not shown).
These results further suggest that TRPC1 and TRPC4 com-

prise an important subunit of functional native divalent cation
channels in culturedmyotubes and that this influx is dependent
on store depletion. TRPC1 was shown to form a SOC with
STIM1 and Orai1, which is inhibited by 1 �M Gd3� (17). To
understand the involvement of STIM/Orai in the influx
recorded in cultured myotubes, 1 �M Gd3� was used to inhibit
STIM/Orai pathway. The divalent cation influx measured after
store depletionwas insensitive to 1�MGd3� (supplemental Fig.
S2). Similarly, this inhibitor had no effect on abnormal cation
influx measured in minidys� SolD6 transfected with �1-syn-
trophin siRNA.On the contrary, administration of 10�MGd3�

(a powerful inhibitor of cation channels) led to a drastic reduc-
tion of cation influx (supplemental Fig. S2).

FIGURE 4. TRPC4 and TRPC1 are present at the sarcolemma of muscle and cultured myotubes and form a
stable complex in skeletal muscle. A, laser scanning confocal microscopy analysis of TRPC1 and TRPC4
distribution. Immunostaining in minidys� SolD6 cultured myotubes, in dys� C57BL/10 myotubes from pri-
mary cultures, and in C57BL/10 skeletal muscle (semi-thin section) is shown. Costaining of dystrophin in skeletal
muscle was obtained with a mouse monoclonal antibody to show the cortical compartment of muscle fibers.
Bars � 10 �M. B, muscle lysates were incubated with polyclonal antibodies against TRPC1 (IP: TRPC1 lane) or
TRPC4 (IP: TRPC4 lane). Immunoprecipitation was carried out with protein A-Sepharose beads (PAS). Western
blot of the immunoprecipitated proteins was probed with polyclonal antibodies against TRPC1 or TRPC4.
Positive controls for immunoprecipitation were carried out with antibodies raised against TRPC1 or TRPC4,
respectively, and negative controls were performed with protein A-Sepharose.
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To determine whether the two isoforms of TRPC were
involved in the divalent cation entry regulated by the expres-
sion of�1-syntrophin, experimentswith double siRNAs against
�1-syntrophin and TRPC1, as well as with siRNAs against
�1-syntrophin and TRPC4, were performed in minidys�
SolD6 myotubes. Reduction of the protein level was confirmed
by Western blot after double silencing (not shown). The
quenching results shown in Fig. 5E demonstrate that the abnor-
mal influxesmeasured when�1-syntrophin was knocked down
(24.0%/min � 0.9, n � 81) were decreased after double extinc-
tion of either�1-syntrophin and TRPC1 (12.6%/min� 0.6, n�
59) or �1-syntrophin and TRPC4 (14.2%/min � 0.7, n � 64).
The repression of TRPC1 or TRPC4 counteracted the increase
of cation influx resulting from repression of �1-syntrophin.
Therefore, these data clearly show that divalent cation entry
regulated by �1-syntrophin expression level is dependent on
both TRPC1 and TRPC4 in cultured myotubes.
L-type Calcium Channels Are Not Involved in Divalent Cat-

ion Influx—To discriminate non-voltage-dependent calcium
channels from voltage-dependent calcium channels, nifedipine
(5 �M) was used to selectively block calcium L-type compo-
nents (ICaL). Nifedipine was administrated at the same time as
Mn2� solution. The divalent cation influx measured after store
depletion was insensitive to nifedipine (supplemental Fig. S1),
as shown by the absence of effect of this compound on the
divalent cation influx recorded in minidys� SolD6 myotubes
(14.5%/min� 0.9, n� 76 with nifedipine and 14.7%/min� 0.4,
n � 124 in the control). On the contrary, a large component of
divalent cation influx was sensitive to 40 �M SKF-96365, a
store-operated channel inhibitor, inminidys� SolD6myotubes
(7.6%/min � 0.5, n � 41). This pharmacological tool demon-
strates that ICaL does not participate in cation entry under
these experimental conditions. Moreover, we recorded the
resting membrane potential after the depletion protocol in
minidys� SolD6 myotubes and obtained a mean value of �61
mV. The depletion protocol leads to low depolarization
(around 6mVdepolarization forminidys� SolD6 and around 4
mV depolarization for dys�SolC1), but the membrane poten-
tial remains underneath the activation threshold of L-type cal-
cium channels, which is normally around �30 mV in human
(34, 35) and rat (36) myotubes and in wild type fibers (37).
Nifedipine was used in minidys� SolD6 transfected with
�1-syntrophin siRNA (supplemental Fig. S1). Nifedipine had
no effect on abnormal cation influx measured when �1-syntro-
phin expression was inhibited (25%/min � 2.1, n � 43). This

shows that in absence of �1-syntrophin, the abnormal cation
influx is not due to L-type calcium channel activity. Moreover,
the knockdown of �1-syntrophin in minidys� SolD6 trans-
fected with �1-syntrophin siRNA did not significantly change
the resting membrane potential. Indeed, the resting potential was
slightly more negative compared with control minidys� SolD6
(around 3 mV hyperpolarization). It is interesting to note that in
dystrophin-deficient myotubes, the resting potential was also
morenegative comparedwithminidys�SolD6myotubes (around
8 mV hyperpolarization). The values of membrane potential in
culturedmyotubes are represented in supplemental Table 1.
TRPC4 Is Associated with the �1-Syntrophin/Dystrophin-

based Cytoskeleton in Muscle and Cultured Myotubes—The
plasmid encoding for FL-�1-syntrophin-Myc was transfected
inminidys� SolD6muscle cells in order to explore the interac-
tion of the scaffolding protein with endogenous TRPC4. Pro-
tein lysates were incubated with anti-TRPC4, anti-dystrophin,
and anti-Myc antibodies for immunoprecipitation and probed
with anti-Myc antibody. Fig. 6A shows that the recombinant
�1-syntrophin coimmunoprecipitatedwithTRPC4,which sug-
gests that recombinant�1-syntrophin forms amacromolecular
complex with endogenous TRPC4 in cultured myotubes.
TRPC4 contains a conserved sequence at the C-terminal (three
amino acids, TRL (38)), which suggests that TRPC4 may inter-
act with a common PDZ domain. Therefore, we tested whether
TRPC4, like TRPC1 (7), interacts with the �1-syntrophin PDZ
domain. Fig. 6B shows that TRPC4 from lysates of minidys�
SolD6myotubes can bind to GST fusion protein containing the
PDZ domain of �1-syntrophin like TRPC1 from the same
lysates (Fig. 6B). To test whether endogenousTRPC4 associates
with �1-syntrophin and dystrophin in muscle cells, we looked
for this complex by using coimmunoprecipitation assays with
lysates from C57BL/10 and from cultured myotubes.
Fig. 6C represents immunoblots revealed by polyclonal

TRPC4 and TRPC1 antibodies. A band of around 117 kDa, cor-
responding toTRPC4,was detected in the anti-dys, anti-�-synt,
and anti-TRPC1 precipitates from C57BL/10 muscle. Con-
versely, the immunoblot revealed by polyclonal TRPC1 anti-
body demonstrates a band of around 90 kDa corresponding to
TRPC1 with anti-dys, anti-�-synt, and anti-TRPC4 precipi-
tates. These results clearly show that endogenous TRPC4 inter-
acts with TRPC1 channels in C57BL/10 muscle cells but also
with the dystrophin-�1-syntrophin complex. It shows for the
first time that mature mice muscles have a macromolecular
complex containing TRPC1 and TRPC4 channels linked to the

FIGURE 5. TRPC1 and TRPC4 are involved in cation influx regulated by �1-syntrophin in minidys� SolD6 myotubes. A, analysis by laser scanning
confocal microscopy of Myc-tagged TRPC4 and FLAG-tagged TRPC1 immunostaining in transfected minidys� SolD6 cultured myotubes. Bars � 10 �M.
B, minidys� SolD6 myotubes were transfected with the expression vector encoding TRPC1 or TRPC4. Mean rates of fluorescence decrease induced by Mn2�

(expressed in %/min) � S.E. are shown in control minidys� SolD6 myotubes (ctrl; black column) and in minidys� SolD6 transfected with TRPC1 (white column)
and TRPC4 (gray column). The difference between mean values of measured parameters was processed by Student’s t test and considered significant at p �
0.05 (***, p � 0.001). C, histograms show efficiency of TRPC1 and TRPC4 expression after siRNA treatment. TRPC1 and TRPC4 protein levels were normalized to
�-tubulin and expressed as percent of control. D, effect of siRNA knockdown of individual TRPC homologues on store-operated cation entry. Minidys� SolD6
were transfected with TRPC1 or TRPC4 siRNA. Mean rates of fluorescence decrease induced by Mn2� (expressed in %/min) � S.E. are shown in control minidys�
SolD6 myotubes (black column) and in minidys� SolD6 transfected TRPC1 siRNA (white column) and TRPC4 siRNA (gray column). The difference between mean
values of measured parameters was determined by Student’s t test and was considered significant at p � 0.05 (***, p � 0.001). E, effect of double siRNA
knockdown of �1-syntrophin and TRPC1 and, on the other hand, of �1-syntrophin and TRPC4 on store-operated cation influx in minidys� SolD6 myotubes.
Mean rates of fluorescence decrease induced by Mn2� (expressed in %/min) � S.E. are shown in minidys� SolD6 myotubes transfected with �1-syntrophin
siRNA (gray column) and in minidys� SolD6 transfected with double siRNAs against �1-syntrophin/TRPC1 (black column) and double siRNAs against �1-syn-
trophin/TRPC4 (white column). The difference between mean values of measured parameters was analyzed by Student’s t test and considered significant at p �
0.05 (***, p � 0.001).
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cytoskeletal dystrophin-�1-syntrophin complex. Fig. 6D shows
immunoblots of �1-syntrophin and dystrophin in minidys�
SolD6 myotubes. A band corresponding to �1-syntrophin was
present with the immunoprecipitate of TRPC4, and a band cor-
responding to the 230-kDamini-dystrophinwas detected in the
immunoprecipitate of TRPC4. These results are in agreement
with those of Fig. 6C. In cultured cells expressing mini-dystro-
phin, a macromolecular complex is constituted between mini-
dystrophin, �1-syntrophin, and endogenous TRPC4 as well as
TRPC1 (7). The same macromolecular complex is formed in
mini-dystrophin-expressing myotubes as in mature muscles.

DISCUSSION

In this study, we present new evidence for a crucial role of
�1-syntrophin in regulating TRPC1- and TRPC4-dependent

cation influx in skeletalmuscle cells.We demonstrate the inter-
action of TRPC1 and TRPC4 channels with �1-syntrophin and
the PDZ domain. Moreover, we show the requirement of this
domain and of the presence of �1-syntrophin in the DAPC for
normal regulation of TRPC-dependent cation entry.
Several studies performed with dystrophin-deficient mice or

human muscles have suggested that the DAPC regulates the
activity of sarcolemmal cation channels responsible of sus-
tained calcium influx (39). Among these voltage-independent
channels with higher activity in dystrophin-deficient muscle,
TRPC1 and TRPC4 (22) have been shown to support sarcolem-
mal calcium currents that are spontaneously active and also are
activated by treatment with thapsigargin or caffeine. We
showed previously that in dystrophin-deficient myotubes dis-
playing higher cation entry, transfectedmini-dystrophin form a

FIGURE 6. TRPC4 associates in vitro with the PDZ domain of �1-syntrophin and forms a macromolecular complex with TRPC1, dystrophin, and
�1-syntrophin in skeletal muscle and cultured myotubes. A, the lysates from differentiated minidys� SolD6 myotubes transfected with FL-�1-syntrophin-
c-Myc-EGFP plasmid were immunoprecipitated (IP) with polyclonal antibodies against c-Myc tag (c-Mycp lane), TRPC4 (TRPC4 lane), and dystrophin (dys lane).
The resulting immunoblot (IB) was probed with a monoclonal antibody against c-Myc tag (c-Mycm). B, beads charged with GST alone or with a GST fusion
protein of the PDZ domain of �1-syntrophin were incubated with protein lysates from minidys� SolD6 myotubes. Bound proteins were immunoblotted with
a polyclonal TRPC4 antibody or with a polyclonal TRPC1 antibody. The input lane was loaded with 10% of the extract used for the pulldown. C, muscle lysates
from C57BL/10 muscles (input lane) were incubated with polyclonal antibodies against dystrophin (dys lane), �1-syntrophin (�-synt lane), TRPC1 (TRPC1 lane), and
TRPC4 (TRPC4 lane). Western blots of the immunoprecipitated proteins were probed with polyclonal antibodies against TRPC4 or TRPC1. PAS, protein A-Sepharose.
D, protein lysates (input lane) from minidys� SolD6 myotubes were incubated with polyclonal antibodies against �1-syntrophin, TRPC4, and mini-dystrophin (dys
lane). Western blots of the immunoprecipitated proteins were probed with polyclonal antibodies against �1-syntrophin or mini-dystrophin.
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complex with TRPC1 and �1-syntrophin and reduce the cation
influx (7). Transfection of a recombinant �1-syntrophin was
also shown to reduce abnormal cation entry in dystrophin-de-
ficient muscle cells, suggesting that recombinant �1-syntro-
phin restores the regulation of cation channels independently
of dystrophin.
We show here that the regulation obtained with full-length

�1-syntrophin is lost when the N-terminal part of the scaffold-
ing protein is deleted, which suggests a specific role of the PDZ
domain. Moreover, a recombinant GST-PDZ domain of the
scaffolding protein was able to bind TRPC1 and TRPC4. These
observations are in favor of a central role of �1-syntrophin in
regulating the sarcolemmal cation channels by a PDZ domain-
mediated interaction. This has already been proposed in the
case for �2-syntrophin for the regulation of SCN5A channels
(40).
In the present study, the requirement of �1-syntrophin for

regulating cation entry is supported by the effects of repressing
�1-syntrophin expression with siRNA. Indeed, �1-syntrophin-
deficient myotubes displayed a dysregulation of cation influx
similar to that measured in dystrophin-deficient myotubes.
These new data suggest that �1-syntrophin plays a central and
essential role inmediating the regulation of sarcolemmal cation
channels by the DAPC. Moreover, we have shown that the
N-terminal part of�1-syntrophin, containing the PDZ domain,
is necessary for this regulation. In normal muscle, dystrophin
may constitute the scaffold for recruiting �1-syntrophin near
the sarcolemmal cationic channels, which constitutes a signal-
ing complex supporting a PDZ-mediated regulation of the cat-
ion entry during the activity of muscle cells. We demonstrated
previously that TRPC1 channels form a stable molecular com-
plex with native dystrophin and �1-syntrophin in normal mus-
cle (7). Showing the association of TRPC1 with caveolin-3,
another component of the DAPC, a recent work from another
group (41) confirmed our previous finding (7) in which TRPC
channels in skeletal muscle are part of a costameric macromo-
lecular complex. Our new data provide compelling evidence
that TRPC4 channels also interact with this macromolecular
complex associated with the DAPC. In dystrophic muscles the
absence of dystrophin results in a reduction at the sarcolemma
of �-syntrophin (3), neuronal nitric-oxide synthase (42, 43),
and aquaporin-4 (44). Our results suggest that the drastic
decrease in �1-syntrophin at the sarcolemma observed in dys-
trophin-deficient muscles may participate in the deregulation
of slow calcium influx involved in the physiopathology ofDMD.
The present study provides evidence that the sarcolemmal

cation channels regulated by the �1-syntrophin are constituted
at least of TRPC1 and TRPC4 proteins. (i) First, native TRPC4
channels can be coimmunoprecipitated with TRPC1 channels,
and both channels are present at the sarcolemma of muscle
cells as shown by immunofluorescence. When transfected,
recombinant TRPC1 and TRPC4 channels can be expressed at
the sarcolemma of differentiated myotubes. (ii) As for TRPC1
channels, TRPC4 could be coimmunoprecipitated with dystro-
phin and �1-syntrophin or in a recombinant systemwith mini-
dystrophin and Myc-�1-syntrophin. Both TRPC1 and TRPC4
are present in a macromolecular complex associated with the
DAPC, and both channels can be fixed in vitro by the PDZ

domain of �1-syntrophin. (iii) The level of divalent cation
influx in myotubes is dependent on the expression of TRPC1
and TRPC4 channels; overexpressing TRPC1 or TRPC4 chan-
nels at the sarcolemma increased the cation entry, and con-
versely, repressing TRPC1 or TRPC4 channels decreased the
cation entry, which is in accordance with the observations
made previously in sarcolemmal non-voltage-dependent cation
currents ofmuscle fibers (22). This cation entry was sensitive to
SKF-96365 but was not affected by nifedipine, a voltage-de-
pendent calciumchannel inhibitor.Moreover, the repression of
TRPC1 or TRPC4 channels counteracted the increase of cation
influx resulting from the knockdown of �1-syntrophin. These
observations are clearly in favor of a PDZ domain-mediated
regulation by�1-syntrophin ofTRPC1- andTRPC4-dependent
cation entry through the sarcolemma. TRPC1 can homodimer-
ize through anN-terminal coiled-coilmotif (45), but expression
studies have indicated that TRPC1 can form heterotetramers
with TRPC3, TRPC4, and/or TRPC5 (32, 46, 47). According to
other studies, TRPC1may only form functional channels at the
plasma membrane when expressed as heterotetramers, as
shown for example in TRPC1/TRPC4 coexpression studies (32,
48). Our coimmunoprecipitation assays are in favor of a het-
erotetrameric TRPC1/TRPC4 channel interacting with �1-
syntrophin and theDAPC.Within the cytosolic region ofTRPC
channels, several domains could mediate the assembly of mac-
romolecular complexes such as the coiled-coil domain and
PDZ-binding motif. This latter motif has already been
described for TRPC4 (49, 50), which interacts with a PDZ
domain in Na�/H� exchanger regulatory factor. TRPC1 and
TRPC4 can be activated in non-excitable cells by the G�q/11-
linked phospholipase pathway, and both are also shown to form
store-operated cationic channels (51, 52). The study of knock-
out mice has shown that some cell types from TRPC4�/� (53)
or TRPC1�/� (11) mice display reduced store-operated cal-
cium entry. Our results obtained with siRNA and overexpres-
sion experiments, and the previous study using antisense oligo-
nucleotide in muscle fibers (22), favor of the idea that these
sarcolemmal cation channels can be triggered after a store
depletion protocol. However, depletion of intracellular calcium
stores may not directly activate TRPC-dependent influx, which
could be regulated by intracellular calcium and other second
messengers that are released after the depletion protocol.
Recent studies have shown that SOCEs are mainly dependent
on STIM1 and Orai1 in myotubes (54) and that these proteins
constitute core components of the SOC. The activity of STIM1
requires an ERM (ezrin/radixin/moesin) domain, which medi-
ates the selective binding of STIM1 to TRPC1 and TRPC4 (15,
55). Interactions among Orai1, TRPCs, and STIM1 (16, 56), as
well as the functional requirement for Orai1 in store-operated
TRPC1-STIM1 channels (17), raised the question of STIM1
and Orai1 interactions with the sarcolemmal TRPC1 and
TRPC4 channels. However, the results obtainedwith a low con-
centration of gadolinium (17) suggest that under our experi-
mental conditions TRPC-dependent influx recorded in myo-
tubes is independent of Orai1/STIM1. STIM1 was recently
shown to be required for SOCE during sustained activity of
skeletal muscles (20). The localization of STIM1 at the mem-
brane of the sarcoplasmic reticulum suggests an interaction at
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the T-tubule membrane with SOCs. A complex associating
Orai1, TRPC, and STIM1 may thus form store-operated
machinery at the triads controlling the calcium influx through
the T-tubule membrane (21). It is likely that our quenching
assay and partial depletion protocol do not permit recording of
this fast entry of cation in the restricted intertriadic space. The
sarcolemmal TRPC1/TRPC4 cation channels associated with
the costamericDAPCare, however, at anothermembrane com-
partment and may be triggered by other mechanisms. Heterol-
ogous expression of TRPC1 has provided controversial data
concerning the activation of TRPC1-supported currents by
stretch (24, 57). In skeletal muscle, however, other studies sug-
gest that TRPC1 also contributes to MS channels in differenti-
ated muscle cells (58) and in C2C12 myoblasts (59). Moreover,
stretch-activated currents share similar electrophysiological
properties with store-operated currents when recorded at the
surface membrane of skeletal fibers (23). Stretch-activated cur-
rents (27, 60) and osmotic activated calcium entry (33) are
increased inmdx andDMDmuscle cells lacking dystrophin and
DAPC. It is thus possible that the loss of the PDZ-mediated
regulation by �1-syntrophin in dystrophin-deficient muscles
enhances the mechanical sensitivity of TRPC1-containing
channels.
A recent study (41) also proposed that higher levels ofTRPC1

and caveolin-3 at the sarcolemma of dystrophin-deficient mus-
cle contribute to abnormal calcium influx as well as to reactive
oxygen species and Src kinase activation. A loss of �1-syntro-
phin combined with higher amounts of TRPC1 and caveolin-3
could thus contribute to altered calcium influx. Interestingly,
mice lacking Homer-1, another scaffolding protein, exhibit a
myopathy associated with increased spontaneous cation influx
dependent on TRPC1 (58). Together, these independent obser-
vations show that the regulation of TRPC1 by scaffolding pro-
teins in skeletal muscle is critical for slow non-voltage-depen-
dent calciumentry.Moreover, diminishedHomer-1 expression
in dystrophicmdxmicemay also contribute to abnormal cation
channel activity in dystrophic myofibers.
Our study reinforces the idea that TRP channels form cation

channels, which operate with macromolecular complexes
closely associated with the cytoskeleton. Further studies will be
necessary to determine the composition of the costameric com-
plex anchored to the dystrophin cytoskeleton and to determine
how �1-syntrophin controls the activity of TRPC1 and TRPC4
channels at the sarcolemma.
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