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Our recent work identified store-operated Ca2� entry (SOCE)
as the critical Ca2� source required for the induction of human
myoblast differentiation (Darbellay, B., Arnaudeau, S., König, S.,
Jousset, H., Bader, C., Demaurex, N., and Bernheim, L. (2009)
J. Biol. Chem. 284, 5370–5380). The present work indicates that
STIM2 silencing, similar to STIM1 silencing, reduces myoblast
SOCEamplitude anddifferentiation. Becausemyoblasts in culture
can be induced to differentiate into myotubes, which spontane-
ously contract in culture, we used the same molecular tools to
explore whether the Ca2� mechanism of excitation-contraction
coupling also relies on STIM1 and STIM2. Live cell imaging of
early differentiatingmyoblasts revealed a characteristic clustering
of activated STIM1 and STIM2during the first fewhours of differ-
entiation. Thapsigargin-induced depletion of endoplasmic reticu-
lum Ca2� content caused STIM1 and STIM2 redistribution into
clusters, and co-localization of both STIM proteins. Interaction of
STIM1andSTIM2was revealedbya rapid increase in fluorescence
resonance energy transfer between CFP-STIM1 and YFP-STIM2
after SOCE activation and confirmed by co-immunoprecipitation
of endogenous STIM1 and STIM2. Although both STIM proteins
clearly contribute to SOCE and are required during the differenti-
ation process, STIM1 and STIM2 are functionally largely redun-
dant as overexpression of either STIM1 or STIM2 corrected most
of the impact of STIM2or STIM1 silencing onSOCEanddifferen-
tiation. With respect to excitation-contraction, we observed that
human myotubes rely also on STIM1 and STIM2 to refill their
endoplasmic reticulum Ca2�-content during repeated KCl-in-
ducedCa2� releases.This indicates that STIM2 is anecessarypart-
ner of STIM1 for excitation-contraction coupling. Thus, both
STIM proteins are required and interact to control SOCE during
human myoblast differentiation and human myotube excitation-
contraction coupling.

STIM1 and STIM2 are endoplasmic reticulum (ER)2 trans-
membrane proteins that are activated by a drop inCa2� content

in the ER (2–5). Once activated, STIM1 and STIM2 trigger a
Ca2� influx (also called store-operated Ca2� entry (SOCE))
through Ca2�-selective Orai channels located at the plasma
membrane (6–13). This Ca2� influx restores the ER Ca2� con-
tent (2–4, 10, 12, 14–26).
Several studies examined whether STIM2 had a specific role,

distinct from STIM1, but no clear answer has emerged yet. A
lower Ca2�-activation threshold of STIM2 as compared with
STIM1 has been suggested (2), although N-terminal Ca2�-
binding affinity seems to be similar for STIM1 and STIM2 (27–
29). In STIM2 knock-out mice, and also in several cell types in
which STIM2 has been silenced, SOCE amplitude is only
slightly reduced. This could reflect either a smaller activation of
Orai1 by theN-terminal part of STIM2 or a lower expression of
STIM2 as compared with STIM1 (3, 4, 24, 30). In other studies,
overexpression of STIM2 has been reported to inhibit SOCE
(31) or, on the contrary, to restore SOCE in cell types with
STIM1 deficiency (4, 32). Hence, findings on STIM2 are still
controversial.
Post-natal myogenesis critically relies on Ca2� influx

through the SOCE pathway (1, 33–37).We recently established
that the initiation of myoblast differentiation requires, likely
among other Ca2� sources, STIM1/Orai1-dependent cytosolic
Ca2� signals, which are amplified by a plasma membrane
hyperpolarization (1, 33, 38, 39). Althoughdistinctmechanisms
control postnatalmuscle formation and embryonicmyogenesis
(40), SOCE may be involved in both processes as mice lacking
STIM1 die shortly after birth frommyopathy (41). Concerning
more mature muscle cells, recent evidences show that refilling
of Ca2� stores during repeated muscle contractions not only
relies, as traditionally thought, on Ca2� re-uptake by sarcoplas-
mic-endoplasmic reticulum calciumATPase to the ER, but also
on a functional STIM1-dependant SOCE (35, 41–45). Accord-
ingly, STIM1 knock-out mice suffer from a muscular contract-
ile defect, and patients with STIM1 deficiency present a mus-
cular hypotonia (32, 46).Whether STIM2 is also involved is still
unknown. The present work explores the involvement of
STIM2 in human myoblast Ca2� homeostasis and differentia-
tion and in human myotube excitation-induced Ca2� release.

* This work was supported by the Fonds National Suisse pour la Recherche
Scientifique (Grant 310030-124910 to L. B.), the Fondation Suisse pour la
Recherche sur les Maladies Musculaires, the Fondation Hans Wilsdorf, and
the Fondation Marcel Levaillant.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S3.

1 To whom correspondence should be addressed: Neurosciences Fondamen-
tales, 1 rue Michel-Servet, CH-1211 Genève 4, Switzerland. Tel.: 41-223-
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EXPERIMENTAL PROCEDURES

Cell Culture—Muscle samples, cell dissociation, and clonal
culture from satellite cells were prepared as previously de-
scribed (33, 47). Human muscle samples were obtained from
eight children (operated for clubfoot and less than 4 years old)
without any known neuromuscular disease. Nine different
satellite-cell clones were used in this study. Differentiation was
assessed by quantification of nuclear expression of the myo-
genic transcription factor MEF2 and myogenin (39). Plasmids
(STIM1-YFP from Addgene 19754 (48), STIM1-CFP from
Addgene 19755, STIM2-YFP from Addgene 18862, STIM1-wt
from ORIGENE Technologies, and STIM2-wt from Addgene
18868) were transfected by electroporation with Amaxa
Nucleofector II device (Lonza). Following the manufacturer’s
protocol, a suspension of 5 � 105 myoblasts, 2 �g of plasmid
DNAand/or 0.1–0.2 nMof small interferingRNA (siRNA)were
electroporated. The transfection efficiency, assessed by fluores-
cence-activated cell sorting for STIM1-YFP and STIM2-YFP,
was 83 � 7% and 70 � 2%, respectively (six independent
experiments).
siRNA Knockdown—Myoblasts were transfected in suspen-

sion by incubating 4 � 105 cells in a solution containing 500 �l
of Opti-MEM, 3 �l of Lipofectamine RNAiMax (Invitrogen),
and 20 pmol of a specific siRNA (Ambion, Qiagen, Invitrogen)
according to the manufacturers’ protocols (Invitrogen). The
transfection efficiency assessed by Block-iT Alexa Fluor Red
FluorescentOligo (Invitrogen)measurementswas�90%.Opti-
mal quantities of Lipofectamine and siRNA were defined by
evaluating the strongest effect of siRNA STIM2 on SOCE (see
below) and were constantly used thereafter. This optimal effect
was obtained 48–60hpost-transfection. Three different siSTIM2
siRNAs from Invitrogen were used: HSS183972, CACAU-
GAAGUAGAAGUGCAAUACUA; HSS183973, UCUCUCU-
GAGUUGACAACUUGUUUA; and HSS183974, CCAGA-
AUAAGCAGCAUCCCACAUGA.
These different siRNAs gave similar results on SOCE, differ-

entiation inhibition, and protein decrease analyzed byWestern
blots. To simplify, all results shown in this study were obtained
with HSS183974 siSTIM2. STIM1 siRNA was the previously
described siSTIM1a (1). The siRNA siAllstar Negative Control
from Qiagen was used as a negative control.
Immunostaining—Myoblasts were fixed and stainedwith the

appropriate fluorescence markers as described previously (33).
Anti-MEF2 antibody (1:200, sc-313, Santa Cruz Biotechnology,
Santa Cruz, CA) and anti-myogenin antibody (1:900, clone
F5D, BD Biosciences) were used. Secondary antibodies were
Alexa 488-labeled goat anti-mouse IgG (1:500, Molecular
Probes, Eugene, OR) and Alexa 546-labeled goat anti-rabbit
IgG (1:500, Molecular Probes). DAPI (100 ng/ml, Sigma) was
used to localize nuclei. Images were acquired using a Zeiss
Axiovert S100 TV microscope equipped with an Optoscan
monochromator (Cairn Research Ltd., Faversham, UK) and a
motorized stage (Märzhäuser Wetzlar GmbH, Wetzlar, Ger-
many). DAPI, Alexa 488, and Alexa 546 fluorescence values
were acquired by changing the excitation wavelengths with our
Optoscan monochromator and using a triple band filter set
(XF2050 dichroic mirror and XF3063 emission filter from

Omega Optical Inc., Brattleboro, VT). A motorized stage was
used to automatically acquire 10 random fields in each condi-
tion (200–400 cells/condition). Analysis to evaluate labeled
nuclei was carried out using the Metamorph 7.5.6 software
(Molecular Devices Corp., Visitron SystemsGmbH, Puchheim,
Germany). A cluster of labeled nuclei inside a myotube that
clearly expressed MEF2 or myogenin was used to define the
threshold above which nuclei were considered as positive for
the expression of MEF2 or myogenin, respectively (10 random
fields for each clone).
Western Blots and Immunoprecipitations—Western blots

were performed as previously described (39). Briefly, myoblasts
were lysed using the Nonidet P-40 Extraction Buffer (Invitro-
gen). Total proteins were separated on a SDS-PAGE and trans-
ferred to nitrocellulose membranes. Membranes were incu-
bated in T-TBS (0.1% Tween 20, 20 mM Tris-HCl, pH 7.5, 137
mM NaCl) and 5% nonfat milk. Blots were incubated with the
primary antibodies diluted in T-TBS and nonfat milk as fol-
lows: mouse monoclonal antibody anti-GOK/STIM1 1:500
(BD Biosciences), rabbit anti-STIM1 (N- and C-terminal,
Sigma-Aldrich) antibodies, rabbit polyclonal anti-STIM2
antibody (1:500, ProSci Inc.), and mouse monoclonal anti-
body against �-tubulin (clone DM1A, Sigma) 1:10,000. Blots
were incubated with horseradish peroxidase-conjugated
goat anti-mouse diluted 1:6,000 (Bio-Rad) or with horserad-
ish peroxidase-conjugated goat anti-rabbit diluted 1:6,000
(Bio-Rad), respectively. Antibodies were revealed using ECL
reagents and Hyperfilm ECL (Amersham Biosciences). Opti-
quant 03.00 (Packard instrument Co.) software was used to
quantify the level of protein expression. STIM1 immunopre-
cipitation was performed by lysing �2 million myoblasts in
Nonidet P-40 buffer. Samples were pre-cleared with agarose
beads. Cells were then incubated overnight with IgG2A con-
trol antibody or GOK/STIM1 antibody and agarose beads.
Precipitate samples were then washed three times before
performing the Western blots as formerly described.
Cytosolic Calcium Measurements and Fluorescence Imaging—

Myoblasts grown on coverslips were loaded for 30 min at room
temperature with the cell-permeant fluorescent Ca2�-indica-
tor Fura-2-AM (Biotium Inc., Chemie Brunschwig AG, Basel,
Switzerland). The Fura-2-AM preparation was done as previ-
ously described (33). Ratiometric images of Fura-2 fluorescence
were monitored using an Axiovert S100 TV microscope (Zeiss
AG, Feldbach, Switzerland) equipped with anOptoscanmono-
chromator (Cairn Research Ltd.), which rapidly changed the
excitation wavelengths between 340 and 380 nm. Fluorescence
emissions were captured through a 510WB40 filter (Omega
Optical Inc.) using a CoolSNAPHQ digital camera (Photomet-
rics-Ropper Scientific, Tucson, AZ). Image acquisition and
ratio analysis were carried out using the Metafluor 6.3r7 soft-
ware (Molecular Devices, Visitron Systems GmbH). Rmax was
evaluated in all conditions (using a solution containing 4 �M

ionomycin and 5mMCa2�), ruling out any possible non-linear-
ity between data obtained in myoblasts transfected with differ-
ent plasmids or siRNA. No significant difference between the
various Rmax was observed. Monitoring of cluster formation
was performed in myoblasts transiently transfected with either
STIM1-CFP or STIM2-YFP. Fluorescence emissions of the two
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probes were performed using a triple band beamsplitter
designed for CFP/YFP/RFP and an emission filterwheel (Ludl
Electronic Products) that change emission filters for CFP
(470/24 nm) and YFP (535/30 nm) (ChromaTechnology Corp.,
Rockingham VT). Long term experiments following STIM1-
CFP and STIM2-YFP cluster formationweremonitored using a
40� oil immersion objective at a rate of 0.2 Hz at 37 °C in a
CO2-controlled atmosphere, using a micro-incubator (Incuba-
tor S, CTI controller 3700 digital andTempcontrol 37-2, digital,
two channels, PeCon GmbH, Erbach, Germany). Analysis of
cluster formation was carried out usingmorphometric journals
with Metamorph 7.5.6 (Molecular Devices).
Confocal FRET Measurements—Live cell confocal image

acquisition of FRET between STIM1-CFP and STIM1-YFP or
STIM2-YFP was performed using a spinning disc confocal
microscope. The ratio of transfected plasmids (CFP/YFP) was
1:2. The incident laser beam (440 nm, CUBE 440 nm, Coherent,
Inc.) was injected into a Yokogawa spinning disc confocal scan
head (QLC100, Visitech International)mounted on an inverted
microscope (Zeiss Axiovert 200M). Fluorescence images of
CFP (480 nm) and FRET (535 nm) were simultaneously cap-
tured using a split view device (Optical Insight Inc.), which
splits the two fluorescence emissions of the two probes on the
two halves of the chip of a Cascade II 16-bit cooled EMCCD
frame transfer camera (Photometrics-Ropper Scientific). Images
were acquired, and ratio analysis was carried out using
Metafluor 6.3r7 software (Molecular Devices).
Laser Scanning Confocal Image Acquisition—For better

morphometric studies, confocal images acquisitions of fixed
specimens were made on an LSM510 Meta Laser scanning
confocal microscope (Zeiss AG). STIM1-CFP and STIM2-
YFP signals were acquired using the 458 and 514 nm laser
lines, respectively.
Statistics—Error bars are �S.D. except for Fura-2 measure-

ments in which �S.E. is indicated.

RESULTS

STIM2 Silencing InhibitsMyoblast Differentiation and SOCE—
We assessed the role of STIM2 in muscle differentiation and
SOCE by inhibiting STIM2 expression in cultured myoblasts
derived from single human satellite cells. Myoblasts, grown
in proliferation medium, were incubated for 5 h with an
siRNA-targeting STIM2 (siSTIM2) and, 42 h after, switched to
differentiation medium to induce their differentiation into
multinucleated myotubes. As shown by immunofluorescence
staining, incubation of myoblasts with siSTIM2 decreased the
formation of nuclei clusters, a hallmark of cell differentiation
and fusion (Fig. 1A, left images, DAPI staining), as well as the
expression of the transcription factors MEF2 and myogenin,
early markers of myoblast differentiation (39) (Fig. 1A). MEF2
and myogenin were expressed, respectively, by 61 � 16% and
60 � 10% of control myoblasts, and only in 27 � 5% and 29 �
8% of siSTIM2-treated cells (Fig. 1B). To exclude the possibility
that the inhibition of myogenesis observed in myoblasts trans-
fected with siSTIM2was due to off-target or nonspecific effects
of the siRNA, we attempted to rescue the differentiation proc-
ess by re-expressing STIM2 inmyoblasts treated with siSTIM2.
As shown in Fig. 1A (bottom images) and Fig. 1B (right bars),

MEF2 andmyogenin expression as well as nuclei cluster forma-
tion were restored in siSTIM2-treated cells co-transfected with
a plasmid encoding for the wild-type STIM2 protein.
Because the role of STIM2 in SOCE activation is controver-

sial, we evaluated the impact of STIM2 silencing on cell Ca2�

handling in proliferating myoblasts 48 h after siSTIM2 trans-
fection using the fluorescent Ca2�-indicator Fura-2. As shown
in Fig. 1C, STIM2 silencing decreased both the resting Ca2�

level and the amplitude of SOCE evoked by re-addition of 2mM

Ca2� after depletion of the Ca2� stores with thapsigargin (Tg,
1 �M). The resting Ca2� level was decreased from a ratio of
0.39 � 0.01 to 0.35 � 0.01 by STIM2 silencing, and the peak
SOCE response of the Ca2� influxwas reduced by 45� 7% (Fig.
1, C and D, n � 3 independent experiments, p � 0.002 for all
conditions). Fig. 1 (C and D) also indicate that, as expected, a
genetic rescue of STIM2normalized both the restingCa2� level
and the amplitude of SOCE. Interestingly, STIM2 silencing did
not decrease the peak response of the Tg-induced Ca2� release
(Fig. 1D,middle red bar, n � 3 independent experiments).

The effect of siSTIM2 on protein expression of STIM2 was
then assessed byWestern blot. Fig. 1E shows that the amount of
STIM2, at the onset of differentiation, was reduced by 87� 11%
in cells treated with siSTIM2, and that STIM2 protein expres-
sion was restored by a genetic rescue. Because STIM1 and
STIM2 sequences are highly homologous, we also confirmed
the specificity of the siSTIM2 by showing that STIM1 expres-
sion was unaffected by siSTIM2 (Fig. 1F, n � 3 independent
experiments). Finally, two additional siRNAs against STIM2
were tested (see “Experimental Procedures”) and yielded simi-
lar results on STIM1 and STIM2 expression, myogenesis inhi-
bition, and Ca2� homeostasis, confirming the specificity of the
siSTIM2 used in this study (data not shown). Altogether, these
results indicate that STIM2 is involved in myoblast Ca2�

handling and is required for myoblast differentiation.
STIM1 and STIM2 Form Discrete Clusters during Initiation

ofMyoblast Differentiation—Depletion of ER Ca2� stores leads
to STIM redistribution into clusters (2, 49). To test whether
STIM proteins were recruited during myogenesis, we followed
the distribution of YFP-conjugated STIM1 and STIM2 using
live cell imaging with a wide-field microscope equipped with a
micro-incubator.
Fig. 2 (A andB) shows that STIM2was diffusely distributed in

proliferation (control) and during the first 30 min of differenti-
ation with only a few clusters detectable (50). During the initi-
ation of differentiation, however, STIM2 formed discrete clus-
ters of progressively increasing size (Fig. 2C, upper images).
Initiation of cluster formation never occurred within the first
hour of differentiation. Cluster formation could last between 2
and 10 h depending on the clonal cultures, and, in addition,
myoblasts within one culture were not synchronized. Nonethe-
less, lowermagnification images showed that clusters appeared
eventually in �50% of the cultured myoblasts (data not
shown). Quantification of cluster formation yielded that the
total area of clusters was increased by a factor of 4.3 � 1
during initiation of differentiation (Fig. 2D, n � 6 independ-
ent experiments). Fig. 2 (E–G) shows that STIM1 clusters
formed with a similar pattern when differentiation was
induced (n � 4 independent experiments). The integrated
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area of STIM1 clusters increased by a factor 4.8 � 0.4 with
differentiation (Fig. 2H). This characteristic cluster forma-
tion suggests that the ER Ca2� content is recruited during
the initial phase of myoblast differentiation. Because we did

not observe cyclic cluster formation, we presume that STIM
molecules are permanently activated during this early phase
of differentiation and probably reflect recurrent store deple-
tions during the initiation of post-natal myogenesis.
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Activated STIM1 and STIM2
Interact inside Clusters—Although
STIM1 and STIM2 function inde-
pendently (4, 32), SOCE involves a
synergistic interaction of both pro-
teins as normal SOCE amplitude is
greater than the addition of residual
SOCE in respective STIM protein
silencing (1, 4, 51). Because we
observed that both STIM1 and
STIM2 form clusters at the begin-
ning of myoblast differentiation, we
wondered whether STIM1 and
STIM2 molecules could interact
together when activated. To follow
very accurately and simultaneously
STIM1 and STIM2 cluster forma-
tion, we fully activated STIM mole-
cules withinminutes using 1 �MTg.

Fig. 3A illustrates confocal images
of myoblast co-expressing STIM1-
CFP and STIM2-YFP, 10 min after
the application of 1 �M Tg. As
expected, Tg induced cluster forma-
tion of both STIM proteins. Fig. 3A
also demonstrates that clusters of
STIM1-CFP optically co-localize
with clusters of STIM2-YFP (n � 3
independent experiments). To con-
firm STIM1 and STIM2 proximity,
we monitored FRET between the
two proteins. Myoblasts co-ex-
pressing STIM1-CFP and either
STIM1-YFP or STIM2-YFP showed
in both cases a rapid Tg-induced
increase in FRET (Fig. 3B, n � 3
independent experiments). Fig. 3C
shows cluster formation of both
STIM proteins, and also that FRET
ratio increased mainly inside clus-
ters. Interestingly, the increase in
FRET measured on the entire con-
focal cell slice was identical for
STIM1-STIM1 and STIM1-STIM2
interactions, suggesting that a close
proximity of both proteins was as

FIGURE 1. STIM2 silencing impedes human myoblast differentiation and SOCE. A, myoblasts were transfected either with siSTIM2 and an empty plasmid
(pcDNA3), or with siSTIM2 and a plasmid coding for the wild-type STIM2 protein (STIM2-WT). After transfection, myoblasts were kept for 2 days in proliferation
medium and 2 more days in differentiation medium. Nuclei were stained in blue using DAPI. MEF2 and myogenin were stained in red and green, respectively.
When siSTIM2 and/or STIM2-WT were not present, myoblasts were transfected with a siRNA negative control (siAllstar) and/or an empty plasmid (pcDNA3). The
scale bar is 25 �m. B, fraction of nuclei expressing MEF2 and myogenin assessed in three different myoblast clones (four experiments for MEF2 and three for
myogenin). The conditions were the same as in A. C, cytoplasmic Ca2� was monitored with Fura-2 in proliferating myoblasts, 2 days after co-transfection of
either siSTIM2 and a control plasmid (EGFP-N3), or siSTIM2 and a plasmid coding for STIM2-YFP. Intracellular Ca2� stores were depleted with 1 �M thapsigargin
(Tg) in a medium containing 250 nM Ca2�, and thereafter 2 mM Ca2� were added to reveal SOCE. D, effects of siSTIM2 (with EGFP-N3 as a control plasmid) and
of siSTIM2 together with a plasmid coding for STIM2-YFP on basal Ca2� level, peak amplitude of Tg-induced Ca2� response, and SOCE response (siAllstar and
EGFP-N3 plasmid were used in control conditions). Mean of three experiments in three different clones. E, Western blot illustrating STIM2 disappearance 2 days
after siSTIM2 transfection, and STIM2 reappearance when a STIM2-WT plasmid was co-transfected with the siSTIM2. �-Tubulin was used as a loading control.
Quantification was obtained out of three different myoblast clones. Mean control STIM2 expression was normalized to 1 (arbitrary units (a.u.)), and, in each
experiment, STIM2 expression was normalized to �-tubulin expression. F, Western blot showing the preservation of STIM1 2 days after transfection of siSTIM2.
Quantification and normalization were done as in E.

FIGURE 2. STIM1 and STIM2 form characteristics clusters when differentiation is initiated. Myoblasts were
transfected with STIM1-YFP or STIM2-YFP and kept for 2 days in proliferation medium. On the day of the
experiment, live cell imaging was started in proliferation medium for 2 h and, at time � 0 min and continued in
either differentiation medium or a proliferation medium containing 2 mM Ca2� (control). The scale bar for all
images (in G) represents 15 �m. In A–C: Left images: STIM2-YFP fluorescence in differentiation or proliferation
(control) conditions. Right images: visualization of clusters using an automatic detection of fluorescence inten-
sity variations called “by edges” (Metamorph 7.5.6, Molecular Devices). Clusters (STIM2-YFP clustering) are
shown in yellow. D, quantification of STIM2-YFP clusters are measured in three independent experiments.
Results were normalized to the area measured in proliferation conditions. E–H, same experiments as in A–D,
except that STIM1-YFP was used instead of STIM2-YFP.
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essential during SOCE. The proof that SOCE inmyoblast relies
on a direct interaction between both proteins came from co-
immunoprecipitation experiments. As seen in Fig. 3D, by using
an antibody against STIM1, endogenous STIM2 co-immuno-
precipitated with endogenous STIM1 (n � 3 indepen-
dent experiments). Co-immunoprecipitations were performed
using either myoblasts or myotubes, before and after addition
of 1 �M thapsigargin. No obvious difference was observed
between proliferation and differentiation conditions, nor
before and after thapsigargin addition (data not shown).
MyoblastDifferentiationCanRely onEither STIM1or STIM2

Alone—Our findings identified SOCE as a critical Ca2� source
for myoblast differentiation (1). To test whether STIM1 and
STIM2 could substitute for each others, STIM2 was overex-
pressed in STIM1-silenced myoblasts and, conversely, STIM1
in STIM2-silenced myoblasts. We first monitored Tg-induced
SOCE in both conditions using Fura-2. It can be seen in Fig. 4 (A
and B) that overexpression of YFP-conjugated STIM1 in
STIM2-silenced cells restored full SOCE amplitude, whereas
overexpression of YFP-conjugated STIM2 in STIM1-silenced
cells rescued only 62� 26% of the Tg-induced Ca2� influx (n�
3 independent experiments). To exclude that these differences
in rescue could simply be attributed to a higher expression of
STIM1 compared with STIM2, we compared YFP fluorescence
and SOCE amplitude in cells overexpressing either STIM1-YFP
(in the presence of siSTIM2 or control siRNA) or STIM2-YFP
(in the presence of siSTIM1 or control siRNA). YFP fluores-
cence is directly linked to STIM expression, because we used
vectors encoding for fused STIM-YFP proteins. The mean YFP
fluorescence was similar in all tested conditions (p � 0.12, n �
11 cells recorded in each condition). For STIM1-YFP-overex-
pressing cells, the YFP fluorescence was 907 � 55 arbitrary
units with siSTIM2 versus 843� 54 arbitrary units with control
siRNA; and for STIM2-YFP overexpressing cells, the YFP
fluorescence was 904 � 70 arbitrary units with siSTIM1 and
835 � 75 with control siRNA. On the other hand, the mean
SOCE amplitude (assessed by Fura-2 fluorescence ratio) was
increased by�3 times in STIM1-overexpressing cells (0.6� 0.2
versus 0.2� 0.05, p� 0.01, n� 11 cells recorded). Thus, differ-
entiation can be fully restored in myoblasts expressing high
amounts of STIM1 to compensate for STIM2 silencing (p �
0.49), but STIM2 overexpression in STIM1-silenced myoblasts
cannot restore complete differentiation (p � 0.015); the pro-
portion of myoblasts expressing MEF2 and myogenin was nev-

FIGURE 3. Redistribution and interaction between STIM1-CFP and STIM2-
YFP induced SOCE activation. A, confocal images of myoblasts co-express-
ing STIM1-CFP and STIM2-YFP. Cultures were fixed 10 min after the applica-
tion of 1 �M Tg. The right image shows that STIM1 and STIM2 clusters are
nicely co-localized. C, myoblasts were co-transfected 24 h before images
acquisition with STIM1-CFP and either STIM1-YFP or STIM2-YFP. The FRET
ratio between STIM1-CFP and either STIM2-YFP (upper images) or STIM1-YFP
(lower images) before and 10 minutes after 1 �M Tg application are shown.
Scale bars represent 10 �m. B, time course of FRET increases between STIM1-
CFP and either STIM1-YFP (black) or STIM2-YFP (red) following the application
of 1 �M Tg (one representative result out of three independent experiments).
Values were normalized to resting FRET before Tg application. The blue curve
represents FRET signals in myoblast expressing STIM1-CFP and STIM2-YFP
after application of 1 �M DMSO (control). D, Western blot illustrating co-im-
munoprecipitation of endogenous STIM2 protein using an antibody against
STIM1 protein during early differentiation.
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erthelessmore than doubled (46� 3% versus 21� 3% and 48�
5% versus 17 � 4%, respectively) when STIM2 was overex-
pressed in STIM1-silenced myoblasts (Fig. 4, C and D, n � 3
independent experiments). Fig. 4C illustrates also that nuclei
clusters, which reflect myotubes formation, are strongly sup-
pressed after STIM1 and STIM2 silencing, whereas somenuclei
clusters reappear when STIM1 and STIM2 are overexpressed
to rescue the invalidation of STIM2 and STIM1, respectively.
STIM2 Is Up-regulated in Late Differentiation and Is Essen-

tial for Depolarization-induced Ca2� Release—STIM1 is sup-
posed to control the store-operated Ca2� entry required for the
development and the contractile function of mouse skeletal
muscle (41). We confirmed this result in human myotubes
(supplemental Fig. S1), and, because our data suggest that
STIM1 and STIM2 interact strongly, we evaluated a poten-
tial role for STIM2 in differentiated humanmyotubes during
both store-operated Ca2� entry and depolarization-induced
Ca2� releases.

Our previous results indicated that, during differentiation,
SOCE is greatly increased in myotubes and that STIM1 silenc-
ing reduced SOCE by 80� 3% in these multinucleated cells (1).
Fig. 5A (left part) illustrates that SOCE is also inhibited by 81�

14% in STIM2-silenced multinucle-
ated myotubes. STIM2 was silenced
without impeding differentiation by
triggering myoblast differentiation
immediately after siSTIM2 trans-
fection. We should stress that,
unlike in Fig. 1, in which STIM2
expression was silenced during the
initiation of differentiation, in Fig. 5,
STIM2 expression was preserved
during the initiation of differentia-
tion allowing differentiation to
occur normally (supplemental Fig.
S2). This is in agreement with our
former report on the critical role of
SOCE only during the very first
hours of the differentiation process
(1). On the other hand, with the
protocol used in Fig. 5, STIM2
expression was suppressed by 91 �
5% in multinucleated differentiated
myotubes 60 h after transfection
(supplemental Fig. S2C). It can also
be seen in Fig. 5A that STIM2
invalidation decreased the resting
Ca2� concentration in myotubes
from 0.39 � 0.01 to 0.34 � 0.01
(n � 3 independent experiments).
To exclude an indirect effect via
STIM1, we verified that STIM1
expression was unaffected in
STIM2-silenced myotubes (sup-
plemental Fig. S2C).
The right part of Fig. 5A con-

firmed that, after the induction of
differentiation, clusters of nuclei

characteristic of differentiatedmyotubes appeared in both con-
trol and STIM2-silenced myotubes. Because SOCE is larger in
myotubes, we evaluated byWestern blot the amount of STIM2
protein in myotubes at various times of differentiation and
compared it to that in myoblasts. After 60-h differentiation,
STIM2 protein expression was found to be up-regulated by a
factor 5.1 � 1.3 in myotubes. This suggests that the stronger
effect of STIM2 silencing on SOCE in myotubes (81 � 14%
decrease) as compared with myoblasts (45 � 7% decrease) may
be related to this up-regulation of STIM2 (Fig. 5B, n � 3 inde-
pendent experiments).
We then evaluated the impact of STIM2 silencing on the

Ca2� signals during depolarization-induced Ca2� release
in myotubes. Cytosolic Ca2� measurements with Fura-2
showed that control multinucleated myotubes exposed to 7
pulses of 65 mM KCl were able to perform 7 similar cytosolic
Ca2� peaks (Fig. 5C, n � 3 independent experiments). In
contrast, STIM2-silenced myotubes were unable to sustain
more than three successive Ca2� peaks (Fig. 5D, n � 3 inde-
pendent experiments).
Examination of the Ca2� peaks triggered by KCl depolariza-

tions indicates that the 3 first Ca2� peaks in STIM2-silenced

FIGURE 4. Potential redundancy of STIM1 and STIM2. A and B, cytoplasmic Ca2� was assessed with Fura-2,
48 h after myoblast transfection. Intracellular Ca2� stores were depleted with 1 �M Tg in a medium containing
250 nM Ca2� (not shown), and 2 mM Ca2� was subsequently added to reveal SOCE (same protocol as in Fig. 1C).
In each condition, siRNA and a plasmid were co-transfected. When no specific siRNA and/or plasmid were used,
siAllstar siRNA and/or EGFPN3 plasmid were/was added as control. C, transfected myoblasts were kept for 2
days in proliferation medium, and then transferred for 2 more days in differentiation medium. MEF2 and
myogenin were stained in red and green, respectively. Nuclei were stained with DAPI. The scale bar represents
50 �m. D, mean myogenin- and MEF2-positive nuclei obtained out of three independent experiments.
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myotubes were 28 � 6% smaller than those in the control myo-
tubes and that the following 4–7 Ca2� transients were at least
75% lower in myotubes in which STIM2 was invalidated (Fig.

5E). The Ca2� peaks were inhibited even when the delay
between successive stimulations was doubled to increase the
time for the refilling of the Ca2� stores (between peaks 5 and 6
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in Fig. 5,C andD). Following the sevenKCl depolarizations, the
Ca2� content of the intracellular store in STIM2-silencedmyo-
tubes was reduced by 87� 2% as assessed by total Ca2� content
release using 1 �M ionomycin in 250 nM external Ca2� medium
(Fig. 5F, n� 3 independent experiments) or alternatively 10�M

caffeine and 1.5 �M thapsigargin in 250 nM external Ca2�

(supplemental Fig. S3).

DISCUSSION

In this study, we describe the key roles played by STIM2 in
post-natal human myoblast differentiation and in myotube
depolarization-induced Ca2� release. Using siRNA that
silenced STIM2 (siSTIM2), we observed (i) a decrease in SOCE
amplitude, (ii) an inhibition of myoblast differentiation,
assessed byMEF2 andmyogenin expression, and (iii) an inabil-
ity for myotubes to sustain repetitive depolarization-induced
Ca2� releases. STIM2 re-expression in myoblast transfected
with siSTIM2 restored SOCE amplitude and differentiation,
excluding possible nonspecific effects of siSTIM2. In agree-
ment with former reports, SOCE inhibition was smaller with
STIM2 silencing than with STIM1 or Orai1 silencing (3, 4),
although SOCE inhibition by siSTIM2 correlated well with the
degree of inhibition ofmyoblast differentiation (1). The smaller
effect of STIM2 silencing, as compared with STIM1 silencing,
on SOCE amplitude could be explained by differences in the
N-terminal part of STIMmolecules, which would account for a
smaller STIM2-linked (as compared with STIM1) Ca2� entry
(1, 24).We verified byWestern blot that STIM2 silencingwas as
efficient as STIM1 silencing (87 � 11% versus 80 � 17% reduc-
tion, respectively). Silencing STIM2 in multinucleated myo-
tubes had, however, a much more drastic effect on SOCE than
in myoblasts. This difference may be due to the strong up-reg-
ulation of STIM2 during late differentiation rather than to sub-
tle differences in Orai1 activation.
STIM1-STIM2 Interactions—We hypothesized that STIM1

and STIM2 interact synergistically during SOCE and myoblast
differentiation. As in Feske (51), we defined “synergy” as a
greater SOCE observed when STIM1 and STIM2 are acting
together than the addition of each SOCE measured when a
single STIMmolecule is acting and the other silenced. To con-
firm this hypothesis, we monitored (i) the clustering and co-
localization of STIM proteins, (ii) FRET between STIM1-CFP
and STIM2-YFP molecules, and (iii) the ability of STIM1 and
STIM2 to co-immunoprecipitate after SOCE activation, i.e.
after the induction of differentiation or after ER-Ca2�depletion
by Tg.
Our previous work suggests that STIM1-Orai1 activation

occurs during the first 10 h of myoblast differentiation (1). In
the present study, we find that, in �50% of myoblasts, both

STIM proteins form stable clusters during the first few hours
following the induction of differentiation. Cluster formation
being a hallmark of STIM activation (2, 3), the presence of per-
manent clusters during the initiation of myoblast differentia-
tion suggests that recurrent ER Ca2� decreases maintain
STIM1 and STIM2 molecules activated. Attempts to observe
STIM1 and STIM2 clustering in the same myoblast during dif-
ferentiation were not possible, because myoblasts did not sur-
vive more than 1–2 days when STIM1 and STIM2 were
expressed together. Thismight be due to Ca2� imbalance when
both STIMmolecules are transfected, although, as reported by
Wang et al. (22), cell survival is already drastically reduced by
overexpression of STIM2 alone. Consequently, ER Ca2� deple-
tion by Tg was used to induce STIM1-STIM2 clustering in the
same myoblast and, in these conditions, a clear co-localization
of STIM1 and STIM2 clusters was observed.
To evaluate further STIMmolecules clustering and co-local-

ization, we monitored FRET increase (following ER Ca2�

depletion by Tg) between STIM1-CFP and STIM1-YFP, and
between STIM1-CFP and STIM2-YFP. Because FRET only
occurswhen the distance between twomolecules is in the range
of 1–10 nm, the increase in FRET observed between STIM1
proteins and between STIM1 and STIM2 proteins suggests fur-
ther that both STIMmolecules relocated and get closer during
ER Ca2� depletion. This experiment shows, in addition, that
STIM1 proteins are as intimately associated as STIM1 and
STIM2 proteins, because FRET increases between STIM1 pro-
teins and between STIM1 and STIM2 proteins were almost
identical.
The third strategy used to assess a possible tight interaction

between STIM1 and STIM2 was co-immunoprecipitation (52).
As shown in Fig. 3D, we were able to co-immunoprecipitate
both STIM molecules using an antibody that binds only to
STIM1. We are aware that co-immunoprecipitation does not
exclude the presence of a third unknown protein that would
link STIM1 and STIM2. This is, however, unlikely because
FRET would probably not occur between STIM1 and STIM2 if
a third protein was present.
In agreement with previous reports (4, 51), our results sug-

gest that STIM1 and STIM2 are acting synergistically, because
the addition of the remaining SOCE under respective STIM
silencing ismuch smaller than the normalmyoblast ormyotube
SOCE (this work and Ref. 1). Indeed, the addition of residual
influxes in STIM1- and STIM2-silenced myoblasts is 60 � 11%
(respectively, 29 � 6% in myotubes) of control SOCE ampli-
tude. Thus, �40% (respectively, 71% in myotubes) of max
SOCE amplitude may be attributed to STIM1-STIM2 synergy.
This synergy can also be deducted from the observation that

FIGURE 5. STIM2 is up-regulated in myotubes and participates to the refilling of Ca2� stores. A, myoblasts were incubated with siSTIM2 for 5 h and immediately
triggered to differentiate. 60 h afterward, multinucleated myotubes were formed, and cytoplasmic Ca2� was assessed using Fura-2. Images illustrate Fura-2 measure-
ments in multinucleated cells (nuclei are circled by discontinuous lines) at time “a” (resting Ca2�) and time “b” (max SOCE) of Fura-2 traces. One representative
experiment (n � 3). B, Western blots illustrating the increase of STIM2 expression at various times of differentiation. Quantification was carried out of three Western
blots performed on three different clones in proliferation and after 60 h of differentiation.�-Tubulin was used as loading control. C and D, 60 h after siSTIM2 transfection
and differentiation induction (large multinucleated myotubes were present), cytoplasmic Ca2� responses generated by successive KCl (65 mM) applications were
assessed using Fura-2. siAllstar siRNA was used as control. E, peak Ca2� responses to successive KCl pulses in siSTIM2-transfected myotubes. Ca2� responses were
normalized to the first response. F, Fura-2 measurements of remaining Ca2� store content after seven pulses of 65 mM KCl. Ca2� store content was assessed by
application of 1 �M ionomycin in 250 nM external Ca2�. Results were normalized to those obtained in control conditions (three independent experiments).

STIM in Differentiation and Excitation-Contraction Coupling

JULY 16, 2010 • VOLUME 285 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 22445

http://www.jbc.org/cgi/content/full/M110.118984/DC1


STIM1 overexpression in myoblasts expressing endogenous
STIM2 generated a large increase in SOCE, which was not seen
when STIM1 was overexpressed in STIM2-silenced myoblasts
(Fig. 4A).
STIM1and STIM2AreAble to Function Independently—Our

current findings clearly suggest that STIM2 interacts with
STIM1 and that this interaction is required to produce ade-
quate SOCE during both myoblast differentiation and depolar-
ization-induced Ca2� transients. Interestingly, however, our
results also show that STIM1 and STIM2 are able to function
mostly independently as STIM1 overexpression in STIM2-si-
lenced myoblasts, and, to a certain extent, STIM2 overexpres-
sion in STIM1-silenced myoblasts are able to restore both
SOCE and myoblast differentiation. This is consistent with a
recent work on mice neurons showing that STIM2 regulates
SOCE independently of STIM1 (53). A hypothesis would be
that STIM2 controls SOCE during small store depletions,
whereas STIM1would be recruited, together with STIM2, dur-
ing larger store depletions. In this model, during large store
depletions, cells would benefit from STIM1-STIM2 interac-
tions that would generate larger SOCE.
Cytosolic Resting Ca2�—Compared with the degree of SOCE

inhibition, cytosolic resting Ca2� was more decreased by
STIM2 silencing than by STIM1 silencing (1). These results are
in agreementwith former reports on restingCa2� regulation by
STIM2 (2, 22, 24). However, because our former findings
clearly identified SOCE rather than resting Ca2� level as being
the crucial parameter involved in myoblast differentiation, we
did not investigate further the impact of STIM2on restingCa2�

level in myoblasts (1).
Depolarization-induced Calcium Releases—Recent evi-

dences obtained in mice muscle fibers suggest that SOCE and
STIM1 are required for Ca2� store refilling following depolar-
ization-inducedCa2� transients (41). These observations led us
to examine a potential role for STIM2 during recurrent Ca2�

transients elicited in humanmultinucleatedmyotubes.We first
observed that STIM2 was strongly up-regulated after 60 h of
differentiation, and that SOCE reliance on STIM2 was greatly
increased after myotube formation. Indeed, SOCEmeasured in
mononucleated proliferating myoblasts was reduced by 45 �
7% (Fig. 1D) when STIM2 expression was reduced by 87 � 11%
(Fig. 1F), whereas SOCEmeasured inmultinucleatedmyotubes
was reduced by 81� 14%when STIM2 expression was reduced
by 91 � 5% (supplemental Fig. S2C). This, on its own, already
pointed toward a role for STIM2 in multinucleated myotubes.
We then observed that STIM2 silencing impeded recurrent
KCl-induced Ca2� transients. In siSTIM2-silenced myotubes,
the ER Ca2� content was fully depleted following a train of
seven KCl pulses. STIM2 is thus crucial for an adequate Ca2�

store refilling in humanmyotubes. These observations confirm
that Ca2� transients involved in myotube excitation-contrac-
tion coupling do not only rely on Ca2� recycling by sarcoplas-
mic-endoplasmic reticulum calcium ATPase but also need
SOCE. In addition, these experiments also confirm that SOCE
depends on the cooperation between STIM1 and STIM2.
Patients with STIM1 Deficiency—In recent reports, three

patients with STIM1 deficiency were shown to suffer from
muscular hypotonia and immune disorders (32, 54). Our pres-

ent observations suggest that, although they act synergistically,
STIM1 and STIM2 can substitute for each other during post-
natal myogenesis. These results could explain the apparent dis-
crepancy between the strong inhibition of post-natal myogen-
esis observed during acute depletion of STIM1 or STIM2, and
the apparent mild clinical manifestation in muscle of patients
with STIM1 deficiency.
Together, our new findings show that STIM2 is involved in

human myoblast SOCE and differentiation, but that STIM1 is
predominant at this stage of muscle formation. On the other
hand, we observed that STIM2 is strongly up-regulated in
humanmyotubes, and that, at this later stage of differentiation,
STIM2 is required for SOCE and excitation-induced Ca2�

release.
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