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STIM1 (stromal interaction molecule 1) has recently been
proposed to communicate the intracellular Ca>* stores with the
plasma membrane to mediate store-operated Ca>* entry. Here
we describe for the first time that Ca>* store depletion stimu-
lates rapid STIM1 surface expression and association with
endogenously expressed human canonical TRP1 (hTRPC1)
independently of rises in cytosolic free Ca®>* concentration.
These events require the support of the actin cytoskeleton in
human platelets, as reported for the coupling between type II
inositol 1,4,5-trisphosphate receptor in the Ca®* stores and
hTRPC1 in the plasma membrane, which has been suggested to
underlie the activation of store-operated Ca>* entry in these
cells. Electrotransjection of cells with anti-STIM1 antibody,
directed toward the N-terminal sequence that includes the
Ca’*-binding region, prevented the migration of STIM1 toward
the plasma membrane, the interaction between STIM1 and
hTRPC1, the coupling between hTRPC1 and type II inositol
1,4,5-trisphosphate receptor, and reduced store-operated Ca>*
entry. These findings provide evidence for a role of STIM1 in the
activation of store-operated Ca®>" entry probably acting as a
Ca?" sensor.

Cellular stimulation by a number of agonists results in an
increase in the intracellular free Ca®>" concentration ([Ca®*]),
which consists of two components: Ca®>" release from finite
intracellular stores and Ca®>" entry through plasma membrane
(PM)? channels, which is often required for full activation of
cellular functions (1-3). Store-operated Ca®>" entry (SOCE), a
major mechanism for Ca®>" entry in nonexcitable cells, is a
process controlled by the filling state of the intracellular Ca**
stores (4); however, the mechanism by which the filling state of
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the intracellular stores is communicated to the PM remains
partially understood.

Several hypotheses have been presented to explain the acti-
vation of SOCE, which involves the release of a putative calcium
influx factor from the endoplasmic reticulum (ER; indirect cou-
pling), the insertion of Ca”>*-permeable channels into the PM,
and a direct or conformational coupling. The last suggests a
physical interaction between a Ca®>" channel in the PM and a
protein in the ER, which might be constitutive (the classic con-
formational coupling model) or reversible and regulated by the
actin cytoskeleton upon store depletion (the de novo conforma-
tional coupling model (3, 5-7)).

Transient receptor potential channels (TRPCs) have been
presented as candidates for the conduction of SOCE (8-10),
and a functional coupling between TRPCs and various inositol
1,4,5-trisphosphate receptor isoforms (IP;Rs) has been demon-
strated in transfected cells and cells naturally expressing TRPCs
(9, 11-13). These studies are in agreement with recent works
reporting a role for the protein junctate in the activation of
SOCE. This protein has been shown to induce and stabilize
coupling between IP;Rs and bovine TRPC3 (14) and murine
TRPC2 and TRPC5 (15).

The ER is a spatially and functionally heterogeneous
organelle with nonuniform distribution of endoplasmic
Ca’"-handling proteins, including Ca®>*-binding proteins,
pumps, and channels. Extracellular stimuli may induce the
generation of dynamic ER compartments containing Ca>"*
handling proteins that may function as “induced coupling
domains” between the ER and PM, thereby facilitating Ca®"
entry into the cell (16). Among the Ca®"-handling proteins
present in the ER, the stromal interaction molecule 1
(STIM1; formerly designated GOK) protein has recently
been presented as a messenger linking the ER to PM Ca**
channels. STIM1 is a Ca®>*-binding protein located both in
the PM and intracellular membranes, including the ER (17,
18) with a single transmembrane region and an EF-hand
domain in the N terminus located in the lumen of the ER
(18), that might, therefore, function as a Ca®" sensor in the
ER (19, 20). Consistent with this, Ca®>" channels in the PM
are activated when STIM1 is unable to bind Ca?* (21).
Knockdown of STIM1 by RNAi reduces SOCE in HEK293,
HeLa, and Jurkat T cells (18, 19) and I_,,. in Jurkat T cells
(19). In addition, expression of EF-hand mutants of STIM1
activates SOCE in Drosophila S2 and Jurkat T cells (21).
STIM1 has been shown to translocate to the PM upon Ca>”"
store depletion (21).

In the present study, we have investigated the interaction
of STIM1 with endogenously expressed hTRPC1 at resting
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conditions and upon store depletion and the effect of [Ca®*],
in this process. In addition, we have investigated the role of
STIM1 in the activation of SOCE. Our results indicate that
Ca>* store depletion stimulates rapid STIM1 surface expres-
sion and association with hTRPC1 independently of rises in
[Ca®"],. These events require the support of the actin
cytoskeleton. Electrotransjection with anti-STIM1 antibody
prevented the interaction of STIM1 with hTRPC1 and, as
well as incubation of nonelectropermeabilized cells with
anti-STIM1 antibody, reduced SOCE. These findings are
compatible with membrane trafficking underlying de novo
coupling of IP,RII to hTRPC1.

EXPERIMENTAL PROCEDURES

Materials—Fura-2 acetoxymethyl ester (fura-2/AM) and cal-
cein/AM were from Molecular Probes (Leiden, The Nether-
lands). Apyrase (grade VII), aspirin, thrombin, thapsigargin
(TG), leupeptin, benzamidine, phenylmethylsulfonyl fluoride,
dimethyl-BAPTA, SDS, and bovine serum albumin were from
Sigma. Ionomycin (Iono) and cytochalasin D (Cyt D) were from
Calbiochem. Anti-STIM1 antibody was from BD Biosciences.
Anti-hTRPC1 polyclonal antibody was obtained from Alomone
Laboratories (Jerusalem, Israel). Anti-IP;R type II polyclonal
antibody (C-20), horseradish peroxidase-conjugated goat anti-
rabbit IgG antibody, horseradish peroxidase-conjugated don-
key anti-goat IgG antibody, and fluorescein isothiocyanate
(FITC)-conjugated donkey anti-rabbit IgG antibody were
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Horseradish peroxidase-conjugated ovine anti-mouse IgG
antibody (NA931) was from Amersham Biosciences. Protein
A-agarose was from Upstate Biotechnology, Inc. (Madrid,
Spain). Enhanced chemiluminescence detection reagents,
immobilized streptavidin gel, and EZ-Link™ Sulfo-NHS-
LC-Biotin were from Pierce. Hyperfilm ECL was from Amer-
sham Biosciences. All other reagents were of analytical
grade.

Platelet Preparation—Platelet suspensions were prepared as
previously described (22) as approved by local ethical commit-
tees and in accordance with the Declaration of Helsinki. Briefly,
blood was obtained from healthy drug-free volunteers and
mixed with one-sixth volume of acid/citrate dextrose anticoag-
ulant containing 85 mm sodium citrate, 78 mm citric acid, and
111 mm p-glucose. Platelet-rich plasma was then prepared by
centrifugation for 5 min at 700 X g, and aspirin (100 M) and
apyrase (40 ug/ml) were added. For loading with dimeth-
yl-BAPTA, cells were incubated for 30 min at 37 °C with 10 um
dimethyl-BAPTA-AM. Cells were then collected by centrifuga-
tion at 350 X g for 20 min and resuspended in HEPES-buffered
saline (HBS), pH 7.45, containing 145 mm NaCl, 10 mm HEPES,
10 mMm p-glucose, 5 mm KCl, 1 mm MgSO, and supplemented
with 0.1% bovine serum albumin and 40 pg/ml apyrase.

Cell viability was assessed using calcein and trypan blue. For
calcein loading, cells were incubated for 30 min with 5 um cal-
cein-AM at 37 °C and centrifuged, and the pellet was resus-
pended in fresh HBS. Fluorescence was recorded from 2-ml
aliquots using a Cary Eclipse Spectrophotometer (Varian Ltd.,
Madrid, Spain). Samples were excited at 494 nm, and the result-
ing fluorescence was measured at 535 nm. The results obtained
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with calcein were confirmed using the trypan blue exclusion
technique. 95% of cells were viable in our platelet preparations.

Measurement of [Ca®" ] —Human platelets were loaded with
fura-2 by incubation with 2 um fura-2/AM for 45 min at 37 °C.
Fluorescence was recorded from 2-ml aliquots of magnetically
stirred cellular suspension (2 X 10 cells/ml) at 37 °C using a
Cary Eclipse Spectrophotometer (Varian Ltd., Madrid, Spain)
with excitation wavelengths of 340 and 380 nm and emission at
505 nm. Changes in [Ca®>"]; were monitored using the fura-2
340/380 fluorescence ratio and calibrated according to a estab-
lished method (23).

Ca®" entry was estimated using the integral of the rise in
[Ca®"], for 2.5 min after the addition of CaCl, (22). Ca®>* entry
was corrected by subtraction of the [Ca®"], elevation due to
leakage of the indicator. Ca*>" release by TG + Iono was esti-
mated using the integral of the rise in [Ca®>*]; for 3 min after the
addition of the agents (22). Ca®" entry and release are
expressed as nm-s, as previously described (24, 25).

Immunoprecipitation and Western Blotting—The immu-
noprecipitation and Western blotting were performed as
described previously (22). Briefly, 500-ul aliquots of platelet
suspension (2 X 10° cell/ml) were lysed with an equal volume
of radioimmune precipitation buffer, pH 7.2, containing 316
mM NacCl, 20 mm Tris, 2 mm EGTA, 0.2% SDS, 2% sodium
deoxycholate, 2% Triton X-100, 2 mMm Na;VO,, 2 mm phen-
ylmethylsulfonyl fluoride, 100 wg/ml leupeptin, and 10 mm
benzamidine. Aliquots of platelet lysates (1 ml) were immu-
noprecipitated by incubation with 2 ug of anti-hTRPCI,
anti-STIM1, or anti-IP;R type II antibody and 25 ul of pro-
tein A-agarose overnight at 4 °C on a rocking platform. The
immunoprecipitates were resolved by 8% SDS-PAGE, and sepa-
rated proteins were electrophoretically transferred onto nitrocel-
lulose membranes for subsequent probing. Blots were incubated
overnight with 10% (w/v) bovine serum albumin in Tris-buff-
ered saline with 0.1% Tween 20 to block residual protein bind-
ing sites. Immunodetection of STIM1, hTRPC1, and IP,;R type
II was achieved using the anti-STIM1 antibody diluted 1:250 in
TBST for 2 h, the anti-hTRPC1 antibody diluted 1:200 in TBST
for 1 h, or the anti-IP,R type II antibody diluted 1:500 in TBST
for 3 h. The primary antibody was removed, and blots were
washed six times for 5 min each with TBST. To detect the pri-
mary antibody, blots were incubated for 45 min with horserad-
ish peroxidase-conjugated ovine anti-mouse IgG antibody,
horseradish peroxidase-conjugated donkey anti-rabbit IgG
antibody, or horseradish peroxidase-conjugated donkey anti-
goat IgG antibody diluted 1:10,000 in TBST and then exposed
to enhanced chemiluminescence reagents for 4 min. Blots were
then exposed to photographic films. The density of bands on
the film was measured using a scanning densitometry.

Subcellular Fractionation—Human platelet fractionation
was carried out as described previously (26). Briefly, activated
and control platelets (2 X 10° cells/ml) were immediately lysed
with an equal volume of 2X Triton buffer (2% Triton X-100, 2
mm EGTA, 100 mm Tris/HCI (pH 7.2), 100 ng/ml leupeptin, 2
mM phenylmethylsulfonyl fluoride, 10 mm benzamidine, 2 mm
NazVO,) at 4 °C for 30 min. Platelet lysate was centrifuged at
16,000 X g for 5 min. The supernatant (cytosolic and mem-
brane fraction) was removed, and the pellet (cytoskeleton-rich
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fraction) was solubilized into the original volume in Laemmli’s
buffer (22), boiled for 5 min, and subjected to Western blotting
as described previously.

Immunofluorescence—Samples of platelet suspension (200
wl; 2 X 10® cells/ml) were transferred to 200 ul of ice-cold 3%
(w/v) formaldehyde in PBS for 10 min and then incubated for
2 h with 1 pug/ml anti-STIM1 antibody. The platelets were then
collected by centrifugation and washed twice in phosphate-
buffered saline (PBS) containing 137 mm NaCl, 2.7 mm KCl,
5.62 mm Na,HPO,, 1.09 mm NaH,PO,, 1.47 mm KH,PO,, pH
7.2, and supplemented with 0.5% (w/v) bovine serum albumin.
To detect the primary antibody, samples were incubated with
0.02 ug/ml FITC-conjugated donkey anti-rabbit IgG antibody
for 1 h and washed twice in PBS. Fluorescence was measured
using a fluorescence spectrophotometer (PerkinElmer Life Sci-
ences). Samples were excited at 496 nm, and emission was at
516 nm.

Reversible Electroporation Procedure—The platelet suspen-
sion was transferred to an electroporation chamber containing
antibodies at a final concentration of 2 ug/ml, and the antibod-
ies were transjected according to published methods (28, 29).
Reversible electropermeabilization was performed at 4 kV/cm
at a setting of 25-microfarad capacitance and was achieved by
seven pulses using a Bio-Rad Gene Pulser Xcell electroporation
system (Bio-Rad). Following electroporation, cells were incu-
bated with antibodies for an additional 60 min at 37 °C and were
centrifuged at 350 g for 20 min and resuspended in HBS prior to
the experiments.

Biotinylation of Cell Surface Proteins—Aliquots of cell sus-
pensions (1 ml) were stimulated with TG + Iono or left
untreated. The reaction was terminated with ice-cold Soer-
scen’s buffer (SB) containing 16 mm Na,HPO,, 114 mm
NaH,PO,, pH 8.0. Cells were collected by centrifugation at
900 X g for 13 min at 4 °C. Cell surface proteins were labeled by
resuspending in EZ-Link™ Sulfo-NHS-LC-Biotin (2.5 mg/12
ml of ice-cold SB) and incubated under mixing for 1 h at 4 °C.
The biotinylation reaction was terminated by the addition of
100 pl of 1 M Tris base, and remaining biotinylating agent was
removed by washing the cells in ice-cold SB. Labeled cells were
resuspended in PBS and then lysed in radioimmune precip-
itation buffer. Labeled proteins were collected by rotating
the lysate overnight with streptavidin-coated agarose beads.
The beads were collected by centrifugation, resuspended in
Laemmli’s buffer (22), boiled for 5 min, and subjected to
Western blotting as described previously.

Statistical Analysis—Analysis of statistical significance was
performed using Student’s £ test. p < 0.05 was considered to be
significant for a difference.

RESULTS

Presence and Localization of STIMI in Human Platelets—
Since STIM1 has been presented as a candidate to commu-
nicate the filling state of the intracellular Ca®" stores to the
PM (19-21), we have tested for the presence of STIM1 in
human platelet lysates by SDS-PAGE and Western blotting
using an anti-STIM1 antibody, specific for the N-terminal
amino acid residues 25-139 of STIM1, including the EF-
hand domain (30), that has been shown to be effective in
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FIGURE 1. Expression and distribution of STIM1 in human platelets. A,
human platelets (2 X 10° cell/ml) were incubated for 3 min in a Ca®*-free
medium (100 um EGTA added) in the absence or presence of TG (1 um) com-
bined with lono (50 nm) and lysed with either radioimmune precipitation
buffer for whole cell lysate (Cell lysate) or Triton buffer to separate cytosolic
and membrane fraction (C&M fraction) and cytoskeletal fraction (Cytosk. frac-
tion). Samples were subjected to 10% SDS-PAGE and subsequent Western
blotting with a specific anti-STIM1 antibody. The image shows results from
one experiment representative of five others. Molecular masses indicated on
the right were determined using molecular mass markers run in the same gel.
B, histograms represent the quantification of STIM1 in the cytosolicand mem-
brane or cytoskeletal fractions in resting (control) and TG + lono-treated cells.
Results are presented as arbitrary optical density units and expressed as
mean = S.E. ¥, p < 0.05 versus control.

immunofluorescence studies (19). Immunoblotting of plate-
let whole-cell lysates with the anti-STIM1 antibody revealed
the presence of STIML in these cells (Fig. 14, lane 1; n = 6).
Detection of STIM1 was not modified when cells were
treated with TG (1 um) plus Iono (50 nm) to deplete the
intracellular Ca®" stores (Fig. 14, lane 2; n = 6).

We have found that STIM1 is mostly located in the cytosolic
and membrane fraction and that only a small amount (about
6%) is associated with the cytoskeletal fraction (Fig. 1, A and B).
To further investigate whether Ca®" store depletion by TG +
Iono induces association of STIM1 with the cytoskeleton,

VOLUME 281+-NUMBER 38+-SEPTEMBER 22, 2006



Western immunoblot analysis was performed on the
“cytoskeletal” and “cytosolic and membrane” fractions of
resting and TG + Iono-stimulated platelets. Western blot
analysis revealed that treatment of platelets with 1 um TG, 50 nm
Iono for 3 min significantly increases the cytoskeletal association
of STIM1 (196 * 31% of control, Fig. 1B; p < 0.05; n = 6) and
reduced the expression of STIM1 in cytosolic and membrane
fraction.

Surface Expression of STIM1—Recent studies have reported
that STIM1 might be located in the membrane of the Ca**
stores and at the PM (17, 20, 21). The former migrates from the
intracellular Ca>" stores to the PM upon depletion of the Ca>"
stores, where the N terminus has been suggested to face the
extracellular medium, as detected by immunofluorescence and
immunoelectron microscopy (19-21), suggesting that STIM1
might act as a Ca®>* sensor that communicates the filling state
of the intracellular Ca®* stores to the PM (20, 30). On the basis
of the N-terminal location of the epitope recognized by the
anti-STIM1 antibody, we have performed a series of immuno-
fluorescence experiments to confirm this hypothesis and fur-
ther investigate the role of [Ca®>*], in this process. As shown in
Fig. 24, incubation of fixed, nonpermeabilized resting platelets
in suspension with 1 pg/ml anti-STIM1 antibody followed by
detection using an FITC-conjugated secondary antibody
revealed the presence of STIM1 proteins in the cellular surface.
The fluorescence observed was not due to nonspecific binding
of the secondary antibody as demonstrated by the lower fluo-
rescence detected in samples incubated with this antibody
alone (<<20% of the fluorescence in the presence of anti-STIM1
antibody). Data presented in Fig. 2A were corrected by subtrac-
tion of the fluorescence in the absence of the anti-STIM1 anti-
body. These findings confirm the presence of STIM1 in the PM
in nonstimulated cells. To investigate whether store depletion
increased surface expression of STIM1 in the PM, we repeated
the experimental protocol using TG + Iono-treated cells.
Treatment of human platelets with 1 um TG, 50 nm Iono for 3
min in a Ca®>"-free medium (100 um EGTA was added) signif-
icantly increased the detection of STIM1 in the PM (204 = 38%
of control; Fig. 24, p < 0.05; n = 6). These findings were con-
firmed by biotinylation of plasma membrane proteins and col-
lection with streptavidin-coated agarose beads. SDS-PAGE and
Western blotting were used to identify STIM1. Plasma mem-
brane expression was quantified by scanning densitometry. As
shown in Fig. 2B, analysis of biotinylated proteins shows that
STIML1 is present in the PM, and its expression significantly
increases in cells stimulated with TG + Iono by 71 * 4% (p <
0.05; n = 6).

Similar results were obtained when the studies were per-
formed in BAPTA-loaded cells to prevent changes in [Ca®*],
due to store discharge (store depletion increased the detection
of STIM1 in the PM to 194 *+ 37% of resting cells; Fig. 2, p <
0.05; n = 6). These findings indicate that Ca®" store depletion
increases surface expression of STIM1, which is independent of
rises in [Ca®"],. To investigate whether migration of STIM1 to
the PM is supported by the actin cytoskeleton, we performed a
series of experiments in the presence of Cyt D. We have previ-
ously demonstrated (24) that Cyt D is without significant effect
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FIGURE 2. Surface location of STIM1. A, normal platelets (black histograms),
dimethyl-BAPTA-loaded platelets (white histograms), or platelets incubated
with cytochalasin D (10 um; gray histograms) for 40 min were stimulated in a
Ca?*-free medium (100 um EGTA added) for 3 min with 1 um TG, 50 nm lono,
asindicated, and fixed with ice-cold 3% (w/v) formaldehyde in PBS for 10 min.
Cells were then incubated with 1 wg/ml anti-STIM1 antibody for 2 h followed
by incubation with FITC-conjugated anti-mouse IgG for a further 1 h. Histo-
grams indicate the immunofluorescence values under different experimental
conditions. Values are mean = S.E. of six independent experiments. *, p <
0.05 versus control. B, human platelets were stimulated in a Ca®"-free
medium (100 um EGTA added) with 1 um TG, 50 nm lono or left untreated, as
indicated. Stimulation was terminated after 3 min in ice-cold Séercen’s buffer,
and cell surface were proteins labeled by biotinylation, as described under
“Experimental Procedures.” Labeled proteins were extracted with streptavi-
din-coated agarose beads and analyzed by SDS-PAGE and Western blotting
(WB) using the anti-STIM1 antibody. Positions of molecular mass markers are
shown on the right. These results are representative of four separate
experiments.

on the actin filament content of nonstimulated platelets when
treated for up to 40 min but effectively prevents agonist-stim-
ulated actin filament formation. Inhibition of actin polymeriza-
tion by treatment for 40 min with 10 um Cyt D inhibited trans-
location of STIM1 to the PM upon Ca®™ store depletion by 70%
(Fig. 2, p < 0.05; n = 6), suggesting that this process requires
actin filament polymerization.

Association between STIMI1 and hTRPCI—Platelets have
been shown to endogenously express hTRPC1 channel in the
PM, as well as vascular smooth muscle cells (32), and a func-
tional interaction between IP,RII in the Ca®>" stores and
hTRPC1 has been presented as the most likely mechanism to
account for the activation of SOCE in these cells (12, 33—-35).
Since STIM1 have been proposed to communicate the Ca*”"
stores with Ca®>" channels in the PM, the characteristics
reported make platelets an ideal cellular model to investigate
the interaction between proteins in the Ca®>* stores and PM;
therefore, we have tested for the association between STIM1
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and hTRPC1 by looking for co-immunoprecipitation from
platelet lysates. Immunoprecipitation and subsequent SDS-
PAGE and Western blotting were conducted using control
platelets and platelets in which the intracellular Ca>" stores
had been depleted by 3-min pretreatment with TG (1 um)
and Iono (50 nMm) in the absence of extracellular Ca*>* (100
uM EGTA). Platelets heavily loaded with the Ca®?" chelator
indicator dimethyl-BAPTA were used for this study so as to
eliminate Ca®>"-dependent but not store depletion-depend-
ent responses (12). After immunoprecipitation with anti-
hTRPC1 antibody, Western blotting revealed the presence of
STIM1 in samples from resting platelets. The specificity of
the hTRPC1 antibody was tested with the anti-TRPC1 anti-
body T1E3, which has been shown to be a specific tool in the
investigation of mammalian TRPC1 proteins (32, 33). We
found that store depletion increased the association between
STIM1 and hTRPC1 by 50% (Fig. 3A, top, lanes 1 and 2; n =
6). Similar results were observed in cells not loaded with
dimethyl-BAPTA but to which a Ca®> " -free medium (100 um
EGTA was added at the time of the experiment; Fig. 34, top,
lanes 3 and 4; n = 6). Although no store depletion was
detected by the simple addition of EGTA to platelet suspen-
sions (data not shown), we repeated these experiments in a
medium containing 200 um CaCl, to avoid the effect of pos-
sible incipient store depletion after the addition of EGTA. As
shown in Fig. 3A, lanes 5 and 6, association of STIM1 and
hTRPC1 occurred in control platelets and was increased by
50% upon store depletion by TG + Iono. Western blotting of
the same membranes with anti-hTRPC1 antibody confirmed
a similar content of this protein in all lanes (Fig. 3A, bottom).

We also conducted converse experiments, immunoprecipi-
tating platelet lysates with anti-STIM1 antibody and detecting
for the presence of hTRPC1. After immunoprecipitation with
anti-STIM1, hTRPC1 was detected in samples from control
and store-depleted cells; the latter was found to be about 50%
greater than control (Fig. 3B, top; n = 6). Inmunoblot analysis
of STIM1 immunoprecipitates with the same antibody as
appropriate revealed a similar content of this protein in the
relevant lanes (Fig. 3B, bottom). Our observations, showing an
enhanced association between hTRPC1 and STIM1 in response
to depletion of the intracellular Ca>" stores, suggest STIM1 as
a candidate for the mediation of SOCE.

Role of the Actin Cytoskeleton in the Association between
STIM1 and hTRPCI—The de novo conformational coupling
described in platelets to account for the activation of SOCE is
based on the reversible interaction between elements in the ER
and the PM that requires cytoskeletal reorganization (7, 12, 33,
34, 36). We have reported above that STIM1 both associates
with the actin cytoskeleton and migrates to the cell surface
upon store depletion, the later requiring actin remodeling.
Therefore, we have explored whether the association between
STIM1 and hTRPC1 is affected by inhibitors of actin polymer-
ization, such as Cyt D. As shown in Fig. 4, treatment of dimeth-
yl-BAPT A-loaded cells with Cyt D (10 um) for 40 min abolished
the interaction between STIM1 and hTRPCI as detected by
co-immunoprecipitation with the anti-hTRPC1 antibody and
Western blotting with the anti-STIM1 antibody (top; n = 4).
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FIGURE 3. STIM1 coimmunoprecipitates with hTRPC1 independently of
changes in [Ca?*],. A, dimethyl-BAPTA-loaded or normal human platelets
were treated, in a Ca®"-free medium (100 um EGTA added) or in a medium
containing 200 um CaCl,, as indicated, with no addition (control) or with 1 um
TG and 50 nm lono and then lysed. Whole cell lysates were immunoprecipi-
tated (IP) with anti-hTRPC1 antibody. Immunoprecipitates were analyzed by
Western blotting (WB) using anti-STIM1 antibody (top) and reprobed with
anti-hTRPC1 antibody (bottom) as described under “Experimental Proce-
dures.” B, human platelets were treated in a Ca®*-free medium (100 um EGTA
added) with no addition (control) or with 1 um TG and 50 nm lono and then
lysed. Whole cell lysates were immunoprecipitated with anti-STIM1 antibody.
Immunoprecipitates were analyzed by Western blotting using anti-hTRPC1
antibody (top) and reprobed with anti-STIM1 antibody as indicated. Positions
of molecular mass markers are shown on the right. These results are repre-
sentative of 4-6 independent experiments.

Western blotting of the same membranes with anti-hTRPC1
antibody confirmed a similar protein loading in all lanes (Fig. 4,
bottom).

Inhibition of Store Depletion-evoked Interaction between
STIM1 and hTRPCI1 and SOCE by Electrotransjection with
Anti-STIMI1 Antibody—The amino acid sequence 25-139, rec-
ognized by the anti-STIM1 antibody, includes the Ca*"-bind-
ing EF-hand region (30). Hence, we have investigated whether
the anti-STIM1 antibody, which is directed to this sequence,
could block the function of the protein. To assess this possibil-
ity, the anti-STIM1 antibody was introduced into platelets
using an electropermeabilization technique. Several studies
have reported that electroporation can be used successfully for
transferring antibodies into cells while maintaining the physio-
logical integrity of the cells (28, 37, 38). Human platelets were
reversibly electroporated as described under “Experimental
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FIGURE 4. Interaction between STIM1 and hTRPC1 requires actin filament
polymerization. Dimethyl-BAPTA-loaded human platelets were preincu-
bated with Cyt D (10 um) for 40 min at 37 °C and then treated in a Ca*>*-free
medium (100 um EGTA added) with no addition (control) or with 1 um TG + 50
nm lono and lysed. Whole cell lysates were immunoprecipitated (/P) with anti-
hTRPC1 antibody. Immunoprecipitates were analyzed by Western blotting
(WB) using anti-STIM1 antibody (top) and reprobed with anti-hTRPC1 anti-
body (bottom) as described under “Experimental Procedures.” Positions of
molecular mass markers are shown on the right. These results are represent-
ative of four independent experiments.

anti-hTRPC1 |
anti-hTRPC1 |

Procedures.” The presence of this antibody inside platelets was
investigated in samples from control (nonelectropermeabi-
lized) or electropermeabilized cells, both incubated with 1
pg/ml anti-STIM1 antibody, by immunoprecipitation without
adding any additional anti-STIM1 antibody and subsequent
Western blotting with the anti-STIM1 antibody. As shown in
Fig. 54, STIM1 was clearly detected in cells that had been pre-
viously electropermeabilized. Electropermeabilization allowed
the anti-STIM1 antibody to enter the cells and immunoprecipi-
tate the STIM1 protein that was then detected by Western blot-
ting, which confirms the efficacy of the electrotransjection.

As shown in Fig. 5B, interaction between STIM1 and
hTRPC1 was abolished in cells transjected with 1 ug/ml anti-
STIM1 antibody (top, lanes 3 and 4; n = 6) as detected by
immunoprecipitation of cell lysates with the anti-STIM1 anti-
body followed by Western blotting with anti-hTRPC1 anti-
body. To investigate the specificity of this assay, the effect of
incubation with an antibody directed to a protein not related to
STIM1 proteins or any other platelet protein was tested. We
used a mouse IgG, since this is the nature of the anti-STIM1
antibody. Electrotransjection with 1 ug/ml mouse IgG follow-
ing the protocol used for the anti-STIM1 antibody was unable
to inhibit store depletion-induced interaction between STIM1
and hTRPC1 (Fig. 5B, top, lanes 1 and 2; n = 6). Reprobing of
the same membranes with anti-STIM1 antibody confirmed a
similar protein loading in all lanes (Fig. 5B, lower panel). Con-
sistent with this, our results indicate that electrotransjection of
anti-STIM1 antibody reduced both basal and TG + Iono-stim-
ulated surface expression of STIMI1, both in control and
BAPTA-loaded cells (Fig. 5C; p < 0.05). In contrast, electro-
transjection with the anti-mouse IgG antibody has a negligible
effect on the surface expression of STIM1 either at resting or

SEPTEMBER 22, 2006 +VOLUME 281+NUMBER 38

Interaction of STIM1 and hTRPC1

A kDa
+ 250
+ 150
- 100
|+ 75

9]

STIM1—+ | ==

{arbitrary units)

Immunofluorescence
N o & oo

50

?

-

37

Electroporated _ + o-
with anti-STIM1

?

TG+lono -+ -+ -+ -+
a-STIMlab- - ++ - - ++
WB: «-STIM1 m-1gG e EvEn e @ ow
B Electrotransjection D Electrotransjection
[ m-1gG [o-STIM1 [ - Jo-STIM1]
TG+lono - + - + " TGijopo - + - + K2
) - 150 > -~ 150
HTRPCT | = Ml & & |+ 100 [TRPCY—»| = ™ & & |« 100
- 75 « 75
P P
WB:[ ant-hTRPC1 WE:| anti-hTRPC1 |
STIM1 | - - - gl PRI | W - - 250
- 75
- 160
. =
S e we o]

FIGURE 5. Inhibition of store depletion-evoked interaction between
STIM1 and hTRPC1, surface expression of STIM1 and coupling between
hTRPC1 and IP;RII by electrotransjection with anti-STIM1 antibody. A,
resting platelets (lane 1) or platelets electropermeabilized in a Gene Pulser as
described under “Experimental Procedures” (lane 2) were incubated in the
presence of 1 ug/ml anti-STIM1 antibody (a-STIMT) for 60 min as indicated
and then lysed. Whole cell lysates were immunoprecipitated in the absence
of antibodies but adding protein A-agarose, and immunoprecipitated pro-
teins were analyzed by Western blotting using anti-STIM1 antibody. These
results are representative of three independent experiments. B, human plate-
lets (10° cells/ml) were electropermeabilized and incubated with 1 ug/ml
mouse IgG (m-IgG) or with 1 pg/ml anti-STIM1 antibody (-STIM1) for an addi-
tional 60 min at 37 °C, as indicated. Cells were then incubated for 3 min in the
absence or presence of 1 um TG, 50 nm lono in a Ca?*-free medium (100 um
EGTA was added) and lysed. Whole cell lysates were immunoprecipitated (/P)
with anti-STIM1 antibody. Immunoprecipitates were analyzed by Western
blotting (WB) using anti-hTRPC1 antibody (top) and reprobed with anti-STIM1
antibody (bottom) as described under “Experimental Procedures.” Positions
of molecular mass markers are shown on the right. These results are repre-
sentative of six independent experiments. C, human platelets were elec-
tropermeabilized and incubated with 1 ng/ml mouse IgG (m-IgG) or with 1
ng/ml anti-STIM1 antibody (a-STIM1) for an additional 60 min at 37 °C, as
indicated. Cells were stimulated in a Ca®*-free medium (100 um EGTA added)
for 3 min with 1 um TG, 50 nm lono, as indicated, and fixed with ice-cold 3%
(w/v) formaldehyde in PBS for 10 min. Cells were then incubated with 1 ug/ml
anti-STIM1 antibody for 2 h followed by incubation with FITC-conjugated
anti-mouse IgG for a further 1 h. Histograms indicate the immunofluores-
cence values under different experimental conditions. Values are mean = S.E.
of six independent experiments. *, p < 0.05 versus cells electroporated with
mouse IgG. D, platelets (10° cells/ml) were electropermeabilized and incu-
bated with 1 wg/ml anti-STIM1 antibody («-STIM1) for an additional 60 min at
37 °C, as indicated. Cells were then incubated for 3 min in the absence or
presence of 1 um TG, 50 nm lono in a Ca®*-free medium (100 um EGTA was
added) and lysed. Whole cell lysates were immunoprecipitated with anti-
IP;RII antibody. Immunoprecipitates were analyzed by Western blotting
using anti-hTRPC1 antibody (top) and reprobed with anti-IPsRIl antibody
(lower panel) as described under “Experimental Procedures.” Positions of
molecular mass markers are shown on the right. These results are represent-
ative of six independent experiments.

stimulated conditions (see Fig. 5C versus Fig. 2). These findings
suggest that the amino acid sequence recognized by the anti-
STIM1 antibody might be essential for protein function, which
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FIGURE 6. Inhibition of store depletion-evoked SOCE by electrotransjection with anti-STIM1 antibody.
Human platelets (10° cells/ml) were electropermeabilized in a Gene Pulser as described under “Experimental
Procedures” (B and C) or left untreated (A). Following electroporation, cells were incubated with 1 wg/ml
mouse IgG (B) or with 1 ug/ml anti-STIM1 antibody (C) for an additional 60 min at 37 °C, loaded with fura-2,
centrifuged at 350 X g for 20 min, and resuspended in HBS containing 200 um CaCl,. At the time of the
experiment, 250 um EGTA was added. Fura-2-loaded human platelets were stimulated with TG (1 um) + lono (50
nm), and 3 min later, CaCl, (final concentration 1 mm) was added to the medium ([Ca®*],). Changes in fura-2 fluores-
cence were monitored using the 340-nm/380-nm ratio and calibrated in terms of [Ca®"],. Traces are representative
of 4-7 independent experiments. D, histograms indicate the quantification of Ca* release or entry induced by TG +
lono in control cells or cells electrotransjected with either mouse IgG (m-IgG) or anti-STIM1 (a-STIMT) antibodies.
Ca®" release and entry were determined as described under “Experimental Procedures.” Values are means =+ S.E.
* p < 0.05 compared with Ca®" entry by TG + lono in cells electrotransjected with mouse IgG.

must be required for migration of this protein to the PM and
interaction with hTRPC1.

Furthermore, we have explored whether electrotransjection
of anti-STIM1 antibody is able to alter coupling between
hTRPC1 and type I1 IP;R. As shown in Fig. 5D, in cells transjected
with 1 ug/ml anti-STIM1 antibody, TG + Iono-induced interac-
tion between hTRPC1 and IP,RII was significantly reduced by
48%, as detected by immunoprecipitation of cell lysates with the
anti-IP,RII antibody followed by Western blotting with anti-
hTRPC1 antibody (p < 0.05; 1 = 6).

We have further investigated whether the anti-STIM1 anti-
body could affect SOCE. To assess this issue, the anti-STIM1
antibody was electrotransjected into the cells, followed by
depletion of the intracellular Ca>" stores using TG + Iono to
activate SOCE. Before the measurement of [Ca>"],, cells were
maintained in a medium containing 200 um CaCl,, to avoid
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in [Ca®"], after the addition of
CaCl, was 232,354 * 45,661 nwm-s;
Fig. 6, B and D). These findings also
confirm the reversibility of the elec-
troporation procedure used. Inter-
estingly, when the anti-STIM1 anti-
body was electrotransjected into
platelets, SOCE was significantly
reduced by 46% compared with
mouse IgG electrotransjected cells
(the integral of the rise in [Ca*"],
after the addition of CaCl, was 125,298 = 26,116 nwm-s; Fig. 6, C
and D; p < 0.05; n = 7). Electrotransjection of anti-STIM1
antibody inhibited SOCE and the coupling between hTRPC1
and IP,RII to a similar extent, which supports previous studies
reporting that the coupling between hTRPC1 and IP,;RII might
underlie the activation of SOCE in human platelets (33). Elec-
trotransjection of anti-STIM1 antibody did not significantly
alter TG + Iono-induced Ca>™ release (the integral for 3 min of
the rise in [Ca®"]; after the addition of TG + Iono was 7391 *
918 nms; Fig. 6D), which indicates that electrotransjection with
anti-STIM1 antibody did not impair Ca®>" accumulation into
the intracellular stores or the ability of TG + Iono to induce
store depletion (Fig. 6C; p > 0.05; n = 7).

Recent studies have reported that application of the anti-
STIM1 antibody extracellularly, which binds to the N-terminal
EF hand of STIM1 located in the PM, blocks I, in hemato-
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poietic cells and SOCE in HEK293 cells (39). To assess this
possibility, human platelets were incubated for 30 min with
anti-STIM1 antibody (1 ug/ml) followed by depletion of the
intracellular Ca®>" stores using TG + Iono to activate SOCE. As
depicted in Fig. 7, A and B, incubation of platelets with anti-
STIMI antibody for 30 min decreased Ca*>"* entry by 36 = 10%
(the integral of the rise in [Ca® "], after the addition of CaCl, was
231,421 * 10,516 and 148,109 * 25,514 nm-s in control and
anti-STIM1 antibody-treated cells, respectively; p < 0.05).
Incubation for 30 min with anti-STIM1 antibody did not signif-
icantly alter TG + Iono-induced Ca®" release from the intra-
cellular stores (the integral for 3 min of the rise in [Ca®"], after
the addition of TG + Iono was 7863 = 1110 and 6938 * 158
nms in control and anti-STIM1 antibody-treated cells, respec-
tively). In contrast, application of the anti-STIM1 antibody
extracellularly was unable to impair surface expression of

>
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STIM1 either at resting conditions or upon stimulation with
TG + Iono (Fig. 7C; p > 0.05; n = 4).

DISCUSSION

Most cell types modulate a number of cellular functions by
the generation of Ca*>" signals, which consist of spatio-tempo-
ral modifications of [Ca®*],. These signals involve Ca>" release
from intracellular stores and Ca>" entry through PM channels.
Among the Ca®>* entry pathways described, SOCE, regulated by
the Ca®>" content in the stores (11), is one of the most ubiqui-
tous and a major mechanism for Ca®" influx in excitable and
nonexcitable cells. Whereas the messengers involved in the
release of Ca®>* from intracellular compartments and the chan-
nels present in the membrane of the stores have long been iden-
tified, the precise mechanism involved in the communication
between the Ca>" stores and PM channels has not been fully

elucidated. Recent studies using
RNAi-based techniques and mutant
proteins have presented STIM1 as a
candidate messenger linking the
Ca®" content in the stores with the
activation of SOCE (18, 19, 21).
STIM1 has been reported to modu-
late I-gac by interaction with the
Ca®" release-activated Ca®>" modu-
lators Orail or Orai2 (40, 41). Here,
we present for the first time evi-
dence for the interaction of STIM1
with  endogenously  expressed
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FIGURE 7. Effect of extracellular anti-STIM1 antibody on store depletion-evoked SOCE and surface
expression of STIM1. A and B, human platelets (10° cells/ml) were incubated with 1 ug/ml anti-STIM1 anti-
body for 30 min at 37 °C (B) or left untreated (A). At the time of the experiment, 250 um EGTA was added.
Fura-2-loaded human platelets were stimulated with TG (1 um) + lono (50 nm), and 3 min later, CaCl, (final
concentration 1T mm), was added to the medium. Changes in fura-2 fluorescence were monitored using the
340-nm/380-nm ratio and calibrated in terms of [Ca®*].. Traces are representative of five independent exper-
iments. C, human platelets were incubated with 1 ug/ml anti-STIM1 antibody for 30 min at 37 °C or left
untreated as indicated. Cells were then stimulated in a Ca® " -free medium (100 um EGTA added) in the absence
or presence of 1 um TG, 50 nm lono, as indicated. Stimulation was terminated after 3 min in ice-cold Séercen’s
buffer, and cell surface proteins were labeled by biotinylation, as described under “Experimental Procedures.”
Labeled proteins were extracted with streptavidin-coated agarose beads and analyzed by SDS-PAGE and
Western blotting using the anti-STIM1 antibody. Positions of molecular mass markers are shown on the right.

These results are representative of four separate experiments.
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which parallels the characteristics
of SOCE. Supporting these findings,
immunofluorescence and biotinyla-
tion assays have reported that
STIML1 translocates to the PM upon
store depletion, which might lead to
the enhanced interaction with
hTRPC1 under these conditions.
Functional knock-down of STIM1
by electrotransjection of cells with
anti-STIM1 antibody, directed to-
ward the N-terminal sequence that
includes the Ca®"-binding region,
prevented the migration of STIM1
toward the PM, the interaction
between STIM1 and hTRPCI, cou-
pling between hTRPC1 and IP,RII,
and subsequently reduced SOCE,
which provides further evidence for
the functional significance of the
interaction between STIM1 and
hTRPCI.
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Resting cells

FIGURE 8. Speculative model for the role of STIM1 in the activation of SOCE in platelets. Top, in cells
with replete Ca®™ stores, STIM1 is localized throughout the ER membrane (20, 21, 31) and also in the PM,
and store-operated channels (SOC) are inactive. Bottom, cell activation begins with the occupation of a
membrane receptor (R) by an agonist (A), leading to activation of phospholipase C (pLC), through a
G-protein (G). PLC activation results in the synthesis of inositol 1,4,5-trisphosphate (/P;), which activates
thelP;Rand induces Ca® " release from the ER. The decrease in stored Ca>* might be communicated to the
PM SOC by a mechanism that involves STIM1 in the ER, PM, or both. STIM1 contains an EF-hand region
(shown in yellow) facing the lumen of the ER and the extracellular medium, which might be essential for
sensing ER or extracellular Ca?* concentrations. After store depletion, STIM1 located in the ER unbinds
Ca?" and either translocates to the PM or remains in the ER membrane, where it promotes the interaction
between the ER and the PM to facilitate de novo coupling between the IP;RIl and the SOC hTRPC1 already
located in the PM, which might result in the activation of SOCE.
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In addition, we have found that
external application of anti-STIM1
antibody reduces TG + Iono-
evoked SOCE. These data, together
with the effect of internal applica-
tion of the anti-STIM1 antibody,
reveal that STIM1 might play an
important role in the regulation of
SOCE. Since the inhibition of Ca®>"
influx by internal or external appli-
cation of anti-STIM1 antibody is
similar, the inhibition of SOCE
might be mediated by binding of the
antibody to PM-associated STIM1.
In fact, STIM1 at the PM has been
shown to exert a control on the
operation of Ca®>" channels (39).
However, this interpretation does
not entirely explain some of the
effects observed after electrotrans-
jection with the antibody, such as
the impairment of the translocation
of STIMI to the PM observed in
cells electrotransjected with the
anti-STIM1 antibody, which has
not been observed after external
application of the antibody to
nonelectropermeabilized  cells.
Therefore, we cannot rule out the
possibility that the effects of elec-
trotransjection of the anti-STIM1
antibody on SOCE are mediated
by binding of the antibody to
intracellular STIM1. The anti-
STIM1 antibody used recognizes
the amino acid sequence 25-139,
located in the N terminus, which,
when STIM1 is located in the
plasma membrane or intracellular
membranes, is not accessible from
the cytosol. Our results suggest
that at rest, the ER-associated pool
of STIM1 might be cycling
between the ER and the cytosol,
and the PM pool must be cycling
between the PM and the cytosol.
This process might expose the
N-terminal sequence to the anti-
STIM1 antibody, which is present
in the cells for 60 min before the
performance of the experiments,
resulting in the impairment of
STIM1 cellular functions. This
hypothesis is supported by a previ-
ous study by Manji et al. (17),
reporting that STIM1 antibodies
generated to the N-terminal and
the C-terminal sequences were
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both able to detect STIM1 in the cytoplasm of chronic mye-
loid leukemia cells (K562). In addition, we have found that
when cells were electrotransjected with anti-STIM1 anti-
body, but not with a nonspecific mouse IgG, surface expres-
sion of STIM1 is reduced at resting conditions, which further
supports that STIM1 located in the PM might be cycling
between the PM and the cytosol, where it is accessible to the
anti-STIM1 antibody. It is also expected that any mechanism
that accelerates the cycling activity, such as cell stimulation
with TG + Iono, enhances the exposure of STIM1 to the
anti-STIM1 antibody. Consistent with this, we have found
that treatment of cells electrotransjected with anti-STIM1
antibody with TG + Iono resulted in a reduction in surface
expression of this protein.

We have previously shown coupling between IPRII and
hTRPC1 only after depletion of the intracellular Ca®" stores
and not at resting conditions (12, 33). In cells electroporated,
we have detected little co-immunoprecipitation between
hTRPC1 and IP;RII in nonstimulated cells, which seems to be a
result of the electroporation itself, independent of store deple-
tion, since basal [Ca®>*]; and the amount of Ca*>* accumulated
into the intracellular stores were found to be similar in control
and electroporated cells. Electrotransjection of cells with anti-
STIM1 antibody significantly reduced the coupling between
IP,RII and hTRPC1, which supports the role of STIM1 in the
activation of SOCE in human platelets.

Here we show interaction between STIM1 and hTRPC1 in
resting platelets, which is enhanced upon store depletion.
Functional STIM1 seems to be required for coupling between
hTRPC1 and type II IP;R. Although speculative, a possible
explanation for these findings resides in a role for STIM1 bridg-
ing the stores and the PM. Thus, the PM pool of STIM1 under
resting conditions might form stable complexes with Ca®"
channels and other Ca®"-related proteins in functional
microdomains involved in Ca®" signaling. Store depletion sig-
nificantly enhances the PM pool and may induce homo-oli-
gomerization of STIMI in the Ca*>* stores and STIM1 located
in the PM, which, in turn, might mediate the interaction
between both membranes, as previously suggested (19, 20).
Both mechanisms, association of STIM1 in the PM with
hTRPC1 and oligomerization of hTRPCl-associated STIM1
with STIMI located in the Ca®>* stores, might explain an
increase in the interaction between hTRPC1 and STIM1
detected by co-immunoprecipitation.

Our findings suggest that fully functional STIM1 is necessary
for the activation of SOCE in platelets, a mechanism that is
probably mediated by interaction with hTRPC1 in the PM to
mediate the communication of the filling state of the Ca®"
stores to the Ca>* channels in the PM and to exert a control
over the operation of these channels (a schematic diagram of
the proposed model is depicted in Fig. 8). These data are com-
patible with an important role for STIM1 in the activation of
SOCE by de novo coupling of IP;RII to hTRPC1, which we have
suggested may underlie the activation of SOCE in human plate-
lets (7, 12, 33, 34, 42). Whether STIM1 plays a role as a luminal
Ca®" sensor in store depletion-induced actin cytoskeleton
reorganization and the subsequent trafficking of the Ca®"
stores to the PM deserves further studies.
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