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ABSTRACT 
 
Cross-talk between subcellular organelles is essential for cellular Ca2+ 
homeostasis. We have studied the effects of knocking down STIM1, the Ca2+ 
sensor of the endoplasmic reticulum (ER), on several homeostatic Ca2+-
handling mechanisms, including plasma membrane Ca2+ entry and transport by 
ER, mitochondria and nucleus. We have used targeted aequorins to selectively 
measure calcium fluxes in different organelles. Actions of STIM1 were 
extremely selective, restricted to store operated Ca2+ channels (SOC) and Ca2+ 
uptake by the ER. No interactions with uptake or release of Ca2+ by 
mitochondria or nucleus were detected. Ca2+ exit from the ER, including passive 
leak, release via inositol 1,4,5-trisphosphate and ryanodine receptors, was 
unaffected. STIM1 knock-down inhibited ER Ca2+ uptake in intact but not in 
permeabilized cells, suggesting a privileged calcium entry-calcium refilling 
(CECR) coupling between plasma membrane SOC and ER calcium pump in the 
intact cell. As a result a large part of the entering Ca2+ is taken up into the ER 
without reaching the bulk cytosol. The tightness of CECR, as measured by the 
slope of the stimulus-signal strength function, was comparable to classic 
excitation-response coupling mechanisms, such as excitation-contraction, 
excitation-secretion or excitation-transduction coupling. 
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1. Introduction 
 

Changes of the cytosolic free Ca2+ concentration ([Ca2+]C) are key 
activation signals for many physiological processes. Subcellular 
compartmentation in different Ca2+ pools and cross-talk between them are 
essential for generation of high [Ca2+]C microdomains and modulation of the 
messages [1]. Ca2+ release from the endoplasmic reticulum (ER), which can be 
triggered by a variety of intracellular messengers, is one of the main 
mechanisms for generation of [Ca2+]C signals. The signal produced by Ca2+ 
release can be amplified or prolonged in time by Ca2+ entry from the 
extracellular medium through plasma membrane Ca2+ channels (store-operated 
Ca2+ channels, SOC). SOC opening is triggered directly by the emptying of the 
calcium stores (store-operated Ca2+ entry, SOCE) [2, 3]. The molecular identity 
of both the Ca2+ sensor that detects ER emptying, STIM1 [4], and the SOC 
channel, Orai1 [5], has been recently discovered and many molecular details on 
the transduction mechanism are now known [6, 7]. Activation of SOCE occurs 
by close interaction of STIM1 and Orai1 at a subplasmalemmal narrow space 
that comes very close to ER, the ER-plasma membrane junction [8]. Other 
proteins may associate to the STIM-Orai complexes [7, 9-11]. 

 
Apart from amplifying the Ca2+ signal, SOCE facilitates Ca2+ refilling of 

the ER after Ca2+ release [2, 3]. Putney initially proposed the name of 
Capacitative Calcium Entry (CCE) for this kind of ER refilling by analogy to 
charge accumulation by an electric capacitor [3]. Coupling between SOC and 
SERCA during activation of CCE is very tight and allows very efficient Ca2+ 
pumping into the stores [12-14]. Tight excitation-response (E-R) transduction is 
essential for many physiological functions. The idea was first developed for 
excitation-contraction (E-C) coupling in skeletal muscle [15] and then extended 
to synapse excitation-secretion (E-S) [16] and nucleus excitation-transcription  
(E-T) coupling [17]. This preferential coupling is characterized by a “sharp 
threshold” [15] that conditions a 10-fold increase in response (signal strength) to 
a 5-15 mV change in the stimulus. Coupling of SOCE to Ca2+-handling by the 
different intracellular organelles could also be studied under this perspective. 

 
Using the same elementary mechanisms as modules in different 

transduction systems is not uncommon in nature. It would not be surprising, 
therefore, that information on store-filling was relayed, apart from SOC, in other 
Ca2+-handling mechanisms. It has been suggested for example that STIM1 
could interact with other plasma membrane Ca2+ channels, such as TRP 
channels or ARC [6, 7, 11, 18]. Nevertheless, possible relationships of STIM1 
with other intracellular Ca2+-handling mechanisms essential for Ca2+ 
homeostasis have not been explored. Here we have used targeted aequorin 
probes to monitor Ca2+ transport in different organelles and have investigated 
the possible role of STIM1 by interfering with its expression using siRNA. 
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2. Materials and methods 
 
2.1. DNA constructs 
 

Fusion genes of wild type aequorin (AEQ) or its low Ca2+ affinity mutant 
(mutAEQ) to GFP (GA) and to different targeting sequences, such as ER 
(ermutGA), mitochondria (mitGA and mitmutGA) or nucleus (nucGA) were 
generated as previously described [19, 20]. The siRNA STIM1 sequence 
(AGAAGGAGCUAGAAUCUCACUU) and siRNA random sequence 
(AGGUAGUGUAAUCGCCUUGUU) were synthesized by MWG Biotech AG 
[21]. A red fluorescent marker siGLO OPTI-red (Thermo Scientific Dharmacon) 
was used in co-transfection with siRNA in some cases. Type 2 ryanodine 
receptor (RyR2) cDNA was a kind gift of Dr. D.H. MacLennan, University of 
Toronto, Ontario, Canada. 
 
2.2. Cell culture and transfection 
 

HEK293T cells (ATCC CRL-11268) were cultured in DMEM 
supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml 
streptomycin and 2 mM glutamine under 5% CO2 at 37 ºC. They were seeded in 
35 mm wells at 5 x 105 cell/well and transfected one day later with 50-100 nM 
siRNA, 1 µg of GA cDNA, and, if necessary, 2 µg pcDNA3 RyR2, using 10 µl of 
Lipofectamine 2000 (Invitrogen). The following day the cells were trypsinized 
and seeded again over poly-L-lysine coated 12 mm coverslips at 5 x 104 
cells/coverslip for the fluorescence experiments or in 15 mm wells (7 x 104 
cells/well) for bioluminescence experiments. Calcium measurements were 
performed 48-72 h after transfection.  
 
2.3. Western blotting 
 

Cells were seeded and transfected as described above. Extracts were 
prepared 48-72 h later by protein extraction with a cold lysis buffer of the 
following composition: 150 mM NaCl, 1 mM EDTA, 0.1 mM PMSF, 25 mM NaF, 
5 mM Na3VO4, 1% NP-40, 100 µg/ml aprotinin, 100 µg/ml pepstatin, 100 µg/ml 
leupeptin A, 10 mM Tris-HCl, pH 8. Then 100 µg protein (estimated by BCA 
assay; Pierce) were separated by 8% PAGE. After electrotransfer of the 
membranes, the upper half (>75 kDa) was incubated overnight with a rabbit 
anti-STIM1 antibody (1:500; Alpha Diagnostic) and the lower half (<75 kDa) was 
incubated with a rabbit anti-actin antibody (1:1000; Sigma). Both membranes 
were treated then with a horseradish-peroxidase-labeled secondary antibody 
(1:2000; Bio-Rad) for 1h and bands were detected by chemiluminescence. 
Quantification of STIM1 expression was carried out using a GS-800 
densitometer (BioRad). 
 
2.4. Ca2+ imaging experiments 
 

Measurements were performed in cells loaded with fura-2 or fluo-4 as 
described before [22, 23]. Briefly, cells were loaded by a 60 min incubation with 
4 (fura-2) or 2 µM (fluo-4) of the corresponding acetoxymethyl esters (Molecular 
Probes) in a standard calcium-free solution containing (in mM): NaCl, 145; KCl, 
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5; MgCl2, 1; glucose, 10; EGTA, 0.5; sodium-HEPES, 10, pH 7.4. Then the 
coverslips were mounted in a perfusion chamber under a 20x Olympus 
PlanApoUV objective in a Nikon Diaphot microscope. For fura-2 experiments, 
cells were alternately epi-illuminated at 340-380 nm and light emitted above 520 
nm was recorded using a Hamamatsu Digital Camera C4742-98 handled by 
Simple PCI 6.6 Hamamatsu software. Consecutive frames obtained at 340 and 
380 nm excitation were ratioed pixel by pixel using ImageJ software and 
calibrated in [Ca2+]C by comparison with fura-2 standards. For fluo-4-loaded 
cells illumination was at 490 nm and results were expressed as F/F0. Refilling of 
the Ca2+ stores was achieved by perfusion of a standard medium containing 1 
mM CaCl2 instead of EGTA.  
 
2.5. Bioluminescence Ca2+ measurements 
 

For [Ca2+]ER measurements, cells transfected with ermutGA were 
incubated for 60 min in the dark with Ca2+-free medium containing 1 µM 
coelenterazine n to allow reconstitution of AEQ. Coelenterazine n decreases 
further the sensitivity of AEQ for Ca2+ [24, 25]. In order to keep empty the 
intracellular Ca2+ stores, 10 µM 2,5-ditert-butyl-benzohidroquinone (TBH; 
Aldrich), a reversible SERCA inhibitor [26], was added to the medium. For Ca2+ 
measurements in nucleus or the mitochondria, AEQ wt was reconstituted by 
native coelenterazine (coel wt) in standard solution containing 1 mM CaCl2. In 
some cases, other SERCA inhibitors, such as thapsigargin [27] or cyclopiazonic 
acid [28] (Bionova), were used to empty Ca2+ stores before or during the 
measurements. Cells were mounted in a superfusion chamber (3-5 ml/min) and 
luminescence was measured using a luminometer constructed under our design 
by Cairn Research Ltd. Data are primarily expressed as L/LTOTAL, where L is the 
light output at a given moment and LTOTAL is the sum of all the light counts 
remaining in the sample at that moment. The experiments were always 
terminated by perfusing with a solution containing 100 µM digitonin and 10 mM 
Ca2+ in order to release all the residual light counts. Calibrations in [Ca2+] were 
done using the values published before [29]. All the Ca2+ measurements were 
carried out at 22ºC. In experiments with permeabilized cells we used for 
perfusion an intracellular-like solution containing (in mM): KCl, 140; KH2PO4, 1; 
sodium succinate, 2; sodium pyruvate, 1; MgCl2, 1; Mg-ATP, 1; sodium-HEPES, 
20, pH 7.2; This medium was supplemented with EGTA or EGTA-Ca2+ buffers 
to achieve the desired [Ca2+] [30]. Caffeine, ATP, carbachol and digitonin were 
from Sigma. EGTA and inositol 1,4,5-trisphosphate (IP3) were from Molecular 
Probes. Ionomycin was from SATO’S. 
 
2.6. Statistics 
 

Data are expressed as mean ± s.e.m. Significance levels (* p<0.05, ** 
p<0.01 and *** p<0.001) were estimated by t test for two groups of data (non-
paired data) or ANOVA and Bonferroni test for three or more groups of data 
using GraphPad InStat software (San Diego, USA). 
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3. Results 
 
3.1. ER takes up Ca2+ entering though SOCs very efficiently and slows down its 
passage to the bulk cytosol 
 

We first studied the relationship between the Ca2+ entry through SOCE 
and the uptake into different organelles. Influx should be directly proportional to 
the extracellular Ca2+ concentration ([Ca2+]E), so that we measured Ca2+ 
transport into the different intracellular compartments at different [Ca2+]E in the 
range between 0.1 and 10 mM. Fig. 1 summarizes the results. After emptying 
the intracellular Ca2+ stores by treatment with 10 µM TBH in Ca2+-free medium 
for 60 min, we measured the initial rates of increase of [Ca2+] inside the different 
intracellular compartments (cytosol, nucleus, mitochondria and ER) at different 
[Ca2+]E. The results in nucleus and cytosol were similar, so that only nucleus 
has been shown in Fig. 1 for simplicity. The dependence of the rate of Ca2+ 
uptake on [Ca2+]E was similar in nucleus and mitochondria. The slope of the 
lines in the double logarithmic representation of Fig. 1 was 0.30-0.32. This 
means that the rate of [Ca2+] inside these compartments raise about 2-fold by 
increasing 10 times [Ca2+]E. In the case of ER the dependence of the uptake on 
[Ca2+]E was much steeper. The slope of the line was 1.76, indicating that the 
rate of [Ca2+]ER increase produced by raising [Ca2+]E was about 60-fold per 
decade. 
 

On the overall, the dependence of Ca2+ uptake on [Ca2+]E was 30 times 
steeper for the ER than for the other subcellular compartments studied. This 
output indicates that coupling between CCE and ER uptake is specially tight, in 
such a way that much of the Ca2+ entering into the cell though SOC goes 
directly to the ER without, apparently, reaching the bulk of the cytosol. The 
corollary to this interpretation is that preventing ER uptake should increase the 
[Ca2+] peak observed in the cytosol after activation of CCE. This prediction was 
confirmed by the results shown in Fig. 2, where the size of the Ca2+ overshoots 
produced by addition of extracellular Ca2+ to cells with emptied Ca2+ stores in 
the absence (first peak) and in the presence of TBH (second peak) were 
compared (Fig. 2A). The [Ca2+]C was almost five fold larger in the second 
overshoot, suggesting that when SERCA action is not prevented by TBH much 
of the entering Ca2+ is taken up by the ER and does not reach the bulk cytosol. 
When TBH was present during the first Ca2+ overshoot, the size of the Ca2+ 
peak was similarly high (Fig. 2B). Finally, in another set of experiments 
thapsigargin, an irreversible SERCA inhibitor [27], also produced a large 
[Ca2+]C (Fig. 2C). We conclude that, in intact cells, ER takes up a large fraction 
of the Ca2+ entering though active SOCs, thus hindering the increase of [Ca2+]C 
in the bulk cytosol. 
 
3.2. Knocking down STIM1 slows down Ca2+ uptake by the ER in intact HEK-
293T cells. 
 

STIM1 siRNA [21] decreased very much the expression of the 
endogenous STIM-1 in HEK-293T cells (Supplemental Fig. S1). Functional 
effects were assessed by measuring SOCE in cells co-transfected with STIM1 
siRNA and the tracer siGLO red, used to identify the transfected cells. Fura-2-
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loaded cells were treated with 1 µM thapsigargin for 7 min in Ca2+-free medium 
and then they were challenged with 1 mM Ca2+ (Fig. 3). Changes in [Ca2+]C 
were followed at the single-cell level. Cells were identified as positive (+siRNA) 
or negative (Control) by their red fluorescence and the averaged traces for each 
subpopulation were calculated. It is clear that the Ca2+ overshoot was smaller in 
the cells that had internalized the siRNA. The average values for [Ca2+]C were 
(in nM; mean  s.e.m.) 121  25 in siRNA-transfected cells (n=16) vs 513  95 
in the control cells (n=10). This inhibition (75 %) was statistically significant 
(p<0.001). 

 
Another set of experiments was designed for studying the effects of 

STIM1 siRNA on accumulation of Ca2+ by the ER. For these purposes, the cells 
were co-transfected with ermutGA and the STIM1 siRNA. The intracellular Ca2+ 
stores were depleted by treatment with the reversible SERCA inhibitor TBH (10 
µM) for 60 min in a Ca2+-free medium, and Ca2+ uptake was started by 
incubation with medium containing 1 mM Ca2+. [Ca2+]ER was measured directly 
by the aequorin luminescence. Results are show in Fig. 4A, where the outcome 
in control untreated cells, in cells treated with STIM1 siRNA and in cells treated 
with scrambled siRNA are compared. Scrambled siRNA did not modify the rate 
of Ca2+ uptake into the ER. On the contrary, STIM1 siRNA strongly decreased 
the rate of ER uptake. Fig. 4B compares the average values (mean  s.e.m.) 
obtained in 8 similar experiments. The rate of ER uptake was not significantly 
modified by the scrambled siRNA but it was inhibited by 75 % by the STIM-1 
siRNA (p<0.001).  
 
3.3. STIM1 does not directly interact with the ER Ca2+pump 
 

In order to test whether STIM1 directly interacts with the ER Ca2+ pump, 
we studied the effects on ER Ca2+ uptake in permeabilized cells. For these 
experiments, control, untreated cells, and cells transfected with either STIM1 
siRNA or scrambled siRNA were incubated with TBH to empty the intracellular 
Ca2+ stores as described above. The plasma membrane was then 
permeabilized by a brief treatment with digitonin and these cells were incubated 
with an intracellular-like medium containing different concentrations of Ca2+, 
buffered with EGTA. The results are illustrated in Fig. 5. Panels A and B 
compare the uptake at a concentration range of 20-500 nM in control (A) and 
STIM1 siRNA-transfected cells (B). Parallel experiments performed with 
scrambled siRNA are not illustrated. Averaged values of several similar 
experiments are shown in Fig. 5C. It is clear that STIM had no effects on 
SERCA pumping in permeabilized cells. Overall, the activity had a Vmax of about 
29 µM/s, a K50 of about 150 nM and a Hill number of 2.8. These values are 
consistent with those reported previously for the SERCA2b isoform [31]. 
 
3.4. STIM1 does not affect either ER Ca2+ leak or Ca2+ release through either 
IP3 receptors or ryanodine receptors 
 

Next, we studied whether STIM1 could interact with the mechanisms 
responsible for Ca2+ exit from the intracellular calcium stores. STIM1 locates in 
the membrane of the ER, where the Ca2+ channels responsible for passive leak 
or receptor-induced release also lay. For this reason we formulated the working 
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hypothesis that interactions between these proteins could occur and have 
consequences in Ca2+ homeostasis. In order to test this hypothesis, we 
investigated the effects of decreasing STIM1 levels on these two Ca2+ transport 
mechanisms. 

 
We studied passive leak in intact cells expressing ermutGA. For this 

purpose, the intracellular Ca2+ stores were allowed to refill and then external 
Ca2+ was removed and the decrease of [Ca2+]ER as a function of time was 
followed. A typical experiment comparing control cells and cells transfected with 
either scrambled siRNA or STIM1 siRNA is shown in Fig. 6A. On removal of the 
external Ca2+ there was an slow decrease of [Ca2+]ER reflecting leak from the 
ER. When represented in logarithmic scale the decrease of [Ca2+]ER became 
linear with time, evidencing that the exit followed a single exponential model 
with a first order rate constant of about -0.002 s-1 (Supplemental Fig. S2A). The 
averaged results from 4 similar experiments of each type are shown in Fig. 6B. 
The rates of exit were not significantly different in any of the conditions. 

 
A similar experimental design was used to study the effects of STIM1 

removal on the IP3-induced release of Ca2+ from the ER. In this case, release 
was triggered by maximal stimulation with IP3-producing-agonists, which was 
accomplished by adding the effects of the two signaling pathways with 
supramaximal doses of agonists (100 µM ATP plus 100 µM carbachol). Results 
are shown in Fig. 6C. The stimulation produced a biphasic release of a large 
part of the ER calcium pool. The logarithmic plot (Supplemental Fig. S2B) 
showed that the release could be described by the addition of two exponentials. 
The first one corresponded to a first order rate constant of about -0.07 s-1, 
lasted for only a few seconds and emptied about 25% of the whole Ca2+ pool. 
The second phase was slower (k value, about -0.01 s-1), lasted for the whole 
stimulation period (60 s) and produced the release of about another 25% of the 
ER Ca2+ pool (Supplemental Fig. S2B). Fig. 6D summarizes the results of 4 
similar experiments. The treatment with STIM1 siRNA did not provoke any 
significant effect on the release of Ca2+ from the ER induced by the IP3-
producing agonists, neither during the rapid release (Fig. 6D) or the slower one 
(results not shown). 

 
The effects of STIM1 on the ER Ca2+ leak and on the IP3-induced Ca2+ 

release was also studied in cells whose plasma membrane had been 
permeabilized with digitonin. Results are shown in Fig. 7. Cells transfected with 
ermutGA were depleted of calcium by treatment with TBH for 60 min in Ca2+-
free medium. Cells were then permeabilized by a brief treatment with digitonin 
and the stores were allowed to refill by incubation with an intracellular-like 
solution containing 100 nM Ca2+ (buffered with EGTA). After 3 min-refilling, Ca2+ 
was removed and the decrease in [Ca2+]ER was followed by AEQ luminescence. 
On Ca2+ removal with 2 mM EGTA, there was a Ca2+ leak (Fig. 7A) that 
followed a single exponential corresponding to k=0.01 s-1 (Supplemental Fig. 
S2C). This rate was similar to the one observed when SERCA was inhibited 
with 10 µM TBH or 10 µM cyclopiazonic acid (CPA) instead of with Ca2+ 
removal (Supplemental Fig. S2C). On stimulation with IP3 (5 µM) there was a 
much faster Ca2+ release in the permeabilized cells (Fig. 7B). The fast release 
had a first order rate constant of about 0.07 s-1 (Supplemental Fig. S2C), similar 
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to the value estimated in intact cells (see above, Fig. 6C; Supplemental Fig. 
S2B). Blocking STIM1 with siRNA had no effect on Ca2+ leak from the ER nor 
on the IP3 induced release (Fig7A, B and C). 

 
We also studied the effects of STIM1 on Ca2+ efflux from the ER through 

ryanodine receptors (RyR). RyR2 was overexpressed in HEK293T cells to 
maximize transport though this mechanism. Cells were co-transfected with 
RyR2 and ermutGA at a DNA ratio of 2:1 in order to be sure that the cells 
expressing the aequorin also expressed the RyR. A summary of the results is 
shown in Fig. 8. For the experiments in intact cells, ER was depleted by 
treatment with TBH in Ca2+-free medium and then refilled by incubation with 
Ca2+ as in Fig. 4. Different concentrations of caffeine were used to induce 
release at different filling periods. The protocol is illustrated by two typical 
experiments in Supplemental Fig. S3A and S3B, where the results obtained in 
controls and in cells treated with STIM1 siRNA are compared. The regulation of 
release through RyR is complex, as it depends on both of the concentration of 
caffeine and the Ca2+ content of the ER [32]. We tested the effects of several 
caffeine concentrations ranging between 2 and 50 mM and several [Ca2+]ER 
levels, from below 200 to above 2000 µM. Results are summarized in Fig 8A, 
where we have plotted the rates of Ca2+ release form ER against the initial 
[Ca2+]ER level and fitted to straight lines grouping each caffeine concentration. 
From these data, the facilitating action of both caffeine and the [Ca2+]ER level 
becomes evident, although the controls and cells with knocked-down STIM1 
behaved similarly. 

 
Experiments with caffeine were also performed in permeabilized cells 

where the degree of ER refilling could be controlled precisely by incubation with 
different [Ca2+]C concentrations (Ca2+ buffered with EGTA). Representative 
results comparing the effects of two caffeine concentrations in control and 
STIM1 siRNA-transfected cells are shown in Supplemental Fig. S4. Caffeine 
induced comparable releases in both cases. The same results were also 
obtained with other caffeine and [Ca2+]ER concentrations (not shown). The rates 
of caffeine-induced release were very similar in intact and permeabilized cells. 
All the results have been grouped in the three-dimensional plot of Fig.8B. It is 
clear that Ca2+ release increases both with caffeine concentration and with 
[Ca2+]ER, but there is no difference in the distribution of controls (red and 
magenta) and STIM1 siRNA-transfected cells (dark and light blue). 
 
3.5. STIM1 does not interfere with Ca2+ handling by mitochondria and nucleus 
 

Mitochondria and ER are very closely related, both physically and 
functionally [1, 33-39]. They share much the same [Ca2+]C microdomains [1, 35] 
and can recycle the Ca2+ released from one organelle into the other [23, 40-44] 
or even tunnel Ca2+ among different parts of the cell without passaging through 
the cytosol [45, 46]. Therefore, the existence of a cross-talk on Ca2+ handling 
between ER and mitochondria would not be unexpected. In this way, 
information on the filling degree of the ER, as it could be provided by STIM1, 
could be used for regulation of mitochondrial Ca2+ transport. 
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In a series of experiments we followed mitochondrial Ca2+ uptake in cells 
transfected with mitGA. When STIM1 expression was knocked down with the 
siRNA, mitochondrial uptake following activation of CCE was decreased 
(Supplemental Fig. S5). This could be due to either a decrease of Ca2+ entry 
through the plasma membrane (Fig. 3), or to an inhibition of mitochondrial 
transport mechanisms. In order to directly study mitochondrial transport we 
performed experiments in permeabilized cells, measuring mitochondrial calcium 
uptake at different [Ca2+]C. Results demonstrated that there were not direct 
interactions between STIM1 and the mitochondrial Ca2+ uptake mechanisms, as 
mitochondrial Ca2+ accumulation (measured in this case using mitmutGA in 
order to increase the measurable concentration range) was unmodified by the 
treatment with STIM1 siRNA (Fig. 9). 

 
Mitochondrial uptake of the Ca2+ released from the ER was also studied 

in another series of experiments. For this purpose cells transfected with mitGA 
were stimulated to release stored Ca2+ either with the IP3-producing agonists 
ATP or carbachol (Supplemental Fig. S6A and S6B) or with caffeine 
(Supplemental Fig. S6C). In all the cases the Ca2+ peaks did not differ in 
controls and cells treated with STIM1 siRNA, suggesting that mitochondrial 
transport (both uptake and release) was unmodified by STIM1 knockdown. 
 

Finally the increase of [Ca2+]N produced by ATP-induced calcium release 
from the intracellular calcium stores was measured with nucGA and compared 
in control and in cells treated with STIM1 siRNA (Supplemental Fig. S7). The 
nuclear peaks were identical in both cases indicating no interference of STIM1 
knockdown with Ca2+ transport through the nuclear envelope. 
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4. Discussion 
 

The interactions of STIM1, the sensor of [Ca2+]ER, with Orai1 and other 
proteins involved in activation of SOCs have received much attention in the last 
years [6, 7], but a systematic study on the interactions of STIM1 with other 
Ca2+-handling mechanisms was missing. Combining STIM1 knockdown by 
siRNA [21] with the use of targeted aequorin probes offers the opportunity to 
perform selective measurements of Ca2+ transport by the different organelles [1, 
20, 32, 47]. Homeostatic Ca2+-handling mechanisms of different subcellular 
organelles are closely related each other and subjected to cross-talk. However, 
the only effects of STIM1 reduction on the Ca2+ transport mechanisms that we 
were able to evidence were extremely selective, restricted physically to plasma 
membrane SOC channels and functionally to the ER Ca2+ uptake by SERCA. 
Our treatment reduced STIM1 expression by >50% (Supplemental Fig. S1) and 
SOCE by >70% (Fig. 3B), but neither transport of Ca2+ from cytosol to nucleus 
(Supplemental Fig. S7) nor mitochondrial transport, including both uptake and 
release (Fig. 9; Supplemental Fig. S6), were affected. Interactions of SOCE with 
nuclear transport were not expected, as diffusion through the nuclear envelope 
seems dominated by diffusional mechanisms [48]. However, mitochondrial Ca2+ 
handling is very closely related to SOCE [2, 42] but, according to our results, it 
seems to be no control of STIM1 over mitochondrial transport. 
 

By contrast, Ca2+ transport by the ER was deeply influenced by CCE. 
Knocking down STIM1 inhibited selectively Ca2+ uptake into the ER in intact 
cells (Fig. 4) with no effects on the different exit mechanisms: passive leak (Fig. 
6C; Fig. 7B) or release via IP3 receptors (Fig. 6B; Fig. 7B) or ryanodine 
receptors (Fig. 8, Supplemental Fig. S3). On the other hand, the inhibition of 
Ca2+ entry into the ER was not observed in permeabilized cells (Fig. 5), 
suggesting that it is a functional effect that depends on the spatial coupling 
between the plasma membrane Ca2+ channels and SERCA in the intact cell. 
We have recently proposed that SERCA is (together with STIM1 and Orai1) the 
third element of CCE, to which is tightly coupled thus favoring rapid Ca2+ 
pumping from the high Ca2+ microdomains, generated at the SOC’s mouth to 
the ER [13]. Therefore, the results in the present work reinforce previous 
proposals of a preferential coupling between ER and SOCE [9, 12-14] with 
biophysical arguments. Thus, acceleration of entry through the plasma 
membrane affected much more the rate of uptake into the ER than into the bulk 
cytosol itself, into the nucleus or into the mitochondria (Fig. 1). The idea is 
reminiscent of the original proposal of Putney [3], where Ca2+ was able to enter 
directly from the extracellular medium into the ER, bypassing the cytosol. 
Results in Fig. 2 indicate that only about 20% of all the calcium entering the cell 
during activation of SOCE reaches the bulk cytosol. The other 80% is 
accumulated into the ER, as blocking SERCA with thapsigargin or other 
inhibitors increases the size of the [Ca2+]C peak by more than 5-fold. We 
propose the term “calcium entry-calcium refilling” (CECR) coupling to describe 
the very tight coupling shown here, which reminds the classic excitation-
response (E-R) coupling mechanisms [15-17, 49]. In these cases the slope of 
the response-stimulus function was very steep determining a “sharp threshold” 
[15] that approaches the E-R relation to an “all or none” process. For example, 
the change in the stimulus required to increase the signal strength ten times 
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was of only 6 mV for skeletal muscle E-C coupling and 18 mV for heart E-C 
coupling (Table 1). In the case of CECR (Fig. 1) the steepness was similar: an 
18 mV change in the stimulus was required for 10 fold increase of signal 
strength (Table 1). The remarkable preservation of ER refilling even at low 
STIM1 levels [12] could conceptually be explained as a manifestation of this all 
or none-like response. Several factors may contribute to do the threshold for ER 
refilling so sharp. First, the close proximity of the SOC channels to the ER 
pumps, as illustrated by the fact that permeabilization of the plasma membrane 
produces uncoupling by disturbing the spatial relationship between SOC and 
SERCA. Second, the fact that dependence of ER Ca2+ uptake on Ca2+ 
concentration is also very steep, with a Hill number of 2.8 (Fig. 5), helps to 
achieve the tight coupling as well.  
 

Several studies have reported that mitochondrial function is required for 
activation of SOCE [2, 39]. However, mitochondria do not to localize near the 
STIM1 puncta [36, 39] and seem not to sense high [Ca2+]C microdomains 
generated by activation of SOC [37, 38]. In the present study, we find almost no 
mitochondrial Ca2+ uptake is seen on activation of SOCs (Fig. 1). In contrast, 
we have earlier shown that activation of plasma membrane voltage-gated Ca2+ 
channels in chromaffin cells induces a large Ca2+ uptake into mitochondria [23, 
29]. What is the reason for this difference? Comparing the kinetics of Ca2+ 
uptake by the ER (Fig. 5C) and by mitochondria (Fig. 9) as a function of [Ca2+]C 
clarifies this point. In the intact cells, mitochondrial uptake reaches about 2·10-6 
M/s (Fig. 1); in permeabilized cells this mitochondrial uptake, less than 10 % of 
maximum, is attained with only 1-2 µM [Ca2+]C (Fig. 9). At this concentration 
(Fig. 5C) Ca2+ uptake by the ER is maximum, about 3·10-5 M, a value that is 
consistent with the maximum measured in the intact cells (Fig. 1). Therefore, 
the results found, with larger uptake by the ER than by mitochondria, are 
consistent with [Ca2+]C microdomains of about 1 µM during activation of SOC 
mediated influx in HEK cells. In the case of chromaffin cells we have estimated 
that opening of the plasma membrane voltage-gated Ca2+ channels could 
generate [Ca2+]C microdomains approaching 50 µM at the cytosol surrounding 
the mitochondria closer to the mouth of the channels [23, 29]. Under these 
conditions mitochondrial uptake predominates over ER accumulation, as 
mitochondrial Vmax is about ten times larger (compare Fig. 5 and Fig. 9). This 
discrepant behavior also illustrates that different plasma membrane Ca2+ 
channels can generate high Ca2+ microdomains of various amplitudes, much 
larger in the case of voltage-gated channels than in the case of SOCs. 
Alternatively, SOCs could be relatively closer to ER and voltage-gated channels 
closer to mitochondria. Recent studies suggest that mitochondria are not 
specially close to STIM1 clusters [36, 38, 39]. We still have much to learn about 
functional consequences of organelle topology, but new and powerful 
techniques for molecular approach and visualization are now available [10]. On 
the other hand, the membrane of both organelles, ER and mitochondria, is 
extremely dynamic and can change very quickly both, in shape and closeness 
to the plasma membrane [42, 50].  
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TABLE 1. Comparison of the efficiency of excitation-response (E-R) 
coupling in different physiological systems. The value of the E/R 
relation was estimated from a plot of the response (signal strength), in 
log scale, vs stimulus (in mV). The slope was estimated in mV/decade 
increase of response. This value is inversely proportional to the efficiency 
of coupling. In the case of CECR, an equivalence of 30 mV per decade 
of Ca2+ concentration was assumed for the calculations. 

 E-C 
(muscle) 

E-C 
(heart) 

E-S 
(synapse) 

E-T 
(nucleus) 

CECR 
(This study)

E/R in 
mV/decade 

6 18 17 12 18 

Reference [15] [49] [16] [17] Fig. 1 
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Figure captions  
 
Fig. 1. Kinetics of Ca2+ uptake into different organelles. Cells were 
transfected with either ermutGA, mitmutGA or nucGA. To study Ca2+ entry in 
intact cells, they were pre-treated with 10 µM TBH for 60 min in Ca2+-free 
medium. After washing TBH for 1 min. in Ca2+-free medium, then Ca2+ stores 
were allowed to refill by incubation with a standard solution containing 0.1, 0.3, 
1, 3 and 10 mM Ca2+ and the initial rates of Ca2+ uptake were measured. Means 
± s.e.m. from 19-38 independent experiments are shown. The measurements 
were performed with mutAEQ and coelenterazine n (ER and mitochondria) or 
with wild type AEQ and native coelenterazine (nucleus). 
 
Fig. 2. Uptake into ER prevents the increase of [Ca2+]C caused by SOCE. 
Cells loaded with fluo-4 in a Ca2+-free solution containing 10 µM TBH were 
challenged with Ca2+-containing medium (Ca1) to induce SOCE as shown. 
Cytosolic Ca2+ is expressed as F/F0 (fluorescence excited at 490 nm and 
measured at 535 nm). A, after 5 min with Ca2+, cells were transferred again to 
medium containing no Ca2+ and 10 µM TBH to re-empty the intracellular Ca2+ 
stores (Ca0+TBH) and then challenged with medium containing Ca2+ and 10 
µM TBH to prevent ER refilling (Ca1+TBH). B, cells with empty stores were 
directly challenged with medium containing Ca2+ and 10 µM TBH. C, cells 
treated with the irreversible SERCA inhibitor thapsigargin (1 µM) were 
challenged with Ca2+-containing medium (Ca1). The traces shown are the 
average of 3-6 independent experiments (with 59-144 cells each one). The 
peak Ca2+ signal values (measured as F/F0; mean ± s.e.m. ) were as follows. 
A: Ca1, 1.30 ± 0.30; Ca1+TBH, 6.01 ± 0.24; p<0.01. B: 6.39 ± 0.58. C: 7.39 ± 
1.11. B and C were not significantly different but were different from the first 
stimulus (Ca1) in A (p<0.01 and p<0.001, respectively). 
 
Fig. 3. Treatment with STIM1 siRNA blocks SOCE. The effect of siRNA 
STIM1 [21] on Ca2+ entry through plasma membrane was checked by 
comparing the Ca2+ overshoots in transfected and untransfected cells (see text 
for details). Thapsigargin-treated fura-2-loaded cells perfused with Ca2+-free 
solution were challenged with medium containing 1 mM Ca2+, as shown. The 
averaged [Ca2+]C values of non-transfected cells (control, dotted line) and of 
cells transfected with STIM1 siRNA plus siGLO OPTI-red (continous line) at the 
same microscopic field are compared. The Δ[Ca2+] values were (in nM; mean ± 
s.e.m.): control, 513 ± 95 (n=10); +STIM1 siRNA, 121 ± 25 (n=16); p<0.001. 
 
Fig. 4. Treatment with STIM1 siRNA antagonizes ER Ca2+ refilling. Cells 
expressing ermutGA and reconstituted with coelenterazine n were pre-treated 
with 10 μM TBH in Ca2+-free solution to empty Ca2+ stores. After removing the 
inhibitor, cells were perfused with a solution containing 1 mM Ca2+, as shown. 
Control (untransfected) cells, cells transfected with scrambled siRNA and cells 
transfected with STIM1 siRNA are compared. Each trace is the average of 8 
independent experiments. B. Bars show quantification of the rate of ER refilling 
(in μM/s, mean ± s.e.m.): control, 12 ± 0.9; scrambled siRNA, 12.2 ± 0.7; STIM1 
siRNA, 3.2 ± 0.1. Difference between control and scrambled siRNA slopes was 
no significant (p>0.05), but STIM1 siRNA caused a 73% inhibition (p<0.001). 
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Fig. 5. Effect of STIM1 siRNA on ER Ca2+ refilling in permeabilized cells. 
Cells were transfected only with ermutGA (A) or co-transfected with ermutGA 
and STIM1 siRNA (B) and reconstituted with coelenterazine n. After pre-
treatment with 10 μM TBH in a Ca2+-free solution to empty Ca2+ stores, the 
plasma membrane of the cells was permeabilized with 60 μM digitonin for 1 min 
(DIG) and then perfused with solutions containing [Ca2+] (in nM): 20-500 nM 
Ca2+ (buffered with EGTA) [30]. Traces from representative experiments are 
shown. C. Plot of the rate of ER Ca2+ refilling vs [Ca2+]. Data from 35 
independent measurements are shown. 
 
Fig. 6. Effect of STIM1 siRNA on Ca2+ leak from ER and on IP3-induced Ca2+ 
release. Cells transfected with ermutGA and reconstituted with coelenterazine n 
were pre-treated with TBH in Ca2+-free as in Fig. 4 and then the intracellular 
Ca2+ stores were allowed to refill by incubation with standard medium 
containing 1 mM Ca2+ (arrow). Then the leak was started either by Ca2+ removal 
(A, EGTA) or by stimulation with 100 µM ATP + 100 µM carbachol (C, 
ATP+CCh). Outcomes in control cells, in cells treated with scrambled siRNA 
and in cells treated with STIM1 siRNA are compared. Each trace is the average 
of 4 independent experiments. Panels B and D compare the rates of exit from 
the ER (mean ± s.e.m.). The differences among the different conditions were 
not statistically significant. 
 
Fig. 7. Effect of STIM1 siRNA on Ca2+ leak from ER and on IP3-induced Ca2+ 
release in permeabilized cells. Cells pre-treated as in Fig. 6 were 
permeabilized by digitonin treatment in Ca2+-free solution (DIG). Then the 
stores were allowed to refill by incubation with a solution containing 100 nM 
Ca2+ (buffered with EGTA; at arrow). At the steady state exit from the ER was 
forced by Ca2+ removal (EGTA arrow; A. passive Ca2+ leak) or by addition of 5 
μM IP3 (IP3 bar; B.) Each trace corresponds to a representative experiment. C. 
Bars compare the mean values (± s.e.m.; n=4-11) of the rates of Ca2+ exit from 
the ER. The values obtained in control cells and in cells treated with siRNA 
were not significantly different. 
 
Fig. 8. Effect of STIM1 siRNA on Ca2+ release from ER through the RyR. 
Cells were pre-treated with TBH in Ca2+-free solution as in Fig. 6 and then, cells 
were perfused with standard medium containing 1 mM Ca2+ to refill Ca2+ stores 
for different times. In A. exit was induced with different caffeine concentrations 
(see examples of protocols in supplementary Supplemental Fig. S3) and the 
rate of Ca2+ release for different caffeine concentrations is plotted as a function 
of the [Ca2+]ER level at the time of caffeine addition. Controls and STIM1 siRNA-
treated cells are shown by unfilled and filled symbols, respectively. Data from 
30 independent experiments. Traces have been adjusted for every caffeine 
concentration (circles, 2 mM; triangles, 5 mM; squares, 20 mM; inverted 
triangles, 50 mM). B. Three-dimensional plot summarizes the results of 60 
independent experiments with caffeine. Red and cyan balls correspond to intact 
cells, while blue balls correspond to permeabilized cells. 
 
Fig. 9. Effect of STIM1 siRNA on Ca2+ uptake by mitochondria. The kinetics 
of Ca2+ uptake in control and STIM1 siRNA-treated permeabilized cells are 
compared. Cells were transfected with the low affinity probe mitmutGA, pre-
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treated with 10 μM TBH in a calcium-free solution and reconstituted with 
coelenterazine n. After permeabilization with digitonin in Ca2+-free medium the 
cells were perfused with intracellular-like solutions containing 2, 5, 10 and 30 
µM [Ca2+]. Each point corresponds to mean ± s.e.m. values of a total of 3-6 
independent measurements. 
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SUPPLEMENTAL DATA 
 
Supplemental figures 
 
Supplemental Fig. S1. Treatment with STIM1 siRNA blocks the expression 
of STIM1. This was confirmed by western blot analysis of control and STIM1 
siRNA knockdown cells. Extracts from control (lane 1) and transfected cells 
(lane 2; 100 nM siRNA) are compared. In three independent determinations the 
inhibition of STIM1 expression was of (mean ± s.e.m.) 53 ± 5 % (p<0.01 against 
endogenous expression).  
 
Supplemental Fig. S2. Rates of Ca2+ exit from the ER in intact and 
permeabilized cells. A. Ca2+ leak induced by Ca2+ removal (EGTA) in intact 
cells. Cells were first allowed to refill ER by adding 1 mM Ca2+ (arrow) during 3 
min. Note logarithmic scale for [Ca2+]ER. B. Ca2+ leak induced by IP3-producing 
agonists (ATP+CCh). Details as in A. Note the existence of two exit phases at 
different rates. C. Comparison of the exit rates induced by Ca2+ removal 
(circles), cyclopiazonic acid (triangles) or agonist stimulation (inverted triangles) 
in permeabilized cells. Only the release period is shown at expanded time 
scale. Figures beside the lines correspond to the values first order rate 
constants (k) calculated from the equation St/S0 = e–k·t , where t stands for time 
(in s) and S0 and St stand for [Ca2+]ER values at time = 0 and time = t. 
 
Supplemental Fig. S3. Ca2+ release from ER through the RyR in intact 
cells. Cells were pre-treated with TBH in Ca2+-free solution as in Fig. 6. Then, 
cells were perfused with standard medium containing 1 mM Ca2+ for different 
periods, as shown. A. Release was induced after reaching the [Ca2+]ER steady 
state by two consecutive pulses of 5 and 50 mM caffeine (Caf). B. The cells 
were challenged by two consecutive pulses of 50 mM caffeine at the beginning 
and at the end of the ER refilling. Each panel illustrates a representative 
protocol. Other caffeine concentrations were tested similarly. For a summary of 
results see Fig. 8. 
 
Supplemental Fig. S4. Ca2+ release from ER through the ryanodine 
receptors in digitonin-permeabilized cells. Experiments were performed in 
cells treated as in supplemental Fig. S3, which were permeabilized with 60 μM 
digitonin (not shown in the figure) and allowed to refill ER by incubation with 100 
nM Ca2+ in an intracellular-like solution (arrow). Caffeine was added in two 
consecutive pulses of 5 and 50 mM. Each trace shows a representative result. 
Other [Ca2+]ER levels were obtained by changing [Ca2+]C during refilling. 
Caffeine concentrations of 2 and 20 mM were also tested. For a summary of 
results see Fig. 8B. 
 
Supplemental Fig. S5. Effect of STIM1 siRNA on Ca2+ uptake by 
mitochondria. Cells were transfected with mitGA and pre-treated with 1 μM 
thapsigargin in Ca2+-free solution to empty Ca2+ stores. At the time shown by 
the arrow 5 mM Ca2+ was added. mitAEQ was reconstituted with native 
coelenterazine. The lines correspond to averaged traces of 9-11 individual 
experiments. The Δ[Ca2+] values were (in μM; mean ± s.e.m.): 2.88 ± 0.08 for 
control cells and 1.46 ± 0.13 for the STIM1 siRNA-transfected cells. The 
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difference was significant (p<0.001). For results in permeabilized cells see Fig. 
9. 
 
Supplemental Fig. S6. Effects of STIM1 siRNA on the ER-mitochondria 
interaction. Cells were transfected with mitGA and reconstituted with native 
coelenterazine in the presence of 1 mM Ca2+. Then, Ca2+ release from the ER 
was induced by A., 100 μM ATP, B., 100 μM carbachol (CCh) or C., 5 mM 
caffeine (Caf); in this last case cells were co-transfected with the RyR2 cDNA. 
Each trace is the average of 3-4 experiments. The differences of the Δ[Ca2+] 
values were not significant. 
 
Supplemental Fig. S7. Effects of STIM1 siRNA on the Ca2+ entry into the 
nucleus. Cells were transfected with nucGA and reconstituted with native 
coelenterazine in the presence of 1 mM Ca2+. Ca2+ release from ER was 
induced by perfusing with 100 μM ATP. Each line is the averaged value of 4 
experiments. The differences of the Δ[Ca2+] values were not significant. 
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