
Temperature-dependent STIM1 activation induces Ca2+ influx 
and modulates gene expression

Bailong Xiao1, Bertrand Coste1, Jayanti Mathur2, and Ardem Patapoutian1,2,3

1Department of Cell Biology, The Scripps Research Institute, La Jolla, CA 92037

2Genomics Institute of the Novartis Research Foundation, San Diego, CA 92121

Abstract

Intracellular Ca2+ is essential for diverse cellular functions. Ca2+ entry into many cell types 

including immune cells is triggered by depleting endoplasmic reticulum (ER) Ca2+, a process 

termed store-operated Ca2+ entry (SOCE). STIM1 is an ER Ca2+ sensor. Upon Ca2+ store 

depletion, STIM1 clusters at ER-plasma membrane junctions where it interacts with and gates 

Ca2+-permeable Orai1 ion channels. Here we show that STIM1 is also activated by temperature. 

Heating cells caused clustering of STIM1 at temperatures above 35°C without depleting Ca2+ 

stores, and led to STIM1/Orai1-mediated Ca2+ influx as a heat off-response (response after 

cooling). Interestingly, the functional coupling of STIM1 and Orai1 is prevented at high 

temperatures, potentially explaining the heat off-response. Importantly, physiologically-relevant 

temperature shifts modulates STIM1-dependent gene expression in Jurkat T-cells. Therefore, 

temperature is an important regulator of STIM1 function.

Introduction

Ca2+ entry through store-operated channels (SOC) drives diverse biological processes such 

as Ca2+ homeostasis, gene expression, cell differentiation, and secretion1. These channels 

open in response to depletion of ER Ca2+ upon activation of phospholipase C (PLC)-

coupled receptors. The best characterized SOC are the calcium release-activated calcium 

(CRAC) channels2. CRAC channels play vital roles in T cells and other immune cells. They 

induce sustained Ca2+ influx, activate Ca2+-dependent transcription factors such as nuclear 

factor of activated T cells (NFAT), and consequently initiate gene expression critical for 

inflammatory responses3,4. Defects in CRAC channel function have been associated with 

severe combined immunodeficiency5.

The molecular nature of CRAC channels had been a mystery over two decades until the 

recent identification of STIM1 and Orai16,7,8. STIM1 functions as the ER Ca2+ 
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sensor9,10,11, while Orai1 serves as the pore-forming subunit at the plasma membrane2. 

STIM1 is a single transmembrane ER protein and detects ER Ca2+ through its amino-

terminal EF-hand motif9,10. ER Ca2+ depletion causes partial unfolding of the EF-hand and 

sterile α motif (SAM) domains and oligomerization of STIM112,13. STIM1 then 

translocates to and clusters at ER-plasma membrane (PM) junctions7,10,14 where it 

ultimately gates Orai1 ion channels through direct binding15,16,17.

Temperature is an important regulator of immune cell function18,19,20,21. Immune cells 

can experience dramatic temperature change under either normal or pathophysiological 

conditions. For example, lymphocytes experience wide temperature variations while they 

circulate from central organs such as the spleen (37°C) to peripheral locations such as the 

skin (33°C or lower dependent on ambient temperature)22. In addition, lymphocytes – and 

indeed all cell types – are exposed to changing temperatures in situations of hypothermia, 

hyperthermia, or fever, when the core body temperature can rise up to 41°C. However, 

surprisingly little is known about the molecules used by immune cells to sense temperature 

variations. In thermosensitive Dorsal Root Ganglion (DRG) neurons, a subset of the 

Transient Receptor Potential (TRP) family of ion channels dubbed thermoTRPs is activated 

by distinct temperatures23,24. Some studies suggest that STIM1 interacts with TRP ion 

channels25 (but also see26). We tested if STIM1 can modulate thermoTRPs. Unexpectedly, 

we found that STIM1 itself is activated by changes in temperature alone, leading to Orai1-

mediated Ca2+ influx.

Results

STIM1 and Orai1 mediate a unique heat response

We tested whether STIM1 modulates thermoTRPs such as warm-activated TRPV3 ion 

channels. Unexpectedly, we found that human embryonic kidney (HEK293T) cells 

transiently-transfected with STIM1 and Orai1 (STIM1/Orai1) alone showed robust Fluo-3 (a 

Ca2+ sensitive dye) responses upon heating to 39°C or 50°C. These responses were 

quantitatively equivalent to the heat responses of TRPV3-transfected cells, but mainly 

occurred during the cooling phase as the temperature cooled below 37°C (defined here as 

heat off-responses - responses after cooling) (Fig. 1a and Supplementary Results, 

Supplementary Fig. 1a). The STIM1-dependent heat off-responses were abolished by 

extracellular Ca2+ chelation (Supplementary Fig. 1b), suggesting Ca2+ influx rather than 

release from stores. This off-response was also present in STIM1 alone-transfected cells 

when heated to the higher temperature (Fig. 1a and Supplementary Fig. 1a), but absent in 

both vector-and Orai1-only transfected cells (Fig. 1a and Supplementary Fig. 1a). Multiple 

heating pulses evoked repeated heat off-responses in STIM1/Orai1-transfected cells, 

demonstrating recovery and reproducibility (Supplementary Fig. 1c). Similar to HEK cells, 

we observed heat off-responses in HeLa cells transfected with STIM1/Orai1 or STIM1 alone 

using single cell Ca2+ imaging (Fig. 1b and Supplementary Fig. 1d). The average 

intracellular Ca2+ concentration during the heat off-response reached up to 750 nM in 

STIM1/Orai1-transfected HeLa cells, matching a mono-exponential decay with a τ (time 

constant for the decay) of 380 s (Supplementary Fig. 1d). This suggests that heat is a robust 

stimulus in eliciting long-lasting Ca2+ increase in these cells. Furthermore, single cell 
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analysis from Fig. 1b revealed that the heat offresponses of most responding cells started to 

occur at the temperature of ~37°C (Fig. 1b, green trace), with a small portion of cells 

showing delayed responses even after cooling back to 25°C (Supplementary Fig. 1e). The 

heat off-response was blocked with either 2-aminoethoxydiphenyl borate (2-APB), a non-

specific CRAC channel blocker (Supplementary Fig. 1f), or N-[5-(2-Chloro-5-trifluoro-

methyl-phenyl)-pyrazin-2-yl]-2,6-difluoro-benzamice (Synta1), a putative selective CRAC 

channel blocker27 (Supplementary Fig. 1g–j), consistent with the requirement of STIM1/

Orai1 for the response. RNAi experiments indicate that endogenous Orai1 mediated the heat 

off-response in STIM1 alone-transfected HeLa cells (Fig. 1c and Supplementary Fig. 1k, l). 

Although all proteins including ion channels can be modulated to some degree by 

temperature, very few are known to be activated by changes in temperature alone. To date, 

thermoTRPs are the only cation channels known to be activated by heat. Therefore, the heat-

induced Ca2+ response of STIM1/Orai1 is not a common feature among ion channels and 

receptors.

Jurkat cells show CRAC channel-mediated heat off-response

We next tested the temperature responses of Jurkat T cells, a human T-cell line that 

expresses endogenous STIM1/Orai1-mediated CRAC channels. These cells also showed 

long-lasting heat off-responses of Ca2+ influx, with a τ value comparable to that of STIM1-

overexpressing HeLa cells (433s and 380s, respectively) (Fig. 1d and Supplementary Fig. 

1d). The off-response was ~44% of the store depletion-induced Ca2+ influx (Supplementary 

Fig. 2a), suggesting a relatively robust response. The response was blocked with Synta1 

(Supplementary Fig. 2a and Fig. 1e), but not with ruthenium red (RR), a non-selective 

blocker of thermoTRPs (Supplementary Fig. 2b), indicating that CRAC channels rather than 

thermoTRPs mediate the temperature response of Jurkat T cells. The ET50 (the temperature 

to induce 50% of the maximal response) of the off-response was 38.8±0.6°C (Fig. 1e), 

indicating that the temperature response is within physiologically-relevant range. These 

results suggest that physiologically-relevant temperature variations can affect endogenous 

CRAC channels and induce Ca2+ influx.

Temperature shifts modify STIM1-dependent gene expression

Ca2+ influx through STIM1-dependent CRAC channels can activate NFAT, which functions 

together with the activator protein 1 (AP1), another transcription factor, to turn on gene 

expression in T cells28 (Fig. 2a). We examined the effect of temperature-induced Ca2+ 

influx on gene expression in a Jurkat cell line stably-expressing the NFAT-responsive 

luciferase reporter (containing both NFAT and AP1 binding sites in the promoter). Cells 

were pre-incubated at 37°C or 41°C before AP1 activation was induced by a saturating dose 

of phorbol 12-myristate 13-acetate (PMA, 1 µM) (Fig. 2b). The PMA-induced portion of the 

experiment was conducted at 37°C for both conditions, to avoid temperature-dependent 

modulation of transcriptional efficiency. Some NFAT-luciferase activity was observed in 

37°C-pretreated cells with PMA compared to cells without PMA (Fig. 2c). Synta1 partially 

blocked the response (Fig. 2c, d) and the basal level of Ca2+ (Supplementary Fig. 2a), 

indicating that a constitutive CRAC channel activity at 37°C can contribute to slight NFAT 

activation. 41°C-pretreatment significantly increased the luciferase expression, and this 

increase was blocked by Synta1 (Fig. 2c, d). The Synta1-sensitive portion of luciferase 
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expression of 41°C-pretreated cells was 4.0±1.2 fold of that of 37°C-pretreated cells (Fig. 

2d, right panel). Consistent with the effect of temperature shift on NFAT-luciferase 

expression, acutely heating the cells from 37°C to 41°C induced heat off-response of Ca2+ at 

37°C (Supplementary Fig. 2c). These results suggest that heat off-response of Ca2+ through 

CRAC channels can independently activate NFAT-dependent transcription. However, the 

levels of NFAT induction are relatively small compared to induction via store depletion 

(Fig. 2c vs Fig. 2e).

Under physiological and pathophysiological conditions, the temperature effect might be 

more relevant in modulating store depletion-induced gene expression rather than 

temperature acting independently. We tested whether heat can modulate ionomycin (store 

depletion) induced SOCE and NFAT-dependent transcription. Indeed, 41°C-pretreatment 

increased ionomycin-induced Ca2+ influx measured at 37°C (Supplementary Fig. 2d) and 

enhanced the ionomycin/PMA-induced luciferase expression up to four-fold compared to 

that of 37°C treated cells (Fig. 2e, f and Supplementary Fig. 2e). Synta1 blocked ionomycin-

induced luciferase expression (Fig. 2f). A significant increase in luciferase expression 

induced by 1 µM ionomycin/ 1 µM PMA was also observed in cells pretreated at 41°C for 

only 10 min (the minimal time period required for heating the cells to 41°C in these 

experiments) (Supplementary Fig. 2f) or at 39°C for 2 h (Supplementary Fig. 2g). 

Furthermore, we found that the luciferase activity induced by the OKT3 antibody (anti-

human CD3) (which is an activator of T cell receptors and can cause ER Ca2+ store 

depletion) was significantly increased in the cells pretreated at 41°C (Supplementary Fig. 

2h), demonstrating a general role of temperature shift in modulating store depletion-induced 

gene expression. As a control, we show that 41°C-pretreatment did not affect PMA-induced 

AP1-dependent luciferase expression in HEK293T cells transiently transfected with the 

AP1-luciferase reporter, demonstrating that not all transcriptional programs are significantly 

modulated by such a temperature pulse, and arguing for a specific role of heat on the Ca2+-

dependent NFAT pathway (Fig. 2g). We further subjected Jurkat cells to a 33°C-37°C-33°C 

temperature protocol (which could be experienced by circulating lymphocytes under 

physiological conditions), compared to 33°C control (Supplementary Fig. 2i). We observed 

a two-fold increase in NFAT-luciferase activity in samples pulsed at 37°C (Supplementary 

Fig. 2j). These results suggest that physiologically-relevant temperature variations have a 

significant effect on STIM1-dependent gene expression.

Heat induces STIM1 clustering without store depletion

We explored the underlying mechanism for temperature activation of STIM1. Similar to 

store depletion14, heating caused robust clustering (puncta formation) of GFP-STIM1 in 

HeLa cells (Fig. 3a–d and Supplementary Movie 1). The decay of the puncta closely 

followed the temperature decrease, but ~20% of the puncta were sustained after cooling 

back to 25°C (Fig. 3b–d). Simultaneous Ca2+ imaging revealed that the robust rise in 

intracellular Ca2+ occurred after cooling, when the clustering of STIM1 was partially 

diminished but had not returned to baseline (Fig. 3a–c). We further examined the 

temperature-dependence of STIM1 puncta formation at steady state temperatures and 

observed significantly increased puncta formation above 35°C. The ET50 of puncta 

formation was 43.6±1.2°C (Fig. 3e and see Figure legends for other parameters of the fit) 
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and the Q10 in the 37–43°C range was 6.8, which is well above the temperature sensitivity of 

most biological processes (Q10 of 2 to 3)29 and equivalent to temperature activation of some 

thermoTRPs such as TRPV330. These data suggests that STIM1 has a high degree of 

temperature-sensitivity.

We tested if STIM1 clustering occurs as an indirect consequence of heat causing store 

depletion, as suggested by a minor increase in Fura-2 signal observed during heating (Fig. 

1b and Fig. 3a–c). We ruled out this possibility by showing that this minor Fura-2 signal is 

not due to Ca2+ depletion (Supplementary Fig. 3), but most likely due to the heat-sensitivity 

of the dye itself31,32. Nevertheless, we cannot rule out that subtle changes of ER Ca2+ 

levels (not detected in our assays) could play a minor role in the heat-induced STIM1 puncta 

formation. Another possibility is that heat induces STIM1 clustering via unfolding of the 

EF-hand and sterile-α-motif (SAM) of STIM1 (the mechanism shown to underlie store 

depletion-induced STIM1 clustering12,13) either directly or indirectly through heat 

affecting Ca2+ binding affinity of the EF-hand domain. Unfortunately, we are unable to 

directly test the involvement of the EF-SAM domain in heat-induced STIM1 puncta 

formation in vivo since the EF hand mutant STIM1-E87A constitutively forms puncta and 

mediates Ca2+ influx (See below Supplementary Fig. 5d and see10,11,13,33). However, in 

line with this possibility, in vitro analysis of the thermal stability of STIM1 EF-SAM 

domain estimated an ET50 of ~45°C in the presence of calcium34,35, which is comparable 

with ET50 of 43.6°C measured by heat-induced STIM1 puncta formation in HeLa cells in 

vivo (Fig. 3e).

The K-domain is required for heat-induced STIM1 clustering

Following its oligomerization, STIM1 translocates and clusters via mechanisms involving 

two protein domains: the polybasic domain (K-domain) and the CRAC-activating domain 

(CAD)16 [also known as the STIM1 Orai activating region (SOAR)15 or Orai1-activating 

small fragment (OASF)17]. The K-domain mediates STIM1 clustering through binding to 

an Orai1-independent target at ER-PM junctions, while CAD drives the process through 

direct CAD-Orai1 interaction16. We examined the roles of these critical domains in heat-

induced STIM1 clustering by studying the deletion mutants: STIM1-deltaK (K-domain 

deleted) and STIM1-deltaCAD (CAD deleted). STIM1-deltaK itself cannot form store 

depletion-induced puncta, but Orai1 can rescue its puncta formation through CAD-Orai1 

interaction14,16,36. As expected, after depleting ER Ca2+ stores with cyclopiazonic acid 

(CPA), we observed SOCE in STIM1-deltaK/Orai1 co-expressing cells (Fig. 4a, left panel). 

In contrast to STIM1/Orai1-transfected cells (Fig. 4a, b), these cells showed neither heat-

induced puncta (Fig. 4c) nor heat off-responses (Fig. 4a, right panel). This implies that the 

K-domain is essential for heat-induced STIM1 puncta formation, and that the ability of 

Orai1 to rescue STIM1-deltaK function during store depletion does not occur during heat 

stimulation.

Since the STIM1-deltaK mutant retains store depletion-induced but lacks heat-induced Ca2+ 

influx when co-expressed with Orai1, it affords us the ability to investigate the role of heat-

sensitivity of STIM1, without perturbing its activation via store depletion, on NFAT-

dependent luciferase expression (Fig. 2). Consistent with Ca2+ influx results (Fig. 4a), 
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comparable ionomycin (100 nM) /PMA (1 µM)-induced NFAT-responsive luciferase 

activity was observed in HEK293T cells expressing either STIM1/Orai1 or STIM1-deltaK/

Orai1 (Supplementary Fig. 4a, blue bars). In contrast, 41°C-pretreatment specifically 

enhanced the NFAT-luciferase activity only in cells transfected with STIM1/Orai1 (1.52 ± 

0.06 fold, p < 0.001), but not in cells transfected with STIM1-deltaK/Orai1 (Supplementary 

Fig. 4a). Furthermore, STIM1/Orai1-expressing cells showed significantly higher basal Ca2+ 

level and NFAT-luciferase activity at 37°C compared to STIM1-deltaK/Orai1-expressing 

cells (Supplementary Fig. 4a, b), indicating that STIM1 temperature sensitivity may drive a 

basal level of Ca2+ influx and NFAT activation. The specific deficit in STIM1-deltaK to 

induce temperature-dependent transcriptional regulation suggests that temperature-

sensitivity of STIM1 itself rather than any potential indirect effect of temperature on store 

depletion is responsible for the 41°C-incubation effects observed in Fig. 2.

CAD is critical for STIM1/Orai1 functional coupling15,16,17. Our results are in line with 

this since cells co-expressing STIM1-deltaCAD and Orai1 lost SOCE (Fig. 4a, left panel), 

heat off-responses (Fig. 4a, right panel), and NFAT-luciferase expression (Supplementary 

Fig. 4a). However, the STIM1-deltaCAD mutant was able to form heat-induced puncta 

(Supplementary Fig. 4c). This result suggests that the remaining K-domain in STIM1-

deltaCAD may be sufficient to mediate heat-induced puncta, although STIM1-deltaCAD 

cannot functionally couple to Orai1. We further examined whether the entire carboxy-

terminus of STIM1 (STIM1-ct), which contains both the K-domain and CAD, but lacks the 

amino-terminus of EF-hand and SAM domains, is sufficient to mediate the heat off-

response. Some studies have shown that HEK293 cells co-transfected with STIM1-ct and 

Orai1 displayed constitutive Ca2+ influx36,37. However, such constitutive activity was not 

observed in STIM1-ct/Orai1-transfected HEK293T16, COS-7 cells38 or HeLa cells 

(Supplementary Fig. 4d, e). Consistent with a previous report37, 50 µM 2-APB elicited a 

small but significant increase in intracellular Ca2+ in STIM1-ct/Orai1-transfected HeLa 

cells, while inhibited the basal Ca2+ level in STIM1/Orai1-transfected cells (Supplementary 

Fig. 4d). STIM1-ct/Orai1-transfected HeLa cells failed to show heat off-responses 

(Supplementary Fig. 4e). These data suggest that the carboxy-terminal domain of STIM1 

alone is not sufficient to induce the heat off-response, and that the amino-terminal EF-hand 

and SAM domains of STIM1 play a critical role in this process. However, since the STIM1-

ct construct appears to be only marginally functional in our hands, the lack of heat off-

responses with this construct could also be due to a sensitivity issue.

Heat blocks STIM1/Orai1 functional coupling

Ca2+ imaging is an indirect measurement of channel activity. We investigated membrane 

currents in whole-cell patch clamp experiments. Heat stimulation to 41–42°C of STIM1/

Orai1-transfected HEK293T cells was followed by the activation of CRAC-like currents 

(Fig. 5a). The current density at −80 mV after temperature stimulation reached −12.6±2 

pA/pF (n=12) compared to −3.7±1.3 pA/pF (n=16) for non-stimulated cells (Fig. 5b). Store 

depletion induced by CPA further increased the current to the same extent in both conditions 

(Fig. 5b). The inward rectifying current-voltage relationship, typical of ICRAC, was similar 

for heat off-response and after store depletion (Fig. 5a, right panel). These results suggest 

that heat can induce STIM1/Ora1-mediated ICRAC as a heat off-response.

Xiao et al. Page 6

Nat Chem Biol. Author manuscript; available in PMC 2011 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



If heating induces STIM1 puncta, why does the Orai1-mediated Ca2+ influx and current 

occur after cooling? To account for the heat off-response, we hypothesized that ICRAC could 

be acutely blocked by heat. Indeed, ICRAC pre-activated by CPA-induced store depletion 

was blocked by heating from 25°C to 42°C. The block is reversed by cooling back to 25°C 

(Fig. 5c). The temperature for half maximal block of ICRAC is 36.9±0.9°C (n=9), and that 

for half maximal recovery is 36.9±1.3°C (n=6) (Fig. 5d). Similar results were obtained when 

testing the heat sensitivity of ICRAC in the presence of external Ca2+ (Supplementary Fig. 5a, 

b). In addition, Ca2+ imaging studies confirmed that STIM1/Orai1-mediated SOCE 

(Supplementary Fig. 5c) and heat off-responses (Supplementary Fig. 1c) or E87A-STIM1/

Orai1-mediated constitutive Ca2+ influx (Supplementary Fig. 5d) were blocked by high 

temperatures.

We asked if the heat-induced block of ICRAC could be due to inhibition of CAD-Orai1 

functional coupling by heat. To address this, we employed the GFP-STIM1-deltaK mutant 

since its puncta formation upon store depletion is mediated through interaction of CAD and 

Orai1. Similar to wild type STIM1, STIM1-deltaK and Orai1 mediated SOCE was also 

blocked by heat (Supplementary Fig. 5e). Heat did not disrupt the store depletion induced 

puncta of wild type STIM1 (Fig. 6a). This is presumably due to the ability of the existing K 

domain in mediating heat-induced puncta formation of wild type STIM1, independent of the 

CAD domain (as suggested by results shown in Supplementary Fig. 4c). Remarkably, the 

store depletion-induced STIM1-deltaK puncta was disrupted by heating the cells to 48°C 

(Fig. 6b). We further tested the hypothesis by examining the temperature response of HeLa 

cells co-transfected with CAD and Orai1. Consistent with previous reports15,16, cells co-

transfected with CAD and Orai1 showed constitutive Ca2+ influx (Supplementary Fig. 5f). 

Importantly, this Ca2+ influx was suppressed by heating the cells to 42°C (Supplementary 

Fig. 5f), further supporting the hypothesis that heat can disrupt the functional coupling 

between CAD and Orai1. Together with the finding that Orai1 failed to rescue STIM1-

deltaK function at high temperatures (see Fig. 4), these data suggest that heat can prevent or 

disrupt the coupling of STIM1 and Orai1 via the CAD. Collectively, our data suggests that 

although heat can induce STIM1 puncta, it cannot effectively activate Orai1 at high 

temperatures. Upon cooling, a portion of the STIM1 activity is sustained (Fig. 3d) and the 

functional coupling of STIM1/Orai1 is restored, resulting in the heat off-response.

Discussion

STIM1 has been established as the ER Ca2+ sensor of SOCE8. Here we report that STIM1 is 

activated by physiologically-relevant temperatures independently of store depletion (Fig. 3), 

and that the temperature sensitivity of STIM1-dependent Ca2+ signaling can impact gene 

expression in immune cells in response to heat alone, or in modulating store depletion-

induced signaling (Fig. 2). Interestingly, STIM1 was recently shown to be directly activated 

via S-glutathionylation under conditions of oxidative stress, proposing that STIM1 is a redox 

sensor39. Therefore, STIM1 could function as a polymodal sensor of temperature, ER Ca2+, 

and oxidative stress. Mechanistically, unfolding of the STIM1 EF-SAM domain upon ER 

Ca2+ depletion is thought to be the initiating event of STIM1 activation12,13. In vitro 

studies have shown that heat is an effective way to denature the EF-SAM domain34,35. It 

has also been postulated that S-glutathionylation of a cystein residue near the EF-SAM 

Xiao et al. Page 7

Nat Chem Biol. Author manuscript; available in PMC 2011 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



domain may result in a similar unfolding effect39. Therefore, all of these different stimuli 

may share a similar mechanism for initiating STIM1 activation, providing a mechanistic 

basis for STIM1 to function as a polymodal sensor.

Temperature, however, has more complicated effects on subsequent events of STIM1/Orai1 

activation. Heat induces STIM1 clustering but inhibits STIM1-Orai1 functional coupling. 

This is due to different effects of temperature on distinct domains of STIM1: elevated 

temperatures can potentially enhance the K domain-mediated targeting, while prevent /

disrupt CAD-Orai1 interaction. This complexity allows temperature-dependent heat off-

response, but also offers fine-tuning of CRAC channel activity. Indeed, we observed a 

STIM1/Orai1-mediated basal/constitutive Ca2+ influx at 37°C, which appears to depend on 

STIM1 temperature sensitivity (Supplementary Fig. 4b). In addition, we observed profound 

temperature effects on store depletion-induced transcriptional activation (Fig. 2e, f).

The identification of STIM1/Orai1 as a novel temperature-activated cation channel is 

exceptional. Although most proteins are somewhat temperature-sensitive (Q10 of 2 to 3), 

very few are specifically activated by change in temperature within the physiological 

range40. In contrast, STIM1-clustering (Q10 = 7) and STIM1/Orai1-mediated Ca2+ off-

response are highly temperature-dependent, resulting in a dramatic effect of temperature on 

NFAT-dependent gene expression. Thus STIM1/Orai1 comprises a novel family of 

temperature-activated cation channel other than thermoTRPs. Sensing temperature is 

essential for organism survival and efficient metabolism. It has been demonstrated that 

thermoTRPs expressed in somatosensory neurons play important roles in thermosensation 

and nociception23,24. Less is known about molecular mechanisms of temperature sensation 

in other cell types exposed to significant temperature shifts such as immune cells. Immune 

cells can experience temperature variations while circulating between central (37°C or up to 

41°C at normal or febrile conditions, respectively) and peripheral tissues (33°C or up to 

37°C at normal or febrile conditions, respectively) or under conditions of hypothermia, 

hyperthermia. The observation that temperature-induced STIM1/Orai1 activation can lead to 

Ca2+ influx and impact gene expression in Jurkat T cells suggests that STIM1 could serve as 

a molecular temperature sensor of immune cells. Pre-exposure of Jurkat T cells to high 

temperatures which can activate STIM1 but prevent Orai1 channel opening promoted 

subsequent STIM1/Orai1-mediated Ca2+ signaling and gene expression when the cells were 

shifted to lower temperatures (Fig. 2). We therefore speculate that STIM1/Orai1-mediated 

temperature sensing in immune cells may provide a priming mechanism for these cells to 

function at peripheral sites where they are usually engaged in immune responses (e.g. 

peripheral tissue injury), but the temperature is suboptimal (below 37 °C) under normal 

conditions of body temperature. In the situation of fever, this mechanism could be a benefit 

not only for immune responses at peripheral locations during fever but also for overall 

immune responses after fever. Future studies will explore the in vivo consequence of STIM1 

temperature sensitivity in immune cells under both normal and febrile conditions.

STIM1/Orai1-dependent SOCE is also observed in a wide variety of other cell types 

including platelets41, skeletal muscles42, and keratinocytes43. STIM1 temperature 

sensitivity could be of physiological relevance to those cells as well. For example, platelets 

express abundant STIM1/Orai1, and rely on STIM1/Orai1-mediated Ca2+ influx for their 
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function44. Like immune cells, they can experience dramatic temperature variations while 

circulating between central and peripheral locations of the body. In addition, STIM1-

mediated SOCE has been proposed to play a critical role for the development, contraction, 

fatigue, and remodeling of skeletal muscle cells42. The temperature of skeletal muscle can 

increase from 33°C up to 39°C during exercise45, raising the possibility that heat-induced 

Ca2+ influx via STIM1 could play a role in skeletal muscle physiology. Keratinocytes 

experience wide temperature variations and are implicated in thermosensation23. STIM1-

deficient mice die perinatally, and future analysis of mice specifically lacking STIM1 in 

various tissues will help determine the physiological role of STIM1 thermosensitivity.

Methods

Clones and reagents

See Supplementary Methods for detailed description of the clones and reagents used in the 

study.

Cell culture and transient transfection

Conditions for culturing HeLa or HEK293T cells were as same as those described 

previously46 and see Supplementary Methods for more detailed description.

Fluorometric imaging plate reader (FLIPR)

FLIPR experiments with adherent cells were performed essentially as described 

previously47. The temperature change of the medium inside the well was controlled by a 

custom-designed temperature-control device as described47. For non-adherent Jurkat cells, 

we alternatively employed the no-wash FLIPR Calcium 4 Assay Kit (Molecular Device) to 

avoid steps of washing and spinning. See Supplementary Methods for more detailed 

description. The initial drop of Fluo-3 or Calcium 4 fluorescent signal during heating is 

always observed regardless of cell types and whether cells are transfected (Fig. 1d and 

Supplementary Fig. 1a, b, c, j and Supplementary Fig. 2a–c). Currently, we do not totally 

understand the exact nature of this drop. It could be mediated by multiple factors including 

temperature quench of Fluo-3 fluorescence, heat inhibition of Ca2+ influx and heat 

facilitation of Ca2+ removal from the cytosol.

Fura-2 single cell Ca2+ imaging

Transfected cells grown on coverslips were loaded with ratiometric Ca2+ indicator dye 

Fura-2 (Molecular Probes) in the Ca2+ imaging buffer [1 × Hanks Balanced Salt Solution 

(HBSS, 1.3 mM Ca2+) supplemented with 10 mM HEPES] for 30 min at RT and then 

subject to imaging on an inverted Zeiss Axiovert 200M microscope with a 20× Fluar 

objective (N.A.: 0.75). For measuring tonic basal Ca2+ level at 37°C shown in 

Supplementary Fig. 4b, cells gown at 37°C were loaded with Fura-2, washed and assayed at 

37°C. The intracellular Ca2+ concentration was expressed as the 340/380 ratio. A separate 

set of experiments were performed in order to convert the heat off-response of Fura-2 ratio 

at 25°C to Ca2+ concentration according to the method described in the Supplementary 

Methods. The temperature change of the bath solution was controlled using a CL-100 

temperature controller (Warner Instruments) and a SC-20 Solution In-Line Heater/Cooler 
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(Harvard Apparatus). Temperature of the bath solution was recorded with a thermistor 

placed at the outlet of the perfusion.

NFAT-luciferase assay and AP-1-luciferase assay

See the Supplementary Methods for detailed description of the luciferase assay.

GFP-STIM1 puncta measurement and analysis

HeLa cells grown on 12-mm round coverslips were transfected with 0.2 µg of GFP-hSTIM1 

DNA. 18–24 h after transfection, cells were loaded with Fura-2 and subjected to live-cell 

imaging of GFP and Fura-2 simultaneously on an inverted Zeiss Axiovert 200M microscope 

with a 20× Fluar objective (N.A.: 0.75) and 2.5× Optovar (total 50× magnification). Each 

frame of images was collected about every 8 s. Heating and cooling the bath solution during 

the continuous recording caused changes in focus (potentially due to expansion and 

contraction of the glass coverslips) and thus required a manual refocus. GFP images 

collected during the re-focusing period were excluded from puncta analysis as indicated in 

Fig. 3b, c.

To quantitatively analyze heat-induced GFP-STIM1 puncta, GFP images were processed 

using the convolve filter, adjusted with the threshold function (intensity ≥ mean of 

background intensity + 3 × standard deviation), and followed by the analyze particle 

function (particles size ≥ 10 pixel2; circularity: 0.4–0.8) using the ImageJ software (National 

Institute of Health). Supplementary Movie 1 was built from GFP and Fura-2 340/380 ratio 

images using MetaMorph software (Molecular Devices). The movies play images at a frame 

rate of 0.2 s.

In Fig. 3e, in order to measure the temperature dependence of STIM1 puncta formation at 

steady state temperatures, temperature was sequentially stepped from 25°C to 29°C, 35°C, 

37°C, 39°C, 41°C, 43°C, and 50°C (cells were held at each temperature point for about 2 

min to allow steady state evaluation of puncta formation). GFP images were continuously 

recorded and puncta were quantitatively analyzed as described above. Puncta formed during 

the last 30s at each temperature point (which represents steady state puncta) were averaged 

and used to generate the data shown in Fig. 3e.

Confocal microscopy

In Fig. 4b–c, Supplementary Fig. 4c and Fig. 6a, b, transfected HeLa cells grown on 12-mm 

round coverslips were mounted to an Olympus Fluoview FV500 LSM microscope and 

continuously perfused with the indicated buffers shown in the Figures. To better appreciate 

the translocation and puncta formation of the constructs, GFP images were taken with a 60× 

water dipping objective (N.A.: 0.90) using the Z-stack module at either 25 °C or after the 

temperature was ramped to 48 °C. For imaging store depletion induced puncta, cells were 

perfused with the buffer containing 0 mM Ca2+, 1mM EGTA and 1 µM Tg for 10 min prior 

to taking images. Images were analyzed using ImageJ software.
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Q10 calculation

The Q10 value (i.e. the proportional change in response per 10°C change in temperature) was 

calculated using the equation Q10 = 10[(regression slope).10], where the regression slope is the 

slope of the linear fit of Log (response) versus temperature plot.

Electrophysiology

HEK293T cells over-expressing GFP-STIM1 and Orai1 were subject to patch-clamp 

experiments in standard whole-cell recordings. Pipettes were filled with (mM): 120 Cs 

Methanesulfonate, 10 HEPES, 10 MgCl2, 4 EGTA and 2 CaCl2, pH 7.3 with CsOH. The 

final Ca2+ concentration was ~175 nM free Ca2+ as determined using Maxchelator software; 

this prevents passive store depletion of the internal Ca2+ stores. See Supplementary 

Information for external solutions, recording protocols and analysis methods.

Data Analysis

Data in all figures are shown as mean ± SEM. Statistical significance was evaluated using 

either unpaired Student’s t-test for comparing difference between two samples or one way 

ANOVA for comparing three or more samples. * p < 0.05, ** p < 0.01, *** p < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. STIM1/Orai1-mediated Ca2+ influx in response to heating
(a) Maximal fluorescence intensity changes of HEK293T cells transfected with various 

DNA constructs evoked by the temperature stimulation (n=5, ***p<0.001, one way 

ANOVA). (b,c) Fura-2 ratiometric single cell calcium imaging of HeLa cells transfected 

with various DNA constructs (b), and co-transfected with GFP-STIM1 and the indicated 

siRNAs (c) in response to a heating pulse to ~50°C. 100 µM ATP was applied at the end as a 

control for cell viability. (d) Temperature responses to a heating pulse to 41°C of Jurkat cells 

assayed on FLIPR with or without extracellular Ca2+. The black dashed line represents fit 

with a mono-exponential function and the τ value of this fit was given to illustrate the 

overall kinetics of the Ca2+ signal decay of the heat off-response. (e) Temperature-

dependent off-responses of Jurkat cells assayed on FLIPR with or without 20 µM Synta1 
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and fitted with Boltzmann equations. Cells were heated from 25°C to the indicated various 

temperatures and then cooled back to 25°C for assaying the heat off-response. (data shown 

as mean ± SEM.)
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Fig. 2. Temperature effects on CRAC channel-dependent gene expression
(a) Schematic illustration of NFAT-responsive gene expression system. (b) Protocol used for 

assaying temperature effects on NFAT-responsive or AP1-responsive luciferase expression. 

(c) Representative experiment showing luciferase activity of Jurkat-NFAT-Luc cells with 

the indicated treatment conditions. (d) Fold changes of NFAT-luciferase activity before (left 

panel) or after (right panel) subtracting Synta1-insensitive portion of the responses 

[averaged from five separate experiments represented in (c) and normalized to the responses 

of 37°C-treated cells.]. (e) Representative experiment showing concentration-dependent 
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responses of ionomycin-induced NFAT-luciferase activity under the indicated treatment 

conditions and fitted with Hill equations. (f) Average fold changes of 100 nM ionomycin/1 

µM PMA-induced NFAT-luciferase activity under the indicated conditions (averaged from 

six separate experiments). (g) Concentration-dependent responses of PMA-induced AP1-

dependent luciferase activity in HEK293T cells transfected with the AP1-Luc reporter fitted 

with Hill equations. (data shown as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001)

Xiao et al. Page 17

Nat Chem Biol. Author manuscript; available in PMC 2011 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Heat-induced STIM1 clustering
(a) Images of GFP and Fura-2 ratio from two representative GFP-STIM1-transfected HeLa 

cells before (i), during (ii and iii) and after heating (iv). (b) Temperature-dependent changes 

of GFP-STIM1 puncta and Fura-2 signal of the 2 individual cells labeled in (a). i, ii, iii, iv 

indicates the time points at which the images shown in (a) were taken. (c) Average 

temperature-dependent changes of GFP-STIM1 puncta (red trace) and Fura-2 Ca2+ imaging 

signal (blue trace) (average of 14 cells). Gaps in panel (b and c) indicate the times at which 

focus was changed due to the heating and cooling process (see Methods). (d) Average 

number of puncta before, upon, and 10 min after heating (33 cells from 5 separate 

experiments, ***p < 0.001). (e) Temperature-dependence of STIM1 puncta formation at 

steady state temperatures fitted with a Boltzmann equation (see Methods) (27 cells from 4 

separate experiments). It should be noted that heat-induced STIM1 puncta formation may 

not reach saturation at 50°C although the value at 50°C was used for normalization as 100%. 

Using a Boltzmann equation without any constrains, the parameters obtained from the fit 
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are: baseline = 4.5±3.0%, maximum=118.8±15.7%, ET50=43.6±1.2, slope=4.3±0.8. (data 

shown as mean ± SEM)
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Fig. 4. The STIM1 K-domain is essential for heat-induced STIM1 clustering
(a) CPA-induced store depletion and SOCE (left panel) or temperature responses (right 

panel) of HeLa cells transfected with the indicated constructs. (b–c) Confocal analysis of 

HeLa cells co-transfected with Orai1 and the indicated constructs at 25°C (upper panels) or 

after heating to the indicated temperatures (lower panels). GFP intensity plots represent 

localization of each construct across the cell as indicated by the white line.
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Fig. 5. Temperature effects on STIM1/Orai1-mediated ICRAC and STIM1/Orai1 functional 
coupling
(a) Left panel: Time courses of the normalized currents recorded at −80 mV without (blue) 

or with (red) temperature stimulation. Perfusion of 10 µM CPA is indicated. Right panel: I–

V curves from the same recordings shown on the left panel at the indicated time points (i, ii). 

(b) Average current density of control (blue, n=16) or temperature-stimulated cells (red, 

n=12) at the indicated time points (i, ii) (*** p < 0.001, unpaired t test). (c) Left panel: Time 

course of the current recorded at −80 mV in response to the indicated stimuli. Right panels: 

I–V curves at 10 second intervals from recordings during the heating phase (upper panel) 

and cooling phase (lower panel) of the temperature stimulus (red box in left panel). (d) 

Current-temperature relationships of ICRAC at −80 mV during heating (left, n = 9) or cooling 

(right, n = 6) fitted with a Boltzmann equation. The black dashed line is the average fit. T1/2 

is the average value of individual T1/2 determined for each cell. The cells were dialyzed with 

a pipette solution containing ~175 nM free Ca2+ and external solution containing either 2.5 

mM Ca2+ (a, b) or no divalent cations (c, d). (data shown as mean ± SEM)
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Fig. 6. Heat disrupts store depletion-induced puncta in GFP-STIM1-deltaK/Orai1 co-transfected 
HeLa cells
(a–b) Confocal analysis of HeLa cells co-transfected with Orai1 and either GFP-STIM1 (a) 

or GFP-STIM1-deltaK (b) under store-depleted conditions (0mM Ca2+/1 µM Tg), at 25 °C 

(upper panels) or after heating to 48 °C (lower panels). Left panels: Confocal images of mid-

section of cells. Middle panels: GFP intensity plots represent localization of each construct 

across the cell as indicated by the white line in the left panel. Right panels: Confocal images 

of lower-section (cell footprint) of the same cells shown in left panels.
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