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Abstract

Store-operated calcium entry (SOCE) is a ubiquitous Ca2+ entry pathway that is activated in 

response to depletion of ER-Ca2+ stores and critically controls the regulation of physiological 

functions in miscellaneous cell types. The transient receptor potential canonical 1 (TRPC1) is the 

first member of the TRPC channel subfamily to be identified as a molecular component of SOCE. 

While TRPC1 has been shown to contribute to SOCE and regulate various functions in many cells, 

none of the reported TRPC1-mediated currents resembled ICRAC, the highly Ca2+-selective store-

dependent current first identified in lymphocytes and mast cells. Almost a decade after the cloning 

of TRPC1 two proteins were identified as the primary components of the CRAC channel. The first, 

STIM1, is an ER-Ca2+ sensor protein involved in activating SOCE. The second, Orai1 is the pore-

forming component of the CRAC channel. Co-expression of STIM1 and Orai1 generated robust 

ICRAC. Importantly, STIM1 was shown to also activate TRPC1 via its C-terminal polybasic 

domain, which is distinct from its Orai1-activating domain, SOAR. In addition, TRPC1 function 

critically depends on Orai1-mediated Ca2+ entry which triggers recruitment of TRPC1 into the 

plasma membrane where it is then activated by STIM1. More importantly, TRPC1 and Orai1 form 

discrete STIM1-gated channels that generate distinct Ca2+ signals and regulate specific cellular 

functions. Surface expression of TRPC1 can be modulated by trafficking of the channel to and 

from the plasma membrane, resulting in changes to the phenotype of TRPC1-mediated current and 

[Ca2+]i signals. Thus, TRPC1 is activated downstream of Orai1 and modifies the initial [Ca2+]i 

signal generated by Orai1 following store depletion. This review will summarize the important 

findings that underlie the current concepts for activation and regulation of TRPC1, as well as its 

impact on cell function.
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A Brief History – SOCE and TRPC1

Store-operated Calcium Entry (SOCE), first described almost thirty years ago by Jim Putney 

[1], is a ubiquitous plasma membrane Ca2+ entry mechanism that is activated when ER-

[Ca2+] is decreased. SOCE provides Ca2+ signals to regulate critical cell functions in many 

tissues. The same basic mechanism regulates SOCE in every cell type, although as discussed 

in this chapter, other components can contribute to and modulate SOCE and these could vary 

between cell types. The physiological trigger for activating SOCE is the generation of 

inositol 1,4,5-triphosphate (IP3) that occurs in response to agonist stimulation of cells and 

induces Ca2+ release from the ER. The consequent decrease in ER-[Ca2+] is the primary 

determinant in the regulation of SOCE. The exact mechanism of SOCE, whether it is 

mediated by a channel or transporter, as well as the molecular components involved in the 

process, remained unclarified for several years. A major advancement in the field came with 

the identification of the Calcium Release Activated Calcium (CRAC) channel that mediates 

the highly Ca2+ selective current (ICRAC) in mast and T cells, with its characteristic inward 

rectification and a reversal potential (Erev) >+40mV [2–8]. However, ER-Ca2+ store 

depletion activates different types of calcium currents in other cell types [9–11], giving rise 

to the suggestion that diverse channel components or regulatory proteins might be involved 

in SOCE. Elucidating the molecular components of SOCE, i.e. the channels as well as 

regulatory proteins, proved to be a challenging endeavor in the field for almost two decades.

The Drosophila Transient Receptor Potential (TRP) channel was first proposed as a 

candidate component of SOCE channels [12–14], fueling extensive search for its 

mammalian homologues. The TRP canonical 1 (TRPC1) was the first mammalian member 

of the TRPC channel family to be cloned [15, 16], with subsequent discoveries of TRPC2-7. 

TRPCs exhibit diverse channel properties and physiological functions in a wide range of 

cells. The conclusion that TRPC1 mediates SOCE was based on the following hallmark 

characteristics: (i) activation by agonist, thapsigargin (Tg), and TPEN; and (ii) inhibition by 

1-5μM Gd3+ and 10-20 μM 2APB. Furthermore, whole cell patch clamp measurements 

under conditions used for CRAC channel measurements (inclusion of IP3 in the pipette 
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solution or stimulation with either Tg or agonist) resulted in generation of cation currents 

ranging from relatively Ca2+-selective to non-selective [9, 17, 18]. These currents were also 

completely blocked by low [Gd3+] and 2APB. In addition, overexpression or knockdown of 

TRPC1 increased and decreased the current, respectively. The electrophysiological 

characteristics of TRPC1-associated current vary in different cell types, likely due to the 

TRPC channel composition. For example, in human submandibular gland (HSG) cells, 

TRPC1 mediates a relatively Ca2+-selective current with a slight inward rectification and a 

Erev ≈ +15 mV with little contribution from other TRPC channels [9, 19]. In contrast, 

TRPC1 forms a heteromeric complex with TRPC3 in human parotid gland ductal cells, 

generating a non-selective, linear current [9, 18].

TRPC1 contributes to SOCE in a wide range of cells, with knockdown of endogenous 

TRPC1 producing the most consistent and significant effects, such as in HSG cells, smooth 

muscle cells, endothelial cells and platelets [19–25], and in preparations of salivary gland 

and pancreatic acinar cells as well as aortic endothelial cells from TRPC1 knockout mice 

[26–28]. Additionally, TRPC1-mediated Ca2+ entry is associated with the regulation of 

physiological functions in many tissues including migration of intestinal epithelial cells [29, 

30] and human malignant gliomas [31]; proliferation of neural stem and hippocampal neural 

progenitor cells [32–34]; and synaptic plasticity of neuromuscular junctions [34]. TRPC1 

contributes to maintenance of endothelial cell barrier, wound healing in the intestinal 

epithelial layer, attenuation of cytotoxicity, contraction of glomerular mesangial cells, and 

osteoclast formation and function [35–39]. Studies with TRPC1−/− mice show that it is a 

vital Ca2+ entry component in several tissues although the mice display normal viability, 

development and behavior. Acinar cells from salivary glands and pancreas, and aortic 

endothelial cells exhibit dramatically attenuated SOCE with corresponding reduction in 

Ca2+-dependent processes such as the activation of KCa and Cl− channels. Importantly, 

agonist-stimulated fluid and protein secretion from the salivary glands and pancreas, 

respectively, as well as vasorelaxation of the aorta, are adversely impacted [26–28, 40–42]. 

It is worth noting that the residual Orai1 cannot compensate for the loss of TRPC1 function 

in these cells, which clearly establishes the non-redundancy of TRPC1.

Despite the relatively strong data supporting that TRPC1 is involved in SOCE, the 

electrophysiological characteristics of the currents associated with TRPC1 do not resemble 

ICRAC. For that reason, the TRPC1-associated current was named store-operated calcium 

current (ISOC) to distinguish it from ICRAC [19]. Further, it was also established that TRPC1 

was not a component of CRAC channels as knockdown of TRPC1 did not affect CRAC 

channel function. Thus, the search for CRAC channel components continued for almost two 

decades, resulting in the discovery of a four-transmembrane protein named Orai1, which 

was confirmed as the primary pore-forming component of CRAC channel and essential for T 

cell function [43–46]. Importantly, siRNA screening led to identification of the ER-resident 

Ca2+-sensing protein, STIM1, as the primary activator of Orai1 [47, 48]. STIM1 is an ER 

protein with an EF hand domain that is located within the lumen of the ER. Rapid advance 

in understanding SOCE came from studies which showed that disassociation of Ca2+ from 

the EF hand domain of STIM1 triggers extensive intramolecular and intermolecular 

rearrangement of STIM1. In resting cells, STIM1 tracks along microtubules while after 

store-depletion, it oligomerizes and translocates to the cell periphery, aggregating within 
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ER-plasma membrane (ER-PM) junctions. These junctions are formed by close apposition 

of the ER and plasma membrane which is promoted when ER-residing STIM1 anchors to 

the plasma membrane PIP2, a process that brings ER closer to the PM. Orai1 is recruited by 

STIM1 into these junctions and where it is activated following store depletion. Several other 

proteins contribute to the assembly, architecture, and stability of Orai1-STIM1 interactions 

within this domain.

Activation of Orai1 is elicited by interaction of the channel with the STIM1 Orai1 Activating 

Region (SOAR) in the C-terminal region of STIM1 [43, 45, 47–51]. Importantly, TRPC1 

also aggregates with Orai1 and STIM1 within the same ER-PM junctions. Further, TRPC1 

interacts with and is activated by STIM1. The residues in STIM1 that are involved in gating 

TRPC1 are distinct from those that activate Orai1. However, activation of TRPC1 is a bit 

more complicated as it requires an additional crucial functional interaction with Orai1. This 

observation raised much debate and contention till it was finally resolved by data showing 

that Orai1-mediated Ca2+ entry triggers recruitment of TRPC1 into the plasma membrane 

where it is activated by STIM1 [52–54] (Figure 1). Thus Orai1/STIM1 and TRPC1/STIM1 

assemble into two distinct channels which provide Ca2+ signals for regulation of distinct 

cellular functions. The characteristics of the current generated in the cell depend on whether 

one or both channels are functional. These previous and more recent studies will be further 

discussed below.

Regulation of TRPC1 by STIM1 and Orai1

The ER-resident STIM proteins, STIM1 and STIM2, are the major regulatory components 

of SOCE channels. While there is relatively little information regarding role of STIM2 in 

TRPC1-mediated SOCE, knockdown of STIM1 dramatically reduces endogenous TRPC1-

mediated SOCE and Ca2+ current, while exogenous co-expression of STIM1 with TRPC1 

increases SOCE [52, 53, 55]. TRPC1 co-localizes and interacts with STIM1 following store 

depletion and conversely, refilling of the ER-Ca2+ stores causes dissociation of STIM1 from 

TRPC1 and inactivation of TRPC1 function [53, 56–60]. The gating of TRPC1 by STIM1 

involves electrostatic interactions between the negatively charged aspartate residues in 

TRPC1 (639DD640) with the positively charged lysines in the STIM1 polybasic domain 

(684KK685). Charge-swap (STIM1-684EE685) or deletion of polybasic domain (STIM1ΔK; 

deletion of aa 672-685) in STIM1 eliminates its ability to activate TRPC1, but not Orai1. 

Conversely, the charge-swap mutant of TRPC1 (TRPC1-639KK640) is not gated by STIM1. 

Swapping the charged residues that are involved in STIM1 with those in TRPC1 induces 

recovery of channel function [61]. In addition, the STIM1-ezrin/radixin/moesin (ERM) 

domain (aa 251–535) is reported to bind to TRPC1 [53], whereas the coiled-coil (CC) 

regions located in the N and C terminal domains of TRPC1 bind to STIM1-SOAR domain 

[58, 62]. It was previously shown that Caveolin-1 (Cav-1) binds to TRPC1, retaining the 

channel in an inactive state. Binding of STIM1 to TRPC1 displaces Cav-1 resulting in 

channel activation. Conversely, Cav-1-TRPC1 re-associates with TRPC1 when it is 

inactivated following refill of ER-Ca2+ stores [63]. The exact TRPC1 domains involved in 

these molecular rearrangements have not yet been determined. Additionally, it is not clear 

whether SOAR binding to TRPC1 limits the availability of STIM1 in the cell.
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As noted above, activation of TRPC1 is absolutely dependent on the presence of functional 

Orai1 in cells. This was first reported by Ambudkar and colleagues [52, 55, 57] and 

subsequently by other groups [54, 64]. While knockdown of TRPC1 reduces SOCE by about 

60%, loss of Orai1 or STIM1 induces complete elimination of TRPC1-mediated SOCE. 

Further, overexpression of STIM1 and TRPC1 failed to induce SOCE in the absence of 

endogenous Orai1 and TRPC1 function was not supported by a pore-deficient mutant of 

Orai1 (E106Q). These data conclusively established that Orai1 plays an essential role in the 

activation of TRPC1 by store depletion. Several models were proposed to explain these 

unexpected findings: (i) TRPC1 and Orai1 form a heteromeric channel; (ii) Ca2+ entering 

via Orai1 directly activates TRPC1; (iii) a secondary mechanism acting downstream from 

Orai1-mediated Ca2+ entry regulates TRPC1. This rather contentious puzzle was resolved by 

studies showing that store depletion initiates the assembly of TRPC1 into a Ca2+ signaling 

complex containing Orai1 and STIM1 that is localized within ER-PM junctions. This has 

now been demonstrated in HSG cells [57], human parathyroid cells [65], human liver cells 

[66], human colon cancer cells [67], mouse pulmonary arterial smooth muscle cells [68, 69], 

rat kidney fibroblasts [70], rat insulinoma cells [71] and mouse acinar cells from the 

pancreas and salivary glands [26, 72]. Further, the assembly of the TRPC1/Orai1/STIM1 

complex is dependent on the clustering of STIM1 in ER-PM junctions and eliminated by 

knockdown of STIM1. Final resolution of the role of Orai1 in TRPC1 function came from 

the observation that Orai1-mediated Ca2+ entry triggers recruitment of TRPC1 into the 

plasma membrane where it is activated by STIM1 (Figure 1). In contrast, non-functional 

Orai1 mutants, Orai1E106Q or Orai1R91W, do not support the regulated surface expression 

of TRPC1 [52, 54, 57]. Knocking down TRPC1 did not completely abolished Tg-induced 

currents in HSG cells and the residual current that remained resembled that of ICRAC. 

However, loss of Orai1 abolished the store-dependent currents, which confirms that a 

preceding Orai1-mediated Ca2+ entry is required for TRPC1 channel function (Figure 1). 

Finally, it was shown that TRPC1/STIM1 form a distinct channel complex which, although 

residing in close proximity to Orai1/STIM1 channels, regulates specific cellular functions 

that are different from those controlled by Orai1 [55].

These studies elucidated that Orai1+STIM1 forms a basic SOCE channel in cells. However, 

if TRPC1 is present in the cell, it is regulated by store depletion and can modify the Ca2+ 

signal generated by Orai1. This modifies the global [Ca2+]i in cells and provides an 

additional Ca2+ microdomain that is associated with TRPC1. Together, these changes in 

[Ca2+]i promote regulation of cellular functions that are not modulated by Orai1-mediated 

Ca2+ entry. Acquisition of TRPC1 function is detected by a change in the phenotype of 

currents stimulated by ER-Ca2+ store depletion. ICRAC is detected when only Orai1 channels 

are present while ISOC is measured when both channels are activated (Figure 1). Treatment 

of cells with shTRPC1 or expression of STIM1-EE mutant abolished TRPC1 function, 

converting ISOC into ICRAC [55]. These findings have also been reproduced in cells 

overexpressing Orai1+STIM1, which display ICRAC, or Orai1+STIM1+TRPC1, which 

display ISOC [55, 73]. Together, these data provide conclusive evidence that TRPC1 and 

Orai1 form distinct STIM1-activated channels in cells. Notably, the change in the current 

phenotype is associated with a change in the pattern of [Ca2+]i. For example, when both 

channels are activated by maximum concentrations of agonist, there is a sustained elevation 

Ambudkar et al. Page 5

Cell Calcium. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of [Ca2+]. However, when TRPC1 is knocked down, the sustained elevation of [Ca2+]i is 

converted into oscillations that are driven by Orai1 [74]. It is worth noting that the true 

TRPC1-mediated current has not yet been independently measured as most reported currents 

associated with TRPC1, e.g. ISOC, are combinations of currents generated by 

TRPC1+STIM1 and Orai1+STIM1 channels [55]. Furthermore, inhibition of Orai1 also 

eliminates TRPC1 function, making it particularly complicated to isolate TRPC1 function, 

independent from that of Orai1. Future studies should focus to develop methodologies to 

measure the electrophysiological properties of isolated TRPC1+STIM1-mediated currents.

Modulation of TRPC1 expression and activity at the plasma membrane

TRPC1 function in the plasma membrane is determined by proper targeting of the channel to 

specific regions in the cell periphery, near ER-PM junctions where it can be regulated by 

STIM1 and Orai1. Mechanisms regulating insertion and retention of TRPC1 in the plasma 

membrane, as well as those involved in internalization of the channel for degradation or 

recycling, all contribute to the level of functional TRPC1 in the plasma membrane.

Intracellular recycling of TRPC1

The level of TRPC1 in the plasma membrane is relatively low in unstimulated cells and 

increases upon activation of Orai1. Consistent with this, TRPC1 does not display 

constitutive activation when expressed either alone or with STIM1 in cells. However, 

TRPC1-containing vesicles can be detected in the sub-plasma membrane region localized in 

close proximity to the ER-PM junctions where Orai1 and STIM1 aggregate upon ER-Ca2+ 

store depletion [55]. This localization allows TRPC1-containing vesicles to sense the local 

Ca2+-signal generated by Orai1 which induces their recruitment to the plasma membrane. 

The transport of TRPC1 to this sub-plasma membrane region is critical for the regulation of 

its function. Internalization of TRPC1 from the plasma membrane, and its transport to this 

region, is determined by endocytic and exocytic vesicular trafficking pathways, respectively. 

A recent study has identified the essential vesicular compartments and Rab proteins involved 

in regulating intracellular trafficking of TRPC1 [75]. This study demonstrated that TRPC1 is 

trafficked via a fast endocytic recycling pathway which involves Rab5 and Rab4 (Figure 

2A–C). Importantly, this recycling achieves clustering of TRPC1 within ER-PM junctions 

where STIM1 clusters in response to ER-Ca2+ store depletion. The authors reported that 

expression of Rab5 increased the retention of TRPC1 in early endosomes, leading to 

reduction of surface expression of TRPC1 and decrease in SOCE. As shown in the left panel 

of Figure 2B, expressing Rab5WT abolished the TRPC1-mediated ISOC, leaving behind a 

current that resembles ICRAC in HSG cells. Expression of the inactive dominant negative 

mutant of Rab5 (Rab5S34N) failed to suppress TRPC1 function, whereas the constitutively 

active mutant (Rab5Q79L) suppressed TRPC1 in a similar manner as the wild type. 

Importantly, co-expression of Rab4 with Rab5, but not STIM1 or Rab11, rescued routing of 

TRPC1 to the plasma membrane (recovery of TRPC1 function shown in Figure 1C). 

Notably, while STIM1 is required for recruitment of TRPC1 into the plasma membrane and 

activation after cell stimulation, it is not involved in intracellular trafficking of the channel 

[75]. This study also showed that internalization of TRPC1 occurs via an endocytic pathway 

mediated by ARF6 that is independent of clathrin and Cav-1. Overexpression of ARF6 
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suppressed TRPC1-mediated SOCE by attenuating the store-dependent increase in TRPC1 

expression at the plasma membrane. It is worth mentioning that in unstimulated cells, ARF6 

did not affect resting levels of TRPC1 in the plasma membrane, whereas Rab5 decreased 

those levels. More importantly, the effects of Rab5 and Arf6 were highly specific for 

TRPC1, leaving Orai1 and STIM1 unaffected. Generation of the TRPC1-mediated ISOC was 

suppressed in HSG cells expressing either Rab5 or ARF6, resulting instead in the generation 

of the Orai1-mediated ICRAC [75]. A very interesting observation reported in this paper was 

that under conditions when TRPC1 is inserted into the membrane and activated by STIM1, 

ISOC current is generated in response to ER-Ca2+ store depletion, while conditions that block 

TRPC1 trafficking to the plasma membrane results in generation of ICRAC. These data are 

consistent with the findings discussed above regarding the functional interactions between 

TRPC1 and Orai1; i.e. that plasma membrane insertion of TRPC1 is essential for its 

activation. Thus, mechanisms that regulate/affect plasma membrane expression of TRPC1 

also control the modulation of Ca2+-signals generated by Orai1-STIM1. The physiological 

implications of this on cell function are discussed below.

TRPC1 insertion into the membrane

There is little information on the exact mechanisms that are involved in the final, regulated 

exocytosis of TRPC1-vesicles within the ER-PM junctions. Other than the important finding 

that it is a Ca2+ dependent process triggered by local [Ca2+]i elevations mediated by Orai1, 

there are no data identifying the Ca2+ sensors on TRPC1-containing vesicles or other 

proteins involved in driving the fusion, such as v-SNAREs and t-SNAREs. It is important to 

add that this final critical step is the primary determinant for the generation of functional 

TRPC1 channels in the plasma membrane. Based on currently available knowledge of the 

mechanisms of exocytosis, we can hypothesize that vesicle-associated docking and Ca2+-

sensor proteins will be involved in determining where and how fast the channel-containing 

vesicles fuse with the plasma membrane. Ca2+-dependent exocytotic processes have been 

reported to involve a “kiss and run” mechanism where vesicles are fused to the plasma 

membrane in the presence of Ca2+ but internalized when Ca2+ is removed. The study 

reported by Cheng et al. argues against this type of mechanism for TRPC1 as removal of 

external Ca2+ after channel insertion does not alter plasma membrane levels of TRPC1 [55]. 

Some possible insights into the final step in TRPC1 trafficking comes from studies which 

show that treatment of human platelets with botulinum toxin significantly decreased SOCE 

by causing the cleavage and inactivation of SNAP-25. In endothelial cells, stimulation with 

thrombin induced assembly of TRPC1 with RhoA and IP3R and subsequent translocation of 

the channel to the plasma membrane. Inhibition of RhoA reduced expression of TRPC1 in 

the plasma membrane, adversely affected TRPC1-IP3R association, and attenuated SOCE. 

Further, lantrunculin inhibited TRPC1-IP3R association and SOCE suggesting a role for 

cytoskeletal remodeling in the process [22]. However, possible effects of this treatment on 

Orai1/STIM1 function need to be excluded. β-tubulin has also been reported to play a 

similar role as RhoA in retinal epithelial cells. Disruption of tubulin by colchicine reduced 

both the surface expression of TRPC1 and corresponding SOCE [76]. However, this 

treatment could also potentially impact STIM1 which interacts with microtubules. It will be 

important in future studies to delineate these final critical steps in the regulation of TRPC1.
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TRPC1: Generation of distinct Ca2+ signals and functional specificity

Physiologically relevant Ca2+ signals display specific temporal and spatial patterns, in 

addition to the amplitude. For example, agonist-stimulated increase in [Ca2+]i displays an 

oscillatory pattern, depending on the cell type and stimulus intensity. Importantly, while 

global [Ca2+]i increases in cells are easily detected, changes in local [Ca2+]i , although not 

easily detected, maybe more relevant in regulation of cell function. Such local Ca2+ signals 

are detected by Ca2+ sensor proteins localized within the microdomain where the channel is 

located. An example of this is the regulation of NFAT by Orai1-mediated Ca2+ entry, sensed 

by CAM localized close to the channel which activates calcineurin the primary regulator of 

NFAT [77]. Thus, a Ca2+ signal detected within the vicinity of the channel pore in the cell is 

utilized for gene expression which occurs later and in a different cellular location, i.e. within 

the nucleus. When TRPC1 and Orai1 are present in cells, [Ca2+]i elevation resulting from 

SOCE is contributed by both channels. However, Ca2+ entry mediated by the two channels 

are utilized by the cell for regulation of distinct cellular functions. A major question which 

arises from these findings is how the cell senses and differentiates [Ca2+]i signals that 

originate from two different channels that are localized in close proximity to each other. Ong 

et al. recently demonstrated that endogenous Orai1 and TRPC1 channels contribute distinct 

local and global [Ca2+]i signals following agonist stimulation of HSG cells, in which both 

channels contribute to the net SOCE [74]. At relatively high [CCh] (>1 μM), Orai1-mediated 

Ca2+ entry generates baseline [Ca2+]i oscillations. When TRPC1 is also functional, this 

pattern is altered to oscillations over a sustained baseline [Ca2+]i. Interestingly, at very low 

[CCh] (300 nM), the baseline [Ca2+]i oscillations are Orai1-dependent but require Ca2+ 

entry via TRPC1 to maintain the oscillation frequency. Thus, Orai1 channel function in these 

cells results in the generation of [Ca2+]i oscillations, whereas TRPC1 channel function 

appears to increase signal amplitude and frequency. More importantly, cell functions that are 

Orai1-dependent (e.g. NFAT activation) are unaffected by the TRPC1-mediated global Ca2+ 

signals. In contrast, KCa activation is primarily dependent on TRPC1 while NFκB activation 

requires Ca2+ influx mediated by both channels [55].

SOCE is critical for driving fluid secretion in salivary gland acinar cells and protein 

secretion in pancreatic acinar cells. In both types of cells, TRPC1 is primarily localized in 

the middle to the basal end of the lateral membrane with some protein detected in the basal 

membrane. In contrast, Orai1 is mainly concentrated in the lateral membrane towards the 

apical pole, with some overlap with TRPC1. Following ER-Ca2+ depletion, STIM1 

translocates to the lateral membrane where it colocalizes with both channels [26]. Since the 

initial intracellular Ca2+ release in acinar cells occurs at the apical pole, it can be suggested 

that Orai1 channels that are localized relatively close to this site, would be activated first. 

[Ca2+]i increase spreads from the apical to the basal pole of the cell resulting in a sustained 

global elevation of [Ca2+]i which is critical for the regulation of Ca2+-dependent cell 

function [11]. How exactly TRPC1 is regulated in the salivary gland acinar cell is not yet 

known, although lack of the channel causes severe loss of fluid secretion. The currently 

proposed model suggests that Orai1 provides an initial trigger pool of Ca2+ to induce 

recruitment of TRPC1 into the plasma membrane while activation of TRPC1 by STIM1 

provides Ca2+ influx which sustains the global increase in [Ca2+]i. A key issue that needs to 
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be resolved is how TRPC1 channels that are localized at sites away from Orai1 are inserted 

into the plasma membrane. Irrespective of the underlying mechanism that is involved in 

TRPC1 recruitment, it is clear that the spatio-temporal characteristics of the [Ca2+]i signal 

required to drive exocrine secretion are determined by the respective localization and 

assembly of TRPC1, Orai1 and STIM1. Very little is known about the localization of 

endogenous Orai1 or TRPC1 and the types of Ca2+ signals that are generated by each 

channel in various cell types. Indeed, it will be very important to examine these in greater 

detail to understand the relevance of their respective Ca2+ signal characteristics in the 

context of the cell function that each channel regulates.

What’s next for TRPC1?

There has been significant advance in understanding the mechanism regulating TRPC1 as 

well as physiological function of the channel. Basic steps involved in its activation and 

regulation are now known. A mechanism critical for TRPC1 function is the Ca2+-dependent 

exocytosis which is the last step prior to activation of the channel by STIM1. However, the 

molecular components of this process are currently unknown and further studies need to be 

focused on identifying them. Currents with varying characteristics have been attributed to 

TRPC1 and suggested to be mediated by a combination of TRPC1 with other channels. 

However, a pure TRPC1-mediated current has not yet been measured. Given the requirement 

for Orai1-mediated Ca2+ entry in TRPC1 channel function, simply knocking down Orai1 

will affect both channels [52, 55]. Therefore, the challenge facing TRPC1 researchers is to 

determine the experimental conditions by which TRPC1 channel function can be verified 

independently of Orai1. As mentioned above, there have been few studies investigating the 

possible involvement of STIM2 in regulating TRPC1 channel function. Whether STIM2 also 

regulates the sensitivity of TRPC1 to low stimuli (as reported for Orai1 [78]) remains to be 

established. Along these lines, the nature of the ER-PM junctions where TRPC1 activation 

takes place is not known. Also not known is whether protein and structural components 

determining TRPC1 function are similar to those involved in Orai1 regulation. Finally, a 

major road block is the lack of specific inhibitors for TRPC channel, including TRPC1. 

Development of a TRPC1-specific inhibitor will allow researchers to clearly delineate the 

properties and functions of the TRPC1 channel.
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Highlights

• SOCE is activated in response to depletion of ER-Ca2+ stores.

• TRPC1 contributes to SOCE in many cells.

• -TRPC1 is gated by STIM1 but also requires Orai1.

• Ca2+ entry via Orai1 recruits TRPC1 to the plasma membrane .

• -TRPC1 modifies [Ca2+]i signal generated by Orai1

• TRPC1 has distinct role in cell function.
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Figure 1. Proposed model for TRPC1 activation
Following store depletion, STIM1 aggregates and translocates to the ER-PM junction. Orai1 

is recruited to the STIM1 puncta resulting in CRAC channel activation. The resulting [Ca2+]i 

increase leads to NFAT activation and insertion of TRPC1-containing vesicles into the 

plasma membrane (Modified from [55]). Insets in the figure show I-V relationships of the 

currents recorded under the various conditions; ICRAC generated by Orai1+STIM1 (left) and 

ISOC generated by combination of TRPC1+STIM1 and Orai1+STIM1 channels.
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Figure 2. Regulation of TRPC1 trafficking and function
A. Model depicting the role of a rapid recycling pathway in the TRPC1 trafficking and 

function. TRPC1 is endocytosed from the plasma membrane by Arf6, sorted to Rab5 – early 

endosomes (EEs) and then is recycled back to the plasma membrane by Rab4-dependent fast 

recycling endosomes. This recycling carries TRPC1 to the cellular region near the plasma 

membrane where STIM1 clusters in response to ER – Ca2+ depletion. Within these ER–PM 

junctions, STIM1 interacts with and activates Orai1. Ca2+ entry via Orai1 triggers 

recruitment of TRPC1 from Rab4-vesicles into the plasma membrane, where the channel 

interacts with STIM1 and is activated. Thus, endocytic recycling via Rab4 determines 

clustering of TRPC1with STIM1, as well as plasma membrane insertion and function of the 

channel (Modified from [75]). B–C. Role of Rab4 and Rab5 on function of endogenous 

TRPC1 in the salivary gland cell line, HSG. Store-operated currents measured in HSG cells 
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expressing Rab5-WT or dominant negative and spontaneously active Rab5 mutants (B) and 

HSG cells with Rab5 alone or Rab5+Rab4 (C).
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