
Septins set the stage for Orai1 to bind STIM1 at ER-PM junctions

Jen Liou1 and Tobias Meyer2

1Department of Physiology, University of Texas Southwestern Medical Center, Dallas, TX 75390,
USA

2Department of Chemical and Systems Biology, Stanford University School of Medicine, Stanford,
CA 94305, USA

Abstract

The ER Ca2+ sensor STIM1 recruits and activates the plasma membrane (PM) Ca2+ channel Orai1

at ER-PM junctions for store-operated Ca2+ entry (SOCE). Reporting in Nature, Sharma et al.

(2013) showed that septins are necessary for Orai1 recruitment and SOCE, implicating these

scaffolding proteins in signaling at ER-PM junctions.

Store-operated Ca2+ entry (SOCE) is a ubiquitous signaling pathway that controls a range of

cellular functions in different cell types (Lewis, 2011). SOCE is triggered by stimulation of

diverse cell surface receptors that induce release of Ca2+ from endoplasmic reticulum (ER)

Ca2+ stores. The depletion of ER Ca2+ subsequently leads to opening of Ca2+ channels in

the plasma membrane (PM), resulting in Ca2+ influx from the extracellular space into the

cytosol. SOCE is important to refill ER Ca2+ store after depletion to prevent ER stress

responses and to enable repeated release of ER Ca2+. In addition, SOCE can persistently

elevate cytosolic Ca2+ signals to activate Ca2+ effectors including the transcription factor

NFAT. Patients with defective SOCE suffer severe combined immunodeficiency, muscular

dystrophy and other diseases (Feske, 2010).

Two key regulators of SOCE were identified to be a luminal ER Ca2+ sensor STIM1 and a

PM Ca2+ channel Orai1 (Carrasco and Meyer, 2011). Over-expression of STIM1 and Orai1

in the same cells results in a large amplification of SOCE, indicating that STIM1 and Orai1

are the two limiting components of SOCE. There were initially two competing mechanisms

for the activation of STIM1, one based on TIRF imaging of YFP-STIM1 which showed that

STIM1 senses ER luminal Ca2+ and translocates within the ER to specific sites where the

ER membrane is in close proximity to the PM but without inserting into the PM (Liou et al,

2005) and one based on the insertion of the ER localized STIM1 into the PM after ER store

depletion (Zhang et al., 2005). Most recent data supported the first model, arguing that a

reduction in ER Ca2+ levels causes Ca2+ dissociation from the EF hand STIM1 Ca2+
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binding domain in the ER lumen, leading to STIM1 oligomerization, STIM1 activation, and

its translocation to ER-PM junctions in a process that involves binding of its C-terminal

polybasic domain to PM phosphoinositide lipids (Liou et al., 2007). In addition, STIM1

oligomerization exposes the Orai1-interacting SOAR/CAD/ccb9 domain that is responsible

for recruiting Orai1 to ER-PM junctions (Lewis, 2011). The same interaction between

STIM1 and Orai1 at ER-PM junctions activates Orai1 and induces a local Ca2+ influx into

the cytosol.

SOCE is dependent on the existence of ER-PM junctions since STIM1 is an ER membrane

protein that can only reach the PM channel Orai1 at these junctions. Thus, it is expected that

molecules that affect the number, size, gap distance, and distribution of ER-PM junctions

may regulate SOCE (Lewis, 2011). ER-PM junctions are sites where the ER is in close

proximity with the PM allowing direct interactions of molecules in the heterologous

membranes. We are only at the beginning of understanding how these evolutionarily

conserved subcellular structures are formed and regulated. Two recent reports showed that

extended synaptotagmins (E-Syts) and their yeast orthologs tricalbins contribute to the

formation and maintenance of ER-PM junctions (Giordano et al., 2013; Manford et al.,

2012). Interestingly, SOCE is not affected in E-Syt-depleted HeLa cells even when the

amount of ER-PM junctions was significantly reduced (Giordano et al., 2013). Thus, at least

in HeLa cells, there is an excess of ER-PM junctions enabling STIM1 and Orai1 to interact

even if the number of contacts is significantly reduced. Nevertheless, regulation of other

structural aspects of ER-PM junctions may still modulate SOCE.

The SOCE mediator STIM1 was independently identified in focused RNA interference

(RNAi) screens for putative human signaling proteins and putative Drosophila ion channel

proteins while Orai1 was identified in three independent genome-wide Drosophila RNAi

screens (Carrasco and Meyer, 2011). The success of these different RNAi screening

strategies was a motivation for the recent work described in Nature from Sharma et al.

(2013), where the authors performed a human genome-wide SOCE and NFAT signaling

screen using a NFAT1-GFP reporter that senses persistent Ca2+ increases from SOCE. They

found that, siSEPT, a pool of small interfering RNA that knocked down the expression of

septin 4, septin 5, and partially septin 2, was effective at blocking nuclear translocation of

NFAT1-GFP. Re-expression of either septin 4 or septin 5 rescued the defect. Sharma et al.

(2013) further demonstrated that siSEPT treatment resulted in a selective reduction of

SOCE, indicating that septins are necessary regulators of SOCE. Although STIM1

translocation to ER-PM junctions was only partially affected by the loss of septins, the

subsequent recruitment of Orai1 to ER-PM junctions was significantly compromised in

siSEPT-treated cells (Figure 1). The defective SOCE in siSEPT-treated cells could be

rescued by expressing a soluble STIM1 fragment containing the Orai1-interacting domain,

suggesting that the SOCE defect is likely a result of inefficient recruitment of Orai1 to

STIM1 at ER-PM junctions. Finally, the authors observed a relocalization of septin 4 at the

PM after ER Ca2+ store depletion.

How do septins regulate Orai1 distribution in the PM? Septins are a family of GTP-binding

proteins that form hetero-oligomeric complexes that can further assemble into higher-order

structures such as filaments and rings (Mostowy and Cossart, 2012). Septins can create
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lateral diffusion barriers for membrane compartmentalization as has been shown at the base

of cilia and at the midbody during cytokinesis. Although a complete mechanistic explanation

is still missing,Sharma et al. (2013) now propose a new functional role of septins. They

observed that septin 4 relocalizes to the PM and thereby promotes interaction of Orai1 with

ER-PM junction localized STIM1 following ER Ca2+ store depletion. They proposed that

the effects of septin 4 may be mediated by its binding to phosphatidylinositol (4,5)-

bisphosphate (PIP2) at the PM. As potential mechanisms, it is plausible that septins directly

or indirectly put Orai1 in a state in which it can freely diffuse within the PM to bind STIM1

at ER-PM junctions following ER Ca2+ store depletion. Additionally, rearrangement of

septin filaments around ER-PM junctions during SOCE may stabilize the formation of

STIM1-Orai1 complexes. Nevertheless, alternative more indirect effects may also need to be

considered. It has for example been shown that SOCE and Ca2+ increases enhance cell

adhesion which can bring the PM closer to the adhesion surface, which may in turn increase

signals from fluorescently tagged septins or PIP2 sensors in selected regions of the cell,

potentially explaining some of the apparent recruitment data. While the presented data are

intriguing, more mechanistic data will be needed to understand how septins contribute to

signaling at ER-PM junctions.

In conclusion, Sharma et al. (2013) provide a genome-wide dataset of putative regulators of

SOCE and NFAT nuclear translocation and identify septins as new regulators of SOCE that

promote efficient interactions of Orai1 with STIM1. These findings add an interesting

structural and regulatory protein to the known players controlling signaling at ER-PM

junctions.
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Figure 1. Septins regulate Orai1 recruitment to STIM1 at ER-PM junctions during SOCE
(A) Sharma et al. (2013) showed that septins regulate the recruitment of the PM Ca2+

channel Orai1 to the ER membrane protein STIM1 at ER-PM junctions, where the ER is

closely opposed to the PM, following ER Ca2+ store depletion. STIM1 directly interacts

with Orai1 via a C terminal domain in the cytosolic region. The interaction between STIM1

and Orai1 results in Orai1 activation and Ca2+ entry into the cytosol.

(B) In cells treated with siRNA to deplete septins, ER Ca2+ store depletion triggers STIM1

translocation to ER-PM junctions. However, the colocalization of Orai1 with STIM1 is

significantly reduced, resulting in decreased SOCE. Similar defects in Orai1 recruitment and

SOCE are observed in cells treated with forchlorfenuron that hyperpolymerizes and

stabilizes septin filaments.
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