
UCLA
UCLA Previously Published Works

Title
Immunological Disorders: Regulation of Ca2+ Signaling in T Lymphocytes

Permalink
https://escholarship.org/uc/item/6ss727hp

Authors
Srikanth, Sonal
Woo, Jin Seok
Sun, Zuoming
et al.

Publication Date
2017

DOI
10.1007/978-3-319-57732-6_21
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6ss727hp
https://escholarship.org/uc/item/6ss727hp#author
https://escholarship.org
http://www.cdlib.org/


Immunological disorders: Regulation of Ca2+ signaling in T 
lymphocytes

Sonal Srikanth1, Jin Seok Woo1, Zuoming Sun2, Yousang Gwack1,*

1Department of Physiology, David Geffen School of Medicine at UCLA, Los Angeles, CA 90095, 
USA

2Department of Molecular Immunology, Beckman Research Institute of the City of Hope, Duarte, 
CA 91010

Abstract

Engagement of T cell receptors (TCRs) with cognate antigens triggers cascades of signaling 

pathways in helper T cells. TCR signaling is essential for the effector function of helper T 

cells including proliferation, differentiation and cytokine production. It also modulates effector 

T cell fate by inducing cell death, anergy (non-responsiveness), exhaustion and generation of 

regulatory T cells. One of the main axes of TCR signaling is the Ca2+-calcineurin-nuclear 

factor of activated T cells (NFAT) signaling pathway. Stimulation of TCRs triggers depletion 

of intracellular Ca2+ store and in turn, activates store-operated Ca2+ entry (SOCE) to raise the 

intracellular Ca2+ concentration. SOCE in T cells is mediated by the Ca2+ release-activated Ca2+ 

(CRAC) channels, which have been very well characterized in terms of their electrophysiological 

properties. Identification of STIM1 as a sensor to detect depletion of the endoplasmic reticulum 

(ER) Ca2+ store and Orai1 as the pore subunit of CRAC channels has dramatically advanced our 

understanding of the regulatory mechanism of Ca2+ signaling in T cells. In this review, we discuss 

our current understanding of Ca2+ signaling in T cells with specific focus on the mechanism of 

CRAC channel activation and regulation via protein interactions. In addition, we will discuss the 

role of CRAC channels in effector T cells based on the analyses of genetically modified animal 

models.
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Introduction

Ca2+ ion is ubiquitously utilized as a second messenger to regulate diverse cellular 

functions. However, in spite of its broad role, Ca2+ signaling has specificity to activate 

distinct downstream signaling pathways depending on the types of ligands and agonists. 

Each cell type including T cells expresses a unique blend of various Ca2+ channels 
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or transporters to mediate Ca2+ signaling. Under resting conditions, cytoplasmic Ca2+ 

concentration ([Ca2+]) in T cells is in the range of ~100 nM while that in the endoplasmic 

reticulum (ER), which serves as an intracellular Ca2+ store, is much higher (~400 μM). 

Extracellular [Ca2+] (e.g., blood) reaches almost 2 mM, establishing a huge [Ca2+] gradient 

between the extracellular milieu, Ca2+ store, and the cytoplasm. Therefore, maintaining 

Ca2+ homeostasis in the resting state requires dynamic Ca2+ entry and exclusion across the 

membranes. After TCR stimulation, Ca2+ entry via store-operated Ca2+ (SOC) channels is a 

predominant mechanism to increase the intracellular Ca2+ concentration ([Ca2+]i) in T cells 

(Cahalan et al., 2009; Hogan et al., 2010; Lewis, 2011; Putney, 2009; Srikanth et al., 2013b). 

SOC channels were so named because they are activated by depletion of intracellular Ca2+ 

stores (Putney, 2009, 1986). The Ca2+ release-activated Ca2+ (CRAC) channel is a prototype 

and specialized class of SOC channel in immune cells. Increased Ca2+ ions can affect many 

signaling pathways, for example, via directly binding to anionic phospholipids or activation 

of Ca2+-sensing signaling amplifiers including calmodulin (CaM), which in turn activate a 

large number of protein kinases/phosphatases to affect gene expression. Because the volume 

of ER in T lymphocytes is much smaller than that in other cell types, SOCE via CRAC 

channels is particularly important for activation of the NFAT (nuclear factor of activated T 

cells) family of transcription factors, which require sustained levels of increased [Ca2+]i. In 

the current review, we will focus on our current understanding of the regulation of Ca2+ 

signaling in T cells and phenotypes of animal models lacking the key components of CRAC 

channels, which provide insights into their physiological roles in the immune system.

Signaling pathways activated by TCR stimulation

Upon pathogen infection, specialized innate (e.g. dendritic cells or macrophages) and 

adaptive immune cells (e.g. B cells) present foreign antigens on their surface together 

with major histocompatibility complex (MHC) class II molecules to activate helper T cells. 

Interactions between TCRs and foreign antigens presented by MHC class II molecules 

play an important role in T helper cell functions such as proliferation, differentiation into 

effector and memory cells, and massive cytokine production after being recruited into the 

affected sites of inflammation. In addition, interactions between self-peptides and TCRs 

are important for T cell development in the thymus, homeostasis, and pathological onset 

of autoimmune diseases (Sprent et al., 2011). Thus, understanding of TCR signaling is 

crucial for development of therapy to treat patients with suboptimal immune responses 

(e.g., immune deficiency), lymphoproliferative disorder, and self (or microbiota)-reactive T 

cell-mediated autoimmunity (e.g., type I diabetes, rheumatoid arthritis, multiple sclerosis, 

psoriasis and inflammatory bowel disease).

Antigen engagement of T cell receptor triggers a cascade of tyrosine phosphorylation events 

initiated by a co-receptor CD4 that interacts with lymphocyte-specific protein tyrosine 

kinase (LCK) through its intracellular domain (Fig. 1a). Antigen-loaded MHC class II 

molecules simultaneously interact with the TCR-CD3 (γ-ε, ε-δ and ζ-ζ chains) complex 

and the LCK-associated co-receptor CD4. LCK then phosphorylates immunoreceptor 

tyrosine-based activation motifs (ITAMs) of CD3 ζ chain, which triggers the recruitment 

of zeta chain-associated protein kinase 70 (ZAP70). ZAP70 phosphorylates membrane-

associated scaffold molecules, linker for activation of T cells (LAT) and SH2 domain-
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containing leukocyte protein of 76 kDa (SLP76) (Balagopalan et al., 2010; Samelson, 2011; 

Wang et al., 2010). Together with LAT, SLP76 recruits a guanine nucleotide exchange factor 

(GEF) and signaling adaptor molecule, Vav1 and an enzyme, phospholipase C (PLC)-γ1. 

Vav1 accumulates at the immunological synapse (IS) and recruits small G proteins such as 

Rac1 and CDC42 (cell division control protein 42 homolog) to activate the c-Jun N-terminal 

kinase (JNK) and p38 MAPK (mitogen-activated protein kinase) pathways, leading to 

activation of AP1 transcription factors (Tybulewicz, 2005). Recently, we showed that Vav1 

also interacts with a large G protein, CRACR2A to activate the JNK signaling pathway (see 

below, (Srikanth et al., 2016a)). Therefore, Vav1 acts as a signaling hub to recruit small and 

large G proteins to activate downstream JNK and p38 MAPK pathways. PLCγ1 recruited 

into the LAT/SLP76 complex hydrolyzes plasma membrane-localized phosphatidylinositol 

4, 5-bisphosphate (PIP2) into second messengers, inositol trisphosphate (InsP3) and diacyl 

glycerol (DAG), leading to activation of the Ca2+-NFAT, NK-κB and ERK (extracellular 

signal-regulated kinase)-MAPK pathways. DAG predominantly activates NF-κB signaling 

pathway via activation of protein kinase C-theta (PKCθ) (Coudronniere et al., 2000; Lin 

et al., 2000; Sun et al., 2000). PKCθ is required to stimulate the BCM complex consisting 

of Bcl-10/Carma 1/MALT1, NF-κB-inducible kinase (NIK), and inhibitor of NF-κB (IκB) 

kinase (IKK) that eventually phosphorylates IκB (Fig. 1a) (Muller et al., 2010; Smith-

Garvin et al., 2009; Sun, 2012). Phosphorylation of IκB leads to its degradation, allowing 

for nuclear translocation of NF-κB transcription factors. DAG also activates Ras-mediated 

signaling pathway via activation of Ras guanine nucleotide releasing protein 1 (RasGRP1), 

which mediates phosphorylation-induced activation of AP-1 (Fos-Jun) transcription factors 

mediated by kinases, dual specificity mitogen-activated protein kinase kinase (MEK) 1/2 

and ERKs. The other product of PLCγ1 enzymatic activity, InsP3, binds to the InsP3 

receptor (InsP3R) on the ER membrane and releases Ca2+ from the ER into the cytoplasm 

and this store depletion leads to activation of CRAC channels on the plasma membrane. 

Activation of both the Ca2+ and MAPK signaling pathways are essential for differentiation 

and cytokine production of helper T cells and dysregulation of these pathways result in 

immune deficiency or autoimmune disorders in humans and mice (Constant et al., 1997; 

Kyriakis et al., 2012; Zhu et al., 2010).

The Ca2+-calcineurin-NFAT pathway in T cells

One of the most studied Ca2+-dependent signaling pathways in T cells is the calmodulin/

calcineurin-NFAT pathway. Calcineurin is a Ca2+-calmodulin complex-dependent serine/

threonine protein phosphatase, consisting of a catalytic subunit, calcineurin A (CnAα, 

CnAβ, and CnAγ) and a regulatory subunit calcineurin B (CnB1 and CnB2). Upon increase 

of [Ca2+]i via the CRAC channels, calmodulin binds Ca2+ and forms a complex with 

calcineurin, which in turn dephosphorylates the heavily-phosphorylated, cytoplasmic NFAT. 

NFAT consists of four homologous NFAT1 (NFATc2), NFAT2 (NFATc1), NFAT3 (NFATc4), 

and NFAT4 (NFATc3) (Hogan et al., 2003; Macian, 2005; Serfling et al., 2006; Srikanth 

et al., 2013b; Wu et al., 2007). Most of the NFAT family members are expressed in 

lymphocytes, however NFAT1 is predominantly expressed in naïve T cells and its short-term 

dephosphorylation after stimulation depends on the levels of Ca2+ entry. Expression levels 

of a short isoform of NFAT2 (NFATc1), NFAT2/αA is also Ca2+-dependent (Serfling et 
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al., 2012). NFAT2/αA plays a more positive role in T cell activation than other NFAT 

family members by supporting proliferation and protecting T cells against cell death upon 

stimulation. Dephosphorylation of NFAT exposes its nuclear localization sequence (NLS) 

and induces its translocation from the cytoplasm to the nucleus (Gwack et al., 2007a; Hogan 

et al., 2003). Nuclear NFAT forms a multimeric protein complex with itself or with other 

general or lineage-specific transcription factors (e.g. AP-1) to induce gene transcription 

involved in cytokine production, cell proliferation, growth arrest, or cell death, depending on 

the amplitude and duration of [Ca2+]i elevation (Kim et al., 2011; Macian, 2005; Macian et 

al., 2002).

NFAT proteins contain an N-terminal transactivation domain (TAD-N), a regulatory domain, 

a highly conserved DNA-binding domain (Rel-homology domain, RHD) and a C-terminal 

transcription activation domain (TAD-C) (Fig. 1b). NFAT proteins all bind to a similar 

DNA sequence containing 5’-(A/T)GGAAA-3’ due to high conservancy within their DNA-

binding domains, and thus are expected to have functional redundancy (Hogan et al., 2003). 

TADs are least conserved and this somehow explains distinct roles of each NFAT member 

because these domains can interact with different transcriptional co-activators (Mognol et 

al., 2016). NFATs are intrinsically localized in the cytoplasm, which is actively maintained 

by multiple kinases in the cytoplasm and the nucleus. The regulatory domain, which is 

moderately conserved among NFAT proteins, contains multiple serine-rich regions (SRRs) 

and Ser-Pro-X-X repeat motifs (SPs) that are phosphorylated by NFAT kinases including 

casein kinase I (CK1), glycogen synthase kinase 3 (GSK3), and dual-specificity tyrosine-

phosphorylation-regulated kinase (DYRK) family (Gwack et al., 2007a; Wu et al., 2007). 

CK1 phosphorylates the SRR-1 region of NFAT and functions as both, a maintenance 

kinase that keeps NFAT in the cytoplasm and an export kinase from the nucleus. GSK-3 

functions as an export kinase and phosphorylates the SP-2 motif of NFAT1 and both 

the SP-2 and SP-3 motifs of NFAT2, and its activity is suppressed by Akt, a kinase 

activated in response to diverse signaling pathways in different cell types and by CD28 

co-stimulatory signal (Gwack et al., 2007a). DYRKs phosphorylate the SP-3 motif of NFAT, 

thereby facilitating CK1- and GSK3-mediated phosphorylation of the SRR-1 and SP-2 

motifs, respectively. Cytoplasmic DYRK2 serves as the maintenance kinase while nuclear 

DYRK1A serves as the export kinase. The substrate sites for GSK3 in NFAT are created 

after previous phosphorylation by a “priming” kinase that can be either protein kinase A 

(PKA) or DYRK1A (Arron et al., 2006; Gwack et al., 2006). Under resting conditions, 

heavily phosphorylated NFAT proteins exist in a complex with the non-coding RNA NRON 

(noncoding [RNA] repressor of NFAT). NRON creates a platform for RNA-protein scaffold 

complexes containing NFAT, NFAT kinases [e.g. CK1, GSK3, DYRK, and leucine-rich 

repeat kinase 2 (LRRK2)], IQ motif-containing GTPase activating protein (IQGAP), and 

CaM to facilitate phosphorylation/dephosphorylation events (Liu et al., 2011; Sharma et al., 

2011; Willingham et al., 2005). The regulatory domain of NFAT also contains a docking 

site for calcineurin, with a highly conserved consensus sequence Pro-X-Ile-X-Ile-Thr (in 

which X can be any amino acid) (Aramburu et al., 1999). Upon TCR stimulation-induced 

increase in [Ca2+]i, Ca2+-bound CaM activates calcineurin, which dephosphorylates multiple 

phosphoserines in the SRR and SP motifs of NFAT regardless of its distance from the 

calcineurin-binding site, exposing its NLS and facilitating nuclear translocation.
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In addition to the Ca2+-calcineurin-NFAT pathway, increased [Ca2+]i also plays crucial 

role in activation of the NF-κB and ERK MAPK signaling pathways. During formation 

of the BCM complex, Ca2+ has been implicated in phosphorylation via calmodulin kinase 

II (CaMKII), which is important for IκB degradation (Ishiguro et al., 2007; Ishiguro et 

al., 2006; Oruganti et al., 2011). In addition, Ca2+-activated PKCα phosphorylates NF-κB 

transcription factors, which is important for nuclear translocation of these factors (Liu et 

al., 2016). Elevated [Ca2+]i also regulates the Ras-AP1 signaling pathway by binding to 

EF-hand motifs of RasGRP1 (Mor et al., 2006). The Ras guanine nucleotide exchange factor 

(RasGEF) activity of RasGRP1 on the Golgi depends on both DAG and Ca2+ that eventually 

leads to activation of the AP-1 transcription factor. Therefore, Ca2+ signaling is integrated 

with other signaling pathways at the DNA response elements of NFAT, NF-κB and AP-1 

transcription factors, resulting in cell proliferation and survival, cytokine gene expression, 

differentiation, or cell death depending on the intensity of diverse signaling pathways.

Specificity of Ca2+ signaling

Ca2+ signaling plays an important role in diverse cellular functions. However, numerous 

evidences suggest that Ca2+ can play a specialized role in activation of specific signaling 

pathways depending on the amplitude, oscillation frequency, and location of its entry. 

In physiological conditions, unlike treatment with ionophore or a blocker of SERCA 

(sarcoplasmic and endoplasmic reticulum Ca2+ ATPase), thapsigargin, T cells show Ca2+ 

oscillations after TCR engagement that is regulated by a balance between cytoplasmic and 

ER Ca2+ concentrations as well as the levels of Ca2+ entry and exclusion (Dolmetsch et al., 

1994; Dolmetsch et al., 1998). NFAT, AP-1 and NF-κB transcription factors were shown 

to be optimally activated in response to different oscillation patterns of Ca2+ in T cells. 

Transient high Ca2+ spikes evoked activation of JNK and NF-κB, but not NFAT, whereas 

prolonged low increases in [Ca2+]i, was sufficient for activation of NFAT, but not JNK or 

NF-κB (Dolmetsch et al., 1997). It was also shown that [Ca2+] in the microdomains near the 

CRAC channels is more important for nuclear translocation of NFAT than global increase of 

Ca2+ emphasizing the importance of local Ca2+ concentration in T cells (Kar et al., 2011). 

STIM1 and Orai1 proteins are crucial components of the CRAC channel in T cells (see 

below). Upon antigen engagement of CD4+ T cells, Orai1 and STIM1 translocate into the 

immunological synapse, a site of contact between the TCRs and antigen-loaded MHC class 

II molecules, suggesting that Ca2+ entry via CRAC channels occurs at specific locations in T 

cells (Barr et al., 2008; Lioudyno et al., 2008). The site of Orai1 and STIM1 clustering was 

expectedly proven to be the location of Ca2+ entry (Luik et al., 2006).

Recent studies have shown that Ca2+ ions were not important for recruitment of Orai1, 

STIM1, and TCRs into the immunological synapse at the initial phase, but played 

an essential role in actin re-organization, which was crucial for the stability of the 

immunological synapse (Hartzell et al., 2016; Lioudyno et al., 2008). In addition, 

increased local [Ca2+] at the immunological synapse is also important for sustaining 

CD3 phosphorylation by neutralizing negative charges of phospholipids and generating 

unfolded structure of the cytoplasmic domains of CD3 chains (Shi et al., 2013). Since 

the immunological synapse is the site for aggregation of signaling molecules including 

many tyrosine and serine/threonine kinases, it is possible that clustering of Orai1 and 
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STIM1 at the synapse is regulated by protein phosphorylation via these TCR signaling 

molecules, but there has been no experimental data to prove this yet. Together, these studies 

suggest that not only the amplitude of Ca2+ signaling, but also its pattern and location (e.g. 

oscillation frequency, sustained levels, and microdomains) can provide specificity to activate 

downstream signaling pathways.

Components of CRAC channels in T cells - Orai and STIM proteins

CRAC channels in T cells consist of pore subunits, Orai proteins and regulatory STIM 

proteins. Differently from many other Ca2+ channels, CRAC channels are primarily gated 

by a direct interaction between Orai and STIM proteins. Existence of CRAC channels 

in immune cells was identified by electrophysiological methods based on their unique 

biophysical characteristics (Hoth et al., 1992; Lewis et al., 1989). Later, genome-wide RNAi 

screens in Drosophila cells identified the Drosophila gene olf186-F (named Drosophila 
Orai) and its mammalian homologues Orai1, 2 and 3 as subunits of the CRAC channels 

(Feske et al., 2006; Gwack et al., 2007c; Vig et al., 2006; Zhang et al., 2006). Furthermore, 

a missense mutation of R91W was identified in the ORAI1 gene from severe combined 

immune deficiency (SCID) patients that lacked functional CRAC channels and expression 

of wild-type Orai1 recovered CRAC currents in patient cells (Feske et al., 2006). Prior to 

identification of Orai1, limited RNAi screen in Drosophila and HeLa cells identified STIM1, 

a Ca2+-sensing protein localized predominantly in the endoplasmic reticulum (ER) as an 

important regulator of CRAC channel-mediated Ca2+ entry (Liou et al., 2005; Roos et al., 

2005; Zhang et al., 2005).

Orai1 has four transmembrane segments (TM1-TM4) with its N and C terminus facing the 

cytoplasm. The TM1 of Orai1 has been shown to line the pore, and residues in the TM1 

including R91, G98, V102, and E106 are important for Ca2+ selectivity and gating (Cahalan 

et al., 2009; Hogan et al., 2010; Lewis, 2011; McNally et al., 2012; Putney, 2009; Srikanth 

et al., 2013c; Zhang et al., 2011). The cytoplasmic N and C terminus of Orai1 mediates 

channel opening by interaction with STIM1 after store depletion. CRAC channels are also 

negatively regulated by excess Ca2+, resulting in their Ca2+-dependent inactivation (CDI) 

(Hoth et al., 1992, 1993; Zweifach et al., 1995). In addition to channel gating, mutational 

studies showed that all the cytoplasmic regions of Orai1 including the N terminus, the 

intracellular loop, and the C terminus are involved in CDI (Lee et al., 2009; Mullins et al., 

2009; Srikanth et al., 2010b). Thus, intracellular domains of Orai1 are important not only 

for channel gating, but also for channel inactivation, to avoid deleterious consequences of 

excessive Ca2+ including cell death.

STIM family has two members, STIM1 and STIM2. STIM1 contains an N-terminal EF-hand 

that detects luminal ER [Ca2+], a single transmembrane domain, and a long C-terminal 

cytoplasmic region (Fig. 2) [reviewed in (Soboloff et al., 2012)]. STIM1 plays a pivotal role 

in sensing ER [Ca2+] and CRAC channel opening. Upon ER Ca2+ depletion, STIM1 loses 

bound Ca2+, multimerizes, translocates to the plasma membrane-proximal ER, mediates 

clustering of Orai proteins, and stimulates Ca2+ entry (Liou et al., 2005; Roos et al., 

2005; Zhang et al., 2005). STIM1 interacts with Orai1 via CRAC-activating domain (CAD)/

STIM1 Orai1 activating region (SOAR) (Muik et al., 2009; Park et al., 2009; Yuan et al., 
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2009). The CAD/SOAR fragment of STIM1 (coiled coil domains 2 and 3) was shown to 

play a pivotal role in activation of Orai1 by direct binding to its cytoplasmic N and C 

terminus. Furthermore, the stoichiometry of STIM1 binding to Orai1 can affect the fast 

inactivation properties of CRAC channels, indicating that STIM1 is a bona fide subunit 

of CRAC channels (Scrimgeour et al., 2009). These and other studies showed that CRAC 

channel activation involves multiple steps including STIM1 oligomerization, co-clustering 

of Orai1 and STIM1 at the ER-plasma membrane junctions, and gating of Orai1 (Liou et al., 

2007; Muik et al., 2009; Muik et al., 2008; Navarro-Borelly et al., 2008; Park et al., 2009; 

Yuan et al., 2009). STIM2 shares similar domain structure with STIM1, but its ER-luminal 

EF-hand motif has lower Ca2+ binding affinity than STIM1, based on translocation kinetics 

in response to varying ER [Ca2+] (Brandman et al., 2007). Because STIM2 responds to 

subtle changes in ER [Ca2+], it has been suggested to regulate basal [Ca2+] (Brandman et al., 

2007). STIM2 function in activation of Orai1 is not as strong as that of STIM1 and it also 

shows a slower kinetics in aggregation and translocation than STIM1 (reviewed in (Soboloff 

et al., 2012)). In T cells, the role of STIM2 is not obvious due to the primary function of 

STIM1 in SOCE, but it seems to play a supportive role for STIM1 function in SOCE and 

long-term activation of NFAT (Oh-Hora et al., 2008).

Cellular factors associating with Orai1 in T cells

In addition to Orai and STIM proteins, numerous auxiliary factors regulate activation and 

inactivation of CRAC channels by inducing conformational changes or stabilizing Orai1-

STIM1 interaction. Interacting partners of Orai1 and their functions in general cell types 

have been recently summarized (Srikanth et al., 2012a, 2013a; Srikanth et al., 2013d). In 

theory, all of these interacting partners can act as regulators for Ca2+ signaling in T cells, but 

only the molecules whose functions have been validated in T cells will be discussed here.

An interacting partner of Orai1, CRAC channel regulator 2A (CRACR2A, EFCAB4B or 

FLJ33805) was identified from large-scale affinity protein purification using Orai1 as bait 

(Srikanth et al., 2010a). CRACR2A has two splice isoforms, CRACR2A-a (~80 KDa) 

and CRACR2A-c (45 KDa). The short isoform CRACR2A-c is cytoplasmic and forms a 

ternary complex with Orai1 and STIM1 to stabilize their interaction after store depletion. 

Accordingly, its depletion decreases STIM1 clustering at the ER-plasma membrane 

junctions and hence, SOCE. This interaction with Orai1 and STIM1 is [Ca2+]i-dependent, 

with low [Ca2+]i favoring association and high [Ca2+]i favoring its dissociation by sensing 

Ca2+ through its EF-hand motifs (Fig. 3a). The long isoform CRACR2A-a encodes a large 

Rab GTPase (Srikanth et al., 2016a; Srikanth et al., 2016b; Wilson et al., 2015). CRACR2A-

a is localized to the proximal Golgi area and vesicles, and plays an important role in TCR 

signaling pathways including SOCE and JNK MAPK pathways (Srikanth et al., 2016a). 

While the regions for Ca2+ binding and interaction with Orai1 and STIM1 are conserved 

between the two isoforms, CRACR2A-a has an additional proline-rich domain (PRD) and 

a Rab GTPase domain in its C-terminus, and is abundantly expressed in lymphoid organs. 

CRACR2A-a is unique because it clearly distinguishes itself from small Rab GTPases 

(∼20 KDa) due to its large size (~85 KDa) and presence of multiple functional domains 

(Srikanth et al., 2016a; Wilson et al., 2015). The Rab GTPase domain of CRACR2A-

a contains conserved guanidine-binding residues that regulate its localization in a GTP/
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GDP-binding and prenylation-dependent manner (Fig. 3b). GTP-bound and prenylated 

CRACR2A-a localizes within vesicles close to the trans Golgi network whereas GDP-bound 

or unprenylated CRACR2A-a is cytosolic and rapidly degraded. Prenylation of CRACR2A-a 

involves geranylgeranylation at an unconventional site (CCx, x; any amino acid) in the C 

terminus. Upon TCR stimulation CRACR2A-a translocates into the immunological synapse 

via interaction of its PRD domain with Vav1, to activate SOCE and both the Ca2+-NFAT 

and the Jnk MAPK signaling pathways. CRACR2A-a also translocates into the ER-plasma 

membrane junctions via vesicle trafficking after passive ER Ca2+ store depletion and 

recovers SOCE in Jurkat T cells depleted for both the isoforms, similar to CRACR2A-c. 

Because CRACR2A-a retains the Orai-STIM interaction domain, one can assume that it 

supports SOCE by interacting with both Orai1 and STIM1, similar to CRACR2A-c.

The α-SNAP protein was also identified as a cytosolic factor that interacts with both Orai1 

and STIM1 (Miao et al., 2013). Depletion of α-SNAP drastically decreased SOCE in 

various cell types including Jurkat T cells. The original function of α-SNAP is disassembly 

of the SNARE (NSF attachment protein receptor) complex, a cellular machinery used for 

vesicle fusion. Differently from its original function, α-SNAP, a predominantly cytoplasmic 

protein; physically interacts with the cytosolic CAD/SOAR domain of STIM1 and the 

C-terminal tail of Orai1. Through this interaction, α-SNAP regulates an active molecular 

rearrangement within Orai1-STIM1 clusters to obtain the STIM1/Orai1 ratio required for 

optimal activation of CRAC channels, without affecting the rate of STIM1 translocation 

into the ER-PM junctions. Accordingly, after store depletion, α-SNAP-depleted cells stably 

expressing Orai1 and STIM1 exhibited increase in density of Orai1 in clusters without 

altering STIM1 density, leading to a reduced ratio of STIM1/Orai1 in individual clusters, 

thereby reduced SOCE. A follow up study by the same group showed that α-SNAP 

deficiency induces formation of Orai1 oligomers with biophysical properties different from 

CRAC channels, including higher Na+ permeability. Thus α-SNAP plays an important role 

in establishing a correct ratio between STIM1 and Orai1 by direct interaction with the two 

proteins (Li et al., 2016).

Cellular factors associating with STIM1 in T cells

Orai1 and STIM1 cluster at pre-existing junctions of the ER and the plasma membrane, 

a space of 10–25 nm (Varnai et al., 2007; Wu et al., 2006). In muscle cells, proteins 

localized to the junctions between the plasma membrane and ER/sarcoplasmic reticulum 

(SR) membrane form a structural foundation for Ca2+ dynamics essential for excitation-

contraction coupling (Berridge et al., 2003; Carrasco et al., 2010). Various biochemical 

screening approaches have identified junctophilins, mitsugumins, sarcalumenin, junctin, and 

junctate as components of these junctions (Carrasco et al., 2010; Takeshima et al., 2000; 

Weisleder et al., 2008). Recent studies have shown that homologues and isoforms of these 

junctional proteins are also expressed in T cells. Srikanth et al identified the EF-hand 

containing protein, junctate as an interactor of STIM1 (Srikanth et al., 2012b). Junctate 

localization defined the sites of accumulation of CRAC channel components, since after 

store depletion, Orai1 and STIM1 accumulated at junctions that were already marked by 

junctate (Fig. 3c). The EF-hand motif of junctate senses ER Ca2+ depletion, which is 

important for efficient recruitment of STIM1. However, junctate alone cannot function as 

Srikanth et al. Page 8

Adv Exp Med Biol. Author manuscript; available in PMC 2022 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a membrane-tethering factor because the cytoplasmic N terminus is very short and also 

does not contain any obvious plasma membrane-binding motif. In a recent study, Woo et al 

identified another junctional protein, junctophilin 4 (JP4) as an interacting partner of STIM1 

(Woo et al., 2016). Junctophilin family consists of four genes JP1, JP2, JP3, and JP4 that 

are expressed in a tissue-specific manner and are known to form ER-plasma membrane 

junctions in excitable cells including skeletal muscle, cardiac and neuronal cells (Nishi et 

al., 2003; Takeshima et al., 2000). Junctophilins contain eight repeats of the membrane 

occupation and recognition nexus (MORN) motifs that bind to phospholipids in the N 

terminus and a C-terminal ER membrane-spanning transmembrane segment (Garbino et 

al., 2009; Takeshima et al., 2000). Depletion of JP4 inhibited STIM1 recruitment into the 

ER-plasma membrane junctions and significantly decreased SOCE. Biochemical analyses 

showed a direct interaction of JP4 cytoplasmic domain with coiled-coil 1 and 2 regions 

of STIM1. JP4 was also shown to interact with the N-terminal cytoplasmic region of 

junctate. Therefore, this study demonstrates that JP4-junctate complex is localized at the 

ER-plasma membrane junctions in T cells and synergistically recruits STIM1 into these 

junctions by direct interaction. When overexpressed, STIM1 alone is sufficient to establish 

the ER-plasma membrane junctions using its C-terminal poly-lysine tail. However, in a 

physiological condition when the concentration of STIM1 is limiting or when STIM1 is 

unable to bind membrane phospholipids (e.g., due to low [PIP2] in the plasma membrane), 

its interaction with the juncate-JP4 complex can be important for efficient assembly of a 

functional CRAC channel complex at the ER-plasma membrane junctions.

Transmembrane protein 110 (TMEM110 or STIM-activating enhancer) was identified as 

a positive regulator of SOCE using biotin-labeled protein purification and a genome-wide 

RNAi screen, respectively (Jing et al., 2015; Quintana et al., 2015). TMEM110 is a multi-

pass ER-resident protein with its N and C termini facing the cytoplasm (Fig. 3c). Jiang et 

al showed that TMEM110 interacted with the coiled-coil 1 region of STIM1 and induced 

its active conformation to interact with Orai1 (Jing et al., 2015). The coiled-coil 1 region 

of STIM1 contains an acidic amino acid motif that binds to the positively charged residues 

within Orai1-interacting CAD/SOAR fragment, blocking its interaction with Orai1 in an 

auto-inhibitory manner. Interaction of TMEM110 with the coiled coil 1 region of STIM1 

facilitated the release of this auto-inhibition. Furthermore, this study showed that depletion 

of TMEM110 had a modest influence on the frequency of the ER-plasma membrane 

junctions with 8–12% decrease in cortical ER. Another study also identified TMEM110 

as an important regulator of SOCE using an siRNA screen. This study showed that siRNA-

mediated depletion of TMEM110 significantly reduced the density of ER-plasma membrane 

junctions by >60% in HeLa/HEK293 cells, both under resting conditions and after store 

depletion. Importantly, artificial expansion of the junctions by overexpression of a yeast 

junctional protein lst2, which is unlikely to affect STIM1 auto-inhibition, significantly 

rescued STIM1 translocation and SOCE. Therefore, this study concluded that TMEM110 is 

important for maintenance of the ER-PM junctions involved in SOCE in resting conditions 

and for dynamic remodeling of these junctions after store depletion. Both these studies 

show an important role of TMEM110 in STIM1 translocation and thereby SOCE in T cells, 

although further studies are required to validate whether this involves direct interaction with 

STIM1 or indirectly by regulating the number of ER-plasma membrane junctions.
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An ER-resident protein SARAF was identified as an interacting partner of STIM1 and 

a negative regulator of SOCE, which facilitates the Ca2+-dependent slow inactivation of 

CRAC channels (Palty et al., 2012). SARAF encodes a 339-amino acid protein containing 

single transmembrane segment (aa 173–195) with its N terminus facing the ER lumen (aa 

1–172) and its C terminus facing the cytoplasm (aa 196–339) (Fig. 3c). SARAF contains 

positively charged residues, which may interact with the plasma membrane phospholipids 

and a serine/proline-rich domain in its C-terminal end. Depletion of SARAF increased 

intracellular Ca2+ concentration and enhanced SOCE after store depletion, whereas its 

overexpression showed an opposite effect. SARAF played a negative role in SOCE with 

multiple modes of action; i) interaction with the inactive form of STIM1 at the resting 

condition to stabilize its inactive conformation in the ER, ii) induction of Ca2+-dependent 

inactivation of Orai1 channels after translocation to the ER-plasma membrane junctions 

together with STIM1, and iii) facilitating dissociation of clustered STIM1 proteins. Detailed 

structure-function studies identified a C-terminal inhibitory domain (CTID, aa 448–530) 

within STIM1 that regulates SARAF-STIM1 interaction (Jha et al., 2013). STIM1 CTID 

is located at the C-terminal region of the Orai1-interacting CAD/SOAR domain and 

interestingly, deletion of CTID from full-length STIM1 resulted in constitutively active 

Orai1 channels. CTID does not bind to SARAF directly, but mediates the interaction of 

SARAF with the CAD/SOAR region. Therefore, this study highlights the important role 

of STIM1 and SARAF in Ca2+-dependent inactivation of Orai1. STIM1 also negatively 

regulates plasma membrane Ca2+ ATPase (PMCA) directly or indirectly via a novel 

10-transmembrane segment-containing protein, POST (partner of STIM1, TMEM20) 

(Krapivinsky et al., 2011; Ritchie et al., 2012). These studies suggest that both stimulation 

of CRAC channels and inhibition of PMCA activity at the immunological synapse may be 

important for generation of sustained, local Ca2+ entry required for NFAT activation.

Ca2+ signaling in development of T cells in the thymus

In humans, loss of Orai1 or STIM1 function causes immune deficiency which is 

recapitulated in animal models lacking expression of these proteins. In human patients and 

mice lacking expression of Orai or STIM proteins, development of conventional TCRαβ+ 

T cells is normal. These results were unexpected because the intensity and duration of 

TCR signaling is important for positive and negative selection of T cells in the thymus 

and SOCE was expected to play a major role in these events. Although deficiency of 

any CRAC channel component does not influence development of conventional TCRαβ+ 

T cells, deficiency of both STIM1 and STIM2 impaired development of unconventional 

agonist-selected T cells, including regulatory T cells, invariant natural killer T (iNKT) 

cells and intestinal intraepithelial lymphocytes, which are thought to require strong and 

sustained TCR signals during development (Oh-Hora et al., 2013). STIM1 deficiency alone 

dramatically reduced development of iNKT cells, while that of regulatory T cells and 

intestinal intraepithelial cells was normal (Oh-Hora et al., 2008). These results suggest that 

SOCE is important for development of agonist-selected T cells, and especially iNKT cells 

require high levels of [Ca2+]i for their development.

Instead of CRAC channels, development of T cells depends on other modes of Ca2+ 

signaling. Recent studies on voltage-activated Ca2+ channels (VOCCs) provide insights into 
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the role of Ca2+ signaling during T cell development and differentiation (Badou et al., 2013; 

Nohara et al., 2015). VOCCs are predominantly expressed in excitable cells and activated 

by action potentials. They are divided into L-type (Cav1.1–1.4), P/Q-type (Cav2.1), N-type 

(Cav2.2), R-type (Cav2.3) and T-types (Cav3.1, 3.2, and 3.3) (Christel and lee 2012). They 

consist of an α1 subunit and four auxiliary subunits of α2, δ, β, and γ. The α1 subunits 

line the pore of the CaV channels, whereas the β subunits are regulatory proteins that are 

important for assembly of the channel complex, correct plasma membrane targeting and 

stimulation of channel activity. Recently, it was found that deletion of only the β2 subunit 

profoundly influenced T cell development by decreasing the total number of thymocytes 

due to inhibition of the DN (double-negative)-to-DP (double positive) transition (Badou 

et al., 2013; Jha et al., 2015). Protein levels of Cav1.2 and Cav1.3 were decreased in 

β2 subunit-deficient thymocytes, suggesting that Cav1.2/1.3-β2 channels are important for 

thymic development of conventional T cells (Jha et al., 2015). Another study examined mice 

genetically deleted for expression of α1 subunit of Cav1.4 and observed subtle reduction in 

CD4 single positive cells in the thymus (Omilusik et al., 2011). Both the studies using mice 

deficient in Cav1.4 or the regulatory β subunits identified a positive role for Cav1 channels in 

T cell development.

Several questions still remain to be answered regarding the role of Ca2+ signaling during T 

cell development in the thymus. Cav channels are known to be activated by TCR stimulation, 

but Ca2+ entry via these channels is not as robust as those mediated by Orai channels. 

We do not understand how these moderate levels of Ca2+ entry mediated by Cav channels 

play an important role in T cell development while the robust SOCE observed with CRAC 

channels is dispensable for the same. Normal development of TCRαβ+ T cells in Orai1 

KO or STIM1/STIM2 double KO animals, suggest that CRAC channels are not important 

during development stage. However, it is still possible that other Orai channels (e.g., Orai2 

or Orai3) play a role in T cell development in a STIM-independent manner. In addition, 

the Ca2+ channel important for negative selection in the thymus has not been identified yet. 

Self-reactive T cells should have higher levels of Ca2+ signaling to trigger cell death (see 

below). Therefore, Ca2+ channels involved in negative selection are expected to have robust 

Ca2+ entry, but any defect in negative selection has not been identified in mice deficient for 

CRAC or Cav channel components. Therefore, Ca2+ channels that are important for each 

step of T cell development in the thymus remain to be uncovered in future work.

Orai and STIM proteins in the function of effector T cells

Naïve T cells undergo clonal selection, proliferation and differentiation into effector T 

cells at the central or peripheral lymphoid organs (e.g., spleen or lymph nodes). For 

differentiation into specific effector T cells, three conditions need to be met. Signals from 

TCRs and co-receptor (e.g., CD28) are essential for optimal differentiation. In addition, 

polarizing cytokines (e.g., IL-4, IL-6, or IL-12) are essential for determination of T cell fate 

such as differentiation into various effector T cells including Th1, Th2, Th9, Th17, Th22 

and follicular T cells. Differentiation and effector functions of these cells are controlled 

by signature transcription factors, for example, T-bet for Th1, GATA3 for Th2, or RORγt 

for Th17 cells. After differentiation at the priming sites, effector helper T cells migrate 
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into the infected or inflamed tissues to produce cytokines that recruit and differentiate 

myeloid-lineage innate immune cells.

The most obvious defect in patients and mice with nonfunctional CRAC channels has been 

identified in various functions of effector T cells including differentiation and cytokine 

production. Patients with a point-mutation, R91W showed defect in cytokine production in T 

cells (Feske et al., 2006). In consistence, Orai1 KO or R93W (counterpart of human R91W 

mutation) knock-in mice also showed a reduction in cytokine production by CD4+ and CD8+ 

effector T cells (Gwack et al., 2008; McCarl et al., 2010). In addition to cytokine production, 

SOCE via Orai1 channels is essential for differentiation of effector T cells. Using a small 

molecule inhibitor of Orai1, compound 5D (N-[2,2,2-trichloro-1-(2-naphthylamino)ethyl]-2-

furamide) identified from chemical library screen and Orai1-deficient T cells, it was shown 

that Orai1 plays a key role in differentiation of Th17 cells by induction of the NFAT-RORγt 

pathway (Kim et al., 2014). Inhibition or deficiency of Orai1 also decreased expression 

of T-bet and GATA3 under Th1- and Th2-polarizing conditions, respectively, but to a 

much lesser degree, suggesting a higher dependence on SOCE for Th17 differentiation. 

Decreased Th17 differentiation in Orai1-deficient T cells could be mimicked by treatment 

with cyclosporine A, a blocker of calcineurin, and this defect was rescued by expression 

of constitutively active NFAT at least partly, suggesting that the Orai1-NFAT pathway 

significantly contributes to expression of RORγt, and thus Th17 differentiation. Another 

report also validated the role of Orai1 in cytokine production in effector T cells using 

blockers and Orai1 knockout mice (Kaufmann et al., 2016). The major findings are 

consistent by demonstrating an important role of Orai1 in production of IL-17A and IFN-γ 
by effector T cells without affecting the function of regulatory T cells. However, there was 

discrepancy in the role of Orai1 in expression of T-bet and RORγt transcription factors, 

which could be due to differences in the residual Ca2+ entry between the two independent 

knockout mouse lines. In addition to Orai1, STIM1 deficiency also showed a pronounced 

reduction in SOCE and cytokine production in T cells resulting in resistance to experimental 

autoimmune encephalomyelitis (EAE) (Oh-Hora et al., 2008; Schuhmann et al.). On the 

contrary, mice deficient in STIM2, another member of the STIM family, showed a mild 

defect in SOCE and correspondingly, succumbed to EAE, albeit with less severe symptoms 

(Schuhmann et al.).

The genetic manipulation of Orai and STIM proteins provide opportunities to determine the 

outcomes of differential SOCE levels in the functions of effector T cells. For example, a 

progressive reduction in SOCE was observed in WT, Orai1+/− and Orai1−/− T cells (Fig. 4a). 

The residual SOCE in Orai1−/− T cells can be blocked by the widely used CRAC channel 

inhibitor 2-APB (2-aminoethoxydiphenyl borate), suggesting that the residual SOCE is 

likely mediated by Orai2 or Orai3 proteins (Srikanth S. and Gwack Y, unpublished). Hence, 

SOCE in Orai1−/− T cells can be further reduced by expression of a dominant negative 

mutant of Orai1, E106Q which can is likely to hetero-multimerize with Orai2 or Orai3 to 

further decrease SOCE (Gwack et al., 2007b; Kim et al., 2011). On the contrary, expression 

of a mutant of Orai1 that lacks fast inactivation (Orai1MutA) can increase SOCE in Orai1−/− 

T cells (Srikanth et al., 2010c). These results provide ways to generate, in theory, five 

different gradients of SOCE in T cells, Orai1−/− T cells with expression of E106Q, Orai1−/−, 

Orai1+/−, Orai1+/+ and Orai1−/− T cells with expression of MutA Orai1 (lowest to highest 
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[Ca2+]) (Fig. 4a). These genetic modifications will provide useful tools to investigate various 

outcomes in T cell functions responding to different levels of SOCE.

There is no data regarding a direct comparison of SOCE between Orai1 and STIM1 KO 

T cells, but based on the published results, it is assumed that SOCE in STIM1−/− T 

cells should be much lower than that of Orai1−/− T cells. SOCE in STIM1−/−STIM2−/− 

(DKO) T cells is close to basal levels, which is very similar with Orai1−/− T cells 

expressing Orai1E106Q. Progressive decrease in SOCE observed in WT, Orai1+/−, Orai1−/− or 

Orai1E106Q-expressing cells closely correlated with cytokine expression and differentiation 

(as judged by the expression of key transcription factors and surface receptors) of effector T 

cells as depicted in Fig. 4b. There is a general notion that robust Ca2+ signaling is needed for 

T cell proliferation, based on the observation that absence or chelation of extracellular Ca2+ 

drastically decreases T cell proliferation. However, analysis of Orai and STIM knockout 

T cells reaches a different conclusion, with very low levels of SOCE as observed in 

STIM1- or Orai1-deficient T cells sufficient for proliferation (Kim et al., 2011; Ma et al., 

2010). Similarly, double knockout of both STIM1 and STIM2, but not individual knockout 

drastically decreased TCR-induced cell proliferation (Oh-Hora et al., 2008). Collectively, 

differentiation and cytokine production of effector T cells demand high SOCE, but the 

threshold levels for T cell proliferation is very low and a minimal increase in [Ca2+]i is 

sufficient.

Ca2+ signaling in immune suppression

Ca2+ signaling in T cells plays a dual role in both positive and negative immune reactions. 

SOCE in T cells is important for the immune suppressive mechanisms of activated T 

cell death, anergy, and the function of regulatory T cells. Cell death induced by TCR 

stimulation is critical for homeostasis of peripheral T cells after antigen clearance (Budd, 

2001; Krammer et al., 2007; Strasser, 2005). Therefore, abrogation of T cell death leads 

to hypersensitive immune reaction and autoimmune disorders. Activation induced T cell 

death occurs through the death receptor- and mitochondria-mediated pathways. Death 

receptor-mediated apoptosis involves the Fas ligand (FasL)/Fas signaling pathway, primarily 

regulated by NFAT (Hodge et al., 1996; Macian et al., 2002; Serfling et al., 2006) while 

mitochondria-mediated cell death occurs due to loss of mitochondrial membrane potential 

(Marsden et al., 2003; Strasser, 2005). Mitochondria-mediated cell death pathway involving 

the Bcl-2 family members (e.g. Bcl-2 and Bcl-XL) and the BH3-only proteins (e.g. Bad, 

Bik, Bim, and Noxa) play an important role in T cell survival and death, respectively 

(Budd, 2001; Hildeman et al., 2007; Hildeman et al., 2002; Marrack et al., 2004; Strasser, 

2005; Strasser et al., 2004). It was shown that Orai1-deficient T cells are strongly resistant 

to cell death due to reduction in both death receptor- and mitochondria-mediated cell 

death mechanisms by decreasing expression levels of pro-apoptotic genes including FasL 

and Noxa as well as mitochondrial Ca2+ uptake (Kim et al., 2011). Similarly, STIM1 

knockout T cells also displayed reduced cell death after mycobacteria infection due to 

reduced expression of pro-apoptotic factors, which unexpectedly resulted in hyperactive 

immune response and increased production of IFN-γ in a long term (Desvignes et al., 2015). 

Collectively, these results suggested that Orai- and STIM-mediated SOCE contributes to 
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both cell death mechanisms via NFAT-mediated transcriptional regulation and accumulation 

of Ca2+ in the mitochondria.

Orai1 KO T cells show decreased cell death, but heterozygous Orai1+/− T cells display 

normal level of cell death, suggesting that intermediate levels of [Ca2+]i are sufficient to 

induce cell death (Kim KD, and Gwack Y, unpublished). Therefore, the threshold levels 

of [Ca2+]i for activated T cell death should be between those of Orai1+/− and Orai1−/− T 

cells (Fig. 4b). However, as mentioned earlier, Orai1−/− T cells showed a normal rate of 

proliferation. One possible explanation for the difference in the threshold levels of [Ca2+]i 

for proliferation and cell death may be caused by the differential regulation of NFAT1 

and NFAT2 transcription factors. Whereas NFAT2 acted as a positive regulator for cell 

proliferation, NFAT1 induced cell cycle arrest and cell death (Robbs et al., 2008). Another 

report showed that NFAT1 and NFAT2 are preferentially activated by high and moderate 

Ca2+ levels in T cells, respectively (Srinivasan et al., 2007). Indeed, our RNA-seq analysis 

of Orai1−/− T cells indicated that expression levels of pro-apoptotic genes, major targets of 

NFAT1 were drastically decreased while those of positive regulators for cell cycle progress 

(e.g., c-Myc, CDK4 or CDK6) that are regulated by NFAT2 were not decreased (Mognol et 

al., 2016) (Srikanth S and Gwack Y, unpublished). Therefore, it is possible that activation of 

NFAT1, but not NFAT2 is inhibited in Orai1−/− T cells that show decreased cell death with a 

normal proliferation rate.

Ca2+ signaling also plays a pivotal role in the induction of anergy in T cells. Anergic T 

cells are incapable of proliferation and cytokine expression after antigen encounter (Baine et 

al., 2009). Technically, it is difficult to apply these standards to determine whether T cells 

deficient of Orai or STIM proteins undergo anergy because cytokine production in those 

cells are intrinsically low. However, if we judge only by proliferation after TCR stimulation, 

Orai1 or STIM1 KO T cells do not seem to undergo anergy because the rates of proliferation 

of those cells were normal (Kim et al., 2011; Ma et al., 2010). Therefore, the threshold levels 

of [Ca2+]i for anergy induction is likely to be higher than [Ca2+]i levels observed in Orai1−/− 

or STIM1−/− T cells. Considering the role of Ca2+ signaling in inhibition of excessive T 

cell activation, it seems reasonable that the threshold levels of Ca2+ required for negative 

immune responses including activated T cell death or anergy is higher than that for positive 

immune reactions.

Dysregulated Ca2+ signaling also induces autoimmune and lymphoproliferative disorders 

by defects in development of regulatory T cells. SCID patients harboring mutations in 

STIM1 showed autoimmune hemolytic anemia, thrombocytopenia and enlarged spleen 

and lymph nodes (Picard et al., 2009). Mice lacking both STIM1 and STIM2 showed 

lymphoproliferative disorder in addition to SCID phenotype (Oh-Hora et al., 2008). The 

lymphoproliferative phenotype of STIM1/STIM2 double knockout mice was attributed 

to a severe reduction in thymic Tregs, which are crucial for immune tolerance. These 

observations identify a strict requirement of the Ca2+-NFAT signaling pathway for the 

development of Tregs than other T cell types. In addition to T cells, B-cell specific knockout 

of STIM1 and STIM2 showed decreased expression of the immune suppressive cytokine 

IL-10, that led to development of autoimmune diseases (Matsumoto et al., 2011). Together, 

these reports indicated that Ca2+ signaling plays an important role in both aspects of immune 
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regulation - effector T cell activation and immune tolerance, and a block of CRAC channel 

activity can lead to completely opposite outcomes like immune deficiency or autoimmunity 

depending on the degree and duration of inhibition.

Future directions

The CRAC channels-calcineurin-NFAT pathway has been extensively studied due to 

its importance in immune cell functions. Molecular understanding of this fundamental 

signaling pathway is crucial for development of therapy that benefits patients with immune 

deficiencies, autoimmune diseases, transplant rejection and cancer. Blockers for calcineurin 

such as cyclosporin A and FK506 (Tacrolimus) are currently used to suppress transplant 

rejection and acute inflammation. However, ubiquitous expression of calcineurin makes 

long-term treatment with the calcineurin blockers technically challenging. Identification 

of CRAC channel subunits provides potential new targets for drug development. Detailed 

structural studies targeting the pore region of Orai1 in the closed and open configuration 

(in the absence and presence of STIM1) will greatly help our understanding of channel 

regulation. In addition, identification of interacting partners of CRAC channels, particularly 

those predominantly expressed in the immune system will provide new targets for 

therapeutic intervention of the Ca2+-calcineurin-NFAT signaling pathway to balance 

immune reactions. Ca2+ is a universal second messenger; however, accumulating evidences 

suggest that Ca2+ signal has specific effects, depending on signaling patterns (e.g., amplitude 

and frequency of oscillation), site of accumulation (e.g., micro- or nano-domains), and cell 

types. Unlike other signaling pathways, it is technically possible to fine-tune the strength 

of Ca2+ signaling using genetic manipulation and expression of dominant-negative mutants. 

Therefore, in vivo studies using these models will provide tools to dissect outcomes of Ca2+ 

signaling under physiological conditions.

The Ca2+-calcineurin-NFAT pathway is a fundamental signaling pathway for T cell 

physiology including proliferation, differentiation and cytokine production as well as 

immune suppression. Therefore, molecular dissection of this signaling pathway will 

definitely provide basic knowledge on various immune phenotypes. However, translational 

application of inhibitors for CRAC channels need to cross tough barriers derived from 

different immunological outcomes depending on the levels of Ca2+ entry and threshold 

levels for each phenotype. For example, acute inhibition of CRAC channels can have 

suppressive therapeutic effects by acutely shutting down effector T cell responses, but in a 

long term, these effects can be compromised by the lack of immune suppressive mechanisms 

including T cell death or development of regulatory T cells. Theoretically, we should be able 

to control the immunological outcomes if we understand the detailed molecular mechanisms 

that link the intensity and timing of Ca2+ signaling to T cell phenotypes.

As mentioned above, Ca2+ channels responsible for each step of T cell development 

have not been identified yet. In addition, many other non-SOC Ca2+ channels (e.g., Cav, 

purinergic receptors and transient receptor potential channels) also exist in T cells and 

play important roles in effector T cell function (Badou et al., 2013) (Nohara et al., 2015). 

Although deficiency of those channels did not decrease Ca2+ entry triggered by TCR 

stimulation as much as deficiency of Orai or STIM proteins, the immunological outcomes of 
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inhibition of these channels were significant. These results suggest that their functions are 

not just supporting CRAC channels, but they may act independently of CRAC channels with 

the modes of activation, which are different from TCR stimulation (e.g. change in membrane 

potential or agonists). Therefore, identification of Ca2+ channels that function independent 

of CRAC channels in T cells is another exciting field that needs more attention.

Acknowledgements

This work was supported by National Institute of Health grants AI-083432 and AI109059 (Y.G.).

References

Aramburu J, Yaffe MB, Lopez-Rodriguez C, Cantley LC, Hogan PG, and Rao A (1999). Affinity-
driven peptide selection of an NFAT inhibitor more selective than cyclosporin A. Science 285, 
2129–2133. [PubMed: 10497131] 

Arron JR, Winslow MM, Polleri A, Chang CP, Wu H, Gao X, Neilson JR, Chen L, Heit JJ, Kim SK, et 
al. (2006). NFAT dysregulation by increased dosage of DSCR1 and DYRK1A on chromosome 21. 
Nature 441, 595–600. [PubMed: 16554754] 

Badou A, Jha MK, Matza D, and Flavell RA (2013). Emerging roles of L-type voltage-gated and other 
calcium channels in T lymphocytes. Front Immunol 4, 243. [PubMed: 24009608] 

Baine I, Abe BT, and Macian F (2009). Regulation of T-cell tolerance by calcium/NFAT signaling. 
Immunol Rev 231, 225–240. [PubMed: 19754900] 

Balagopalan L, Coussens NP, Sherman E, Samelson LE, and Sommers CL (2010). The LAT story: a 
tale of cooperativity, coordination, and choreography. Cold Spring Harb Perspect Biol 2, a005512. 
[PubMed: 20610546] 

Barr VA, Bernot KM, Srikanth S, Gwack Y, Balagopalan L, Regan CK, Helman DJ, Sommers CL, 
Oh-Hora M, Rao A, et al. (2008). Dynamic movement of the calcium sensor STIM1 and the 
calcium channel Orai1 in activated T-cells: puncta and distal caps. Mol Biol Cell 19, 2802–2817. 
[PubMed: 18448669] 

Berridge MJ, Bootman MD, and Roderick HL (2003). Calcium signalling: dynamics, homeostasis and 
remodelling. Nat Rev Mol Cell Biol 4, 517–529. [PubMed: 12838335] 

Brandman O, Liou J, Park WS, and Meyer T (2007). STIM2 is a feedback regulator that stabilizes 
basal cytosolic and endoplasmic reticulum Ca2+ levels. Cell 131, 1327–1339. [PubMed: 18160041] 

Budd RC (2001). Activation-induced cell death. Curr Opin Immunol 13, 356–362. [PubMed: 
11406369] 

Cahalan MD, and Chandy KG (2009). The functional network of ion channels in T lymphocytes. 
Immunol Rev 231, 59–87. [PubMed: 19754890] 

Carrasco S, and Meyer T (2010). STIM Proteins and the Endoplasmic Reticulum-Plasma Membrane 
Junctions. Annu Rev Biochem.

Constant SL, and Bottomly K (1997). Induction of Th1 and Th2 CD4+ T cell responses: the alternative 
approaches. Annu Rev Immunol 15, 297–322. [PubMed: 9143690] 

Coudronniere N, Villalba M, Englund N, and Altman A (2000). NF-kappa B activation induced by T 
cell receptor/CD28 costimulation is mediated by protein kinase C-theta. Proc Natl Acad Sci U S A 
97, 3394–3399. [PubMed: 10716728] 

Desvignes L, Weidinger C, Shaw P, Vaeth M, Ribierre T, Liu M, Fergus T, Kozhaya L, McVoy L, 
Unutmaz D, et al. (2015). STIM1 controls T cell-mediated immune regulation and inflammation in 
chronic infection. J Clin Invest 125, 2347–2362. [PubMed: 25938788] 

Dolmetsch RE, and Lewis RS (1994). Signaling between intracellular Ca2+ stores and depletion-
activated Ca2+ channels generates [Ca2+]i oscillations in T lymphocytes. J Gen Physiol 103, 
365–388. [PubMed: 8195779] 

Dolmetsch RE, Lewis RS, Goodnow CC, and Healy JI (1997). Differential activation of transcription 
factors induced by Ca2+ response amplitude and duration. Nature 386, 855–858. [PubMed: 
9126747] 

Srikanth et al. Page 16

Adv Exp Med Biol. Author manuscript; available in PMC 2022 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dolmetsch RE, Xu K, and Lewis RS (1998). Calcium oscillations increase the efficiency and 
specificity of gene expression. Nature 392, 933–936. [PubMed: 9582075] 

Feske S, Gwack Y, Prakriya M, Srikanth S, Puppel SH, Tanasa B, Hogan PG, Lewis RS, Daly M, 
and Rao A (2006). A mutation in Orai1 causes immune deficiency by abrogating CRAC channel 
function. Nature 441, 179–185. [PubMed: 16582901] 

Garbino A, van Oort RJ, Dixit SS, Landstrom AP, Ackerman MJ, and Wehrens XH (2009). Molecular 
evolution of the junctophilin gene family. Physiol Genomics 37, 175–186. [PubMed: 19318539] 

Gwack Y, Feske S, Srikanth S, Hogan PG, and Rao A (2007a). Signalling to transcription: store-
operated Ca2+ entry and NFAT activation in lymphocytes. Cell Calcium 42, 145–156. [PubMed: 
17572487] 

Gwack Y, Sharma S, Nardone J, Tanasa B, Iuga A, Srikanth S, Okamura H, Bolton D, Feske S, Hogan 
PG, et al. (2006). A genome-wide Drosophila RNAi screen identifies DYRK-family kinases as 
regulators of NFAT. Nature 441, 646–650. [PubMed: 16511445] 

Gwack Y, Srikanth S, Feske S, Cruz-Guilloty F, Oh-hora M, Neems DS, Hogan PG, and Rao A 
(2007b). Biochemical and functional characterization of Orai proteins. J Biol Chem 282, 16232–
16243. [PubMed: 17293345] 

Gwack Y, Srikanth S, Feske S, Cruz-Guilloty F, Oh-hora M, Neems DS, Hogan PG, and Rao A 
(2007c). Biochemical and functional characterization of Orai proteins. J Biol Chem 282, 16232–
16243. [PubMed: 17293345] 

Gwack Y, Srikanth S, Oh-Hora M, Hogan PG, Lamperti ED, Yamashita M, Gelinas C, Neems DS, 
Sasaki Y, Feske S, et al. (2008). Hair loss and defective T- and B-cell function in mice lacking 
ORAI1. Mol Cell Biol 28, 5209–5222. [PubMed: 18591248] 

Hartzell CA, Jankowska KI, Burkhardt JK, and Lewis RS (2016). Calcium influx through CRAC 
channels controls actin organization and dynamics at the immune synapse. Elife 5.

Hildeman D, Jorgensen T, Kappler J, and Marrack P (2007). Apoptosis and the homeostatic control of 
immune responses. Curr Opin Immunol 19, 516–521. [PubMed: 17644328] 

Hildeman DA, Zhu Y, Mitchell TC, Bouillet P, Strasser A, Kappler J, and Marrack P (2002). Activated 
T cell death in vivo mediated by proapoptotic bcl-2 family member bim. Immunity 16, 759–767. 
[PubMed: 12121658] 

Hodge MR, Ranger AM, Charles de la Brousse F, Hoey T, Grusby MJ, and Glimcher LH (1996). 
Hyperproliferation and dysregulation of IL-4 expression in NF-ATp-deficient mice. Immunity 4, 
397–405. [PubMed: 8612134] 

Hogan PG, Chen L, Nardone J, and Rao A (2003). Transcriptional regulation by calcium, calcineurin, 
and NFAT. Genes Dev 17, 2205–2232. [PubMed: 12975316] 

Hogan PG, Lewis RS, and Rao A (2010). Molecular basis of calcium signaling in lymphocytes: STIM 
and ORAI. Annu Rev Immunol 28, 491–533. [PubMed: 20307213] 

Hoth M, and Penner R (1992). Depletion of intracellular calcium stores activates a calcium current in 
mast cells. Nature 355, 353–356. [PubMed: 1309940] 

Hoth M, and Penner R (1993). Calcium release-activated calcium current in rat mast cells. J Physiol 
465, 359–386. [PubMed: 8229840] 

Ishiguro K, Ando T, Goto H, and Xavier R (2007). Bcl10 is phosphorylated on Ser138 by Ca2+/
calmodulin-dependent protein kinase II. Mol Immunol 44, 2095–2100. [PubMed: 17052756] 

Ishiguro K, Green T, Rapley J, Wachtel H, Giallourakis C, Landry A, Cao Z, Lu N, Takafumi A, 
Goto H, et al. (2006). Ca2+/calmodulin-dependent protein kinase II is a modulator of CARMA1-
mediated NF-kappaB activation. Mol Cell Biol 26, 5497–5508. [PubMed: 16809782] 

Jha A, Ahuja M, Maleth J, Moreno CM, Yuan JP, Kim MS, and Muallem S (2013). The STIM1 CTID 
domain determines access of SARAF to SOAR to regulate Orai1 channel function. J Cell Biol 202, 
71–79. [PubMed: 23816623] 

Jha A, Singh AK, Weissgerber P, Freichel M, Flockerzi V, Flavell RA, and Jha MK (2015). Essential 
roles for Cavbeta2 and Cav1 channels in thymocyte development and T cell homeostasis. Sci 
Signal 8, ra103. [PubMed: 26486172] 

Jing J, He L, Sun A, Quintana A, Ding Y, Ma G, Tan P, Liang X, Zheng X, Chen L, et al. (2015). 
Proteomic mapping of ER-PM junctions identifies STIMATE as a regulator of Ca(2)(+) influx. Nat 
Cell Biol 17, 1339–1347. [PubMed: 26322679] 

Srikanth et al. Page 17

Adv Exp Med Biol. Author manuscript; available in PMC 2022 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kar P, Nelson C, and Parekh AB (2011). Selective activation of the transcription factor NFAT1 by 
calcium microdomains near Ca2+ release-activated Ca2+ (CRAC) channels. J Biol Chem 286, 
14795–14803. [PubMed: 21325277] 

Kaufmann U, Shaw PJ, Kozhaya L, Subramanian R, Gaida K, Unutmaz D, McBride HJ, and 
Feske S (2016). Selective ORAI1 Inhibition Ameliorates Autoimmune Central Nervous System 
Inflammation by Suppressing Effector but Not Regulatory T Cell Function. J Immunol 196, 573–
585. [PubMed: 26673135] 

Kim KD, Srikanth S, Tan YV, Yee MK, Jew M, Damoiseaux R, Jung ME, Shimizu S, An DS, Ribalet 
B, et al. (2014). Calcium Signaling via Orai1 Is Essential for Induction of the Nuclear Orphan 
Receptor Pathway To Drive Th17 Differentiation. J Immunol 192, 110–122. [PubMed: 24307733] 

Kim KD, Srikanth S, Yee MK, Mock DC, Lawson GW, and Gwack Y (2011). ORAI1 Deficiency 
Impairs Activated T Cell Death and Enhances T Cell Survival. J Immunol 187, 3620–3630. 
[PubMed: 21873530] 

Krammer PH, Arnold R, and Lavrik IN (2007). Life and death in peripheral T cells. Nat Rev Immunol 
7, 532–542. [PubMed: 17589543] 

Krapivinsky G, Krapivinsky L, Stotz SC, Manasian Y, and Clapham DE (2011). POST, partner of 
stromal interaction molecule 1 (STIM1), targets STIM1 to multiple transporters. Proc Natl Acad 
Sci U S A 108, 19234–19239. [PubMed: 22084111] 

Kyriakis JM, and Avruch J (2012). Mammalian MAPK signal transduction pathways activated by 
stress and inflammation: a 10-year update. Physiol Rev 92, 689–737. [PubMed: 22535895] 

Lee KP, Yuan JP, Zeng W, So I, Worley PF, and Muallem S (2009). Molecular determinants of fast 
Ca2+-dependent inactivation and gating of the Orai channels. Proc Natl Acad Sci U S A 106, 
14687–14692. [PubMed: 19706554] 

Lewis RS (2011). Store-Operated Calcium Channels: New Perspectives on Mechanism and Function. 
Cold Spring Harb Perspect Biol, doi: 10.1101/cshperspect.a003970.

Lewis RS, and Cahalan MD (1989). Mitogen-induced oscillations of cytosolic Ca2+ and 
transmembrane Ca2+ current in human leukemic T cells. Cell Regul 1, 99–112. [PubMed: 
2519622] 

Li P, Miao Y, Dani A, and Vig M (2016). alpha-SNAP Regulates Dynamic, On-Site Assembly and 
Calcium Selectivity of Orai1 Channels. Mol Biol Cell.

Lin X, O’Mahony A, Mu Y, Geleziunas R, and Greene WC (2000). Protein kinase C-theta participates 
in NF-kappaB activation induced by CD3-CD28 costimulation through selective activation of 
IkappaB kinase beta. Mol Cell Biol 20, 2933–2940. [PubMed: 10733597] 

Liou J, Fivaz M, Inoue T, and Meyer T (2007). Live-cell imaging reveals sequential oligomerization 
and local plasma membrane targeting of stromal interaction molecule 1 after Ca2+ store depletion. 
Proc Natl Acad Sci U S A 104, 9301–9306. [PubMed: 17517596] 

Liou J, Kim ML, Heo WD, Jones JT, Myers JW, Ferrell JE Jr., and Meyer T (2005). STIM is a 
Ca2+ sensor essential for Ca2+-store-depletion-triggered Ca2+ influx. Curr Biol 15, 1235–1241. 
[PubMed: 16005298] 

Lioudyno MI, Kozak JA, Penna A, Safrina O, Zhang SL, Sen D, Roos J, Stauderman KA, and Cahalan 
MD (2008). Orai1 and STIM1 move to the immunological synapse and are up-regulated during T 
cell activation. Proc Natl Acad Sci U S A 105, 2011–2016. [PubMed: 18250319] 

Liu X, Berry CT, Ruthel G, Madara JJ, MacGillivray K, Gray CM, Madge LA, McCorkell KA, Beiting 
DP, Hershberg U, et al. (2016). T Cell Receptor-induced Nuclear Factor kappaB (NF-kappaB) 
Signaling and Transcriptional Activation Are Regulated by STIM1- and Orai1-mediated Calcium 
Entry. J Biol Chem 291, 8440–8452. [PubMed: 26826124] 

Liu Z, Lee J, Krummey S, Lu W, Cai H, and Lenardo MJ (2011). The kinase LRRK2 is a regulator 
of the transcription factor NFAT that modulates the severity of inflammatory bowel disease. Nat 
Immunol 12, 1063–1070. [PubMed: 21983832] 

Luik RM, Wu MM, Buchanan J, and Lewis RS (2006). The elementary unit of store-operated Ca2+ 
entry: local activation of CRAC channels by STIM1 at ER-plasma membrane junctions. J Cell Biol 
174, 815–825. [PubMed: 16966423] 

Srikanth et al. Page 18

Adv Exp Med Biol. Author manuscript; available in PMC 2022 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ma J, McCarl CA, Khalil S, Luthy K, and Feske S (2010). T-cell-specific deletion of STIM1 and 
STIM2 protects mice from EAE by impairing the effector functions of Th1 and Th17 cells. Eur J 
Immunol 40, 3028–3042. [PubMed: 21061435] 

Macian F (2005). NFAT proteins: key regulators of T-cell development and function. Nat Rev Immunol 
5, 472–484. [PubMed: 15928679] 

Macian F, Garcia-Cozar F, Im SH, Horton HF, Byrne MC, and Rao A (2002). Transcriptional 
mechanisms underlying lymphocyte tolerance. Cell 109, 719–731. [PubMed: 12086671] 

Marrack P, and Kappler J (2004). Control of T cell viability. Annu Rev Immunol 22, 765–787. 
[PubMed: 15032596] 

Marsden VS, and Strasser A (2003). Control of apoptosis in the immune system: Bcl-2, BH3-only 
proteins and more. Annu Rev Immunol 21, 71–105. [PubMed: 12414721] 

Matsumoto M, Fujii Y, Baba A, Hikida M, Kurosaki T, and Baba Y (2011). The calcium sensors 
STIM1 and STIM2 control B cell regulatory function through interleukin-10 production. Immunity 
34, 703–714. [PubMed: 21530328] 

McCarl CA, Khalil S, Ma J, Oh-hora M, Yamashita M, Roether J, Kawasaki T, Jairaman A, Sasaki Y, 
Prakriya M, et al. (2010). Store-operated Ca2+ entry through ORAI1 is critical for T cell-mediated 
autoimmunity and allograft rejection. J Immunol 185, 5845–5858. [PubMed: 20956344] 

McNally BA, Somasundaram A, Yamashita M, and Prakriya M (2012). Gated regulation of CRAC 
channel ion selectivity by STIM1. Nature 482, 241–245. [PubMed: 22278058] 

Miao Y, Miner C, Zhang L, Hanson PI, Dani A, and Vig M (2013). An essential and NSF independent 
role for alpha-SNAP in store-operated calcium entry. Elife 2, e00802. [PubMed: 23878724] 

Mognol GP, Carneiro FR, Robbs BK, Faget DV, and Viola JP (2016). Cell cycle and apoptosis 
regulation by NFAT transcription factors: new roles for an old player. Cell Death Dis 7, e2199. 
[PubMed: 27100893] 

Mor A, and Philips MR (2006). Compartmentalized Ras/MAPK signaling. Annu Rev Immunol 24, 
771–800. [PubMed: 16551266] 

Morreale A, Venkatesan M, Mott HR, Owen D, Nietlispach D, Lowe PN, and Laue ED (2000). 
Structure of Cdc42 bound to the GTPase binding domain of PAK. Nat Struct Biol 7, 384–388. 
[PubMed: 10802735] 

Muik M, Fahrner M, Derler I, Schindl R, Bergsmann J, Frischauf I, Groschner K, and Romanin 
C (2009). A Cytosolic Homomerization and a Modulatory Domain within STIM1 C Terminus 
Determine Coupling to ORAI1 Channels. J Biol Chem 284, 8421–8426. [PubMed: 19189966] 

Muik M, Frischauf I, Derler I, Fahrner M, Bergsmann J, Eder P, Schindl R, Hesch C, Polzinger B, 
Fritsch R, et al. (2008). Dynamic coupling of the putative coiled-coil domain of ORAI1 with 
STIM1 mediates ORAI1 channel activation. J Biol Chem 283, 8014–8022. [PubMed: 18187424] 

Muller MR, and Rao A (2010). NFAT, immunity and cancer: a transcription factor comes of age. Nat 
Rev Immunol 10, 645–656. [PubMed: 20725108] 

Mullins FM, Park CY, Dolmetsch RE, and Lewis RS (2009). STIM1 and calmodulin interact with 
Orai1 to induce Ca2+-dependent inactivation of CRAC channels. Proc Natl Acad Sci U S A 106, 
15495–15500. [PubMed: 19706428] 

Navarro-Borelly L, Somasundaram A, Yamashita M, Ren D, Miller RJ, and Prakriya M (2008). 
STIM1-Orai1 interactions and Orai1 conformational changes revealed by live-cell FRET 
microscopy. J Physiol 586, 5383–5401. [PubMed: 18832420] 

Nishi M, Sakagami H, Komazaki S, Kondo H, and Takeshima H (2003). Coexpression of junctophilin 
type 3 and type 4 in brain. Brain Res Mol Brain Res 118, 102–110. [PubMed: 14559359] 

Nohara LL, Stanwood SR, Omilusik KD, and Jefferies WA (2015). Tweeters, Woofers and Horns: The 
Complex Orchestration of Calcium Currents in T Lymphocytes. Front Immunol 6, 234. [PubMed: 
26052328] 

Oh-Hora M, Komatsu N, Pishyareh M, Feske S, Hori S, Taniguchi M, Rao A, and Takayanagi H 
(2013). Agonist-Selected T Cell Development Requires Strong T Cell Receptor Signaling and 
Store-Operated Calcium Entry. Immunity.

Oh-Hora M, Yamashita M, Hogan PG, Sharma S, Lamperti E, Chung W, Prakriya M, Feske S, and Rao 
A (2008). Dual functions for the endoplasmic reticulum calcium sensors STIM1 and STIM2 in T 
cell activation and tolerance. Nat Immunol 9, 432–443. [PubMed: 18327260] 

Srikanth et al. Page 19

Adv Exp Med Biol. Author manuscript; available in PMC 2022 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Omilusik K, Priatel JJ, Chen X, Wang YT, Xu H, Choi KB, Gopaul R, McIntyre-Smith A, Teh HS, Tan 
R, et al. (2011). The Ca(v)1.4 calcium channel is a critical regulator of T cell receptor signaling 
and naive T cell homeostasis. Immunity 35, 349–360. [PubMed: 21835646] 

Oruganti SR, Edin S, Grundstrom C, and Grundstrom T (2011). CaMKII targets Bcl10 in T-cell 
receptor induced activation of NF-kappaB. Mol Immunol 48, 1448–1460. [PubMed: 21513986] 

Palty R, Raveh A, Kaminsky I, Meller R, and Reuveny E (2012). SARAF inactivates the store operated 
calcium entry machinery to prevent excess calcium refilling. Cell 149, 425–438. [PubMed: 
22464749] 

Park CY, Hoover PJ, Mullins FM, Bachhawat P, Covington ED, Raunser S, Walz T, Garcia KC, 
Dolmetsch RE, and Lewis RS (2009). STIM1 Clusters and Activates CRAC Channels via Direct 
Binding of a Cytosolic Domain to Orai1. Cell 136, 876–890. [PubMed: 19249086] 

Picard C, McCarl CA, Papolos A, Khalil S, Luthy K, Hivroz C, LeDeist F, Rieux-Laucat F, Rechavi 
G, Rao A, et al. (2009). STIM1 mutation associated with a syndrome of immunodeficiency and 
autoimmunity. N Engl J Med 360, 1971–1980. [PubMed: 19420366] 

Putney JW (2009). Capacitative calcium entry: from concept to molecules. Immunol Rev 231, 10–22. 
[PubMed: 19754887] 

Putney JW Jr. (1986). A model for receptor-regulated calcium entry. Cell Calcium 7, 1–12. [PubMed: 
2420465] 

Quintana A, Rajanikanth V, Farber-Katz S, Gudlur A, Zhang C, Jing J, Zhou Y, Rao A, and Hogan 
PG (2015). TMEM110 regulates the maintenance and remodeling of mammalian ER-plasma 
membrane junctions competent for STIM-ORAI signaling. Proc Natl Acad Sci U S A 112, E7083–
7092. [PubMed: 26644574] 

Ritchie MF, Samakai E, and Soboloff J (2012). STIM1 is required for attenuation of PMCA-mediated 
Ca2+ clearance during T-cell activation. Embo J 31, 1123–1133. [PubMed: 22246182] 

Robbs BK, Cruz AL, Werneck MB, Mognol GP, and Viola JP (2008). Dual roles for NFAT 
transcription factor genes as oncogenes and tumor suppressors. Mol Cell Biol 28, 7168–7181. 
[PubMed: 18809576] 

Roos J, DiGregorio PJ, Yeromin AV, Ohlsen K, Lioudyno M, Zhang S, Safrina O, Kozak JA, Wagner 
SL, Cahalan MD, et al. (2005). STIM1, an essential and conserved component of store-operated 
Ca2+ channel function. J Cell Biol 169, 435–445. [PubMed: 15866891] 

Samelson LE (2011). Immunoreceptor signaling. Cold Spring Harb Perspect Biol 3.

Schuhmann MK, Stegner D, Berna-Erro A, Bittner S, Braun A, Kleinschnitz C, Stoll G, Wiendl H, 
Meuth SG, and Nieswandt B (2010). Stromal interaction molecules 1 and 2 are key regulators 
of autoreactive T cell activation in murine autoimmune central nervous system inflammation. J 
Immunol 184, 1536–1542. [PubMed: 20028655] 

Scrimgeour N, Litjens T, Ma L, Barritt GJ, and Rychkov GY (2009). Properties of Orai1 mediated 
store-operated current depend on the expression levels of STIM1 and Orai1 proteins. J Physiol 
587, 2903–2918. [PubMed: 19403622] 

Serfling E, Avots A, Klein-Hessling S, Rudolf R, Vaeth M, and Berberich-Siebelt F (2012). NFATc1/
alphaA: The other Face of NFAT Factors in Lymphocytes. Cell Commun Signal 10, 16. [PubMed: 
22764736] 

Serfling E, Klein-Hessling S, Palmetshofer A, Bopp T, Stassen M, and Schmitt E (2006). NFAT 
transcription factors in control of peripheral T cell tolerance. Eur J Immunol 36, 2837–2843. 
[PubMed: 17039563] 

Sharma S, Findlay GM, Bandukwala HS, Oberdoerffer S, Baust B, Li Z, Schmidt V, Hogan PG, 
Sacks DB, and Rao A (2011). Dephosphorylation of the nuclear factor of activated T cells (NFAT) 
transcription factor is regulated by an RNA-protein scaffold complex. Proc Natl Acad Sci U S A 
108, 11381–11386. [PubMed: 21709260] 

Shi X, Bi Y, Yang W, Guo X, Jiang Y, Wan C, Li L, Bai Y, Guo J, Wang Y, et al. (2013). Ca2+ 
regulates T-cell receptor activation by modulating the charge property of lipids. Nature 493, 111–
115. [PubMed: 23201688] 

Smith-Garvin JE, Koretzky GA, and Jordan MS (2009). T cell activation. Annu Rev Immunol 27, 
591–619. [PubMed: 19132916] 

Srikanth et al. Page 20

Adv Exp Med Biol. Author manuscript; available in PMC 2022 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Soboloff J, Rothberg BS, Madesh M, and Gill DL (2012). STIM proteins: dynamic calcium signal 
transducers. Nat Rev Mol Cell Biol 13, 549–565. [PubMed: 22914293] 

Sprent J, and Surh CD (2011). Normal T cell homeostasis: the conversion of naive cells into memory-
phenotype cells. Nat Immunol 12, 478–484. [PubMed: 21739670] 

Srikanth S, and Gwack Y (2012a). Orai1, STIM1, and their associating partners. J Physiol 590, 4169–
4177. [PubMed: 22586216] 

Srikanth S, and Gwack Y (2013a). Molecular regulation of the pore component of CRAC channels, 
Orai1. Curr Top Membr 71, 181–207. [PubMed: 23890116] 

Srikanth S, and Gwack Y (2013b). Orai1-NFAT signalling pathway triggered by T cell receptor 
stimulation. Mol Cells 35, 182–194. [PubMed: 23483280] 

Srikanth S, Jew M, Kim KD, Yee MK, Abramson J, and Gwack Y (2012b). Junctate is a Ca2+-sensing 
structural component of Orai1 and stromal interaction molecule 1 (STIM1). Proc Natl Acad Sci 
U S A 109, 8682–8687. [PubMed: 22586105] 

Srikanth S, Jung HJ, Kim KD, Souda P, Whitelegge J, and Gwack Y (2010a). A novel EF-hand 
protein, CRACR2A, is a cytosolic Ca2+ sensor that stabilizes CRAC channels in T cells. Nat Cell 
Biol 12, 436–446. [PubMed: 20418871] 

Srikanth S, Jung HJ, Ribalet B, and Gwack Y (2010b). The intracellular loop of Orai1 plays a central 
role in fast inactivation of Ca2+ release-activated Ca2+ channels. J Biol Chem 285, 5066–5075. 
[PubMed: 20007711] 

Srikanth S, Jung HJ, Ribalet B, and Gwack Y (2010c). The intracellular loop of Orai1 plays a central 
role in fast inactivation of Ca2+ release-activated Ca2+ channels. J Biol Chem 285, 5066–5075. 
[PubMed: 20007711] 

Srikanth S, Kim KD, Gao Y, Woo JS, Ghosh S, Calmettes G, Paz A, Abramson J, Jiang M, and Gwack 
Y (2016a). A large Rab GTPase encoded by CRACR2A is a component of subsynaptic vesicles 
that transmit T cell activation signals. Sci Signal 9, ra31. [PubMed: 27016526] 

Srikanth S, Ribalet B, and Gwack Y (2013c). Regulation of CRAC channels by protein interactions 
and post-translational modification. Channels (Austin) 7.

Srikanth S, Ribalet B, and Gwack Y (2013d). Regulation of CRAC channels by protein interactions 
and post-translational modification. Channels (Austin) 7.

Srikanth S, Woo JS, and Gwack Y (2016b). A large Rab GTPase family in a small GTPase world. 
Small GTPases, 1–6.

Srinivasan M, and Frauwirth KA (2007). Reciprocal NFAT1 and NFAT2 nuclear localization in 
CD8+ anergic T cells is regulated by suboptimal calcium signaling. J Immunol 179, 3734–3741. 
[PubMed: 17785810] 

Strasser A (2005). The role of BH3-only proteins in the immune system. Nat Rev Immunol 5, 189–
200. [PubMed: 15719025] 

Strasser A, and Pellegrini M (2004). T-lymphocyte death during shutdown of an immune response. 
Trends Immunol 25, 610–615. [PubMed: 15489190] 

Sun Z (2012). Intervention of PKC-theta as an immunosuppressive regimen. Front Immunol 3, 225. 
[PubMed: 22876242] 

Sun Z, Arendt CW, Ellmeier W, Schaeffer EM, Sunshine MJ, Gandhi L, Annes J, Petrzilka D, Kupfer 
A, Schwartzberg PL, et al. (2000). PKC-theta is required for TCR-induced NF-kappaB activation 
in mature but not immature T lymphocytes. Nature 404, 402–407. [PubMed: 10746729] 

Takeshima H, Komazaki S, Nishi M, Iino M, and Kangawa K (2000). Junctophilins: a novel family of 
junctional membrane complex proteins. Mol Cell 6, 11–22. [PubMed: 10949023] 

Tybulewicz VL (2005). Vav-family proteins in T-cell signalling. Curr Opin Immunol 17, 267–274. 
[PubMed: 15886116] 

Varnai P, Toth B, Toth DJ, Hunyady L, and Balla T (2007). Visualization and manipulation of plasma 
membrane-endoplasmic reticulum contact sites indicates the presence of additional molecular 
components within the STIM1-Orai1 Complex. J Biol Chem 282, 29678–29690. [PubMed: 
17684017] 

Vig M, Peinelt C, Beck A, Koomoa DL, Rabah D, Koblan-Huberson M, Kraft S, Turner H, Fleig 
A, Penner R, et al. (2006). CRACM1 is a plasma membrane protein essential for store-operated 
Ca2+ entry. Science 312, 1220–1223. [PubMed: 16645049] 

Srikanth et al. Page 21

Adv Exp Med Biol. Author manuscript; available in PMC 2022 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wang H, Kadlecek TA, Au-Yeung BB, Goodfellow HE, Hsu LY, Freedman TS, and Weiss A (2010). 
ZAP-70: an essential kinase in T-cell signaling. Cold Spring Harb Perspect Biol 2, a002279. 
[PubMed: 20452964] 

Weisleder N, Takeshima H, and Ma J (2008). Immuno-proteomic approach to excitation--contraction 
coupling in skeletal and cardiac muscle: molecular insights revealed by the mitsugumins. Cell 
Calcium 43, 1–8. [PubMed: 18061662] 

Willingham AT, Orth AP, Batalov S, Peters EC, Wen BG, Aza-Blanc P, Hogenesch JB, and Schultz 
PG (2005). A strategy for probing the function of noncoding RNAs finds a repressor of NFAT. 
Science 309, 1570–1573. [PubMed: 16141075] 

Wilson LA, McKeown L, Tumova S, Li J, and Beech DJ (2015). Expression of a long variant of 
CRACR2A that belongs to the Rab GTPase protein family in endothelial cells. Biochem Biophys 
Res Commun 456, 398–402. [PubMed: 25475730] 

Woo JS, Srikanth S, Nishi M, Ping P, Takeshima H, and Gwack Y (2016). Junctophilin-4, a component 
of the endoplasmic reticulum-plasma membrane junctions, regulates Ca2+ dynamics in T cells. 
Proc Natl Acad Sci U S A 113, 2762–2767. [PubMed: 26929330] 

Wu H, Peisley A, Graef IA, and Crabtree GR (2007). NFAT signaling and the invention of vertebrates. 
Trends Cell Biol 17, 251–260. [PubMed: 17493814] 

Wu MM, Buchanan J, Luik RM, and Lewis RS (2006). Ca2+ store depletion causes STIM1 to 
accumulate in ER regions closely associated with the plasma membrane. J Cell Biol 174, 803–
813. [PubMed: 16966422] 

Yuan JP, Zeng W, Dorwart MR, Choi YJ, Worley PF, and Muallem S (2009). SOAR and the 
polybasic STIM1 domains gate and regulate Orai channels. Nat Cell Biol 11, 337–343. [PubMed: 
19182790] 

Zhang SL, Yeromin AV, Hu J, Amcheslavsky A, Zheng H, and Cahalan MD (2011). Mutations 
in Orai1 transmembrane segment 1 cause STIM1-independent activation of Orai1 channels at 
glycine 98 and channel closure at arginine 91. Proc Natl Acad Sci U S A 108, 17838–17843. 
[PubMed: 21987804] 

Zhang SL, Yeromin AV, Zhang XH, Yu Y, Safrina O, Penna A, Roos J, Stauderman KA, and Cahalan 
MD (2006). Genome-wide RNAi screen of Ca(2+) influx identifies genes that regulate Ca(2+) 
release-activated Ca(2+) channel activity. Proc Natl Acad Sci U S A 103, 9357–9362. [PubMed: 
16751269] 

Zhang SL, Yu Y, Roos J, Kozak JA, Deerinck TJ, Ellisman MH, Stauderman KA, and Cahalan MD 
(2005). STIM1 is a Ca2+ sensor that activates CRAC channels and migrates from the Ca2+ store 
to the plasma membrane. Nature 437, 902–905. [PubMed: 16208375] 

Zhu J, Yamane H, and Paul WE (2010). Differentiation of effector CD4 T cell populations (*). Annu 
Rev Immunol 28, 445–489. [PubMed: 20192806] 

Zweifach A, and Lewis RS (1995). Rapid inactivation of depletion-activated calcium current (ICRAC) 
due to local calcium feedback. J Gen Physiol 105, 209–226. [PubMed: 7760017] 

Srikanth et al. Page 22

Adv Exp Med Biol. Author manuscript; available in PMC 2022 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Signaling pathways of T cell receptor stimulation
(a) Antigen engagement of T cell receptor induces a series of phosphorylation events 

and activates downstream signaling pathways. Co-receptor (e.g. CD4) ligation to MHC 

class II positions the protein tyrosine kinase LCK into the antigen-bound TCR/CD3 

complex. LCK phosphorylates the cytoplasmic part of ζ chain to recruit ZAP-70. ZAP70 

phosphorylates two adaptor proteins LAT and SLP-76 that results in assembly of a signaling 

complex containing Vav1 and phospholipase C (PLC-γ1). Vav1 recruits downstream 

effector molecules including Rac1, and a Rho GTPase, CDC42 that have pleiotropic effects 

in cytoskeleton reorganization and p38/JNK signaling pathways. Vav1 can also recruit 

large Rab GTPase like CRACR2A-a to activate the JNK signaling pathway. Cytoskeleton 

reorganization is important for formation of the immunological synapse between antigen 

presenting cells and T cells. Activated PLC-γ1 hydrolyzes PIP2 into InsP3 and DAG. While 
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DAG activates PKCθ–NF-κB and RasGRP-AP1 signaling pathways, InsP3 binds to the 

InsP3 receptor (InsP3R) on the ER membrane to empty the ER Ca2+ store, which induces 

opening of CRAC channels. Elevated [Ca2+]i triggers a broad range of downstream signaling 

pathways including the Ca2+-calmodulin/calcineurin-NFAT pathway.

(b) Schematic of the murine NFAT1 (NFATc2) protein. The transcription activation domains 

that interact with transcriptional cofactors (e.g. p300) are located at the N and C terminus 

(TAD-N and TAD-C). DNA binding domain (DBD) shows highest homology with the 

Rel homology domain (RHD) of Rel-family transcription factors. It also interacts with 

other transcription factors including AP-1 depending on the DNA sequence. The regulatory 

domain (REG) contains multiple phosphorylation sites to maintain cytoplasmic localization 

of NFAT under resting conditions and a docking site for Ca2+-calmodulin-calcineurin 

complex (SPRIEIT motif). After increase in intracellular [Ca2+], Ca2+-bound calmodulin 

forms a complex with a protein phosphatase calcineurin, which binds to the SPRIET 

motif and dephosphorylates the SRR (Serine-rich region) and SP (Ser-Pro-X-X repeat) 

motifs in the regulatory domain, leading to the nuclear translocation of NFAT1 by 

exposing the nuclear localization sequence (NLS). SRR1, SP2, and SP3 motifs within the 

regulatory domain are phosphorylated by casein kinase 1 (CK1), glycogen synthase kinase 

3 (GSK3), and dual-specificity tyrosine-phosphorylation-regulated kinase (DYRK) family 

kinases, respectively. DYRKs play a role as a priming kinase for CK1 and GSK3-mediated 

phosphorylation.
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Fig. 2. Activation mechanism of CRAC channels in T cells
Under resting conditions, Orai1 and STIM1 are distributed at the plasma membrane and the 

ER membrane, respectively. Upon store depletion triggered by T cell receptor stimulation 

and InsP3 production via PLC-γ1, STIM1 oligomerizes by sensing ER Ca2+ depletion with 

its ER-luminal EF-hand domain and clusters at the ER-plasma membrane junctions. By 

physical interaction with the cytoplasmic, N and C terminus of Orai1 through the CAD/

SOAR domain (coiled coil domains 2 and 3), clustered STIM1 recruits and activates Orai1 

at the ER-plasma membrane junctions. STIM1 contains an ER-luminal region comprising 

the EF-hand and SAM domains, a single transmembrane segment, and a cytoplasmic 

region. The cytoplasmic region has three coiled-coil domains (CC1, 2, and 3), a serine/

proline-rich domain (S/P), and a polybasic tail (poly-K) at the C terminus that interacts with 

phosphoinositides after store depletion.
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Fig. 3. Interacting partners of Orai1 and STIM1
(a) Schematic showing the domain structure of human CRACR2A-a, a member of the large 

Rab GTPase family. CRACR2A-a and CRACR2A-c share EF-hand motifs and coiled-coil 

domain, which interact with and stabilize the Orai1-STIM1 complex. CRACR2A-a contains 

additional proline-rich domain (PRD), which interact with Vav1 and a Rab GTPase domain 

with a prenylation site at the C terminus. GTP binding and prenylation are required for the 

membrane retention of CRACR2A-a.

(b) Homology modeling of CRACR2A-a GTPase domain (yellow) with Rab3a (red). 

Sequence alignment between GTPase domain of CRACR2A-a and Rab3a gave a continuous 

alignment with sequence identity of 46% and similarity of 65% (Clustal Omega) (left). 

MODELLER (Morreale et al., 2000) was used for homology modeling of CRACR2A-a 

GTPase domain to a high-resolution structure of a GPPNHP-bound Rab3a (PDB ID: 

3RAB). A zoomed-in view of the GPPNHP binding site (right). GPPNHP and side-chains 
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of residues important for GTP binding and hydrolysis, Thr559, Gln604 and Asn658 are shown 

in stick representation. A loop consisting of residues 561–570 was removed for clarity. 

From Srikanth et al (Srikanth et al., 2016a). Reprinted with permission from the American 

Association for the Advancement of Science (AAAS).

(c) Schematic showing protein interactions among Orai1, STIM1 and auxiliary proteins 

at the ER-plasma membrane junctions. Under resting conditions, Orai1 and STIM1 are 

distributed at the plasma membrane and the ER. Upon store depletion, STIM1 oligomerizes 

by sensing ER Ca2+ depletion with its ER-luminal EF-hand domain, and translocates to form 

clusters at the ER-plasma membrane junctions determined by the junctate-JP4 complex in T 

cells. By physical interaction with Orai1 through the CAD/SOAR domain (CC2 and CC3, 

indicated in red), STIM1 recruits and activates Orai1 in the ER-plasma membrane junctions. 

Junctate also contains Ca2+-sensing motif in the ER lumen and ER Ca2+ depletion increases 

its interaction with STIM1. SARAF and TMEM110 have been shown to translocate together 

with STIM1 to the ER-PM junctions. SARAF interacts with STIM1 CAD/SOAR domain 

to modulate slow Ca2+ dependent inactivation of CRAC channels while TMEM110 directly 

interacts with the CC1 region of STIM1 via its cytoplasmic C terminus. TMEM110 is also 

involved in establishment of ER-plasma membrane junctions.
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Fig. 4. Role of Ca2+ signaling in diverse aspects of T cell activation
(a) Gradual levels of store-operated Ca2+ entry generated by genetic modifications. Left - 

SOCE was measured in effector CD4+ T cells from wild type (WT), Orai1 heterozygous 

(Orai1+/−) and Orai1-deficient (Orai1−/−) mice after store depletion with thapsigargin (TG) 

in the presence of extracellular solution containing 0.5 and 2 mM Ca2+. Right - SOCE was 

measured in Orai1−/− CD4+ T cells transduced with retroviruses expressing empty vector 

(vector, blue trace), wild type (Orai1WT, black trace) or dominant negative mutant of Orai1 

(Orai1E106Q). Data modified from article originally published in The Journal of Immunology 
(Kim DK, Srikanth S, Yee MK., Mock DC, Lawson GW, and Gwack Y. 2011. ORAI1 
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Deficiency impairs activated T cell death and enhances T cell survival. J. Immunol. 187: 

3620–3630. Copyright © [2011]. The American Association of Immunologists, Inc.)

(b) Ca2+ requirement for cytokine production, differentiation, proliferation, cell death 

and development of regulatory T cells. Cytokine production and differentiation levels (as 

determined by expression of signature transcription factors or surface receptors) in effector 

T cells gradually increases with increasing levels of intracellular Ca2+ concentrations. T 

cell proliferation does not need high Ca2+ entry, but requires moderate levels of elevated 

[Ca2+]i because Orai1−/− or STIM1−/− T cells showed a normal proliferation rate after 

stimulation and a further reduction in [Ca2+]i by overexpression of dominant negative Orai1 

(DN-Orai1) in Orai1−/− T cells or deficiency of both STIM1 and STIM2 significantly 

inhibits proliferation. In some WT T cells, excessive [Ca2+]i after TCR stimulation induce 

cell death and anergy, which was decreased by deficiency of Orai1. Therefore, it is likely 

that inhibition of CRAC channels would result in acute decrease in the immune response 

by decreasing cytokine production and differentiation of T cells, but in a long term, it can 

induce autoimmunity and hypersensitive immune responses as outcomes of suppressed cell 

death, anergy and development of regulatory T cells.
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