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Abstract

Store operated Ca2+ entry (SOCE) is a cornerstone for the maintenance of intracellular

Ca2+ homeostasis and the regulation of a variety of cellular functions. SOCE is mediated

by STIM and Orai proteins following the activation of inositol 1,4,5‐trisphosphate

receptors. Then, a reduction of the endoplasmic reticulum intraluminal Ca2+ concentration

is sensed by STIM proteins, which undergo a conformational change and activate plasma

membrane Ca2+ channels comprised by Orai proteins. STIM1/Orai‐mediated Ca2+ signals

are finely regulated and modulate the activity of different transcription factors, including

certain isoforms of the nuclear factor of activated T‐cells, the cAMP‐response element

binding protein, the nuclear factor κ‐light chain‐enhancer of activated B cells, c‐fos, and

c‐myc. These transcription factors associate SOCE with a plethora of signaling events and

cellular functions. Here we provide an overview of the current knowledge about the role

of Orai channels in the regulation of transcription factors through Ca2+‐dependent

signaling pathways.
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1 | INTRODUCTION TO ORAI CHANNELS

Ca2+ is a ubiquitous second messenger that operates over a wide

temporal range to control a myriad of cellular events. To support this

role, resting cells largely exclude Ca2+ from the cytosol maintaining a

20,000‐fold gradient between the intracellular medium, the extracellular

space and the internal Ca2+ stores, which are mainly formed by the

endoplasmic reticulum (ER). Then, cell stimulation encodes a diversity of

Ca2+ signals triggering the release of Ca2+ from internal stores, the entry

of Ca2+ from the extracellular milieu or by regulating the activity of

Ca2+‐ATPases and exchangers. Store operated Ca2+ entry (SOCE) is a

widespread mechanism that maintains the intracellular Ca2+ homeosta-

sis and plays key roles in gene transcription, cell proliferation, immune

response, and memory formation among others (Emrich et al., 2022).

SOCE is mediated by STIM and Orai protein families following Ca2+

stores depletion. STIM1 and STIM2 are single pass transmembrane (TM)

proteins which sense the reticular Ca2+ concentration by their luminal

EF‐hand domains. When cell stimulation reduces the ER Ca2+ content,

the luminal domain of these proteins unleashes a conformational change

which favors the oligomerization of STIM proteins and their trans-

location into puncta clusters in the ER‐plasma membrane (PM) junctions.

Here, STIM molecules induce a Ca2+ influx from the extracellular milieu
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by opening Ca2+ release‐activated Ca2+ (CRAC) channels formed by Orai

proteins (Gudlur et al., 2018; Lunz et al., 2019). Although both STIM

homologs can activate Orai channels they do not play redundant roles.

STIM1 activates CRAC channels faster and more effectively, and

therefore, it is considered the primary regulator of the CRAC channels

after cell stimulation. By contrast, due to its lower Ca2+ affinity, STIM2 is

activated under modest Ca2+ store depletions, playing a major role in

preserving the resting Ca2+ levels and recruiting STIM1 under low

stimulus intensity (Ahmad et al., 2022; Bird et al., 2009).

Orai family consists of three tetraspanning PM proteins (Orai1,

Orai2, and Orai3) with their amino and carboxyl termini located in the

cytosol (Figure 1). Orai1 was first described by Feske et al. in 2006 as

the mutated gene responsible for the severe combined immuno-

deficiency. These authors proposed Orai1 as the molecular subunit of

CRAC channels, underestimating the influence of Orai2 and Orai3 in

the physiological roles of SOCE (Feske et al., 2006; Prakriya et al.,

2006). However, this first model, which only considered STIM1 and

Orai1, failed to replicate some of the properties of native CRAC

currents, suggesting that this hypothesis must be honed with the

inclusion of other proteins (Hoth & Niemeyer, 2013). The research

about the molecular mediators of SOCE was boosted in 2012 with

the resolution of the crystal structure of Orai from Drosophila

melanogaster. The CRAC channel was described as an hexameric

complex where the first TM domains line the ion permeation pathway

and the remainingTM describe concentric rings around the pore (Hou

et al., 2012) (Figure 1). This information has promoted our under-

standing about how CRAC channels are activated, event that requires

the interaction between the C‐terminal coiled coil domains of STIM

and the three major cytosolic domains of Orai1 (N‐ and C‐terminal

regions and the intracellular loop) (Lunz et al., 2019). Upon activation,

CRAC channels display a highly selective Ca2+ current, with a reversal

potential of +60mV that exhibits two inhibitory mechanisms: a fast

Ca2+ dependent inactivation (CDI) that arises over milliseconds and is

activated by the bulk of Ca2+ near the pore and a slow CDI, which

depends on global rises in the cytosolic Ca2+ concentration and

develops over tens of seconds (Mullins et al., 2009; Palty et al., 2012;

Parekh, 2017).

During the last few years, it has been proposed that CRAC

channels are formed by the hexameric association of Orai1, Orai2,

and Orai3 (Vaeth, Yang et al., 2017; Yoast et al., 2020). All three

proteins form functional CRAC channel when ectopically expressed

with STIM1, although they display slightly different biophysical and

pharmacological properties (Zhang et al., 2020). CRAC currents

mediated by Orai1 are larger than those mediated by Orai2 and

Orai3, disparity explained by the fact that Orai proteins are not

equally sensitive to CDI. Interestingly, Orai2 and Orai3 currents

display a larger fast CDI, while Orai1 is more sensitive to slow CDI

(DeHaven et al., 2007; Lis et al., 2007). In the model recently

proposed, Orai2 and Orai3 are also involved in native CRAC channels,

and the architecture of the pore would be influenced by the

expression level of each Orai homolog. Then, in a heteromeric

channel, the integration of Orai2 and Orai3 negatively regulates

Orai1 function and adjust Ca2+ signals to the intensity of agonist

stimulation (Vaeth, Yang et al., 2017; Yoast et al., 2020). Conversely,

in cells where Orai2 or Orai3 protein expression dominates over the

other member of the family these proteins became the major

mediator of SOCE (Motiani et al., 2010).

By alternative translation initiation, Orai1 mRNA gives rise to

two Orai1 forms: the full‐length Orai1α contains 301 amino acids and

the shorter variant, Orai1β, lacks the N‐terminal 63 amino acids

upstream the conserved start site (Desai et al., 2015; Fukushima

et al., 2012). Both Orai1 variants can mediate ICRAC currents and the

alternative capacitative current ISOC, involving TRPC1 and Orai1

(Desai et al., 2015); however, the additional N‐terminal sequence

found in Orai1α supports some functional differences between

isoforms. Upon channel activation, phosphorylation of Ser27 and

Ser30, by protein kinase C (PKC), and Ser34, by protein kinase A

(PKA), inhibits Orai1α channel activity (Kawasaki et al., 2010;

Martínez‐Martínez et al., 2022; Zhang et al., 2019). These serine

residues are not present in Orai1β, making this variant less

sensitive to phosphorylation‐dependent channel inactivation. Within

the same domain, Orai1α also contains an interacting sequence

F IGURE 1 Orai protein structure. Orai family protein comprises
three members that contain four transmembrane (TM) domains each
and place their amino and carboxyl termini in the cytosol. Although
the three proteins present a high homology in theTM segments, their
sequence clearly differ in the extracellular loop and cytosolic regions
(N and C‐terminal domains and the intracellular loop) (Jumper et al.,
2021; Varadi et al., 2022). CRAC channels exhibit a hexameric
structure with the pore flanked by the first TM domains of the Orai
subunits. CRAC, Ca2+ release‐activated Ca2+.
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(residues 23−34) with the Ca2+‐activated adenylyl cyclase 8 (AC8).

AC8‐Orai1α interaction was described by Cooper and coworkers as a

linkage between Ca2+ and cAMP signaling pathways (Martin et al.,

2009; Willoughby et al., 2012). However, Zhang et al. refined this

model by suggesting that the interaction between AC8 and Orai1α

also supports PKA‐evoked Orai1α inactivation by Ser34 phosphoryl-

ation. Besides these domains, Orai1α N‐terminus hosts a predicted

PIP2 binding sequence (residues 28−33), a binding site for the

scaffolding protein A‐kinase anchoring protein 79 (AKAP79) (residues

39−59), known as AKAP association region (AKAR), and a caveolin

binding domain (residues 52−60) (Kar, Lin et al., 2021; Zhang et al.,

2019). Although the current model for CRAC channels proposes a

heteromultimeric structure formed by the combination of all Orai

family members, there is no evidence supporting the multimerization

of Orai1 variants. Contrary, the analysis of Orai1α and Orai1β

PM mobility suggests that these proteins could be assembled in

different channels pools, a topic that awaits further investigations

(Desai et al., 2015).

In addition to store‐operated channels, Orai1 and Orai3 have

been proposed as the pore forming subunits of a store‐

independent Ca2+ channel that is activated in response to

arachidonic acid (AA), the so called arachidonate‐regulated Ca2+

(ARC) channels (Mignen et al., 2008; J. Thompson et al., 2010).

Desai et al. (2015) have demonstrated that only Orai1α over-

expression rescue AA‐induced Ca2+ entry in cells where native

Orai1 expression had been silenced, suggesting that Orai1α

mediates this signaling event and supporting that both Orai1

variants do not play redundant roles. Concerning the functional

roles of Orai1 isoforms, our group has recently reported that

Orai1α mediates ISOC currents in HeLa cells. In these cells,

Orai1α modulates TRPC1 PM expression and channel function

after agonist stimulation, roles that are absent in the short variant

of Orai1 (Sanchez‐Collado et al., 2022), suggesting that the

role of the Orai1 variants in the activation of ISOC might be

cell specific. These data reveal that the generation of two

Orai1 variants increases the versatility and diversity of Orai

Ca2+ signals, making this protein family a precise switch for

downstream cellular events.

As it has been previously mentioned, CRAC channels regulate

gene expression by modulating the activity of a variety of Ca2+

dependent transcription factors. This function was initially found to

be involved in the mediation of immunity and inflammatory

responses; however, several studies have lately reported the role

of Orai channels in genetic programming during myogenesis, cell

cycle progression, cell proliferation and, after the influence of an

oncogenic factor, the development of some cancer hallmarks. The

nuclear factor of activated T cells (NFAT) family is the best

characterized Orai‐dependent transcription factor although others

like NF‐κB, c‐myc, myocyte enhancer factor 2 (MEF2), or c‐fos have

been extensively associated to Orai channels. Herein, we summarize

how Orai‐mediated Ca2+ signals orchestrate a wide variety of

cellular functions by tunning the activity of the above introduced

transcription factors.

2 | NFAT

The mammalian NFAT family comprises five members including

NFAT1, NFAT2, NFAT3, NFAT4, and NFAT5. Originally, the NFAT

family was identified in immune cells, in which the role of these

transcription factors in the activation, differentiation, and develop-

ment of T‐cells has been widely demonstrated (Mognol et al., 2016;

Oh‐hora & Rao, 2009). However, it is known that all members are

ubiquitously expressed in a wide range of cells and tissue types,

demonstrating their involvement in many cellular processes including

osteoclastogenesis (Zhao et al., 2010), chondrogenesis (Tomita et al.,

2002), differentiation of cardiac muscle cells (Chen & Cao, 2009),

angiogenesis (Suehiro et al., 2014), myogenesis (Armand et al., 2008),

or cardiac valve formation (Ranger et al., 1998). Deregulation of

NFAT signaling is related with the pathogenesis and progression of

many diseases including, among others, diabetes (Cai et al., 2021),

autoimmune disorders (Park et al., 2020), atherosclerosis (Cai et al.,

2021), inflammatory diseases (Pan et al., 2013), and cancer (Mognol

et al., 2016), in which NFAT1 and NFAT2 act as oncogenes, although

it has also been demonstrated that NFAT1 might be a tumor

suppressor gene depending on the cell type (Mognol et al., 2016).

Four of the five members that comprises the NFAT family

(NFAT1−4) are activated by rises in cytoplasmic free‐Ca2+ concen-

tration (Hogan et al., 2003; Vaeth, Maus et al., 2017), and it is well

stablished that SOCE is the main source of Ca2+ to support the

activation of NFATs after agonist stimulation (Kar & Parekh, 2015;

Lin et al., 2019; Yoast et al., 2020; Zhang et al., 2019). In resting state,

NFAT proteins are in a phosphorylated status that targeted them to

the cell cytoplasm, but upon agonist‐induced SOCE, NFAT proteins

are dephosphorylated by a mechanism involving the Ca2+/calmodulin

(CaM)‐dependent serine phosphatase calcineurin, promoting the

exposition of the NFAT nuclear localization sequence and, subse-

quently, its nuclear translocation and activation (Figure 2) (Hogan

et al., 2003; Kar & Parekh, 2015). The magnitude and selectivity of

the activation of each NFAT isoform is matched to the amount of

SOCE induced by a broad physiological range of agonist concentra-

tions (Kar & Parekh, 2015; Yoast et al., 2020). Lastly, the activation of

NFAT5, the other member of the family, is induced by osmotic stress

and not by increases in cytosolic Ca2+ concentration (Kumar et al.,

2020; Lee et al., 2019).

2.1 | NFAT1

NFAT1, also known as NFATp or NFATc2, has been described as a

crucial regulator of the apoptotic signaling pathway mediating cell

cycle arrest and cell death (Zhang et al., 2019). In the last decade,

numerous articles have demonstrated the role of Orai1 in the

induction of NFAT1 nuclear translocation and transcriptional activity

(Kar, Lin et al., 2021; Kar et al., 2014; Robitaille et al., 2022; Son et al.,

2020; Zhang et al., 2019). Interestingly, two alternative hypotheses

try to explain how Orai1 activates NFAT1. The first model, described

by Kar et al., suggests that Orai1 activation and the subsequent rise
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of the Ca2+ concentration near the channel trigger the interaction

between AKAP79 and the AKAR region of Orai1. AKAP79 binds both

calcineurin and NFAT1 leading the calcineurin‐dependent NFAT1

dephosphorylation and the subsequent nuclear translocation and

activation of transcription (Kar, Lin et al., 2021; Kar et al., 2014).

Recently, it has been described that this mechanism requires of

STIM2, which targets Orai1/STIM1 complexes to ER‐PM junctions, a

region where peripheral ER juxtaposes the PM and Ca2+ influx occurs

(Son et al., 2020). The use of different N‐terminal deletion mutants of

Orai1 demonstrated that AKAR region comprises the N‐terminal

amino acids 39−59, which is not present in other Orai family

members. Regarding the two Orai1 variants recently identified, AKAR

region is present in the full‐length Orai1α, but not in Orai1β variant.

Nevertheless, the role of Orai1 variants in NFAT1 activation is

F IGURE 2 Cartoon summarizing the activation of transcription factors by Orai‐forming channels. AC, adenylyl cyclase; ARC/LCT,
arachidonic acid/leukotriene C4‐activated channels; CaM, Ca2+/calmodulin; CaMK, Ca2+/calmodulin kinase; CREB, cAMP response
element‐binding protein; EGR‐1, early growth response protein‐1; IκB, inhibitor of nuclear factor kappa B; IKK, inase; MAPK/ERK,
mitogen‐activated protein kinase/extracellular signal‐regulated kinase; MEF‐2, myocyte enhancer factor‐2; NEMO, NF‐κB essential modulator; NFAT,
nuclear factor of activated T‐cells; NF‐κB, nuclear factor‐kappa B; PKA, protein kinase A; PKC, protein kinase C; SOCE, store‐operated Ca2+ entry.
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controversial. A role for Orai1α, but not Orai1β, in the activation of

NFAT1 after thapsigargin‐induced SOCE has been reported by the

expression of each Orai1 variant in HEK293 cells in which Orai1

expression was previously reduced by a siRNA or following Orai

genes (Orai1, 2, and 3) knocked out using CRISPR‐Cas9 gene edition

(Kar, Lin et al., 2021). Conversely, an alternative hypothesis proposed

by Zhang et al. suggests that NFAT1 activation requires a large Ca2+

entry through Orai1. In this model, both Orai1 variants can equally

support NFAT1 nuclear translocation after cell treatment with

thapsigargin or with high concentrations of carbachol in HEK‐293

cells. These authors suggest that the ability of Orai1β to drive NFAT1

activation is explained by its ability to drive a robust rise in the

cytosolic Ca2+ concentration, because of the absence of Ser34 and its

reduced CDI. The molecular basis described for this mechanism

involve the Ca2+/calmodulin‐AC8, which can interact with the

N‐terminal amino acids 23−34 of Orai1, a sequence lacking in Orai1β

variant. After SOCE activation, Ca2+ influx across Orai1 channel

promotes AC8 activation and the subsequent generation of cAMP

and PKA activation. By its interaction with AKAP79, PKA mediates

Orai1 phosphorylation at Ser34 to induce CDI (Zhang et al., 2019).

Interestingly, this mechanism is dampened in breast cancer cells. The

AC8 overexpression observed in these cells enhances the pool of

Orai1α associated with AC8, impairing the phosphorylation at Ser34

and Orai1α inactivation since this residue overlaps with the AC8‐

binding site. Consequently, SOCE is enhanced and supports the

development of a variety of cancer hallmarks, including proliferation

and migration (Sanchez‐Collado et al., 2019; Sanchez‐Collado, Lopez,

Jardin et al., 2021; Sanchez‐Collado, Lopez, & Rosado, 2021).

However, Kar et al. have not detected protein expression or

functional activity of AC8 or any other Ca2+/CaM‐activated adenylyl

cyclase in HEK‐293 cells and proposed an alternative PKA function

that involves the association of AKAP79 with adenylyl cyclase 6

(AC6). Contrary to what happens with AC8, high increments in

cytosolic Ca2+ concentration promoted by Ca2+ entry through store‐

operated channels reduce AC6 activity (Kar, Barak et al., 2021;

Sanchez‐Collado, Lopez, Jardin et al., 2021). Hence, in resting

conditions, the AKAP79‐AC6‐PKA complex would maintain NFAT

in a nonactivated state since it is phosphorylated by PKA at three

serine residues, avoiding its calcineurin‐mediated dephosphorylation

and activation. After SOCE activation, this mechanism would be turn

off due to AC6 inhibition, leading the NFAT dephosphorylation

(Kar, Barak et al., 2021).

About the other members of Orai family, two different groups

have proposed that neither Orai2 nor Orai3 are able to induce

NFAT1 nuclear translocation and activation, supporting a major role

of Orai1 for NFAT signaling. Kar et al. (2014) demonstrated that

Orai3 failed to induce NFAT nuclear translocation and activation

since AKAP79 cannot be recruited by Orai3. According to that,

carbachol‐induced NFAT1 nuclear translocation was strongly abol-

ished in genetically modified HEK‐293 cells in which Orai1 gene was

knocked out using CRISPR‐Cas9 gene editing compared with parental

wild‐type cells. Consistent with this, Trebak and coworkers showed

that NFAT1 nuclear translocation resulted to be higher and faster in

HEK‐293 cells in which Orai2 or/and Orai3 expression were knocked

out, suggesting that only Orai1 can mediate the large rise in cytosolic

Ca2+ required for NFAT1 translocation and activation, while Orai2

and Orai3 act as negative modulators of Orai1 activity, matching the

magnitude of Ca2+ signals to stimulation with high or low agonist

concentration to fine tune NFAT1 activation (Emrich et al., 2021;

Yoast et al., 2020). This regulatory role of Orai2 and Orai3 in NFAT1

activation in response to agonist were confirmed in two recent

studies. In breast cancer cells, Orai2 expression varies according to

the cell type. Thus, Orai2 expression is high in the triple negative

breast cancer cell line BT20 and in the HER2 positive SKBR3 cells,

while its expression is residual in the estrogen receptor positive (ER+)

breast cancer cell line T47D. Knockdown of Orai2 expression in

SKBR3 and BT20 cell lines, using a specific siRNA, increases the

magnitude of agonist‐induced SOCE and changes the pattern of Ca2+

responses from Ca2+ oscillations to plateaus. Consequently, these

cells lose the ability to discriminate between low and high

concentrations of agonist and NFAT1 nuclear translocation is

enhanced after cell stimulation (Sanchez‐Collado, Lopez et al.,

2021). Otherwise, in primary lung fibroblast isolated from mice with

pulmonary fibrosis, the attenuation of Orai3 expression, using a

specific siRNA, decreased the TGF‐β1‐induced nuclear translocation

of NFAT1. This effect is explained by a remodeling of the Orai

channels due to an increase in Orai3 expression. Orai1 and Orai3 can

form heteromultimeric channels that support both SOCE and

AA‐regulated store‐independent Ca2+entry. Hence, Orai3 overex-

pression in activated lung fibroblast leads to the formation of store‐

independent AA‐regulated channels to detriment of SOC channels,

with the consequent decrease in the magnitude of SOCE. This

remodeling promotes and ensures a large extracellular Ca2+ influx

responsible for NFAT1 activation, fibroblast proliferation, and

pulmonary fibrosis development (Yu et al., 2022).

2.2 | NFAT2

The pivotal role of Orai1, but not Orai2 and Orai3, in the activation of

NFAT2 (also known as NFATc, NFATc1) has been extensively

demonstrated by using pharmacological or gene mutation approaches

to inhibit channel function, or by gene silencing approaches to avoid

protein expression (Carreras‐Sureda et al., 2021; Choi et al., 2018;

Hwang & Putney, 2012; Jans et al., 2013; Wang et al., 2022; Zhou

et al., 2014). Hence, specific siRNA against Orai1 or the over-

expression of the dominant‐negative mutant Orai1R91W were used

to demonstrate that Orai1‐mediated Ca2+ entry promotes nuclear

translocation and enhances transcriptional activity of NFAT2 after

lysophosphatidic acid‐induced SOCE in keratinocytes (Jans et al.,

2013). Similar results were obtained in human umbilical vein

endothelial cells (HUVEC) when Orai1 activity was impaired by

overexpression of the dominant‐negative mutants Orai1R91W or

Orai1E106A. In these cells, histamine treatment failed to promote

SOCE activation and NFAT2 nuclear translocation, events required

for interleukine‐8 (IL‐8) secretion and the inflammatory response
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(Zhou et al., 2014). Furthermore, the attenuation of Orai1 activity or

expression in HUVEC cells, using the Orai1 channel inhibitor BTP2 or

a specific siRNA against Orai1 respectively, also impaired NFAT2

nuclear translocation and transcriptional activity, compromising cell

migration, and proliferation (Wang et al., 2022). The role of Orai1 in

NFAT2 activation was also demonstrated by the generation of Orai1

knock‐out (Orai1KO) Jurkat cells using CRISPR‐mediated gene

editing. In Orai1KO cells, treatment with thapsigargin failed to

induce NFAT2 nuclear translocation and activation, an event required

for T cell activation. As expected, Orai1 overexpression was able to

rescue thapsigargin‐induced NFAT2 nuclear translocation and acti-

vation in these cells. Interestingly, overexpression of a S‐acylation‐

deficient mutant of Orai1 (Orai1C143A) did not rescue thapsigargin‐

induced SOCE and NFAT2 nuclear translocation and activation,

suggesting that the S‐acylation of Orai1 at Cys‐143 is required for

channel function (Carreras‐Sureda et al., 2021). NFAT2 nuclear

translocation and transcriptional activity have been also shown to be

required for bone remodeling, including bone formation by osteoblasts

and bone resorption by osteoclasts. So, phorbol‐12‐myristate‐13‐

acetate (PMA) and ionomycin‐induced NFAT2 nuclear translocation

and activation have been shown to be reduced in primary osteoblasts

isolated from Orai1KO mice, resulting in a deficient differentiation and

cell proliferation (Choi et al., 2018). Moreover, Orai1 knockdown using

a specific shRNA in mouse monocyte/macrophage‐like RAW264.7

cells, reduced receptor activator of nuclear factor‐κB ligand (RANKL)‐

induced NFAT2 activation required for osteoclast formation (Hwang &

Putney, 2012). Finally, in patients with generalized vitiligo, a reduced

intracellular Ca2+ concentration and Orai1 transcripts levels have been

linked to a decrease in extracellular Ca2+ uptake in regulatory T‐cells.

As consequence, these cells showed a defective calcineurin and

NFAT2 activation, with the subsequent decrease in immuno-

suppressive response. Ca2+ treatment of these cells significantly

increased intracellular Ca2+ and Orai1 transcripts and restores

calcineurin and NFAT2 activity (Giri et al., 2022).

2.3 | NFAT4

Although a reduced number of studies have addressed the topic,

there is a wide agreement about the role of CRAC channels in the

activation NFAT4 (also known as NFATx or NFATc3). This signaling

pathway is involved in cellular functions like myogenesis, cell

proliferation and secretion as well as in the regulation of oncogenic

genes (Kim et al., 2019; Liu et al., 2018; Robbs et al., 2008; Srikanth

et al., 2017). However, the physiological conditions that mediate this

event is the subject of an intense scientific debate. Yoast and

coworkers have reported that NFAT4 nuclear translocation is

mediated by discrete rises in cytosolic Ca2+ concentration following

stimulation with low agonists concentrations. Furthermore, these

authors described Orai1 as the unique CRAC channel member that

supports NFAT4 nuclear translocation, meanwhile Orai2 or Orai3

play a regulatory role in the activation of NFAT4 by shaping the Ca2+

signals evoked by the channels (Yoast et al., 2020). Interestingly, due

to its lower sensibility to CDI mechanism, Orai1β shows a greater

capacity to trigger NFAT4 nuclear translocation as compared to the

longer Orai1 variant, Orai1α (Zhang et al., 2019). By contrast, Kar

et al. have proposed that NFAT4 activation and nuclear translocation

are not mediated by low agonist concentrations and require a strong

cell stimulation (Kar & Parekh, 2015). Although both groups

described that NFAT4 nuclear translocation is faster than that

observed for NFAT1, Parekh and coworkers proposed that NFAT4

nuclear accumulation and transcriptional activity demands for intense

stimuli which induce a large Ca2+ entry and the rise of nuclear Ca2+

concentration. This Ca2+ dependent regulatory mechanism is

mediated by the translocation of calcineurin into the nucleus, where

it would counterbalance NFAT4 phosphorylation, its main inhibitory

mechanism (Kar & Parekh, 2015).

2.4 | NFAT3 and NFAT5

Regarding the other members of NFAT family, NFAT3 and NFAT5

(also known as NFATc4 and TonEBP, respectively), the role of Orai

proteins in their activation has not been extensively studied and

demonstrated. STIM1‐Orai1 mediated SOCE induces NFAT3 activa-

tion and initiates signaling pathways involved in the hypertrophic

growth of cardiomyocytes (Lu et al., 2017). No evidence has been

shown on the involvement of Orai proteins in the activation of

NFAT5, since this member lacks calcineurin docking sites which are

required for the Ca2+ dependent nuclear translocation and activation

(Lee et al., 2019). However, it has been demonstrated that NFAT5

activation promotes an increase in the expression of the serum‐

glucocorticoid‐inducible kinase 1 (SGK1), which is responsible for an

increase of Orai1 and Orai2 expression (Sahu et al., 2017).

3 | cAMP‐RESPONSE ELEMENT BINDING
PROTEIN (CREB)

CREB is a ubiquitous protein which was first described in 1987 as a

key cAMP‐responsive transcription factor regulating somatostatin

gene expression (Montminy & Bilezikjian, 1987). CREB belongs to the

region‐leucine zipper family of transcription factors which is also

comprised by CREM (cAMP‐response element modulator) and ATF‐1

(activation of transcription factor‐1) (Pearce et al., 2017). In resting

cells, CREB is located inside the nucleus and has no transcriptional

activity. Upon cell stimulation, signaling pathways such as Ca2+/CaM,

Ras/MAPK, or even an increase of cAMP concentration, mediate the

phosphorylation of CREB at Ser‐133 and its subsequent activation

(Pearce et al., 2017; Purves, 2004; Sheng et al., 1991; West et al.,

2001). After its phosphorylation, CREB forms homo or heterodimers

and binds to its DNA binding site, known as CRE (c‐AMP response

element), mediating gene expression and controlling several cell

functions, mainly in brain tissue (Figure 2) (Purves, 2004).

Many authors have described SOCE as a powerful CREB

activator. Hence, following cell stimulation, CRAC channels opening
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leads to the interaction of Ca2+‐CaM, which, in turn, causes

autophosphorylation and activation of different calmodulin kinase

(CaMK) subtypes that undergo nuclear translocation and phospho-

rylate CREB at Ser‐133 (Bito et al., 1996; Ho et al., 2000; Purves,

2004; Simo‐Cheyou et al., 2017). Simultaneously, SOCE impairment

either using cell treatment with 2‐aminoethoxydiphenyl borate

(2‐APB), silencing STIM1 and Orai1 gene expression, or over-

expressing Orai1 dominant negative mutants induced the inhibition

of CREB transcriptional activity (Rodríguez‐Moyano et al., 2013;

Shanmughapriya et al., 2015; Simo‐Cheyou et al., 2017).

Alternatively, as mentioned above, CREB might be activated by

the MAPK/ERK pathway in a SOCE‐dependent manner. Some

studies have demonstrated that SOCE mediates CREB phosphoryl-

ation through the activation of different PKC subtypes after Ca2+

entry through Orai1, which, in turn, triggers MAPK/ERK‐mediated

CREB phosphorylation. Thus, SOCE blocking agents have been

shown to reduce ERK1/2 phosphorylation and CREB activation

(Pulver‐Kaste et al., 2006; Soltoff & Lannon, 2013). Simo‐Cheyou and

coworkers have described the involvement of STIM1‐Orai signaling

mechanism in the modulation of Early growth response protein‐1

(Egr‐1) expression in vascular smooth muscle cells (VSMCs). These

authors suggest that the expression and transcriptional activity of

Egr‐1 is promoted by the previous activation of ERK1/2 and CREB

phosphorylation, a signaling pathway that mediates the vasoactive

effects of angiotensin II (Simo‐Cheyou et al., 2017).

Furthermore, Orai1 could influence CREB‐mediated gene tran-

scription through its interaction with several subtypes of Ca2+‐

dependent adenylate cyclase (AC), such as AC1, AC8, and AC10

(Parker et al., 2019; Sanchez‐Collado, Lopez, Jardin et al., 2021). The

activation of these ACs is mediated by a Ca2+/CaM‐dependent

conformational change that triggers an increase of intracellular cAMP

and activates PKA. This kinase, besides mediating Orai1 CDI (Hofer,

2019; Zhang et al., 2019), can enter the nucleus and activate CREB

transcriptional activity by its phosphorylation at Ser‐133.

4 | NF‐ΚB

NF‐κB is a dimeric transcription factor, formed mainly by hetero-

dimers of p50/p65, first described in 1986 as a transcription factor

capable to interact with the κ‐immunoglobulin (Igκ) light chain gene

enhancer in B cells (Sen & Baltimore, 1986b). Its transcriptional

activity can be triggered by many extracellular signals, like TNF‐α,

IL‐1β, or lipopolysaccharides, and has a pivotal role in the transcrip-

tion of several genes involved in the inflammatory response (Karin &

Ben‐Neriah, 2000; Nelson et al., 2004; Sen & Baltimore, 1986a;

Siebenlist et al., 1994). These genes include proinflammatory

cytokines and chemokines (TNF‐α, IL‐6, IL‐8, etc.), enzymes (COX2,

iNOS, etc.), adhesion molecules (ICAM‐1 or E‐selectin, among others),

receptors (IL2R, T‐cell receptor, MHC‐I/II, etc.), growth factors (M‐

CSF, TGF‐β2, GM‐CSF, G‐CSF, etc.), and transcription factors and

regulators (Baeuerle & Baichwal, 1997; Barnes & Karin, 1997;

Siebenlist et al., 1994). To play this role, it is necessary for the

complex to be activated and translocated to the nucleus because, at

resting state, NF‐κB remains at the cytoplasm binding its inhibitory

proteins IκBs. The canonical activation pathway of NF‐κB requires

the proteolytic degradation of IκB by the IκB kinase (IKK), formed by

IKKα, IKKβ, and the regulatory protein NEMO (NF‐KB essential

modifier), which mediated IκB phosphorylation at Ser‐32 and Ser‐36

and also phosphorylates NF‐κB at Ser‐536 (DiDonato et al., 1997;

May et al., 2000; Nelson et al., 2004). Subsequently, IκB undergoes

ubiquitination and is degraded by the proteasome. This mechanism

releases NF‐κB from its inhibitory proteins, favors NF‐κB nuclear

translocation and support the expression of many genes, including

those that encode NF‐κB inhibitors (Karin & Ben‐Neriah, 2000;

Nelson et al., 2004; Sen & Baltimore, 1986a; Siebenlist et al., 1994).

Considering the role of NF‐κB in the mediation of the

inflammatory response, some studies have addressed a functional

relationship between CRAC signaling pathway and NF‐κB phospho-

rylation and nuclear translocation (Figure 2) (Berry et al., 2018;

Chaudhari et al., 2020; Dolmetsch et al., 1998; Kanno & Siebenlist,

1996; Liu et al., 2016; Mizuma et al., 2019; Singh et al., 2020; Xu

et al., 2014). To confirm this hypothesis, the NF‐κB transcriptional

activity following cell stimulation using G protein‐coupled receptor

agonists has been investigated, reporting that NF‐κB‐mediated gene

transcription requires both, the intracellular Ca2+ stores depletion

evoked by the opening of IP3R and the entry of Ca2+ through CRAC

channels. Furthermore, Liu and coworkers have reported that CRAC

channel inhibition by Synta66 or by the overexpression of the

dominant negative mutant Orai1E106A impairs IκBα degradation and

NF‐κB phosphorylation following cell treatment with Ionomycin and

PMA (Chaudhari et al., 2020; Liu et al., 2016). This mechanism for

NF‐κB activation involves several key steps of the noncanonical

pathway. First, the activation of different Ca2+‐dependent PKC

subtypes trigger CARMA‐BCL10‐MALT1 complex (CBM complex),

which is necessary for the subsequent NEMO‐IKK interaction and

the final degradation of NF‐kB inhibitory proteins (Figure 2) (Berry

et al., 2018; Steffan et al., 1995). It is also important to mention that

several Ca2+‐dependent proteins, such as CaMK and calcineurin, are

also able to control the phosphorylation status and activation of the

CBM complex (Ishiguro et al., 2007; Oruganti et al., 2011;

Palkowitsch et al., 2011). From this point on, the degradation of

IκBα/β will release the transcription factor triggering its phosphoryl-

ation and subsequent translocation to the nucleus (Berry et al., 2018;

Mizuma et al., 2019; Xu et al., 2014). To our knowledge, there is no

evidence supporting the contribution of Orai2 and Orai3 in NF‐κB

activation, a topic that deserves further investigation.

5 | C‐MYC

The transcription factor c‐myc, which is encoded by the proto‐oncogene

c‐myc, is involved in vital processes for the cell such as cell growth,

proliferation, and apoptosis as it is an important modulator of cell cycle

progression through G1 phase (E. B. Thompson, 1998). Interestingly,

alterations in c‐myc expression and its regulation contribute to
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tumorigenesis and tumor growth (Dang, 2012). The activity of this

transcription factor is known to be regulated by several mechanisms in

which Ca2+ signaling and SOCE play a key role (Putney, 2009).

Considering Orai channels, many studies have described a

correlation between the expression and activity of these channels

and the cellular hallmarks associated with different cancer types. Then,

as it has been proposed that Orai3 is involved in the regulation of G1

phase and G1/S transition in tumor cells (Chamlali et al., 2021;

Sanchez‐Collado, Jardin et al., 2021), Faouzi et al. aimed to elucidate

the relationship between Orai3 and c‐myc. To identify the connection

between them, authors have simultaneously compared the expression

of both proteins in breast cancer tumor samples and cell lines. The

results obtained show that Orai3 and c‐myc expression is significantly

correlated and both present a higher expression in cancer cells when

compared with noncancerous cells (Faouzi et al., 2013).

In addition, Faouzi and coworkers studied the effect of Orai3

downregulation on c‐myc expression and function. First, they

observed that silencing Orai3 channels in ER+ breast cancer MCF‐7

cells induced a significant decrease both in the expression and

activity of c‐myc, while this correlation was not reported when

studying the non‐tumoral MCF‐10A breast epithelial cell line.

Considering the obtained results, these authors took a step forward

and analyzed their impact on cell viability and proliferation,

concluding that Orai3 and c‐myc gene silencing separately decreased

MCF‐7 cell survival, but have no additive effect when combined. The

analysis of the phosphorylation level of different proteins involved in

the MAPK pathway, such as ERK1/2, reported that Orai3 knockdown

decreases protein phosphorylation levels in MCF‐7 cells, in compari-

son with control cells, which indicates that Orai3 potentially impacts

c‐myc function and activity through the MAPK cascade (Figure 2)

(Faouzi et al., 2013).

6 | MEF2

MEF2 protein family comprises a group of transcription factors

implicated in myogenesis and its associated mechanisms (Brand,

1997; Taylor & Hughes, 2017). In this process, somatic cells

transform into muscle cells thanks to different signaling pathways

in which SOCE is critically important (Arnaudeau et al., 2006). As it

has been introduced, Orai and STIM protein families are the main

regulators of SOCE, so that some authors hypothesized and tried to

clarify if they also played a role in MEF2 expression and function. In

this sense, Darbellay and coworkers have explored the role of Orai

proteins in the regulation of MEF2 expression during myoblasts

differentiation reporting that Orai1 and Orai3 knockdown decreases

MEF2 nuclear expression, while the inhibition of Orai2 expression did

not exert a significant role (Figure 2). Furthermore, it has been

reported that STIM1 and Orai1 overexpression results in an

increased MEF2 gene expression and accelerate differentiation.

Altogether, these findings demonstrate that Orai1 and Orai3 regulate

MEF2 expression in myoblasts, and SOCE plays an essential role in

myoblasts differentiation (Darbellay et al., 2009). Conversely, in

VSMCs Ren et al. (2010) have reported that cell treatment with

thapsigargin had no effect on MEF2 expression, concluding that

SOCE might not be relevant for MEF2 expression in VSMCs. These

observations suggest that the functional role of SOCE in MEF2

expression might be cell specific.

7 | C‐FOS

c‐fos proto‐oncogene is part of the Fos superfamily in which FosB,

FosL1, and FosL2 genes are also included. It encodes a transcription

factor that forms AP‐1 (activator protein‐1) together with c‐jun, a

heterodimeric complex involved in multiple functions, such as cell

proliferation, differentiation, or survival, among others (Manios et al.,

2020; Piechaczyk & Blanchard, 1994). Chang et al. reported that c‐

fos transcription and translation to the nucleus was boosted in RBL‐1

cells following Ca2+ store depletion using thapsigargin. This event

was impaired in the absence of external Ca2+ or after treatment with

2‐APB as CRAC channel blocker. Unexpectedly, the modulation of

c‐fos expression by SOCE was mediated by an alternative pathway

that seems to be independent from MAPK/ERK1/2 cascade

(Figure 2) (Chang et al., 2006).

The role of SOCE in the modulation of c‐fos expression and

activation was confirmed by Ren and coworkers in VSMC. These

authors reported that SOCE‐mediated c‐fos expression counter-

balance stretch stimulus and the acquisition of a contractile

phenotype in these cells (Ren et al., 2010). In addition, this model

has been completed suggesting that NFAT and c‐fos transcriptional

activities are complementary promoted by SOCE, adapting the

intensity of agonist stimulation to the downstream cellular events

(Lin et al., 2019).

8 | CONCLUDING REMARKS

SOCE is a major mechanism for Ca2+ influx that is required for the

activation of a variety of cell functions ranging from secretion and

motility to gene expression (Putney, 2009). Cells typically respond to

stimulation with physiological concentrations of agonists with

transient regenerative Ca2+ oscillations, which play a crucial role in

gene transcription. While Ca2+ oscillations are mediated by Ca2+

release via IP3 receptors, SOCE plays a relevant role sustaining long‐

term Ca2+ oscillations. Native CRAC channels, consisting in the

heteromeric assembly of Orai isoforms, have been reported to play

an essential role matching gene transcription to the magnitude of

agonist stimulation (Yoast et al., 2020). Orai channels activate a

variety of transcription factors acting as a point of convergence

between agonist stimulation and gene expression.
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