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Abstract

The stromal interaction molecules STIM1 and STIM2 are Ca®" sensors, mostly located in the endoplasmic reticulum, that detect
changes in the intraluminal Ca®* concentration and communicate this information to plasma membrane store-operated channels,
including members of the Orai family, thus mediating store-operated ca®t entry (SOCE). Orai and STIM proteins are almost ubiquitously
expressed in human cells, where SOCE has been reported to play a relevant functional role. The phenotype of patients bearing muta-
tions in STIM and Orai proteins, together with models of STIM or Orai deficiency in mice, as well as other organisms such as Drosophila
melanogaster, have provided compelling evidence on the relevant role of these proteins in cellular physiology and pathology. Orai1-defi-
cient patients suffer from severe immunodeficiency, congenital myopathy, chronic pulmonary disease, anhydrotic ectodermal dysplasia
and defective dental enamel calcification. STIM1-deficient patients showed similar abnormalities, as well as autoimmune disorders. This
review summarizes the current evidence that identifies and explains diseases induced by disturbances in SOCE due to deficiencies or
mutations in Orai and STIM proteins.

Keywords: STIM e Orai e store-operated ca’t entry ® CRAC ® immunodeficiency

Introduction

Changes in cytosolic-free Cca’* concentration ([Ca2+]c) are a uni-
versal signal that regulates a diversity of cellular functions, from
short-term responses, such as secretion, contraction or aggrega-
tion, to long-term responses, including cell proliferation [1].
Physiological agonists increase [Ca2+]c, which consist of two
components: the release of Ca?" from the intracellular organelles
and Ca" entry through plasma membrane (PM) channels. Ca’"
release from intracellular Ca®* stores is a mechanism regulated by
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agonist-generated second messengers, including the inositol
1,4,5-trisphosphate (IP3), cyclic ADP ribose, nicotinic acid ade-
nine dinucleotide phosphate (NAADP) or sphingosine-1-phos-
phate [2-6]. However, Ca2" release from finite intracellular Ca®*
stores is sometimes insufficient to induce full activation of cellular
processes and, to maintain Ca’" signals, as well as to refill intra-
cellular stores, Ca’>" entry plays a relevant role. ca" entry might
be achieved by different mechanisms, including voltage-operated
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Fig. 1 Orai protein family. Representation of domain organization of human (h) and mouse (m) Orai proteins. Mouse Orail shares a 90% identity with
human Orai1 in the amino acid sequence according the pairwise alignment generated by BLAST (http:/blast.ncbi.nim.nih.gov/). Their domain structure
is highly conserved. N and C represent the amino- and the carboxyl-terminus, respectively. Coloured boxes represent different domains. Numbers above
and below the domains indicate their boundaries and the amino acid position. Boundaries of mouse Orai1 were predicted by clustal protein alignment
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Modified version of the figure is taken from [148].

ca’" entry through voltage-sensitive Cca’* channels and receptor-
operated ca’* entry following receptor occupation by means
other than a change in membrane potential [7]. The latter may take
several forms and is conducted by different types of channels:
receptor-operated channels (ROC) formed by subunits of the
receptor protein itself, second messenger-operated channels
(SMQC) gated by a diffusible messenger generated as a conse-
quence of rec gtor occupation and, finally, store-operated (or
capacltatlve ) Ca“" channels (SOC/CRAC) actlvated when the lumi-
nal Ca>™ concentration in the intracellular Ca®" stores is reduced
as a result of receptor occupation and the subsequent generation
of a Ca®*-mobilizing second messenger [8, 9]. In non- excnable
cells, and also in certain excitable ceIIs store-operated Cca’* entry
(SOCE) is a major mechanism for Ca2" influx [10].

It has been established that SOC channels group a family of
Ca“-permeable channels with different biophysical properties.
The first identified store-operated current, /crac, was revealed in
electrophysiological studies of mast cells [11]. The channel con-
ducting fcrac was found to be non-voltage activated, inwardly
rectifying and highly Ca®" selective [12]. In addition to /crac,
other store-operated currents of greater conductance and lower
Ca’" selectivity, commonly named /soc, have been described
[10]. The nature of the SOC components that mediate /crac and
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Isoc has been an issue of intense debate for over the last
decades. In 2006, Orai1 was presented as the candidate to medi-
ate Icrac [13-15]. Members of the Orai family (Orai1-3) are
highly conversed ca’* channel-forming subunits consisting in
four transmembrane (TM) domains located in the PM and both
N- and C-termini located in the cytosol (Fig. 1; Refs. [15, 16]).
The C- and N-terminal regions of Orai interact with STIM1. The
N-terminal region is critical for STIM1-mediated gating [17-20],
and also contains a putative calmodulin (CaM)-binding domain,
suggesting a possible role of CaM as regulator of Orai channel
function [17, 21].

The role of Orail in Icrac was identified by gene mapping in
patients with hereditary severe combined immunodeficiency
(SCID) attributed to the loss of Icrac in T cells [22]. As described
for Icrac, Orai1 shows an extraordinarily high selectivity for ca>"
over monovalent cations [23]. In addition to Orai1, its homologues
Orai2 and Orai3 have been reported to be able to form SOC chan-
nels. Overexpression of all Orai homologues produced or
enhanced SOCE, although with different efficiencies, being greater
for Orai1 than for Orai2 and Orai3 [24].

In addition to Orai proteins, the mammalian homologues of
Drosophila melanogastertransient receptor potential (TRP) chan-
nels have been presented as SOC candidates. The involvement
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of TRPs in SOC channel formation and the conduction cationic
current /soc remains controversial, with a number of laborato-
ries providing evidence in favour or against this possibility.
Particular attention has been paid to the canonical TRP (TRPC)
subfamily members, which have been suggested to be activated
by store depletion using different approaches, from overexpres-
sion of specific TRP proteins to knockdown of endogenous
TRPs and pharmacological studies (for a review see Ref. [9]).

Intracellular Ca®™ stores and disease

Mechanisms of intracellular Ca’* homeostasis

A variety of intracellular ca’t transporters and buffer systems
modulate intracellular Ca?" signals and maintain the low resting
[Ca2+]c typically found in most cell types. At resting conditions,
[Ca2+]c is maintained by Ca2+-ATPases, such as the secretory
pathway Ca’*-ATPase (SPCA) in the Golgi compartments or the
sarco/endoplasmic reticulum Ca2"-ATPase (SERCA) that pumps

contmuousI%/ towards the endoplasmic reticulum (ER) lumen
opposmg the Ca°" leak that occurs through the ER membrane
probably via the translocon [25]. During agonist stimulation,
however, dramatic changes in [Ca2+]c occur due to opening of
Ca®* channels located in intracellular organelles, such as the IP3,
ryanodine or NAADP receptors, which allow Cca’" efflux from the
intracellular stores, and ca’t entry through plasma membrane
Ca2+-permeable channels. Once agonist-stimulation is terminated,
[Ca2+]c is returned to the resting level through the collaborative
work of Ca?"-ATPases and exchangers [26].

The advances in the understanding of ca’* signalling mostly
occurred in parallel with the investigation of the intracellular Ca2+
stores, which are able to accumulate significant amounts of ca’*
Although the resting [Ca "¢ is between 20 and 100 nM, depend-
ing on the cell type investigated, the Ca’*-concentration in the
intracellular Ca®"-stores is within the micromolar range [27].
Intracellular Ca®" stores include the ER, the mitochondria, the
Golgi apparatus, the nuclear envelope and the acidic lysosomal-
like organelles. The ER is the major source of the intracellular
released Ca®*. The Ca®™ content in the ER is tightly regulated by
SERCA that pumps Ca’" back against a Ca’" gradient across its
membrane [28]. Ca®" efflux from the intracellular stores has been
reported to occur via occupation of the IP3 receptors (IPsR) or
ryanodlne receptors (RyR) [4]. Functional heterogeneity of the ER
ca’t pool has been reported on the base of the heterogeneous
expression of SERCA isoforms and the different sensitivity of ER
ca’t compartments to distinct SERCA inhibitors. The presence of
different ER Ca®" compartments might have functional relevance,
with function-specific ca®t compartments associated to discrete
cellular mechanisms, although the occupation of different mem-
brane receptors by agonists [29]. Intimately connected tothe ER is
the nuclear envelope a small intracellular Ca®* store with an intra-
luminal Ca>™ concentration of approximately 100 wM [30]. ca’"
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release from the nuclear envelope has been reported to be medi-
ated by NAADP, as well as by IP3 and cyclic ADP-ribose [31],
which act on specific Ca®" release channels present in the inner
nuclear membrane [30]; thus, leading to transient rises in the
nucleoplasmic ca’t concentration, which could be important for
the control of specific types of gene expression [30, 31].

Recently, particular attention has been paid on the acidic
organelles including lysosomes and lysosomal-like organelles,
such as secretory granules. These organelles show a proton-
gradient across their membranes maintained by the vacuolar
proton-ATPase (V-ATPase), which provides the driving force for
Ca®" uptake by a complex H'/Ca®" exchange [32]. In human
platelets, we have found that ca’t uptake in the acidic organelles
involves the V-ATPase, which provides the driving force solely for
the maintenance of stored Ca2+, and a SERCAS3 isoform involved
in Ca" store refilling [33].

Mitochondria initiate, transduce and modulate a variety of Ca’*
signals, regulating spatiotemporal dynamics of cellular Ca?* Sig-
nals [34]. This organelle might modulate ca’t signalling either
directly, by ca>" uptake via the mitochondrial Ca’" uniporter or
by releasing accumulated ca®" into the cytosol by means of
Na*/Ca®" or H*/Ca>" exchangers, or indirectly by regulating the
concentration of ATP, NAD(P)H and reactive oxygen species, mol-
ecules that influence the activity of different pumps, exchangers
and channels involved in the Ca’" signalling machinery [35].
Among the roles of mitochondria in Ca’>" signalling, this organelle
has been reported to play an essential role controlling the extent
and duration of SOCE by buffering sub-plasmalemmal ca’* [36],
and has also been found to contribute to ER Ca®* refilling in the
presence of IP3-generating agonists [37].

The Golgi apparatus has also been reported to act as an ago-
nist-releasable intracellular Ca®" store. Agonist-induced ca’"
release from the Golgi apparatus was described in Hela cells sta-
bly expressing targeted aequorin into this compartment and, as
well as the ER the Golgi apparatus was found to contribute to the
rise in [Ca e upon agonist stimulation [38]. In HEK293 cells,
menthol causes Ca release from both the ER and Golgi compart-
ments [39]. Ca?* transport into the Golgi pool is mediated by the
secretory-pathway Ca2+-transp0rt ATPases (SPCA), which supply
the Golgi apparatus with both Ca>* and Mn®*: thus, playing a rel-
evant role in cellular Ca>* and Mn?* homeostasis [40-42].

Abnormal intracellular Ca’* homeostasis
and disease

Physiological agonists are known to induce typical Ca>" signals to
specifically regulate cellular functions, among the ca’t signals
generated by agonist stimulation, Ca’" oscillations play a relevant
physiological role. Ca’" oscillations consist of cyclical release and
re-uptake of intracellularly stored Cca’* and play an important role
in the regulation of cellular functions. Current evidence suggests
that Ca2" influx across the PM plays a relevant role in the mainte-
nance of Ca®" oscillations, as well as in their localization within
the cell [43]. Deregulation of cellular Ca2" homeostasis leads to
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the development of a number of cellular dysfunctions that under-
lie a variety of disorders. An example for the pathophysiological
relevance of intracellular Ca?* signalling is cardiac diseases. In
heart failure, the insufficient myocyte contraction is attributed to
an insufficient increase in [Ca®']c as a result of a reduced Ca®"
accumulation into the ER due to an abnormal expression of
SERCA [44]. Abnormal ER Ca’" homeostasis associated to
presenilin-1 mutations has also been reported to contribute to the
dysfunction and degeneration of neurons observed in Alzheimer’s
disease [45]. Among other examples, SPCA mutations leading to
loss of one functional copy of the human SPCA1 gene (ATP2C1)
causes Hailey—Hailey disease, a rare skin disorder characterized
by recurrent blisters and erosions in the flexural areas [46].
Specific mutations in RyRs results in enhanced sensitivity of RyR1
to activating Ca®" concentrations and also to the exogenous and
diagnostically used ligands caffeine and 4-chloro-m-cresol, thus
leading to malignant hyperthermia, a skeletal myopathy where
exposure to certain volatile anaesthetics and depolarizing muscle
relaxants, commonly used in anaesthesia, trigger an abnormally
high release of ca’" from the sarcoplasmic reticulum [47]. Finally,
the discovery of a number of channelopathies has shed new light
on the pathogenesis of a wide range of human diseases. Defects
in L-type Ca’" channels resulting in structural aberrations within
their pore-forming region leads to a number of neurological disor-
ders [48]. Homozygous expression of Orail bearing the R91TW
mutation results in impairment of SOCE leading to SCID [22].
Defects in cation permeable members of the TRP channel family
have also been involved in human diseases such as hypomagne-
semia with secondary hypocalcaemia, mucolipidosis type IV,
autosomal-dominant polycystic kidney disease, familial focal
segmental glomerulosclerosis or certain forms of cancer [49, 50].
The number of Ca’" signalling dysfunctions underlying human
diseases is growing, which highlights the key role that ca’*
homeostasis plays in cellular physiopathology.

Sensing Ca’* stores

Intracellular Ca" stores not only provide a source for agonist-
induced Ca®>" mobilization but control a major Cca®" influx path-
way in non-excitable cells, SOCE, which is also present in
excitable cells. SOCE was identified by Putney in 1986 as a
mechanism by which the depletion of the intracellular ca’*
stores activates Ca>* entry through SOC channels [51]. The
nature of the signal linking the Ca®" content in the intracellular
Ca®" stores to the PM SOC channels has been a matter of
intense investigation immediately after the discovery of SOCE. In
2005, Dr. Cahalan’s group reported that STIM1, a ubiquitously
expressed protein in mammalian tissues, plays an essential role
in SOCE and Icrac, the best characterized capacitative current
(Fig. 2; Refs. [52, 53]). The authors used an RNA interference
(iRNA)-based screening to identify genes that impair ca’t entry
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in D. melanogaster S2 cells evoked by thapsigargin, a specific
inhibitor of SERCA that stimulates SOCE. Among 170 screened
genes, they found that /crac was suppressed in STIM knock-
down S2 cells. Similarly, knockdown of the human homologue of
D. melanogaster STIM1 significantly reduced Icrac in Jurkat T
cells and thapsigargin-evoked SOGE in HEK293 or SH-SY5Y cells
[52]; thus, suggesting an essential role for STIM1 in the mecha-
nism of activation of SOCE. Later on, the same group reported
compelling evidence for a role of STIM1 as an ER Ca®" sensor
by using a STIM1 EF hand mutant that, being unable to sense
intraluminal Ca®* concentration, mimics Ca’" store depletion,
initiating translocation and activation of /crac [53]. Since 2005,
a growing number of studies have provided evidence supporting
a role for STIM1 as the ER Ca’" sensor that communicates
information concerning the Ca®" content into the stores to PM
SOC channels both in transiently or stably expressing cells and
native cells [24, 54-57].

STIM1 has a single TM domain with an EF-hand motif near the
N-terminus, which is located in the lumen of the ER. In addition
to the canonical EF-hand domain, the intraluminal N-terminus
contains a hidden EF-hand motif and a sterile-a motif (SAM) that
is important for STIM1 oligomerization (Fig. 2; Refs. [58, 59]).
The cytosolic C-terminus includes two coiled-coil domains which
overlap with an ezrin-radixin-moesin-like domain, a serine/pro-
line-region and a lysine-rich region [60]. In addition, different
research groups have identified a cytoplasmic STIM1 region
essential for the activation of Orai1 and termed STIM1 Orai-acti-
vating region (SOAR; Ref. [61]), Orai-activating small fragment
(OASF; Ref. [62]), CRAC-activating domain (CAD and CCb9; Refs.
[63, 64], respectively). A decrease in ER luminal Ca?" concentra-
tion results in dissociation of Ca®" from the EF-hand motif,
which, in turn, leads to STIM1 oligomerization and dissociation
between the coiled-coil domain1 and SOAR, thus the positive
charges located in the SOAR domain are free to interact with the
acidic domain within the C-terminal domain of Orai1 and activate
this channel (Fig. 2; Ref. [65]).

The STIM1 homologue STIM2 has a similar structure
(Fig. 2). In the presence of Ca2+, STIM2 EF-SAM domain is
monomeric and well-folded, as previously reported for STIM1
EF-SAM and, despite this domain shows similar ca’t -binding
affinity in both STIMs, it is more stable in STIM2, which has
been suggested to account for the different cellular functions of
both proteins [66]. The function of STIM2 has not been com-
pletely elucidated. Early studies reported that, in contrast to the
reported role of STIM1 in SOC activation, STIM2 suppressed
this process, interfering with STIM1-mediated SOC activation,
as a coordinated mechanism to regulate SOC-mediated ca’"
entry [67]. Later on, STIM2 has been shown to maintain basal
cytosolic and ER Ca’" concentrations and to activate Ca’"
influx upon small changes in luminal ER Ca’>" content [68]. A
role for STIM2 in the activation of SOC channels either in a
store-operated mode activated through depletion of ER ca’"
stores by IP3 or via a store-independent mechanism mediated
by cell dialysis during whole-cell perfusion has been reported

© 2011 The Authors
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Fig. 2 STIM protein family. Representation of domain organization of the human (h) and mouse (m) STIM proteins. Mouse STIM2 shares a 92% identity
with human STIM2, while mouse STIM1 shares up to 97% identity in the amino acid sequence according the pairwise alignment generated by BLAST
(http://blast.nchi.nlm.nih.gov/). Their domain structure is also highly conserved. The amino- and the carboxyl-terminus are represented as N and C,
respectively. Coloured boxes represent different domains. Numbers above and below the domains indicate their boundaries and the amino acid position.
(CC) pair of highly conserved cysteines. (G) glycosylation sites. Boundaries of EF-hand and SAM motifs in hSTIM were biophysically characterized by
[66,149,150], while transmembrane, coiled-coil and Ser/Pro/His/lys regions were predicted by computer models and clustal protein sequence alignment
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Boundaries of mSTIM were predicted by clustal protein alignment.

[69]. STIM2 has also been reported to play an essential role in
SOCE in mouse neurons [70].

STIM isoforms have been widely recognized as the ER Ca’"
sensors [71]. However, we have recently reported that STIMT,
and also STIM2, are located in the acidic Ca’" stores. In
human platelets, we detected STIM1 and STIM2 in isolated
lysosomal compartments and dense granules. We have found
association of STIM2 with STIM1, as well as between these
proteins and Orai1, upon selective discharge of the acidic Ca"
stores by using the vacuolar H*-ATPase inhibitor bafilomycin
A1. Suppression of the association of STIM1 with Orai1 atten-
uates SOCE controlled by the acidic Ca®" stores, thus suggest-
ing a functional role for this interaction in SOCE in human
platelets [72].

© 2011 The Authors

Importance of Orais and STIMs
in tissues

Orai and STIM proteins are almost ubiquitously expressed in
human and mouse tissues (Table 1; Refs. [73-76]). In humans,
the strongest Orai1 expression has been found in a subset of cells
located in primary and secondary lymphoid organs such as thy-
mus and spleen, which is consistent with T cell expression. Other
tissues that show Orai1 expression are endocrine and exocrine
glands, hepatocytes, skeletal and cardiac muscle, skin, vascular
endothelium, cells of the gastrointestinal tract, pneumocytes in
the lung and kidney tubules [70, 73-75]. Interestingly, Orail
staining is almost absent in brain, while Orai3 seems to be the
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Table 1 Expression pattern of Orai and STIM isoforms in human and mouse tissues

Human Mouse
Orai STIM Orai STIM

1 2 3 1 2 Refs. 1 2 3 1 2 Refs.
Blood AA () AA - - [132] A AA AA AL v [70, 74,100, 143]
Bone marrow [ v A = - [132] ) () v - - [143]
Brain \A/ v (] (] A [68,71,132] v A v \A/ () [70, 74, 79, 143]
Breast = = = = = ) v v = = [143]
Heart \4 v A (] A [68,71,132] v v \4 (] () [70, 74, 143]
Intestine [ v v = = [68] () v (] - - [143]
Kidney v [} A v Y [68,71,132] v v ® %) %) [70, 74, 143]
Lymph node [ ] [ A — — [132] () A A A A [70, 143]
Liver (] v A (] v [68,71,132] W v v A A [70, 74, 143]
Lung A () A v ® [68,71,132] @ (] (] v — [74, 80, 143]
Pancreas [ v v A A [68, 71, 132] () () [ = - [143]
Placenta (] [} A A ® [68,71,132] @ v (] = - [143]
Skeletal muscle A o v () v [68,71,132] @ v v AA A [70, 74, 143]
Skin A (] ([ ] - = [132] ® (] (] = - [143]
Spleen e o Vv _ - [68] ® o e 4 [70, 74, 143]
Testis [ A A = = [132] v v v - - [74,143]
Thymus A v A — - [132] () AA () [ ] v [70, 74, 143]

Expression levels referring to differences in mRNA or protein abundance in different tissues are not comparable among isoforms. Unknown abun-

dance or unreported expression is represented as (—).
A: High; @: medium; V: low; &J: absent; —: unknown.

only isoform that is strongly expressed in this organ, at least at
RNA level [70, 73-75]. Orai3 transcripts are also widely
expressed in human tissues, showing a minor abundance in
spleen and colon [74, 75]. In contrast, Orai2 transcripts are
prominently expressed in kidney, lung and spleen (Table 1; Refs.
[74, 75]). In mouse, Orai transcripts exhibit similar expression
pattern than in human (Table 1; Refs. [70, 74-76]). A weak
expression of Orail transcripts was detected in murine testis and
brain, while completely absent expression was observed in corti-
cal neurons [70], indicating that other brain cells might express
Orai1. Instead, a strong expression of Orai2 was detected in these
cells compared with the weak expression of Orai3, indicating that
Orai2 might be the predominant isoform in murine cortical neu-
rons (Table 1; Ref. [70]).

STIMs are also ubiquitously expressed in human tissues
(Table 1; Refs. [70, 77]). STIM1 transcripts are mainly
expressed in lymphocytes [78], skeletal muscle, heart, brain,
pancreas, placenta and almost absent in kidney and lung.
STIM2 is strongly expressed in brain, pancreas, placenta,
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heart and almost absent in skeletal muscle, kidney, liver and
lung (Table 1; Ref. [77]). Despite some variations concerning
STIM isoform abundance in certain tissues, similar expression
pattern was observed in mouse (Table 1; Refs. [56, 70, 76,
79-80]). STIM1 is mainly expressed in murine skeletal mus-
cle, cerebellum, spleen, thymus, lymph nodes and additionally
in platelets, while is almost absent in brain and completely
absent in kidney. STIM2 is mainly expressed in skeletal mus-
cle, liver, spleen and lymph nodes, while is completely absent
in kidney (Table 1; Ref. [70]). Densitometric analysis of pro-
tein abundance revealed that STIM2 is the predominant iso-
form in murine brain, while the ratio of STIM1 to STIM2 abun-
dance is reversed in T cells [70, 76, 79]. In this organ, STIM
isoforms seems to be separately distributed to certain areas,
such as cerebellum or hippocampus. Regarding the different
properties exhibited by STIM1- or STIM2-mediated /crac cur-
rents and SOCE [81-82], these separated distribution sug-
gested different mechanisms and requirements of SOCE in
these brain areas [76, 79].

© 2011 The Authors
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Participation of Orai and STIM
in human diseases

Few papers published over the last 6 years reported patients
carrying homozygous point mutations for Orai7 or STIM1 genes
[22, 73, 78, 83-87]. These patients suffered from pathologies,
which started early during infancy, due to absence of functional
Orai1 or STIM1 proteins, indicating the participation of altered
SOCE in certain human diseases. The prognosis of these patients
was poor, with fatal consequences mainly due to immune
response failure, unless treatment with haematopoietic stem cell
transplantation, indicating a major role of Orai1- and STIM1-medi-
ated SOCE in cells of the immune system. In contrast, heterozy-
gous carriers of mutated alleles did not present any alteration
affecting their normal lives [22, 73, 78, 88-90], indicating that
the presence of a single wild-type allele is sufficient to sustain
functional but reduced SOCE. The low frequency of such genetic
alterations documented until now and the severity of their absence
remark the importance of Orai1- and STIM1-mediated SOCE for
normal life. Diseases caused by altered Orai2, Orai3 and STIM2
function have not been reported in humans yet. This section pre-
tends to highlight the most relevant data taken from the study of
these patients (Table 2), which were extensively summarized in the
following excellent reviews [88, 89, 91].

Orai1-deficient function and human disease

Different Orai1 mutated alleles were reported by Rao and Lewis
groups in patients presenting a clinical phenotype characterized by
an immunodeficiency similar to that observed in SCID patients
(Table 2; Refs. [22, 83, 84]). Orai1-mutated alleles presented single
point mutations which led to abrogated Orai1 function due to
expression of defective Orai1 proteins (mutant R91W) [22] or to
impaired Orai1l gene expression (mutant A88EfsX25, A103E and
L194P; Refs. [73, 86, 87]). Orai1-deficient patients also suffered
from congenital myopathy, chronic pulmonary disease, anhydrotic
ectodermal dysplasia and a defect in dental enamel calcification,
which, initially, were not a threat to the patient’s life [73, 88, 89, 91].

The most relevant phenotype in Orai1-deficient patients was
the severely compromised immune response, similar to SCID
patients, as consequence of abrogated SOCE in peripheral T cells,
resulting in impaired T cell activation, cytokine production and
absent proliferative responses in vitro (Table 2; Refs. [22, 73,
86-89, 91-93]). Impaired SOCE was observed also in B cells, nat-
ural killer (NK) cytotoxic cells and fibroblasts isolated from these
patients [22, 73, 88, 89, 91, 94]. Normal immunoglobulin (lg)
levels were found in blood serum despite the absence of SOCE
in these cells. However, Orai1-deficient patients failed to mount
antigen-specific antibody responses upon vaccination or infection
[89, 91]. In contrast to most of SCID patients, Orai1-deficient
patients presented a normal number of B cells and CD4 ™ or CD8*
T cells in peripheral blood, indicating normal development of these
cells in the absence of Orai1-mediated SOCE [88, 89, 91].
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The absence of Orai1 also led to defects in the skeletal muscle
characterized by global muscular hypotonia with decreased head
control, delayed ambulation, reduced muscle strength and
endurance (Table 2; Refs. [73, 88, 89]). Orai1-R91W mutation
resulted in a predominance of type | fibres and atrophic type Il
fibres in these patients, suggesting a defect in fast twitch muscle
fibre differentiation [73]. This defect might be explained by the
requirement of SOCE during differentiation of human myoblasts,
the precursors of adult skeletal muscle [95, 96]. Chronic pul-
monary disease was also reported as a consequence of defective
respiratory muscle function [73, 88, 89, 91]. The anhydrotic ecto-
dermal dysplasia in Orai1-deficient patients was characterized by
impaired sweat production, which results in dry skin and heat
intolerance with recurrent fever [73, 88, 89, 91]. Ca" influx upon
thapsigargin stimulation is required for secretion in sweat gland
cells, indicating an important role of SOCE in sweat gland function
[97, 98]. The absence of Orai1-mediated SOCE therefore, could
alter the normal function of sweat glands in these patients.

In summary, the clinical phenotype associated with Orai1 defi-
ciency in patients was limited to certain tissues and associated
with impaired SOCE, indicating a predominant role of Orail-
mediated SOCE in a reduced number of cell types and tissues.
Despite its severity, the limited clinical phenotype found in these
patients contrasts with the wide Orai1 expression in a variety of
cell types and tissues (Table 1). This could be explained by a minor
relevance of SOCE in Ca®" entry in those unaffected cell types and
tissues, or by the presence of additional molecules which might
compensate the lack of Orai1 or have a more relevant function in
SOCE regulation [73, 88, 89, 91].

STIM1-deficient function and human disease

Different STIM7-mutated alleles were reported by Rao and Lewis
groups in patients presenting a clinical phenotype very similar to
those found in Orai1-deficient patients (Table 2; Ref. [78]), as
expected, because both genes play their roles in the same sig-
nalling pathway according to data previously obtained in transgenic
mouse [99-101] and in vitro models [6, 15, 102, 103]. Patients
homozygous for single point mutations in STIM7 gene resulted in
impaired STIM1 function due to a lack of STIM1 proteins (mutant
E136X and mutant 1538-1G>A) [78, 85]. As a consequence, SOCE
was severely impaired in cells from these patients.

The clinical phenotype was observed very early during infancy
and was also limited to certain tissues similar to those observed in
Orai1-deficient patients. It was characterized by immunodeficiency
together with autoimmune disease, congenital myopathy and
ectodermal dysplasia (Table 2; Refs. [78, 85, 88, 89, 91]). SOCE
was absent in T, B and NK cells, which led to severely compromised
T cell function, defective T cell proliferation and reduced cytokine
production. However, a normal number of these cells were found in
peripheral blood, indicating normal cell development in the absence
of STIM1-mediated SOCE [78, 94]. Ig titres were normal for all sub-
types in blood serum. In contrast, strongly reduced IgG titres were
found in a patient due to nephrotic syndrome [78, 88, 89, 91].
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Table 2 Impact of Orai and STIM deficiency in human and mouse

Orai STIM
1 3 1 2
Gene alteration
Human Single point mutations iRNA Mutation None
Mouse Knockout, knock-in = Knockout Knockout
Orai/STIM function ~ Absent Reduced Absent Absent
SOCE Reduced Reduced Reduced Reduced

Molecular alterations

Defective TRC-mediated function
[22,73,86,87,92-93,101,151]
Impaired NFAT nuclear translocation
[22,93,100]

Defective production of several cytokines
[22,73,86,87,92-94,100,101,151]

Cellular phenotype
Human

Defective T and NK cells [22,73,94]

Predominance of muscle type | fibres and
atrophic type Il fibres [73]

Impaired sweat gland cell function [73]

Mouse

Defective Th1, th2, th17, B cells [101,151]

Defective blood platelet function [106,107]

Cancer cells

Resistance to apoptosis in Pca cells [140]

Diabetes

Arrested MCF-7
cell cycle and
proliferation [139]

Impaired association of human STIM1 with
Orai1, TRPC1 and TRPC6 [103]

Main clinical phenotype

Defective TCR-mediated function
[78,99,100,113]

Defective FceRI-and FcyR-
mediated function [112,152]

Impaired NFAT nuclear transloca-
tion [93,100,111]

Defective cytokine production
[78,94,100,113]

Defective T and NK cells [78,94]

Reduced number of CD4*CD25*
FoxP3™ T reg cells [78]

Defective T, Th17, B, mast cells
and macrophages [78,86,87,92]

Lymphoproliferative disease [99]

Defective blood platelet function
[108,117]

Defective TCR-mediated
function [78,100,113]
Defective cytokine pro-
duction [100,113]
Inability to retain NFAT
in the nucleus [100]

Defective Th17 cell
function [113]

Defective neuronal
function [70]

Human

SCID-like Immunodeficiency [22,83,84] Immunodeficiency [78, 85]

Global muscular hypotonia [73] Autoimmune thrombocytopenia [78]

Chronic pulmonary disease [73] Lymphoproliferative disease [78]

Anhydrotic ectodermal dysplasia (impaired .

sweat production) [73] Ectodermal dysplasia [78]

Continued
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Table 2 Continued
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Orai

STIM

Mouse
Perinatal death [101, 107, 151]

Immunodeficiency [101, 151]

Reduced procoagulant activity and throm-
bus formation [106, 107]

Reviewed in Refs. [88, 89, 91]

Perinatal death [56, 99, 100, 108]  Sudden death [70]

Altered spatial

Immunodeficiency [93, 94, 102] memory [70]

Reduced muscle cross-sectional
area and mitochondriopathy [56]

Reduced procoagulant activity and
thrombus formation [108,117]

Summary of the most important molecular and phenotipic alterations in absence of Orai/STIM functions in human and mice.

STIM1-deficient patients also presented lymphoproliferative
disease and an autoimmune response against blood platelets,
which developed into thrombocytopenia (Table 2; Ref. [78]). The
reduced number of CD4"CD25 " FoxP3" regulatory T cells (Tregs)
found in peripheral blood might explain the immune thrombocy-
topenia observed in STIM1-deficient patients, because those cells
regulate autoimmune responses [78, 88, 89, 91]. Taking together,
the severe immunodeficiency observed in STIM1-deficient patients
is very similar to that observed in Orai1-deficient patients with the
exception of autoimmunity and reduced numbers of Treg cells.

STIM1-deficient patients also suffered from ectodermal
dysplasia and congenital myopathy, similar to that observed in
Orai1-deficient patients (Table 2). Myopathy was characterized by
non-progressive global muscular hypotonia and partial iris
hypoplasia. In contrast to Orai1-deficient patients, histological
abnormalities were not observed in skeletal muscle of STIM1-
deficient patients [78, 88, 89, 91].

Orai1 and STIM1 in human diabetic platelets

The contribution of SOCE to platelet activation and the nature of
SOC channels in these cells have remained controversial. Bleeding
times in Orai1- and STIM1-deficient patients were only moderately
prolonged or normal and patients lacked signs of an enhanced
bleeding diathesis [73, 78, 88, 89, 91]. Recently, we reported
reduced SOGE in platelets from type 2 diabetic patients, which is
likely mediated by impairment of the association of STIM1 with the
channel subunits Orait, but also with hTRPC1 and hTRPC6, and
might be involved in the pathogenesis of the altered platelet
responsiveness observed in diabetic patients [104].

In summary, the clinical phenotypes found in Orail- and
STIM1-deficient patients indicate that Orai1- and STIM1-mediated
SOCE plays very important roles mainly in cells of the immune
system, skeletal muscle and some ectodermal-derived tissues
such as sweat glands. Orai2, Orai3 and STIM2 co-exists with Orai1
or STIM1 together with other non-SOCE elements of Ca?" entry in
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many other tissues, which might compensate or minimize the lack
of functional Orai1 and STIM1 in other unaffected tissues. So far,
no Orai2-, Orai3- or STIM2-deficient patients have been identified
yet. Further studies in Orai1- and STIM1-deficient clinical pheno-
type might give insights about additional roles of these proteins in
other cell types or tissues.

Orai and STIM mutant mouse
as models of disease

The mouse has shown to be an invaluable model organism to
study mechanisms of human disease, because mouse is very sim-
ilar to humans in both genetic and physiological aspects.
Genetically engineered mice, which lack the function of known or
unknown genes, are one of the most efficient ways to reveal their
function in vivo.

Mice lacking Orai1, STIM1 and STIM2 expression have been
generated over the last years by a number of laboratories
[70, 100, 101, 105-108]. Comparison of both human and mouse
Orai1- or STIM1-deficient phenotypes revealed interspecific
similarities and discrepancies (Table 2; Refs. [88, 89, 91]). The
analysis of these mouse models, together with previous abundant
in vitro data, helped to elucidate the cellular function of these
proteins and contributed to underhand the clinical phenotype in
patients lacking these proteins. The data obtained in these mouse
models can give a clue of further analysis to be done in other
resembling human diseases to reveal underlying mechanisms of
human pathogenesis.

Sudden and perinatal mortality

Mice lacking the expression of functional Orai1 and STIM1 pro-
teins die at perinatal and early postnatal periods [56, 101, 105,
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107, 108]. Starting at 8 weeks after birth, sudden death of STIM2-
deficient mice was observed, and only ~10% of the animals
reached the age of 30 weeks [70]. The precise cause of death is
unclear in all cases. In contrast, spontaneous abortion, perinatal
mortality or early neonatal death was not reported among families
of Orai1- and STIM1-deficient patients [88, 89, 91]. However, the
low number of patients identified until now makes not possible to
determine the prevalence of perinatal mortality in these cases.
Indeed, data obtained from these mouse models indicated that the
altered function of Orai1, STIM1 and STIM2 could be a potential
determinant of sudden, perinatal or early postnatal mortality in
humans, which might be important to investigate.

Immunodeficiency

In line with the phenotype observed in STIM1- and Orai1-deficient
patients, TCR-dependent and -independent T cell activation as well
as B cell activation was severely impaired, while the number of T
and B cells were normal in the blood stream of Orai1- and STIM1-
deficient mice (Table 2; Refs. [78, 86-87, 92]). Analysis of primary
and secondary lymphoid organs of mutant mice revealed a possi-
ble explanation. Normal numbers of T and B cells were found in
murine thymus and bone marrow [99-101, 105], which indicates
an unaltered T cell development. This finding was surprising,
because TCR induced Ca®" signals and SOCE has been consid-
ered necessary for T cell development [109-110]. Further analysis
of T cell development in these murine models will be crucial to
clarify this point. Expression of cytokines was substantially
reduced in Orai1-deficient patients [92, 93], similar to the multiple
cytokine expression defect found in T cells from Orail1- and
STIM1-deficient mice, which involved a reduction in interleukin
(IL)-2, interferon-y (IF-y), IL-4 and IL-10 production [100, 101].
Deeper analysis of these mice revealed as possible explanation an
impaired SOCE-dependent nuclear translocation of the transcrip-
tion factor NFAT, which, in turn, is necessary for cytokine produc-
tion [89, 91, 93, 100, 111].

In addition, an impaired development of functional CD4™
Foxp3* regulatory T cells was observed in STIM1-deficient
patients [78] and double-deficient STIM1/STIM2 [78, 100]. The
further analysis of mutant mice offered a potential explanation
[100, 111]. The absence of both STIM1 and STIM2 in naive T cells
abrogated the sustained Cca’" influx required for nuclear translo-
cation of NFAT, which, in turn, impaired NFAT-dependent induction
of Foxp3 expression and formation of a NFAT/Foxp3/DNA-binding
complex. This complex has been proposed to be important for the
initiation of Treg differentiation and regulation of their function
[89, 91, 100, 111].

Finally, STIM1-deficient patients and double-deficient STIM1/
STIM2 mice developed an autoimmune, lympho-myeloproliferative,
phenotype characterized by hepatosplenomegaly and lym-
phadenopathy [78, 100]. Beyersdorf et al. also reported a lympho-
proliferative disease in STIM1-deficient mice [99]. This phenotype
was prevented when wild-type Treg cells were transferred into
double deficient STIM1/STIM2 mice, indicating that the lympho-
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myeloproliferative disease is mainly caused by decreased regula-
tory Treg function. In agreement with this, Orai1-deficient human
patients and mice showed normal numbers of Treg cells and signs
of autoimmunity and lymphoproliferation were not observed [22,
101]. This might be explained by the residual SOCE detected in
their T cells, which in turn could allow normal Treg differentiation
and regulatory Treg function. This residual SOCE could be pre-
sumably mediated by other existing SOCE channels expressed in
T cells such as Orai2 or Orai3 [22, 88, 89, 91, 101].

Autoimmune and inflammatory diseases

Human patients lacking STIM1 expression presented AIHA and
thrombocytopenia [78], probably produced by an autoimmune
response and functional macrophage-mediated phagocytosis of
red blood cells and platelets. In contrast, STIM1-deficient mice
injected with auto-antibodies against platelets or red blood cells
were protected from thrombocytopenia and anaemia, which might
be explained by the severely compromised Fc-gamma receptor
(FcyR)-mediated SOCE and the abrogated function of STIM1-
deficient macrophages and Kupffer cells observed in these mice
[112]. These results indicate interspecific differences in STIM1
function in macrophages. Functional macrophages indicated that
STIM1 does not seem to be essential for FcyR-mediated response
in humans while the absence of STIM1 severely impairs
macrophage function in mouse [88, 89, 91].

The analysis of Orai1 and STIM deficiency in murine models
already evidenced additional potential roles of these proteins in
autoimmune and inflammatory responses. A crucial function of
STIM1 and STIM2 has been reported as regulator of autoreactive
T cell activation in a murine model of myelin-oligodendrocyte
glycoprotein (MOG(35-55))-induced experimental autoimmune
encephalomyelitis (EAE) [113]. STIM1 deficiency significantly
impaired autoimmune responses mediated by Th1/Th17 cells
against neuronal tissue /n vivo, resulting in complete protection from
EAE. Instead, mice lacking STIM2 developed an ameliorated EAE dis-
ease. Deficiency of STIM2 was associated with a reduction of IF-y/
IL-17 production by neuroantigen-specific T cells, which might
explain the reduced clinical peak at early stages of disease [113].

On the other hand, mast cells derived from Orai1-deficient mice
showed severely impaired SOCE, degranulation and cytokine secre-
tion upon Fc-epsilon receptor | (FceRl) stimulation and the allergic
reactions elicited in vivo were inhibited in these mutant mice [105].
Taken together, these findings establish Orai1 and STIM as attrac-
tive new molecular therapeutic targets for the treatment of inflam-
matory and autoimmune disorders. Indeed, in addition to their roles
in SOCE, the relevance of Orai and STIM proteins in autoimmune
and inflammatory diseases could be discovered in the near future.

Skeletal muscle

The skeletal muscle defect in mice matches the congenital
myopathy observed in Orai1- and STIM1-deficient patients (Table 2;
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Refs. [22, 78]). In addition, haematopoietic stem cell transplanta-
tion corrected immunodeficiency in surviving STIM1-deficient
patients but still exhibited muscular hypotonia [78], suggesting
that the myopathy is not a secondary effect to autoimmunity.
STIM1-deficient mice showed reduced muscle cross-sectional
area and mitochondriopathy [56]. The mechanism by which abro-
gated SOGE contributed to the pathogenesis of these myopathyes
is unclear but most likely includes short term Ca®" responses,
such as muscle contraction, altered Ca“-dependent signalling
pathways leading to altered gene expression such as NFAT-
dependent gene regulation, disorders of metabolism and adverse
remodelling ;56, 88, 89, 91]. Contraction of skeletal muscle fibres
requires Ca“" release from the sarco/endoplasmic reticulum
(S/ER) through RyR (reviewed in Ref. [114]). Absence of STIM1
abrogated SOCE, impaired refilling of S/ER and conferred reduced
tetanic force and increased susceptibility to fatigue in adult
STIM1-deficient mice [56]. Thus, STIM1 was required to refill
internal S/ER Ca’" stores of myofibres subjected to repeated
stimulation and increased motor nerve stimulation [56]. Although
distinct mechanisms control myogenesis and muscle formation,
additional studies reported that postnatal myogenesis critically
relies on RyR-mediated store depletion [115] and Ca2" influx
through SOCE [95, 96, 116]. Therefore, STIM1 might be also
required to refill internal S/ER Ca®" stores in response to signals
associated with muscle development and the absence of STIM1
function could lead to defective muscle differentiation [88, 89, 91].

Thrombosis and haemostasis

Studies in Orai1- and STIM1-deficient mice models showed that
Orai1- and STIM1-mediated SOCE are essential for platelet activa-
tion, glycoprotein VI- and thrombin-dependent procoagulant activ-
ity in vitro and thrombus formation in vivo [106-108]. However,
bleeding times were normal or moderately prolonged in Orai1- and
STIM1-deficient patients, and they lacked signs of an enhanced
bleeding diathesis [73, 78, 91, 117]. Similar results were observed
in the Orai1 mutant R93W knock-in (similar to the mutant R91W
Orai1 gene in humans), Orai1- and STIM1-deficient mice after
mechanical injury [106—108]. However, murine Orai1- and STIM1-
deficient platelets were unable to form stable thrombus in mice
and failed to promote artery occlusion after chemical injury in
arterial walls. These mutant mice were in turn significantly pro-
tected against ischaemic brain infarction or pulmonary throm-
boembolism [107, 108]. These results established therefore, an
important role of STIM1 and Orai1 in mechanisms underlying arte-
rial thrombosis, but not haemostasis upon mechanical injury in
mice. The impairment in thrombus formation can be partially
explained by the reduced glycoprotein VI- and thrombin-depend-
ent surface exposure of phosphatidylserine (PS) observed in these
mutant mice, which accomplishes platelet procoagulant activity
[117]. Despite the fact that STIM2 is expressed in these cells,
STIM2-deficient platelets did not show defects in SOCE, procoag-
ulant activity or thrombus formation [117]. The absence of stud-
ies concerning procoagulant activity in Orai1- and STIM1-deficient
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patients makes impossible to confirm the presence of similar
mechanistic differences in humans, but gives a clue for further
investigation in human platelets. Taken together, the results
obtained in mice establish STIM1 and Orail as an important
mediator in the pathogenesis of ischaemic cardio- and cere-
brovascular events and potential targets for the design of novel
anti-thrombotic therapies.

Neuronal system

SOCE is a major mechanism for ca®" influx in non-electrically
excitable cells. However, reports about the existence of SOCE, Orai
and STIM function in electrically excitable cells such as skeletal
muscle cells and neurons performed in genetically engineered
mice and in vitro models offered an expanded view about the func-
tion of SOCE in cell physiology. Orail- and STIM1-deficient
patients did not show an altered cognitive or neuronal phenotype
[22, 73, 78, 88, 89, 91] and matches with the low expression or
specific localization of these proteins reported in human neuronal
tissues (Table 1; Refs. [79, 118, 119]). This might indicate a minor
function of Orai1- and STIM1-mediated SOGE in neuronal physiol-
ogy. SOCE has also been observed in neuronal cells [10, 120, 121]
and STIM2 is the predominant isoform in murine cortical neurons
[70]. STIM2-deficient neurons isolated from mutant mice showed
severely abrogated SOCE and decreased basal Ca®" levels in the
cytosol and intracellular Ca’" stores [70]. In contrast to those
observed in cells of the immune system, no significant changes in
SOCE were reported in murine Orai1- and STIM1-deficient neu-
rons [70]. This data suggested that STIM2 is the main mediator of
SOCE in these cells. STIM2-deficient mice showed impaired spa-
tial learning similar to that observed after blockade of NMDA
ionotropic glutamate receptors [70, 122], which might be related
with altered neurotransmitter release and synaptic plasticity [123].
Therefore, potentially altered STIM2 function might be expected in
some patients showing familiar forms of mental disorders affect-
ing cognitive functions, for instance memory processing.
Moreover, STIM2 deficiency protected mice from neuronal dam-
age after cerebral ischaemia, similar to those observed in STIM1
and Orai1-deficient mice [70]. However, while STIM1 and Orai1
deficiency conferred protection due to deficient platelet activation
and impaired thrombus formation, which abrogated cerebral
artery occlusion [107, 108], the lack of STIM2 conferred protec-
tion to neurons against ischaemic neuronal death, which pre-
vented ischaemic brain damage [70]. Cytotoxic Cca’" overload into
the cell is considered the main factor of neuronal death during
ischaemic conditions. The existing literature describes a reduction
of SERCA re-uptake [124, 125] and active Ca’" release from the
ER through IP3R and RyR channels associated with the increased
intracellular Ca>" levels observed in these conditions. Such Ca®"
release from the ER is crucial for cellular Ca®* damage as evi-
denced by protection of neurons against excitotoxic injury through
blockade of IPsR or RyR [126, 127]. These events might lead to
store depletion and Ca’* accumulation in the cytosol, the earlier
inducing an additional Cca’* load into the cytosol via SOCE. SOCE
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may in turn, increase the release of glutamate and trigger an addi-
tional Ca®" influx by activation of ionotropic glutamate receptors
[128]. Both SOCE and glutamatergic ca’t entry might rapidly
push the cytosolic Ca?" concentration to damaging levels. In the
same line, STIM2-deficient neurons might be less sensitive to
apoptosis due to the absence of SOCE and the lower Cca’" content
observed in the cytosol and in the intracellular stores, which criti-
cally depends on a functional SOCE [10, 70]. The decreased store
content could limit the initial Ca®" release and might help to
better utilize the remaining ca’* sequestration ability of SERCA
during the ischaemic event. It is not clear why neurons use STIM2
instead of STIM1 to regulate SOCE, probably because different
requirements in terms of ca®" influx dynamics which might
depend of the cell type. Indeed, SOCE or fcrac currents exhibit dif-
ferent properties depending on which STIM isoform regulate the
process [81, 82]. STIM1 enhances both Orai1-mediated SOCE and
constitutive coupling to activate Orail channels while STIM2
attenuates Orai1-mediated SOCE and drastically slows store-
induced Orai1 channel activation. Additional studies reported a
predominant function of STIM2 in other tissues [129, 130].

Different knockout models for other proteins related with SOCE
suggested an important role of this mechanism in neuronal func-
tion. For instance, the absence of PLCB1 led to epileptic-type
seizures in mice [131], which indicated an involvement of PLCB1
in the development and control of brain inhibitory pathways. IP3R
type | null mice exhibited severe neurological symptoms, includ-
ing ataxia and epilepsy [132]. This body of evidence, together with
STIM2 function in neurons, suggests an unexpectedly important
role of SOCE in electrically excitable cells such as neurons. These
findings may serve as a basis for the development of novel neuro-
protective agents for the treatment of ischaemic stroke and other
neurodegenerative disorders in which disturbances in cellular
Ca®* homeostasis are considered a major pathophysiological
component [133, 134].

In summary, despite certain discrepancies in Orail- and
STIM1-deficient phenotype among species, mouse models have
demonstrated to be important for understanding Orai1 or STIM1
function in cell physiology and disease, being suitable to investi-
gate novel therapies which seek to modulate SOCE for the treat-
ment of disorders related with disturbances in cellular Ca?* home-
ostasis. Certainly, more functions of SOCE will emerge from the
study of Orai1- and STIM-deficient mice in the future.

Emerging studies of Orai and STIM
in cancer and cell cycle

As mentioned earlier, SOCE mediated by STIM/Orai proteins is a
ubiquitous pathway that controls a variety of important cell func-
tions. Initial studies considered STIM1 as a molecule involved in
growth arrest and degeneration in human G401 and RD cancer cell
lines, suggesting a role in the pathogenesis of rhabdoid tumours
[135, 136]. However, the discovery of its function as a ca>"
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sensor in the ER eclipsed further studies in these field. Current evi-
dences support a role for STIMs and Orai1 in cell proliferation,
with some differences depending on the cellular model investi-
gated. In endothelial cells, knockdown of STIM1, STIM2 or Orait
attenuated cell proliferation and induced cell cycle arrest at S and
Go/M phase [54]. However, in HEK293 cells STIM1 has no role in
cell proliferation, while silencing of Orai1 and STIM2 using siRNA
resulted in SOCE inhibition and enhancement of cell population
doubling time, thus suggesting that Orai1 and STIM2 are impor-
tant for cell proliferation [82].

In addition to the involvement of SOCE in the regulation of
cellular functions, emerging evidence suggests the involvement
of the STIM/Orai pathway in certain types of cancer. A recent
study showed that ST/M7 gene expression is regulated by poten-
tial oncogenes such as Wilms tumour suppressor 1 (WT1) and
early growth response (EGR) in human G401 rhabdoid tumour
cells, thereby providing a molecular link between Ca’" signalling
and cancer [137]. WT1 and EGR1 protein can bind to putative
regulatory elements located upstream of the ST/IM7 gene, and
overexpressed WT1 or down-regulation of EGR1 induced both
reduction of STIM1 expression and decreased SOCE [137].
Trebak’s group reported differences in SOCE and /crac in estro-
gen receptor-positive [ER(+)] and estrogen receptor-negative
[ER(—)] breast cancer cell lines. In ER(+)-breast cancer cells,
capacitative currents require STIM1/2 and Orai3 while SOCE in
ER(—) breast cancer cells is mediated by the STIM1/0rai1 path-
way [138]. In addition, isolated breast cancer tumours whose
cells displayed higher STIM1/STIM2 rates had a significantly
poorer prognosis [129]. The expression of Orai3 has been
reported to be higher in breast cancer tissues and the MCF-7
breast cancer cell line than in normal tissues or mammary
epithelial cell lines, which provide evidence for a significant
effect of Orai3 on breast cancer cell growth [139]. In support of
this hypothesis, down-regulation of Orai3 by siRNA has been
reported to attenuate MCF-7 cell proliferation and arrest cell
cycle at G1 phase [139]. Another study suggested that the resist-
ance to apoptosis showed by human androgen-independent
prostate cancer (Pca) cells is associated with their decreased
Orai1 expression and SOCE [140]. Overexpressed Orail re-
established SOCE and restored the normal rate of apoptosis in
these cells, indicating a critical role of down-regulated Orail
function in the establishment of an apoptotic resistance in Pca
cells [140]. The involvement of components of the SOCE
pathway in cancer highlights a possible role of STIM/Orai as
therapeutic targets in cancer therapy.

Concluding remarks

A great advances in the understanding of SOCE has been done
over the last years. The discovery of Orai and STIM isoforms
as essential players of SOCE, where the participation of TRPC
proteins and IP3R has also been described [Refs. [141, 142];
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Fig. 3), helped to unravel the function of this mechanism in cell
physiology. The phenotypic analysis of patients lacking these
proteins showed a major function of Orai1- and STIM1-depend-
ent SOCE in cells of the immune system, skeletal muscle some
ectodermal-derived tissues such as sweat glands and teeth.
Interestingly, cardiomyopathies were not reported in these
patients, indicating a more prominent role of Orai1- and STIM1-
dependent SOCE in skeletal muscle fibres than in cardiomy-
ocytes. Studies in Orai1- and STIM1-deficient murine transgenic
models performed in parallel complemented our knowledge of
the mechanisms underlying disease in the absence of these
proteins. The similar phenotype found in mouse and humans
indicates that transgenic models could be suitable models to
investigate novel therapies based on Orai, STIM and SOCE mod-
ulation. In addition, these models provided insights of new func-
tions of SOCE in other tissues and pathological evens, such as
ischaemic stroke and autoimmune diseases. The in vivo roles of
their homologues Orai2, Orai3 and in a less extent STIM2 are still
unclear, having overlapping functions which their respective iso-
forms in vitro. A major role for STIM1 and Orai1 in all tissues is
unlikely, regarding the presence of SOCE in many cell types
which did not show altered function in patients or mice lacking
functional Orai1 and STIM1. Current evidence points out these

© 2011 The Authors

molecules as new therapeutic targets, especially those related
with immune disorders, severe T cell-dependent inflammatory
diseases or cancer. Existing studies revealed that compared to
current treatments (FK506, CsA and OKT3), Orail inhibitors
could have a potential for higher efficacy without the need for
expensive and side-effect-prone co-administration of additional
immunosuppressants such as glucocorticoids (reviewed in Ref.
[143]). However, the presence of immune-unrelated pathologies
in the Orai1- or STIM1-deficient patients and the ubiquitous
expression pattern of these molecules are issues that still have
to be addressed for complete validation of these proteins as suit-
able therapeutic targets. In addition, members of the TRPC fam-
ily were recently found to interact directly or indirectly to both
STIM1 and Orai1 [55, 144] (reviewed in Ref. [145]), indicating
that such TRPC members could participate as SOCE compo-
nents, or that Orai and STIM1 could be involved in regulation of
TRPC-dependent ca®* entry as well [144]. Because TRP chan-
nels are involved in a variety of physiological processes such as
stress responses to noxious stimuli or thermo- and vasoregula-
tion [146] (reviewed in Ref. [147]), the possibility that Orai or
STIM inhibitors could elicit significant unwanted side effects by
co-inhibition of other Orai- or STIM-interacting channels must
be addressed as well [143].
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