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Abstract

Universidade de Sao Paulo, Ribeirdo Preto, SP, Brasil

Highly efficient mechanisms regulate intracellular calcium (Ca2*) levels. The recent discovery of new components linking intracel-
lular Ca2* stores to plasma membrane Ca2* entry channels has brought new insight into the understanding of Ca2* homeostasis.
Stromal interaction molecule 1 (STIM1) was identified as a Ca2* sensor essential for Ca2* store depletion-triggered CaZ* influx.
Orai1 was recognized as being an essential component for the Ca2* release-activated Ca2* (CRAC) channel. Together, these
proteins participate in store-operated Ca2* channel function. Defective regulation of intracellular Ca2* is a hallmark of several
diseases. In this review, we focus on CaZ* regulation by the STIM1/Orai1 pathway and review evidence that implicates STIM1/
Orai1 in several pathological conditions including cardiovascular and pulmonary diseases, among others.
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Introduction

Nearly all cell types depend on the generation of cyto-
plasmic calcium (Ca2*) signals to regulate cell function or
trigger specific responses. The use of Ca2* for intracellular
signaling implies a tight local and global control of cyto-
plasmic concentration and mechanisms for maintaining the
cellular Ca2* balance. Cytosolic Ca2* signals are adjusted
by intracellular sources such as the endo-/sarcoplasmic
reticulum, Ca2* binding proteins and plasma membrane
CaZ* permeable channels. Therefore, Ca2* pumps, along
with Ca2* release channels, are key components in Ca?*
homeostasis. The endo-/sarcoplasmic reticulum Ca2*-
ATPase (SERCA) pumps have the highest affinity for
Ca2* removal from the cytosol. SERCA, along with plasma
membrane Ca2* ATPases and other transporters, determine
the resting cytosolic Ca2* concentration (1).

Upon stimulation, most excitable cells display a biphasic
increase in cytosolic Ca2* concentration. The initial tran-
sientincrease is due to inositol triphosphate (IP3)-mediated
release of endoplasmic reticulum (ER) Ca2*. The subse-
quent prolonged increase requires extracellular CaZ* influx
through various pathways, which include store-operated
Ca2* channels (SOCC), voltage-operated CaZ* channels,
purinergic receptors, transient receptor membrane potential

channels (TRPC), and the Na*/Ca2* exchanger (NCX),
among others (1).

In this review, we will focus on new components of
store-operated CaZ* entry (SOCE) and of the stromal
interaction molecule 1 (STIM1)/Orai1 system, and review
evidence suggesting that alterations in this system may
contribute to several pathological conditions. We will first
briefly describe mechanisms that contribute to Ca2* entry in
the cell, with special focus on SOCE. Then, a major review
addressing the STIM1-Orai1 pathway will be presented.
Finally, we will describe how alterations in the STIM1-Orai1
pathway have been correlated directly with some pathologi-
cal conditions.

Store-operated Ca2* entry

One of the pathways that contribute to extracellular Ca2*
influx relies on depletion of Ca2* from the ER, which causes
activation of plasma membrane Ca2* channels to refill in-
ternal stores. This mechanism, by which the ER acts as a
capacitor, has led to the term SOCE (2). In many cell types,
SOCE carries a highly Ca2*-selective, non-voltage-gated,
inwardly rectifying current termed Ca2* release-activated
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Ca2* (CRAC) current, or Icrac. SOCE also plays a crucial
role in most cells by being the main source of Ca2* to refill
the ER after its depletion (2).

Several factors have been considered to be SOCE acti-
vators. It has been proposed that a Ca2*-influx factor (CIF)
is released upon Ca2* store depletion, resulting in restora-
tion of calmodulin activity, generation of lysophospholipids
and consequently, activation of SOCE. The identity of CIF
is unknown, but its presence and biological activity have
been detected in several studies. In addition, it seems that
CIF is important for the regulation of some types of SOCE,
but very little is known about the molecular mechanism of
CIF production in the stores (3).

The NCX represents another pathway for extracellular
Ca2* influx and there is evidence that NCX contributes to
SOCE. It has been reported that NCX participates in store
depletion when this exchanger is operating in the reverse
mode. This seems particularly important for Ca2* homeo-
stasis in the mitochondria. This organelle was found to be
essential for the activation and maintenance of SOCE,
but the molecular mechanisms by which mitochondria
control SOCE are unknown. It has been recently reported
that mitochondrial NCX is fundamental for STIM1/Orai1-
dependent SOCE (4).

Before the discovery of STIM1, the coupling process
between ER and plasma membrane to mediate SOCE was
amechanistic mystery. Recently, two research groups inde-
pendently identified STIM1 as a protein that functions as a
CaZ* sensor (5,6). It was shown that knockdown of STIM1
in Drosophila S2 cells significantly reduced thapsigargin-
dependent Ca2* entry and completely suppressed Icrac.
Similar observations were made in Jurkat T cells, human
embryonic kidney (HEK293) (6) and airway smooth muscle
cells (7). Atthe same time, Spassova et al. (8) demonstrated
that, in addition to being an ER Ca2* sensor, STIM1 func-
tions within the plasma membrane to control the operation
of the Ca2* entry channel itself. They showed that the
overexpression of STIM1 increased the activity of CRAC
channels whereas mutations in the helix-loop-helix struc-
tural domain and cytoplasmic C terminus of STIM1 altered
operational parameters of CRAC channels, including the
pharmacological profile and inactivation properties (8).

There are two members in the STIM family: STIM1 and
STIM2. They present 61% homology and are expressed
widely. Co-expression of both STIM proteins favors trans-
location of STIM2 upon store depletion. STIM transloca-
tion occurs in specific areas where the ER comes in close
proximity to the plasma membrane, the so-called puncta
formations. However, STIM1 and STIM2 seem to work in
different ranges of ER CaZ* concentration (9). The reason
why cells display two sensors of Ca2* to set basal and
stimulated Ca2* separately is not known.

The signaling breakthrough represented by the discov-
ery of the STIM1 system has led to a better understanding
of how STIM1, by interacting with other components in
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the plasma membrane, initiates the process to refill the
intracellular Ca2* stores.

Store-operated activation of STIM1/Orai1

Better comprehension of the molecular mechanisms
associated with STIM1 function came after the report of a
new plasma membrane protein, Orai1, which was named on
the basis of Greek mythology. In Greek mythology, the Orai
are the keepers of the gates of heaven: Eunomia (Order or
Harmony), Dike (Justice) and Eirene (Peace) (10). Patch-
clamp studies have shown that CRAC modulator 1, also
known as Orai1, modulates Icrac in Drosophila cells (11).
This discovery was followed by the identification of a muta-
tion in Orai1 in cells of patients with one form of hereditary
severe combined immune deficiency syndrome. The Orai1
mutation resulted in defective SOCE and CRAC channel
function (10). Thus, the possibility that Orai1 could be the
CRAC channel itself, a subunit of it or a component of the
CRAC signaling machinery made this protein a candidate
for interaction with STIM1.

Following these seminal findings, it was shown that the
combined overexpression of STIM1 and Orai1 markedly
increases Icrac (12). In addition, the interaction between
STIM1 and Orai1 is greatly enhanced after thapsigargin
treatment (12), which acts as a selective inhibitor of the
SERCA resulting in depletion of ER Ca2* stores (13). At
the same time, another research group showed that sub-
stitutions in the transmembrane helices of Orai1 resulted
in decreased Ca2* influx and proposed that Orai1 is an
essential pore subunit of the CRAC channel (14). These
data were confirmed by another study showing that, upon
depletion of ER Ca2* stores, STIM1 and Orai1 move in
a coordinated fashion to form closely opposed clusters
in the ER and plasma membranes, thereby creating the
elementary unit of SOCE (15). Combined expression
of STIM1 and Orai1 resulted in a huge gain of SOCE
function and indicated that the two proteins are probably
sufficient to mediate the operation of SOCE (16). Peel et
al. (7) showed that Orai1 small interference RNA (siRNA)
transfection on whole airway smooth muscle cells blocks
inward currents initiated by CaZ* store depletion. They
found a similar result by using inhibitors of SOCE, including
2-aminoethoxydiphenyl borate (2-APB), gadolinium (Gd3*)
and lanthanum (La3*) (7).

In addition, mutations in Orai1 also result in significant
changes to the electrophysiological properties of Icrac,
rendering the current less Ca2* selective with outward
rectification (11). Such studies have provided evidence for
the theory that Orai1 forms the pore forming subunit of the
CRAC channel. Orai1 and STIM1 may also contribute to
the function of other SOCE channels (17).

These astonishing data brought a new paradigm to the
concept of inter-organelle communication and extensive
studies have been performed in order to further character-
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ize how STIM1 couples store depletion to the functioning
of Orai1 in the plasma membrane. Accordingly, it is well
known that STIM1 and Orai1 accumulate and colocalize
in puncta formations.

Orai1 clusters are formed only in the presence of STIM1,
but not expressed alone (18). Following store depletion,
STIM1 moves from locations throughout the ER to accu-
mulate in subregions of the ER positioned within 10-25 nm
of the plasma membrane. STIM1 must first oligomerize to
enable its accumulation at the ER-plasma membrane junc-
tions. Simultaneously, Orai1 gathers at discrete sites in the
plasma membrane directly opposite to STIM1, resulting in
local CRAC channel activation (19).

Under basal conditions, Orai1 is predominantly adimmer
in the plasma membrane. Interaction with the C-terminus
of STIM1 causes redimerization of Orai dimmers and
formation of tetramers that constitute the Ca2*-selective
pore (Figure 1A) (20). Single-molecule imaging techniques
made it possible to determine the stoichiometry of each
CRAC channel complex. Four Orai1 molecules and two
STIM1 must associate to form an active CRAC channel
(18). This represents a new mechanism by which assembly
and activation of the functional ion channel are mediated
by the same triggering molecules (Figure 1B).

The relationship between STIM1 and Orai1 expression,
puncta formation and Icrac activation has been examined.
It was shown that STIM1 accumulates in puncta equally
well in the presence or absence of Orai1 expression. In
addition, STIM1 migration is not sufficient for Orai1 ac-
cumulation in the same area and normal Icrac can be
activated in STIM1-deficient cells. These data challenge
the view of direct conformational coupling between STIM1
and Orai1 as a viable mechanism of puncta formation and
SOCE activation and uncover greater complexity in their
relationship, which may require additional intermediate
elements (21).

Recent information indicates that STIM1 and Orai pro-
teins can interact with and functionally connect to TRPC
channels (17,22). As reviewed by Wang et al. (23), TRPC
channels may act as “store-operated” channels (SOC) in
smooth muscle and it has been an issue with much evi-
dence supporting and denying such arole (23). The clusters
formed by STIM1 and Orai1 are also required for TRPC1-
SOC channel activation, suggesting that SOC and CRAC
channels are regulated by similar molecular components
(17,22). These data indicate that the STIM1-Orai1 system
interacts with multiple proteins and activates channels in
a coordinate way. The association between TRPC chan-
nels and STIM1/Orai proteins is also an area of intense
investigation.

Taken together, these data show that STIM1 is a key
regulator and its activity was initially described for SOCE
through an Orai-dependent pathway. However, it is impor-
tant to remember that there is now considerable evidence
supporting a role for TRP proteins in the conduction of Ca2*
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Figure 1. CaZ* entry pathways can be mediated by Orai1, by ac-
tivation of STIM1. A, Orai1 is a protein with four transmembrane
regions in the plasma membrane. Under basal condition, when
Ca2* is abundant in the endoplasmic reticulum, Orai1 is predomi-
nantly a dimer in the plasma membrane. B, STIM1 is a single
transmembrane-spanning protein located in the endoplasmic re-
ticulum and plasma membrane. Under Ca2* store depletion, e.g.,
when 1,4,5- inositol trisphosphate (IP3) is formed and binds to its
receptor (IP3R) on the endoplasmic membrane, and CaZ2* is re-
leased from stores, the reduced luminal Ca2* causes dissociation
of Ca2* bound to the low-affinity helix-loop-helix CaZ*-binding
site domain on the N-terminus of STIM1. This Ca2* dissociation
causes STIM1 molecules to aggregate and be translocated to re-
gions of the endoplasmic reticulum in close proximity to the plas-
ma membrane. Interaction with the C-terminus of STIM induces
Orai dimers to dimerize, forming tetramers that constitute the
selective CaZ* pore of the channel, which is a highly Ca2* selec-
tive store-operated channel moiety. Association of STIM1/Orai1
initiates Ca2* influx and consequently Icrac. STIM1 = stromal
interaction molecule 1; Icrac = Ca2* release-activated Ca2*.
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during SOCE. In this regard, members of the canonical TRP
subfamily of cationic channels are especially important.

Orai1, Orai2 and Orai3

Three members of the Orai family have been described:
Orai1, Orai2 and Orai3. They are inhibited similarly by
extracellular Ca2*, indicating similar affinities for Ca2*
within the selectivity filter. However, expression of Orai1
and Orai2, but not Orai3, results in a substantial increase
in Icrac- Orai3 channels appear to differ from Orai1 and
Orai2 in being somewhat resistant to the process of Ca2*
potentiation (24).

Co-expression of Orai2 with STIM1 increases the activity
of the CRAC channels (16), although the currents induced
by Orai2 are smaller than those induced by Orai1. Orai3,
on the other hand, does not synergistically enhance Ca2*
entry when co-expressed with STIM1 (16,25).

In transient transfection experiments, the rank order
of Ca2* influx efficacy of Orai family members appears to
be Orai1 > Orai2 > Orai3 (26). The differential efficacy of
the members of the Orai family may be determined by the
N-terminal tail region. It was shown that Orai1 without its
N-terminal tail displayed a small effect on SOCE. In addi-
tion, the N-terminus region of Orai1 was important for pore-
formation of the channel (27). Furthermore, the C-terminus
region appears to be a key element for communication
between Orai1, but not Orai2 or Orai3, and STIM1 (28).

Orai1 and Orai3, but not Orai2, seem to participate in
STIM1-mediated activation in arachidonic acid-regulated
Ca?2* entry, which is a store-independent process that fol-
lows a distinct regulation from the regular CRAC channel
activation (29).

Role of STIM1 and Orai1 in pathological
conditions

Ca2* concentration is tightly regulated in order to control
cell function, and it is well known that an imbalance in Ca2*
homeostasis is associated with several diseases. Since
STIM1 and Orai1 proteins play a fundamental role in intra-
cellular Ca2* regulation, their contribution to pathological
conditions represents an area under intense investigation
(30). In this last part of the review, we will discuss evidence
suggesting that alterations in the STIM1-Orai1 pathway may
play a role in some pathological conditions.

Immune response

The first evidence describing abnormalities in the STIM1/
Orai1 pathway was identified in a genetic defect, present
in patients with one form of hereditary severe combined
immune deficiency (SCID) syndrome. Patients with SCID
are homozygous for a single-missense mutation in Orai1
and display a defect in SOCE and CRAC channel function.
Feske et al. (10) demonstrated that when T-cells from af-
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fected patients were transfected with a functional isoform
of Orai1, this restored SOCE and Icrac.-

In T-cells, CaZ* influx through CRAC channels and the
formation of an immunological synapse with the antigen-
presenting cell are required for the development of an im-
mune response. During T-cell activation, STIM1 and Orai1
are up-regulated and accumulate in the area of contact
between resting or super-antigen-pretreated cells, where
they colocalize with T-cell receptors (31). Additionally, it
was reported that patients with a homozygous nonsense
mutation in STIM1, which abrogates the expression of
STIM1 and CaZ* influx, exhibit immunodeficiency and
autoimmunity (32). This may be of clinical importance and
has caught the attention of pharmaceutical companies that
currently investigate CRAC channel blockers as an option
to reduce the toxicity of immunosuppressant drugs such
as cyclosporine A (12).

Cardiovascular disease

CaZ* homeostasis plays an important role, particularly
in the vasculature, by regulating the function of the different
vascular cell types. Recent studies on STIM1/Orai1 have
contributed to enhancing knowledge in this field, especially
regarding vascular smooth muscle cell (VSMC) proliferation,
platelet aggregation and hypertension.

Recent reports have shown that CRAC seems to be the
mostimportant source of SOCE in VSMC, being a significant
contributor to proliferation and migration (33). Disruption of
Orai1 expression resulted in reduced SOCE and attenuated
cell proliferation in human VSMCs, demonstrating that Orai1
is critical to this process (34). Additionally, the STIM1/Orai1
pathway seems to play a role in the SOCE-induced prolif-
eratory activity of endothelial cells (35) and STIM1 siRNA
abrogated both proliferation and migration of endothelial
progenitor cells (36).

The atherosclerotic process leads to alterations in the
vascular wall thatimpair its mechanical properties, resulting
in vascular dysfunction. Percutaneous coronary intervention
decreases atherosclerosis but the reoccurrence of stenosis
after this procedure has been widely reported (37). The
restenosis process after vascular injury is characterized
by proliferation and migration of medial VSMC, a process
that is highly regulated by cytoplasmic Ca2* levels. STIM1
knockdown by siRNA significantly suppressed neointimal
hyperplasia in a rat carotid artery balloon injury model and in
cultured rat aortic VSMC. Re-expression of STIM1 reversed
the effect of STIM1 knockdown in neointimal formation
(38). Similar results were obtained in a study using human
coronary artery smooth muscle cells (39).

STIM1 and Orai1 have also been reported to be the
primary pathway for agonist-evoked Ca2* influx in platelets
(40), and consequently for pathological thrombus formation
(41). Orai1-deficient mice display severely defective SOCE
associated with impairment of both platelet activation and
thrombus formation. As a direct consequence, this defi-
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ciency results in resistance to pulmonary thromboembolism,
arterial thrombosis and ischemic brain infarction, with only
a limited bleeding time prolongation (41,42). Furthermore,
mice expressing a mutated inactive form of Orai1 in blood
cells only [Orai(R93W)] exhibit reduced SOCE and impaired
agonist-induced increases in Ca2*, showing that Orai1 is
crucial for the pro-coagulant response of platelets (43).
The incidence of stroke in diabetic patients is very high.
Increased CaZ* entry in platelets from diabetic patients
as a consequence of augmented STIM1/Orai1 has been
reported (44).

These studies initiated the new concept that the STIM1/
Orai1 system is a crucial mediator of ischemic cardio- and
cerebrovascular events. Recent evidence suggested that
STIM1 may be a new therapeutic target in occlusive vas-
cular disease, including the clinical problem of restenosis
after angioplasty (45).

Our group has demonstrated that STIM1/Orai1 is im-
portant for the vascular dysfunction associated with arterial
hypertension. Aortas from stroke-prone spontaneously
hypertensive rats exhibit augmented vascular contrac-
tions in response to Ca2* influx, compared to aortas from
normotensive rats. In addition, ER store depletion induces
greater SOCE activation in arteries from hypertensive rats
and this is blocked both by inhibiting STIM1 and Orai1.
Furthermore, expression of STIM1 and Orai1 proteins is
increased in aortas from the hypertensive rat (46).

The above-mentioned studies show a positive correla-
tion between disturbances in CRAC channel and SOCE
function, via the STIM1/Orai1 pathway, indicating that
CRAC channel and SOCE inhibitors may represent a new
therapeutic approach to the treatment of these conditions.
Although there is increasing evidence that the STIM1/
Orai1 pathway plays a major role in (patho)physiological
processes, many aspects require further investigation.
Accordingly, it is not clear whether abnormal activation
of STIM1/Orai1 leads to activation of protein kinases that
ultimately stimulate VSMC contraction (47). Since defectsin
CaZ* handling by VSMC are candidates for the pathogenesis
of hypertension and that STIM1-Orai1 represent important
components for intracellular Ca2* regulation, it seems plau-
sible that augmented activation of STIM1-Orai1 contributes
toincreased vascular reactivity in hypertension. We recently
tested this hypothesis and showed that extracellular Ca2*
influx is increased in VSMC during hypertension, partially
by STIM1-Orai1-dependent mechanisms (46). However, it
remains to be shown whether increased Ca2* influx through
the STIM1-Orai1 machinery results in greater activation of
Ca2*-dependent proteins, such as protein kinase C (PKC),
and therefore contributes to increased vascular reactivity in
hypertension. Since increased activation of Ca2*-dependent
isoforms of PKC results in increased vascular resistance
and hypertension, it would be interesting to determine
whether this results from increased STIM1/Orai1 activation.
It is possible that an intervention at the molecular level,
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targeting STIM1-Orai1 system activation, could improve
vascular function in hypertensive conditions.

Sexual dysfunction

Recent studies have examined the role of Ca2* signaling
through STIM1/Orai1 in erectile dysfunction. At the 2010
Sexual Medicine Society of North America meeting, two
abstracts were presented, which characterized the pres-
ence and role of STIM1 and Orai1 in human penile corporal
smooth muscle cells (CSMC) and internal pudendal arteries
from hypertensive rats (48,49). A common mechanism of
erectile dysfunction is the inability of the penile cavernous
tissue to relax. In diseased states such as hypertension or
diabetes, the cavernous tissue and vasculature supplying
the penis have increased contractile responses to agonists
such as endothelin-1, phenylephrine, angiotensin, etc.
(50,51). It has been hypothesized that the augmented con-
traction is a result of increased sensitivity of SOCE leading
to greater cavernous smooth muscle tone. In both human
and cultured CSMC, the endogenous expression of STIM1,
Orai1 and TRPC proteins was confirmed via RT-PCR (52).
Additionally, after depletion of Ca2* stores with thapsigargin
or cyclopiazonic acid, Ca2* re-entry was reduced in the
presence of SOCE blockers. The internal pudendal artery
is the main arterial supply to the penis and contributes to
70% of the total penile vascular resistance during an erectile
response (52). In angiotensin-ll-infused hypertensive rats,
after depletion and reloading of Ca2* stores, the caffeine-
mediated contractions were greater in pudendal arteries
from hypertensive animals (49). Furthermore, these con-
tractions were diminished in the presence of thapsigargin.
Thus, increased activation of STIM1/Orai1 may lead to
impaired intracellular Ca2* control, excessive constriction
of the pudendal arteries of hypertensive rats and contribute
to erectile dysfunction. The ability to modulate the control of
the activity of STIM1/Orai1 may provide a novel therapeutic
target for the treatment of erectile dysfunction.

Pulmonary disease

The bronchoconstriction response of the asthmatic air-
way depends on airway smooth muscle contraction and this
response is directly associated with increased cytoplasmic
Ca?* through SOCE. Orai1, together with STIM1, has been
shown to be a major mediator of SOCE in human airway
smooth muscle cells and modulation of this pathway was
proposed to be useful in the treatment of bronchoconstric-
tion (7,53,54). Knockdown of STIM1 resulted in reduced
SOCE during acute hypoxia in pulmonary arterial smooth
muscle (55).

Cancer

A better understanding of the proliferative process is
particularly important to understand the pathophysiology
of cancers. In 2004, before the discovery of the role of
STIM1 in Ca2* regulation, one specific study showed that
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the STIM1 gene, at that time classified as a transmembrane
glycoprotein gene, was a candidate as a metastasis-related
gene. The initial observations suggested that STIM1 worked
as a tumor suppressor (56), but recent data indicated the
contrary (30), which may be a result of the complexity of
the pathophysiology of cancer.

More recently, it has been shown that Orai1 and STIM1
are essential for breast tumor cell migration and Orai1 and
STIM1 siRNA was able to decrease tumor metastasis in
animal models, suggesting that SOCE may be a very im-
portant target for cancer therapy (57). One study conducted
on various breast cell lines showed a differential contribu-
tion of STIM1/2 and Orai3 among different cells. SOCE
was mediated by STIM1/2 and Orai3 in breast cell lines
expressing estrogen receptors, whereas breast cell lines
lacking estrogen receptors used STIM1/Orai1 to induce
SOCE, suggesting a potential role for Orai3 as a target
for breast cancer expressing estrogen receptors (58). The
store-independent activation of Orai1 was described in
mammary tumors, and it seems that the secretory pathway
of Ca2*-ATPase is involved in this process (59).

Perspectives

Over the past 4 years, a long-standing mystery in the
cell biology of Ca2* channel regulation has begun to be
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