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A B S T R A C T

Orai and Stim proteins are the mediators of calcium release-activated calcium signaling and are important in the
regulation of bone homeostasis and disease. This includes separate regulatory systems controlling mesenchymal
stem cell differentiation to form osteoblasts, which make bone, and differentiation and regulation of osteoclasts,
which resorb bone. These systems will be described separately, and their integration and relation to other
systems, including Orai and Stim in teeth, will be briefly discussed at the end of this review.

1. Introduction

Despite the apparently static function of the skeleton as a scaffold
for the body, bone is actually a highly dynamic tissue that undergoes
continuous cycles of formation and degradation in response to a com-
plex interplay of local and systemic signals. The continuous remodeling
of the skeleton not only allows for adaptation to changing mechanical
stresses but is critical for systemic calcium as well as phosphate
homeostasis, since bone represents the principal store for calcium and
phosphate in the human body. Particularly important are the signals
that coordinate the activity of two specialized cell types: the osteoblasts
that produce and mineralize bone matrix and the osteoclasts that break
it down. Dysregulation of bone turnover is central to the pathogenesis
of many common skeletal disorders such as osteoporosis, which can
result from either excess resorption by osteoclasts or insufficient bone
formation by osteoblasts. Because of the clinical importance of bone
loss disorders, a major focus of bone research has been the identifica-
tion and characterization of the signaling systems that regulate bone
cells, including the intracellular signal transduction mechanisms that
mediate these signals, as these represent potential targets for ther-
apeutic intervention [1,2].

In addition to maintenance of skeletal integrity and regulation of
calcium homeostasis, other functions for bone cells are now recognized.
Numerous interactions between the bone cells and the immune system

have been identified, leading to the recognition of the sub-discipline of
osteo-immunology [3,4]. Bone also provides a unique environment for
hematopoiesis, highlighted by the prominence of hematologic symp-
toms in disorders of impaired bone resorption [5,6]. The role of bone
more broadly as an endocrine organ is emphasized by the recognition
that FGF23, which is primarily produced by bone cells, is a key factor in
several systemic disorders [7,8]. These bone cell functions are also
subject to complex regulation, and their characterization another focus
in research on bone and disease.

Calcium signaling pathways are now recognized as mediators in the
regulation of bone cell function, but much about the specific roles and
mediators remains controversial. This review will focus specifically on
the significance of store-operated Ca2+ entry (SOCE); briefly, the en-
doplasmic reticulum (ER) is the major Ca2+ store found in cells. The
activation of phospholipase C-coupled receptors leads to the production
of inositol (1,4,5) trisphosphate (IP3), a soluble second messenger that
binds to receptors located on ER membrane, leading to ER Ca2+ de-
pletion. Loss of ER Ca2+ content is sensed by Stim1 and Stim2, two type
1A transmembrane proteins found on the ER membrane. Upon activa-
tion, Stim proteins translocate within the ER towards the plasma
membrane (PM), where they physically associate with and activate
members of the Orai family of channels. Here, we will examine recent
evidence defining roles for Orai and Stim in bone cells, considering
potential roles for these proteins in the pathogenesis and treatment of
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bone disorders.

2. Osteoclasts, osteoclastogenesis, and calcium signaling

Osteoclasts are specialized bone resorption cells, required for ske-
letal remodeling, repair, and the release of systemic calcium stores.
Briefly summarizing established biology, osteoclasts derive from he-
matopoietic stem cells; they belong to the monocytic lineage which also
produces macrophages and dendritic cells. Osteoclastic differentiation
(osteoclastogenesis) requires expression of specialized genes including
a vacuolar ATPase for acid secretion (to dissolve bone mineral) as well
as proteolytic enzymes such as cathepsins K and B and matrix me-
talloproteinase 9, to break down the collagenous matrix [9]. For effi-
cient bone resorption, osteoclast precursors also must fuse to form giant
multinucleated cells. The mature osteoclasts attach tightly to the bone
surface through integrins attached to a peripheral actin ring. Acid and
proteases are then released on the bone in the sealed space beneath the
osteoclast leading to resorption [9].

A key stimulus for osteoclast formation is the TNF family member
Receptor Activator of NF-kappaB ligand (RANKL) [10,11] in vitro, ad-
dition of RANKL to osteoclast precursors grown with monocyte colony-
stimulating factor (MCSF) is sufficient to induce formation of resorption
competent osteoclasts. Mice deficient in either RANKL or its receptor
RANK, lack osteoclasts and bone resorption resulting in osteopetrosis
with absence of the marrow space [10–13]. Investigation of RANKL
signal transduction revealed that RANKL like other TNF family mem-
bers acts through Traf proteins, in particular Traf6, to stimulate the
phosphorylation and degradation of IkappaB, allowing nuclear trans-
location and activation of NF-kappaB, which in turn regulates expres-
sion of osteoclast-specific genes [14–16]. Both Traf6 deficient mice and
mice doubly deficient in the NF-kB subunits p50 and p52 lack osteo-
clasts and exhibit osteopetrosis [15,17,18]. However, activation of the
Traf6-NF-kB pathway in osteoclast precursors is not sufficient for os-
teoclastogenesis as osteoclast formation cannot be rescued by a TRAF6
mutant sufficient for NF-kB activation [15], implying the existence of
other necessary signaling pathways.

Calcium signaling is now recognized as critical for osteoclastogenic
differentiation [19–22]. In 2002, two groups performing gene expres-
sion profiling to identify transcripts upregulated by RANKL during os-
teoclastogenesis noted a marked increase in expression of the calcium-
dependent transcription factor NFATc1 (also called NFAT2) [23,24].
Osteoclast precursors deficient in NFATc1 could not form osteoclasts in
response to RANKL in vitro, but precursors transduced with con-
stitutively active NFATc1 could form multinucleated osteoclasts even in
the absence of RANKL [23], indicating that this pathway was both
necessary and sufficient. Furthermore, blastocyst complementation
studies confirmed the importance of NFATc1 in vivo [25]. As in other
cell types, NFATc1 activation in osteoclast precursors followed in-
creases in intracellular calcium that stimulated its dephosphorylation
by the calcium-dependent phosphatase calcineurin [26,27]. Calcium
signaling has also been linked to activation of other important tran-
scriptional regulators of osteoclastogenesis. Elevation of intracellular
calcium [Ca2+]i appears to accelerate NFkappaB nuclear translocation
[28], while the cAMP response element-binding protein (CREB) is ac-
tivated through phosphorylation by a calcium/calmodulin-dependent
kinase [29,30]. Complete osteoclastic differentiation required sustained
NFATc1 upregulation with autoamplification, which appeared to de-
pend on the calcium oscillations that are observed in osteoclast pre-
cursors following 24–48 h treatment with RANKL [23,31]. Yet, at that
time no pathway from RANK to calcium channels had been established.
In 2004, Koga et al. identified costimulatory receptors such as TREM-2
and PIR-A that are linked to the ITAM containing adaptor proteins
DAP12 or FcRgamma that lead to activation of phospholipase C gamma
(PLCgamma) in osteoclast precursors. Knock-out studies showed that
loss of these adaptor proteins impaired osteoclastogenesis while having
no effect on the activation of IkappaB or other known RANK signal

transducers such as the c‑Jun N‑terminal kinase (JNK) and p38 mi-
togen-activated protein kinase (p38) [31]. Moreover, PLCgamma in-
hibitors or genetic knockout of PLCgamma2 impaired NFATc1 upre-
gulation and osteoclastic differentiation [32,33]. PLC activation was
also shown to depend on Syk, tec-family tyrosine kinases (Btk, Tec), the
B-cell linker protein (BLNK) and the adaptor SH2-containing leukocyte
protein of 76 kDa (SLP76) [19,31,34–36]. Activation of PLC suggested
the involvement of its product inositol 1,4,5-trisphosphate (IP3) which
can stimulate IP3 receptors (IP3R) in bone to release ER Ca2+ stores
[37]. While it appears that osteoclast precursors express all three IP3
receptors, gene knockout studies have shown that it is IP3R2 that is
critical for calcium oscillations during osteoclastogenesis [38,39]. But
identification of the PLC-IP3-calcium pathway did not fully explain
these phenomena as the mechanism for the influx of intracellular cal-
cium following store depletion remained unclear. Subsequent work has
suggested that Orai1 and Stim1 mediate this effect.

3. Osteoclasts and Orai/Stim

Osteoclast precursors, both from human peripheral blood and
murine bone marrow, have been shown to express Orai1 and Stim 1,
with detection of Stim2 also reported [40–42]. Several groups in-
vestigated whether RANKL-induced osteoclastic differentiation alters
Orai or Stim expression, with varying results. We found that when
peripheral blood mononuclear cells are treated with RANKL, both Orai1
and Stim1 protein levels gradually decline, with a parallel decrease in
store-operated calcium entry noted during osteoclastogenic differ-
entiation [40]. Using a RANKL-responsive murine monocytic cell line,
RAW264.7, other groups found an early increase in Stim1, which then
declined with either a similar pattern for Orai1 or no significant change
[41,42]. These groups investigated the possibility that transient re-
ceptor potential subfamily vanilloid (TRPV) channels might also be
involved, particularly after osteoclastic differentiation is complete. Li
et al. found evidence that in mature osteoclasts, calcium entry in re-
sponse to fluid flow is mediated by TRPV4 channels rather than Orai1/
Stim1 [42]. Functional studies of the effects of Orai1/Stim1 inhibition,
however, demonstrated a clear role for this pathway in transducing
differentiation signals from the RANKL receptor. Using the RAW264.7
cells line, Hwang and Putney demonstrated that shRNA knockdown of
Orai1 inhibited RANKL-stimulated formation of multinucleated osteo-
clasts; this effect was confirmed in primary human osteoclast precursors
transiently transfected with Orai1 siRNA [43]. Functional assays in vitro
confirmed that the reduction of mature osteoclast formation after Orai1
knockdown significantly impaired bone mineral resorption. Orai1
knock-out mice were also evaluated, but unexpectedly these showed
evidence of an osteoblast defect as well (see below) [44,45]. Never-
theless, histologic sections of bone from the Orai1 knockouts showed a
marked reduction in tartrate-resistant acid phosphatase (TRAP) positive
osteoclasts that were predominantly mononuclear, consistent with the
defect in osteoclastogenesis found in vitro in the absence of Orai1 [44].
However, it is possible that in vivo, as in cocultures of osteoclast pre-
cursors with osteoblasts, a calcium independent pathway to NFATc1
activation linked to the cancer Osaka thyroid (Cot) kinase may, at least
partially, compensate for the absence of Orai1/Stim1-mediated sig-
naling [38,46].

4. Orai/Stim and bone loss disorders

Studies to date point most strongly to a role for Orai1/Stim1 in
RANKL differentiation signaling, though a few observations raise the
possibility of effects on mature osteoclast function. The ability of Orai/
Stim inhibition to impair the formation of mature multinucleated os-
teoclasts and thus the efficient resorption of bone suggests that their
inhibitors might be used to treat bone loss disorders associated with
osteoclast excess. One such disorder of high prevalence is post-meno-
pausal estrogen deficiency induced osteoporosis [47,48]. Kertesz et al.
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noted that while phospholipase C-gamma, which acts upstream from
Orai/1/Stim1, is significant for basal osteoclastic bone resorption, it is
not required for bone loss stimulated by estrogen deficiency [49].
However, since Orai1 can be activated through other pathways, it may
still be relevant to assess the dependence of estrogen-deficiency osteo-
porosis on this calcium pathway. Unfortunately, the limited survival of
Orai1-null mice hampered assessment of ovariectomy effects on bone in
these animals as such changes take months to develop [44,45,50,51].
As new Orai/Stim inhibitors become available, however, their ability to
reduce bone loss may be tested in wild-type mouse models of estrogen-
deficiency osteoporosis. Of course, since Orai1 and Stim1 are widely
expressed, inhibitors may have effects on multiple tissues, in particular
the immune system [52–55]. But notably we observed substantial in-
hibition of osteoclast formation by the inhibitor 3,4-di-
chloropropioaniline (DCPA) at concentrations which blocked SOC by
only 50% [40]. Hence osteoclastogenesis may be sufficiently sensitive
to permit selective inhibition at safe concentrations. Alternatively, it
may be possible to use liposomes or nanoparticle carriers to target os-
teoclasts or osteoclast precursors specifically [56–60]. Although os-
teoporosis is the most common bone-loss disorder, targeting the bone
loss associated with immune-mediated inflammatory arthritides (e.g.
rheumatoid arthritis) using Orai1/Stim1 inhibitors may be more
straightforward, since in this context inhibiting both immune function
and bone resorption would be beneficial. The potential for a variety of
calcium channels to serve as therapeutic targets in rheumatoid arthritis
has recently been reviewed [61]. We have tested DCPA as a novel in-
hibitor of Orai1/Stim1-mediated store operated calcium entry that
impairs the formation of multinucleated osteoclasts in vitro [40] as a
therapy for inflammatory arthritis. Using the collagen-induced arthritis
(CIA) mouse model of rheumatoid arthritis [62–64], we determined the
effects of DCPA treatment on disease development [65]. DCPA sig-
nificantly reduced disease as reflected by the low arthritic index in the
DCPA-treated compared to the placebo-treated animals. Histologic
studies showed a reduction in joint inflammation and tissue destruc-
tion, while microcomputed tomography confirmed a reduction in bone
loss in the paws. Liu et al. applied an Orai1 shRNA knockdown ap-
proach to the same mouse model of rheumatoid arthritis [66]. Initial
studies evaluating tolerance of systemic gene silencing by lentiviral
shRNA constructs showed reduced survival with knockdown of Orai1
[66], but in subsequent studies, intra-articular injection of Orai1 shRNA
lentiviral particles was tolerated and produced a marked amelioration
of arthritic symptoms even when treatment was begun after symptoms
arose [67]. Histologic evaluation and microcomputed tomography
studies confirmed a reduction in bone damage by this treatment, with
few osteoclasts identified by TRAP staining in joint sections. Indirect
effects on osteoclastogenesis were also possible, since osteoclastogenic
RANKL as well as inflammatory cytokines such as TNF-alpha, which
enhances osteoclastogenesis, were reduced in joint extracts from Orai1
shRNA-treated mice. To clarify the relative contribution of a reduction
in RANKL concentration versus a reduced response of osteoclast pre-
cursors to RANKL, cell-type specific inhibition of Orai1 will be required.
Additional studies using a xenograft model of human rheumatoid ar-
thritis, examined the therapeutic effects of YM-58483 (also known as
BTP2), a small molecule inhibitor of CRAC, and of a neutralizing an-
tibody to Orai1 [68,69]. Production of IL-6 by the xenograft cells and
serum Rheumatoid factor were both decreased by these treatments, and
histologic sections showed reduced staining for the osteoclast-asso-
ciated enzyme tartrate resistant acid phosphatase. However, both in-
hibitors were also associated with development of hyperglycemia, and
YM-58483 showed hepatic and renal toxicity, again suggesting that
targeting Orai1 inhibitors to specific cell types or tissues may be ne-
cessary for their therapeutic application.

The investigation of Orai proteins in osteoclasts has focused almost
entirely on Orai1. However, the role of Orai3 in inflammatory arthritis
has also been examined. Again, using the CIA mouse model to in-
vestigate therapeutic effects in inflammatory arthritis, Orai3 shRNA

lentivirus was applied systemically; in contrast to lentivirus with Orai1
shRNA, this was well tolerated [66]. The consequent knockdown of
Orai3 significantly reduced clinical symptoms as reflected by a reduced
arthritis score and paw swelling, while histologic sections showed de-
creased bone erosion as well as reduced inflammation. To assess whe-
ther the effects on bone reflected intrinsic changes in osteoclasts or
their precursors, marrow cells were isolated from Orai3 shRNA-treated
mice or controls, and their responses to RANKL treatment determined.
Testing these cells in resorption pit assays, revealed a substantial re-
duction in resorptive capacity by Orai3 knockdown, but only a mild and
statistically insignificant decrease in TRAP positive cells. These results
appear to favor a role for Orai3 in mature osteoclasts rather than in
osteoclastogenesis. However, whether multinucleation of the TRAP
positive cells was impaired by Orai3 inhibition, as it is by Orai1 in-
hibition, is not reported. It is possible that only TRAP positive mono-
nuclear cells are present when Orai3 is knocked down as seen with
inhibition of Orai1; such a lack of osteoclast precursor fusion with giant
cell formation could in itself explained the impaired bone resorption.
Interestingly, an association between susceptibility to rheumatoid ar-
thritis and a polymorphism in the Orai1 gene (rs7135617) has been
reported [70]; this is an intronic polymorphism that may affect gene
splicing, but its specific implications for Orai1 function or expression
and its effects in osteoclasts or precursors remain to be determined.

5. Osteoblasts, bone formation and calcium signaling

Osteoblasts are specialized bone cells responsible for the production
of the mature mineralized skeleton. During prenatal development, a
cartilaginous skeleton first forms that, over time, is degraded by os-
teoclasts and progressively replaced by calcified bone through the ac-
tivity of osteoblasts. Outside the growth plates (primarily in the long
bones of the axial skeleton), skeletal mineralization is largely complete
by the early postnatal period. Thus, one indication of osteoblast im-
pairment is delayed bone mineralization with persistence of fetal car-
tilage in the postnatal skeleton. In addition to a critical role during
growth and development, osteoblasts act throughout life in concert
with osteoclasts to remodel the skeleton. If osteoclastic resorption
during bone turnover is not matched by commensurate bone produc-
tion, that is, if osteoblast number or function is insufficient, bone loss
results.

Osteoblasts are derived from bone marrow mesenchymal stem cells.
Osteoblastic differentiation results in a capacity to synthesize the
components of osteoid, the non-mineralized matrix of bone, of which
the major element is type I collagen, and to mineralize the osteoid
through the secretion of calcium and phosphate with concomitant re-
moval of hydrogen ions [71]. As bone is laid down, the osteoblasts,
formerly on the surface of the bone, become encased within the mi-
neralized matrix and further differentiate into osteocytes. Although
apparently isolated in small lacunae within the bone, osteocytes have
long cellular process that extend through small channels (canaliculi) in
the bone through which they maintain contact with other osteocytes
and cells still at the bone surface. The osteocyte processes contain gap
junctions through which materials may pass from cell to cell within
osteocytes of a single bone forming unit, called an osteon. These cel-
lular processes also allow for the rapid spread of signals amongst os-
teocytes, including calcium signals, for coordinating their function,
although receptor mechanisms as well as gap junction transport are
involved in this regulation [72,73]. It is now recognized that signals
from osteocytes to the bone surface play a key role in the regulation of
bone turnover [74,75]. Both osteoblasts and osteocytes regulate os-
teoclastogenesis through the production of RANKL and osteoprotegerin,
while another product of these cells, FGF23, acts systemically, affecting
heart and kidney as well as bone [74–76].

Numerous factors have been identified that regulate the survival,
proliferation, differentiation and function of osteoblasts, their pre-
cursors, and osteocytes [77,78]. These include hormones such as
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parathyroid hormone (PTH), thyroid stimulating hormone, cortisol,
estrogens and androgens, as well as growth factors, including IGF-1,
FGF2, and multiple members of the transforming growth factor family
(e.g. TGF-beta, bone morphogenetic protein 2 (BMP2) and BMP4)
[79–88]. Wnt and Notch signals are also critical regulators of osteo-
blasts, and a role for the sympathetic nervous system has also been
identified [89–91]. The signal transduction mechanisms that mediate
these signals in osteoblasts are also diverse [92,93] but while calcium
signaling has been identified in osteoblasts, its role has not been as
extensively studied as it has for osteoclasts. Osteoblasts are known to
express a number of G-protein coupled receptors that can activate
phospholipase C and release ER calcium stores, thereby potentially
stimulating store operated calcium entry. The parathyroid hormone
receptor PTHR1 has been linked to phospholipase C activation in os-
teoblasts; however, the major effects of PTH on osteoblasts seem to be
mediated by the adenylate cyclase-cAMP-protein kinase A pathway
rather than calcium [83,88]. PTHR1 activation does cause significant
calcium influx in osteocytes, but this appears to occur via L-type cal-
cium channels [94]. ATP stimulation of osteoblast purinergic receptors
also increases [Ca2+]I. While this is due at least in part to calcium entry
through P2×7, P2Y receptors that activate phospholipase C are also
present. These include P2Y1, which, in mesenchymal stem cells, in-
duces calcium oscillations dependent on calcium influx through Orai1/
Stim1 [95–97]. Osteoblasts also express the calcium sensing receptor
(CaSR) by which elevated extracellular calcium concentrations can
stimulate osteoblast proliferation, differentiation and matrix miner-
alization. Signaling by the CaSR is known to be mediated by phos-
pholipase C activation, IP3 production and elevation of intracellular
calcium [98]. Recently it was shown that elevation of osteoblast
[Ca2+]i following CaSR stimulation could be inhibited by the CRAC
inhibitors 2-APB and YM-58483. Furthermore, osteoblast proliferation
stimulated by increased extracellular calcium could be inhibited not
only by phospholipase C and CaSR inhibitors but also by 2-APB and YM-
58483 (though not by verapamil or nifedipine) strongly implicating
Orai1/Stim1 in receptor mediated osteoblast regulation [99].

6. Osteoblasts and Orai/Stim

The first evidence of the importance of Orai1 for osteoblastic bone
formation, however, came from analyses of Orai1 knock-out mice.
Although such knock-outs were first generated in 2008, initial studies,
though noting reduced size at birth, did not perform detailed skeletal
studies [54,100,101]. In 2012, two groups, using separately derived
Orai1 knockout mice, identified significant skeletal abnormalities in
these mice that were inconsistent with its known role in osteoclasto-
genesis [44,45]. Vertebral sections from 3-week-old mice revealed re-
tained cartilage in knockout animals at sites where mineralized bone
was already mature in wild-type controls. Whole skeletal staining with
Alcian blue for cartilage and Alizarin red for bone confirmed that the
reduction in mineralized bone and persistence of cartilage was systemic
[44]. When analyzed by microcomputed tomography set for detection
of mineralized bone, the cartilaginous areas appeared as multiple de-
fects in the cortical bone [44]. In addition, histomorphometric analysis
of trabecular bone showed fewer trabeculae and significant trabecular
thinning, with an overall reduction in bone reflected by a decreased
ratio of bone volume to tissue volume (BV/TV) in the Orai1 knockout
[44]. These findings were recapitulated in older animals lacking Orai1:
microcomputed tomography of femora from 6-week-old, 8-week-old
and 12-week-old Orai1 knockout mice, respectively, demonstrated re-
duced trabecular thickness and increased trabecular separation com-
pared to controls, as well as reduced bone mineral density compared to
age-matched controls [45,102]. One study further showed that the re-
duced bone mass in the knock-outs was progressive with age [102].
However, it should be noted that the femur is not optimal for such
studies since analysis can be affected by differences in animal size, and
trabecular bone mass naturally decreases with age. Overall, these data

support the hypothesis that Orai1 deficiency during development sig-
nificantly impairs production of mineralized bone and suggest that
further investigation into the roles of Orai in osteoblasts is warranted.

One potential mechanism for reduced bone mass in the knockout
mice is a reduction in osteoblast numbers possibly reflected reduced
proliferation or survival in the absence of Orai1. Vertebral and femoral
bone sections from knockout mice showed decreased staining for the
osteoblast marker enzyme alkaline phosphatase (ALP) [44,103] in-
dicating a lack of mature osteoblasts, potentially reflecting reduced
osteoblast numbers. However, Choi et al., 2018, estimated that osteo-
blasts, as a fraction of bone surface area, were increased in Orai1
knockout animals relative to controls [102]. Moreover, in cultures of
osteoblasts from wild-type and Orai1 knockout mice, they found that
cell numbers were greater in its absence [102]. However, Hwang et al.
found no differences in cell numbers in osteoblast cultures from Orai1
knockout versus wild-type mice, and transduction of an osteoblastic cell
line with the dominant-negative Orai1 E106Q mutant had no ob-
servable effect on cell numbers [45]. It is possible that these contra-
dictory findings simply reflect differences in specific culture conditions
used. As noted above, in vitro studies have suggested that some pro-
liferative signals, such as increased extracellular calcium, may depend
on store operated calcium entry. It has since been shown that osteo-
blasts express all three Orai and both Stim proteins [103,104]. The
potential for functional redundancy or a compensatory activity by other
family members can make it difficult to ascertain which specific func-
tions can be ascribed to which genes

It is notable that skeletal defects have not been described for hu-
mans with mutations in Orai1 (or Stim1), though some do show ab-
normalities of dentition. Species differences in Orai expression or
function may underlie this discrepancy. Differences in phenotype are
also seen amongst patients with different mutations – and none are
recapitulated by the gene disruption in the mice. The limited lifespan of
patient’s with Orai mutations might also be a factor: it is also possible
that skeletal abnormalities might have become manifest had the pa-
tients survived longer.

7. Osteoblast differentiation and function are affected by
deficiency of Orai1

An alternative mechanism for the skeletal abnormalities in the
Orai1 knockout mice is that osteoblast differentiation, matrix produc-
tion and/or mineralization are impaired in the absence of Orai1.
Several studies used cultures of osteoblasts or osteoblast precursors
from Orai1 knockout mice to investigate how the differentiation or
functioning of osteoblasts might be altered. Reduced expression of os-
teoblast marker genes such as alkaline phosphatase, type I collagen, and
osteocalcin, was reported by several groups when Orai is absent or
inhibited, though results are not fully concordant [44,45,102,103]. In
particular, Hwang et al. found little difference for early markers of
differentiation, with alkaline phosphatase activity appearing equivalent
in cultures from wild-type and knock-out mice; they suggest that only
the later stages of osteoblast differentiation depend significantly on
Orai1 [45]. However, most studies found alkaline phosphatase reduced
in the absence of Orai1 both in vitro and in vivo. Osteocyte marker gene
expression was also tested and showed reductions in the cultures from
the Orai1 knockout mice compared to controls [102,103]. Additionally,
Lee et al. found evidence of Orai1 involvement in the osteogenic effects
of BMP2, a major regulator of osteoblast differentiation. Bone marrow
stromal cells, precursors to osteoblasts, obtained from Orai1 knockout
mice not only failed to differentiate in response to osteogenic condi-
tions, but did not upregulate downstream targets of BMP signaling,
indicating a link between Orai1 and BMP signals that are critical for
proper osteoblast maturation [103]. A consistent finding across mul-
tiple studies was a reduction in matrix mineralization in the absence of
Orai1, both in vitro and in vivo [44,45,102,103]. The possibility that it
is primarily osteoblast function and specifically mineralization that is
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dependent on Orai1 will require further investigation.
Regulatory functions of osteoblasts and osteocytes were also ex-

amined. Osteoblast production of the osteoclastogenic factor RANKL,
and its antagonist osteoprotegerin, was tested for dependence on Orai1,
with variable results [45,103]. In contrast, a clear effect was observed
for FGF23 expression: deletion or knockdown of Orai1 significantly
reduced osteoblast FGF23 production. Choi et al. [102] found that
FGF23 is reduced in cells lacking Orai1, and found associated changes
in osteocyte morphology (shape and border changes). Zhang et al.
[104] showed that both Stim1 and Orai1 expression was under the
control of NF-kappaB in osteoblasts: treatment with NF-kappaB in-
hibitors attenuated store operated calcium entry. Further, they de-
monstrated that 1,25 dihydroxyvitamin D-induced FGF23 expression
was blocked by either pharmacological or genetic inhibition of Orai or
by NF-kappaB inhibition. Overall, these investigations reveal a critical
role for NF-KappaB-induced Stim1 and Orai1 expression in vitamin D-
induced FGF23 expression. Because of the involvement of FGF23 not
only in bone health and disease but also in renal and cardiovascular
disease, the identification of Orai1 as a regulator of FGF23 is potentially
of broad clinical interest.

8. Expression of Stim in osteoblast function and bone tumor
progression

Osteoblasts express all three Orai and both Stim (stromal interaction
molecule) genes [92]. At the level of osteoblast precursor mesenchymal
stem cells, Orai1 facilitates bone morphogenetic protein signaling re-
quired for normal osteoblast differentiation, ultimately leading to
higher levels of expression of members of the Stim and Orai families
[103]. This has been further demonstrated at the protein level in

osteoblasts or osteoblastic cell lines [105]. Interestingly, Stim1 over-
expression in MC3T3-E1 osteoblast-like cells caused changes consistent
with increased osteoblast function; this was reflected in calcium de-
position activity as well as increased Runx2, BMP4, and type 1 collagen
production relative to control cells. Considered together, these ob-
servations indicate that SOCE promotes osteoblast differentiation
[105].

In clinically related work, Sun et al. [106] noted that SOCE and its
major mediator Stim1 are implicated in a number of pathological
processes associated with cancer progression. Hence, Stim1 expression
was increased in chemotherapy-resistant osteosarcoma, and that pa-
tients with Stim1 expression had poor overall survival relative to Stim1-
negative osteosarcoma patients [106]. Further, Stim1 overexpression in
osteosarcoma cells conferred cisplatin resistance [106]. ER Ca2+ de-
pletion is a major cause of ER stress; as an ER Ca2+ sensor, Stim1 re-
sponds to loss of ER Ca2+ content by facilitating the entry of Ca2+,
which would be capable of reversing this effect. Although cisplatin
primarily kills cells through formation of DNA lesions, it also causes ER
stress which can be reversed via upregulation of Stim1 [106]. Hence, at
least within this context, increased expression of Stim and associated
SOCE confers increased survival on osteosarcoma, thereby increasing
disease severity.

9. Orai and tooth differentiation

Tooth development is a separate and specialized topic closely re-
lated to bone formation. LaCruz et al. [107] reviewed the topic and
discussed multiple reports of abnormal enamel phenotypes being a re-
sult of Stim or Orai mutations. Screening of genes involved in formation
of dental enamel identified Stim1 as a key gene in ameloblasts, the cell

Fig. 1. Diagram showing expression of Stim and Orai1 proteins in osteoblasts and osteoclasts, and functional consequences of this expression.
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type that controls enamel production [107]. Similarly, to transcrip-
tional profiles observed in osteoblasts [103], mRNAs for all three Orai
genes and both Stim genes were expressed in the ameloblast cell line
LS8 [108]. This observation was confirmed in primary ameloblasts by
Nurbaeva et al. [109]; the ability of ameloblastic cells to exhibit store
operated calcium entry was also confirmed in this study. A murine line
was generated in 2017 which exhibited ameloblast-specific deletion of
Stim1 and Stim2 [110]. Ameloblasts from these mice exhibited im-
pairment of SOCE along with substantial hypomineralization, thinning
of enamel and mechanical weakness of the teeth. Pathological differ-
ences in the formation of the ruffled border were noted and attributed
to ER stress and mitochondrial dysfunction. Overall, these studies re-
veal a fundamental role for SOCE in enamel formation. However, it
should be noted that the factors responsible for initiating SOCE were
not determined in these studies. Interestingly, the small peptide hor-
mone cholecystokinin was shown to be upregulated during ameloblast
maturation; Ca2+ imaging revealed that the presence of cholecysto-
kinin increased cytoplasmic Ca2+ levels which could then be blocked
with pharmacological CRAC-channel inhibitors [111]. Similar ob-
servations were made using either acetylcholine or ATP [111]. Con-
sidered in the context of the studies described above, these observations
reveal that loss of Stim1/2 interferes with receptor-mediated Ca2+ re-
sponses in ameloblasts. Future studies may reveal the relative con-
tributions of SOCE to physiological signals in ameloblasts regulated
cholecystokinin, acetylcholine, ATP and/or other agonists.

10. Conclusion

Orai and Stim proteins are critical players for numerous processes in
cells that produce mineral, as well as in mineral degrading cells. The
contributions of Stim and Orai to these respective cell types are sum-
marized in Fig. 1. Normal osteoclast differentiation requires expression
of both Orai1 and Stim1; when Orai1 is absent, only rudimentary bone
degradation is seen. Differentiation and function of bone forming os-
teoblasts is also impaired with Orai1 deletion, although through fun-
damentally different mechanisms. These fundamental differences are
important, since they may provide a window to specifically target one
cell type over another. Hence, although osteoclasts are critical for
normal bone function, over-activity of osteoclasts is associated with
both osteoporosis and bone erosion associated with arthritis. Differ-
ences in Stim/Orai subtype-dependence and/or relative dependence on
Orai1, as well, may reveal a promising therapeutic window to target
one cell type over another. The extent to which this is possible, how-
ever, will depend on detailed future analyses of Stim/Orai expression
and function, as well as a greater understanding of their role(s) in os-
teoclasts and osteoblast both in physiological and pathophysiological
contexts.
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