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Abstract

:

The mammalian exclusive Orai3 channel participates in the generation and/or modulation of two independent Ca2+ currents, the store-operated current, Icrac, involving functional interactions between the stromal interaction molecules (STIM), STIM1/STIM2, and Orai1/Orai2/Orai3, as well as the store-independent arachidonic acid (AA) (or leukotriene C4)-regulated current Iarc, which involves Orai1, Orai3 and STIM1. Overexpression of functional Orai3 has been described in different neoplastic cells and cancer tissue samples as compared to non-tumor cells or normal adjacent tissue. In these cells, Orai3 exhibits a cell-specific relevance in Ca2+ influx. In estrogen receptor-positive breast cancer cells and non-small cell lung cancer (NSCLC) cells store-operated Ca2+ entry (SOCE) is strongly dependent on Orai3 expression while in colorectal cancer and pancreatic adenocarcinoma cells Orai3 predominantly modulates SOCE. On the other hand, in prostate cancer cells Orai3 expression has been associated with the formation of Orai1/Orai3 heteromeric channels regulated by AA and reduction in SOCE, thus leading to enhanced proliferation. Orai3 overexpression is associated with supporting several cancer hallmarks, including cell cycle progression, proliferation, migration, and apoptosis resistance. This review summarizes the current knowledge concerning the functional role of Orai3 in the pathogenesis of cancer.
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1. Introduction


The Orai channels are the pore-forming proteins that underlie the Ca2+ release-activated Ca2+ (CRAC) channels, the best characterized store-operated channels activated by the endoplasmic reticulum Ca2+ sensor STIM1 and its homolog STIM2 that mediates store-operated Ca2+ entry (SOCE). The Orai family of channels includes Orai1, the “classical” component of the CRAC channels, as well as two mammalian homologs, Orai2 and Orai3. The analysis of Ca2+ influx measurements in a genome-wide screen in patients with a form of hereditary severe combined immune deficiency (SCID) syndrome as well as in Drosophila S2R+ cells identified the fly gene olf186-F (named Orai or CRACM1 CRAC modulator-1) as a modulator of Drosophila CRAC currents, and a human homolog on chromosome 12, Orai1, was found to be mutated in SCID patients, leading to the loss of CRAC channel activity [1,2,3].



Invertebrates mostly have a single Orai gene that is responsible for the CRAC current, although some insects, such as Tribolium castaneum and Apis mellifera, contain two Orai proteins suggesting a gene duplication in these species [4]. The crystal structure of the Drosophila channel revealed the hexameric architecture of the channel, where the Orai subunits arrange around a central ion pore delineated by the first transmembrane domain of the six Orai subunits [5]. In vertebrates, the Orai gene evolved into two branches, Orai1 and Orai2, and in mammals, the Orai3 gene made an evolutionary appearance most likely by duplication of the Orai1 gene as it follows from the closer phylogenetic relationships with this protein [4,6].



Human Orai3 is encoded by the Orai3 gene (also known TMEM142C), located on chromosome 16 in the p11.2. Orai3 is a 295 amino acid protein with four transmembrane domains and N- and C-termini located in the cytosol. Orai3 shows a high percentage of homology with the Orai family members: 63.2% with Orai1 and 66.4% with Orai2 [7]. Concerning Orai3 structure, The N-terminus is composed of 65 amino acids, unlike Orai1 where this region consists of 90 amino acids and contains clusters of prolines and arginines that are absent in Orai3 [8]. Bergsmann and coworkers have reported that truncations of Orai3 N-terminal domain up to residue 51 were able to maintain STIM1-dependent activation similar to wild-type Orai3, thus suggesting that the interaction with STIM1 occurs downstream this region [9]. Orai3 N-terminus exhibits a cluster of 22 positively charged residues (H44-R66) immediately before the first transmembrane domain that is conserved in the three human Orai homologs [7] (Figure 1). Concerning this domain, the region between amino acids 42 and 62 has been reported to be essential for store-dependent activation of Orai3, in fact, the lysine residue K60 has been found to be crucial for the activation of store-operated currents [10]. Furthermore, deletion of Orai3 N-terminal residues between amino acids 51 and 55 has been found to increase store-operated currents. This event is unlikely mediated by the enhancement of STIM1 binding but, rather, has been attributed to an alteration of Orai3 gating with the change from fast inactivation into a potentiation phase [9]. In addition, the Orai3 N-terminus has been reported to be responsible for the selectivity of these channels for activation by arachidonic acid (AA) [11]. In the first transmembrane domain, the glutamate residue E81 has been identified as the channel selectivity filter (similar to E106 in Orai1). The second extracellular loop of Orai3 is significantly longer than that of Orai1 and Orai2 (72 residues in Orai3 vs 38 and 27 amino acids in Orai1 and Orai2, respectively) [7]. Orai3 lacks the corresponding cysteine residue C195 in Ora [1], which is involved in H2O2-dependent inactivation of the channel [12], this makes Orai3 resistant to oxidative stress, and reinsertion of C195 in Orai3 makes Orai3 redox sensitive [13]. Finally, it has been reported that the conserved glutamates, E281, E283, and E284, form a motif that is responsible for fast Ca2+-dependent inactivation of Orai3, as mutating these glutamates to alanines abrogated the fast Ca2+-dependent inactivation [14].



STIM1-operated Orai1 currents are 2–3 fold greater than that of its homologs Orai2 and Orai3 [15], a phenomenon that might be attributed to different biophysical properties. First, fast Ca2+-dependent inactivation (FCDI) of STIM1-mediated currents is about three times more pronounced in Orai3 than in Orai1, and, in turn, Orai1 exhibits an FCDI that is about half as pronounced as in Orai2 [16,17]. Second, STIM1-operated Orai1 currents exhibit a reactivation phase, after the FCDI, upon the application of a hyperpolarizing voltage step. This feature is exclusive of Orai1 channels, whereas Orai2 and Orai3 currents do not exhibit a reactivation phase [16,18,19]. Third, the half-maximal channel activation time is significantly greater for Orai3 (approx. 63 s) than for Orai1 or Orai2 (35 and 21 s, respectively) [16]. The mentioned differences are likely due to certain differences in the cytosolic regions of the Orai isoforms. It has been reported that the Orai1 specific proline/arginine-rich domains located in the N-terminus are essential for current reactivation, while the second, cytosolic, loop seems to be involved in fast and slow gating processes [19]. Finally, FCDI of Orai2 and Orai3 has been reported to be largely dependent on three conserved C-terminal glutamates, E233, E235, and E236 of Orai2 and E281, E283, and E284 of Orai3 [14]; however, a different mechanism for Ca2+-dependent inactivation has been reported for Orai1 associated to the interaction with and activation of adenylyl cyclase 8, which, in turn, leads to protein kinase A-dependent phosphorylation of Orai1 at S34 [20].



Orai3 participates in the generation of two different Ca2+ currents, including the store-operated current: Icrac and the AA (or leukotriene C4)-operated current Iarc. Native CRAC channels have been reported to be formed by a hexameric assembly of Orai1/2/3 subunits, where Orai2 and Orai3 modulate Ca2+ entry through CRAC channels in order to match the magnitude of Ca2+ signals to agonist stimulation [21,22]. In addition to its participation in the store-operated CRAC channels, Orai3 is an essential component of the store-independent, AA-regulated Ca2+ (ARC) channels [23]. Functional ARC channels consist of a heteropentameric assembly of three Orai1 subunits and two Orai3 subunits and show differential characteristics with CRAC channels, including independence of intracellular Ca2+ store depletion, activation by low concentrations of AA, and complete requirement for the minor pool of STIM1 that constitutively resides in the plasma membrane [24]. As mentioned above, the N-terminus of Orai3, more specifically, the region between amino acids 1–38, which is remarkably different from the corresponding residues in Orai1, is critical for the selective activation of ARC channels by AA [11]. Orai3 has been also involved in the generation of the store-independent current activated by leukotriene C4; however, the comparison of the currents generated by AA and leukotriene C4 in different cell types shows that they are indistinguishable and non-additive, thus suggesting that both currents are mediated by the same channel [25]. It is noteworthy that high (20–50 µM [26]) concentrations of 2-aminoethoxydiphenyl borate (2-APB), initially identified as a non-selective inhibitor of the inositol 1, 4, 5-trisphosphate (IP3) receptors and transient receptor potential (TRP) channels [27,28] is able to activate Orai3 currents, altering the ion selectivity of the channel by increasing Orai3 channel minimum pore size from about 3.8 Å to more than 5.34 Å. The effect of 2-APB on Orai3 activation has been reported to be dependent on the E165 residue located in the third transmembrane domain, as the Orai3-E165Q mutant resulted in permeation properties similar to that observed by 2-APB stimulation of Orai3 and almost completely abolished the stimulatory effect of 2-APB [29].



Overexpression of functional Orai3 has been reported in several neoplastic cells where this channel has been associated to the development or support of several cellular activities, thus leading to cancer progression.




2. Orai3 in Breast Cancer


Breast cancer is among the most common cancer types and one of the major causes of cancer death in women. From the point of view of the gene expression profile, breast cancer is a heterogeneous disease that can be grouped into different subtypes, including luminal A, luminal B, HER2, and basal or triple-negative subtypes [30]. Orai3 has been reported to be highly expressed in the estrogen receptor-positive (ER+) breast cancer cell lines MCF7, ZR751, T47D, and HCC1500 [31] as well as in luminal breast cancer tissues as compared to non-tumoral breast epithelial cells and adjacent non-cancerous tissues [32,33]. Orai3 expression in MCF7 breast cancer cells has been reported to be dependent on ERα since ERα knockdown significantly reduced Orai3 expression in these cells. Conversely, it has been reported that attenuation of Orai3 expression significantly inhibits ERα+ cell tumorigenesis in immunodeficient mice [34]. In ER+ breast cancer cells, Orai3 expression plays a relevant role in the maintenance of a variety of cancer hallmarks, including cell cycle progression, cell proliferation, migration, and cell survival [31,32,35], thus unveiling the potential role of Orai3 as a therapeutic target for antitumoral strategies. Studies in the ER+ breast cancer cell line MCF7 have provided evidence supporting that the c-myc proto-oncogene is modulated by Ca2+ influx through Orai3 by a mechanism including the MAP kinase pathway as Orai3 knockdown results in a reduction in the expression and activity of c-myc, decreased pERK1/2 levels and cell-cycle arrest in G1 phase [36]. In addition, to its role in cell proliferation and migration in ER+ breast cancer cells, Orai3 has been reported to be involved in breast cancer cell resistance to chemotherapeutic drugs [37]. Ca2+ influx via Orai3 confers apoptosis resistance by modulating p53 protein expression through the activation of the PI3K/Sgk-1 signaling pathway, which, in turn, activates the ubiquitin ligase Nedd4-2 and results in p53 ubiquitinylation and subsequent degradation [37] (Figure 2).



In ER+ breast cancer cell lines, SOCE has been reported to be strongly dependent on Orai3 expression [31], while Orai1 knockdown in these cells was predominantly without effect, in contrast to the observations in triple-negative breast cancer cell lines [38,39]. Orai3-mediated SOCE in ER+ breast cancer cells has been shown to be modulated by the TRP channel, TRPC6, as TRPC6 knockdown or transient expression of a dominant negative TRPC6 mutant resulted in attenuation of the plasma membrane expression of Orai3 and well as SOCE inhibition in MCF7 cells [35]. As a result of its role in SOCE, knockdown of Orai3 alone or in combination with STIM2 and TRPC6 leads to impairment of resting cytosolic as well as endoplasmic reticulum Ca2+ concentration in MCF7 cells [40].



The potential mechanisms underlying Orai3 up-regulation in ER+ breast cancer cells remain unclear. Recent studies have reported that hypoxia, but not the epidermal growth factor (EGF), another EMT (epithelial–mesenchymal transition) inducer, is able to increase Orai3 expression in the triple-negative breast cancer cells MDA-MB-468, HCC1569 and MDA-MB-231 as well as in the EMT breast cancer cell line PMC42LA, while the other Orai proteins, Orai1 and Orai2, were not up-regulated. Nevertheless, under these conditions, Orai3 knockdown failed to attenuate SOCE, thus suggesting that an alternative mechanism might underlie Orai3 up-regulation and function in ER+ breast cancer cells [33]. Functional studies in ER+ breast cancer cells combined with bioinformatic analysis have demonstrated that miR18a and miR18b positively regulate Orai3 expression and function while miR34a represses Orai3 expression by inducing translational block [41].



Orai3 has also been reported to be expressed in triple-negative MDA-MB-231 breast cancer cells. However, in these cells, Orai1 is the predominant constituent of the channels mediating SOCE [31,42] which challenged the relevance of Orai3 in Ca2+ homeostasis. Interestingly, while these cells express all the components of the ARC channels, i.e., Orai1, Orai3, and STIM1, stimulation with AA was unable to induce Ca2+ influx but, rather, attenuated the ability of MDA-MB-231 cells to migrate and proliferate by inducing disruption of the mitochondrial membrane potential and the activation of apoptosis [43]. Nevertheless, cell stimulation with 2-APB revealed the presence of functional Orai3 channels in MDA-MB-231 cells, and Orai3 knockdown unveiled that Orai3 protects the cells against the harmful effects of AA [43].




3. Orai3 in Prostate Cancer


According to the World Health Organization 2021, prostate cancer (PCa) is the most common non-cutaneous human malignancy and the third most lethal tumor among men, with the highest incidence in industrialized countries. The incidence of prostate carcinoma, over half a million new cases every year, increases proportionally to the increase in life expectancy. Orai3 (as Orai1 and Orai2) is expressed in normal and cancerous epithelial prostatic cells. It has been shown that the remodeling of channel-forming Orai proteins determines an oncogenic switch in prostate cancer (PCa) [44]. This study showed that the relative expression level of the Orai3 transcript is strongly increased in PCa samples compared to paired-match non-cancerous tissue. Authors have shown that the endogenous association of Orai1 and Orai3, leads to the formation of store-independent ARC channels activated by AA. Interestingly, neither co-immunoprecipitation nor biotinylation assays have allowed the authors to confirm the implication of STIM1 in the mechanism of AA-mediated Ca2+ entry in PCa cells. These results suggest that in PCa models, the mechanism of AA-mediated Ca2+ entry differs from the classical ARC channel previously described [24].



The activation of Orai1/Orai3 channels by AA allows an increase in cytosolic calcium concentration that leads to the nuclear translocation of NFAT, a Ca2+/calcineurin-dependent transcription factor involved in cell proliferation. Moreover, the silencing of Orai3 decreases proliferation in vitro and in vivo using a PC3-xenograft mouse model, via a decreased cyclin D1 expression, a key controller of the G1/S phase cell cycle. On the opposite, overexpression of Orai3 promotes proliferation both in vitro and in vivo. These results show the implication of Orai3 during PCa cells proliferation [44].



By mimicking Orai protein remodeling observed in primary tumors (Orai1:Orai3 1:3 ratio), the authors demonstrated that enhanced Orai3 expression favors its heteromerization with Orai1 which impedes the formation of homomeric Orai1 channels. Thus, the increase of Orai1/Orai3 channels reduces the number of functional homomeric Orai1 channels, which are important in supporting susceptibility to apoptosis [44].



In addition to the constitutive effect of this remodeling, the treatment with AA also reduces the formation of Orai1 channels. Indeed, authors have shown in vitro and ex vivo using freshly isolated primary human PCa cells (obtained after radical prostatectomy) that pretreatment with AA decreases SOCE [44]. Different studies have shown that the AA signaling pathway (phospholipase, cyclooxygenase, lipoxygenase, and epoxygenase enzymes) has a major role in the development and progression of several solid cancer among PCa [45,46]. In their study, Dubois and coworkers provide insights concerning the role of AA in PCa oncogenesis by establishing a direct link between AA metabolism and PCa cells proliferation via the involvement of AA-regulated Ca2+ entry [44]. Recent studies have demonstrated the crucial role of tumoral parasympathetic cholinergic fibers which activate muscarinic pathways in stromal participating in PCa progression [47]. Furthermore, the study by Dubois and colleagues has demonstrated that Orai1/Orai3 heteromers promote proliferation following stimulation of M3 muscarinic receptors (M3-AChR) [44], thus further investigations are needed to evaluate if PCa progression mediated by parasympathetic cholinergic fibers is at least partly due to Orai1/Orai3 heteromers.




4. Orai3 in Lung Cancer


There are different types of primary lung cancer that can be grouped into two categories: small cell lung cancer (SCLC) or neuroendocrine tumors, which accounts for approximately 15–20% of lung cancer diagnosed, and non-small cell lung cancer (NSCLC), which can be grouped into adenocarcinoma, squamous cell carcinoma and large cell carcinoma [48]. Most studies concerning the expression and functional role of Orai3 in lung cancer have been performed by the Ouadid-Ahidouch group, who initially analyzed Orai3 expression by immunohistochemistry in samples of lung tumors and adjacent tissue from the same patients reporting that ~66% of the tumoral tissue exhibited a strong Orai3 expression as compared to non-tumoral tissue samples [49]. Interestingly, Orai3 staining was found to be more elevated in higher tumor grades [49]. Further analysis in a larger cohort of lung cancer patients confirmed that Orai3 is overexpressed in tumoral samples as compared to adjacent non-tumoral tissue but revealed that the expression of Orai3 does not correlate with EGF receptor mutation, KRAS mutation, or the TNM stage (classification of malignant tumors based on the size, lymph nodes involved and metastasis) [50]. This analysis also showed that overall survival was greater in individuals with a lower Orai3 expression, thus suggesting that Orai3 is a prognostic factor for lung cancer outcome [50].



Studies performed in two NSCLC cell lines, NCI-H23 and NCI-H460, have revealed that SOCE is strongly dependent on Orai3 expression while silencing of Orai1 or Orai2 expression failed to impair SOCE [49]. In these cells, Orai3 knockdown attenuates cell proliferation and induces cell cycle arrest at the G1 phase, an event that is likely mediated by inhibition of AKT activation, thus decreasing the expression of cyclin D1 and Cdk4 [49] (see Figure 2).



A recent study has reported that Orai3 induces cisplatin resistance in NSCLC cells by enriching the population of cancer stem cells [51]. Unlike Orai1, Orai3 expression is significantly enhanced in bronchial biopsies after treatment with cisplatin, which shifts the Orai1:Orai3 expression ratio in favor of Orai3, enhances SOCE, and is associated with the expression of cancer stem cells markers, Nanog and SOX-2, most likely mediated by a mechanism dependent on the activation of the PI3K/AKT pathway [51]. Interestingly, this study also reveals that the activation of the PI3K/AKT pathway is essential for the increase in Orai3 expression after treatment with cisplatin [51], which suggest a positive feedback mechanism in the regulation of Orai3 expression and PI3K/AKT activation upon treatment with cisplatin and reveals that Orai3 might be a useful target to monitor the lung cancer outcome upon the treatment with chemotherapeutic drugs.




5. Expression and Functional Role of Orai3 in Other Types of Cancer


In addition to the above-mentioned pathophysiological roles of Orai3, this channel has been involved in the development or maintenance of different cancer hallmarks in a variety of tumors, including myeloid leukemia, colorectal cancer, and pancreatic adenocarcinoma (Figure 2).



Studies performed in the acute myeloid leukemia cell line U937 and the multiple myeloma cell line 8226 have provided evidence for a role of Orai3 in tipifarnib-induced altered Ca2+ homeostasis [52]. Treatment of the tipifarnib-sensitive cell lines U937 and 8226 with tipifarnib, a farnesyltransferase inhibitor that prevents farnesylation and, thus, activation, of the Ras protein [53], results in a rise in cytosolic Ca2+ concentration due to Ca2+ entry through plasma membrane channels by a mechanism compatible with Orai3 activation [52]. Tipifarnib-evoked Ca2+ entry leads to Ca2+ overload and loss of membrane integrity. Interestingly, in the tipifarnib-resistant cell line 8226/R5, the expression of Orai3 is significantly smaller than in the parental, tipifarnib-sensitive, cell line 8226, thus suggesting that Orai3 plays a relevant role in the pharmacological effects of tipifarnib [52].



In the human colorectal cancer cell line HT29, the expression of Orai3, as well as Orai1, Orai2, STIM1, and TRPC1 has been shown to be enhanced as compared to the normal human colon mucosal epithelial cell line NCM460, whereas STIM2 expression was downregulated in cancer cells [54]. In these cells, Orai2 and Orai3 seem to modulate Ca2+ entry through CRAC channels as the knockdown of these channels increases SOCE [54]. Further analysis in tumor samples from murine colon cancer xenograft models and patients have reported that hypoxia increases HIF-1/2α expression concomitantly with enhanced Orai1 and Orai3 expression and SOCE. Unlike Orai1, Orai3 expression was found to be dependent on HIF-1/2α expression level or activation. The colony-forming ability and cell migration capacity of tumor cells were impaired after treatment with siHIF-1α and siHIF-2α, as well as siOrai3, thus indicating that HIF-1/2α promote Orai3 up-regulation, which, in turn, supports colon cancer progression [55].



Finally, a recent study has revealed that Orai3 plays an essential role in cell proliferation in pancreatic ductal adenocarcinoma [56]. Orai3 was found to be overexpressed in pancreatic tumor samples from patients as well as in a variety of pancreatic adenocarcinoma cell lines (BxPC3, Capan1, MiaPaCa2, and Panc1) and a cell line derived from metastatic ascites (ASPC1) as compared to normal tissue and the non-tumoral human pancreatic duct epithelial H6C7 cell line. Orai3 channel function has also been found to be remodeled in cancer cells, as Orai3 knockdown enhances SOCE in pancreatic cancer cells whereas attenuates Ca2+ influx in non-tumoral cells. Interestingly, Orai3 silencing was associated with a decrease in cell proliferation, via cell cycle arrest in the G2/M-phase. In addition, further studies in tumor MiaPaCa2 cells indicate that Orai3 knockdown impairs cell survival and induces mitotic catastrophe and apoptosis, as well as inhibits tumor growth and induces apoptosis in vivo using nude mice bearing MiaPaCa2-derived xenografts. These findings strongly suggest that Orai3 is a promising therapeutic target for pancreatic adenocarcinoma [56].



In other cancer cells, such as the oral cancerous SAS cells, the expression of Orai3 is reduced in comparison with non-cancerous HaCaT cells, although the potential relevance of this finding has not been further explored. In cancer cells, Orai1 and Orai2 expression is upregulated and modulates cell migration by regulation of the AKT/mTOR/NF-κB signaling pathway [57].




6. Conclusions


To summarize, Orai3 expression and function have been reported to be remodeled in different cancer cells. In the investigated cells, Orai3 is predominantly overexpressed as compared to non-tumor cells but its role in SOCE/Ca2+ influx differs in the different cancer cell types. In most cell types, knockdown of Orai2 and Orai3 does not abolish SOCE while knockdown of Orai1 does [6]. The functional role of Orai2 and Orai3 in SOCE is mostly associated with the modulation of the magnitude of Ca2+ influx by heteromultimerization with Orai1 subunits into the CRAC channels [22]. Among the exceptions are ER+ breast cancer cells and NSCLC cells, where SOCE is strongly dependent on the Orai3 expression, while knockdown of Orai1 or Orai2 has a minor effect if any, meaning that Orai3 plays a predominant role in SOCE in these cells. This unprecedented functional role of Orai3 has a significant effect on the biology of these cancer cells, where Orai3 plays a relevant role in cell cycle progression, cell proliferation, and apoptosis resistance (Figure 2). In prostate cancer, Orai3 upregulation is associated with SOCE attenuation and formation of Orai1/Orai3 heteromers regulated by AA. This remodeling results in enhanced proliferation and apoptosis resistance (Figure 2). In colorectal cancer and pancreatic adenocarcinoma cells, the overall functional role of Orai3 in SOCE is the classically identified modulation of SOCE, as Orai3 knockdown in these cells has been found to increase SOCE. In addition, Orai3 has also been associated with different cancer hallmarks, such as cell migration, proliferation, colony formation, or cell survival in colorectal cancer and pancreatic adenocarcinoma cells (Figure 2). An interesting finding has been reported in tipifarnib-sensitive leukemia and multiple myeloma cell lines where Orai3 is responsible for tipifarnib-mediated Ca2+ overload, which, in turn, plays an essential role in the cytotoxic effects of tipifarnib (Figure 2). At present, the architecture of the functional Orai3-forming channels in cancer cells is unclear but, altogether, there is a body of evidence supporting a relevant role for Orai3 in tumorigenesis, which strongly suggests that Orai3 is a potential target both as a biomarker of prognosis and as an objective for the development of anticancer therapeutic strategies. A variety of synthetic modulators of the Orai channels have been identified, including BTP2, GSK-7975A, synta66, 2-APB, or IA65, with the Orai isoforms exhibiting different sensitivity and pharmacological profiles to these agents. BTP2 and GSK-7975A are well-known inhibitors of Orai3, although they are less robust inhibitors of the channel than trivalent cations. On the other hand, synta66 is ineffective on Orai3 function while 2-APB (at high micromolar concentrations) is a well-known activator of Orai3 and IA65 is a modest Orai3 activator (26). The potential role of the Orai3 modulators in cancer therapy deserves further study.







Author Contributions


Conceptualization, J.A.R., N.P., C.D., V.R., G.M.S., I.J. and J.J.L.; funding acquisition, J.A.R.; writing—original draft preparation, J.A.R., N.P., C.D. and J.S.-C.; writing—review and editing, J.A.R., N.P., C.D., I.J., J.J.L., J.S.-C., V.R. and G.M.S.; project administration, J.A.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Agencia Estatal de Investigación PID2019-104084GB-C21/AEI/10.13039/501100011033 and Junta de Extremadura-Fondo Europeo de Desarrollo Regional (FEDER; Grants IB20007 and GR18061) to J.A.R., I.J. and J.J.L. are supported by contracts from Junta de Extremadura (TA18054 and TA18011). N.P. and C.D. have been supported by INSERM, Ligue Nationale Contre le Cancer, Ministère de l’Education Nationale, Hauts de France, C.D. is supported by contract from I-SITE ULNE.




Institutional Review Board Statement


The study was conducted in accordance with the guidelines of the Declaration of Helsinki and approved by the Institutional Ethical Committee of the University of Extremadura (protocol code 195/2019 and date of approval 24 July 2019).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Feske, S.; Gwack, Y.; Prakriya, M.; Srikanth, S.; Puppel, S.H.; Tanasa, B.; Rao, A. A mutation in Orai1 causes immune deficiency by abrogating CRAC channel function. Nature 2006, 441, 179–185. [Google Scholar] [CrossRef]

	



Vig, M.; Peinelt, C.; Beck, A.; Koomoa, D.L.; Rabah, D.; Koblan-Huberson, M.; Kraft, S.; Turner, H.; Fleig, A.; Penner, R.; et al. CRACM1 Is a Plasma Membrane Protein Essential for Store-Operated Ca2+ Entry. Science 2006, 312, 1220–1223. [Google Scholar] [CrossRef]

	



Zhang, S.L.; Yeromin, A.V.; Zhang, X.; Yu, Y.; Safrina, O.; Penna, A.; Roos, J.; Stauderman, K.A.; Cahalan, M.D. Genome-wide RNAi screen of Ca2+ influx identifies genes that regulate Ca2+ release-activated Ca2+ channel activity. Proc. Natl. Acad. Sci. USA 2006, 103, 9357–9362. [Google Scholar] [CrossRef] [PubMed]

	



Cai, X. Molecular Evolution and Structural Analysis of the Ca2+ Release-Activated Ca2+ Channel Subunit, Orai. J. Mol. Biol. 2007, 368, 1284–1291. [Google Scholar] [CrossRef] [PubMed]

	



Hou, X.; Pedi, L.; Diver, M.M.; Long, S.B. Crystal structure of the calcium release-activated calcium channel Orai. Science 2012, 338, 1308–1313. [Google Scholar] [CrossRef]

	



Trebak, M.; Putney, J. ORAI Calcium Channels. Physiology 2017, 32, 332–342. [Google Scholar] [CrossRef] [PubMed]

	



Hasna, J.; Benzerdjeb, N.; Faouzi, M.; Ay, A.; Kischel, P.; Hague, F.; Sevestre, H.; Ahidouch, A.; Ouadid-Ahidouch, H. ORAI3 (ORAI calcium release-activated calcium modulator 3). Atlas Genet. Cytogenet. Oncol. Haematol. 2015, 19, 176–188. [Google Scholar] [CrossRef]

	



Takahashi, Y.; Murakami, M.; Watanabe, H.; Hasegawa, H.; Ohba, T.; Munehisa, Y.; Nobori, K.; Ono, K.; Iijima, T.; Ito, H. Essential role of the N-terminus of murine Orai1 in store-operated Ca2+ entry. Biochem. Biophys. Res. Commun. 2007, 356, 45–52. [Google Scholar] [CrossRef]

	



Bergsmann, J.; Derler, I.; Muik, M.; Frischauf, I.; Fahrner, M.; Pollheimer, P.; Schwarzinger, C.; Gruber, H.J.; Groschner, K.; Romanin, C. Molecular Determinants within N Terminus of Orai3 Protein That Control Channel Activation and Gating. J. Biol. Chem. 2011, 286, 31565–31575. [Google Scholar] [CrossRef]

	



Lis, A.; Zierler, S.; Peinelt, C.; Fleig, A.; Penner, R. A single lysine in the N-terminal region of store-operated channels is critical for STIM1-mediated gating. J. Gen. Physiol. 2010, 136, 673–686. [Google Scholar] [CrossRef]

	



Thompson, J.; Mignen, O.; Shuttleworth, T.J. The N-terminal domain of Orai3 determines selectivity for activation of the store-independent ARC channel by arachidonic acid. Channels 2010, 4, 398–410. [Google Scholar] [CrossRef]

	



Ben-Kasus Nissim, T.; Zhang, X.; Elazar, A.; Roy, S.; Stolwijk, J.A.; Zhou, Y.; Sekler, I. Mitochondria control store-operated Ca2+ entry through Na+ and redox signals. EMBO J. 2017, 36, 797–815. [Google Scholar] [CrossRef] [PubMed]

	



Bogeski, I.; Kummerow, C.; Al-Ansary, D.; Schwarz, E.C.; Koehler, R.; Kozai, D.; Takahashi, N.; Peinelt, C.; Griesemer, D.; Bozem, M.; et al. Differential Redox Regulation of ORAI Ion Channels: A Mechanism to Tune Cellular Calcium Signaling. Sci. Signal. 2010, 3, ra24. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.P.; Yuan, J.P.; Zeng, W.; So, I.; Worley, P.F.; Muallem, S. Molecular determinants of fast Ca2+-dependent inactivation and gating of the Orai channels. Proc. Natl. Acad. Sci. USA 2009, 106, 14687–14692. [Google Scholar] [CrossRef]

	



Frischauf, I.; Muik, M.; Derler, I.; Bergsmann, J.; Fahrner, M.; Schindl, R.; Groschner, K.; Romanin, C. Molecular Determinants of the Coupling between STIM1 and Orai Channels: Differential activation of Orai1-3 channels by a STIM1 coiled-coil mutant. J. Biol. Chem. 2009, 284, 21696–21706. [Google Scholar] [CrossRef] [PubMed]

	



Lis, A.; Peinelt, C.; Beck, A.; Parvez, S.; Monteilh-Zoller, M.; Fleig, A.; Penner, R. CRACM1, CRACM2, and CRACM3 Are Store-Operated Ca2+ Channels with Distinct Functional Properties. Curr. Biol. 2007, 17, 794–800. [Google Scholar] [CrossRef]

	



DeHaven, W.I.; Smyth, J.T.; Boyles, R.R.; Putney, J.W. Calcium Inhibition and Calcium Potentiation of Orai1, Orai2, and Orai3 Calcium Release-activated Calcium Channels. J. Biol. Chem. 2007, 282, 17548–17556. [Google Scholar] [CrossRef]

	



Schindl, R.; Frischauf, I.; Bergsmann, J.; Muik, M.; Derler, I.; Lackner, B.; Groschner, K.; Romanin, C. Plasticity in Ca2+ selectivity of Orai1/Orai3 heteromeric channel. Proc. Natl. Acad. Sci. USA 2009, 106, 19623–19628. [Google Scholar] [CrossRef] [PubMed]

	



Frischauf, I.; Schindl, R.; Bergsmann, J.; Derler, I.; Fahrner, M.; Muik, M.; Fritsch, R.; Lackner, B.; Groschner, K.; Romanin, C. Cooperativeness of Orai Cytosolic Domains Tunes Subtype-specific Gating. J. Biol. Chem. 2011, 286, 8577–8584. [Google Scholar] [CrossRef]

	



Zhang, X.; Pathak, T.; Yoast, R.; Emrich, S.; Xin, P.; Nwokonko, R.M.; Trebak, M. A calcium/cAMP signaling loop at the ORAI1 mouth drives channel inactivation to shape NFAT induction. Nat. Commun. 2019, 10, 1971. [Google Scholar] [CrossRef]

	



Yoast, R.; Emrich, S.M.; Zhang, X.; Xin, P.; Johnson, M.T.; Fike, A.J.; Walter, V.; Hempel, N.; Yule, D.I.; Sneyd, J.; et al. The native ORAI channel trio underlies the diversity of Ca2+ signaling events. Nat. Commun. 2020, 11, 2444. [Google Scholar] [CrossRef] [PubMed]

	



Emrich, S.M.; Yoast, R.E.; Xin, P.; Arige, V.; Wagner, L.E.; Hempel, N.; Gill, D.L.; Sneyd, J.; Yule, D.I.; Trebak, M. Omnitemporal choreographies of all five STIM/Orai and IP3Rs underlie the complexity of mammalian Ca2+ signaling. Cell Rep. 2021, 34, 108760. [Google Scholar] [CrossRef]

	



Mignen, O.; Thompson, J.L.; Shuttleworth, T.J. Both Orai1 and Orai3 are essential components of the arachidonate-regulated Ca2+-selective (ARC) channels. J. Physiol. 2008, 586, 185–195. [Google Scholar] [CrossRef]

	



Mignen, O.; Thompson, J.L.; Shuttleworth, T.J. The molecular architecture of the arachidonate-regulated Ca2+-selective ARC channel is a pentameric assembly of Orai1 and Orai3 subunits. J. Physiol. 2009, 587, 4181–4197. [Google Scholar] [CrossRef]

	



Zhang, X.; González-Cobos, J.C.; Schindl, R.; Muik, M.; Ruhle, B.; Motiani, R.K.; Bisaillon, J.M.; Zhang, W.; Fahrner, M.; Barroso, M.; et al. Mechanisms of STIM1 Activation of Store-Independent Leukotriene C 4-Regulated Ca2+ Channels. Mol. Cell. Biol. 2013, 33, 3715–3723. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Xin, P.; Yoast, R.E.; Emrich, S.M.; Johnson, M.T.; Pathak, T.; Benson, J.C.; Azimi, I.; Gill, D.L.; Monteith, G.R.; et al. Distinct pharmacological profiles of ORAI1, ORAI2, and ORAI3 channels. Cell Calcium. 2020, 91, 102281. [Google Scholar] [CrossRef] [PubMed]

	



Diver, J.M.; Sage, S.O.; Rosado, J.A. The inositol trisphosphate receptor antagonist 2-aminoethoxydiphenylborate (2-APB) blocks Ca2+ entry channels in human platelets: Cautions for its use in studying Ca2+ influx. Cell Calcium 2001, 30, 323–329. [Google Scholar] [CrossRef]

	



Xu, S.-Z.; Zeng, F.; Boulay, G.; Grimm, C.; Harteneck, C.; Beech, D.J. Block of TRPC5 channels by 2-aminoethoxydiphenyl borate: A differential, extracellular and voltage-dependent effect. Br. J. Pharmacol. 2005, 145, 405–414. [Google Scholar] [CrossRef]

	



Schindl, R.; Bergsmann, J.; Frischauf, I.; Derler, I.; Fahrner, M.; Muik, M.; Fritsch, R.; Groschner, K.; Romanin, C. 2-Aminoethoxydiphenyl Borate Alters Selectivity of Orai3 Channels by Increasing Their Pore Size. J. Biol. Chem. 2008, 283, 20261–20267. [Google Scholar] [CrossRef] [PubMed]

	



Testa, U.; Castelli, G.; Pelosi, E. Breast Cancer: A Molecularly Heterogenous Disease Needing Subtype-Specific Treatments. Med. Sci. 2020, 8, 18. [Google Scholar] [CrossRef] [PubMed]

	



Motiani, R.K.; Abdullaev, I.F.; Trebak, M. A novel native store-operated calcium channel encoded by Orai3: Selective requirement of Orai3 versus Orai1 in estrogen receptor-positive versus estrogen receptor-negative breast cancer cells. J. Biol. Chem. 2010, 285, 19173–19183. [Google Scholar] [CrossRef]

	



Faouzi, M.; Hague, F.; Potier, M.-C.; Ahidouch, A.; Sevestre, H.; Ouadid-Ahidouch, H. Down-regulation of Orai3 arrests cell-cycle progression and induces apoptosis in breast cancer cells but not in normal breast epithelial cells. J. Cell. Physiol. 2010, 226, 542–551. [Google Scholar] [CrossRef]

	



Azimi, I.; Milevskiy, M.J.G.; Chalmers, S.B.; Yapa, K.T.D.S.; Robitaille, M.; Henry, C.; Baillie, G.J.; Thompson, E.W.; Roberts-Thomson, S.J.; Monteith, G.R. ORAI1 and ORAI3 in Breast Cancer Molecular Subtypes and the Identification of ORAI3 as a Hypoxia Sensitive Gene and a Regulator of Hypoxia Responses. Cancers 2019, 11, 208. [Google Scholar] [CrossRef]

	



Motiani, R.K.; Zhang, X.; Harmon, K.E.; Keller, R.S.; Matrougui, K.; Bennett, J.A.; Trebak, M. Orai3 is an estrogen receptor α-regulated Ca 2+ channel that promotes tumorigenesis. FASEB J. 2012, 27, 63–75. [Google Scholar] [CrossRef] [PubMed]

	



Jardin, I.; Diez-Bello, R.; Lopez, J.J.; Redondo, P.C.; Salido, G.M.; Smani, T.; Rosado, J.A. TRPC6 Channels Are Required for Proliferation, Migration and Invasion of Breast Cancer Cell Lines by Modulation of Orai1 and Orai3 Surface Exposure. Cancers 2018, 10, 331. [Google Scholar] [CrossRef] [PubMed]

	



Faouzi, M.; Kischel, P.; Hague, F.; Ahidouch, A.; Benzerdjeb, N.; Sevestre, H.; Penner, R.; Ouadid-Ahidouch, H. ORAI3 silencing alters cell proliferation and cell cycle progression via c-myc pathway in breast cancer cells. Biochim. Biophys. Acta (BBA) Bioenerg. 2013, 1833, 752–760. [Google Scholar] [CrossRef] [PubMed]

	



Hasna, J.; Hague, F.; Despoix, L.; Geerts, D.; Leroy, C.; Tulasne, D.; Ouadid-Ahidouch, H.; Kischel, P. Orai3 calcium channel and resistance to chemotherapy in breast cancer cells: The p53 connection. Cell Death Differ. 2018, 25, 693–707. [Google Scholar] [CrossRef]

	



Sanchez-Collado, J.; Lopez, J.J.; Jardin, I.; Camello, P.J.; Falcon, D.; Regodon, S.; Salido, G.M.; Smani, T.; Rosado, J.A. Adenylyl Cyclase Type 8 Overexpression Impairs Phosphorylation-Dependent Orai1 Inactivation and Promotes Migration in MDA-MB-231 Breast Cancer Cells. Cancers 2019, 11, 1624. [Google Scholar] [CrossRef] [PubMed]

	



Jardin, I.; Diez-Bello, R.; Falcon, D.; Alvarado, S.; Regodon, S.; Salido, G.M.; Smani, T.; Rosado, J.A. Melatonin downregulates TRPC6, impairing store-operated calcium entry in triple-negative breast cancer cells. J. Biol. Chem. 2021, 296, 100254. [Google Scholar] [CrossRef]

	



Sanchez-Collado, J.; Lopez, J.J.; Gonzalez-Gutierrez, L.; Cantonero, C.; Jardin, I.; Salido, G.M.; Rosado, J.A. Functional role of TRPC6 and STIM2 in cytosolic and endoplasmic reticulum Ca2+ content in resting estrogen receptor-positive breast cancer cells. Biochem. J. 2020, 477, 3183–3197. [Google Scholar] [CrossRef]

	



Vashisht, A.; Tanwar, J.; Motiani, R.K. Regulation of proto-oncogene Orai3 by miR18a/b and miR34a. Cell Calcium 2018, 75, 101–111. [Google Scholar] [CrossRef]

	



Cantonero, C.; Camello, P.J.; Abate, C.; Berardi, F.; Salido, G.M.; Rosado, J.A.; Redondo, P.C. NO1, a New Sigma 2 Receptor/TMEM97 Fluorescent Ligand, Downregulates SOCE and Promotes Apoptosis in the Triple Negative Breast Cancer Cell Lines. Cancers 2020, 12, 257. [Google Scholar] [CrossRef] [PubMed]

	



Cantonero, C.; Sanchez-Collado, J.; Lopez, J.J.; Salido, G.M.; Rosado, J.A.; Redondo, P.C. Arachidonic Acid Attenuates Cell Proliferation, Migration and Viability by a Mechanism Independent on Calcium Entry. Int. J. Mol. Sci. 2020, 21, 3315. [Google Scholar] [CrossRef] [PubMed]

	



Dubois, C.; Abeele, F.V.; Lehen’Kyi, V.; Gkika, D.; Guarmit, B.; Lepage, G.; Slomianny, C.; Borowiec, A.S.; Bidaux, G.; Benahmed, M.; et al. Remodeling of Channel-Forming ORAI Proteins Determines an Oncogenic Switch in Prostate Cancer. Cancer Cell 2014, 26, 19–32. [Google Scholar] [CrossRef] [PubMed]

	



Nakanishi, M.; Rosenberg, D.W. Roles of cPLA2α and arachidonic acid in cancer. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2006, 1761, 1335–1343. [Google Scholar] [CrossRef]

	



Yang, P.; Cartwright, C.A.; Li, J.; Wen, S.; Prokhorova, I.N.; Shureiqi, I.; Troncoso, P.; Navone, N.M.; Newman, R.A.; Kim, J. Arachidonic acid metabolism in human prostate cancer. Int. J. Oncol. 2012, 41, 1495–1503. [Google Scholar] [CrossRef] [PubMed]

	



Magnon, C.; Hall, S.J.; Lin, J.; Xue, X.; Gerber, L.; Freedland, S.J.; Frenette, P.S. Autonomic Nerve Development Contributes to Prostate Cancer Progression. Science 2013, 341, 1236361. [Google Scholar] [CrossRef]

	



Cancer Research UK. Available online: https://www.cancerresearchuk.org/ (accessed on 1 August 2021).

	



Ay, A.S.; Benzerdjerb, N.; Sevestre, H.; Ahidouch, A.; Ouadid-Ahidouch, H. Orai3 constitutes a native store-operated calcium entry that regulates non small cell lung adenocarcinoma cell proliferation. PLoS ONE 2013, 8, e72889. [Google Scholar] [CrossRef]

	



Benzerdjeb, N.; Sevestre, H.; Ahidouch, A.; Ouadid-Ahidouch, H. Orai3 is a predictive marker of metastasis and survival in resectable lung adenocarcinoma. Oncotarget 2016, 7, 81588–81597. [Google Scholar] [CrossRef]

	



Daya, H.; Kouba, S.; Ouled-Haddou, H.; Benzerdjeb, N.; Telliez, M.-S.; Dayen, C.; Sevestre, H.; Garçon, L.; Hague, F.; Ouadid-Ahidouch, H. Orai3-Mediates Cisplatin-Resistance in Non-Small Cell Lung Cancer Cells by Enriching Cancer Stem Cell Population through PI3K/AKT Pathway. Cancers 2021, 13, 2314. [Google Scholar] [CrossRef]

	



Yanamandra, N.; Buzzeo, R.W.; Gabriel, M.; Hazlehurst, L.A.; Mari, Y.; Beaupre, D.M.; Cuevas, J. Tipifarnib-Induced Apoptosis in Acute Myeloid Leukemia and Multiple Myeloma Cells Depends on Ca2+ Influx through Plasma Membrane Ca2+ Channels. J. Pharmacol. Exp. Ther. 2011, 337, 636–643. [Google Scholar] [CrossRef] [PubMed]

	



End, D.W.; Smets, G.; Todd, A.V.; Applegate, T.L.; Fuery, C.J.; Angibaud, P.; Bowden, C. Characterization of the antitumor effects of the selective farnesyl protein transferase inhibitor R115777 in vivo and in vitro. Cancer Res. 2001, 61, 131–137. [Google Scholar] [PubMed]

	



Sobradillo, D.; Morales, M.H.; Ubierna, D.; Moyer, M.P.; Nuñez, L.; Villalobos, C. A Reciprocal Shift in Transient Receptor Potential Channel 1 (TRPC1) and Stromal Interaction Molecule 2 (STIM2) Contributes to Ca2+ Remodeling and Cancer Hallmarks in Colorectal Carcinoma Cells. J. Biol. Chem. 2014, 289, 28765–28782. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, D.; He, R.; Yu, W.; Li, C.; Cheng, H.; Zhu, B.; Yan, J. ORAI3 contributes to hypoxia-inducible factor 1/2alpha-sensitive colon cell migration. Physiol Int. 2021, 108, 221–237. [Google Scholar] [CrossRef] [PubMed]

	



Dubois, C.; Kondratska, K.; Kondratskyi, A.; Morabito, A.; Mesilmany, L.; Farfariello, V.; Prevarskaya, N. ORAI3 silencing alters cell proliferation and promotes mitotic catastrophe and apoptosis in pancreatic adenocarcinoma. Biochim. Biophys. Acta Mol. Cell Res. 2021, 1868, 119023. [Google Scholar] [CrossRef]

	



Singh, A.K.; Roy, N.K.; Bordoloi, D.; Padmavathi, G.; Banik, K.; Khwairakpam, A.D.; Sukumar, P. Orai-1 and Orai-2 regulate oral cancer cell migration and colonisation by suppressing Akt/mTOR/NF-kappaB signalling. Life Sci. 2020, 261, 118372. [Google Scholar] [CrossRef]








[image: Ijms 22 11426 g001 550] 





Figure 1. Schematic structure of human Orai1, Orai2, and Orai3 and Orai subunit architecture. R/L, arginine and lysine-rich (positively charged) region; P, proline-rich region; PM, plasma membrane; TM, transmembrane domain. 
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Figure 2. Overview of Orai3 functional role in cancer cells. Orai3 expression has been reported to be up-regulated in different cancer cell types, including those from estrogen receptor-positive breast cancer (ER + BC), prostate cancer (PC), non-small cell lung cancer (NSCLC) cells, colorectal cancer (CC), pancreatic ductal adenocarcinoma (PDAC) as well as tipifarnib-sensitive acute myeloid leukemia and multiple myeloma (L and MM). Except in leukemia and multiple myeloma cells, Orai3 plays a relevant role in the development or maintenance of different cancer hallmarks, such as cell cycle progression and proliferation, apoptosis resistance and survival and migration and colony formation. In tipifarnib-sensitive leukemia and multiple myeloma cells Orai3-mediated Ca2+ influx is activated by tipifarnib leading to Ca2+ overload and loss of cell viability. PI3K, phosphatidylinositol 3-kinase; ARC channels, arachidonic acid-regulated calcium channels; ERK, extracellular signal-regulated kinase; sgk-1, serine/threonine-protein kinase-1; p53 degr., p53 degradation; cdk-4, cyclin-dependent kinase-4; CSC, cancer stem cells; HIP1/2α, hypoxia inducible factor 1/2α; ↑ means overexpression or activation and ↓ means inhibition. 
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