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Abstract

:

Tumor microenvironment is particularly enriched with extracellular ATP (eATP), but conflicting evidence has been provided on its functional effects on tumor growth and vascular remodeling. We have previously shown that high eATP concentrations exert a strong anti-migratory, antiangiogenic and normalizing activity on human tumor-derived endothelial cells (TECs). Since both metabotropic and ionotropic purinergic receptors trigger cytosolic calcium increase ([Ca2+]c), the present work investigated the properties of [Ca2+]c events elicited by high eATP in TECs and their role in anti-migratory activity. In particular, the quantitative and kinetic properties of purinergic-induced Ca2+ release from intracellular stores and Ca2+ entry from extracellular medium were investigated. The main conclusions are: (1) stimulation of TECs with high eATP triggers [Ca2+]c signals which include Ca2+ mobilization from intracellular stores (mainly ER) and Ca2+ entry through the plasma membrane; (2) the long-lasting Ca2+ influx phase requires both store-operated Ca2+ entry (SOCE) and non-SOCE components; (3) SOCE is not significantly involved in the antimigratory effect of high ATP stimulation; (4) ER is the main source for intracellular Ca2+ release by eATP: it is required for the constitutive migratory potential of TECs but is not the only determinant for the inhibitory effect of high eATP; (5) a complex interplay occurs among ER, mitochondria and lysosomes upon purinergic stimulation; (6) high eUTP is unable to inhibit TEC migration and evokes [Ca2+]c signals very similar to those described for eATP. The potential role played by store-independent Ca2+ entry and Ca2+-independent events in the regulation of TEC migration by high purinergic stimula deserves future investigation.
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1. Introduction


Tumor microenvironment is characterized by the accumulation of ATP and other nucleotides, reaching concentrations much higher than those measured in healthy tissues [1,2,3,4]. The total amount of extracellular ATP (eATP) depends on the balance between its release by different cell types and its breakdown into ADP and adenosine (ADO) by ectonucleotidases [5,6,7,8]. In particular, tumor-associated eATP derives from necrotic and inflammatory cells, but it can also be released directly from cancer cells [2,3,9]. eATP acts as a signaling molecule and, together with other related nucleotides and nucleosides, participates in the purinergic signaling upon binding with purinergic receptors on the cells surface [10]. Purinoceptors are classified in two major families: metabotropic P1 receptors (P1Rs) and P2 receptors (P2Rs), which are further divided into ionotropic P2X receptors (P2XRs) and metabotropic P2Y receptors (P2YRs). Moreover, while P1Rs are activated only by Adenosine, P2Rs recognize ATP, ADP, UTP and UDP [11]. The ionotropic P2XRs sub-families are ligand-gated Ca2+ permeable ion channels [12] and include seven members (P2X1-7). P2XRs can assemble into homo- or heterotrimeric functional channels, whose preferential physiological agonist is ATP [13]. Instead, the metabotropic P2YRs sub-families are G protein-coupled receptors (GPCRs) which include eight subtypes, further divided into two other groups based on their G protein selectivity and sequence similarity. In particular, P2Y1R, P2Y2R, P2Y4R, P2Y6R and P2Y11R mainly associate with Gq protein and activate PLCβ, while P2Y12R, P2Y13R and P2Y14R preferentially couple with Gi/o, suppressing adenylyl cyclase activity [11]. Nevertheless, P2YRs can also be divided according to the preferential endogenous agonist: ATP for P2Y2R and P2Y11; ADP for P2Y1R, P2Y12R and P2Y13R; UTP for P2Y2R and P2Y4R; UDP for P2Y6R and P2Y14R; UDP glucose for P2Y14R [14]. The activation of PLCβ by P2YRs leads to inositol 1,4,5-trisphosphate (InsP3) and diacylglycerol (DAG) production starting from phosphatidylinositol 4,5-bisphosphate (PIP2). InsP3 is an important intracellular second messenger which, upon binding with InsP3 receptors (IP3R) on endoplasmic reticulum (ER), elicits an increase in cytosolic Ca2+ concentration ([Ca2+]c) due to the rapid passage of Ca2+ content from the ER lumen to the cytosol [15]. The resulting Ca2+ release and the subsequent decrease in ER luminal [Ca2+] [16,17] trigger the store-operated Ca2+ entry (SOCE) mechanism [15]. Stromal Interaction Molecule (STIM) proteins are the ER Ca2+ levels sensors that detect the ER Ca2+ depletion, cluster at ER-plasma membrane surface and finally activate store-operated channels (SOCs), such as Orai1-3 channels and TRPC1-7 [18]. SOCE is the principal Ca2+ signaling pathway responsible for the Ca2+ entry modulated by the intracellular stores, both in normal and cancer cells [18,19]. It is triggered by a set of different membrane receptors [20], including P2YRs. Therefore, purinergic stimulation triggers [Ca2+]c increase which consist of an initial peak caused by InsP3-dependent Ca2+ release from intracellular stores, followed by a sustained plateau phase dependent on Ca2+ influx from extracellular medium [21].



Importantly, SOCE mechanisms are involved in the regulation of cellular proliferation, migration, differentiation and apoptosis [22,23], playing important roles in cancer cell migration, metastasis and evasion of apoptosis, as well as in endothelial proliferation and migration [18,24,25].



Nowadays, growing interest has been focused on the therapeutic potential of purinergic signaling since it plays a fundamental role in both physiological and physio-pathological processes. In particular, eATP controls several acute vascular functions [6,7,8,26,27,28], such as angiogenesis, that are mediated by endothelial cell proliferation, migration and death. The potential efficacy of purinergic signaling in the treatment of cancer has recently been evaluated [29] but its functional effects on tumor cells and vasculature in vitro and in vivo are still debated and must be further clarified [3,30,31].



Rapaport and colleagues have demonstrated for the first time an anti-neoplastic activity of eATP. Consistently, recent studies have revealed an antitumor activity of extracellular nucleotides in different types of cancer [30,32]. P2Rs are highly expressed by many tumors and their modulation may play an important role in tumor progression [3,30,31,33]. However, whether they exert a promoting or suppressive effect on tumor’s growth is still a controversial issue and the underlying mechanisms remain partially unknown [34,35].



Furthermore, very few studies on the effects of purinergic stimulation in the tumor endothelium are currently available. The tumor vasculature strongly differs from the vasculature of healthy tissues from both a morphological and functional point of view. A deeper knowledge of the mechanisms underlying the sensitivity of tumor endothelium to high eATP concentrations (which are typical of the tumor microenvironment) could be helpful in this context.



We have recently shown that high non-physiological eATP doses (>20 µM) strongly inhibit migration of ECs isolated from human breast carcinoma (BTEC) and enhance attraction of human pericytes, leading to a decrease of endothelial permeability, a hallmark of vessel normalization [36]. This process could contribute to dampening hypoxia in the tumor microenvironment and to elicit a transition towards a more physiological condition.



In addition to Ca2+ signaling, some P2YRs (mainly P2Y11) and P2XRs promote intracellular cAMP increase that can in turn regulate endothelial barrier stabilization and inhibit cell migration [37,38]. Since the intracellular Ca2+ increase is one of the universal and major routes for intracellular cAMP release and both P2X7 and P2Y11 are able to trigger cytosolic Ca2+ elevation, here we decided to investigate the general properties of Ca2+ signaling activated by high eATP on TEC.




2. Results


2.1. High ATP Stimulation Triggers Biphasic Ca2+ Signals in Human Tumor-Derived Endothelial Cells


Purinergic stimulation of BTEC with different eATP concentrations (1, 10, 100 μM) evoked [Ca2+]c increased in the great majority of cells examined (Figure 1A). An initial Ca2+ transient (peak) is usually followed by a sustained long-lasting phase (plateau). Based on the dose-dependent amplitude and area of peak and plateau phases (Figure 1B,C), and according to the previously reported functional effects on BTEC migration [36], the following experiments were carried out treating BTEC with 100 μM ATP. Interestingly, renal tumor-derived endothelial cells (RTEC) (characterized in [39]), displayed a similar biphasic response to ATP (Figure S1A): moreover, their migration, similarly to BTEC, was affected by 100 μM ATP treatment (Figure S1B). When ATP was applied in a calcium-free extracellular solution (0 Caout), only a dose-dependent transient spike was detectable, due to Ca2+ release from intracellular stores, while the plateau phase, mainly related to Ca2+ entry from the extracellular medium, was completely abolished (Figure 1D–F).




2.2. ATP-Evoked Ca2+ Influx Includes Both Store Operated Ca2+ Entry (SOCE) and Non-SOCE Components


In order to separate and quantify the Ca2+ release from intracellular stores and Ca2+ entry from the extracellular medium in response to 100 μM ATP, we applied the ‘Ca2+ add-back’ protocol (see Section 4), in which the cells were first stimulated with ATP in 0 Caout, followed by 2 mM Ca2+ addition in the continuous presence of the agonist. Figure 2A shows Ca2+ entry following the Ca2+ release observed in 0 Caout. The expression of a functional SOCE machinery in TEC was unveiled stimulating BTEC with 30 µM Cyclopiazonic acid (CPA) or 2 µM Thapsigargin (TG), two widely used ER depletors and SOCE activators, (Figure 2B: quantification in Figure 2D), two widely used ER depletors and SOCE promoters. Similar results were obtained in RTEC (Figure S1C–E).




2.3. SOCE Component Is Not Required for the Anti-Migratory Activity of ATP


A pharmacological approach was employed to modulate the SOCE-related component of the Ca2+ response to 100 μM ATP in BTEC and to clarify its contribution to the process under investigation. As expected, pretreatment with the SOCE inhibitor 20 µM BTP-2 (20 min) completely abolished TG-induced calcium entry in add-back experiments (Figure 2C,D).



The same treatment with BTP-2 significantly inhibited ATP-mediated Ca2+ entry leaving unaltered the release from the internal stores (Figure 2E,F). A subpopulation of cells showed a BTP-2-insensitive component, suggesting the existence of a non-SOCE component (Figure 2E,F). This observation is in nice agreement with an expression of functional store-independent and calcium-permeable P2RX-related ion channels, previously described in TEC [36]. The inhibition of InsP3 receptors by preincubation with 100 µM 2-APB (5 min) significantly reduced both ATP-induced calcium entry and release (Figure 2E,F).



To evaluate the potential involvement of Ca2+ release on BTEC migration, we performed migration assays preincubating the cells with 30 µM CPA or 2 µM TG, and subsequently stimulating in the presence or absence of ATP. Both CPA and TG remarkably reduced BTEC migration resembling the effect of 100 µM ATP: however, co-incubation with both ATP and CPA or TG produced further anti-migratory activity (Figure 2G), showing that the ER-related component is not the only mechanism responsible for the functional effect.



Interestingly, complete inhibition of SOCE by BTP-2 pre-incubation failed to alter the ATP-mediated inhibitory effect on BTEC migration (Figure 2G), suggesting that SOCE does not play a major role in the ATP-mediated inhibitory effect of BTEC migration.




2.4. Ca2+ Signals Mediated by Other Purinergic Agonists


We previously reported anti-migratory activity for 100 µM ADP, but not for 100 μM UTP [36]. Both the agonists evoked dose-response calcium increases in physiological extracellular solution (Figure 3A–F). The add-back protocol allowed us to quantify Ca2+ release and Ca2+ entry (Figure 3G–I).



Moreover, BTEC stimulation with 100 µM Adenosine (ADO), a P1R agonist that inhibits BTEC migration [36], triggered a long lasting calcium signal (Supplementary Figure S2A): this evidence reveals that P1 receptors, expressed both in BTEC and RTEC with a strong prevalence for A2B subtype (see Supplementary Figure S2B), are functional.




2.5. Contribution of ER and Other Organelles in the Calcium Release Induced by ATP and UTP


Finally, we decided to compare the calcium store dynamics involved in the response to 100 µM ATP, a potent inhibitor of BTEC migration, to the response to 100 µM UTP, a purinergic agonist that failed to exert the same functional effect. A pharmacological approach was employed, based on the use of 2 µM TG (to deplete ER), 20 µM Bafilomycin A1 (Baf-A1, to affect lysosomes) and 1 µM FCCP (to uncouple mitochondria). All the experiments were performed in 0 Caout by the use of two different protocols, as shown in Figure 4. Quantification included three parameters as major descriptors of calcium release: peak amplitude, area and the decay tau of the calcium spikes. Cells pretreated with TG drastically decreased the responses to ATP as well as to UTP, suggesting a major contribution for ER (Figure 4A,D–I for quantification): however, a small TG-insensitive component could be detected, suggesting that other stores may be recruited by ATP and UTP. Pretreatment with FCCP or Baf-A1 affected the features of both the spikes induced by ATP or UTP (Figure 4B–I for quantification). Preincubation with the ionophore Ionomycin (Iono, 2 µM) completely prevented the response to ATP. Moreover, the application of a second experimental protocol revealed the complete abolition of the [Ca2+]c increase induced by TG and Baf-A1 in cells pretreated with ATP or UTP, globally indicating an interplay among ER, mitochondria and lysosomes in the Ca2+ release triggered by both the purinergic agonists (Figure 4J–L).





3. Discussion


We have recently shown that high non-physiological eATP doses (>20 µM) strongly inhibit migration of ECs from human breast carcinoma (BTEC) and enhances in vitro endothelial normalization [36]. These events could be related to an overall potential anti-angiogenic activity of strong purinergic stimulation in cancer. Although purinergic signals have been deeply investigated in tumor microenvironment [40], few data are available on ATP-mediated Ca2+ signals in TECs.



For these reasons, we investigated ATP-mediated Ca2+ signals and their role on migration in both breast and renal-derived ECs.



Here we show that high ATP stimulation (100 μM) triggers biphasic Ca2+ signals in BTEC and RTEC; these data are in accordance with the expression of both metabotropic and ionotropic receptors previously reported [36]. In particular, ATP mediates an initial transient [Ca2+]c rise due to Ca2+ mobilization from intracellular stores, followed by a long-lasting plateau due to Ca2+ entry through the plasma membrane. Considering the recruitment of both metabotropic and ionotropic ATP receptors, the long-lasting phase could be due to both store-operated calcium entry (SOCE) and/or non-SOCE mechanisms. SOCE is clearly observed both in BTEC and RTEC when stimulated with 30 µM CPA or TG, two widely used ER depletors. On the other hand, the pharmacological inhibition of SOCE with 20 µM BTP-2 significantly prevented ATP-mediated Ca2+ entry in BTEC but did not completely abolish the plateau phase, revealing a non-SOCE component of Ca2+ entry induced by 100 μM ATP, presumably related to P2RX-ionotropic receptors.



A section of the paper was devoted to correlate ATP-mediated Ca2+ signals with BTEC migration. The ability of 100 µM ATP to decrease BTEC migration even in the presence of BTP-2 unveils a SOCE-independent component in the anti-migratory effect of ATP, possibly related to the recruitment of P2XR-ionotropic receptors that act as calcium-permeable channels [30].



Intracellular calcium stores globally affect BTEC migration since the treatment with CPA or TG, two ER-calcium depletors, as well as 2-APB, remarkably impairs BTEC migration; this evidence points to a general involvement of ER-related calcium release in the regulation of constitutive BTEC migration; nonetheless, and intriguingly, the ability of ATP to retain its antimigratory activity even in TG-preconditioned cells indicates that at least a significant component of ATP-induced functional effects is independent of the release of calcium from ER. The idea that calcium stores could be necessary but not selectively required to sustain the antimigratory action of high eATP is further strengthened by the failure of 100 µM UTP, that actually triggers a calcium release similar to that measured upon ATP stimulation, to promote the same functional effect as ATP. Moreover, a detailed quantitative pharmacological investigation by the use of drugs that selectively impair ER, mitochondria and lysosomes led us to support an interplay among these intracellular organelles in the shaping of purinergic-related calcium release in BTEC: however, no dramatic differences were detected in the quantitative features of this process comparing responses to ATP, that inhibits migration, and UTP, that fails to exert the same functional effect.



Other purinergic agonists such as Adenosine and ADP, respectively acting on P1 and some P2YRs, are able to interfere with TEC migration [36]: here we show that both of them elicit calcium signals.



Taken together, our data suggest that SOCE and calcium release from intracellular stores are not strictly and selectively required for the anti-migratory action of ATP on human tumoral endothelium.



Future investigation will shed light on the involvement of other mechanisms, including store independent calcium entry directly supported by P2XR ionotropic receptors, or Ca2+-independent pathways, as recently reported for TRPM8 in endothelial cells [41].




4. Materials and Methods


4.1. Cell Cultures


Breast tumor-derived endothelial cells (BTEC) and Renal tumor-derived endothelial cells (RTEC) from human breast lobular-infiltrating carcinoma biopsy and renal carcinoma, respectively, were isolated and are periodically characterized in the laboratory of Professor Benedetta Bussolati (Department of Molecular Biotechnology and Health Sciences, University of Torino, Italy) [42].



BTEC and RTEC were grown in EndoGRO-MV-VEGF (Merck Millipore, Burlington, MA, USA) as previously described [36].




4.2. Calcium Imaging and Experimental Protocols


Cells were grown on glass gelatin-coated coverslips (gelatin-coating was avoided for experiments using Tyrode physiologic solution without Ca2+) at a density of 5000 cells/cm2 for 24–48 h. Cells were next loaded (45 min at 37 °C) with 2 μM Fura-2AM (Invitrogen, Carlsbad, CA, USA), for ratiometric cytosolic Ca2+ [Ca2+]c measurements. Fluorescence was acquired by Nikon Eclipse TE-2000S (Minato, Tokyo, Japan) inverted microscope. [Ca2+]c was expressed as a ratio (R) of emitted fluorescence at 510 nm corresponding to excitation wavelengths of 340 nm and 380 nm.



Metafluor Imaging System (Molecular Devices, Sunnyvale, CA, USA) was used for image acquisition (3 s frequency). For each experiment, several regions of interest (ROIs) have been selected corresponding to single cells in the chosen image field. Real time background subtraction was applied in order to limit noise. Average traces shown in figures include at least 20 ROIs.



Calcium imaging analysis and quantification (peak amplitude, area, rise time, decay time) were performed using Clampfit software (Axon PClamp, Molecular Devices, San Jose, CA, USA) and analysed with GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA).



Area underlying calcium influx during the sustained phase in the presence of extracellular Ca2+ was evaluated at 300 s after the onset of the response. Total area under calcium spikes in 0 Caout was measured by the use of Event Detection protocol in Clampfit software.



Ca2+ store depletion and store-operated Ca2+ entry (SOCE) were evaluated by exploiting the Ca2+ add-back protocol. Briefly, the cells were treated with the agonist to induce depletion of Ca2+ stores in Ca2+-free medium (0 Caout; Tyrode solution without CaCl2 added with 2 mM Ethylene Glycol Tetraacetic Acid, EGTA) and, subsequently, replaced with Ca2+-containing solution (2 mM Ca2+) so that SOCE could be measured.




4.3. Migration Assays


Scratch Wound Healing Assay. Cells were grown to confluence on 24-well culture plates. Cell monolayers were allowed to rest for 12 h in EndoGro-MV and a wound was made by scraping the middle of the cell monolayer with a P10 pipette tip. Floating cells were removed by washing twice with Phosphate-Buffered Saline, PBS, and the cell monolayer was put in a serum-free RPMI medium for 1 h and then in RPMI 10% FBS.



Cells did not undergo any significant degree of mitosis during the experiments. Images were acquired using a Nikon Eclipse Ti-E microscope with a 4X objective. Cells were kept at 37 °C and 5% CO2 and pictures were taken every 2 h using Metamorph software (Molecular Devices, Sunnyvale, CA, USA) [43,44]. Migration was measured up to 8 h with Metamorph software and expressed as percentage of maximal migration [45,46]. At least three fields for each condition were analyzed in each independent experiment. At least three independent experiments were done for each experimental condition.




4.4. RNA Extraction and Real-Time PCR Analysis


Total RNA was extracted from cell samples using PureLink® RNA Mini Kit (ThermoFisher Scientific, Waltham, MA, USA). For quantitative real-time polymerase chain reaction (qRT-PCR), 0.5–1 μg total RNA was transcribed into complementary DNA (cDNA) by High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) upon treatment with RQ1 RNase-Free DNase (Promega, Madison, WI, USA). qRT-PCR was performed using the QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosystems). Primers and probes were designed using the Universal ProbeLibrary Assay Design Center software (www.lifescience.roche.com). Transcript abundance, normalized to 18 s mRNA expression, is expressed as a fold increase over a calibrator sample.




4.5. Statistical Analysis


Data were analyzed with GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA). Each experiment was repeated at least three times. Preliminary Shapiro-Wilk test was performed to check the normal distributions of each dataset: accordingly, statistical analysis was performed by using either the non-parametric Mann-Whitney test or the Student’s t-test. A p-value of <0.05 was considered significant.





5. Conclusions


Purinergic stimulation in BTEC evokes different Ca2+ signals according to the agonist and its concentration. High eATP doses strongly inhibit BTEC [36] and RTEC migration and trigger biphasic Ca2+ signals due to Ca2+ release from intracellular stores (mainly ER) and Ca2+ entry from extracellular medium. Similar calcium signals and antimigratory effects are triggered by ADP and Adenosine, while P2RY-selective agonist UTP promotes calcium signals without any detectable modulation of TEC migration. Calcium release from ER is not required to account for the entire antimigratory activity of high ATP, while SOCE is not significantly involved. Non-SOCE mechanisms, presumably related to P2RXs recruitment, could be good candidates as negative regulators of TEC migration, but calcium-independent pathways cannot be excluded.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-6694/11/6/766/s1, Figure S1: Characterization of high ATP stimulation in RTEC. Figure S2: P1 receptors are expressed and functional in BTEC.





Author Contributions


Investigations and analysis, G.S., T.G., D.A., M.B., S.B.; S.P.; E.T.; J.R.d.A.V; isolation of cell models, B.B.; writing, G.S., T.G., A.F.P. and L.M.; supervision, A.F.P. and L.M.




Funding


G.S. is recipient of PhD fellowship from University of Torino. This work was supported by the AIRC grant IG18857 to E.T.




Acknowledgments


The authors kindly thank Francesco Moccia for the scientific support.




Conflicts of Interest


The authors declare no conflict of interest




References


	



Burnstock, G. Pathophysiology and therapeutic potential of purinergic signaling. Pharmacol. Rev. 2006, 58, 58–86. [Google Scholar] [CrossRef] [PubMed]

	



Deli, T.; Csernoch, L. Extracellular ATP and cancer: An overview with special reference to P2 purinergic receptors. Pathol. Oncol. Res. 2008, 14, 219–231. [Google Scholar] [CrossRef] [PubMed]

	



Di Virgilio, F. Purines, purinergic receptors, and cancer. Cancer Res. 2012, 72, 5441–5447. [Google Scholar] [CrossRef] [PubMed]

	



Burnstock, G.; Novak, I. Purinergic signalling in the pancreas in health and disease. J. Endocrinol. 2012, 213, 123–141. [Google Scholar] [CrossRef] [PubMed]

	



Yegutkin, G.G. Nucleotide- and nucleoside-converting ectoenzymes: Important modulators of purinergic signalling cascade. Biochim. Biophys. Acta 2008, 1783, 673–694. [Google Scholar] [CrossRef]

	



Burnstock, G. Purinergic signalling: Its unpopular beginning, its acceptance and its exciting future. Bioessays 2012, 34, 218–225. [Google Scholar] [CrossRef]

	



Erlinge, D.; Burnstock, G. P2 receptors in cardiovascular regulation and disease. Purinergic. Signal. 2008, 4, 1–20. [Google Scholar] [CrossRef]

	



Burnstock, G. Purinergic regulation of vascular tone and remodelling. Auton Autacoid. Pharmacol. 2009, 29, 63–72. [Google Scholar] [CrossRef]

	



Pellegatti, P.; Raffaghello, L.; Bianchi, G.; Piccardi, F.; Pistoia, V.; Di Virgilio, F. Increased Level of Extracellular ATP at Tumor Sites: In Vivo Imaging with Plasma Membrane Luciferase. PLoS ONE 2008, 3, e2599. [Google Scholar] [CrossRef]

	



Burnstock, G. Purinergic Nerves. Lancet 1972. [Google Scholar] [CrossRef]

	



Nishimura, A.; Sunggip, C.; Oda, S.; Numaga-Tomita, T.; Tsuda, M.; Nishida, M. Purinergic P2Y receptors: Molecular diversity and implications for treatment of cardiovascular diseases. Pharmacol. Ther. 2017, 180, 113–128. [Google Scholar] [CrossRef] [PubMed]

	



Mahaut-Smith, M.P.; Taylor, K.A.; Evans, R.J. Calcium Signalling through Ligand-Gated Ion Channels such as P2X1 Receptors in the Platelet and other Non-Excitable Cells; Springer: Cham, Switzerland, 2016; pp. 305–329. [Google Scholar]

	



Burnstock, G.; Knight, G.E. The potential of P2X7 receptors as a therapeutic target, including inflammation and tumour progression. Purinergic. Signal. 2018, 14, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Jacobson, K.A.; Paoletta, S.; Katritch, V.; Wu, B.; Gao, Z.G.; Zhao, Q.; Stevens, R.C.; Kiselev, E. Nucleotides Acting at P2Y Receptors: Connecting Structure and Function. Mol. Pharmacol. 2015, 88, 220–230. [Google Scholar] [CrossRef] [PubMed]

	



Thillaiappan, N.B.; Chakraborty, P.; Hasan, G. IP3 receptors and Ca2+ entry. Biochim. Biophys. Acta Mol. Cell Res. 2018. [Google Scholar] [CrossRef] [PubMed]

	



Raqeeb, A.; Sheng, J.; Ao, N.; Braun, A.P. Purinergic P2Y2 receptors mediate rapid Ca(2+) mobilization, membrane hyperpolarization and nitric oxide production in human vascular endothelial cells. Cell Calcium. 2011, 49, 240–248. [Google Scholar] [CrossRef] [PubMed]

	



Lyubchenko, T.; Woodward, H.; Veo, K.D.; Burns, N.; Nijmeh, H.; Liubchenko, G.A.; Stenmark, K.R.; Gerasimovskaya, E.V. P2Y1 and P2Y13 purinergic receptors mediate Ca2+ signaling and proliferative responses in pulmonary artery vasa vasorum endothelial cells. AJP Cell Physiol. 2011, 300, C266–C275. [Google Scholar] [CrossRef] [PubMed]

	



Jardin, I.; Rosado, J.A. STIM and calcium channel complexes in cancer. Biochim. Biophys. Acta Mol. Cell Res. 2016, 1863, 1418–1426. [Google Scholar] [CrossRef] [PubMed]

	



Zuccolo, E.; Laforenza, U.; Ferulli, F.; Pellavio, G.; Scarpellino, G.; Tanzi, M.; Turin, I.; Faris, P.; Lucariello, A.; Maestri, M.; et al. Stim and Orai mediate constitutive Ca2+ entry and control endoplasmic reticulum Ca2+ refilling in primary cultures of colorectal carcinoma cells. Oncotarget 2018, 9, 31098–31119. [Google Scholar] [CrossRef] [PubMed]

	



Prakriya, M.; Lewis, R.S. Store-Operated Calcium Channels. Physiol. Rev. 2015, 95, 1383–1436. [Google Scholar] [CrossRef] [PubMed]

	



Moccia, F.; Baruffi, S.; Spaggiari, S.; Coltrini, D.; Berra-Romani, R.; Signorelli, S.; Castelli, L.; Taglietti, V.; Tanzi, F. P2y1 and P2y2 receptor-operated Ca2+ signals in primary cultures of cardiac microvascular endothelial cells. Microvasc. Res. 2001, 61, 240–252. [Google Scholar] [CrossRef]

	



Xie, J.; Pan, H.; Yao, J.; Zhou, Y.; Han, W. SOCE and cancer: Recent progress and new perspectives. Int. J. Cancer 2016, 138, 2067–2077. [Google Scholar] [CrossRef] [PubMed]

	



Zuccolo, E.; Di Buduo, C.; Lodola, F.; Orecchioni, S.; Scarpellino, G.; Kheder, D.A.; Poletto, V.; Guerra, G.; Bertolini, F.; Balduini, A.; et al. Stromal Cell-Derived Factor-1α Promotes Endothelial Colony-Forming Cell Migration Through the Ca2+-Dependent Activation of the Extracellular Signal-Regulated Kinase 1/2 and Phosphoinositide 3-Kinase/AKT Pathways. Stem. Cells Dev. 2018, 27. [Google Scholar] [CrossRef] [PubMed]

	



Moccia, F. Endothelial Ca2+ Signaling and the Resistance to Anticancer Treatments: Partners in Crime. Int. J. Mol. Sci. 2018, 19, 217. [Google Scholar] [CrossRef] [PubMed]

	



Munaron, L.; Genova, T.; Avanzato, D.; Antoniotti, S.; Fiorio Pla, A. Targeting calcium channels to block tumor vascularization. Recent Pat. Anticancer Drug Discov. 2013, 8, 27–37. [Google Scholar] [CrossRef] [PubMed]

	



Teuscher, E.; Weidlich, V. Adenosine nucleotides, adenosine and adenine as angiogenesis factors. Biomed. Biochim. Acta 1985, 44, 493–495. [Google Scholar]

	



Van Daele, P.; Van Coevorden, A.; Roger, P.P.; Boeynaems, J.M. Effects of adenine nucleotides on the proliferation of aortic endothelial cells. Circ. Res. 1992, 70, 82–90. [Google Scholar] [CrossRef] [PubMed]

	



Meininger, C.J.; Schelling, M.E.; Granger, H.J. Adenosine and hypoxia stimulate proliferation and migration of endothelial cells. Am. J. Physiol. 1988, 255, H554–H562. [Google Scholar] [CrossRef]

	



Burnstock, G. Purinergic Signalling: Therapeutic Developments. Front. Pharmacol. 2017, 8, 661. [Google Scholar] [CrossRef]

	



Burnstock, G.; Di Virgilio, F. Purinergic signalling and cancer. Purinergic. Signal. 2013, 9, 491–540. [Google Scholar] [CrossRef]

	



Burnstock, G. Purinergic Signalling: Pathophysiology and Therapeutic Potential. Keio J. Med. 2013, 62, 63–73. [Google Scholar] [CrossRef]

	



Rapaport, E. Mechanisms of anticancer activities of adenine nucleotides in tumor-bearing hosts. Ann. N. Y. Acad. Sci. 1990, 603, 142–150. [Google Scholar] [CrossRef] [PubMed]

	



Adinolfi, E.; Raffaghello, L.; Giuliani, A.L.; Cavazzini, L.; Capece, M.; Chiozzi, P.; Bianchi, G.; Kroemer, G.; Pistoia, V.; Di Virgilio, F. Expression of P2X7 receptor increases in vivo tumor growth. Cancer Res. 2012, 72, 2957–2969. [Google Scholar] [CrossRef] [PubMed]

	



Ryu, J.K.; Jantaratnotai, N.; Serrano-Perez, M.C.; McGeer, P.L.; McLarnon, J.G. Block of purinergic P2X7R inhibits tumor growth in a C6 glioma brain tumor animal model. J. Neuropathol. Exp. Neurol. 2011, 70, 13–22. [Google Scholar] [CrossRef] [PubMed]

	



Fang, J.; Chen, X.; Zhang, L.; Chen, J.; Liang, Y.; Li, X.; Xiang, J.; Wang, L.; Guo, G.; Zhang, B.; et al. P2X7R suppression promotes glioma growth through epidermal growth factor receptor signal pathway. Int. J. Biochem. Cell Biol. 2013, 45, 1109–1120. [Google Scholar] [CrossRef] [PubMed]

	



Avanzato, D.; Genova, T.; Fiorio Pla, A.; Bernardini, M.; Bianco, S.; Bussolati, B.; Mancardi, D.; Giraudo, E.; Maione, F.; Cassoni, P.; et al. Activation of P2X7 and P2Y11 purinergic receptors inhibits migration and normalizes tumor-derived endothelial cells via cAMP signaling. Sci. Rep. 2016, 6, 32602. [Google Scholar] [CrossRef] [PubMed]

	



Halls, M.L. Cooper DMF. Regulation by Ca2+-signaling pathways of adenylyl cyclases. Cold Spring Harb. Perspect. Biol. 2011, 3, a004143. [Google Scholar] [CrossRef] [PubMed]

	



Baumer, Y.; Spindler, V.; Werthmann, R.C.; Bünemann, M.; Waschke, J. Role of Rac 1 and cAMP in endothelial barrier stabilization and thrombin-induced barrier breakdown. J. Cell Physiol. 2009, 220, 716–726. [Google Scholar] [CrossRef]

	



Bianco, S.; Mancardi, D.; Merlino, A.; Bussolati, B.; Munaron, L. Hypoxia and hydrogen sulfide differentially affect normal and tumor-derived vascular endothelium. Redox. Biol. 2017, 12, 499–504. [Google Scholar] [CrossRef]

	



Di Virgilio, F.; Sarti, A.C.; Falzoni, S.; De Marchi, E.; Adinolfi, E. Extracellular ATP and P2 purinergic signalling in the tumour microenvironment. Nat. Rev. Cancer 2018, 18, 601–618. [Google Scholar] [CrossRef]

	



Genova, T.; Grolez, G.P.; Camillo, C.; Bernardini, M.; Bokhobza, A.; Richard, E.; Scianna, M.; Lemonnier, L.; Valdembri, D.; Munaron, L.; et al. TRPM8 inhibits endothelial cell migration via a non-channel function by trapping the small GTPase Rap1. J. Cell Biol. 2017, 216, 2107–2130. [Google Scholar] [CrossRef]

	



Fiorio Pla, A.; Genova, T.; Pupo, E.; Tomatis, C.; Genazzani, A.; Zaninetti, R.; Munaron, L. Multiple roles of protein kinase a in arachidonic acid-mediated Ca2+ entry and tumor-derived human endothelial cell migration. Mol Cancer Res. 2010, 8, 1466–1476. [Google Scholar] [CrossRef] [PubMed]

	



Petrillo, S.; Chiabrando, D.; Genova, T.; Fiorito, V.; Ingoglia, G.; Vinchi, F.; Mussano, F.; Carossa, S.; Silengo, L.; Altruda, F. Heme accumulation in endothelial cells impairs angiogenesis by triggering paraptosis. Cell Death Differ. 2018, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Mussano, F.; Genova, T.; Falzacappa, E.V.; Scopece, P.; Munaron, L.; Rivolo, P.; Mandracci, P.; Benedetti, A.; Carossa, S.; Patelli, A. In vitro characterization of two different atmospheric plasma jet chemical functionalizations of titanium surfaces. Appl. Surf. Sci. 2017, 409, 314–324. [Google Scholar] [CrossRef]

	



Fiorio Pla, A.; Brossa, A.; Bernardini, M.; Genova, T.; Grolez, G.; Villers, A.; Leroy, X.; Prevarskaya, N.; Gkika, D.; Bussolati, B. Differential sensitivity of prostate tumor derived endothelial cells to sorafenib and sunitinib. BMC Cancer 2014, 14, 939. [Google Scholar] [CrossRef] [PubMed]

	



Basilico, N.; Magnetto, C.; D’Alessandro, S.; Panariti, A.; Rivolta, I.; Genova, T.; Khadjavi, A.; Gulino, G.R.; Argenziano, M.; Soster, M.; et al. Dextran-shelled oxygen-loaded nanodroplets reestablish a normoxia-like pro-angiogenic phenotype and behavior in hypoxic human dermal microvascular endothelium. Toxicol. Appl. Pharmacol. 2015, 288, 330–338. [Google Scholar] [CrossRef]








[image: Cancers 11 00766 g001 550]





Figure 1. High eATP stimulation triggers biphasic Ca2+ signals in BTEC. (A) Representative traces of different Ca2+ signals evoked by three different eATP concentrations (1, 10, 100 µM). (B,C) Quantification of the peak amplitude and area obtained upon 1, 10, 100 µM ATP stimulation. Area is calculated at 300 s from the beginning of the response. Data are expressed as mean ± SEM. * p-value < 0.05. (D) Representative traces obtained upon 100 µM ATP stimulation in Ca2+ free extracellular medium. (E,F) Quantification of peak amplitude and total area under the calcium spike. Data are expressed as mean ± SEM. * p-value < 0.05; ** p-value < 0.005. Traces in A and D represent the average of all the cells in one representative experiment. 
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Figure 2. Calcium release, SOCE and relative involvement in anti-migratory action of high ATP. (A,B) Representative average traces obtained from the application of the ’Ca2+ add-back’ protocol upon treatment with 100 µM ATP (A), 30 µM CPA or 2 µM TG. (C) Preincubation with 20 µM BTP-2 (20 min) completely abolished TG-induced SOCE. Representative average trace. (D) Quantification of the previous experiments. Data are expressed as mean ± SEM. (E) Effect of preincubation with 20 µM BTP-2 or 100 µM 2-APB on ATP-induced calcium response. Representative average traces. (F) Quantification of the previous experiments. Data are expressed as mean SEM. ** p-value < 0.005 vs. CTRL. (G) BTEC migration evaluated by scratch wound healing measurements. Effects of CPA, TG, BTP-2, 2-APB. Data are expressed as percentage of migration at 8 h, normalized to the corresponding control (CTRL) and expressed as mean ± SEM. Mann-Whitney test: *** p-value < 0.0005 vs. CTRL; ### p-value < 0.0005. 
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Figure 3. High eADP and eUTP stimulation triggers biphasic Ca2+ signals in BTEC. (A) Representative traces of different Ca2+ signals evoked by three different ADP concentrations (1, 10, 100 µM). (B,C) Quantification of the peak amplitude and area obtained upon 1, 10, 100 µM ADP stimulation. Area is calculated at 300 s from the beginning of the response. Data are expressed as mean ± SEM. * p-value < 0.05; ** p-value < 0.005 *** p-value < 0.0005. (D–F) The same for eUTP stimulation. (G–I) Representative average traces obtained from the application of the ‘Ca2+ add-back’ protocol upon treatment with 100 µM ADP or 100 µM UTP and relative quantifications. Data are expressed as mean ± SEM. 
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Figure 4. Interplay among different intracellular organelles in BTEC. (A–C) Effect of 2 µM TG, 10 µM Baf-A1 and 1 µM FCCP on the responses to 100 µM eATP or UTP. Representative traces. (D–I) Quantification of the previous experiments. Data are expressed as median over the total range of values. * p-value < 0.05; ** p-value < 0.005; *** p-value < 0.0005 vs. CTRL. (J–L) Effect of TG, Baf-A1 and FCCP in cells pretreated with 100 µM ATP or UTP. 
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