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P2X7 receptor (P2RX7) is expressed strongly by most human cancers, including neuroblastoma, where high levels of P2RX7 are correlated with a poor prognosis for patients. Tonic activation of P2X7 receptor favors cell metabolism and angiogenesis, thereby promoting cancer cell proliferation, immunosuppression, and metastasis. Although understanding the mechanisms that control P2X7 receptor levels in neuroblastoma cells could be biologically and clinically relevant, the intracellular signaling pathways involved in this regulation remain poorly understood. Here we show that (E)-2-benzylidene-3-(cyclohexylamino)-2,3-dihydro-1H-inden-1-one (BCI), an allosteric inhibitor of dual specificity phosphatases (DUSP) 1 and 6, enhances the expression of P2X7 receptor in N2a neuroblastoma cells. We found that exposure to BCI induces the phosphorylation of mitogen-activated protein kinases p38 and JNK, while it prevents the phosphorylation of ERK1/2. BCI enhanced dual specificity phosphatase 1 expression, whereas it induced a decrease in the dual specificity phosphatase 6 transcripts, suggesting that BCI-dependent inhibition of dual specificity phosphatase 1 may be responsible for the increase in p38 and JNK phosphorylation. The weaker ERK phosphorylation induced by BCI was reversed by p38 inhibition, indicating that this MAPK is involved in the regulatory loop that dampens ERK activity. The PP2A phosphatase appears to be implicated in the p38-dependent dephosphorylation of ERK1/2. In addition, the PTEN phosphatase inhibition also prevented ERK1/2 dephosphorylation, probably through p38 downregulation. By contrast, inhibition of the p53 nuclear factor decreased ERK phosphorylation, probably enhancing the activity of p38. Finally, the inhibition of either p38 or Sp1-dependent transcription halved the increase in P2X7 receptor expression induced by BCI. Moreover, the combined inhibition of both p38 and Sp1 completely prevented the effect exerted by BCI. Together, our results indicate that dual specificity phosphatase 1 acts as a novel negative regulator of P2X7 receptor expression in neuroblastoma cells due to the downregulation of the p38 pathway.
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1 INTRODUCTION
Extracellular ATP is present at high concentrations within the tumor microenvironment where it is involved in the regulation of cancer growth and progression, and immune response (Di Virgilio and Adinolfi, 2017; Di Virgilio et al., 2018). ATP is the endogenous ligand of purinergic ionotropic (P2X) and metabotropic (P2Y) receptors at the cell membrane. P2X receptors constitute a family of ligand-gated cationic channels with seven mammalian subtypes (P2X1-7). While P2X1-P2X6 receptors are triggered by nanomolar or low micromolar concentrations of ATP, P2RX7 is activated by nearly millimolar concentrations of ATP (North and Surprenant, 2000; North, 2002). Remarkably, P2RX7 exerts dual activity in most cancers depending on its degree of activation. Thus, while overstimulation of the receptor activates a large pore in the membrane that induces tumor cell death and inhibits tumor growth (Di Virgilio et al., 2018), tonic activation of P2RX7 supports the growth, migration, and invasiveness of tumors in vivo in several types of cancer (Adinolfi et al., 2012; Qiu et al., 2014; Amoroso et al., 2015; Amoroso et al., 2016). Moreover, P2RX7 activation also promotes cytokine release, angiogenesis, and adaptation to serum deprivation (Adinolfi et al., 2005; Ferrari et al., 2006; Jelassi et al., 2011; Amoroso et al., 2012; Gomez-Villafuertes et al., 2015), thereby favoring cancer cell survival (Gilbert et al., 2019).
P2RX7 is expressed strongly by nearly all human cancers investigated to date, including primary neuroblastoma tumors and cell lines derived from these (Raffaghello et al., 2006). Neuroblastoma is the most common extracranial solid tumor in children, responsible for about 15% of pediatric cancer mortality (Ward et al., 2014). Moreover, about 20% of neuroblastoma tumors disseminate to other regions of the body, with bone, bone marrow and liver the most frequent metastatic niches (Delloye-Bourgeois and Castellani, 2019). The progression of neuroblastoma is frequently associated with high rates of proliferation, even in the absence of trophic support, and several studies have demonstrated that the degree of tumor differentiation influences patient outcome (Brodeur, 2003). Serum withdrawal triggers EGFR-dependent activation of the PI3K/Akt pathway in neuroblastoma cells, inducing the upregulation of P2rx7 gene expression, which in turn promotes the survival/proliferation of cancer cells in the absence of trophic support (Gomez-Villafuertes et al., 2015). P2RX7 activation ultimately culminates in metabolic reprogramming, favoring the adaptation of neuroblastoma cells to adverse conditions. Thus, P2RX7 stimulation correlates with higher lactate production upon glucose deprivation, the overexpression of several glycolytic enzymes and an increase in the size of intracellular glycogen stores, enabling cells to better adapt to unfavorable ambient conditions (Amoroso et al., 2012). As such, a better understanding of the intracellular signaling pathways that regulate P2RX7 expression in neuroblastoma cells could be biologically and clinically relevant.
Among the intracellular pathways activated by P2RX7 and associated to cell proliferation are the cascades of mitogen-activated protein kinases (MAPKs). MAPKs are Ser/Thr kinases that can phosphorylate a large number of downstream effectors located in the cell nucleus and cytoplasm, but also associated with membranes or the cytoskeleton (Cargnello and Roux, 2011). In mammals MAPKs are grouped into three main families, these containing the extracellular signal-regulated kinases 1 and 2 (ERK1/2), the c-Jun amino-terminal kinases 1 to 3 (JNK1/2/3) and the p38 isoforms (α, β, γ, and δ). The activity of the classic ERK1/2 group is mainly triggered by growth factors and mitogens that regulate cell growth, differentiation and development (McKay and Morrison, 2007; Shaul and Seger, 2007). By contrast, the members of the JNK and p38 families are strongly activated by proinflammatory cytokines or in response to environmental stress, and they are preferentially involved in controlling cell proliferation, differentiation, inflammation and apoptosis (Cuenda and Rousseau, 2007; Johnson and Nakamura, 2007; Cuadrado and Nebreda, 2010). The magnitude and duration of MAPKs activation determines their signaling output, which is crucial for numerous biological processes. Indeed, perturbed MAPKs signaling has been involved in the development of many human diseases including various types of cancer (Kim and Choi, 2010). Although MAPK activity can be modulated at different levels, MAPK phosphatases (MKPs) are proving to be the most prominent regulators of the duration and magnitude of MAPKs signaling and activity (Dickinson and Keyse, 2006; Junttila et al., 2008; Patterson et al., 2009). MKPs belong to the superfamily of dual-specificity phosphatases (DUSPs), which act on both Ser/Thr and Tyr residues of their catalytic substrates, being powerful regulators of biological processes. MKPs selectively dephosphorylate MAPKs, driving their catalytic inactivation. Based on sequence homology, subcellular localization, and substrate specificity, the MKPs can be subdivided into three subfamilies. The first includes DUSP1, DUSP2, DUSP4, and DUSP5, all of which are mitogen- and stress-inducible nuclear MKPs. The second group comprises of DUSP6, DUSP7, and DUSP9, which are cytoplasmic ERK-specific MKPs. The final group comprises DUSP8, DUSP10, and DUSP16, which are JNK⁄p38-specific phosphatases that are found in both the cell nucleus and cytoplasm (Caunt and Keyse, 2013).
MKPs, and particularly DUSP1 and DUSP6, have been proposed as cancer biomarkers, since aberrant expression of these phosphatases has been found in a wide variety of human cancers, including neuroblastoma. (Low and Zhang, 2016; Nunes-Xavier et al., 2019). Importantly, the correlation between a particular phosphatase and a tumor phenotype may vary depending on the type of cancer. Thus, MKPs both suppress and promote tumor progression in different cancers, and the same phosphatase may exhibit opposite roles in different tumors (Patterson et al., 2009). In addition, recent advances in the understanding of MKPs biology highlight the potential of these enzymes to be used as targets in cancer therapy, not least since they can be efficiently blocked by small molecule inhibitors (Low and Zhang, 2016; Lazo et al., 2018; Seternes et al., 2019). Using a transgenic zebrafish chemical screen, a biologically active allosteric inhibitor of DUSP1 and DUSP6 was identified, called (E)-2-benzylidene-3-(cyclohexylamino)-2,3-dihydro-1H-inden-1-one (BCI) (Molina et al., 2009). Significantly, purinergic receptors have been revealed as novel regulators of MKPs, which in turn represent additional elements in the nucleotide signaling network (Perez-Sen et al., 2019). Activation of P2RX7 tightly regulates the levels of DUSP6 in cerebellar granule neurons and astrocytes, following a biphasic pattern that involves an early short phase of degradation. This mechanism represents a feedforward mechanism to amplify and prolong ERK1/2 signaling, and it is followed by a second phase in which the expression recovers, exerting a negative feedback mechanism to restore basal ERK1/2 activity (Queipo et al., 2017). However, to date the effect of DUSP on P2RX7 activity has not yet been analyzed. Here, we show that BCI-dependent inhibition of DUSPs produces a potent upregulation of P2RX7 in neuroblastoma cells and that this effect is partially mediated by p38 activation. These results demonstrate that the crosstalk between DUSP proteins and P2RX7 could be relevant in neuroblastoma cell behavior.
2 MATERIALS AND METHODS
2.1 Antibodies and chemicals
The commercial antibodies used in the study were raised against: P2RX7 (PR-004, Alomone Laboratories); Sp1 (#07-645, Merck Millipore); SAPK/JNK (#9252), anti-phospho-SAPK/JNK (Thr183/Tyr185) (#4668), p38 (#9212), phospho-p38 (Thr180/Tyr182) (#4511) and phospho-Erk1/2 (Thr202/Tyr204) (#4370), all from Cell Signaling; Erk (sc-1647) and DUSP1 (sc-370) from Santa Cruz Biotechnology; DUSP6 (ab76310) from Abcam; GAPDH (G9545) and α-tubulin (T5168) from Sigma-Aldrich. The horseradish peroxidase-conjugated secondary antibodies were from Dako (P0448 and P0260) and the secondary Alexa Fluor® conjugate antibodies (A31572 and A11001) were from Molecular Probes.
The specific inhibitors of MAPKs and other proteins used were: SP600125 (JNK), SB202190 (p38), U0126 (MEK), 666-15 (CREB), SR11302 (AP-1), KJ Pyr 9 (Myc), cyclic Pifithrin α (p53) and VO-OH Pic (PTEN), all from Tocris Bioscience; BCI (DUSP1/DUSP6), okadaic acid (PP2A) and BBG (P2RX7) were supplied by Merck-Millipore; mithramycin A (Sp1) and actinomycin D were purchased from Sigma-Aldrich. Other chemicals were supplied by Merck Millipore or Sigma-Aldrich.
2.2 Cell culture
Mouse Neuro-2a (N2a, ATCC CCL-131) and human SH-SY5Y (ATCC HTB-11) neuroblastoma cell lines were obtained from ATCC® and grown in DMEM (Gibco), supplemented with 10% FBS (Invitrogen), Glutamax®, 100 U/ml penicillin and 100 μg/ml streptomycin, all purchased from Gibco. Cell cultures were grown at 37°C in a humidified atmosphere containing 5% CO2. To carry out the experiments, the cells were seeded in complete DMEM medium for 12 h and then transferred to serum-free medium (SFM) for the time periods indicated.
2.3 Retrotranscription and real-time quantitative PCR assays
Total RNA was extracted from cells using Speedtools total RNA extraction kit (Biotools), according to the manufacturer’s instructions. After digestion with TURBO DNase (Ambion), the total RNA was quantified with a Nanodrop One spectrophotometer (Thermo Fisher Scientific), and 1 µg of RNA was reversed transcribed using M-MLV reverse transcriptase in the presence of 6 µg of random primers and 350 µM dNTPs (Invitrogen). Quantitative real-time PCR reactions (qPCR) were carried out using LuminoCt® qPCR readymix (Sigma), 5 µl of the cDNA generated, gene-specific primers and TaqMan MGB probes for mouse P2RX7, Sp1, DUSP1, DUSP6, and GAPDH (Applied Biosystems, Madrid, Spain). Fast thermal cycling was performed using a StepOnePlus™ Real-Time PCR System (Applied Biosystems) as follows: pre-denaturation at 95°C for 20 s, followed by 40 cycles each of 95°C for 1 s and 60°C for 20 s. The results were normalized by parallel amplification of the endogenous control GAPDH.
2.4 Immunofluorescence
N2a were cultured on coverslips precoated with 0.01 mg/ml poly-L-Lysine (Biochrom) and fixed in 4% paraformaldehyde for 10 min at room temperature (RT). The cells were then washed in PBS and incubated for 1 h at RT in blocking solution (0.3% Triton X-100, 5% goat serum and 10% FBS in PBS). Subsequently, the cells were incubated for 2 h at RT with the primary antibodies against P2RX7 (1:100), DUSP1 (1:100), DUSP6 (1:100), or α-tubulin (1:1,000). After washing twice in PBS containing 2% BSA, the cells were incubated for 1 h at RT with appropriate Alexa Fluor™ conjugated secondary antibodies: donkey anti-rabbit IgG and goat anti-mouse IgG at a 1:500 dilution. Finally, the cells were washed in PBS, the nuclei were counterstained with DAPI, the coverslips were mounted with Aqua Poly/Mount reagent (Polysciences) and confocal images were acquired on a TCS SPE microscope with a 63× Apochromat NA = 1.3 oil objective lens (Leica Microsystems) or with an Eclipse TE2000-E microscope with a 20x Nikon Fluor NA = .45 air objective lens (Nikon). Images were quantified using the ImageJ free software.
2.5 MTT cell viability assay
N2a were cultured overnight in complete DMEM and on the following day, the cells were transferred to SFM containing either 5 µM or 10 µM BCI. After 24 h, the metabolic activity was quantified using a MTT assay as follows. The culture medium was replaced with PBS containing the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (0.5 mg/ml, Sigma) and the cells were maintained for 2 h in a humidified atmosphere containing 5% CO2 at 37°C. Subsequently, an equal volume of solubilization buffer was added (10% Triton X-100 plus 0.1 N HCl in anhydrous isopropanol) and after mixing smoothly for 30 min at RT using an orbital shaker, the cell extracts were finally collected, and the absorbance was quantified at 570 nm. The values were normalized to those obtained from untreated cells, set as 100% metabolic activity.
2.6 Calcein/EthD-1 cell viability assay
N2a cells were cultured overnight in complete DMEM and then transferred on the following day to SFM containing either 5 µM or 10 µM BCI. After 24 h, cell viability was analyzed with the LIVE/DEAD® Viability/Cytotoxicity Assay (Invitrogen), replacing the culture medium with PBS containing live-cell staining dye (2 μM calcein-AM) and dead-cell staining dye (2 μM ethidium homodimer-1). Then, cells were incubated for 30 min in a humidified atmosphere containing 5% CO2 at 37°C, and fluorescence images were acquired on an Eclipse TE2000-E microscope with a 20x Nikon Fluor NA = .45 air objective lens (Nikon).
2.7 Phospho-kinase array
To estimate the relative protein phosphorylation, N2a cells cultured overnight in complete DMEM were transferred to SFM for 30 min and then treated for 1 h with BCI (10 μM) or with the vehicle alone. Cell extracts were prepared using the Human Phospho-Kinase Array Kit (R&D Systems, no. ARY003B) following the manufacturer’s instructions. Although this array was initially developed to identify human phosphoproteins, excellent cross-reactivity with rodent proteins has been demonstrated (Zalfa et al., 2019). After washing the cells with PBS, the diluted cleared cell lysates (400 μg) were incubated overnight with the Phospho-Kinase array, which uses phospho-specific antibodies spotted in duplicate on nitrocellulose membranes. Following multiple washing to remove any unbound protein, the array was incubated with a cocktail of biotinylated antibodies to capture spots corresponding to the phosphorylated proteins using streptavidin–horseradish peroxidase (HRP) and chemiluminescent detection reagents for signal detection. Finally, the signal density was measured with the ImageQuant LAS 500 chemiluminescence imaging system (Amersham GE) and the spot pixel density was analyzed with the ImageJ free software.
2.8 Immunoblot assay
N2a cells were lysed for 1 h at 4°C in lysis buffer containing 50 mM Tris/HCl, 150 mM NaCl, 1% Nonidet P40 (pH 7.4), Complete™ Protease Inhibitor Cocktail Tablets (Roche Diagnostics), 1 mM Sodium Orthovanadate (Sigma) and 1.5 µM Okadaic Acid (Calbiochem). The supernatant was harvested by centrifugation, quantified, and equal amounts of protein extract (20 μg) were resolved by 10% Tris-Glycine SDS-PAGE and the proteins transferred to nitrocellulose membranes (Amersham GE). The membranes were then blocked for 1 h at RT with PBS + 0.1% Tween-20 (PBST) buffer containing either 5% skimmed milk or 3% BSA depending on the primary antibody used. The membranes were probed overnight at 4°C with primary antibodies against P2RX7 (1:1,000, 70 kDa), Sp1 (1:1,000, 100 kDa), JNK (1:1,000, 46–54 kDa), phospho-JNK (1:1,000, 46–54 kDa), p38 (1:1,000, 43 kDa), phospho-p38 (1:1,000, 43 kDa), Erk (1:1,000, 42 kDa), phospho-Erk1/2 (1:2,000, 44–42 kDa), and GAPDH (1:10,000, 37 kDa). The next day the membrane was washed twice with PBST and antibody binding was detected with HRP-conjugated secondary antibodies (goat anti-rabbit and rabbit anti-mouse diluted 1:1,000). Protein bands were visualized with an ECL HRP Chemiluminescent Substrate (Perkin Elmer) on an ImageQuant LAS 500 Model and densitometric analysis was performed with ImageQuant software (Amersham GE) using GAPDH as an internal reference.
2.9 Statistics
All the data are shown as the mean ± standard error of the mean (SEM) of a minimum of three independent experiments performed in duplicate or triplicate. The data were analyzed using unpaired t-test for two-group comparisons or one way-ANOVA with the Dunnett’s post hoc test. For multiple comparisons, one-way ANOVA analyses were corrected with Sidak’s post hoc test (Graph Pad Prism 6, Graph Pad Software Inc.). A value of p ≤ .05 was considered statistically significant.
3 RESULTS
3.1 DUPS1/DUSP6 inhibition by BCI strongly enhances P2rx7 gene expression in neuroblastoma cells
BCI is a small-molecule that acts as a dual-inhibitor of DUSP1 and DUSP6, exerting anti-tumorigenic activity in a wide range of cancer models (Figure 1A) (Kaltenmeier et al., 2017; Wu et al., 2018; James et al., 2019; Ramkissoon et al., 2019; Duan et al., 2021; Nair et al., 2021; Singh et al., 2022). In SH-SY5Y human neuroblastoma cells, BCI elicits a dose-dependent decrease in ERK activity and reduces the viability of these cells (Mendell and MacLusky, 2019). The effect of BCI on P2RX7 expression in N2a cells was analyzed over time in serum-free medium (SFM). Exposure to BCI (10 µM) for 1, 2, 4, 6, 8 or 24 h (time 0 are cells maintained exclusively in complete DMEM medium containing 10% FBS) induced a time-dependent increase in P2rx7 gene expression, reaching transcript levels up to 8-fold those in the control cells exposed to the vehicle alone (Figure 1B). BCI also enhanced P2RX7 transcripts in N2a cells cultured in complete medium (see Supplementary Figure S1). Moreover, it was confirmed that N2a cells expressed both DUSP1 and DUSP6 phosphatases by immunofluorescence, revealing an intense nuclear distribution of DUSP1 and DUSP6 in the cytosol (Figure 1C).
[image: Figure 1]FIGURE 1 | BCI upregulates P2RX7 expression in neuroblastoma cells. (A) Chemical structure of BCI. (B) N2a cells were incubated in SFM for 1, 2, 4, 6, 8 or 24 h in the presence of BCI (10 μM) or in its absence (control). Total RNA was then extracted from the cells and quantified. The data were normalized to the P2RX7 transcript levels in cells cultured in complete medium, set as 100% (time = 0). The results are the mean ± SEM of five independent experiments performed in triplicate. *p ≤ .05, **p ≤ .01, ***p ≤ .001 vs. control. (C) N2a cells cultured for 48 h in SFM, and immunostained for either DUSP1 (upper panel, red) or DUSP6 (lower panel, red) and α-tubulin (green). The nuclei were counterstained with DAPI (blue). Scale bar = 25 μm.
Previous studies demonstrated that BCI decreased neuroblastoma cell viability in a dose-dependent and time-dependent manner (Mendell and MacLusky, 2019), although its cytotoxicity appears to be at least partially independent of DUSP1/6 activity (Thompson et al., 2022). The potential toxicity of BCI was evaluated by analyzing the total RNA isolated from N2a cells after they were transferred to SFM and treated with BCI (10 µM) for 1, 2, 4, 6, 8 or 24 h. The total RNA levels remained constant over short time periods relative to control cells, although they decreased significantly after 24 h exposure to BCI, indicating that this DUSP inhibitor produces cytotoxicity after longer exposures (Figure 2A). A dose-response experiment was performed to determine a sub-toxic yet effective concentration of BCI capable of increasing P2RX7 expression in which N2a cells were transferred to SFM and treated for 24 h with doses of BCI ranging from 1 to 10 µM. BCI enhanced P2RX7 transcripts to similar levels when administered at 5 and 10 μM, whereas lower concentrations of BCI were ineffective (Figure 2B). Remarkably, 5 µM BCI was significantly less cytotoxic (Figure 2C), as revealed in MTT and calcein/EthD-1 cell viability assays (Figures 2D,E, respectively). Consequently, 5 μM was the concentration of BCI used in the subsequent long-term experiments (≥24 h).
[image: Figure 2]FIGURE 2 | Dose-dependent cytotoxicity of BCI in neuroblastoma cells. (A) N2a cells were incubated in SFM for 1, 2, 4, 6, 8 or 24 h in presence of BCI (10 μM) or in its absence (control). Total RNA was then extracted from the cells and quantified. The results are the mean ± SEM of five independent experiments performed in triplicate. ***p ≤ .001 vs. control (B) N2a cells were incubated for 24 h in SFM in the presence or absence of increasing concentrations of BCI (ranging from 1 to 10 μM). Total RNA was extracted from the cells, and 1 µg was reversed transcribed and quantified by qPCR, using GADPH as a housekeeping gene and normalizing the P2RX7 expression to that in untreated cells (dose = 0, set as 100%). The results are the mean ± SEM of four independent experiments performed in triplicate. ***p ≤ .001 vs. untreated cells. (C) N2a cells were cultured for 24 h in SFM in the presence or absence of either 5 μM or 10 μM BCI. Total RNA was extracted and quantified, showing the results as the mean ± SEM of six independent experiments performed in triplicate. ***p ≤ .001 vs. control; ##p ≤ .01 vs. 5 μM BCI. (D) MTT assay of N2a cells cultured for 24 h in SFM in the presence or absence of either 5 μM or 10 μM BCI. The values were normalized to those obtained from untreated cells (dose = 0, set as 100%). The results are the mean ± SEM of four independent experiments performed in triplicate. *p ≤ .05, ***p ≤ .001 vs. untreated cells; ##p ≤ .01 vs. 5 μM BCI. (E) LIVE/DEAD® Viability/Cytotoxicity Assay of N2a cells cultured for 24 h in SFM in the presence or absence of either 5 μM or 10 μM BCI. Viable cells were loaded with calcein (green) whereas the nuclei of dead cells are stained with EthD-1 (red). Scale bar = 200 μm.
Since the upregulation of gene expression is not necessarily correlated with a comparable increase in protein, mainly due to the distinct post-transcriptional regulatory mechanisms, we analyzed the effect of BCI on the P2RX7 protein. N2a cells in SFM were treated with BCI (5 µM) for 24 h or 48 h, or with the vehicle alone (control), and the levels of P2RX7 were quantified by immunofluorescence (Figures 3A,B) and immunoblot (Figure 3C). Both these studies demonstrated that a 24 h exposure to BCI significantly enhanced the levels of P2RX7, suggesting that a DUSP1/6-dependent mechanism may be involved in the upregulation of this receptor in neuroblastoma cells. Furthermore, BCI also increased P2X7 transcripts in SHSY5Y human neuroblastoma cells, although to a lesser extent that in N2a cells (see Supplementary Figure S2).
[image: Figure 3]FIGURE 3 | BCI increases the amount of P2RX7 protein in neuroblastoma cells. (A) Immunostaining of P2RX7 (green) and α-tubulin (red) in N2a cells cultured in SFM for 24 or 48 h in the presence or absence (control) of BCI (5 μM). Scale bar = 100 μm. (B) The histogram represents the quantification of fluorescence intensity of P2RX7-positive cells cultured in SFM for 24 or 48 h in presence or absence of BCI (5 μM). The values were normalized to those obtained in control cells and the results are the mean ± SEM of four independent experiments performed in duplicate. **p ≤ .01, ***p ≤ .001 vs. control. (C) Immunoblot depicting the presence of endogenous P2RX7R in cell lysates from N2a cells cultured in SFM for 24 or 48 h in the presence or absence of BCI (5 μM). Western blots of the cell lysates were probed with antibodies against P2RX7R (intracellular epitope). GAPDH was used as internal loading control. The histogram shows P2RX7 protein in control and BCI-treated cells at the time points indicated, obtained by densitometry and normalized to GAPDH. The values represent the mean ± SEM of four independent experiments in duplicate. *p ≤ .05, vs. control.
3.2 BCI alters the profile of protein phosphorylation in neuroblastoma cells
To shed light on the intracellular signaling coupled to the effect of BCI, we examined cell-signaling in an unbiased manner using an array platform that detects multiple protein phosphorylation events (Zalfa et al., 2019). N2a cells were transferred to SFM and treated for 1 h with either BCI (10 µM) or the vehicle (control), and the protein extracts were then analyzed in the Phospho-Kinase array (Figure 4A) to identify those phospho-protein epitopes that were modified at least 2-fold by BCI treatment. The major stress-inducible MAPKs, p38 and JNK were all phosphorylated when cells were exposed to BCI, together with the chaperonin HSP60 and the JNK substrate c-Jun. Conversely, the phosphorylation of ERK1/2 was significantly dampened by BCI relative to control cells (Figure 4B).
[image: Figure 4]FIGURE 4 | BCI affects the phosphorylation of MAPKs in neuroblastoma cells. (A) N2a cells were incubated in SFM for 1 h in the presence or absence (control) of BCI (10 μM), and protein phosphorylation was analyzed with a Phospho-Kinase array assay. Phospho-epitopes that changed at least 2X following BCI treatment are shown in boxes. (B) Densitometry analysis of the array shown in panel A indicating the fold-increase of each phosphor-epitope. (C) N2a cells were incubated in SFM for 5 min, 15 min, 30 min, 1 h, 2 h or 6 h in presence or absence of BCI (10 μM), with the cells cultured in complete medium shown as time 0. The cell extracts were resolved in immunoblots that were probed to detect the phospho- and total ERK, p38 and JNK MAPKs. The histograms represent phospho-ERK1/2 (D), phospho-p38 (E) and phospho-JNK (F) protein in control and BCI-treated cells at the time points indicated and they were obtained by densitometry and normalized to the total ERK, p38 and JNK, respectively. Phospho-protein levels where normalized to those found in cells cultured in complete medium, set as 0%. The values represent the mean ± SEM of three independent experiments performed in duplicate. *p ≤ .05, **p ≤ .01 vs. control.
As the array analysis was carried out only once, the phosphorylation state of MAPKs was validated in conventional Western blots (Figure 4C). As such, N2a cells in SFM were exposed to BCI (10 µM) for 5 min, 15 min, 30 min, 1 h, 2 h or 6 h, and protein extracts were then examined in immunoblots. The results obtained corroborate the weaker phosphorylation of ERK1/2 (Figure 4D), while both p38 and JNK were phosphorylated transiently in neuroblastoma cells exposed to BCI (Figures 4E,F, respectively). Maximal phosphorylation of both p38 and JNK was observed 1–2 h after treatment, whereas ERK1/2 phosphorylation induced by serum deprivation in control cells was fully abrogated by BCI at all the time points analyzed. Since DUSP6 is an ERK-specific phosphatase, while DUSP1 preferentially dephosphorylates stress-inducible MAPKs, the results obtained suggest that BCI-dependent inhibition of DUSP1 may be responsible for the increase of p38 and JNK phosphorylation.
3.3 BCI-dependent activation of p38 prevents ERK phosphorylation in neuroblastoma cells
As mentioned previously, BCI is an allosteric inhibitor of DUSP1/6 phosphatases that mainly control the activity of MAPKs through the dephosphorylation of their activation residues. When the DUSP1 and DUSP6 transcripts in N2a cells exposed to BCI (10 µM) for 1, 2, 4, 6, 8 or 24 h in SFM were evaluated, BCI provoked a significant increase in the DUSP1 transcripts relative to the cells exposed to the vehicle alone. Moreover, BCI fully impaired the upregulation of DUSP6 expression induced by serum deprivation in control cells (Figures 5A,B, respectively). Hence, BCI-dependent inhibition of DUSP1 appears to be involved in the phosphorylation of p38 and JNK. Thus, we asked how BCI might block ERK phosphorylation in these cells? One feasible explanation would be the existence of a negative feedback loop between stress-inducible MAPKs and ERK, which was tested by exposing N2a cells in SFM to inhibitors of MEK1/2 (U0126, 10 µM), p38 (SB202190, 10 µM) or JNK (SP600125, 10 µM) for 10 min before incubating them with BCI (10 µM) for 1 h. The proteins isolated from these cells were analyzed by immunoblot to assess the phosphorylation state of ERK. Phospho-ERK1/2 was also quantified in N2a cells cultured in complete serum-containing medium (10% FBS) and we confirmed that the enhanced phosphorylation of ERK upon serum deprivation was prevented by BCI treatment (Figures 5C,D). As expected, inhibiting MEK1/2 abolished ERK phosphorylation in the presence or absence of BCI. Remarkably, the blockade of ERK phosphorylation exerted by BCI was prevented by SB202190 and indeed, the inhibition of p38 significantly increased ERK phosphorylation in control cells, indicating that p38 signaling is involved in the inhibition of the ERK pathway. Conversely, JNK inhibition fully blocked the phosphorylation of ERK, even in control cells not exposed to BCI.
[image: Figure 5]FIGURE 5 | Inhibition of p38 prevents dephosphorylation of ERK1/2 by BCI in neuroblastoma cells. N2a cells were incubated in SFM for 1, 2, 4, 6, 8 or 24 h in the presence or absence (control) of BCI (10 μM). Total RNA was extracted from the cells and quantified. The expression of DUSP1 (A) and DUSP6 (B) mRNAs was determined and normalized to the DUSP1 or DUSP6 transcript levels in cells cultured in complete medium (time = 0, set as 100%). The results are shown as the mean ± SEM of five independent experiments performed in triplicate. *p ≤ .05, **p ≤ .01, ***p ≤ .001 vs. control. (C) N2a cells cultured in SFM were treated with inhibitors of MEK1/2 (10 μM, U0126), p38 (10 μM, SB202190) or JNK (10 μM, SP600125) for 10 min before the addition of BCI (10 µM) or vehicle alone (control) for 1 h. Untreated cells cultured in SFM or complete medium (10% FBS) were also analyzed. The cell extracts were assayed in immunoblots to detect phospho-ERK1/2 and total ERK. (D) The histogram shows the phospho-ERK1/2 protein levels obtained by densitometry and normalization to the total ERK. The phospho-protein levels where normalized to those on untreated cells cultured in SFM, set as 100%. The values represent the mean ± SEM of five independent experiments performed in duplicate. **p ≤ .01, ***p ≤ .001 vs. vehicle.
The dephosphorylation of ERK induced by BCI in N2a cells must involve the participation of protein phosphatases other than DUSP1/6 and several studies reported that p38 inhibits ERK activity by enhancing MEK1/2 dephosphorylation through protein phosphatase PP2A (Westermarck et al., 2001; Li et al., 2003; Liu and Hofmann, 2004; Grethe and Porn-Ares, 2006; Junttila et al., 2008). Moreover, the phosphatase and tensin homolog deleted on Chromosome 10 (PTEN) is a tumor suppressor that not only negatively regulates the oncogenic PI3K/Akt pathway to suppress cancer development but also, non-canonical pathways like those involving ERK1/2 (Bouali et al., 2009; Chetram et al., 2011). Thus, N2a cells in SFM and treated with the inhibitors of PP2A (okadaic acid, 1 µM) or PTEN (VO-OH pic, 500 nM) for 10 time before the addition of BCI (10 µM) for 1 h, after which the phosphorylation state of ERK was evaluated by Western blots. Similarly, phospho-ERK1/2 was also quantified in N2a cells cultured in complete serum-containing medium (10% FBS). Strikingly, the inhibition of PP2A reduced the phospho-ERK in control cells but it enhanced ERK phosphorylation in cells exposed to BCI (Figures 6A,D). Moreover, the inhibition of PTEN also increased ERK phosphorylation in BCI-treated cells, although in this case without affecting phospho-ERK levels in control cells (Figures 6B,D). We also analyzed the participation of p53 in the regulation of ERK activity. The transcription factor p53 is a well-known downstream target of p38 that mediates a negative feedback regulation of p38 signaling (Takekawa et al., 2000). There was a significant dampening of ERK phosphorylation in control N2a cells exposed to the p53 inhibitor, cyclic pifithrin-α (20 µM), with no alterations to the phospho-ERK levels in cells treated with BCI (Figures 6C,D). Together these results suggest that the PP2A and PTEN phosphatases appear to be involved in the negative regulation of ERK activity mediated by p38 in N2a cells treated with BCI.
[image: Figure 6]FIGURE 6 | The inhibition of PP2A or PTEN prevents the dephosphorylation of ERK1/2 exerted by BCI in neuroblastoma cells. N2a cells cultured in SFM were treated with inhibitors of (A) PP2A (1 μM, okadaic acid), (B) PTEN (500 nM, VO-OH pic) or (C) p53 (20 μM, cyclic pifithrin-α) for 10 min before the addition for 1 h of either BCI (10 µM) or the vehicle alone (control). Untreated cells cultured either in SFM or complete medium (10% FBS) were also analyzed. All the cell extracts were analyzed in immunoblots to detect phospho-ERK1/2 and total ERK. (D) The histogram shows phospho-ERK1/2 protein levels obtained by densitometry and normalized to the total ERK. The phospho-protein levels where normalized to the levels in untreated cells cultured in SFM (set as 100%). The values represent the mean ± SEM of four independent experiments performed in duplicate. ***p ≤ .001 vs. vehicle.
3.4 BCI-dependent upregulation of P2rx7 gene expression is partially reversed by p38 inhibition
The data obtained that far demonstrated that BCI produces a strong increase in P2RX7 transcripts and protein in N2a cells, and the inhibition of DUSP1 by BCI appears to be responsible for the increase in p38 and JNK phosphorylation. To further explore the signaling pathway involved in the upregulation of P2RX7 expression induced by BCI, N2a cells in SFM were exposed for 10 min to inhibitors of either p38 (SB202190, 10 µM) or JNK (SP600125, 10 µM) before treating them with BCI (5 µM) for 24 h. Remarkably, inhibition of p38 partially impaired the upregulation of P2RX7 induced by BCI (Figure 7A), whereas JNK inhibition had no effect on P2RX7 transcripts in these cells relative to control cells (Figure 7B). Since SB202190 did not fully prevent the effects of BCI, there would appear to be a mechanism independent of p38 that is also involved in the upregulation of P2RX7 expression induced by inhibiting DUSP1.
[image: Figure 7]FIGURE 7 | The inhibition of p38 prevents BCI-dependent overexpression of P2RX7 in neuroblastoma cells. N2a cells cultured in SFM were treated with inhibitors of (A) p38 (10 μM, SB202190) or (B) JNK (10 μM, SP600125) for 10 min before the addition for 24 h of either BCI (5 µM) or the vehicle alone (control). Then, total RNA was extracted from the cells and quantified. The data were normalized to the P2RX7 transcript levels in untreated cells cultured in SFM (set as 100%). The results are the mean ± SEM of six independent experiments in triplicate ***p ≤ .001 vs. vehicle. (C) N2a cells cultured in SFM were treated for 10 min with inhibitors of Sp1 (300 nM, mithramycin A), p38 (10 μM, SB202190) or both before adding BCI (5 µM) for 24 h. The transcriptional inhibitor actinomycin D (5 µM) was also assayed. Total RNA was then extracted from the cells and quantified. The data were normalized to the P2RX7 transcript levels in control cells cultured in SFM (set as 100%). The results are the mean ± SEM of five independent experiments performed in triplicate **p ≤ .01, ***p ≤ .001 vs. control; ###p ≤ .001 vs. 5 μM BCI. (D) N2a cells cultured in SFM were treated for 30 min with inhibitors of CREB (1 μM, 666-15), AP-1 (10 μM, SR11302), Myc (20 μM, KJ Pyr 9) or p53 (20 μM, cyclic pifithrin-α) before the addition of BCI (5 µM) or the either alone (control) for 24 h. Afterwards, total RNA was extracted from the cells and quantified. The data were normalized to the P2RX7 transcript levels in control cells cultured in SFM (set as 100%). The results are shown as the mean ± SEM of six independent experiments performed in triplicate ***p ≤ .001 vs. vehicle.
Specificity protein 1 (Sp1) is a transcription factor that plays a crucial role in the control of P2rx7 gene expression in neuroblastoma (Garcia-Huerta et al., 2012). Mithramycin A is an antibiotic that blocks Sp1-dependent gene transcription and when N2a cells in SFM were exposed for 30 min to mithramycin A (300 nM) prior to their treatment for 24 h with BCI (5 µM), there was a partial reduction in the upregulation of P2RX7 induced by BCI (Figure 7C). Hence, Sp1 would also appear to be implicated in the effect of BCI. Most importantly, treating N2a cells with both SB202190 and mithramycin A completely blocked the upregulation of P2RX7 expression induced by BCI. Actinomycin D is an antibiotic that blocks transcription by forming a stable complex with double-stranded DNA. The incubation of N2a cells with actinomycin D (5 µM) totally prevented P2RX7 upregulation, demonstrating that the increase of P2RX7 expression mediated by BCI involves de novo synthesis of the transcript.
We previously characterized the promoter sequence of mouse P2rx7 gene, showing that this 5′-regulatory region not only contains several Sp1 motifs but also, it contains other putative regulatory elements including c-AMP-responsive element binding proteins (CREB), activator protein 1 (AP-1), and Myc/Max heterodimer binding sites (Garcia-Huerta et al., 2012). Importantly, CREB, AP-1 and Myc transcriptional activity can be regulated by various protein kinases including some dependent on p38 (Whitmarsh and Davis, 1996; Deak et al., 1998; Xing et al., 1998; Chen et al., 2006). To assess whether these transcription factors may be implicated in the upregulation of P2rx7 gene expression induced by BCI, N2a cells in SFM were incubated with specific inhibitors of CREB, AP-1 and Myc transcription factors that potentially bind these regulator elements in the P2rx7 promoter. We also evaluated the participation of the transcription factor p53, a downstream target of p38. As such, N2a cells in SFM were exposed for 30 min to inhibitors of CREB (666-15, 1 µM), AP-1 (SR11302, 10 µM), Myc (KJ Pyr 9, 20 µM) or p53 (cyclic pifithrin-α, 20 µM) before treating them for 24 h with BCI (5 µM). However, none of the drugs tested diminished the upregulation of P2RX7 expression provoked by BCI (Figure 7D), indicating that the mechanism by which p38 induces P2rx7 gene transcription is still to be defined.
4 DISCUSSION
Neuroblastoma is a tumor of the developing sympathoadrenal lineage that represents the most common solid extracranial tumor of childhood. Patients are often diagnosed under the age of 10 years, and age at diagnosis inversely correlates with the outcome (Cheung and Dyer, 2013; Matthay et al., 2016). To date, the agent that most effectively induces neuroblastoma differentiation is retinoic acid (RA). RA promotes an irreversible reduction in proliferation and an increase in neurite formation in several neuroblastoma cell lines in vitro (Seeger et al., 1982). Moreover, the RA derivative, 13-cis RA has become part of the standard of care as it induces differentiation of residual tumor cells after patients receive chemotherapy, surgical resection, and bone marrow transplantation (Matthay et al., 1999). Interestingly, RA-induced neurite outgrowth and neuronal marker expression in neuroblastoma cells is associated with decreases in the expression and activity of P2RX7 (Wu et al., 2009; Orellano et al., 2010). Significantly, N2a differentiation is also induced through the functional inhibition of P2RX7 by selective antagonists or through the siRNA-induced silencing of its expression (Gomez-Villafuertes et al., 2009; Wu et al., 2009). Moreover, P2RX7 activation facilitates the exocytotic release of ATP, which would activate P2RX7 in the same or neighboring neuroblastoma cells, further stimulating its own release and negatively controlling cell differentiation (Gutierrez-Martin et al., 2011). P2RX7 is expressed strongly by primary neuroblastoma cells and cell lines (Raffaghello et al., 2006), and high P2RX7 expression correlates with the poor prognosis of stage IV neuroblastoma patients (Amoroso et al., 2015). Hence, better understanding how the levels of P2RX7 are regulated in neuroblastoma cells may lead to the development of more effective, less toxic therapies. We previously reported that serum deprivation triggers EGFR-dependent activation of the PI3K/Akt pathway in neuroblastoma N2a cells, which is crucial for the Sp1-dependent transcription of P2rx7 gene (Gomez-Villafuertes et al., 2015). Here, we demonstrated that BCI, an allosteric inhibitor of DUSP1/6 phosphatases, upregulates P2rx7 gene expression in neuroblastoma cells via p38 MAPK, adding to the factors implicated in the control of P2RX7 expression.
DUSP1 and DUSP6 both exhibit tumor suppressor and tumor promoter activity in different cancers, and the same phosphatases may exhibit opposite roles in different tumors (Patterson et al., 2009). For instance, DUSP1 overexpression favors the growth of prostate cancer, driving tumor progression, whereas it facilitates the apoptosis of neuroblastoma cells and therefore has a detrimental effect on tumor cell survival (Shen et al., 2016). By contrast, DUSP6 is upregulated in non-small-cell lung carcinoma but down-regulated in pancreatic cancer, producing tissue-specific suppressor or pro-oncogenic effects (Ahmad et al., 2018). DUSP1 is an inducible nuclear phosphatase that can bind to and dephosphorylate all three major classes of MAPKs (ERK, p38 and JNK) depending on the cell subtype (Raingeaud et al., 1995; Slack et al., 2001). This differs from the activity of DUSP6, a constitutive cytoplasmic phosphatase that binds specifically to ERK1/2 to dephosphorylate and inactivate these MAPKs (Groom et al., 1996; Muda et al., 1996). Significantly, we found that both nuclear DUSP1 and cytosolic DUSP6 phosphatases were expressed strongly in serum deprived N2a neuroblastoma cells. Treating these cells with BCI induced a strong time-dependent upregulation of P2RX7 transcripts, producing an 8-fold increase after 24 h relative to control cells. However, the concentration of BCI was crucial for cell survival, especially after longer treatments (≥24 h), and a small reduction in the BCI concentration from 10 to 5 μM was sufficient to increase P2RX7 transcripts and protein while significantly reducing its unspecific cytotoxicity. Indeed, a recent study demonstrates that BCI can provoke cell death in a dose-dependent manner through a complex mechanism unrelated to the inhibition of DUSP1/6. Unfortunately, the key cytotoxic target of BCI remains to be elucidated, although there is evidence pointing to elements in the mTOR/S6K signaling pathway (Thompson et al., 2022).
DUSPs are phosphatases specialized in the selective dephosphorylation of regulatory Thr and Tyr residues in the distinct MAPKs, and they fulfil important physiological roles as modulators of cell growth, differentiation, and apoptosis provoked by certain extracellular cues (Keshet and Seger, 2010; Cargnello and Roux, 2011; Caunt and Keyse, 2013). The phospho-kinase profile of N2a cells indicated that BCI treatment induced the rapid and transient phosphorylation and activation of both p38 and JNK. Conversely, the phosphorylation of ERK1/2 triggered by serum deprivation in control cells was completely blocked by BCI, an effect that can be explained by the existence of a negative loop between p38 and ERK. Indeed, inhibition of p38 recovered ERK phosphorylation in N2a cells treated with BCI, and BCI enhanced the expression of DUSP1 while it blocked the induction of DUSP6 transcripts mediated by serum deprivation in control cells. Together, these findings point to DUSP1 as a prominent phosphatase involved in the upregulation of P2RX7 induced by BCI. Inhibition of the ERK pathway by p38 can be explained by the activation of different phosphatases, particularly MKPs and type-2 family of protein phosphatases (PP2) (Janssens and Goris, 2001; Junttila et al., 2008). In vitro studies indicate that PP2A can dephosphorylate and inactivate both MEK1/2 and ERK1/2 proteins (Sontag et al., 1993). Moreover, transgenic overexpression of a dominant-negative form of the PP2A catalytic subunit in the mouse brain increases MEK1/2 phosphorylation, providing in vivo evidence of negative MEK1/2 regulation by PP2A (Kins et al., 2003). Importantly, the involvement of PP2A in p38-mediated MEK1/2 dephosphorylation is supported by the observation that p38 enhances the physical association of endogenous PP2A with the MEK1/2-ERK1/2 complex (Liu and Hofmann, 2004; Grethe and Porn-Ares, 2006). In N2a cells, inhibition of PP2A by okadaic acid prevented the dephosphorylation of ERK induced by BCI, indicating that p38 inhibits the ERK pathway via PP2A. Surprisingly, we observed that inhibiting PTEN also prevented the dephosphorylation of ERK induced by BCI in N2a cells. Indeed, a recent study demonstrated that p38 is upregulated by PTEN overexpression and downregulated by PTEN silencing, accompanied by a reduction in ERK1/2 phosphorylation (Zeng et al., 2022). Thus, inhibiting PTEN may downregulate p38 activity, consequently preventing the PP2A-dependent dephosphorylation of ERK1/2.
The signaling pathway involved in the upregulation of P2RX7 expression induced by BCI was also explored here. The increase of P2RX7 expression required de novo synthesis of its transcripts since actinomycin D totally abolished the effect of BCI. The p38 inhibitor SB202190 reduced P2RX7 mRNA levels by 50%, indicating that an additional element independent of p38 must be implicated. JNK inhibition did not modify the expression of P2RX7 in control cells or in cells exposed to BCI. We previously identified Sp1 as the main nuclear factor involved in controlling P2rx7 gene expression in N2a neuroblastoma cells and here, blocking Sp1-dependent transcription with mithramycin A significantly reduced but did not abolish the expression of P2RX7 in BCI-treated cells. Most importantly, exposing N2a cells to both SB202190 and mithramycin A fully impaired the BCI-dependent upregulation of P2RX7 expression, demonstrating that both p38-dependent signaling and Sp1 were involved in this process. The promoter of murine P2rx7 gene not only comprises Sp1-binding sites but also, other putative regulatory elements like CREB, AP-1 and Myc/Max heterodimer (E-box) binding sites (Garcia-Huerta et al., 2012). Furthermore, the transcriptional activity of CREB, AP-1 and Myc can be regulated by multiple protein kinases, including p38-dependent pathways (Whitmarsh and Davis, 1996; Deak et al., 1998; Xing et al., 1998; Chen et al., 2006). However, inhibiting CREB, AP-1, or Myc dependent transcription did not affect the upregulation of P2RX7 expression induced by BCI in N2a cells, so the transcription factor involved in the p38-dependent upregulation of P2RX7 remains unknown. The additive effect of SB202190 and mithramycin A could indicate that proteins downstream p38 bind and enhance Sp1 activity. For instance, Oct1 interacts with Sp1 and augments its DNA binding affinity by cooperatively binding to regulatory elements and enhance transcription (Strom et al., 1996). Other proteins can bind to Sp1 and activate transcription synergistically. For instance, estrogen receptor proteins bind to Sp1 to increase Sp1-DNA binding to estrogen responsive elements (Porter et al., 1997). Alternatively, transcription factors like AP-2 can superactivate Sp1-dependent transcription by interacting with DNA-bound Sp1 rather than binding directly to DNA (Pena et al., 1999). We also analyzed the effect of p53, a downstream target of p38 that when activated binds to p53-responsive elements in the DNA, thereby initiating transcriptional programs in response to stress signals (Jin and Levine, 2001; Harris and Levine, 2005). Furthermore, p53-dependent expression of the Wip1 protein phosphatase selectively dephosphorylates and inactivates p38 signaling (Takekawa et al., 2000). Here, the inhibition of p53 significantly increased the P2RX7 transcripts in cells treated with BCI, probably due to the stronger phosphorylation and activation of p38. This hypothesis was supported by a decrease in ERK phosphorylation after p53 inhibition in control N2a cells, which can be also explained by a more active p38-PP2A pathway. Alternatively, p53 can interact with Sp1 to negatively regulate transcription at some promoters. For instance, p53 interferes with Sp1 binding to the human telomerase reverse transcriptase gene promoter, preventing its expression and contributing to tumor suppression (Xu et al., 2000). Alternatively, p53 binding to Sp1 can inhibit expression of the cyclin B1 gene by disruption of the recruitment of transcription machinery (Innocente and Lee, 2005).
In summary, our data highlight DUSP1 as a novel negative regulator of P2RX7 expression in neuroblastoma cells due to the downregulation of the p38 pathway. This negative feedback mechanism could be particularly relevant in tumor microenvironment, where the activation of the p38 may upregulate P2rx7 gene expression. Based on preclinical studies reporting a strong oncogenic role of this receptor, an increase of P2RX7 facilitates cell proliferation even in scenarios of trophic deprivation, promoting tumor cell proliferation, energy production, migration and invasiveness of cancer cells (Adinolfi et al., 2005; Adinolfi et al., 2012; Qiu et al., 2014; Amoroso et al., 2015; Gomez-Villafuertes et al., 2015; Amoroso et al., 2016). The p38 MAPK pathway can be triggered in response to a plethora of inflammatory cytokines, as well as by pathogens and by environmental stress (Roux and Blenis, 2004; Ashwell, 2006). Moreover, strong p38 activation has been observed in some tumors, promoting cancer cell growth and survival (Greenberg et al., 2002; Gauthier et al., 2005; Junttila et al., 2007). Enhanced p38 activity also correlates with the invasiveness of several cancer cell lines, whereas p38 inhibition reduced their proliferation, survival, and invasion (Johansson et al., 2000; Junttila et al., 2007). Unfortunately, the precise molecular target downstream p38 that drives this effect is yet to be elucidated. Furthermore, we have described a negative regulatory loop between p38 and ERK1/2 MAPKs in neuroblastoma cells that involves p38-dependent activation of PP2A and PP2A-dependent dephosphorylation of ERK1/2 (see simplified scheme in Figure 8). The consequences of ERK dephosphorylation could be also relevant in neuroblastoma, where ERK promotes the activity of various transcription factors such as CREB, Myc, Jun, Fos, Elk-1, Ets, Msk and Atf2. These transcription factors are involved in regulating various cellular physiological processes such as cell proliferation, metabolism, differentiation, cell cycle progression, and metabolism (Muta et al., 2019; Guo et al., 2020). To conclude, our findings have three potential implications for future clinical studies: 1) tumors generated by pathological activation of p38 signaling pathway might also overexpress P2RX7; 2) endogenous alterations or pharmacological inhibition of DUSP1/6 phosphatases might enhance the levels of P2RX7 in neuroblastoma cells, thus facilitating the their survival; and 3) pharmacological interventions targeting the signaling cascade indicated in this study might enhance the effects of combinatorial treatments and reduce their toxicity (e.g., combining selective inhibitors of the p38 pathway, Sp1-dependent transcription and P2RX7).
[image: Figure 8]FIGURE 8 | BCI-mediated inhibition of DUSP1 induces the upregulation of P2RX7 through the activation of p38 signaling pathway in neuroblastoma cells. We previously demonstrated that serum starvation triggers EGF-independent activation of EGFR and consequently, activation of PI3K/Akt pathway, resulting in Sp1 phosphorylation and the induction of P2rx7 gene expression. Here, we have described a negative regulatory loop between p38 and ERK1/2 MAPKs in neuroblastoma cells that involves p38-dependent activation of PP2A and PP2A-dependent dephosphorylation of ERK1/2. Moreover, inhibition of DUSP1 by BCI enhances P2rx7 gene expression through the activation of p38, which can also be modulated by its downstream target p53, and the participation of Sp1 transcription factor.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
MB-L performed most of the experimental work. JG-R helped with Western blot analysis. RG-V performed the studies with phospho-kinase array. RP-S, ED, FO, and RG-V participated in the experimental design and contributed to the analysis and interpretation of the results. MB-L and RG-V analyzed the data and prepared the figures. RP-S, ED, FO, and RG-V wrote and approved the final version of the manuscript submitted.
FUNDING
This work was supported by grants from the regional Government of Madrid (Comunidad de Madrid, Spain) under the Multiannual Agreement with the Universidad Complutense and through the Program to Stimulate Research for Young Doctors in the context of the V PRICIT (Regional Programme of Research and Technological Innovation) UCM-CAM (PR65/19-22453). Funding was also received from the Spanish Ministerio de Ciencia e Innovación (MEC, PID 2019-109155RB-I00, BFU 2015- 70067REDC). MB-L was supported by “Fondo de Garantía Juvenil, Comunidad de Madrid” CAM PEJD-2016/BMD-2572.
ACKNOWLEDGMENTS
This manuscript is devoted to the memory of our beloved Prof. Maria Teresa Miras Portugal, who passed away in May 2021. Prof. Miras Portugal inspired this research and will forever be a personal and scientific figure of reference to all the authors of this manuscript. We thank Mark Sefton from BiomedRed for the English language editing.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.1049566/full#supplementary-material
REFERENCES
 Adinolfi, E., Callegari, M. G., Ferrari, D., Bolognesi, C., Minelli, M., Wieckowski, M. R., et al. (2005). Basal activation of the P2X7 ATP receptor elevates mitochondrial calcium and potential, increases cellular ATP levels, and promotes serum-independent growth. Mol. Biol. Cell 16 (7), 3260–3272. doi:10.1091/mbc.E04-11-1025
 Adinolfi, E., Raffaghello, L., Giuliani, A. L., Cavazzini, L., Capece, M., Chiozzi, P., et al. (2012). Expression of P2X7 receptor increases in vivo tumor growth. Cancer Res. 72 (12), 2957–2969. doi:10.1158/0008-5472.CAN-11-1947
 Ahmad, M. K., Abdollah, N. A., Shafie, N. H., Yusof, N. M., and Razak, S. R. A. (2018). Dual-specificity phosphatase 6 (DUSP6): A review of its molecular characteristics and clinical relevance in cancer. Cancer Biol. Med. 15 (1), 14–28. doi:10.20892/j.issn.2095-3941.2017.0107
 Amoroso, F., Capece, M., Rotondo, A., Cangelosi, D., Ferracin, M., Franceschini, A., et al. (2015). The P2X7 receptor is a key modulator of the PI3K/GSK3β/VEGF signaling network: Evidence in experimental neuroblastoma. Oncogene 34, 5240–5251. doi:10.1038/onc.2014.444
 Amoroso, F., Falzoni, S., Adinolfi, E., Ferrari, D., and Di Virgilio, F. (2012). The P2X7 receptor is a key modulator of aerobic glycolysis. Cell Death Dis. 3, e370. doi:10.1038/cddis.2012.105
 Amoroso, F., Salaro, E., Falzoni, S., Chiozzi, P., Giuliani, A. L., Cavallesco, G., et al. (2016). P2X7 targeting inhibits growth of human mesothelioma. Oncotarget 7 (31), 49664–49676. doi:10.18632/oncotarget.10430
 Ashwell, J. D. (2006). The many paths to p38 mitogen-activated protein kinase activation in the immune system. Nat. Rev. Immunol. 6 (7), 532–540. doi:10.1038/nri1865
 Bouali, S., Chretien, A. S., Ramacci, C., Rouyer, M., Becuwe, P., and Merlin, J. L. (2009). PTEN expression controls cellular response to cetuximab by mediating PI3K/AKT and RAS/RAF/MAPK downstream signaling in KRAS wild-type, hormone refractory prostate cancer cells. Oncol. Rep. 21 (3), 731–735. doi:10.3892/or_00000278
 Brodeur, G. M. (2003). Neuroblastoma: Biological insights into a clinical enigma. Nat. Rev. Cancer 3 (3), 203–216. doi:10.1038/nrc1014
 Cargnello, M., and Roux, P. P. (2011). Activation and function of the MAPKs and their substrates, the MAPK-activated protein kinases. Microbiol. Mol. Biol. Rev. 75 (1), 50–83. doi:10.1128/MMBR.00031-10
 Caunt, C. J., and Keyse, S. M. (2013). Dual-specificity MAP kinase phosphatases (MKPs): Shaping the outcome of MAP kinase signalling. FEBS J. 280 (2), 489–504. doi:10.1111/j.1742-4658.2012.08716.x
 Chen, S., Qiong, Y., and Gardner, D. G. (2006). A role for p38 mitogen-activated protein kinase and c-myc in endothelin-dependent rat aortic smooth muscle cell proliferation. Hypertension 47 (2), 252–258. doi:10.1161/01.HYP.0000198424.93598.6b
 Chetram, M. A., Odero-Marah, V., and Hinton, C. V. (2011). Loss of PTEN permits CXCR4-mediated tumorigenesis through ERK1/2 in prostate cancer cells. Mol. Cancer Res. 9 (1), 90–102. doi:10.1158/1541-7786.MCR-10-0235
 Cheung, N. K., and Dyer, M. A. (2013). Neuroblastoma: Developmental biology, cancer genomics and immunotherapy. Nat. Rev. Cancer 13 (6), 397–411. doi:10.1038/nrc3526
 Cuadrado, A., and Nebreda, A. R. (2010). Mechanisms and functions of p38 MAPK signalling. Biochem. J. 429 (3), 403–417. doi:10.1042/BJ20100323
 Cuenda, A., and Rousseau, S. (2007). p38 MAP-kinases pathway regulation, function and role in human diseases. Biochim. Biophys. Acta 1773 (8), 1358–1375. doi:10.1016/j.bbamcr.2007.03.010
 Deak, M., Clifton, A. D., Lucocq, L. M., and Alessi, D. R. (1998). Mitogen- and stress-activated protein kinase-1 (MSK1) is directly activated by MAPK and SAPK2/p38, and may mediate activation of CREB. EMBO J. 17 (15), 4426–4441. doi:10.1093/emboj/17.15.4426
 Delloye-Bourgeois, C., and Castellani, V. (2019). Hijacking of embryonic programs by neural crest-derived neuroblastoma: From physiological migration to metastatic dissemination. Front. Mol. Neurosci. 12, 52. doi:10.3389/fnmol.2019.00052
 Di Virgilio, F., and Adinolfi, E. (2017). Extracellular purines, purinergic receptors and tumor growth. Oncogene 36 (3), 293–303. doi:10.1038/onc.2016.206
 Di Virgilio, F., Sarti, A. C., Falzoni, S., De Marchi, E., and Adinolfi, E. (2018). Extracellular ATP and P2 purinergic signalling in the tumour microenvironment. Nat. Rev. Cancer 18 (10), 601–618. doi:10.1038/s41568-018-0037-0
 Dickinson, R. J., and Keyse, S. M. (2006). Diverse physiological functions for dual-specificity MAP kinase phosphatases. J. Cell Sci. 119 (22), 4607–4615. doi:10.1242/jcs.03266
 Duan, S., Moro, L., Qu, R., Simoneschi, D., Cho, H., Jiang, S., et al. (2021). Loss of FBXO31-mediated degradation of DUSP6 dysregulates ERK and PI3K-AKT signaling and promotes prostate tumorigenesis. Cell Rep. 37 (3), 109870. doi:10.1016/j.celrep.2021.109870
 Ferrari, D., Pizzirani, C., Adinolfi, E., Lemoli, R. M., Curti, A., Idzko, M., et al. (2006). The P2X7 receptor: A key player in IL-1 processing and release. J. Immunol. 176 (7), 3877–3883. doi:10.4049/jimmunol.176.7.3877
 Garcia-Huerta, P., Diaz-Hernandez, M., Delicado, E. G., Pimentel-Santillana, M., Miras-Portugal, M. T., and Gomez-Villafuertes, R. (2012). The specificity protein factor Sp1 mediates transcriptional regulation of P2X7 receptors in the nervous system. J. Biol. Chem. 287 (53), 44628–44644. doi:10.1074/jbc.M112.390971
 Gauthier, M. L., Pickering, C. R., Miller, C. J., Fordyce, C. A., Chew, K. L., Berman, H. K., et al. (2005). p38 regulates cyclooxygenase-2 in human mammary epithelial cells and is activated in premalignant tissue. Cancer Res. 65 (5), 1792–1799. doi:10.1158/0008-5472.CAN-04-3507
 Gilbert, S. M., Oliphant, C. J., Hassan, S., Peille, A. L., Bronsert, P., Falzoni, S., et al. (2019). ATP in the tumour microenvironment drives expression of nfP2X7, a key mediator of cancer cell survival. Oncogene 38 (2), 194–208. doi:10.1038/s41388-018-0426-6
 Gomez-Villafuertes, R., del Puerto, A., Diaz-Hernandez, M., Bustillo, D., Diaz-Hernandez, J. I., Huerta, P. G., et al. (2009). Ca2+/calmodulin-dependent kinase II signalling cascade mediates P2X7 receptor-dependent inhibition of neuritogenesis in neuroblastoma cells. FEBS J. 276 (18), 5307–5325. doi:10.1111/j.1742-4658.2009.07228.x
 Gomez-Villafuertes, R., Garcia-Huerta, P., Diaz-Hernandez, J. I., and Miras-Portugal, M. T. (2015). PI3K/Akt signaling pathway triggers P2X7 receptor expression as a pro-survival factor of neuroblastoma cells under limiting growth conditions. Sci. Rep. 5, 18417. doi:10.1038/srep18417
 Greenberg, A. K., Basu, S., Hu, J., Yie, T. A., Tchou-Wong, K. M., Rom, W. N., et al. (2002). Selective p38 activation in human non-small cell lung cancer. Cell Mol. Biol. 26 (5), 558–564. doi:10.1165/ajrcmb.26.5.4689
 Grethe, S., and Porn-Ares, M. I. (2006). p38 MAPK regulates phosphorylation of Bad via PP2A-dependent suppression of the MEK1/2-ERK1/2 survival pathway in TNF-alpha induced endothelial apoptosis. Cell. Signal. 18 (4), 531–540. doi:10.1016/j.cellsig.2005.05.023
 Groom, L. A., Sneddon, A. A., Alessi, D. R., Dowd, S., and Keyse, S. M. (1996). Differential regulation of the MAP, SAP and RK/p38 kinases by Pyst1, a novel cytosolic dual-specificity phosphatase. EMBO J. 15 (14), 3621–3632. doi:10.1002/j.1460-2075.1996.tb00731.x
 Guo, Y. J., Pan, W. W., Liu, S. B., Shen, Z. F., Xu, Y., and Hu, L. L. (2020). ERK/MAPK signalling pathway and tumorigenesis. Exp. Ther. Med. 19 (3), 1997–2007. doi:10.3892/etm.2020.8454
 Gutierrez-Martin, Y., Bustillo, D., Gomez-Villafuertes, R., Sanchez-Nogueiro, J., Torregrosa-Hetland, C., Binz, T., et al. (2011). P2X7 receptors trigger ATP exocytosis and modify secretory vesicle dynamics in neuroblastoma cells. J. Biol. Chem. 286 (13), 11370–11381. doi:10.1074/jbc.M110.139410
 Harris, S. L., and Levine, A. J. (2005). The p53 pathway: Positive and negative feedback loops. Oncogene 24 (17), 2899–2908. doi:10.1038/sj.onc.1208615
 Innocente, S. A., and Lee, J. M. (2005). p53 is a NF-Y- and p21-independent, Sp1-dependent repressor of cyclin B1 transcription. FEBS Lett. 579 (5), 1001–1007. doi:10.1016/j.febslet.2004.12.073
 James, N. E., Beffa, L., Oliver, M. T., Borgstadt, A. D., Emerson, J. B., Chichester, C. O., et al. (2019). Inhibition of DUSP6 sensitizes ovarian cancer cells to chemotherapeutic agents via regulation of ERK signaling response genes. Oncotarget 10 (36), 3315–3327. doi:10.18632/oncotarget.26915
 Janssens, V., and Goris, J. (2001). Protein phosphatase 2A: A highly regulated family of serine/threonine phosphatases implicated in cell growth and signalling. Biochem. J. 353 (3), 417–439. doi:10.1042/0264-6021:3530417
 Jelassi, B., Chantome, A., Alcaraz-Perez, F., Baroja-Mazo, A., Cayuela, M. L., Pelegrin, P., et al. (2011). P2X(7) receptor activation enhances SK3 channels- and cystein cathepsin-dependent cancer cells invasiveness. Oncogene 30 (18), 2108–2122. doi:10.1038/onc.2010.593
 Jin, S., and Levine, A. J. (2001). The p53 functional circuit. J. Cell Sci. 114 (23), 4139–4140. doi:10.1242/jcs.114.23.4139
 Johansson, N., Ala-aho, R., Uitto, V., Grenman, R., Fusenig, N. E., Lopez-Otin, C., et al. (2000). Expression of collagenase-3 (MMP-13) and collagenase-1 (MMP-1) by transformed keratinocytes is dependent on the activity of p38 mitogen-activated protein kinase. J. Cell Sci. 113 (Pt 2), 227–235. doi:10.1242/jcs.113.2.227
 Johnson, G. L., and Nakamura, K. (2007). The c-jun kinase/stress-activated pathway: Regulation, function and role in human disease. Biochim. Biophys. Acta 1773 (8), 1341–1348. doi:10.1016/j.bbamcr.2006.12.009
 Junttila, M. R., Ala-Aho, R., Jokilehto, T., Peltonen, J., Kallajoki, M., Grenman, R., et al. (2007). p38alpha and p38delta mitogen-activated protein kinase isoforms regulate invasion and growth of head and neck squamous carcinoma cells. Oncogene 26 (36), 5267–5279. doi:10.1038/sj.onc.1210332
 Junttila, M. R., Li, S. P., and Westermarck, J. (2008). Phosphatase-mediated crosstalk between MAPK signaling pathways in the regulation of cell survival. FASEB J. 22 (4), 954–965. doi:10.1096/fj.06-7859rev
 Kaltenmeier, C. T., Vollmer, L. L., Vernetti, L. A., Caprio, L., Davis, K., Korotchenko, V. N., et al. (2017). A tumor cell-selective inhibitor of mitogen-activated protein kinase phosphatases sensitizes breast cancer cells to lymphokine-activated killer cell activity. J. Pharmacol. Exp. Ther. 361 (1), 39–50. doi:10.1124/jpet.116.239756
 Keshet, Y., and Seger, R. (2010). The MAP kinase signaling cascades: A system of hundreds of components regulates a diverse array of physiological functions. Methods Mol. Biol. 661, 3–38. doi:10.1007/978-1-60761-795-2_1
 Kim, E. K., and Choi, E. J. (2010). Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta 1802 (4), 396–405. doi:10.1016/j.bbadis.2009.12.009
 Kins, S., Kurosinski, P., Nitsch, R. M., and Gotz, J. (2003). Activation of the ERK and JNK signaling pathways caused by neuron-specific inhibition of PP2A in transgenic mice. Am. J. Pathol. 163 (3), 833–843. doi:10.1016/S0002-9440(10)63444-X
 Lazo, J. S., McQueeney, K. E., Burnett, J. C., Wipf, P., and Sharlow, E. R. (2018). Small molecule targeting of PTPs in cancer. Int. J. Biochem. Cell Biol. 96, 171–181. doi:10.1016/j.biocel.2017.09.011
 Li, S. P., Junttila, M. R., Han, J., Kahari, V. M., and Westermarck, J. (2003). p38 Mitogen-activated protein kinase pathway suppresses cell survival by inducing dephosphorylation of mitogen-activated protein/extracellular signal-regulated kinase kinase1, 2. Cancer Res. 63 (13), 3473–3477.
 Liu, Q., and Hofmann, P. A. (2004). Protein phosphatase 2A-mediated cross-talk between p38 MAPK and ERK in apoptosis of cardiac myocytes. Am. J. Physiol. Heart Circ. Physiol. 286 (6), H2204–H2212. doi:10.1152/ajpheart.01050.2003
 Low, H. B., and Zhang, Y. (2016). Regulatory roles of MAPK phosphatases in cancer. Immune Netw. 16 (2), 85–98. doi:10.4110/in.2016.16.2.85
 Matthay, K. K., Maris, J. M., Schleiermacher, G., Nakagawara, A., Mackall, C. L., Diller, L., et al. (2016). Neuroblastoma. Nat. Rev. Dis. Prim. 2, 16078. doi:10.1038/nrdp.2016.78
 Matthay, K. K., Villablanca, J. G., Seeger, R. C., Stram, D. O., Harris, R. E., Ramsay, N. K., et al. (1999). Treatment of high-risk neuroblastoma with intensive chemotherapy, radiotherapy, autologous bone marrow transplantation, and 13-cis-retinoic acid. Children's Cancer Group. N. Engl. J. Med. 341 (16), 1165–1173. doi:10.1056/NEJM199910143411601
 McKay, M. M., and Morrison, D. K. (2007). Integrating signals from RTKs to ERK/MAPK. Oncogene 26 (22), 3113–3121. doi:10.1038/sj.onc.1210394
 Mendell, A. L., and MacLusky, N. J. (2019). The testosterone metabolite 3α-androstanediol inhibits oxidative stress-induced ERK phosphorylation and neurotoxicity in SH-SY5Y cells through an MKP3/DUSP6-dependent mechanism. Neurosci. Lett. 696, 60–66. doi:10.1016/j.neulet.2018.12.012
 Molina, G., Vogt, A., Bakan, A., Dai, W., Queiroz de Oliveira, P., Znosko, W., et al. (2009). Zebrafish chemical screening reveals an inhibitor of Dusp6 that expands cardiac cell lineages. Nat. Chem. Biol. 5 (9), 680–687. doi:10.1038/nchembio.190
 Muda, M., Theodosiou, A., Rodrigues, N., Boschert, U., Camps, M., Gillieron, C., et al. (1996). The dual specificity phosphatases M3/6 and MKP-3 are highly selective for inactivation of distinct mitogen-activated protein kinases. J. Biol. Chem. 271 (44), 27205–27208. doi:10.1074/jbc.271.44.27205
 Muta, Y., Matsuda, M., and Imajo, M. (2019). Divergent dynamics and functions of ERK MAP kinase signaling in development, homeostasis and cancer: Lessons from fluorescent bioimaging. Cancers (Basel) 11 (4), 513. doi:10.3390/cancers11040513
 Nair, J., Basha Syed, S., Mahaddalkar, T., Ketkar, M., Thorat, R., Sastri Goda, J., et al. (2021). DUSP6 regulates radiosensitivity in glioblastoma by modulating the recruitment of phosphorylated DNAPKcs at DNA double-strand breaks. J. Cell Sci. 134 (24), jcs259520. doi:10.1242/jcs.259520
 North, R. A. (2002). Molecular physiology of P2X receptors. Physiol. Rev. 82 (4), 1013–1067. doi:10.1152/physrev.00015.2002
 North, R. A., and Surprenant, A. (2000). Pharmacology of cloned P2X receptors. Annu. Rev. Pharmacol. Toxicol. 40, 563–580. doi:10.1146/annurev.pharmtox.40.1.563
 Nunes-Xavier, C. E., Zaldumbide, L., Aurtenetxe, O., Lopez-Almaraz, R., Lopez, J. I., and Pulido, R. (2019). Dual-specificity phosphatases in neuroblastoma cell growth and differentiation. Int. J. Mol. Sci. 20 (5), 1170. doi:10.3390/ijms20051170
 Orellano, E. A., Rivera, O. J., Chevres, M., Chorna, N. E., and Gonzalez, F. A. (2010). Inhibition of neuronal cell death after retinoic acid-induced down-regulation of P2X7 nucleotide receptor expression. Mol. Cell. Biochem. 337 (1-2), 83–99. doi:10.1007/s11010-009-0288-x
 Patterson, K. I., Brummer, T., O'Brien, P. M., and Daly, R. J. (2009). Dual-specificity phosphatases: Critical regulators with diverse cellular targets. Biochem. J. 418 (3), 475–489. doi:10.1042/bj20082234
 Pena, P., Reutens, A. T., Albanese, C., D'Amico, M., Watanabe, G., Donner, A., et al. (1999). Activator protein-2 mediates transcriptional activation of the CYP11A1 gene by interaction with Sp1 rather than binding to DNA. Mol. Endocrinol. 13 (8), 1402–1416. doi:10.1210/mend.13.8.0335
 Perez-Sen, R., Queipo, M. J., Gil-Redondo, J. C., Ortega, F., Gomez-Villafuertes, R., Miras-Portugal, M. T., et al. (2019). Dual-specificity phosphatase regulation in neurons and glial cells. Int. J. Mol. Sci. 20 (8), 1999. doi:10.3390/ijms20081999
 Porter, W., Saville, B., Hoivik, D., and Safe, S. (1997). Functional synergy between the transcription factor Sp1 and the estrogen receptor. Mol. Endocrinol. 11 (11), 1569–1580. doi:10.1210/mend.11.11.9916
 Qiu, Y., Li, W. H., Zhang, H. Q., Liu, Y., Tian, X. X., and Fang, W. G. (2014). P2X7 mediates ATP-driven invasiveness in prostate cancer cells. PLoS One 9 (12), e114371. doi:10.1371/journal.pone.0114371
 Queipo, M. J., Gil-Redondo, J. C., Morente, V., Ortega, F., Miras-Portugal, M. T., Delicado, E. G., et al. (2017). P2X7 nucleotide and EGF receptors exert dual modulation of the dual-specificity phosphatase 6 (MKP-3) in granule neurons and astrocytes, contributing to negative feedback on ERK signaling. Front. Mol. Neurosci. 10, 448. doi:10.3389/fnmol.2017.00448
 Raffaghello, L., Chiozzi, P., Falzoni, S., Di Virgilio, F., and Pistoia, V. (2006). The P2X7 receptor sustains the growth of human neuroblastoma cells through a substance P-dependent mechanism. Cancer Res. 66 (2), 907–914. doi:10.1158/0008-5472.CAN-05-3185
 Raingeaud, J., Gupta, S., Rogers, J. S., Dickens, M., Han, J., Ulevitch, R. J., et al. (1995). Pro-inflammatory cytokines and environmental stress cause p38 mitogen-activated protein kinase activation by dual phosphorylation on tyrosine and threonine. J. Biol. Chem. 270 (13), 7420–7426. doi:10.1074/jbc.270.13.7420
 Ramkissoon, A., Chaney, K. E., Milewski, D., Williams, K. B., Williams, R. L., Choi, K., et al. (2019). Targeted inhibition of the dual specificity phosphatases DUSP1 and DUSP6 suppress MPNST growth via JNK. Clin. Cancer Res. 25 (13), 4117–4127. doi:10.1158/1078-0432.CCR-18-3224
 Roux, P. P., and Blenis, J. (2004). ERK and p38 MAPK-activated protein kinases: a family of protein kinases with diverse biological functions. Microbiol. Mol. Biol. Rev. 68 (2), 320–344. doi:10.1128/MMBR.68.2.320-344.2004
 Seeger, R. C., Siegel, S. E., and Sidell, N. (1982). Neuroblastoma: Clinical perspectives, monoclonal antibodies, and retinoic acid. Ann. Intern. Med. 97 (6), 873–884. doi:10.7326/0003-4819-97-6-873
 Seternes, O. M., Kidger, A. M., and Keyse, S. M. (2019). Dual-specificity MAP kinase phosphatases in health and disease. Biochim. Biophys. Acta. Mol. Cell Res. 1866 (1), 124–143. doi:10.1016/j.bbamcr.2018.09.002
 Shaul, Y. D., and Seger, R. (2007). The MEK/ERK cascade: From signaling specificity to diverse functions. Biochim. Biophys. Acta 1773 (8), 1213–1226. doi:10.1016/j.bbamcr.2006.10.005
 Shen, J., Zhang, Y., Yu, H., Shen, B., Liang, Y., Jin, R., et al. (2016). Role of DUSP1/MKP1 in tumorigenesis, tumor progression and therapy. Cancer Med. 5 (8), 2061–2068. doi:10.1002/cam4.772
 Singh, M. K., Altameemi, S., Lares, M., Newton, M. A., and Setaluri, V. (2022). Role of dual specificity phosphatases (DUSPs) in melanoma cellular plasticity and drug resistance. Sci. Rep. 12 (1), 14395. doi:10.1038/s41598-022-18578-x
 Slack, D. N., Seternes, O. M., Gabrielsen, M., and Keyse, S. M. (2001). Distinct binding determinants for ERK2/p38alpha and JNK map kinases mediate catalytic activation and substrate selectivity of map kinase phosphatase-1. J. Biol. Chem. 276 (19), 16491–16500. doi:10.1074/jbc.M010966200
 Sontag, E., Fedorov, S., Kamibayashi, C., Robbins, D., Cobb, M., and Mumby, M. (1993). The interaction of SV40 small tumor antigen with protein phosphatase 2A stimulates the map kinase pathway and induces cell proliferation. Cell 75 (5), 887–897. doi:10.1016/0092-8674(93)90533-v
 Strom, A. C., Forsberg, M., Lillhager, P., and Westin, G. (1996). The transcription factors Sp1 and Oct-1 interact physically to regulate human U2 snRNA gene expression. Nucleic Acids Res. 24 (11), 1981–1986. doi:10.1093/nar/24.11.1981
 Takekawa, M., Adachi, M., Nakahata, A., Nakayama, I., Itoh, F., Tsukuda, H., et al. (2000). p53-inducible wip1 phosphatase mediates a negative feedback regulation of p38 MAPK-p53 signaling in response to UV radiation. EMBO J. 19 (23), 6517–6526. doi:10.1093/emboj/19.23.6517
 Thompson, E. M., Patel, V., Rajeeve, V., Cutillas, P. R., and Stoker, A. W. (2022). The cytotoxic action of BCI is not dependent on its stated DUSP1 or DUSP6 targets in neuroblastoma cells. FEBS Open Bio 12 (7), 1388–1405. doi:10.1002/2211-5463.13418
 Ward, E., DeSantis, C., Robbins, A., Kohler, B., and Jemal, A. (2014). Childhood and adolescent cancer statistics. Ca. Cancer J. Clin. 64 (2), 83–103. doi:10.3322/caac.21219
 Westermarck, J., Li, S. P., Kallunki, T., Han, J., and Kahari, V. M. (2001). p38 mitogen-activated protein kinase-dependent activation of protein phosphatases 1 and 2A inhibits MEK1 and MEK2 activity and collagenase 1 (MMP-1) gene expression. Mol. Cell. Biol. 21 (7), 2373–2383. doi:10.1128/MCB.21.7.2373-2383.2001
 Whitmarsh, A. J., and Davis, R. J. (1996). Transcription factor AP-1 regulation by mitogen-activated protein kinase signal transduction pathways. J. Mol. Med. 74 (10), 589–607. doi:10.1007/s001090050063
 Wu, C. E., Koay, T. S., Esfandiari, A., Ho, Y. H., Lovat, P., and Lunec, J. (2018). ATM dependent DUSP6 modulation of p53 involved in synergistic targeting of MAPK and p53 pathways with trametinib and MDM2 inhibitors in cutaneous melanoma. Cancers (Basel) 11 (1), 3. doi:10.3390/cancers11010003
 Wu, P. Y., Lin, Y. C., Chang, C. L., Lu, H. T., Chin, C. H., Hsu, T. T., et al. (2009). Functional decreases in P2X7 receptors are associated with retinoic acid-induced neuronal differentiation of Neuro-2a neuroblastoma cells. Cell. Signal. 21 (6), 881–891. doi:10.1016/j.cellsig.2009.01.036
 Xing, J., Kornhauser, J. M., Xia, Z., Thiele, E. A., and Greenberg, M. E. (1998). Nerve growth factor activates extracellular signal-regulated kinase and p38 mitogen-activated protein kinase pathways to stimulate CREB serine 133 phosphorylation. Mol. Cell. Biol. 18 (4), 1946–1955. doi:10.1128/MCB.18.4.1946
 Xu, D., Wang, Q., Gruber, A., Bjorkholm, M., Chen, Z., Zaid, A., et al. (2000). Downregulation of telomerase reverse transcriptase mRNA expression by wild type p53 in human tumor cells. Oncogene 19 (45), 5123–5133. doi:10.1038/sj.onc.1203890
 Zalfa, C., Azmoon, P., Mantuano, E., and Gonias, S. L. (2019). Tissue-type plasminogen activator neutralizes LPS but not protease-activated receptor-mediated inflammatory responses to plasmin. J. Leukoc. Biol. 105 (4), 729–740. doi:10.1002/JLB.3A0818-329RRR
 Zeng, L., Jiang, H., Ashraf, G. M., Liu, J., Wang, L., Zhao, K., et al. (2022). Implications of miR-148a-3p/p35/PTEN signaling in tau hyperphosphorylation and autoregulatory feedforward of Akt/CREB in Alzheimer's disease. Mol. Ther. Nucleic Acids 27, 256–275. doi:10.1016/j.omtn.2021.11.019
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Benito-León, Gil-Redondo, Perez-Sen, Delicado, Ortega and Gomez-Villafuertes. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-1049566-g005.gif
Normalized DUSP1 mRNA

B
e Coria § e Cons
N ey g e omea
: H
= H
£
o 2 .
T T LR BN
imo ) Time )
o © veno
= K
o35
N = i
-
g
s
B ,—'-|

Control 10 M BCH





OPS/images/fcell-10-1049566-g006.gif
PERK v ERK (%)

pw—

B ©
PERK | RS i m | PERK| Samiias
278 P SRS s (eI
e [

= vaico

= Proam

&= PTENm

-

P





OPS/images/fcell-10-1049566-g003.gif
Coriroi 221 5, 801241 Conirol 280 5,0 BCI 48R

o
G = et o1 @ 5ot
S| = E -
i g™ &
Lo M g ey
jm 5
HE ; .

a C = a

Tine Tty





OPS/images/fcell-10-1049566-g004.gif





OPS/images/fcell-10-1049566-g007.gif
A
D e
= j EEE
H N T
§ § %
] i
i E o
2 o






OPS/images/fcell-10-1049566-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		BCI, an inhibitor of the DUSP1 and DUSP6 dual specificity phosphatases, enhances P2X7 receptor expression in neuroblastoma cells		1 Introduction

		2 Materials and methods		2.1 Antibodies and chemicals

		2.2 Cell culture

		2.3 Retrotranscription and real-time quantitative PCR assays

		2.4 Immunofluorescence

		2.5 MTT cell viability assay

		2.6 Calcein/EthD-1 cell viability assay

		2.7 Phospho-kinase array

		2.8 Immunoblot assay

		2.9 Statistics





		3 Results		3.1 DUPS1/DUSP6 inhibition by BCI strongly enhances P2rx7 gene expression in neuroblastoma cells

		3.2 BCI alters the profile of protein phosphorylation in neuroblastoma cells

		3.3 BCI-dependent activation of p38 prevents ERK phosphorylation in neuroblastoma cells

		3.4 BCI-dependent upregulation of P2rx7 gene expression is partially reversed by p38 inhibition





		4 Discussion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-1049566-g001.gif
H
]
H

Tima 4}

T ok






OPS/images/fcell-10-1049566-g002.gif
[RNA] por well (ngful)

~ Court
- owmec

i () B dosn (M)
81 dose (M) 01 dose )










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





