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Gastric cancer (GC) is characterized by poor efficacy and modest clinical impact of current therapies, in which apoptosis evasion is relevant. Intracellular calcium homeostasis dysregulation is associated with apoptosis escaping, and aberrant expression of calcium regulator genes could promote GC drug resistance. Since we previously found a prognostic value for TRPV2 calcium channel expression in GC, we aimed to characterize the role of TRPV2 in cisplatin resistance. Using the TCGA-STAD dataset, we performed a differential gene expression analysis between GC samples in upper and lower tertiles of TRPV2 expression, and then through a gene set analysis, we highlighted the enriched ontology and canonical pathways. We used qRT-PCR to assess TRPV2 expression in three GC cell lines and flow cytometry to evaluate cisplatin-induced cell death rates. Calcium green-1-AM assay was used to estimate differences in intracellular Ca2+ concentrations after inhibition of TRPV2. We engineered AGS cell line to overexpress TRPV2 and used confocal microscopy to quantify its overexpression and localization and flow cytometry to evaluate their sensitivity to cisplatin. Consistent with our hypothesis, among enriched gene sets, we found a significant number of those involved in the regulation of apoptosis. Subsequently, we found an inverse correlation between TRPV2 expression and sensitivity to cisplatin in GC cell lines. Moreover, we demonstrated that inhibition of TRPV2 activity by tranilast blocks the efflux of Ca2+ ions and, in combination with cisplatin, induced a significant increase of apoptotic cells (p = 0.004). We also demonstrated that TRPV2 exogenous expression confers a drug-resistant phenotype, and that tranilast is able to revert this phenotype, restoring cisplatin sensitivity. Our findings consistently suggested that TRPV2 could be a potential target for overcoming cisplatin resistance by promoting apoptosis. Notably, our data are a prerequisite for the potential reposition of tranilast to the treatment of GC patients and anticipate the in vivo evaluation.
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INTRODUCTION
Gastric cancer (GC) was the sixth most commonly diagnosed cancer and the second cause of cancer-related deaths in 2018 worldwide (Bray et al., 2018). Since patients with early-stage GC are mostly asymptomatic and current screening methods are not effective, GC is frequently diagnosed at advanced and metastatic stages (Van Cutsem et al., 2016; Griffin-Sobel, 2017). Moreover, GC remains a disease characterized by high recurrence rates, poor prognosis, and limited clinical benefit for patients undergoing current therapeutic regimens (Van Cutsem et al., 2006; Cunningham et al., 2008; Koizumi et al., 2008; Bang et al., 2010; Jácome et al., 2016; Ilson, 2018). These unfavorable features reside in the marked inter- and intratumor histopathological and molecular heterogeneity (McGranahan and Swanton, 2015). These pieces of evidence suggest that treatment strategies must be tailored or personalized to each individual’s tumor features. Therefore, aided by the rise of high-throughput techniques, research efforts are ever more focused on deciphering the molecular nature of cancer biological hallmarks, such as cancer cell proliferation, migration, and apoptosis evasion (Hanahan and Weinberg, 2011).
Several mechanisms conferring to GC cells, a selective advantage to escape drug-induced apoptosis, have been described (Russi et al., 2019b). In this scenario, ion channels may play a role since they mediate several responses in cellular physiology and are often dysregulated in most types of cancer, including those of the gastrointestinal tract (Anderson et al., 2019; Ding et al., 2020; Stokłosa et al., 2020). Among the different types of ion channels, those involved in the regulation of Ca2+ flux have been found to affect the sensitivity of GC cells to apoptotic stimuli. Indeed, they prevent cytosolic Ca2+ overload by diminishing Ca2+ flux from the endoplasmic reticulum or by enhancing leakage of Ca2+ excess from cells (Kischel et al., 2019). In this view, we recently described, for the first time, a prognostic role for TRPV2 Ca2+ channel in GC patients that prompts further research on the biological mechanisms behind its function (Zoppoli et al., 2019). In brief, we found that higher TRPV2 expression levels were associated with shorter overall survival and that its expression increases with the GC pathological stage. Moreover, TRPV2 immunostaining tested negative in normal stomach mucosa and highly positive in GC tissue samples. On these bases, TRPV2 can represent a good candidate as a personalized therapeutic target for GC.
TRPV2 is a member of the vanilloid subfamily of transient receptor potential (TRP) channels, originally described for their role in sensory processes, but it is also responsible for cancer growth, metastasis, and chemoresistance through the dysregulation of calcium signaling (Santoni et al., 2020). TRPV2 is highly permeable to Ca2+ and is physiologically activated by heat above 52°C, osmolarity changes, and membrane stretch (Nabissi et al., 2010). It can regulate the ion flux in both directions, but the outward rectification current, the efflux of cations from the cell, is predominant (Caterina et al., 1999). TRPV2 is constitutively expressed in the central nervous system, but it is also found in non-neuronal tissues, suggesting a possible role in a broad repertoire of physiological functions, such as cell proliferation, differentiation, and apoptosis (Nabissi et al., 2010). Activation of TRPV2 or its overexpression was found to promote invasiveness of prostate cancer cells and is associated with advanced pathological stage in esophageal squamous cell carcinoma, respectively (Liberati et al., 2014b; Kudou et al., 2019).
In this work, we evaluated, in vitro, the effects of TRPV2 chemical inhibition on sensitivity to cisplatin-induced apoptosis. Firstly, we demonstrated a correlation between TRPV2 expression and resistance to cisplatin-induced apoptosis in three GC cancer cell lines. Then, we showed that TRPV2 acts by discharging Ca2+ ions from cells, and that its inhibition leads to an increase in intracellular Ca2+ levels. Thereafter, we observed that chemical inhibition of TRPV2 induces a significant increase of cisplatin-induced apoptosis, and overexpression of TRPV2 in a cisplatin-sensitive GC cell line confers a cisplatin-resistant phenotype. Overall, we highlight a possible role of TRPV2 as a personalized medicine target for the treatment of GC, likely in combination settings with current chemotherapeutics to enhance their efficacy.
MATERIALS AND METHODS
Data Collection and Processing
The Cancer Genome Atlas (TCGA) (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga) repository collected high throughput genomic and transcriptomic and clinical data of many tumors and their adjacent normal tissues from many organs. In this study, gene expression dataset and clinical data of stomach adenocarcinoma (STAD) samples were retrieved from our previous analysis (Russi et al., 2019a). We selected 192 samples fully annotated for histology, pathologic stage, and TNM:N. According to TRPV2 expression, we subgrouped 192 samples in “TRPV2 high,” those belonging to the top 33 percentile (tertile), and “TRPV2 low,” those falling in the lower 33 percentile.
Differential Gene Expression and Gene Set Analyses
Differential expression analysis was performed using edgeR. We considered in the model the histology, the pathologic stage, and the TNM:N as confounding factors of the generalized linear model. A gene was considered as differentially expressed (DEG) between high and low TRPV2 samples if corrected (FDR) p value <0.05 and expression change was >1.5-fold (log2FC >0.58). Using the clusterProfiler package on these DEGs (Yu et al., 2012), we analyzed the functional profile of TRPV2 high samples to get the significantly enriched Ontology and Canonical Pathways gene sets (FDR adjusted p value <0.05).
Cell Culture
AGS (RRID:CVCL_0139), KATO-III (RRID:CVCL_0371), and SNU-1 (RRID:CVCL_0099) GC cell lines were purchased from ATCC (Manassas, VA, United States) and were cultured in their specific complete medium according to manufacturer instructions. GC cells were incubated at 37°C in 5% CO2; medium was changed daily, and cells were split every 2-3 days routinely.
Apoptosis Assay for the Evaluation of Cisplatin-Induced Apoptosis
GC cell lines were exposed to different concentrations of cisplatin (0–40 µM) (Accord Healthcare Limited, Harrow, United Kingdom) for 48 h to assess their sensitivity. Similarly, to evaluate the effect of TRPV2 blockade by tranilast (Tocris Bioscience, Bristol, United Kingdom) on cisplatin resistance of KATO-III cells, cisplatin (10 µM) was added to cell culture after 10 min since the addition of TRPV2 inhibitor (250 µM). After 48 h of culture, KATO-III cells were recovered by trypsinization and subjected to flow cytometry. In brief, cells were washed twice with cold PBS and then, after centrifugation, resuspended in 100 µL of 1x binding buffer at a concentration of 1 × 106 cells/ml. Subsequently, 5 µL of FITC Annexin V and 5 µL propidium iodide (PI) (BD Biosciences, San Jose, CA, United States) were added, and cells were incubated for 15 min at room temperature (RT) in the dark. For each tube, an adequate volume of 1x binding buffer was added. All samples were acquired, within 1 h, by using a NAVIOS flow cytometer and analyzed by Kaluza software (Beckman Coulter Diagnostics, Brea, CA, United States). A total of 104 events were acquired for each sample. Data from treated samples were normalized as fold change of their untreated controls and were reported as mean ± SE of at least three independent experiments.
Evaluation of TRPV2 Gene Expression by qRT-PCR
For qRT-PCR analysis of TRPV2 expression in GC cells, total RNAs were collected immediately after cells recovering by TRIzol (ThermoFisher Scientific, Waltham, MA United States) according to the manufacturer’s instructions. One microgram of total RNA was reverse-transcribed by the transcriptor first-strand cDNA synthesis kit (Roche Life Science, Mannheim, Germany) according to the manufacturer’s instructions. qRT-PCR analyses were performed using 10 ng cDNA per well in triplicate with LightCycler® 480 SYBR Green I Master (Roche Life Science) on LightCycler 480 Instrument (Roche Life Science). TRPV2 expression levels were estimated by normalizing Cts with three different housekeeping genes or their mean: DEDD, EEF1A1, and GAPDH. In amplification reactions, we used the following primers: Hs_TRPV2_1_SG QuantiTect Primer Assay (Qiagen, Hilden, Germany), DEDD-Fw-TCAGATGTGTAGCAAGCGGC, DEDD-Rev-AGTATTCAGCCCG AACCCG, EEF1A1-Fw-GCTCTGGACTGCATCCTACC, EEF1A1-Rev-GAACACCAGTCTCCA CTCGG, GAPDH-Fw-CCTCTGACTTCAACAGCGACA, and GAPDH-Rev-GCTGTAGCCAAAT TCGTTGTC. Cycling conditions were those from the datasheet, and annealing temperature has been set at 58°C for all primers pairs.
Fluorescent Staining to Evaluate Free Intracellular Ca2+ Variation After TRPV2 Chemical Inhibition
KATO-III cells were cultured as described above in the presence of fluorescent calcium indicator calcium green-1 AM (ThermoFisher Scientific) at a final concentration of 5 µM and incubated in the dark at 37°C. After 15 min of loading, different concentrations (10, 50, and 250 µM) of the TRPV2 specific inhibitor tranilast were added and incubated at 37°C for 30 min. Subsequently, the 6-well plates were observed under a fluorescence microscope with a ×20 objective (Leica SP8 confocal microscope, Wetzlar, Germany) to evaluate baseline fluorescence intensity. Then, ionomycin (ThermoFisher Scientific) at 5 µM was added to induce elevation of intracellular Ca2+ levels, and fluorescence was monitored for 5 min. We used dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, United States) as control since it was the vehicle of tranilast, calcium green-1 AM, and ionomycin. To quantify the differences in fluorescence intensities between samples, we carried out flow cytometry evaluation. In brief, cells were cultured in the same conditions, and events were acquired for 30 s to obtain baseline values and for 5 min after ionomycin exposure. Ionomycin-dependent intracellular Ca2+ concentration increase, after TRPV2 inhibition, was expressed as percent increase of mean fluorescence intensity as compared with untreated control. All data were obtained from three different experiments.
Western Blot Analyses
Total proteins were extracted with RIPA buffer and 1x protease inhibitor cocktail (ThermoFisher Scientific). Protein concentration was determined using the Bio-Rad protein assay kit according to the manufacturer’s instructions. Forty micrograms of protein were separated on SDS-PAGE and transferred onto nitrocellulose membranes. These were incubated overnight at 4°C with the following primary antibodies, according to the different experiments: rabbit anti-human-TRPV2 (1:500, Sigma-Aldrich), rabbit anti-human PARP and cleaved-PARP (1:1000, Cell Signaling Technology, Leiden, Netherlands), rabbit anti-human CASP3 (1:1000, Cell Signaling Technology), and rabbit anti-human ACTB (1:5000, Cell Signaling Technology). After thorough PBS washing, blots were incubated with HRP-conjugated mouse anti-rabbit IgG (1:5000, Cell Signaling Technology). Protein bands were revealed by Clarity Western ECL Substrate and ChemiDoc System (Bio-Rad Laboratories, Berkeley, CA, United States). Densitometry analyses on data from three independent replicates were performed with ImageJ.
Generation of a GC Cell Line Stably Overexpressing the TRPV2 Gene
To generate TRPV2-pIRES-Luc construct, luciferase coding sequence (CDS) was amplified by PCR from the PGL3-basic vector (Promega Corporation, Madison, WI, United States) and inserted in SalI/NotI (New England Biolabs, Ipswich, MA, United States) sites of the pIRES vector (Takara Bio United States, Mountain View, CA, United States). Subsequently, TRPV2 CDS was amplified by PCR from TRPV2-pCDNA3 (Genscript, Piscataway, NJ, United States), and it was inserted in EcoRI/MluI (New England Biolabs) sites of the pIRES-Luc vector. The construct was verified by restriction analysis and sequencing. Stably transfected AGS cells were generated by transfection of SpeI (New England Biolabs) linearized TRPV2-pIRES-Luc construct into wild-type AGS cells using Lipofectamine 2000 (ThermoFisher Scientific). After 48 h since transfection, positive clones were selected for Neomycin resistance. After 2 weeks of G418 (ThermoFisher Scientific) treatment, neoresistant (NeoR) clones were picked, propagated, and tested for TRPV2 expression by ddPCR and confocal microscopy.
Droplet Digital PCR for TRPV2 Expression Quantification in Engineered Cells
About 10 ng of cDNA generated from 1000 ng of total RNA reverse transcribed with the transcriptor first-strand cDNA synthesis kit (Roche) was used. Droplet digital PCR (ddPCR) was performed using the QX200™ Droplet Digital™ PCR system (Bio-Rad Laboratories) including the droplet generator and the reader. Reactions were prepared in 20 µL volumes with QX200™ ddPCR™ EvaGreen Supermix (Bio-Rad Laboratories). As above, we used Hs_TRPV2_1_SG QuantiTect Primer Assay (Qiagen) and DEDD as a housekeeping gene. After droplet generation in DG8TM Cartridges (Bio-Rad Laboratories), ddPCR™ 96-well PCR plates containing reactions in duplex were loaded onto Veriti 96-well Thermal Cycler (Applied Biosystems) and cycled as follows: 5 min at 95°C, 40x (30 s at 95°C and 60 s at 58°C), 5 min at 4°C, 5 min at 90°C, and held at 4°C. QuantaSoft Software v1.7 (Bio-Rad Laboratories) was used to analyze the output of QX200™ Droplet Reader (Bio-Rad Laboratories). Relative TRPV2 expression was calculated as ratio of copies/µL as follows:
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Fluorescent Staining for Confocal Microscopy
About 3 × 104 cells/well grown for 24 h on 2.13 cm2 4-well chamber slides (SPL Lifesciences, Pocheon, South Korea) were fixed for 30 min at RT with 4% paraformaldehyde (pH 7.4) followed by 10 min at 37°C, washed three times with PBS, and then permeabilized for 10 min with 0.1% Triton X-100 in PBS. Blocking was performed by using a 0.5% solution of BSA in PBS at RT for 15 min. Cells were then incubated overnight at 4°C with rabbit anti-human TRPV2 primary antibody (Sigma-Aldrich). After three PBS washings, cells were incubated with the Alexa Fluor 488-Goat Anti-Rabbit IgG secondary antibody (ThermoFisher Scientific) for 1 h at RT. Slides were washed three times with PBS and mounted using ProLong™ Glass Antifade Mountant with NucBlue™ (ThermoFisher Scientific). Imaging was performed by using a Leica SP8 confocal microscope (Leica Microsystems) with a ×63 oil objective, exciting stained cells with 488 nm laser light.
Statistical Analyses
Data were reported as counts, normalized counts, or fold changes as mean ± SE or median with range, as appropriate. Data were transformed to fit normal distribution as necessary. Differences among groups were evaluated by one-sample t-test, t-test, and ANOVA with Tukey’s post hoc test according to the nature of data. p values <0.05 were considered significant. Analyses were performed using RStudio and R software (RStudio, Inc., 2019; R Foundation for Statistical Computing, 2014).
RESULTS
Biological Features of GC Samples with High TRPV2 Expression
To evaluate the biological features associated with high expression levels of TRPV2 gene, we performed a differential gene expression analysis between GC samples from the TCGA-STAD project falling in the upper tertile versus those in the lower one of TRPV2 expression values distribution (Figure 1A). Thereafter, using the 2,909 differential genes, we performed a gene set analysis (GSA) to highlight the biology of samples with high TRPV2 expression. We considered the Ontology (GO) and Canonical Pathways (CP) gene sets, finding 1,183 GO and 1,089 CP significantly enriched (Supplementary Material). Since we hypothesize a link between TRPV2 expression/activity and chemoresistance through calcium-mediated apoptosis regulation, we focused on those gene sets with “APOP” in their name. We found significantly enriched 26 out of 156 and 4 out of 42 apoptosis-related GO and CP, respectively (Figures 1B,C). According to Fisher’s test, such ratios of “APOP” gene sets result higher than expected by chance in GO. Interestingly, in line with our hypothesis, the top GOs include genes with antiapoptotic activity, such as BCL2, IGF1, and SERPINE1. Based on these findings, we sought to characterize in in vitro the possible mechanism by which TRPV2 can influence the apoptotic process.
[image: Figure 1]FIGURE 1 | Association of TRPV2 expression with apoptosis-related gene sets. (A) Distribution on TCGA-STAD GC samples based on TRPV2 expression. Green and red lines define the lower and upper tertiles, respectively. (B) and (C) Apoptosis-related Ontology and Canonical Pathways gene sets significantly enriched in samples characterized by high TRPV2 expression. Ratio indicates, among all DEGs, the percent of upregulated genes included in each gene set.
Basal TRPV2 Expression Levels in GC Cell Lines Are Associated with Resistance to Cisplatin-Induced Apoptosis
To assess whether TRPV2 expression can influence the sensitivity of GC cell lines to drug-induced apoptosis, we first measured its expression levels by both qRT-PCR and western blot in three GC cell lines. By one sample t-test on log2(FC+1) values, we found that TRPV2 expression was significantly higher in both KATO-III and SNU-1 cell lines as compared with AGS one. This was also confirmed by western blot (Figure 2A). Interestingly, these results reflected the sensitivity of these GC cell lines to cisplatin-induced apoptosis assessed by flow cytometry. Indeed, KATO-III cells showed the least amount of cell death as compared with the other cell lines that die for both apoptosis and necrosis (Figure 2B). These results are consistent with data from Genomics of Drug Sensitivity in Cancer Project that reports a 60-fold higher cisplatin IC50 for the KATO-III cell line as compared to the other two cell lines (612.3 vs. 10.6 µM and 10.8 µM) (Yang et al., 2013). As outlined in Figure 2C, we found a proportional increase of GC cell line’s resistance to cisplatin with higher levels of TRPV2 expression.
[image: Figure 2]FIGURE 2 | Association of TRPV2 expression with resistance to cisplatin-induced cell death in GC cell lines. (A) Relative qRT-PCR quantification of TRPV2 mRNA in GC cell lines by using three reference genes. TRPV2 expression is reported as FC relative to that in the AGS cell line. In the lower panel, western blot analysis of TRPV2 expression in the three GC cell lines. (B) Assessment of apoptosis and necrosis rates in several GC cell lines after treatment with different concentrations of cisplatin. Statistical significance was estimated by ANOVA test and Tukey’s post hoc test on three replicates. (C) Schematic representation of correlation between TRPV2 expression and cisplatin resistance of different GC cell lines. 3REF: mean of fold change (FC) from the different housekeeping genes.
TRPV2 Modulates Intracellular Ca2+ Levels Through the Efflux of Ions from Cells
To evaluate how the activity of the TRPV2 channel influences intracellular calcium levels, we treated KATO-III cells with different concentrations of the specific TRPV2 inhibitor, tranilast, in the presence of ionomycin, an effective Ca2+ ionophore that is commonly used to modify intracellular Ca2+ concentrations. According to the previously described outward rectification current of the TRPV2 channel (Caterina et al., 1999), a 60.3% ± 9.8 mean increase of intracellular Ca2+ concentration was measured by flow cytometry when using 250 µM of tranilast as compared with untreated control in the presence of ionomycin (p = 0.02). On the contrary, for lower doses of tranilast, ionomycin exposure did not affect intracellular Ca2+ concentration, being the mean increase of 27.2% ± 8.2 (10 µM) and 22.1 ± 9.7 (50 µM) not significant (Figures 3A,B). A similar picture was observed under fluorescent microscopy (Figure 3C). Therefore, we hypothesize that, in KATO-III cells, TRPV2 maintains intracellular calcium concentration at low levels by favoring the leakage of Ca2+ ions.
[image: Figure 3]FIGURE 3 | Effect of TRPV2 chemical inhibition on intracellular calcium levels. (A) Representative flow cytometry dot plots of calcium green-1-AM staining to measure intracellular calcium levels. (B) Estimation of mean fluorescence intensity differences measured by flow cytometry among the tranilast-treated groups and control. t-test was used to perform multiple comparisons on three replicates. (C) Fluorescence microscopy evaluation of intracellular calcium levels in the presence of ionomycin (5 µM) and different concentrations of TRPV2 inhibitor (×20 magnification, Leica SP8 microscope).
TRPV2 Chemical Inhibition Reverts Resistance to Cisplatin-Induced Apoptosis of KATO-III Cells
Assuming that TRPV2 contributes to evasion from cisplatin-induced apoptosis by lowering intracellular Ca2+ levels, we evaluated whether its inhibition can overcome this mechanism of drug resistance. Thus, we cultured KATO-III cells in the presence of cisplatin (10 µM) and tranilast (250 µM) alone or in combination. After 48 h, by flow cytometry, we measured the amounts of apoptotic and necrotic cells in the three different culture conditions compared with cells in the presence of the vehicle (DMSO). We observed a significant reduction of live cells after the exposure to tranilast alone and much more when tranilast was combined with cisplatin (61.9% ± 5.2 and 52.0 ± 4.1 versus 75.2% ± 2.8). More in detail, among the different types of cell death, this drug combination mainly determined an increase of apoptosis as compared with cisplatin alone (35.2% ± 2.1 versus 14.8% ± 0.6) (p < 0.0001) (Figures 4A,B). Conversely, cisplatin alone did not significantly induce cell death in KATO-III cells, but rather we observed a reduction of apoptosis rates (annexin V and propidium iodide-stained cells) as compared with vehicle-treated cells (14.8% ± 0.6 versus 18.3% ± 1.2) (p = 0.03). Single treatment with tranilast, instead, determined a significant increase of apoptosis compared with cisplatin alone (25.7% ± 0.7 versus 14.8% ± 0.6) (p = 0.004) but with lesser extent as compared with the combination of the two drugs (35.2% ± 2.1) (p = 0.01). Regarding necrotic cell death (propidium iodide stained cells), we did not find an increase of necrosis after the exposure to tranilast alone (12.3% ± 4.6) and in combination with cisplatin (12.8% ± 3.5) as compared with cisplatin alone (8.6% ± 1.8).
[image: Figure 4]FIGURE 4 | Effect of TRPV2 chemical inhibition on apoptosis rates of KATO-III cells. (A) Representative dot plots obtained by flow cytometry measurement of Annexin V exposure and propidium iodide (PI) fluorescence in different culture conditions. (B) Statistical analysis on DMSO normalized counts (fold changes) of the different types of cell death by one-sample t-test, ANOVA, and Tukey’s post hoc tests on three replicates. (C) Representative western blot of apoptosis activation markers in KATO-III cells treated with cisplatin, tranilast, or their combination. (D) Statistical analysis on log2-transformed actin-normalized densitometry data of common apoptosis markers amounts relative to cells treated with vehicle. ANOVA and Tukey’s tests were used to assess differences among means of treated cells, whereas one-sample t-test was used for comparison with the vehicle. Data were obtained from triplicates.
We confirmed the activation of apoptosis pathway by western blot analysis of common apoptosis markers. As for flow cytometry results, we observed a significant increase of the apoptosis marker cleaved-PARP only in KATO-III cells treated with the combination of cisplatin and tranilast as compared with untreated cells (p = 0.003) or cells treated with cisplatin (p < 0.0001) and tranilast (p < 0.0001) alone. Moreover, although not significant, a concomitant 50 and 30% reduction of CASP3 was reported for tranilast alone and its combination with cisplatin, respectively (Figures 4C,D). These findings support our hypothesis for a role of TRPV2 in resistance to cisplatin-induced apoptosis and demonstrate that tranilast is capable of unlocking apoptosis pathway by inhibiting TRPV2-mediated calcium leakage.
TRPV2 Overexpression Confers a Cisplatin-Induced Apoptosis Resistant Phenotype to AGS Cells
To confirm the association of TRPV2 activity with the gain of resistance to cisplatin-induced apoptosis, we overexpressed TRPV2 in a GC cell line sensitive to cisplatin, using the vector reported in Figure 5A. To this end, we engineered the AGS cell line that, as demonstrated above, was characterized by the lowest TRPV2 expression and the highest cisplatin sensitivity (Figure 2). Through G418 selection, we generated two pools of TRPV2 expressing clones (p1_TRPV2 and p2_TRPV2) and two pools of clones carrying the empty vector (p1_eVect and p2_eVect). Subsequently, we confirmed TRPV2 protein overexpression in the two pools by ddPCR and confocal microscopy. As shown in Figure 5A, the transformed pools (p1_TRPV2 and p2_TRPV2) expressed TRPV2 mRNA at levels over 100 times higher as compared with respective eVect control. TRPV2 overexpression was confirmed at protein level by confocal microscopy (Figure 5B). The expression pattern appears similar to that of the KATO-III cell line, which constitutively expresses TRPV2 at a high level, a feature that we think to be involved in its cisplatin resistance. Mean fluorescence intensity between TRPV2 expressing pools and eVect controls was significantly different (p1_TRPV2: 101.9 ± 6.1 vs. p1_eVect: 69.8 ± 3.1 p = 0.02; p2_TRPV2: 93.6 ± 9.0 vs. p2_eVect: 50.1 ± 0.56 p = 0.02) (Figure 5C). Data were obtained from three similar areas for each cell type (p1_eVect: 639 ± 9 µm2 vs. p2_eVect: 602 ± 9 µm2 vs. p1_TRPV2: 631 ± 33 µm2 vs. p2_TRPV2: 541 ± 28 µm2 vs. KATO-III: 530 ± 28 µm2, p = ns) on images acquired with the same laser excitation intensity and CCD camera settings.
[image: Figure 5]FIGURE 5 | Exogenous expression of TRPV2 calcium channel in cisplatin-sensitive GC cell line. (A) Schematic representation of TRPV2 expression construct and evaluation of TRPV2 overexpression by ddPCR. (B) Representative images of TRPV2 exogenous expression by confocal microscopy in transformed AGS cell line pools as compared with the KATO-III cell line. (C) Quantification of TRPV2 expression in cells carrying the empty vector (p1_ and p2_eVect) or TRPV2 CDS (p1_ and p2_TRPV2) and comparison with KATO-III as reference. t-test on mean fluorescence intensity from three areas (A1, A2, and A3) was used for comparisons. Confocal specimen staining: NucBlue, rabbit anti-human TRPV2 revealed with goat anti-rabbit IgG-FITC; magnification: ×63; Leica SP8 microscope.
After exposure of TRPV2 expressing pools to cisplatin, we observed the acquisition of a cisplatin-induced apoptosis resistant phenotype as compared with their controls (Figure 6). In particular, as compared with pools carrying empty vector, exogenous expression of TRPV2 determined an increase of viable cells after cisplatin treatment of about 20% (pool1 = +15% p = 0.01; pool2 = +30%). Notably, a significant reduction of live cells in p1_eVect and p1_TRPV2 were observed when tranilast was added to cisplatin as compared with cisplatin alone. Unlike for that observed in KATO-III cells, tranilast as a single agent did not influence cell viability.
[image: Figure 6]FIGURE 6 | Effect of exogenous expression of TRPV2 calcium channel in the cisplatin-sensitive AGS GC cell line. Cisplatin-induced apoptosis in transformed AGS cell line pools expressing exogenous TRPV2 was assessed by flow cytometry. t-test was used to assess the significance of comparison between mean fold changes from three replicates (solid and dashed lines distinguish between the first and second pool).
Regarding cell death by apoptosis, overexpression of TRPV2 reduced apoptotic cells rates after exposure to cisplatin of over 30% (p1_TRPV2 vs. p1_eVect: −31%, p = 0.02; p2_TRPV2 vs. p2_eVect: −36%, p = 0.04). According to results of KATO-III cells (Figure 4B), the addition of tranilast to cisplatin significantly increased apoptosis rates, restoring the sensitivity to cisplatin-induced apoptosis in both pools of cell clones expressing exogenous TRPV2 (p1_TRPV2: +22%, p = 0.04; p2_TRPV2: +35%, p = 0.003). Notably, although there were some differences in the extent of apoptosis rates, the two TRPV2 expressing pools showed the same behavior. Moreover, the tranilast-mediated resistant phenotype reversion suggests a specific activity of this inhibitor on the TRPV2 channel.
No significant differences were observed for necrosis rates, except for the comparison between p1_eVect and p1_TRPV2 pools treated with cisplatin alone. In particular, TRPV2 exogenous expression reduced necrotic cell amount of about 57% (p = 0.02), another sign of TRPV2 role in resistance to cisplatin-induced cell death.
DISCUSSION
Several reports showed that TRPV2 is involved in the regulation of cell death or cancer migration/invasion in cancer cells (Liu and Wang, 2013; Liberati et al., 2014a; Zhou et al., 2014; Elbaz et al., 2018; Santoni and Amantini, 2019). TRPV2 may affect cancer biology through the regulation of Ca2+ signaling. Indeed, Ca2+ is the most abundant second messenger in humans, and it plays a role in the regulation of several physiological cellular processes that are commonly altered in cancer cells (Berridge et al., 2000; Xu et al., 2018). Intracellular Ca2+ concentration is maintained at very low levels. Its increments can act locally in so-called microdomains or propagate throughout the cytoplasm and elicit different responses depending on the involved cellular area (Csordás et al., 2010; Parkash and Asotra, 2010). Moreover, prolonged intracellular Ca2+ increase is toxic and drive cell death by apoptosis, a mechanism of notable relevance for cancer chemotherapy success and drug resistance (Monteith et al., 2007; Danese et al., 2017). Indeed, disruption of normal calcium homeostasis through efflux of calcium from the mitochondria is one of the cisplatin-mediated cell death mechanisms (Dasari and Tchounwou, 2014).
In the present study, we evaluated the possibility to consider TRPV2 as a candidate for targeted therapy since it is expressed at high levels in GC samples (Zoppoli et al., 2019) and it is relatively simple to target by small molecules due to its localization on the cell surface. Firstly, we demonstrated that GC samples with high expression of TRPV2 are characterized by a modulation of apoptotic process as compared with low TRPV2 expression ones (Figure 1). In particular, several antiapoptotic genes resulted in upregulation, such as BCL2, IGF1, SERPINE1, and IL6 (Pavón et al., 2015; Wei et al., 2001; Lin et al., 2001; Alexia et al., 2004). In in vitro, we observed a direct correlation of TRPV2 expression with resistance to cisplatin-induced apoptosis (Figure 2). Then, due to its outward rectification current (Caterina et al., 1999), we hypothesized that TRPV2 can confer cisplatin resistance through the efflux of Ca2+ ions, preventing its cytosolic accumulation and hence apoptosis activation. Accordingly, using ionomycin as an intracellular Ca2+ concentration inducer, we measured an increase of cytosolic Ca2+ in the presence of tranilast, a selective inhibitor of TRPV2 activity (Figure 3). Consequently, we demonstrated that tranilast, in combination with cisplatin, is capable to “unlock” apoptosis in cisplatin-resistant cells (Figure 4). Lastly, we evaluated the effect of TRPV2 overexpression in a GC cell line characterized by the highest apoptosis rates after cisplatin exposure. Notably, transformed cells acquired a cisplatin-resistant phenotype as compared with their controls carrying the empty vector (Figure 6). These results clearly show that TRPV2 promotes resistance to cisplatin-induced apoptosis in GC cells via the modulation of cytosolic Ca2+ levels. Although the present study lacks data on patient’s samples, based on our previous work, we are confident on the clinical translation of our results. Indeed, we reported that TRPV2 expression in GC patients is associated with worse prognosis, advanced pathologic stages, and, at protein level, it is expressed only in GC samples and not in normal gastric mucosa (Zoppoli et al., 2019).
The use of tranilast, initially developed as an antiallergic drug, was reported effective to inhibit the growth of various types of cancer (Darakhshan and Pour, 2015). A successful combination treatment with tranilast and cisplatin was tested on a xenograft model of scirrhous gastric cancer, in which a decrease of tumor size and an increase of apoptosis were reported (Murahashi et al., 1998). Moreover, it was reported that TRPV2 was overexpressed in leukemic blast cells compared to normal human blood cells, and TRPV2 silencing or pharmacological targeting by tranilast or SKF96365 triggered caspase-mediated apoptosis (Siveen et al., 2019). TRPV2 inhibition by tranilast was also cytotoxic and effectively decreased the number of tumor spheres in esophageal squamous cell carcinoma (Shiozaki et al., 2018). Consistent with our data, tranilast was proved effective to enhance the response to chemotherapeutic drugs in osteosarcoma cells in a dose-dependent manner, showing a synergistic effect with cisplatin and doxorubicin. In particular, consistent with our data, tranilast alone did not induce significant apoptosis, but the combination of tranilast with cisplatin induced early and late apoptotic cell death (Nakashima et al., 2019). Moreover, it was shown that, in a breast cancer mouse model, tranilast treatment upregulates p53 and induces PARP and CASP3 cleavage in in vitro, consistent with the promotion of tumor cell apoptosis (Subramaniam et al., 2010). In a recent work, through a synthetic lethality approach, the authors demonstrated that tranilast affects the expression of genes involved in several pathways that confer tolerance to cisplatin, including key platinum-transporting proteins such as ATOX1 (Mariniello et al., 2020). In this regard, since Ca2+ acts as a second messenger in several cell processes, gene expression modulation could reflect a TRPV2-mediated regulation of intracellular Ca2+ levels (De, 2011). Indeed, pathway analysis revealed that TRPV2 regulates malignant potentials of esophageal squamous cell carcinoma cells via cross-talk between the hedgehog pathway and Wnt/β-catenin signaling (Kudou et al., 2019). A contrasting role was described for TRPV2 overexpression in liver cancer in which its activity inhibited spheroid and colony formation and reduced stem cell markers expression in HepG2 cells. Indeed, blocking TRPV2 with tranilast, increased in vitro spheroid and colony formation and stem cell marker expression in liver cancer cell lines (Hu et al., 2018). Similarly, TRPV2 silencing promotes glioma cell survival and proliferation and resistance to Fas-induced apoptotic cell death in an ERK-dependent manner (Nabissi et al., 2010). However, this dual behavior of TRPV2 is not uncommon among cancer-associated genes, an example is TGFβ that can act as a tumor suppressor or tumor promoter according to the tumor stage (Cantelli et al., 2017).
In conclusion, although our study deserves further confirmation by in vivo studies and by clinical trials, we demonstrated the possible mechanism by which the pharmacological targeting of TRPV2 with tranilast can be useful to overcome drug resistance, a major limitation of current therapeutic regimens for GC. The main advantage of using tranilast in combination with other chemotherapeutics is that it is well tolerated, with no serious adverse events reported and, since it is long-lastingly used, detailed pharmacological data are available (Darakhshan and Pour, 2015).
DATA AVAILABILITY STATEMENT
The TCGA-STAD dataset analyzed in this study can be found in The Cancer Genome Atlas repository (https://www.cancer.gov/tcga). All other data generated and analyzed in this study are included in the article.
AUTHOR CONTRIBUTIONS
SL performed the overall experiments and drafted the work; PM engineered the GC cell line; VR performed flow cytometry experiments; PZ and GC analyzed results; AL collected and organized data; MC, OI, GV, and AS substantially revised the work; SR and GF conceived and designed the study, obtained funding, and drafted the work. All authors read and approved the final article.
FUNDING
The study was supported by Finanziamento Ricerca Corrente, Italian Ministry of Health; 5x1000 funds from Italian Ministry of Health; PRIN 2017 (no. 2017XJ38A4), Italian Ministry of University and Research. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the article.
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/fphar.2021.746628/full#supplementary-material
REFERENCES
 Alexia, C., Lasfer, M., and Groyer, A. (2004). Role of Constitutively Activated and Insulin-like Growth Factor-Stimulated ERK1/2 Signaling in Human Hepatoma Cell Proliferation and Apoptosis: Evidence for Heterogeneity of Tumor Cell Lines. Ann. N. Y. Acad. Sci. 1030, 219–229. doi:10.1196/annals.1329.028 
 Anderson, K. J., Cormier, R. T., and Scott, P. M. (2019). Role of Ion Channels in Gastrointestinal Cancer. World J. Gastroenterol. 25, 5732–5772. doi:10.3748/wjg.v25.i38.5732
 Bang, Y. J., Van Cutsem, E., Feyereislova, A., Chung, H. C., Shen, L., Sawaki, A., et al. (2010). Trastuzumab in Combination with Chemotherapy versus Chemotherapy Alone for Treatment of HER2-Positive Advanced Gastric or Gastro-Oesophageal junction Cancer (ToGA): a Phase 3, Open-Label, Randomised Controlled Trial. Lancet 376, 687–697. doi:10.1016/S0140-6736(10)61121-X 
 Berridge, M. J., Lipp, P., and Bootman, M. D. (2000). The Versatility and Universality of Calcium Signalling. Nat. Rev. Mol. Cel Biol. 1, 11–21. doi:10.1038/35036035
 Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 68, 394–424. doi:10.3322/caac.21492
 Cantelli, G., Crosas-Molist, E., Georgouli, M., and Sanz-Moreno, V. (2017). TGFΒ-Induced Transcription in Cancer. Semin. Cancer Biol. 42, 60–69. doi:10.1016/j.semcancer.2016.08.009 
 Caterina, M. J., Rosen, T. A., Tominaga, M., Brake, A. J., and Julius, D. (1999). A Capsaicin-Receptor Homologue with a High Threshold for Noxious Heat. Nature 398, 436–441. doi:10.1038/18906 
 Csordás, G., Várnai, P., Golenár, T., Roy, S., Purkins, G., Schneider, T. G., et al. (2010). Imaging Interorganelle Contacts and Local Calcium Dynamics at the ER-Mitochondrial Interface. Mol. Cel 39, 121–132. doi:10.1016/j.molcel.2010.06.029
 Cunningham, D., Starling, N., Rao, S., Iveson, T., Nicolson, M., Coxon, F., et al. (2008). Capecitabine and Oxaliplatin for Advanced Esophagogastric Cancer. N. Engl. J. Med. 358, 36–46. doi:10.1056/NEJMoa073149
 Danese, A., Patergnani, S., Bonora, M., Wieckowski, M. R., Previati, M., Giorgi, C., et al. (2017). Calcium Regulates Cell Death in Cancer: Roles of the Mitochondria and Mitochondria-Associated Membranes (MAMs). Biochim. Biophys. Acta Bioenerg. 1858, 615–627. doi:10.1016/j.bbabio.2017.01.003 
 Darakhshan, S., and Pour, A. B. (2015). Tranilast: a Review of its Therapeutic Applications. Pharmacol. Res. 91, 15–28. doi:10.1016/j.phrs.2014.10.009 
 Dasari, S., and Tchounwou, P. B. (2014). Cisplatin in Cancer Therapy: Molecular Mechanisms of Action. Eur. J. Pharmacol. 740, 364–378. doi:10.1016/j.ejphar.2014.07.025
 De, A. (2011). Wnt/Ca2+ Signaling Pathway: a Brief Overview. Acta Biochim. Biophys. Sin (Shanghai) 43, 745–756. doi:10.1093/abbs/gmr079 
 Ding, J., Jin, Z., Yang, X., Lou, J., Shan, W., Hu, Y., et al. (2020). Plasma Membrane Ca2+-Permeable Channels and Sodium/calcium Exchangers in Tumorigenesis and Tumor Development of the Upper Gastrointestinal Tract. Cancer Lett. 475, 14–21. doi:10.1016/j.canlet.2020.01.026 
 Elbaz, M., Ahirwar, D., Xiaoli, Z., Zhou, X., Lustberg, M., Nasser, M. W., et al. (2018). TRPV2 Is a Novel Biomarker and Therapeutic Target in Triple Negative Breast Cancer. Oncotarget 9, 33459–33470. doi:10.18632/oncotarget.9663 
 Griffin-Sobel, J. P. (2017). Gastrointestinal Cancers: Screening and Early Detection. Semin. Oncol. Nurs. 33, 165–171. doi:10.1016/j.soncn.2017.02.004 
 Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of Cancer: the Next Generation. Cell 144, 646–674. doi:10.1016/j.cell.2011.02.013 
 Hu, Z., Cao, X., Fang, Y., Liu, G., Xie, C., Qian, K., et al. (2018). Transient Receptor Potential Vanilloid-type 2 Targeting on Stemness in Liver Cancer. Biomed. Pharmacother. 105, 697–706. doi:10.1016/j.biopha.2018.06.029 
 Ilson, D. H. (2018). Advances in the Treatment of Gastric Cancer. Curr. Opin. Gastroenterol. 34, 465–468. doi:10.1097/MOG.0000000000000475 
 Jácome, A. A., Coutinho, A. K., Lima, E. M., Andrade, A. C., and Dos Santos, J. S. (2016). Personalized Medicine in Gastric Cancer: Where Are We and where Are We Going?World J. Gastroenterol. 22, 1160–1171. doi:10.3748/wjg.v22.i3.1160
 Kischel, P., Girault, A., Rodat-Despoix, L., Chamlali, M., Radoslavova, S., Abou Daya, H., et al. (2019). Ion Channels: New Actors Playing in Chemotherapeutic Resistance. Cancers (Basel) 11, 376. doi:10.3390/cancers11030376 
 Koizumi, W., Narahara, H., Hara, T., Takagane, A., Akiya, T., Takagi, M., et al. (2008). S-1 Plus Cisplatin versus S-1 Alone for First-Line Treatment of Advanced Gastric Cancer (SPIRITS Trial): a Phase III Trial. Lancet Oncol. 9, 215–221. doi:10.1016/S1470-2045(08)70035-4 
 Kudou, M., Shiozaki, A., Yamazato, Y., Katsurahara, K., Kosuga, T., Shoda, K., et al. (2019). The Expression and Role of TRPV2 in Esophageal Squamous Cell Carcinoma. Sci. Rep. 9, 16055. doi:10.1038/s41598-019-52227-0 
 Liberati, S., Morelli, M. B., Amantini, C., Farfariello, V., Santoni, M., Conti, A., et al. (2014a). Loss of TRPV2 Homeostatic Control of Cell Proliferation Drives Tumor Progression. Cells 3, 112–128. doi:10.3390/cells3010112 
 Liberati, S., Morelli, M. B., Amantini, C., Santoni, M., Nabissi, M., Cardinali, C., et al. (2014b). Advances in Transient Receptor Potential Vanilloid-2 Channel Expression and Function in Tumor Growth and Progression. Curr. Protein Pept. Sci. 15, 732–737. doi:10.2174/1389203715666140704115913 
 Lin, M. T., Juan, C. Y., Chang, K. J., Chen, W. J., and Kuo, M. L. (2001). IL-6 Inhibits Apoptosis and Retains Oxidative DNA Lesions in Human Gastric Cancer AGS Cells through Up-Regulation of Anti-apoptotic Gene Mcl-1. Carcinogenesis 22, 1947–1953. doi:10.1093/carcin/22.12.1947 
 Liu, Q., and Wang, X. (2013). Effect of TRPV2 Cation Channels on the Proliferation, Migration and Invasion of 5637 Bladder Cancer Cells. Exp. Ther. Med. 6, 1277–1282. doi:10.3892/etm.2013.1301 
 Mariniello, M., Petruzzelli, R., Wanderlingh, L. G., La Montagna, R., Carissimo, A., Pane, F., et al. (2020). Synthetic Lethality Screening Identifies FDA-Approved Drugs that Overcome ATP7B-Mediated Tolerance of Tumor Cells to Cisplatin. Cancers (Basel) 12, 608. doi:10.3390/cancers12030608 
 McGranahan, N., and Swanton, C. (2015). Biological and Therapeutic Impact of Intratumor Heterogeneity in Cancer Evolution. Cancer Cell 27, 15–26. doi:10.1016/j.ccell.2014.12.001 
 Monteith, G. R., McAndrew, D., Faddy, H. M., and Roberts-Thomson, S. J. (2007). Calcium and Cancer: Targeting Ca2+ Transport. Nat. Rev. Cancer 7, 519–530. doi:10.1038/nrc2171 
 Murahashi, K., Yashiro, M., Inoue, T., Nishimura, S., Matsuoka, T., Sawada, T., et al. (1998). Tranilast and Cisplatin as an Experimental Combination Therapy for Scirrhous Gastric Cancer. Int. J. Oncol. 13, 1235–1240. doi:10.3892/ijo.13.6.1235
 Nabissi, M., Morelli, M. B., Amantini, C., Farfariello, V., Ricci-Vitiani, L., Caprodossi, S., et al. (2010). TRPV2 Channel Negatively Controls Glioma Cell Proliferation and Resistance to Fas-Induced Apoptosis in ERK-dependent Manner. Carcinogenesis 31, 794–803. doi:10.1093/carcin/bgq019 
 Nakashima, T., Nagano, S., Setoguchi, T., Sasaki, H., Saitoh, Y., Maeda, S., et al. (2019). Tranilast Enhances the Effect of Anticancer Agents in Osteosarcoma. Oncol. Rep. 42, 176–188. doi:10.3892/or.2019.7150 
 Parkash, J., and Asotra, K. (2010). Calcium Wave Signaling in Cancer Cells. Life Sci. 87, 587–595. doi:10.1016/j.lfs.2010.09.013 
 Pavón, M. A., Arroyo-Solera, I., Téllez-Gabriel, M., León, X., Virós, D., López, M., et al. (2015). Enhanced Cell Migration and Apoptosis Resistance May Underlie the Association between High SERPINE1 Expression and Poor Outcome in Head and Neck Carcinoma Patients. Oncotarget 6, 29016–29033. doi:10.18632/oncotarget.5032 
 R Foundation for Statistical Computing, (2014). R: A Language and Environment for Statistical Computing. Vienna, Austria: R Core Team.
 RStudio, Inc. (2019). RStudio | Open Source & Professional Software for Data Science Teams. Boston, MA: RStudio Team.
 Russi, S., Calice, G., Ruggieri, V., Laurino, S., La Rocca, F., Amendola, E., et al. (2019a). Gastric normal Adjacent Mucosa versus Healthy and Cancer Tissues: Distinctive Transcriptomic Profiles and Biological Features. Cancers (Basel) 11, 1248. doi:10.3390/cancers11091248 
 Russi, S., Verma, H. K., Laurino, S., Mazzone, P., Storto, G., Nardelli, A., et al. (2019b). Adapting and Surviving: Intra and Extra-cellular Remodeling in Drug-Resistant Gastric Cancer Cells. Int. J. Mol. Sci. 20, 3736. doi:10.3390/ijms20153736 
 Santoni, G., and Amantini, C. (2019). The Transient Receptor Potential Vanilloid Type-2(TRPV2) Ion Channels in Neurogenesis andGliomagenesis: Cross-Talk between TranscriptionFactors and Signaling Molecules. Cancers (Basel) 11, 322. doi:10.3390/cancers11030322 
 Santoni, G., Morelli, M. B., Marinelli, O., Nabissi, M., Santoni, M., and Amantini, C. (2020). Calcium Signaling and the Regulation of Chemosensitivity in Cancer Cells: Role of the Transient Receptor Potential Channels. Adv. Exp. Med. Biol. 1131, 505–517. doi:10.1007/978-3-030-12457-1_20 
 Shiozaki, A., Kudou, M., Ichikawa, D., Fujiwara, H., Shimizu, H., Ishimoto, T., et al. (2018). Esophageal Cancer Stem Cells Are Suppressed by Tranilast, a TRPV2 Channel Inhibitor. J. Gastroenterol. 53, 197–207. doi:10.1007/s00535-017-1338-x
 Siveen, K. S., Prabhu, K. S., Parray, A. S., Merhi, M., Arredouani, A., Chikri, M., et al. (2019). Evaluation of Cationic Channel TRPV2 as a Novel Biomarker and Therapeutic Target in Leukemia-Implications Concerning the Resolution of Pulmonary Inflammation. Sci. Rep. 9, 1554. doi:10.1038/s41598-018-37469-8 
 Stokłosa, P., Borgström, A., Kappel, S., and Peinelt, C. (2020). TRP Channels in Digestive Tract Cancers. Int. J. Mol. Sci. 21, 1877. doi:10.3390/ijms21051877
 Subramaniam, V., Chakrabarti, R., Prud'homme, G. J., and Jothy, S. (2010). Tranilast Inhibits Cell Proliferation and Migration and Promotes Apoptosis in Murine Breast Cancer. Anticancer Drugs 21, 351–361. doi:10.1097/CAD.0b013e328334992c 
 Van Cutsem, E., Moiseyenko, V. M., Tjulandin, S., Majlis, A., Constenla, M., Boni, C., et al. (2006). Phase III Study of Docetaxel and Cisplatin Plus Fluorouracil Compared with Cisplatin and Fluorouracil as First-Line Therapy for Advanced Gastric Cancer: a Report of the V325 Study Group. J. Clin. Oncol. 24, 4991–4997. doi:10.1200/JCO.2006.06.8429
 Van Cutsem, E., Sagaert, X., Topal, B., Haustermans, K., and Prenen, H. (2016). Gastric Cancer. Lancet 388, 2654–2664. doi:10.1016/S0140-6736(16)30354-3 
 Wei, L. H., Kuo, M. L., Chen, C. A., Chou, C. H., Cheng, W. F., Chang, M. C., et al. (2001). The Anti-apoptotic Role of Interleukin-6 in Human Cervical Cancer Is Mediated by Up-Regulation of Mcl-1 through a PI 3-K/Akt Pathway. Oncogene 20, 5799–5809. doi:10.1038/sj.onc.1204733 
 Xu, M., Seas, A., Kiyani, M., Ji, K. S. Y., and Bell, H. N. (2018). A Temporal Examination of Calcium Signaling in Cancer- from Tumorigenesis, to Immune Evasion, and Metastasis. Cell Biosci 8, 25. doi:10.1186/s13578-018-0223-5 
 Yang, W., Soares, J., Greninger, P., Edelman, E. J., Lightfoot, H., Forbes, S., et al. (2013). Genomics of Drug Sensitivity in Cancer (GDSC): a Resource for Therapeutic Biomarker Discovery in Cancer Cells. Nucleic Acids Res. 41, D955–D961. doi:10.1093/nar/gks1111 
 Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R Package for Comparing Biological Themes Among Gene Clusters. OMICS 16, 284–287. doi:10.1089/omi.2011.0118 
 Zhou, K., Zhang, S. S., Yan, Y., and Zhao, S. (2014). Overexpression of Transient Receptor Potential Vanilloid 2 Is Associated with Poor Prognosis in Patients with Esophageal Squamous Cell Carcinoma. Med. Oncol. 31, 17. doi:10.1007/s12032-014-0017-5 
 Zoppoli, P., Calice, G., Laurino, S., Ruggieri, V., La Rocca, F., La Torre, G., et al. (2019). TRPV2 Calcium Channel Gene Expression and Outcomes in Gastric Cancer Patients: A Clinically Relevant Association. J. Clin. Med. 8, 662. doi:10.3390/jcm8050662 
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 © 2021 Laurino, Mazzone, Ruggieri, Zoppoli, Calice, Lapenta, Ciuffi, Ignomirelli, Vita, Sgambato, Russi and Falco. 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/fphar-12-746628-g005.gif





OPS/images/fphar-12-746628-g006.gif





OPS/images/fphar-12-746628-g003.gif
2500





OPS/images/fphar-12-746628-g004.gif





OPS/images/math_1.gif
TREV 2/DEDD) poatr e
(TRPV2IDEDD)._






OPS/xhtml/nav.xhtml
Contents

		Cover

		Cationic Channel TRPV2 Overexpression Promotes Resistance to Cisplatin-Induced Apoptosis in Gastric Cancer Cells		Introduction

		Materials and Methods		Data Collection and Processing

		Differential Gene Expression and Gene Set Analyses

		Cell Culture

		Apoptosis Assay for the Evaluation of Cisplatin-Induced Apoptosis

		Evaluation of TRPV2 Gene Expression by qRT-PCR

		Fluorescent Staining to Evaluate Free Intracellular Ca2+ Variation After TRPV2 Chemical Inhibition

		Western Blot Analyses

		Generation of a GC Cell Line Stably Overexpressing the TRPV2 Gene

		Droplet Digital PCR for TRPV2 Expression Quantification in Engineered Cells

		Fluorescent Staining for Confocal Microscopy

		Statistical Analyses





		Results		Biological Features of GC Samples with High TRPV2 Expression

		Basal TRPV2 Expression Levels in GC Cell Lines Are Associated with Resistance to Cisplatin-Induced Apoptosis

		TRPV2 Modulates Intracellular Ca2+ Levels Through the Efflux of Ions from Cells

		TRPV2 Chemical Inhibition Reverts Resistance to Cisplatin-Induced Apoptosis of KATO-III Cells

		TRPV2 Overexpression Confers a Cisplatin-Induced Apoptosis Resistant Phenotype to AGS Cells





		Discussion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Cationic Channel TRPV2
Overexpression Promotes
Resistance to Cisplatin-Induced
Apoptosis in Gastric Cancer Cells





OPS/images/fphar-12-746628-g001.gif





OPS/images/fphar-12-746628-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





