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Approximately 85% of lung cancer cases are non-small-cell lung cancer (NSCLC). Chemoresistance is a leading cause of chemotherapy failure in NSCLC treatment. Transient receptor potential cation channel subfamily V, member 1 (TRPV1), a non-selective cation channel, plays multiple roles in tumorigenesis and tumor development, including tumor cell proliferation, death, and metastasis as well as the response to therapy. In this study, we found TRPV1 expression was increased in NSCLC. TRPV1 overexpression induced cisplatin (DDP) and fluorouracil (5-FU) resistance in A549 cells independent of its channel function. TRPV1 expression was upregulated in A549-DDP/5-FU resistant cells, and DDP/5-FU sensitivity was restored by TRPV1 knockdown. TRPV1 overexpression mediated DDP and 5-FU resistance by upregulation of ABCA5 drug transporter gene expression, thereby increasing drug efflux, enhancing homologous recombination (HR) DNA repair pathway to alleviate apoptosis and activating IL-8 signaling to promote cell survival. These findings demonstrate an essential role of TRPV1 in chemoresistance in NSCLC and implicate TRPV1 as a potential chemotherapeutic target.
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Introduction

Lung cancer is recognized as a serious public health concern worldwide, with 2 206 771 new cases diagnosed, and 1 796 144 deaths recorded in 2020. Lung cancer is the second most commonly diagnosed cancer and the leading cause of cancer death (1). Based on main histotype, prognostic, and therapeutic implications, lung carcinomas are categorized as small-cell lung carcinoma (SCLC) and non-small-cell lung cancer (NSCLC), with the latter accounting for approximately 85% of lung cancer cases (2, 3). Despite considerable progress in lung cancer therapy, the prognosis of lung cancer is poor, with a 5-year survival rate of only 10% to 20% in most countries (1). NSCLC therapy is limited by chemoresistance, which is mediated by multiple mechanisms, including mutation or loss of molecular targets, induction of autophagy, increased repair of DNA damage, inactivation of apoptosis, tumor heterogeneity and IL-6 and IL-8 release (4, 5). Therefore, novel molecular strategies for diagnosis and treatment are required urgently to improve the prognosis of NSCLC patients.

TRPV1, which is also known as the capsaicin receptor and the vanilloid receptor 1 (VR1), is a cation channel that is activated by various physical and chemical stimuli including capsaicin, temperatures exceeding 43°C, acidic conditions (pH <6) and vanilloids (6–8). Activation of the TRPV1 channel induces a flux of Ca2+ and Na+ ions into cells (9, 10). Intracellular Ca2+ and Na+ overload leads to cell death (11). TRPV1 is highly expressed in small-to-medium-sized neurons of the dorsal root, trigeminal and vagal ganglia (6, 12) and is associated with pain transduction (13). Over the last two decades, TRPV1 has been shown to play multiple roles in tumorigenesis and tumor development (14, 15). Altered TRPV1 expression has been identified in numerous cancer cell types. For example, TRPV1 upregulation was verified in human pancreatic cancer, prostate carcinoma, and breast cancer (16–18). Higher TRPV1 expression has also been reported in human primary brain tumors, and its expression correlates positively with the tumor grade (19). Moreover, some studies have demonstrated that TRPV1 suppresses cancer cell proliferation and induces cell death, while TRPV1 overexpression prevents the proliferation of intestinal epithelial HCT116 cells, human pancreatic cancer PANC-1 cells, human skin carcinoma A431 cells and human melanoma A2058 and A375 cells (20–23). TRPV1 overexpression was also found to promote apoptosis of human melanoma A2058 and A375 cells and breast cancer MCF-7 cells (22, 24). However, no report demonstrated the direct relationship between TRPV1 and NSCLC. Several studies merely showed that TRPV1 ligands had anti-cancer effect independent of TRPV1 in NSCLC. For example, TRPV1 agonists (E)-capsaicin or resiniferatoxin, and antagonists capsazepine or SB366791 induced apoptosis and necrosis in NSCLC H460 cells which there is no TRPV1 expression (25). Capsazepine analogs inhibited proliferation of H460 cells independent of TRPV1 (26). To date, there is no evidence to support a direct association between TRPV1 and chemotherapy resistance, although several studies have demonstrated the impact of TRPV1 agonists and antagonists on chemotherapy. DDP toxicity in breast cancer MCF-7 cells was increased by alpha-lipoic acid (ALA)-induced TRPV1 channel activation, and this effect was reversed by the TRPV1 blocker capsazepine (27). Capsaicin treatment increased the antiproliferative effects of pirarubicin, a major drug used in urinary bladder instillation chemotherapy (28). However, treatment with a combination of doxorubicin and the TRPV1 antagonist melatonin led to higher apoptosis rates than those induced by doxorubicin alone (29). In breast cancer MCF-7 cells, the toxicity of 5-FU was reduced by the TRPV1-channel inhibitor Hypericum perforatum (30). In short, the effect of TRPV1 on chemotherapy is unclear.

In this study, we demonstrated the following results: (1) the levels of TRPV1 is higher in NSCLC; (2) TRPV1 overexpression induced DDP and 5-FU resistance in A549 cells independent of its channel function; (3) TRPV1 expression is increased in A549-DDP/5-FU resistant cells; (4) TRPV1 knockdown reversed the DDP/5-FU resistance in A549-DDP resistant cells; (5) TRPV1 overexpression induced DDP and 5-FU resistance by upregulation of the drug transporter ABCA5, enhancing DNA repair via the homologous recombination (HR) pathway, and increasing IL-8 release. Our findings clarify the roles of TRPV1 in DDP/5-FU resistance in NSCLC cells, and highlight the potential of TRPV1 as a novel prognostic factor for NSCLC progression and chemoresistance.



Materials and Methods


Molecular Cloning

For the generation of the pCDH-CMV-MCS-EF1-Puro-TRPV1-FLAG construct, the TRPV1-FLAG fragment was amplified by PCR using Q5® High-Fidelity DNA Polymerase (New England BioLabs, Ipswich, MA, USA) according to the manufacturer’s instructions, and then inserted into the pCDH-CMV-MCS-EF1-Puro vector using EcoRI and BamHI restriction enzymes. For the generation of pLKO.1-TRPV1-shRNA-1, a TRPV1-shRNA-1 double-stranded oligonucleotide was generated using oligo_ TRPV1-shRNA-1_F (5’-CCG GGC TGC TGG CCT ATG TAA TTC TCT CGA GAG AAT TAC ATA GGC CAG CAG CTT TTT G-3’) and oligo_TRPV1-shRNA-1_R (5’-AAT TCA AAA AGC TGC TGG CCT ATG TAA TTC TCT CGA GAG AAT TAC ATA GGC CAG CAG C-3’) and then ligated with pLKO.1 using EcoRI and AgeI restriction enzymes. For the generation of pLKO.1-TRPV1-shRNA-2, a TRPV1-shRNA-2 double-stranded oligonucleotide was generated using oligo_ TRPV1-shRNA-2_F (5’-CCG GAC GAG CAT GTA CAA TGA GAT TCT CGA GAA TCT CAT TGT ACA TGC TCG TTT TTT G-3’) and oligo_TRPV1-shRNA-2_R (5’-AAT TCA AAA AAC GAG CAT GTA CAA TGA GAT TCT CGA GAA TCT CAT TGT ACA TGC TCG T-3’) and then ligated with pLKO.1 using EcoRI and AgeI enzymes. For the generation of the pCDH-CMV-MCS-EF1-Puro-IL-8-myc construct, the IL-8-myc fragment was amplified by PCR and then inserted into the pCDH-CMV-MCS-EF1-Puro vector using NheI and BamHI restriction enzymes. For the generation of pLKO.1-IL-8-shRNA-1, an IL-8-shRNA-1 double-stranded oligonucleotide was generated using oligo_IL-8-shRNA-1_F (5’-CCG GGG AGT GCT AAA GAA CTT AGA TCT CGA GAT CTA AGT TCT TTA GCA CTC CTT TTT-3’) and oligo_IL-8-shRNA-1_R (5’-AAT TAA AAA GGA GTG CTA AAG AAC TTA GAT CTC GAG ATC TAA GTT CTT TAG CAC TCC-3’) and then ligated with pLKO.1 using EcoRI and AgeI restriction enzymes. For the generation of pLKO.1-IL-8-shRNA-2, an IL-8-shRNA-2 double-stranded oligonucleotide was generated using oligo_IL-8-shRNA-2_F (5’-CCG GGC ATA AAG ACA TAC TCC AAA CCT CGA GGT TTG GAG TAT GTC TTT ATG CTT TTT-3’) and oligo_IL-8-shRNA-2_R (5’-AAT TAA AAA GCA TAA AGA CAT ACT CCA AAC CTC GAG GTT TGG AGT ATG TCT TTA TGC-3’) and then ligated with pLKO.1 using EcoRI and AgeI restriction enzymes.



Cell Culture and Transfection

HEK293T, U2OS and A549 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; HyClone, Cytiva, Marlborough, MA, USA) or RPMI 1640 (HyClone) supplemented with 10% fetal bovine serum (PAN-Seratech GmbH, Aidenbach, Germany) and 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific, Grand Island, NY, USA) at 37°C under 5% CO2. For transfection experiments, cells were seeded in 6-well plates (5×105 cells/well) and incubated for 24 h before transfection with 2 μg plasmid DNA or 10 μM siRNA using Lipofectamine 3000 reagent (Invitrogen, Thermo Fisher Scientific, Grand Island, NY, USA).



Stable Cell Line Establishment

TRPV1 overexpression and TRPV1 or IL-8 knockdown cells were generated by infection with lentiviruses encoding TRPV1-FLAG, TRPV1 or IL-8 shRNAs. For production of the lentiviruses, the target plasmid was co-transfected into HEK293T cells with the pCMV delta R8.2 packaging plasmid and pCMV-VSV-G envelope plasmid. After 48 h, the supernatants were collected and filtered (pore size 0.45 μm). A549 cells were then infected with the viral supernatant fractions. At 48 h post-infection, the culture medium was replaced with fresh growth medium containing 2 μg/mL of puromycin for selection. The overexpression or knockdown efficiency was determined by qPCR, Western blotting or ELISA.



Establishment of A549-DDP and A549-5-FU Resistant Cell Lines

The parental A549 cell line, which is sensitive to both DDP and 5-FU in vitro, was firstly incubated with 0.1 μM DDP (Sigma–Aldrich, Saint Louis, MO, USA) or 0.1 μg/mL 5-FU (Sigma–Aldrich). The concentrations of DDP and 5-FU was increased until the cells exhibited normal growth characteristics. Then, the A549 cells were treated continuously with gradually increasing concentrations of DDP (0.1–4 μM) or 5-FU (0.1–3.5 μg/mL) in 12 months to induce resistance to DDP or 5-FU.



Quantitative Real-Time PCR

Total RNA was extracted from cells using TRIzol® reagent (Invitrogen). Quantitative real-time PCR amplification was carried out using ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) according to the manufacturer’s instructions. The CFX Connect Real-Time system (Bio-Rad Laboratories, Hercules, CA, USA) was used for all reactions. The following primers used: GAPDH (forward,5’-AGG TGA AGG TCG GAG TCA AC-3’; reverse, 5’- AGT TGA GGT CAA TGA AGG GG-3’), TRPV1 (forward,5’-TGG ATG GCT TGC CTC CCT TTA-3’; reverse, 5’-ACT GTA GCT GTC CAC AAA CAG-3’), IL-8 (forward, 5’-GCT CTG TGT GAA GGT GCA GT-3’; reverse, 5’-TGC ACC CAG TTT TCC TTG GG-3’), ABCA2 (forward, 5’-ACA CCT CTG GTT CTA CTC ACG G-3’; reverse, 5’-CCG ACA ATG TCT GCA CCA GTG A-3’), ABCA5 (forward, 5’-AGC TGT CAA AGG AAT GAG TGC-3’; reverse, 5’-TGC TGT TTG GCT TTG GGA TC-3’), ABCA8 (forward, 5’-ATC GGT TCC ATC CAA CAC CT-3’; reverse, 5’-GGT TGC ACA TCT TCC ACT GG-3’), ABCA12 (forward, 5’-CGG CAT TTC AGA TAC CAC CGT G-3’; reverse, 5’-CAG GAG TTG AGA TGC CAT TGG C-3’), ABCC5 (forward, 5’-GGC TGT ATT ACG GAA AGA GGC AC-3’; reverse, 5’-TCT TCT GTG AAC CAC TGG TTT CC-3’), ABCD1 (forward, 5’-CCT TCT GGA ACG CCT GTG GTA T-3’; reverse, 5’-TTC CAA GGC TGC CTT CTT CAC G-3’), TAP1 (forward, 5’-GCA GTC AAC TCC TGG ACC ACT A-3’; reverse, 5’-CAA GGT TCC CAC TGC TTA CAG C-3’).



Cell Viability Assay

Drug sensitivity was determined using the Cell Counting Kit-8 (CCK-8) (Dalian Meliun Biotech Co., Ltd., Dalian, China) assay according to the manufacturer’s instructions. Briefly, cells were seeded in 96-well plates and viability was evaluated after incubation for 72 h with DDP/5-FU. Cells were pretreated with capsaicin (50 μM, HY-10448, MedChemExpress, Monmouth Junction, NJ, USA) for 15 min, capsazepine (2 μM, HY-15640, MedChemExpress) for 2 h, and EGTA (1 μM, 03777, Sigma–Aldrich) for 2 h.



Colony Formation Assay

Cells were seeded in 6-well plates (500 cells/well for proliferation detection or 1000 cells/well for drug sensitivity detection) and cultured for 8–10 days until the colonies were observed clearly. The cells were fixed with 100% pre-cooled methanol for 15 min and then stained with 0.05% crystal violet for 15 min at room temperature (RT). The cells were washed with ddH2O and the colonies were counted, or the colonies area was quantified using AlphaView software.



Immunofluorescent Staining

Cells were seeded onto 10-mm coverslips. After 24 h, the cells were transfected with 1 μg pCDH-CMV-MCS-EF1-Puro-TRPV1-FLAG or empty vector. After 24 h, the cells were treated with DDP or 5-FU for a further 24 h. Cells were fixed with 4% paraformaldehyde for 15 min at RT and then permeabilized using PBS containing 0.1% Triton X-100 for 15 min at RT. After permeabilization, cells were blocked with PBS containing 5% bovine serum albumin (BSA) for 30 min at RT. Cells were stained with anti-FLAG (1:500 dilution; F1804; Sigma–Aldrich) and anti-γH2AX (1:500 dilution; AP0099, ABclonal Technology Co.,Ltd., Wuhan, China) antibodies in the presence of 5% BSA for 1 h at RT. Cells were washed three times with PBS (5 min/wash). Cells were then stained with Alexa Fluor® 488-AffiniPure Goat Anti-Mouse IgG (H+L) (1:400 dilution; 115-545-062; Jackson ImmunoResearch, West Grove, PA, USA) and Alexa Fluor® 546 goat anti-rabbit IgG (H+L) (1:400 dilution; A11035; Invitrogen) antibodies at RT for 1 h. After washing five times with PBS (5 min/wash), nuclei were stained with DAPI (HY-D0814, MedChemExpress). The coverslips were mounted on glass slides with 5 μl mounting medium (Life Technologies, Thermo Fisher Scientific, Grand Island, NY, USA). Images were captured using a Nikon eclipse Ti2 confocal microscope (Japan).



Western Blotting

Cells were lysed with SDS sample buffer containing 100 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol (w/v), 5% β-mercaptoethanol, and 0.02% bromophenol blue. Cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes for immunoblotting. Membranes were then incubated at 4°C overnight with the following primary antibodies: anti-FLAG (1:2,000; F1804; Sigma–Aldrich), anti-TRPV1 (1:1,000; ab111973; Abcam, Cambridge, UK), anti-β-actin (1:5,000; 66009-1-1g; Proteintech, Rosemont, IL, USA), anti-Myc (1:2,000; 2276; Cell Signaling Technology, Danvers, MA, USA), anti-β-tubulin (1:5,000; 10065-1-AP; Proteintech), anti-cleaved caspase 7 (1:1,000; 8438T; Cell Signaling Technology), anti-caspase 7 (1:1,000; 9492; Cell Signaling Technology), anti-cleaved caspase 9 (1:1,000; 7237T; Cell Signaling Technology), anti-caspase 9 (1:1,000; 9505S; Cell Signaling Technology), anti-cleaved caspase 3 (1:1,000; 9761T; Cell Signaling Technology), anti-caspase 3 (1:1,000; 9665T; Cell Signaling Technology), anti-p-p38 MAPK (T180/Y182) (1:1,000; 4511S; Cell Signaling Technology), anti-p38 MAPK (1:1,000; 8690S; Cell Signaling Technology) or anti-LC3II (1:1,000; 3868S; Cell Signaling Technology). Membranes were then incubated at RT for 2 h with the following secondary antibodies: peroxidase-conjugated AffiniPure goat anti-rabbit IgG (1:10,000; 111-035-008; Jackson ImmunoResearch) or peroxidase-conjugated AffiniPure goat anti-mouse IgG (1:10,000; 115-035-008; Jackson ImmunoResearch). Finally, immunoreactive bands were visualized by exposure of the membranes to Luminata crescendo Western HRP substrate (34577, Thermo Fisher Scientific) and imaged using the Fluor Chem Q system (protein Simple, CA, USA).



Tissue Microarray (TMA) and Immunohistochemistry (IHC)

TMA sections containing tissues from 100 human patients with lung adenocarcinoma and 53 normal lung tissues were obtained from the Second Xiangya Hospital of Central South University (Changsha, China). IHC was then performed to examine the TRPV1 expression profile. Briefly, lung cancer clinical samples and normal lung tissue were fixed and embedded in paraffin, sectioned and stained with hematoxylin and eosin. IHC staining of the paraffin-embedded tumor tissues was performed with anti-TRPV1 (1:100; ab3487; Abcam, Cambridge, UK). TRPV1 staining was scored by two independent pathologists blinded to the patient characteristics.

Staining extent was based on the percentage of TRPV1 positive cells: ≤10% (0), 11-25% (1), 26-50% (2), 51-75% (3), and >75% (4), while staining intensity was classified as 0 (negative), 1 (weak), 2 (moderate) or 3 (strong). According to these scores, the results of IHC were classified as negative (-, score 0–1), weak (+, score 2–4), moderate (++, score 5–8), or strong (+++, score 9–12).



Apoptosis

Cell apoptosis was detected using Annexin V-PE and the RedNucleus II Apoptosis Kit (A6079, US Everbright® Inc., Suzhou, China) according to the manufacturer’s instructions. Briefly, cells were seeded in 6-well plates (4×105 cells/well). After experimental treatment, the cells were collected and stained with Annexin V-PE and RedNucleus II for 20 min at RT and analyzed by flow cytometry using a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA).



DR-GFP and EJ5-GFP Assay

U2OS DR-GFP or EJ5-GFP cells were transfected with empty vector or the pCDH-CMV-MCS-EF1-Puro-TRPV1-FLAG construct 24 h before HA-I-SceI transfection. After 48 h, cells were harvested and analyzed by flow cytometry analysis using a CytoFLEX flow cytometer (Beckman Coulter). The percentage of GFP-positive cells as a measure of HR or non-homologous end-joining (NHEJ) DNA repair efficiency.



ELISA

Culture supernatants were collected from cells grown in 12-well plates. Subsequently, 10-fold serial dilutions of the culture supernatants were prepared for analysis using IL-8 Human ELISA Kits (ab46032, Abcam) according to the manufacturer’s instructions.



Xenografts in Nude Mice

Four to five weeks of male BALB/c athymic (NU/NU) mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. All animal research procedures were performed according to the protocols of the Animal Care and Use Ethics Committee of Shenzhen University Health Science Center and all animals were treated in strict accordance with protocols approved by the Institutional Animal Use Committee of the Health Science Center, Shenzhen University. The mice were injected with 5 ×106 A549-empty vector, A549- TRPV1-FLAG, A549 and A549-DDP cells. The mice were randomly divided into two groups after the diameter of the xenografted tumors had reached approximately 5 mm in diameter. The xenografted mice were then intraperitoneally administrated with 0.9% NaCl or DDP (3 mg/kg per day) for three times a week. The tumor volume was measured before every injection. Tumor volume was estimated as V = (L × W2)/2 (V, volume; L, length; W, width).



Statistical Analyses

Statistical analyses were performed using a two-tailed unpaired Student’s t -test. All experiments were performed at least three times. Results are presented as mean ± standard error of the mean (SEM). P < 0.05 was considered to indicate statistical significance.




Results


The Expression of TRPV1 Is Significantly Increased in NSCLC

TRPV1 is expressed at high levels in human primary brain tumors, pancreatic cancer squamous cell carcinoma of the tongue, prostate carcinoma and breast cancer (16–19, 31). However, the expression profile of TRPV1 in NSCLC is unclear. To determine this, we evaluated TRPV1 mRNA levels in TCGA database. This analysis showed that TRPV1 mRNA expression was significantly increased in squamous cell carcinoma (LUSC) (Figure 1A) and adenocarcinoma (LUAD) (Figure 1B). Moreover, we detected TRPV1 protein expression in a panel of NSCLC cell lines, with normal human bronchial epithelium cells (beas-2B) as a control. Even if several clinical stage information cannot be found through searching ATCC database or public database such as Cellosaurus (https://web.expasy.org/cellosaurus/), however, compared with beas-2B cells, TRPV1 protein expression was higher in NSCLC cell lines isolated from late-stage patients such as NCI-H838, NCI-H1781 and NCI-H1944 (Figure 1C). Finally, we used the Kaplan–Meier plotter on-line database (http://kmplot.com/analysis) to explore the possible association of TRPV1 with NCSLC patient survival. Of 1925 patients, patients with the high TRPV1 mRNA level expression (n = 1005) displayed worse survival than those with low TRPV1 mRNA level expression (n = 920), suggesting that low expression of TRPV1 is more beneficial for NCSLC patients’ survival (Figure 1D). In addition, to evaluate the protein expression of TRPV1 in NSCLC clinical samples, we performed IHC on 100 clinical NSCLC specimens. Significantly increased level of TRPV1 was observed in clinical NSCLC tissues compared with normal lung tissues (Figures 1E, F). The association between TRPV1 protein expression and patient survival on these 100 clinical NSCLC samples was also analyzed. We found that patients with high TRPV1 expression have a trend toward poor prognosis, however, there is no statistical significance (Figure S1). Thus, these results revealed that TRPV1 expression is significantly increased in NSCLC, which was associated with poor survival in lung cancer patients.




Figure 1 | TRPV1 expression is increased in non-small-cell lung cancer. (A) TRPV1 mRNA expression is increased in lung squamous carcinoma (LUSC) patients from TCGA database. Normal, n=49; Tumor, n=502. (B) The TRPV1 mRNA expression level is increased in lung adenocarcinoma (LUAD) patients from TCGA database. Normal, n=59; Tumor, n=535. (C) Immunoblotting analysis of TRPV1 protein expression in NSCLC cell lines; β-actin served as the loading control. (D) Kaplan–Meier plots of lung cancer patients with different TRPV1 mRNA expression (high versus low) in the KM-Plotter database (www.kmplot.com). (Analysis criteria: patients separated according to the follow-up threshold, all; optimal cutoff, auto select). (E) IHC staining showed the TRPV1 expression in NSCLC and normal lung tissues. Scale bar, 100 μm. (F) Statistical analysis of (E). Three independent experiments were performed. Data represent mean ± SD; *P < 0.05. ***P < 0.001.





TRPV1 Is Involved in DDP and 5-FU Resistance in NSCLC Cells

Chemotherapy is one of the main strategies used to treat lung cancer, although resistance to chemotherapy is an ongoing challenge because it limits the effectiveness of anticancer drugs. To investigate a potential association of TRPV1 with chemoresistance, we first established an A549 cell line stably overexpressing the TRPV1-FLAG fusion protein; the empty vector was used as a control. Successful expression of TRPV1-FLAG was confirmed by immunoblotting (Figure 2A). The CCK-8 and colony formation assays were performed using A549-TRPV1-FLAG and A549-empty-vector stable cell lines to explore the effects of TRPV1 overexpression on the sensitivity to DDP and 5-FU. Both assays suggested that TRPV1 overexpression decreased the sensitivity of A549 cells to DDP and 5-FU (Figures 2B–G). To investigate whether TRPV1 overexpression decreased the sensitivity of A549 cells to DDP and 5-FU by promoting proliferation. The CCK-8 and colony formation assays were performed to explore the role of TRPV1 overexpression on A549 cell proliferation. Both these two experiments results suggested that overexpression of TRPV1 significantly attenuated the proliferative and clonogenic capacity in A549 cells (Figures S2A–C), which indicated that the decreased the sensitivity of A549 cells to DDP and 5-FU induced by TRPV1 overexpression may not due to promoting proliferation. To confirm the protective effects of TRPV1 against DDP and 5-FU, we established DDP and 5-FU resistant cell lines and tested the resistance characteristics (Figure S3), and then detected the expression of TRPV1. Compared with parental A549 cells, we found that TRPV1 expression was upregulated at both the mRNA and protein levels in A549-DDP and A549-5-FU resistant cell lines (Figures 2H–J).




Figure 2 | TRPV1 is associated with DDP and 5-FU sensitivity alteration. (A) TRPV1 overexpression in A549 cells was confirmed by immunoblotting; β-actin served as the loading control. (B) CCK-8 assay showing that TRPV1 overexpression decreased DDP sensitivity in A549 cells. Cells were treated for 72 h. (C) CCK-8 assay showing that TRPV1 overexpression decreased 5-FU sensitivity in A549 cells. Cells were treated for 72 h. (D) Representative image of a colony formation assay of the effect of TRPV1 overexpression on DDP sensitivity in A549 cells. Cells were treated with 0.5 μM DDP. (E) Statistical analysis of C. (F) Representative image of a colony formation assay of the effect of TRPV1 overexpression on 5-FU sensitivity in A549 cells. Cells were treated with 0.15 μg/mL 5-FU. (G) Statistical analysis of (F). (H) Quantitative PCR analysis showing that TRPV1 mRNA expression is increased in A549-DDP/5-FU resistant cell lines. (I) Immunoblotting analysis of TRPV1 protein expression in A549-DDP resistant cell lines; β-actin served as the loading control. (J) Immunoblotting analysis of TRPV1 protein expression in A549-5-FU resistant cell lines; β-actin served as the loading control. (K) Immunoblotting analysis of TRPV1 knockdown efficiency; β-actin served as the loading control.(L) Representative image of a colony formation assay of the effect of TRPV1 knockdown on DDP sensitivity in A549-DDP resistance cells. Cells were treated with 4 μM DDP. (M) Statistical analysis of L. (N) Immunoblotting analysis of TRPV1 knockdown efficiency; β-actin served as the loading control. (O) Representative image of a colony formation assay of the effect of TRPV1 knockdown on 5-FU sensitivity in A549-5-FU resistance cells. Cells were treated with 3.5 μg/mL 5-FU. (P) Statistical analysis of O. Three independent experiments were performed. Data represent mean ± SEM; *P < 0.05. **P < 0.01. ***P < 0.001.



In addition, we used shRNAs to knock down TRPV1 in A549-DDP and A549-5-FU resistant cells. Western blot analysis of the efficiency of TRPV1 knockdown in A549-DDP and A549-5-FU resistant cells confirmed that TRPV1 protein levels were dramatically reduced in the A549-DDP-TRPV1-shRNA-1/2 and A549-5-FU-TRPV1-shRNA-1/2 stable cell lines (Figures 2K, N). Colony formation assays of the effect of TRPV1 knockdown on DDP and 5-FU resistance suggested that TRPV1 knockdown reversed the DDP and 5-FU resistance of A549-DDP (Figures 2L, M) and A549-5-FU (Figures 2O, P) resistant cells. Taken together, these results demonstrated the involvement of TRPV1 in DDP and 5-FU resistance in NSCLC cells.



TRPV1 Overexpression Induced DDP Resistance in a Mouse Xenograft Model

We next examined the effect of TRPV1 overexpression on DDP resistance on A549 cell xenografts in mice. Compared with empty vector group, the tumor weight of TRPV1 overexpression group was reduced and the tumor growth was inhibited (Figures 3A–C). In present of DDP, the tumor weight and growth of TRPV1 overexpression group were significant increased compared with the empty vector group (Figures 3A–C), which indicated that TRPV1 overexpression induced DDP resistance in vivo.




Figure 3 | TRPV1 overexpression induced DDP resistance in a mouse xenograft model. (A) Images of A549 empty vector and A549-TRPV1 xenografts treated with or without DDP. (B) The tumor weight of animals with A549 empty vector and A549-TRPV1 xenografts treated with or without DDP. (C) The tumor volume of A549 empty vector and A549-TRPV1 xenografts treated with or without DDP. Data represent mean ± SEM; *P < 0.05. **P < 0.01.





TRPV1 Overexpression Induces DDP and 5-FU Resistance Independent of Its Channel Function

Since TRPV1 is a non-selective cation channel that can be activated to mediate cellular influx of Ca2+ and intracellular Ca2+ homeostasis is critical for survival, we then investigated the role of this function in the ability of TRPV1 to induce chemoresistance. Capsaicin is a well-known agonist of TRPV1, and it can active TRPV1 to increase intracellular Ca2+ concentration (32, 33). First, we evaluated the effect of pretreatment with capsaicin on DDP and 5-FU resistance induced by TRPV1 overexpression. Capsaicin pretreatment had no effect on the DDP and 5-FU sensitivity and resistance induced by TRPV1 overexpression (Figures 4A, B). Capsazepine is a well-known antagonist of TRPV1 and it can inhibit the Ca2+ influx (32, 34). Similarly, pretreatment with the TRPV1 antagonist capsazepine did not alter the DDP and 5-FU sensitivity and resistance induced by TRPV1 overexpression (Figures 4C, D). Furthermore, capsaicin and capsazepine did not change the DDP and 5-FU resistance of the A549-DDP and A549-5-FU resistant cell lines (Figures 4G–J). These results suggested that activation/inhibition the TRPV1 ion channel by capsaicin/capsazepine had no effect on the chemoresistance induced by TRPV1 overexpression.




Figure 4 | TRPV1 overexpression induced DDP and 5-FU resistance independent of its channel function. (A, B) CCK-8 assay showing that capsaicin treatment has no effect on DDP or 5-FU sensitivity and resistance induced by TRPV1 overexpression. (C,D) CCK-8 assay showing that capsazepine treatment has no effect on DDP or 5-FU sensitivity and resistance induced in A549 cells by TRPV1 overexpression. (E, F) CCK-8 assay showing that TRPV1 overexpression still decreased DDP and 5-FU sensitivity of A549 cells cultured in the presence of EGTA. (G, H) CCK-8 assay showing that capsaicin treatment has no effect on DDP or 5-FU sensitivity of A549-DDP/5-FU resistant cells. (I, J) CCK-8 assay showing that capsazepine treatment has no effect on DDP or 5-FU sensitivity of A549-DDP/5-FU resistance cells. (K, L) CCK-8 assay showing that EGTA treatment has no effect on DDP or 5-FU sensitivity of A549-DDP/5-FU resistant cells. (M, N) CCK-8 assay showing that TRPV1 overexpression induced DDP or 5-FU resistance independent of the calcium signaling pathway. Three independent experiments were performed. Statistical significance was determined using Student’s t test. Data represent mean ± SEM. **P < 0.01. ***P < 0.001.



We next sought to investigate whether the effect of TRPV1 overexpression on chemoresistance is associated with the Ca2+ signaling pathway using EGTA to chelate extracellular Ca2+. In the absence of extracellular Ca2+, TRPV1 overexpression still induced DDP and 5-FU resistance (Figures 4E, F). Moreover, EGTA pretreatment had no effect on the DDP and 5-FU resistance of the A549-DDP and A549-5-FU resistant cell lines (Figures 4K, L). To further address the implication of TRPV1 in chemoresistance-induced Ca2+ influx, we explored the impact of full-length TRPV1 WT, TRPV1-Y671K (a TRPV1 mutant with defective Ca2+ permeability) or TRPV1-Y671D (a TRPV1 mutant with normal Ca2+ permeability) overexpression in A549 cells. Overexpression of TRPV1-Y671K and TRPV1-Y671D decreased DDP and 5-FU sensitivity to the degree that was comparable to that of TRPV1 WT (Figures 4M, N).

These results indicated that TRPV1 induced chemoresistance via a mechanism that is independent of the Ca2+ signaling pathway.



TRPV1 Overexpression Induces DDP and 5-FU Resistance by Upregulation of Drug Transporters

A variety of factors contribute to drug resistance, including induction of autophagy, inactivation of apoptosis, increased repair of DNA damage and drug efflux and metabolism (4). To explore the mechanism of TRPV1-mediated DDP and 5-FU resistance, we performed RNA sequencing. Kyoto Genes and Genomes (KEGG) pathway enrichment analysis of the differentially expressed genes associated with TRPV1 overexpression compared with the empty vector control revealed numerous enrichment-related pathways. Among the upregulated pathways, the top 15 pathways in Homo sapiens are listed (Figure S4A). Of Which, homologous recombination, nucleotide excision repair, non-homologous end-joining, mismatch repair, base excision repair and ABC transporters may involve in chemoresistance mediated by TRPV1. The significant pathways of differentially upregulated mRNAs in the TRPV1 overexpression + 5-FU group compared with the empty vector + 5-FU group are listed (Figure S4B). Among them, homologous recombination, nucleotide excision repair, non-homologous end-joining, base excision repair and ABC transporters may involve in 5-FU resistance mediated by TRPV1.

The ABC transporters ABCA2, ABCA5, ABCA8, ABCA12, ABCC5, ABCD1 and TAP1 were upregulated by TRPV1 overexpression with or without 5-FU treatment. To determine whether these ABC transporters are involved in DDP/5-FU resistance induced by TRPV1 overexpression, we performed quantitative PCR analysis of their expression in A549-DDP/5-FU resistant cells and A549 cells overexpressing TRPV1 and treated with or without DDP/5-FU.

ABCA2, ABCA5, ABCA8, ABCA12, ABCC5, ABCD1 and TAP1 were expressed at very high levels in A549-DDP resistant cells and A549-5-FU resistant cells (Figures 5A–G). After TRPV1 overexpression, the mRNA levels of ABCA2, ABCA5, ABCA8, ABCC5 and TAP1 were increased, while only ABCA5 expression was increased in TRPV1 overexpressing cells treated with DDP (Figures 5H–N). In the DMSO control group, TRPV1 overexpression caused ABCA2, ABCA5, ABCC5, ABCD1 and TAP1 mRNA upregulation. However, following 5-FU treatment, the mRNA expression of ABCA2, ABCA5, ABCA8, ABCA12, ABCC5, ABCD1 and TAP1 was enhanced by TRPV1 overexpression (Figures 5O–U). Only ABCA5 upregulation was induced in cells overexpressing TRPV1 and treated with DDP or 5-FU (Figures 5I, P).




Figure 5 | TRPV1 promotes DDP/5-FU resistance through upregulation of the expression of ABC drug transporters. (A-G) Quantitative PCR analysis of the expression of ABC transporter genes in A549 cells (azure bars) and A549-DDP/5-FU resistant cells (purple bars). (H-U) Quantitative PCR analysis of the expression of ABC transporter genes in A549 cells transfected with the empty vector (red bars) or stably overexpressing TRPV1 (blue bars) and treated with or without DDP/5-FU. Cells were treated with DDP (1 μM) or 5-FU (0.5 μg/mL) for 24 h. (V) Quantitative PCR analysis of ABCA5 knockdown efficiency. (W) CCK-8 assay of the effect of ABCA5 knockdown on DDP resistance induced by TRPV1 overexpression. ABCA5 knockdown partially reversed DDP resistance induced by TRPV1 overexpression. Cells were treated with 1.25 μM DDP for 72 h. (X) CCK-8 assay of the effect of ABCA5 knockdown on 5-FU resistance induced by TRPV1 overexpression. ABCA5 knockdown partially reversed 5-FU resistance induced by TRPV1 overexpression. Cells were treated with 0.3125 μg/mL 5-FU for 72 h. Three independent experiments were performed. Statistical significance was determined using Student’s t test. Data represent mean ± SEM. *P < 0.05. **P < 0.01. ***P < 0.001. ns, not statistically significant.



To investigate the effect of ABCA5 on the DDP and 5-FU resistance mediated by TRPV1, we analyzed the changes in DDP and 5-FU sensitivity following TRPV1 overexpression in cells with ABCA5 knockdown. CCK-8 assays showed that ABCA5 knockdown partially reversed the DDP and 5-FU resistance mediated by TRPV1 overexpression (Figures 5W, X). The efficiency of siRNA-mediated ABCA5 knockdown was confirmed by quantitative PCR analysis (Figure 5V). These data indicated that the ABCA5 drug transporter regulates the DDP and 5-FU resistance mediated by TRPV1 overexpression.



TRPV1 Overexpression Induces DDP and 5-FU Resistance by Enhancing HR DNA Repair

DDP and 5-FU treatment are known to cause DNA damage and numerous DNA repair pathways are involved in the responses to such treatment (35, 36). RNA sequencing analysis showed that TRPV1 overexpression enriches genes involved in DNA repair with or without 5-FU treatment, indicating that TRPV1 overexpression induces chemoresistance by enhancing DNA repair. To test this hypothesis, we examined the effect of TRPV1 overexpression on γH2AX foci formation induced by DDP and 5-FU. These foci, which are formed by phosphorylation of the Ser-139 residue of H2AX, are recognized as markers of DNA damage (37). Confocal microscopy evaluation showed that TRPV1 overexpression decreased the number of γH2AX foci induced by DDP and 5-FU (Figures 6A–D). Furthermore, TRPV1 knockdown in A549-DDP/5-FU resistant cells increased the number of γH2AX foci induced by DDP and 5-FU (Figures 6E–H).




Figure 6 | TRPV1 overexpression increased DNA repair via the HR pathway. (A) TRPV1 overexpression decreased the number of γH2AX foci induced in A549 cells by DDP treatment (1 μM) for 24 h. Scale bar, 10 μm. (B) Statistical analysis of A. At least 100 transfected cells were analyzed. (C) TRPV1 overexpression decreased the number of γH2AX foci induced in A549 cells by 5-FU treatment (0.5 μg/mL) for 24 h. Scale bar, 10 μm. (D) Statistical analysis of C. At least 100 transfected cells were analyzed. (E) TRPV1 knockdown increased the number of γH2AX foci induced in A549-DDP resistant cells by DDP treatment (4 μM) for 24 h. Scale bar, 10 μm. (F) Statistical analysis of E. At least 100 cells were analyzed. (G) TRPV1 knockdown increased the number of γH2AX foci induced in A549-5-FU resistant cells by 5-FU treatment (3.5 μg/mL) for 24 h. Scale bar, 10 μm. (H) Statistical analysis of (G). At least 100 cells were analyzed. (I) Flow cytometric DR-GFP reporter assay showing that TRPV1 overexpression increased HR DNA repair efficacy. (J) Statistical analysis of I. (K) Flow cytometric EJ5-GFP reported assay showing that TRPV1 overexpression had no effect on NHEJ DNA repair efficacy. (L) Statistical analysis of (K). Three independent experiments were performed. Statistical significance was determined using Student’s t test. Data represent mean ± SEM; *P < 0.05. **P < 0.01. ***P < 0.001. ns, not statistically significant.



DNA double-strand breaks (DSBs) are repaired mainly by the HR and NHEJ pathways (38). To determine the involvement of TRPV1 in these pathways, we employed the DR-GFP and EJ5-GFP reporter systems to measure the HR and NHEJ activity, respectively, after TRPV1 overexpression.

DR-GFP contains two differentially mutated green fluorescent protein (GFP) genes. Transient expression of the rare-cutting I-SceI endonuclease produces a DSB in the upstream GFP gene. Functional GFP expression can only be restored by HR repair using the downstream GFP sequence and GFP-positive (GFP+) cells can be quantified by flow cytometry (39). The TRPV1 construct or the empty vector were transfected into U2OS-DR-GFP cells harboring a single chromosomally integrated copy of the DR-GFP construct (40). After 24 h, the cells were transfected with I-SceI. Flow cytometric analysis showed that the percentage of GFP+ cells was significantly increased in TRPV1 transfected cells after exogenous expression of I-SceI, indicating an enhancement of the HR repair pathway after TRPV1 overexpression (Figures 6I, J).

EJ5-GFP is composed of a promoter that is separated from a GFP open reading frame by a puro gene that is flanked by two I-SceI sites in the same orientation. GFP can only be expressed after the puro gene is excised by NHEJ repair of the two I-SceI-induced DSBs (41). In contrast to the results of the DR-GFP reporter assay, there were no significant differences in the percentage of GFP+ cells after TRPV1 overexpression in U2OS cells stably transfected with the EJ5-GFP construct (Figures 6K, L).

These results suggested that TRPV1 overexpression promotes DNA repair by HR rather than NHEJ.



TRPV1 Overexpression Alleviates Apoptosis Induced by DDP and 5-FU

DNA damage can trigger apoptosis (42). Repair of damaged DNA is important in preventing apoptosis. To determine the effect of TRPV1 overexpression on apoptosis induced by DDP and 5-FU, we treated the A549-empty vector and A549-TRPV1 cells with DDP or 5-FU, and then determined the percentage of apoptotic cells by flow cytometry. Both the percentage of early and late apoptotic cells was analyzed, and the result suggested that TRPV1 overexpression reduced the percentage of apoptotic cells stimulated by DDP and 5-FU treatment (Figures 7A–D).




Figure 7 | TRPV1 overexpression alleviated apoptosis induced by DDP and 5-FU. (A) Flow cytometric analysis showing that TRPV1 overexpression attenuated apoptosis induced by DDP treatment (20 μM) for 24 h. (B) Statistical analysis of (A). (C) Flow cytometric analysis showing that TRPV1 overexpression attenuated apoptosis induced by 5-FU treatment (160 μg/mL) for 24 h. (D) Statistical analysis of (C). (E) Western blot analysis showing that TRPV1 overexpression decreased the levels of cleaved caspase 7, 9 and 3 proteins induced by DDP treatment (20 μM) for 24 h; β-tubulin served as the loading control. (F) Western blot analysis showing that TRPV1 overexpression decreased the levels of cleaved caspase 7, 9 and 3 proteins level induced by 5-FU treatment (160 μg/mL) for 24 h; β-tubulin served as the loading control. Three independent experiments were performed. Data represent mean ± SEM; **P < 0.01. ***P < 0.001.



To further investigate the effect of TRPV1 overexpression on DDP/5-FU-mediated apoptosis, we evaluated caspase 3, 7 and 9 activation by Western blot analysis. TRPV1 overexpression decreased the levels of cleaved caspase 3, 7 and 9 level stimulated by DDP (Figure 7E) and 5-FU (Figure 7F).

These results demonstrated that TRPV1 overexpression alleviates the apoptosis induced by DDP and 5-FU.



TRPV1 Overexpression Induces DDP and 5-FU Resistance by Upregulation of IL-8 Expression

RNA sequencing analysis showed that IL-8 mRNA expression was dramatically upregulated by TRPV1 overexpression with or without 5-FU treatment. IL-8 knockdown has been reported to abrogate chemoresistance of docetaxel in breast cancer cells (5). Therefore, we hypothesized that TRPV1 overexpression induces DDP/5-FU resistance via upregulation of IL-8 expression. First, we evaluated the IL-8 mRNA and protein expression after TRPV1 overexpression in A549 cells by quantitative PCR and ELISA, respectively. TRPV1 overexpression upregulated IL-8 expression at both the RNA and protein levels in the presence and absence of DDP/5-FU (Figures 8A–D). In addition, higher mRNA and protein expression of IL-8 was detected in A549-DDP and A549-5-FU resistant cells compared with A549 parental cells (Figures 8E, F). To investigate the function of the high IL-8 expression in chemoresistance, we investigated the effect of IL-8 overexpression on DDP/5-FU sensitivity of A549 cells using CCK-8 assay. IL-8 overexpression decreased the sensitivity of A549 cells to DDP (Figure 8G) and 5-FU (Figure 8H). IL-8 overexpression was confirmed by Western blotting (Figure 8I).




Figure 8 | TRPV1 overexpression induced DDP and 5-FU resistance through upregulation of IL-8 expression. (A-D) Quantitative PCR and ELISA analysis showing that TRPV1 overexpression increased IL-8 mRNA expression and secretion with or without DDP treatment (1 μM) or 5-FU treatment (0.5 μg/mL) for 24 h. (E, F) Quantitative PCR and ELISA analysis showing that IL-8 mRNA expression and secretion were increased in A549-DDP and A549-5-FU resistant cells. (G, H) CCK-8 assay showing that IL-8 overexpression decreased DDP and 5-FU sensitivity in A549 cells. (I) Western blot analysis showing IL-8 overexpression in A549 cells; β-actin served as the loading control. (J–M) Quantitative PCR and ELISA analysis showing that IL-8 mRNA expression and secretion were decreased in A549-DDP and A549-5-FU resistant cells after TRPV1 knockdown. (N, O) Quantitative PCR and ELISA analysis of IL-8 knockdown efficiency in A549 cells. (P, Q) CCK-8 assay showing that IL-8 knockdown reversed DDP and 5-FU resistance induced by TRPV1 overexpression. Cells were treated with DDP (2.5 μM) or 5-FU (0.625 μg/mL) for 72 h. (R, S) CCK-8 assay showing that inhibition of IL-8 receptors partially reversed DDP and 5-FU resistance induced by TRPV1 overexpression. Cells were treated with DDP (1.25 μM)/5-FU (0.3125 μg/mL) and SCH563705 (20 μM) for 72 h. (T) Western blot analysis showing that TRPV1 overexpression caused p38 activation. Cells were treated with ralimetinib (0.5μM) for 24 h. (U, V) Quantitative PCR and ELISA analysis showing that the upregulation of IL-8 mRNA expression and secretion level mediated by TRPV1 overexpression were reduced by treatment with ralimetinib (0.5 μM) for 24h. Three independent experiments were performed. Statistical significance was determined using Student’s t test. Data represent mean ± SEM; *P < 0.05. **P < 0.01. ***P < 0.001.



Next, we sought to confirm that the upregulation of IL-8 expression in A549-DDP and A549-5-FU resistant cells is due to the high expression of TRPV1. Following knockdown of TRPV1 in A549-DDP and A549-5-FU resistant cells, quantitative PCR and ELISA analyses showed that IL-8 expression was decreased at both the mRNA and protein levels (Figures 8J–M). These results indicated that TRPV1 mediated IL-8 upregulation in A549-DDP and A549-5-FU resistant cells.

We next assessed the effect of IL-8 knockdown on DDP and 5-FU resistance induced by TRPV1 overexpression. CCK-8 assays suggested that IL-8 knockdown abolished the DDP and 5-FU resistance induced by TRPV1 overexpression (Figures 8P, Q). The IL-8 knockdown efficiency after shRNA transfection was confirmed by quantitative PCR and ELISA (Figures 8N, O). To further determine the influence of IL-8 signaling of DDP/5-FU resistance induced by TRPV1 overexpression, we employed an IL-8 receptor A/B antagonist SCH563705, CCK-8 assays showed that blockade of IL-8 A/B receptors partially reversed DDP and 5-FU resistance induced by TRPV1 overexpression (Figures 8R, S). Thus, we confirmed that inhibition of IL-8 A/B receptors can reverse the acquisition of chemoresistance mediated by TRPV1 overexpression.

It has been reported that capsaicin-stimulated activation of TRPV1 induced IL-8 release through p38 MAPK signaling in human corneal epithelial cell (43). In this study, we found that TRPV1 overexpression enhanced p38 phosphorylation, while the p38 MAPK inhibitor ralimetinib abolished the p38 activation caused by TRPV1 overexpression (Figure 8T). Ralimetinib treatment also reversed the upregulation of IL-8 mRNA expression and protein secretion mediated by TRPV1 overexpression (Figures 8U, V). These results indicated that the TRPV1-induced upregulation of IL-8 expression is mediated via p38 MAPK signaling.

Taken together, our results demonstrated that TRPV1 overexpression stimulates p38 MAPK activation and leads to IL-8 expression upregulation, finally resulting in DDP and 5-FU resistance.




Discussion

In present study, we aim to investigate the role and mechanism of TRPV1 in chemoresistance in NSCLC. we first showed that TRPV1 is upregulated significantly in NSCLC. We also demonstrated that TRPV1 overexpression decreased the sensitivity of NSCLC cells to DDP and 5-FU via a mechanism that is independent of its channel activity and the Ca2+ signaling pathway. Overall, we conclude that TRPV1 mediates DDP and 5-FU resistance through upregulation drug transporter ABCA5 expression, activation of the HR DNA repair pathway and increase of IL-8 expression.

To date, the expression and role of TRPV1 in NSCLC has not been elucidated. In this study, we discovered that TRPV1 expression is significantly upregulated in NSCLC, thus providing further evidence that altered TRPV1 expression in cancer is tumor-type specific. Our analysis of TRPV1 mRNA levels in the TCGA database showed that TRPV1 expression is increased in human NSCLC. Moreover, TRPV1 expression correlates negatively with survival, implying that TRPV1 might act as an oncogene in NSCLC. Simultaneously, the protein level of TRPV1 is upregulated in NSCLC clinical samples, and high expression of TRPV1 showed a tendency towards a poor prognosis, which indicated that TRPV1 expression could contribute to NSCLC progression. There is some evidence associating TRPV1 expression with the efficiency of radiotherapy and chemotherapy, and several investigators have reported the impact of TRPV1 agonists and antagonists on these treatments. For example, the TRPV1 channel inhibitors capsazepine, SB366791, AMG9810, and BCTC were reported to increase γ-ray-induced DNA damage in A549 cells, thus indicating that TRPV1 antagonists may increase the efficacy of radiotherapy (44). Capsaicin enhanced the antiproliferative effects of pirarubicin by activating TRPV1 in human bladder transitional cell carcinoma 5637 cells (28). The toxicity of DDP was increased by ALA-mediated TRPV1-channel activation in breast cancer MCF-7 cells (27). The TRPV1 antagonist melatonin increased the pro-apoptotic efficacy of doxorubicin in human breast cancer MCF-7 cells (29). However, in the same cell line, the TRPV1-channel inhibitor Hypericum perforatum reduced the toxicity of 5-FU (30). These studies suggested that TRPV1 agonists act synergistically with chemotherapeutic drugs in cancer therapy, while the roles of TRPV1 antagonists are controversial. In the present study, we demonstrated a direct association between TRPV1 expression and chemoresistance. We found that TRPV1 overexpression induced DDP and 5-FU resistance in vitro and in vivo. Furthermore, TRPV1 expression was upregulated in A549-DDP and A549-5-FU resistant cells, and TRPV1 knockdown re-sensitized resistant cells to DDP and 5-FU. This evidence verified the role of TRPV1 in promoting DDP/5-FU-resistance in A549 cells. However, TRPV1 activation or inhibition did not alter the degree of DDP/5-FU-resistance induced by TRPV1 overexpression. In fact, the effects of TRPV1 agonists/antagonists on cancer have been found to be highly complex, in that both agonists and antagonists may possess anti-cancer effects, and the effects may function via TRPV1 or independently of TRPV1 (45). Moreover, removal of extracellular Ca2+ or blockade of the Ca2+ permeability of TRPV1 also had no effect on the degree of DDP/5-FU-resistance induced by TRPV1 overexpression. In addition, we found TRPV1 localized in endoplasmic reticulum (Figure S5), which is consistent with the previous reports (46–48). Therefore, we conclude that TRPV1 induces chemoresistance independently of its ion channel function.

Our RNA sequencing analysis indicated that TRPV1 overexpression induced chemoresistance through upregulation of the expression of ABC drug transporters and IL-8, and enhanced DNA repair. The ABC transporters mediate drug efflux from cells; thus, upregulation of ABC transporters contributes to the development of multidrug resistance (MDR). DDP is transported by ABCC2 and ABCB5 (49, 50), while ABCC1 mediates the efflux of 5-FU (51). However, TRPV1 overexpression had no effect on the expression of ABCC1, ABCB5 and ABCC2 in our study (data not shown). In contrast, we showed that expression of ABCA2, ABCA5, ABCA8, ABCA12, ABCC5, ABCD1 and TAP1 was increased dramatically in A549-DDP/5-FU resistant cells. Moreover, we found that TRPV1 overexpression elevated the expression of ABCA5 with or without DDP and 5-FU treatment, and ABCA5 knockdown partially reversed the DDP and 5-FU resistance induced by TRPV1 overexpression. ABCA5 was reported to be expressed at high levels in mouse lung (52). Thus, TRPV1 is implicated as a key protein that regulates ABCA5 expression and DDP and 5-FU resistance in A549 cells.

DNA repair via the HR pathway plays a crucial role in maintaining cell survival following exposure to DNA-damaging agents (53). In the present study, we first found that TRPV1 overexpression reduced the number of γH2AX foci induced by DDP and 5-FU in sensitive cells, while the number was increased by TRPV1 knockdown in resistant cells. These data indicated that TRPV1 confers chemoresistance through its role in DNA repair. The ability of pretreatment with the TRPV1 channel inhibitors capsazepine, SB366791, AMG9810, and BCTC to increase γ-ray-induced DNA damage in A549 cells, indicates that TRPV1 antagonists may serve as radiosensitizers (44). However, whether these antagonists function through TRPV1 is unknown. In addition, TRPV1 channel activity is not involved in chemoresistance in our model. We also demonstrated that TRPV1 plays a positive role in DNA repair through HR rather than NHEJ. Thus, we identified a novel function of TRPV1 in HR DNA repair and chemotherapeutic drug sensitivity.

In this study, we also demonstrated that IL-8 expression was increased in A549-DDP/5-FU resistant cells, and IL-8 overexpression induced DDP and 5-FU resistance. This result is consistent with previous studies on the association between IL-8 and chemoresistance. For instance, IL-8 expression is higher in the DDP resistant ovarian cancer lines PEA2 and PEO23, and IL-8 knockdown re-sensitized resistant cell lines to DDP (54). IL-8 secretion is significantly increased in 5-FU-resistant human colorectal carcinoma cells HCT116 (55). IL-8 was found to be highly expressed in cancer-associated fibroblasts in the gastric cancer tissues of chemoresistant patients, and IL-8 was shown to promote DDP resistance in the human gastric cancer cell lines AGS and MGC-803 (56). Importantly, TRPV1 overexpression elevated IL-8 mRNA expression and protein secretion in A549 cells. Furthermore, high expression of IL-8 in A549-DDP and A549-5-FU resistant cells was shown to be caused by upregulated TRPV1 expression. Additionally, depletion of IL-8 reversed the DDP/5-FU resistance induced by TRPV1 overexpression. This evidence confirms that TRPV1 overexpression confers DDP/5-FU resistance by upregulating IL-8 expression. The biological functions of IL-8 are mediated via two receptors, CXCR1 and CXCR2. Several previous studies have demonstrated that IL-8 receptors play a role in chemoresistance (54, 55). Therefore, we continued to investigate the roles of the CXCR1/2 in TRPV1-mediated chemoresistance. In accordance with previous reports, we found that inhibition of CXCR1/2 partially eliminated the DDP/5-FU resistance induced by TRPV1. Simultaneously, we investigated the mechanism underlying the role of TRPV1 in the upregulation of IL-8 expression. One study showed that capsaicin activated TRPV1 to induce IL-8 release via the MAPK signaling pathway in human corneal epithelial cells (43). Our RNA sequencing analysis also showed that TRPV1 overexpression activated MAPK signaling. Further investigations indicated that TRPV1 overexpression activated the p38 MAPK pathway in A549 cells. Thus, our results demonstrate a link between DDP/5-FU resistance mediated by TRPV1 and enhanced IL-8 signaling activity.

Autophagy is one of the most important mechanisms underlying the resistance of cancer cells to chemotherapeutic agents. Suppression of autophagy with inhibitors or knockdown of autophagy-related genes increases the sensitivity of cancer cells to drugs (57). For instance, knockdown of Atg7 enhances the sensitivity of acute myeloid leukemia to cytarabine and idarubicin (58). Inhibition of autophagy by 3-MA enhances the therapeutic efficacy of DDP and 5-FU in esophageal squamous cell carcinoma and colon cancer, respectively (59, 60). It has been reported that thymocytes from TRPV1 knockout mice display autophagy dysfunction, indicating that TRPV1 plays a positive role in this process (61). In accordance with this finding, we showed that TRPV1 overexpression increased autophagy (Figures S6A, B). However, suppression of autophagy with the inhibitors chloroquine (CQ) and 3-MA did not reverse the DDP and 5-FU resistance mediated by TRPV1 overexpression (Figures S6C–F). Thus, we conclude that TRPV1 overexpression induces chemoresistance independently of autophagy.

In conclusion, we show that TRPV1 is expressed at high levels in lung cancer and A549-DDP/5-FU resistant cells. Furthermore, TRPV1 overexpression induced chemoresistance through upregulation of the ABCA5 drug transporter, enhancement of HR DNA repair and activation of the p38 MAPK signaling pathway to increase IL-8 release in lung cancer A549 cells (Figure 9). Our study provides further clarification of the role of TRPV1 in modulating the sensitivity of lung cancer cells to chemotherapeutic agents and highlights its potential as a novel therapeutic target for lung cancer.




Figure 9 | Working model of the mechanism by which TRPV1 regulates chemoresistance in A549 cells. In sensitive NSCLC cells, DDP or 5-FU induces DNA damage, resulting in cell death. In DDP/5-FU sensitive cells with TRPV1 overexpression and in DDP/5-FU resistant cells, high levels of TRPV1 increase ABCA5 drug transporter expression resulting in increased drug efflux, enhances HR DNA repair efficiency subsequently leading to cell apoptosis inhibition, activates the p38 MAPK signaling pathway and increases IL-8 secretion to promote cell survival. Through the above three ways, TRPV1 finally induces chemoresistance. In addition, partial of IL-8 induces chemoresistance via CXCR1/2 receptors.
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