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The multireceptor tyrosine kinase inhibitor sorafenib is a Food and Drug Administration-approved first-line drug for the treatment of advanced liver cancer that can reportedly extend overall survival in patients with advanced hepatocellular carcinoma (HCC). Primary and acquired resistance to sorafenib are gradually increasing however, leading to failure of HCC treatment with sorafenib. It is therefore crucial to study the potential mechanism of sorafenib resistance. The results of the current study indicate that neurite outgrowth inhibitor protein B receptor (NgBR) is overexpressed in cultured sorafenib-resistant cells, and that its expression is negatively correlated with the sensitivity of liver cancer cells to sorafenib. Artesunate can inhibit the expression of NgBR, and it may block sorafenib resistance. Herein we report that sorafenib treatment in combination with artesunate overcomes HCC resistance to sorafenib alone in a cell culture model.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is a primary solid tumor that develops chemoresistance. This limits the number of effective interventions for advanced HCC, leading to over 700,000 deaths annually around the world (Fukui et al., 2018). In early stages HCC can be treated using tumor resection, ablation, or liver transplantation (Díaz-González et al., 2020). The successful development of molecularly targeted drugs has reportedly extended the overall survival of patients with chronic liver cancer (Al-Salama et al., 2019).
The multityrosine kinase inhibitor sorafenib was the first small-molecule-targeted drug that demonstrably extended the overall survival of advanced HCC patients (Gramantieri et al., 2020). In the last decade it has been widely used as the first-line therapeutic drug for the treatment of chronic HCC (Wang et al., 2020). Most patients with advanced HCC develop resistance to sorafenib early during treatment, and thus do not benefit from it in the long term (Zhang et al., 2020). A previous report has demonstrated the role of mitogen-activated protein kinase 14 (MAPK14) activation in the development of sorafenib resistance in HCC (Rudalska et al., 2014). MAPK14 activation in HCC cells was associated with no response to sorafenib in a murine model of tumor development and treatment with sorafenib (Hashiba et al., 2020). In other studies persistent activation of mitogen-activated protein kinase (MAPK kinase)/extracellular signal-regulated kinase (MEK/ERK) signaling pathways was evident in HCC due to the development of sorafenib resistance (Sung et al., 2018; Ghousein et al., 2020).
Artesunate is one of the derivatives of artemisinin, and it can inhibit tumor cell proliferation, tumor angiogenesis, tumor invasion, and metastasis. It can also induce tumor cell apoptosis, regulate cell signal transduction, reverse drug resistance, and enhance sensitization to anti-tumor chemotherapeutic drugs (Ji et al., 2019). The anti-cancer effects of artesunate have been confirmed in liver cancer (Yao et al., 2020), ovarian cancer, and breast cancer cells (Zhang et al., 2018). Previous work in our laboratory confirmed that artesunate can regulate and inactivate MEK/ERK signaling, and inhibit the propagation of liver cancer cells. Because sorafenib does not directly act on the MEK/ERK signaling pathway, we speculate that artesunate may synergistically enhance the sensitivity of liver cancer cells to sorafenib.
Reticulons are a relatively newly characterized eukaryotic gene family, and they are widely distributed in plants, animals, and yeasts (Oertle et al., 2003). Neurite outgrowth inhibitor (Nogo) proteins, also known as reticulon-4, are myelin-associated glycoproteins. Three Nogo protein subtypes are generated via differences in the transcription and splicing process, Nogo-A, Nogo-B, and Nogo-C, which contain 1,192, 373, and 199 residues respectively. These three translational products differ but they are all distributed in the endoplasmic reticulum (Josephson et al., 2002). Nogo-B is a shorter subtype than Nogo-A, and is widely distributed in various tissues and organs of the human body, but not in the central nervous system. It is expressed in the liver, lung, kidney, blood vessels, pancreas, and inflammatory cells (Long et al., 2017). (Oertle and Schwab, 2003) first discovered the Nogo-B-specific receptor (NgBR). NgBR is widely distributed in various tissues and organs in the body (Duff et al., 2015), and has specific effects on nervous system regeneration, cell chemotaxis, apoptosis, and propagation. It also plays key roles in cell apoptosis, epithelial-mesenchymal transition, and the development of drug resistance in tumor cells. The Nogo-B gene, also known as ASY (Li et al., 2001), is a human apoptosis-inducing gene but it has no known specific apoptosis-related motif. One study has shown that Nogo-B overexpression promotes endoplasmic reticulum stress and intracellular calcium disorder, and ultimately induces apoptosis (Teng and Tang, 2013). Schweigreiter et al. (2007) have shown that Nogo-B can regulate cell apoptosis through the caspase-7 pathway. NgBR can reportedly also directly bind to isoamylated Ras, stabilizing it on the envelope and promoting its function, which in turn enhances epidermal growth factor signal pathway activity, promoting tumor formation (Zhao et al., 2017).
This study was designed to identify the relationship between neurite outgrowth inhibitor protein B receptor (NgBR) and sorafenib resistance. Our results show that artesunate can inhibit NgBR expression, and in combination sorafenib artesunate can overcome the resistance to sorafenib in hepatocellular carcinoma cells.
MATERIALS AND METHODS
Cell Lines
The HepG2 human hepatoma cell line was purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). All cell lines in the study were maintained in DMEM medium (Gibco, CA, United States) supplemented with 10% fetal bovine serum (Gibco, CA, United States), 50 μg/ml streptomycin, and 100 U/ml sodium penicillin at 37°C in an atmosphere containing 5% CO2. HepG2 sorafenib-resistant cells (HepG2-SR) were generated by selection starting with sorafenib (Selleckchem, United States) at 2 μm, increasing to 10 μm over the course of 3 months.
Quantitative Real-Time PCR
TRIzol reagent was used to extract total cellular RNA in accordance with the manufacturer’s instructions (Thermo Fisher, United States). SYBR Green quantitative reverse transcription PCR (qRT-PCR) was used to evaluate NgBR mRNA expression levels. Primer NgBR F (5’-TGC​CAG​TTA​GTA​GCC​CAG​AAG​CAA-3’); NgBR R (5’-AAC​CTG​CCA​AGT​ATG​ATG​AC-3’)
Cell Proliferation
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and the 5-ethynyl-2’-deoxyuridine (EDU) immunofluorescence staining assay (Ribobio, Guangzhou, China) were used to test the propagation capacity of HCC cells. Sorafenib (99.15% purity) and artesunate (99.89% purity) were purchased from Selleck Chemical (United States). Briefly, for the MTT assay the cells were cultured at a density of 6,000 cells/well in 96-well plates in triplicate and treated with sorafenib and/or artesunate for 48 h. For the EDU immunofluorescence staining assay the cells were incubated with sorafenib for 24 h before permeabilization. EDU staining and fixation were performed in accordance with the manufacturer’s instructions. A concentration of 1 mg/ml of 4′,6-diamidino-2-phenylindole (DAPI; Beyotime, China) was used to stain the cell nuclei for 15 min. Cell numbers were calculated via confocal laser scanning microscopy (Olympus, FV10i, Japan).
Colony Formation Assay
Cells were seeded into six-well plates (103 cells per well) and cultured in complete media for two weeks. After two weeks, cells were fixed with methanol (1%), stained with 1% crystal violet, and imaged using a digital camera (Olympus, Japan). Cell colonies (cell clone diameter ≥1 mm) were counted in this experiment.
Fluorescein Isothiocyanate-Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling
Cells in logarithmic growth phase were seeded into culture flasks (1.5 × 105 cells/ml) and treated with sorafenib and/or artesunate in complete DMEM for 48 h. Paraformaldehyde (4%) in phosphate-buffered saline was used to fix the cells for 30 min, followed by permeabilization in 0.3% Triton X-100 in phosphate-buffered saline for 5 min at room temperature. Cells were stained with terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) reagent in the dark for 60 min, then the number of apoptotic cells was assessed via confocal laser scanning microscopy.
Transfection
siRNA
Cells were plated in a 6-well culture plate for 24 h and transfection reagents prepared. The control group was treated with 2 ml transfection medium, 2 μl RNAiMAX, and 2 μl siNC. The siNgBR group was treated with 2 ml transfection medium, 2 μl RNAiMAX, and 2 μl siNgBR. The siNC and siNgBR group was transfected using transfection reagents in a 6-well culture plate. The siRNA sequences used were: siNgBR F (GGA​AAU​ACA​UAG​ACC​UAC​A), R (UGU​AGG​UCU​AUG​UAU​UUC​C); and siNC F (UUC​UCC​GAA​CGU​GUC​ACG​U), R (ACG​UGA​CAC​GUU​CGG​AGA​A) (QIAGEN).
Plasmids
NgBR overexpression plasmid transfection: cells were plated in 10-cm culture dishes for 24 h then 5 ml transfection medium, 20 μl Lipofectamine 2000 (Invitrogen), and 4 μg plasmid was prepared. Plasmid DNA and Lipofectamine 2000 were diluted in serum-free and antibiotic-free medium, respectively. Diluted DNA was added to diluted Lipofectamine 2000, mixed well, and incubated at room temperature for 20 min. NgBR overexpression group cells were transfected with the pIRES-NgBR-HA plasmid and control group cells were transfected with blank vector. The transfection efficiency was determined by western blot after 48 h incubation.
Western Blotting
Radioimmunoprecipitation assay lysis buffer was used to prepare cell lysates for protein analysis. The BCA Assay Kit (Beyotime, China) was used to determine protein concentrations and achieve standardization among the samples. Aliquots of 40 μg of each lysate were prepared, run through SDS-PAGE, and transferred to a polyvinylidene difluoride membrane. The membrane was then blocked with 10% bovine serum albumin (Sigma, United States) and incubated at 4°C overnight with antibodies against the proteins of interest. The antibodies used were NgBR (ab168351, 1:1,000, Abcam, United Kingdom), Nogo-B (AF6034, 1:2,000, Imgenex, United States), phospho-Erk1/2 Thr202/Tyr204 (#4370, 1:1,000, Cell Signaling, United States), Erk1/2 p42/44 (#4696, 1:1,000, Cell Signaling), MEK1/2 (#8727, 1:1,000, Cell Signaling), phosphor-MEK1/2 Ser217/221 (#3958, 1:1,000, Cell Signaling), and β-actin (#3700, 1:1,000, Cell Signaling).
Xenotransplantation Studies
All xenotransplantation experiments were approved by the Experimental Animal Ethics Committee of Jinzhou Medical University (protocol 20170503) and conformed to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (eighth Edition, 2011). Cells (1 × 107) were resuspended in 100 μl DMEM and injected into the dorsal flanks of female 6-week-old nu/nu mice subcutaneously. Two weeks later, 20 mice with tumor volumes of approximately 100 mm3 were selected and dicided into four groups. The four group treatments were dimethylsulfoxide (DMSO) (Selleckchem, United States) with corn germ oil, artesunate (50 mg/kg) with corn germ oil, sorafenib (30 mg/kg) with corn germ oil, and artesunate/sorafenib (80 mg/kg/30 mg/kg) with corn germ oil. All treatments were administered once every 3 days for 21 days. The solvent used to dissolve the drugs was DMSO, with corn germ oil as a co-solvent.
Data Analysis
All data were analyzed using GraphPad prism software 8.0. One-way analysis of variance and chi-square tests were used to compare single-factor groups. Inter-group analysis was performed using Student’s t-tests. p values <0.05 were considered statistically significant.
RESULTS
Artesunate Inhibition of Hepatocarcinoma Parent Cell and Sorafenib Resistant Cell Proliferation
HepG2 cells and HepG2-SR cells were treated with 0, 25, 50, or 100 μm concentrations of artesunate for 48 h, and artesunate alone inhibited the propagation of HepG2 and HepG2-SR liver tumor cells in a dose-dependent manner (Figure 1A). Cell viability was investigated via EDU immunofluorescence staining assays after 24 h, and several concentrations of artesunate inhibited the growth of HepG2 and HepG2-SR cells (Figure 1B). FITC-TUNEL staining apoptosis assays also revealed dose-dependent artesunate-induced apoptosis of HepG2 and HepG2-SR cells (Figure 1C).
[image: Figure 1]FIGURE 1 | Artesunate (ART) can effectively inhibit the propagation of sorafenib-resistant cells. (A). HepG2-SR cells were treated with 0, 25, 50, or 100 μm artesunate, and 48 h later MTT assays were performed to detect artesunate sensitivity in the cells. (B). Cell propagation detected by EDU assays. Cells were stained with DAPI (blue) for visualization of nuclei, and EDU (green) signifies proliferative cells. EDU-positive cells per field were quantified in multiple fields, and cell proliferation was measured relative to total cells. Scale bars = 10 μm. (C). Apoptosis detected via FITC-TUNEL staining assays. Blue (DAPI) represents nuclei, and green (FITC-TUNEL) represents apoptotic cells. FITC-TUNEL-positive cells per field were quantified in multiple fields and the ratio of apoptotic cells was measured relative to total cells. Scale bars = 20 μm. Experiments were repeated three times.
Artesunate Inhibition of NgBR Expression in Sorafenib-Resistant HCC Cells
In qRT-PCR and western blotting analyses there were significant increases in NgBR expression in sorafenib-resistant cells compared to normal cells (Figurea 2A, B). Sorafenib affected NgBR expression in a dose-dependent manner in sorafenib-resistant cells (Figure 2C). In experiments in which sorafenib-resistant cells were treated with various concentrations of artesunate for 48 h or a uniform concentration for various times, artesunate reduced NgBR expression in a dose-dependent manner (Figure 2D) and a time-dependent manner (Figure 2E).
[image: Figure 2]FIGURE 2 | Artesunate (ART) can inhibit NgBR expression in sorafenib-resistant HCC cells. NgBR expression was higher in HepG2-SR cells as determined by (A) qRT-PCR and (B) western blotting. Western blotting (C) indicated that NgBR expression increased in a dose-dependent manner in the presence of sorafenib in HepG2-SR cells. The experiment was performed in triplicate. Western blotting indicated that artesunate can inhibit the expression of NgBR in both HepG2 cells and sorafenib-resistant HCC cells, in a dose-dependent manner (D) and in a time-dependent manner (E). Experiments were repeated three times, and data are expressed as means ± the standard error of the mean. Student’s t-test was used to analyze the data. *p < 0.05
NgBR Knockdown and the Restoration of Sorafenib Sensitivity in Sorafenib-Resistant Liver Cancer Cells
Western blotting was used to determine NgBR knockdown efficiency (Figure 3A). MTT (72 h) and colony formation (14 days) assays revealed that NgBR downregulation can reduce the viability of HepG2-SR cells (Figure 3B). Likewise, MTT (48 h) and EDU immunofluorescence staining (24 h) assays, after treatment with various sorafenib concentrations, revealed that NgBR knockdown significantly decreased cell proliferation in HepG2-SR cells. This effect was particularly evident with 5 and 10 μm sorafenib treatments (Figures 3C, D). FITC-TUNEL staining showed that sorafenib treatment at a lower concentrations (5 μm) caused significantly more apoptosis in NgBR-knockdown cells than in mock treated cells (Figure 3E).
[image: Figure 3]FIGURE 3 | NgBR knockdown reduces sorafenib resistance. (A). NgBR knockdown efficiency of was assessed via western blotting. (B). Cell growth of NgBR knockdown and normal control HepG2-SR cells was measured by MTT (72 h) and colony formation (14 days) assays. Data are presented as means ± standard deviation (SD). (C). HepG2-SR cells were treated with various doses (0, 2.5, 5, and 10 μm) of sorafenib. After 48 h, the MTT assay was used to detect sorafenib sensitivity. (D). Cell propagation was detected by EDU assays. Scale bars, 10 μm. (E). Apoptosis was detected by FITC-TUNEL staining. Scale bars, 20 μm. Experiments were repeated three times and data are presented as mean ± SD. Student’s t-test was used to analyze data. *p < 0.05
NgBR Overexpression in Hepatocarcinoma Parent Cells and the Promotion of Sorafenib Resistance in Liver Cancer Cells
NgBR was overexpressed in parental HepG2 cells (Figure 4A). MTT (72 h) and colony formation (14 days) assays revealed that NgBR overexpression can increase HepG2 cell viability (Figure 4B). We also found that, in HepG2 cells, NgBR overexpression significantly decreases the sensitivity of liver cancer cells to sorafenib at doses of either 5 μm or 10 μm (Figures 4C, D), and decreases rates of apoptosis following sorafenib (5 μm or 10 μm) treatment (Figure 4E).
[image: Figure 4]FIGURE 4 | NgBR overexpression promotes sorafenib resistance in liver cancer cells. (A). NgBR overexpression was assessed via western blotting. (B). Cell growth in NgBR overexpression and normal control HepG2 cells was detected by MTT (72 h) and colony formation (14 days) assays. The data are presented as means ± standard deviation (SD). (C). MTT assay was employed to evaluate cellular proliferation, as a measure of sorafenib sensitivity in the cells, after 48 h. (D). Cell proliferation was detected by EDU assays. Scale bars, 10 μm. (E). Apoptosis was detected by FITC-TUNEL staining assays. Scale bars, 20 μm. Experiments were repeated three times and data are presented as mean ± SD. Student’s t-test was used for data analysis. *p < 0.05
Effects of Artesunate Combined With Sorafenib on Sorafenib Resistance in vitro
The results of MTT assays conducted to determine appropriate concentrations of sorafenib alone or in combination with artesunate to achieve inhibitory effects on sorafenib-resistant liver cancer cells are shown in Figure 5A. In the combination study the sorafenib concentration was 2.5 μm and the artesunate concentration was 25 μm. HepG2-SR cells were treated with sorafenib (2.5 μm) and/or artesunate (25 μm) for 48 h, and artesunate rendered the cells significantly more sensitive to sorafenib. Inhibited proliferation and increased apoptosis were associated with sorafenib sensitivity (Figures 5B, C).
[image: Figure 5]FIGURE 5 | Artesunate (ART) combined with sorafenib overcomes adaptive resistance to sorafenib in vitro and in vivo. (A). Cells were treated with sorafenib alone or in combination with a fixed dose of artesunate, then MTT assays were conducted after 48 h. (B). Sorafenib and artesunate alone or in combination were used in HepG2 cells and HepG2-SR cells after 24 h, and cell proliferation was detected via EDU assays. Scale bars = 10 μm. (C). HepG2-SR cells and HepG2 cells were treated with sorafenib and artesunate alone or in combination for 48 h, then apoptosis was detected via FITC-TUNEL staining assays. Scale bars = 20 μm. (D). ∼1 × 107 HepG2 or HepG2-SR cells were injected into mouse flanks. When tumors reached ≥100 mm3 in size the mouse was administered (1) DMSO with corn germ oil, (2) sorafenib (30 mg/kg) with corn germ oil, (3) artesunate (50 mg/kg) with corn germ oil, or (4) sorafenib (30 mg/kg) and artesunate (50 mg/kg) with corn germ oil once every 3 days via oral cannular. Tumor sizes were measured periodically with calipers, and tumor volumes were calculated using the formula volume = (width2 × length)/2. (E). After 21 days mice were killed by cervical dislocation, and the tumors were removed and weighed. Experiments were repeated three times.
Effects of Artesunate Combined With Sorafenib on Sorafenib Resistance in vivo
In experiments using xenografts derived from HepG2 and HepG2-SR cells to examine efficacy in vivo, after 3 weeks sorafenib alone and artesunate alone inhibited cancer growth as measured by tumor weight. The combination of artesunate and sorafenib resulted in greater growth inhibition than artesunate or sorafenib alone in both HepG2 and HepG2-SR xenograft models (Figures 5D, E). Thus, artesunate combined with sorafenib overcame NgBR-dependent sorafenib resistance in liver tumors in vivo.
Artesunate can Block NgBR-Induced Sorafenib Resistance by Suppressing the MEK/ERK Pathway
The role of NgBR downregulation and overexpression in artesunate-induced sorafenib sensitization was examined. Firstly, The MTT assay was used to determine the appropriate concentrations of sorafenib alone, or in combination with artesunate, to use in HepG2-SR cells with downregulated NgBR and HepG2 cells with NgBR overexpression (Figure 6A). We found that artesunate can effectively inhibit cell proliferation in NgBR overexpressing cells only. To confirm that NgBR promotes HepG2 cell proliferation and survival through the activation of MEK/ERK signaling we examined the expression of relevant proteins. Activation of MEK/ERK signaling in HepG2 and HepG2-SR cells was examined by western blot. We found that, compared to HepG2 cells, the phosphorylation levels of MEK (p-MEK) and ERK (p-ERK) were significantly upregulated in HepG2-SR cells (Figure 6B). We then treated HepG2 and HepG2-SR cells with 10 μm U0126, a MEK 1/inhibitor, for 7 days. Western blotting performed after U0126 treatment indicated that U0126 can inhibit p-MEK and p-ERK levels in both HepG2 and HepG2-SR cells (Figure 6C). MTT and EDU immunofluorescence staining (24 h) assays showed that in NgBR overexpressing HepG2 cells, artesunate-induced sorafenib sensitization was significantly decreased in U0126-treated cellscompared to U0126-untreated cells (Figures 6D, E).
[image: Figure 6]FIGURE 6 | Artesunate (ART) overcomes NgBR-induced sorafenib resistance by suppressing the MEK/ERK pathway. (A). MTT assay detected proliferation in HepG2-SR cells with NgBR downregulation and HepG2 cells with NgBR overexpression after treatment with sorafenib alone or in combination with artesunate. (B). Phosphorylation levels of MEK (p-MEK) and ERK (p-ERK) in HepG2 and HepG2-SR cells were detected by western blot. (C). HepG2 and HepG2-SR cells were treated with 10 μm U0126 for 7 days to inhibit p-MEK and p-ERK. Western blot was used to determine inhibition efficiency. (D). HepG2 cells with NgBR overexpression were treated with 10 μm U0126 for 7 days, and MTT assays were used to detect the artesunate-induced sorafenib sensitization. (E). EDU assays were used to detect the proliferation in HepG2 cells overexpressing NgBR and treated with 10 μm U0126 for 7 days. Scale bars, 10 μm. Experiments were repeated three times and data are presented as means ± standard deviation (SD). Student’s t-test was used for data analysis. *p < 0.05
DISCUSSION
Sorafenib is a molecularly targeted drug available for the clinical management of liver cancer, but the development of resistance to sorafenib in liver cancer cells has reduced its therapeutic efficacy. Therefore, the current study investigated the mechanism of resistance of liver cancer to sorafenib. Increasing the cancer cells’ sensitivity to therapeutic molecules is one of the main strategies for effective liver cancer treatment. Artesunate is a widely used effective anti-malarial agent, but studies have also confirmed that it has anti-tumor effects (Ye et al., 2020). Moreover, its cost-effectiveness and comparatively fewer adverse effects make it an ideal anti-tumor drug. The in vitro experimental results of the present study indicate that artesunate can prevent the propagation of hepatocarcinoma parent cells as well as cells resistant to sorafenib in a dose-dependent manner, and promote their apoptosis.
Previous studies suggest that NgBR upregulation may affect the occurrence and development of hormone receptor-positive breast cancer (Wang et al., 2013). Studies investigating tamoxifen resistance also indicate that epithelial-mesenchymal transition can play a key role (Liang et al., 2017). NgBR promotes epithelial-mesenchymal transition in breast and lung cancer (Zhao et al., 2015; Wu et al., 2018). The role of NgBR in the development of resistance to chemotherapy in HCC and breast cancer is clear, but whether NgBR can affect the development of sorafenib resistance has not been reported.
In this study, we investigated the correlation between NgBR and sorafenib resistance in HCC. To examine the correlation between sorafenib resistance and NgBR, we developed a sorafenib-resistant HCC cell line for in vitro studies. All sorafenib-resistant liver cancer cells showed strong propagation and reduced apoptosis in the presence of sorafenib. Additionally, NgBR was overexpressed in sorafenib-resistant cells, and sorafenib promoted NgBR expression in sorafenib-resistant liver cancer cells in a dose-dependent fashion. To study the role of NgBR in developing resistance to sorafenib, we knocked down NgBR in sorafenib-resistant cells. Sorafenib sensitivity increased in HepG2-SR knockdown cells, but not in mock-treated HepG2-SR cells. Then, we overexpressed NgBR in HCC parent cells and found that NgBR overexpression accounted for the observed sorafenib resistance in HCC. Therefore, we concluded that NgBR expression in sorafenib-resistant cells was correlated with resistance to sorafenib.
According to previous studies, artesunate can promote apoptosis and inhibit the propagation of sorafenib-resistant liver cancer cells. We speculated that artesunate functioned through inhibiting NgBR. Time and concentration-dependent studies confirmed that artesunate can inhibit the NgBR expression in sorafenib-resistant liver cancer cells.
Artesunate prevented the progression of sorafenib resistance in liver cancer cells by inhibiting NgBR expression, suggesting that artesunate, in combination with sorafenib, can increase the sensitivity of liver tumor cells to sorafenib. This study confirmed that artesunate can enhance the sensitivity of liver cancer cells to sorafenib both in vivo and in vitro. HepG2 cells overexpressing NgBR and HepG2-SR cells with downregulated NgBR were treated with different concentrations of sorafenib alone or in combination with artesunate. We found that artesunate can only effectively inhibit cell proliferation in NgBR overexpressing cells. This indicates that artesunate enhances the sensitivity of liver cancer cells to sorafenib by inhibiting the NgBR expression.
In a previous study, Gao et al. discovered that increased NgBR can enhance EGF-stimulated Ras activation and phosphorylation of AKT and ERK in tamoxifen-resistant breast cancer cells (Gao et al., 2018). Moreover, NgBR expression is associated with non-small cell lung cancer (NSCLC) development and increases Snail 1 expression in NSCLC cells by MEK/ERK pathway activation (Wu.et al., 2018). We examined the MRK/ERK pathway using western blot analysis. NgBR expression was positively correlated with the activation of phosphorylated MEK, confirming that the MEK/ERK pathway was significantly upstream in HepG2-SR cells. U0126-EtOH, a highly selective MEK1/2 inhibitor, was used to treat NgBR overexpressing HepG2 cells for 7 days. Compared to the non-treated U0126-EtOH group, the effects of artesunate-induced sorafenib sensitivity were inhibited by the MEK1/2 inhibitor. This result indicates that NgBR promotes HepG2 cell proliferation and survival through MEK/ERK pathway activation, and that artesunate can overcome NgBR-induced sorafenib resistance by suppressing the MEK/ERK pathway. The main limitation of this study is that it does not investigate the specific mechanism through which artesunate inhibits NgBR to increase the sensitivity of liver cancer cells to sorafenib. Thus, further studies focusing on the specific mechanism should be performed.
Taken together, the results of the current study demonstrate that NgBR is highly expressed in sorafenib-resistant HCC cells. NgBR is a functional marker that is essential for sorafenib resistance via activation of the MEK/ERK pathway. Artesunate can increase liver cancer cell sensitivity to sorafenib via inhibition of NgBR. Thus, targeting NgBR with a combination of artesunate and sorafenib can effectively overcome sorafenib resistance in HCC cells.
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