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ANXA6 Contributes to Radioresistance by Promoting Autophagy via Inhibiting the PI3K/AKT/mTOR Signaling Pathway in Nasopharyngeal Carcinoma












	 
	ORIGINAL RESEARCH
published: 16 April 2020
doi: 10.3389/fcell.2020.00232





[image: image]

ANXA6 Contributes to Radioresistance by Promoting Autophagy via Inhibiting the PI3K/AKT/mTOR Signaling Pathway in Nasopharyngeal Carcinoma

Qianping Chen1†, Wang Zheng1†, Lin Zhu1, Dan Yao1, Chen Wang1, Yimeng Song1, Songling Hu1, Hongxia Liu1, Yang Bai1, Yan Pan1, Jianghong Zhang1, Jian Guan2* and Chunlin Shao1*

1Institute of Radiation Medicine, Shanghai Medical College, Fudan University, Shanghai, China

2Department of Radiation Oncology, Nanfang Hospital, Southern Medical University, Guangzhou, China

Edited by:
Hailong Pei, Soochow University, China

Reviewed by:
Guoping Zhao, Hefei Institutes of Physical Science (CAS), China
Lu Cai, University of Louisville, United States

*Correspondence: Jian Guan, guanjian5461@163.com; Chunlin Shao, clshao@shmu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Cell and Developmental Biology

Received: 21 February 2020
Accepted: 19 March 2020
Published: 16 April 2020

Citation: Chen Q, Zheng W, Zhu L, Yao D, Wang C, Song Y, Hu S, Liu H, Bai Y, Pan Y, Zhang J, Guan J and Shao C (2020) ANXA6 Contributes to Radioresistance by Promoting Autophagy via Inhibiting the PI3K/AKT/mTOR Signaling Pathway in Nasopharyngeal Carcinoma. Front. Cell Dev. Biol. 8:232. doi: 10.3389/fcell.2020.00232

Radiotherapy is a conventional and effective treatment method for nasopharyngeal carcinoma (NPC), although it can fail, mainly because radioresistance results in residual or recurrent tumors. However, the mechanisms and predictive markers of NPC radioresistance are still obscure. In this study, we identified Annexin A6 (ANXA6) as a candidate radioresistance marker by using Tandem Mass Tag quantitative proteomic analysis of NPC cells and gene chip analysis of NPC clinical samples with different radiosensitivities. It was observed that a high expression level of ANXA6 was positively correlated with radioresistance of NPC and that inhibition of ANXA6 by siRNA increased the radiosensitivity. The incidence of autophagy was enhanced in the established radioresistant NPC cells in comparison with their parent cells, and silencing autophagy with LC3 siRNA (siLC3) sensitized NPC cells to irradiation. Furthermore, ANXA6 siRNA (siANXA6) suppressed cellular autophagy by activating the PI3K/AKT/mTOR pathway, ultimately leading to radiosensitization. The combination of siANXA6 and CAL101 (an inhibitor of PI3K, p-AKT, and mTOR, concurrently) significantly reversed the above siANAX6-reduced autophagy. Suppression of PI3K/AKT/mTOR by CAL101 also increased the expression of ANXA6 in a negative feedback process. In conclusion, this study revealed for the first time that ANXA6 could promote autophagy by inhibiting the PI3K/AKT/mTOR pathway and that it thus contributes to radioresistance of NPC. The significance of this is that ANXA6 could be applied as a new predictive biomarker of NPC prognosis after radiotherapy.
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INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a cancer arising from nasopharynx epithelium. Compared with other types of tumors, NPC has a low incidence rate and a unique geographic distribution pattern. In 2018, there were about 129,000 new cases of NPC in the world, according to the International Agency for Research on Cancer (Chen et al., 2019). Nevertheless, the geographical distribution of NPC patients across the globe is extremely unbalanced, with more than 70% of new cases located in eastern and southeastern Asia, especially in southern China (Ferlay et al., 2015; Chen et al., 2019). Radiotherapy is the primary and only curative treatment for NPC because of the special anatomical location and high sensitivity to radiation of this cancer. Recently, with the development of intensity-modulated radiotherapy (IMRT), radiotherapy has achieved 5-year overall survivals of 90 and 84% for stage I and stage IIA NPC, respectively (Lee et al., 2005). However, some advanced patients still exhibit radioresistance, leading to the failure of radiotherapy (Li et al., 2006; Liu et al., 2013). At present, few biomarkers have been used in the clinic to predict the radioresistance of NPC (Chen and Hu, 2015).

ANXA6 (Annexin A6) belongs to the highly conserved annexin protein family and has been implicated in mediating the endosome aggregation and vesicle fusion in secreting epithelia during exocytosis (Enrich et al., 2011). Like other annexins, ANXA6 binds to phospholipids and functions in a Ca2+-dependent manner, thus activating cellular membrane in a dynamic, reversible, and regulated way (Grewal et al., 2010). Upon cell activation, ANXA6 is recruited to the plasma membrane, endosomes, and caveolae/membrane rafts to interact with signaling proteins to handle intracellular Ca2+ signaling (Enrich et al., 2011) and inhibits the epidermal growth factor receptor (EGFR) and Ras signaling pathway (Grewal et al., 2010; Koese et al., 2013). Overexpression of ANXA6 has been reported to be associated with poor prognosis of tumors (Lomnytska et al., 2011). Moreover, there is evidence that the expression of ANXA6 might represent new Ca2+ effectors that regulate converging steps of autophagy in hepatocytes (Enrich et al., 2017). However, its role in radiosensitivity remains unknown.

When exposed to adverse environmental conditions, cells degrade their own content to recycle cellular building blocks through a process of autophagy (Katheder and Rusten, 2017). A large body of literature have connected autophagy to cancer, and some studies have focused on the function of autophagy in radioresistance. Autophagy is also called programed cell death type II, which is different from the apoptotic type I death pathway (Choi et al., 2013). It is a highly conserved catabolic process that maintains cellular homeostasis by targeting damaged proteins or organelles to lysosomal compartments for degradation (Zhang et al., 2019). Autophagy has potential roles in radioresistance of cancer cells such as colorectal cancer, breast cancer, glioma, and pancreatic cancer (Yao et al., 2003; Chaachouay et al., 2011, 2015; Wang et al., 2013; Koukourakis et al., 2016). Inhibition of the PI3K/AKT/mTOR signaling pathway is one of the classical pathways for autophagy induction. There is increasing evidence showing that the activation of autophagy associated with the inhibition of the PI3K/AKT/mTOR pathway regulates many biological processes, including platelet activation, psoriasis regulation, and osteoarthritis attenuation (Varshney and Saini, 2018; Wang et al., 2018; Cai et al., 2019). However, few studies have focused on the role of autophagy induced by PI3K/AKT/mTOR inhibition in the radioresistance of NPC.

This study found that the level of autophagy increased along with the enhancement of radioresistance of NPC cells and that ANXA6 was highly expressed in both radioresistant NPC cells and NPC patients. The relationship among ANXA6, autophagy, and the PI3K/AKT/mTOR pathway in the induction of radioresistance of NPC was further investigated.



MATERIALS AND METHODS


Cell Culture and Irradiation

Nasopharyngeal carcinoma cell lines of CNE1 and HNE2 were purchased from Shanghai Cell Bank in 2016. The cells were used up to a passage number of 15. The cells were cultured with RPMI-1640 medium (Gibco, Hangzhou, China) supplied with 10% fetal bovine serum (Gibco Invitrogen, Grand Island, NY, United States), 100 U/ml penicillin, and 100 mg/ml streptomycin and maintained at 37°C in an atmosphere of 5% CO2. Testing for mycoplasma was performed on a monthly basis.

To generate a radioresistant cell line, CNE1 cells were irradiated with fractionated doses of 2, 2, 4, 4, 4, 4, 6, 6, 6, 6, 8, and 8 Gy (60 Gy in total) of γ-rays (137Cs, Gammacell-40, MDS Nordion, Canada) at a dose rate of 0.73 Gy/min. Cells were irradiated with 2 Gy once a day, 4 Gy once a week, 6 Gy every 10 days, and 8 Gy every 2 weeks. One day before irradiation, 1.5 × 106 cells were seeded in a 60 mm culture dish. After each irradiation, the cells were passaged two or more times so that they had enough vitality for the next irradiation. After fractionated irradiation of 60 Gy, the surviving cells, named CNE1R cells, became more radioresistant than CNE1 cells.



Colony Formation Assay

The radiosensitivities of CNE1, CNE1R, and HNE2 cells were assessed by cell colony-formation assay. Cells were plated in the six-well plate at a density of 150, 300, 800, and 1600 cells/well. After full attachment, they were exposed to 0, 2, 4, and 6 Gy, respectively. At 8–12 days after radiation, cell colonies were fixed with methanol for 20 min and stained with 0.1% crystal violet for 30 min in order to count them. The cell survival curve was fitted using the single-hit multitarget model.



Western Blot Assay

Total cellular proteins were extracted using SDS lysis buffer (250 nM Tris–HCL, pH 7.4, 2.5% SDS) with 100 mM phenylmethanesulfonyl fluoride (PMSF) (Beyotime, Biotechnology, Haimen, China). After denaturing at 100°C for 10 min, aliquots of protein (20 μg/sample) were electrophoresed on 10 or 12% polyacrylamide gel (according to the molecular weight of goal proteins) using an electrophoresis system (Bio-Rad Laboratories Inc., CA, United States). After electrophoresis, proteins were transferred to a PVDF membrane, blocked with 5% skim milk in Tris-buffered saline/Tween 0.05% (TBST) for 2 h and then incubated overnight at 4°C with a primary antibody of anti-ANXA6 antibody (1:2000, Abclonal), anti-P62 (1:1000, Cell signaling Technology), anti-LC3 (1:1000, Cell signaling Technology) or anti-Actin (1:20000, Abclonal). Then the membrane was triply washed with TBST at room temperature for 10 min and labeled with a peroxidase-conjugated secondary antibody (1:5000, Beyotime Biotechnology) for 2 h. Proteins in the membrane were detected by the enhanced chemiluminescence system (ECL kit, Millipore, St. Louis, MO, United States), and band images were analyzed with the Bio-Rad ChemiDoc XRS system.



Tandem Mass Tag (TMT) Quantitative Proteomic Analysis

Each protein sample in lysis buffer (8 M urea, 1% Protease Inhibitor Cocktail) was sonicated triply using a high-intensity ultrasonic processor (Scientz, Ningbo, China). The remaining debris was removed by centrifugation at 12,000 g at 4°C for 10 min. Finally, the supernatant was collected, and the protein concentration was determined with a BCA kit according to the manufacturer’s instruction. Trypsin was then used for digestion to generate peptide. The peptide was desalted by Strata X C18 SPE column (Phenomenex, CA, United States) and vacuum dried. The tryptic peptides were digested into fractions and separated by high pH reverse-phase HPLC using Agilent 300Extend C18 column (5 μm particles, 4.6 mm ID, 250 mm length) and subjected to a NSI source followed by tandem mass spectrometry (MS/MS) in a Q ExactiveTM Plus (Thermo, MA, United States) coupled online to the UPLC. The MS/MS data were processed with the Maxquant search engine (v.1.5.2.8).



Patients and Clinical Gene Chip

This study was carried out in accordance with the recommendations of international guidelines and ethical standards. All subjects gave written informed consent in accordance with the Declaration of Helsinki. For the experiments using human participants or data, prior approval was obtained from the Nanfang Hospital of Southern Medical University Institutional Board (Guangzhou, China).

A total of 185 NPC patients were recruited in this study, comprising 124 radiosensitive (87 male, 37 female, mean age 46 years) and 61 radioresistant patients (49 male, 12 female, mean age 46 years). All patients accepted a standard regimen of radiotherapy. Three months after therapy was completed, a contrast-enhanced Magnetic Resonance Imaging (MRI) or Computed Tomography (CT) scan and a thorough examination were performed to evaluate short-term efficacy. According to the Response Evaluation Criteria in Solid Tumor (RECIST) guideline, those with complete response (CR) and partial response (PR) were classified into the radiosensitive group, while those with stable disease (SD) and progressive disease (PD) were classified into the radioresistant group. The clinicopathologic characteristics of NPC tissues used in the present study are demonstrated in Supplementary Table S1.

Three patients in the radioresistant group were selected to provide paraffin samples for gene chip detection. Paraffin samples were collected before and after treatment and divided into these two groups for differential gene study. Paraffin samples were then extracted using the RNeasy kit (Tiangen, Beijing, China), and gene chips were obtained by hybridization, washing, and staining. We analyzed gene chips by the standardized method provided by the Affymetrix human U133 + 2.0 chip (Bohao Biotechnology Co., Shanghai, China).



RNA Extraction and Quantitative Real-Time PCR Assay

Total RNA was extracted from CNE1, CNE1-R, and HNE2 cells for RT-PCR using total RNA Kit I (Omega, Norcross, GA, United States). Reverse transcription of total RNA to cDNA was carried out in 20 μl reaction reagents of the qRT-PCR Kit (Tiangen, Beijing, China) according to the manufacturer’s protocol. For ANXA6 gene, the forward primer was 5′-ACG GTT GAT TGT GGG CCTG-3′) and the reverse primer was 5′- GTG CAT CTG CTC ATT GGT CC-3′. For β-actin gene, the forward primer was 5′-CAT GTA CGT TGC TAT CCA GGC-3′ and the reverse primer was 5′- CTC CTT AAT GTC ACG CAC GAT-3′. The optimal PCR amplification procedure was performed for 40 cycles with pre-denaturation at 95°C for 15 min, denaturation at 95°C for 10 s, and annealing and extension at 60°C for 32 s.



siRNA Transfection

CNE1 and CNE1-R cells were transferred with ANXA6 siRNA (siANXA6) (target sequence: CGG GCA CTT CTG CCA AGA AAT), LC3 siRNA (siLC3) (target sequence: GAG UGA GAA AGA UGA AGA UTT), and siRNA negative control of random sequence using riboFECTTM CP Transfection Agent (Ribobio, Guangzhou, China). The transfection efficiency was evaluated by PCR at 24–72 h after transfection, and the survival of siLC3 transfected cells was measured with a colony formation assay.



Autophagy Flux Assay

Cells were plated at a density of 2 × 105 per well and allowed to adhere overnight. Cells in about 70% confluence were transfected with mRFP-GFP-LC3 double-labeled adenovirus (Ad-mRFP-GFP-LC3) to label autophagosome (Hanbio Biotechnology Co., Shanghai, China) according to the manufacturer’s instruction. After 2 h of transfection, the cells were cultured in fresh medium for 48 h then washed with pre-cooled PBS twice and stained with DAPI. The intracellular autophagy was observed by a high-content imaging system (ImageXpress Micro 4, Molecular Devices, San Francisco, CA, United States). Double labeling of LC3 (green) and mRFP (red) immunofluorescence corresponds to changes in autophagic flux. When autophagy and lysosome fusion occur, LC3-GFP fluorescence is quenched, and only red fluorescence can be detected. After merging the red and green fluorescence images, yellow spots in the cell image symbolize autophagosomes.



Drug Treatment

CAL-101 is a potent and highly selective inhibitor of PI3K, p-AKT, and m-TOR concurrently and has been approved by the Food and Drug Administration (FDA) for the clinical treatment of certain hematological malignancies in 2014. CAL-101 was dissolved in dimethyl sulfoxide (DMSO) and stored at −20°C as a stock solution (10 mM). CNE1R cells were treated with 5 μM CAL-101 in medium for 12 h, and 1% DMSO was used as a control of CAL-101.



Statistical Analysis

All experiments were repeated at least three times. Data are expressed as mean ± SD and analyzed with the one-way ANOVA method using SPSS17.0 software (SPSS Inc. Chicago, IL, United States). P < 0.05 was considered a significant difference between the indicated groups.



RESULTS


High ANXA6 Level Is Closely Associated With the Radioresistance of NPC

Figure 1A illustrates that the two commonly used NPC cell lines, CNE1 and HNE2, had different radiosensitivities and that CNE1 cells were more resistant to radiation. By irradiating CNE1 cells with fractionated doses up to 60 Gy in total, we generated a highly radioresistant cell line named CNE1R. The radioresistance of CNE1R cells was confirmed by the colony-formation assay (Figure 1A).
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FIGURE 1. High expression of ANXA6 predicts radioresistance of NPC. (A) Survival fractions of HNE2, CNE1, and CNE1R cells after irradiation. (B) Volcano plot of differentially expressed genes between CNE1R and CNE1 cells. (C) Volcano plot of differentially expressed genes in the tumor tissue of NPC radioresistant patients (n = 3) before and after radiotherapy. (D) Heat map of the expression levels of 29 differential genes between the above volcano plots, analyzed by Heml (software for drawing volcano maps). (E) ANXA6 mRNA expression levels in HNE2, CNE1, and CNE1R cells. (F) Western blot assay of ANXA6 protein in HNE2, CNE1, and CNE1R cells. (G) Efficiency of siANXA6 transfection in CNE1 and CNE1R cells. (H) Dose responses of survival factions of CNE1 and CNE1R cells after siANXA6 transfection. * P < 0.05 between indicated groups.


The proteins from CNE1 cells and its radioresistant counterpart CNE1R were collected and subjected to TMT quantitative proteomic analysis in order to determine the differential proteins between radioresistant cells and their parents. These differentially expressed proteins are illustrated on a volcano plot in Figure 1B. In total, 1,295 differential proteins were identified, among which 658 proteins were upregulated, while 637 were downregulated (Supplementary Table S2, fold change ≥ 1.2, p-value < 0.05). Meanwhile, Figure 1C illustrates the gene chip assay results regarding the distribution of differentially expressed genes from three NPC radioresistant patients before and after radiotherapy. Following the calculation criteria (fold change ≥ 2, p-value < 0.05), a total of 292 aberrantly expressed genes were obtained, including 155 upregulated and 137 downregulated genes (Supplementary Table S3). Thus, a total of 29 genes were identified from NPC cells and clinical specimens and are visualized by heat map in Figure 1D, including eight co-upregulated genes and six co-downregulated genes. We speculated that the high expression of ANXA6 among them was probably an important prognostic marker of NPC radioresistance because the elevation of ANXA6 has been previously reported to be an independent risk factor for poor prognosis of many neoplasms, such as cervix carcinogenesis, pancreatic cancer, ovarian carcinoma, and thyroid cancer (Lomnytska et al., 2011; O’Sullivan et al., 2017; Lee et al., 2018; Noreen et al., 2019).

Next, we explored the contribution of ANXA6 to the radioresistance of NPC in vitro. It was observed that the expression levels of ANXA6 mRNA and protein in three NPC cell lines (HNE2, CNE1, and CNE1R) were positively related to cell radioresistance (Figures 1E,F). To further demonstrate whether ANXA6 has an essential role in the radioresistance of NPC, the expression of ANXA6 in CNE1 and CNE1R cells was effectively silenced by siANXA6 (Figure 1G). It was found that transfection of cells with siANXA6 significantly sensitized NPC cells to irradiation and reduced cell survival (Figure 1H).



Autophagy Contributes to the Radioresistance of NPC Cells

Increasing evidence shows that induction of autophagy contributes to the resistance of anticancer treatments. To determine whether autophagy is involved in the radioresistance of NPC cells, we transfected NPC cells with Ad-mRFP-GFP-LC3 to label autophagosomes. It was found that the number of LC3 dots increased, in ascending order, in HNE2, CNE1, and CNE1R cells (Figure 2A). Consistently, the ratio of LC3II/LC3I (an autophagic marker) increased, and the autophagy substrate protein p62 decreased in HNE2, CNE1, and CNE1R cells step by step (Figure 2B). To further assess the regulatory effect of autophagy on NPC cells, we transfected cells with siLC3 to block autophagy and then examined whether autophagy could impact the radioresistance of NPC cells. It was found that, when the expressions of LC3I and LC3II were weakened by siLC3, the survival of CNE1R cells was effectively decreased after irradiation (Figures 2C,D). These results suggested that autophagy promoted the radioresistance of NPC cells.
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FIGURE 2. Autophagy contributes to the radioresistance of NPC cells. (A) Fluorescence images of HNE2, CNE1, and CNE1R cells transfected with mRFP-GFP-LC3 (x 40). (B) Western blot assay of P62 and LC3 proteins in HNE2, CNE1, and CNE1R cells. (C) Efficiency of siLC3 transfection in CNE1R cells. (D) Dose responses of survival factions of CNE1R cells before and after siLC3 transfection. *P < 0.05 between indicated groups.




ANXA6 Regulates Autophagy Induction

To determine whether ANXA6 contributes to autophagy-regulated radioresistance of NPC cells, we transfected radioresistant CNE1R cells with siANXA6 and Ad-mRFP-GFP-LC3. As shown in Figure 3A, the number of autophagic LC3 spots in the siANXA6 group decreased sharply in comparison with siRNA negative control. Meanwhile, suppression of ANXA6 decreased the ratio of LC3II/I and thus, in turn, increased p62 expression (Figure 3B). In addition, the expressions of other autophagy-related proteins of Beclin-1 and Autophagy Related 12 (ATG12) also decreased in CNE1R cells after siANXA6 transfection (Figure 3C). Therefore, the silence of ANXA6 significantly inhibited the occurrence of intact autophagic flux.
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FIGURE 3. Transfection of siANXA6 inhibits autophagy incidence. (A) Fluorescence images of CNE1R cells co-transfected with siANXA6 and mRFP-GFP-LC3 (x40). (B) Western blot assay of ANXA6, P62, and LC3 proteins in CNE1R cells. (C) Western blot assay of ATG12 and Beclin-1 proteins in CNE1R cells. *P < 0.05 between indicated groups.




ANXA6 Regulates the PI3K/AKT/mTOR Pathway

To determine the relationship of the PI3K/AKT/mTOR signaling pathway with radioresistance, the expressions of these proteins in NPC cells with different radiosensitivities were measured. Figure 4A illustrates that the expression levels of PI3K-α, p-AKT, and p-mTOR decreased along with the radiosensitivity of HNE2, CNE1, and CNE1R cells, in contrast to the LC3II/I ratio in these cells. When the most radioresistant cells of CNE1R were transfected with siANXA6, the levels of PI3K-α, p-AKT, and p-mTOR were obviously increased in comparison with those in the siRNA control cells (Figure 4B). Therefore, knockdown of ANXA6 activates the PI3K/AKT/mTOR signaling pathway.
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FIGURE 4. ANXA6 contributes to autophagy incidence via inhibition of the PI3K/AKT/mTOR pathway. (A) Western blot assay of PI3K-α, AKT, p-AKT, mTOR, and p-mTOR proteins in HNE2, CNE1, and CNE1R cells. (B) Western blot assay of PI3K-α, AKT, p-AKT, mTOR, and p-mTOR proteins in CNE1R cells with or without siANXA6 transfection. (C) Western blot assay of PI3K-α, AKT, p-AKT, mTOR, p-mTOR, and ANXA6 proteins in siANXA6-transfected CNE1R cells treated with CAL101 or its control (1‰ DMSO). *P < 0.05 between indicated groups.


Given our observation of the relationship among ANXA6, PI3K/AKT/mTOR, and autophagy, CNE1R cells transferred with siANXA6 were further treated with CAL101, a specific inhibitor of the PI3K/AKT/mTOR pathway. It was found that CAL101 effectively decreased the expressions of PI3K-α, p-AKT, and p-mTOR. Furthermore, when cells were co-treated with siANXA6 and CAL101, both ANXA6 and LC3II/I ratio were extensively increased in comparison with the siANXA6 alone group, suggesting that the decrease of autophagy induced by siANXA6 could be reversed by blocking the PI3K/AKT/mTOR pathway (Figure 4C). Taken together, these results indicate that ANXA6 upregulated the radioresistance of NPC cells by promoting autophagy through the inhibition of the PI3K/AKT/mTOR signaling pathway.



DISCUSSION

Due to the anatomical location and radiosensitivity of NPC, radiotherapy is the primary treatment method of this type of carcinoma, different from most other malignant tumors (Chua et al., 2016; Sun et al., 2016). Current advances in comprehensive population screening and effective drugs have significantly reduced nasopharyngeal cancer mortality, but recurrence and resistance after radiotherapy remain a problem in NPC, and the molecular mechanism of NPC radioresistance is still unresolved.

To further verify the relationship between ANXA6 and radioresistance, we performed a comprehensive analysis of data from the Gene Expression Profiling Interactive Analysis (GEPIA) database and The Cancer Genome Atlas (TCGA) database and found that 10 kinds of tumors overexpress ANXA6 in comparison to their normal tissues (Supplementary Figure S1). Besides the four cancers mentioned in the above results section, patients harboring a high expression of ANXA6 also possess a poor prognosis in bladder urothelial carcinoma (BLCA), kidney renal papillary cell carcinoma (KIRP), lung squamous cell carcinoma (LUSC), and mesothelioma (MESO) (Supplementary Figure S2), denoting that the overexpression of ANXA6 might serve as a crucial contributor to develop anti-tumor therapy strategy, especially for radioresistance. Though recent studies have revealed that the expression of ANXA6 is bound up with chemoresistance and poor prognosis of malignant tumors (Lomnytska et al., 2011; Keklikoglou et al., 2019), its role in radioresistance in various kinds of tumors has not yet been reported. In this study, we innovatively observed a positive relationship between ANXA6 expression and the radioresistance of NPC in both cell lines and clinical patients.

It was known that ANXA6 can enhance autophagy in rat liver hepatocytes and trigger endocytic transport and lysosome fusion by inducing re-arrangements of specific lipids and calcium channel transfer (Enrich et al., 2017). But the role of autophagy in radioresistance is still controversial. Wang et al. (2013) hold the view that autophagy promotes radioresistance in pancreatic cancer cells, while Djavid et al. (2017) concluded that the mobilization of autophagy could cause cell death through lysosomal activation, thus causing an enhancement of radiosensitivity in human cervical cancer cells. Our study demonstrated that autophagy inhibition increased the radiosensitivity of NPC cells and that there was a positive correlation between autophagy and radioresistance. Apart from the physiological regulation of calcium channels and re-arrangements of specific lipids, we found that ANXA6 could strengthen autophagy by blocking the PI3K/AKT/mTOR pathway. Meanwhile, siANXA6-suppressed autophagy could be reversed by a PI3K/AKT/mTOR inhibitor of CAL101. Taking these results together, we suggest that PI3K/AKT/mTOR complements the mechanism of the incidence of autophagy regulated by ANXA6.

The PI3K/AKT/mTOR pathway is one of the most frequently activated signaling pathways in cancers and is responsible for tumor development, cellular metastasis, and proliferation (Polivka and Janku, 2014; Zhang et al., 2017; Chamcheu et al., 2019). In particular, the PI3K/AKT/mTOR pathway has attracted extensive attention as the modulator of autophagy (Xu et al., 2020). The central checkpoint for the negative regulation of autophagy is mTOR, and anti-tumor drugs stimulate autophagy by attenuating the PI3K/AKT/mTOR pathway (Janku et al., 2011). Recent advances in radiotherapy also indicate that triggering of the PI3K/AKT/mTOR pathway is closely relevant to radioresistance, which is a major challenge for current radiation treatment in prostate cancer (CaP) and other cancers (Heavey et al., 2014; Chang et al., 2015). However, in our study, the PI3K/AKT/mTOR pathway was considered as a negative regulator for tumor progression and radiation resistance. According to many studies, the inhibition of the PI3K/AKT/mTOR pathway may contribute to weakened proliferation (Feng and Qiu, 2018) and prolonged cell cycle (He et al., 2018), which may provide much time for autophagy to phagocytize damaged organelles so as to maintain the stability of the intracellular environment, thus promoting cell survival and radioresistance after irradiation. Besides, it has been reported that targeting PI3K/AKT/mTOR-mediated autophagy strongly enhances the chemosensitivity of tumor cells. The overexpression of miR-142-3p attenuated autophagy by regulating the PI3K/AKT/mTOR pathway and enhanced the chemosensitivity of non-small cell lung cancers (Chen et al., 2017). For hepatocarcinoma, erlotinib induces autophagy through blocking the PI3K/AKT/mTOR pathway to enhance tumor resistance (Li et al., 2019). Another study reported that ZD6474, a small-molecule inhibitor that suppresses the activities of epidermal growth factor receptor, vascular endothelial growth factor receptor, and tyrosine kinases receptor, can activate autophagy depending on attenuation of the PI3K/AKT/mTOR signaling pathway to protect glioblastoma cells (Shen et al., 2013). These studies have demonstrated that the overexpression of the PI3K/AKT/mTOR pathway is beneficial for subduing autophagy and reducing tumor resistance.

Mechanistically, the phosphorylation of EGFR can stimulate several downstream signaling pathways, including MAPK/MEK/ERK and PI3K/AKT, that are involved in a variety of mitogenic, metastatic, and other tumor-promoting cellular activities (Wells, 1999; Roberts and Der, 2007). It was reported that an elevated ANXA6 level could inhibit the phosphorylation of EGFR by promoting protein kinase Cα (PKCα) and restrained EGFR signaling (Koese et al., 2013). Thus, we infer that the negative effect of ANXA6 on the PI3K/AKT/mTOR pathway may result from its inhibition of EGFR phosphorylation, though this needs further verification.

In summary, our results demonstrate that ANXA6-regulated autophagy via the PI3K/AKT/mTOR pathway makes a major contribution to the radioresistance of NPC (Figure 5). It is worth mentioning that this study has revealed the connection between ANXA6 and radiosensitivity for the first time and further implies that ANXA6 may be applied as a new biomarker for the diagnosis and prognosis of NPC radiotherapy. In addition, it will be of great benefit to expand the research on ANXA6 to head and neck neoplasms as a potential therapeutic target for radiosensitization in the future.
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FIGURE 5. A pattern diagram shows that ANXA6 regulates autophagy via inhibiting the PI3K/AKT/mTOR pathway to induce radioresistance of NPC. Irradiation (IR) increases the expression of ANXA6 in NPC cell lines and patient tumor tissues, which, in turn, directly inhibits the expression of PI3K and further reduces the phosphorylation of AKT and mTOR. The reduced p-mTOR increases the expression of Beclin-1 (a key activator of autophagy) and advances the formation of phagophore consisting of ATG16L1 (autophagy related 16-like 1), ATG12, ATG5 (autophagy related protein 5), and LC3 protein. Additionally, P62 binds to autophagosomal membrane protein LC3 and delivers itself to autophagosome, which ultimately leads to a decline of P62. Finally, autophagolysosome formed by the fusion of autophagosome and lysosome can phagocytize injured organelles to maintain/restore metabolic homeostasis, contributing to the radioresistance of NPC. Arrows represent promotion events, and blunt arrows indicate suppression events.
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