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Editorial on the Research Topic 


Novel Molecular Targets and Treatments for Gastroesophageal Cancer


In this Research Topic, we collected 20 papers under the title of “Novel Molecular Targets and Treatments for gastroesophageal Cancer” (Das et al., Power et al., Heng et al., Islam et al., Wang et al., Li et al., Zhang et al., Zhang et al., Deng et al., Bai et al., Lv et al., Guo et al., Chen et al., Luan et al., Jiang et al., Jafarzadeh and Soltani, Jin et al., Fang et al., Wang et al., Chen et al.). Cancers of the oesophagus and stomach account for 8.7% of new cases and 13.2% of new deaths of all sites worldwide (1). In the World Health Organization (WHO) classification of tumours, oesophageal cancer has two major histological types, namely squamous cell carcinoma (SCC) and adenocarcinoma (2). SCC is mostly noted in the upper and middle oesophagus and occurs mainly in high incidence regions such as in China, whereas adenocarcinoma is mostly in the lower oesophagus and oesophagogastric junction and is mostly in low incidence regions of high income and excess body weight. Recently, datasets reporting carcinoma of the oesophagus have been developed by the International Collaboration on Cancer Reporting (ICCR) (3, 4) to standardize the pathological reporting of cancer which allow a better base for research and improvement of management.

Among the papers focused on oesophageal cancer in this Research Topic, Das et al. review the therapeutic strategies against cancer stem cells, whereas Power et al. analyse immunotherapy approaches for oesophageal carcinomas. These papers open new avenues for innovative treatment of this cancer. The other papers are original studies based on SCCs from China, a high incidence area. Of these, Heng et al. studied the mechanisms and roles of camptothecin (anticancer agent) in oesophageal SCC cells. Islam et al. characterized the clinicopathological roles of molecular deregulation of Endothelial PAS domain-containing protein 1 (EPAS1) (code for an angiogenic factor) in 80 Hong Kong patients with oesophageal SCCs. In addition, the expression profiles of microRNAs could be useful as prognostic, and predictive biomarkers in oesophageal carcinomas (5). Wang et al. highlight the potential molecular target roles of miR-17-5p and miR-443 in the treatment of oesophageal SCC.

Spindle cell SCC is an uncommon subtype of SCC (2, 6). Li et al. analysed one of the largest series (n=43) of this cancer subtype in Southern China and developed a risk stratification and personalized management model. In the same centre, Zhang et al. analysed the ABO blood type in blood samples from 2179 patients with oesophageal carcinomas revealing that blood types had independent prognostic roles. Lastly, Zhang et al. from Shanghai reported the tumour-suppressive effect of Chinese herbal monomer, fangchinoline on oesophageal SCC cells.

Gastric cancer, predominately adenocarcinoma, is more common than oesophageal cancer, ranking fifth for incidence and fourth for mortality globally (1). Dataset reporting of carcinoma of the stomach has also been developed by ICCR (7) to standardize the pathological reporting of gastric carcinoma. In this area, Deng et al. reviewed the potential clinical value of tetraspanins in the management of gastric carcinoma. In addition, Bai et al. reviewed the advances and markers of immunotherapy in the treatment of patients with gastric adenocarcinoma and oesophagogastric adenocarcinoma. Lv et al. from China studied the expression of programmed death-ligand 1(PDL-1; predictor for immunotherapy), HER-2 (human epidermal growth factor receptor 2; predictor for anti-HER 2-antibody therapy), immune microenvironment, and clinical features in 120 gastric adenocarcinomas. They noted that HER-2 status could predict the efficacy of immune checkpoint inhibitors and HER-2 status combined with PD-L1 level could predict the prognosis of patients tithe gastric carcinomas.

At the DNA level, Guo et al. analysed blood samples from 640 gastric adenocarcinomas from Chinese patients as well as gastric carcinoma cell lines and showed that tumour necrosis factor alpha-induced protein 2 (TNFAIP2) polymorphism (rs8126 TC genotype) had a high risk of gastric carcinoma in male, elderly patients who are Helicobacter pylori-negative, non-smoking, and non-drinking individuals.

Gene expressions were studied in gastric carcinomas to investigate mechanistic pathways as well as their potential for target therapies. Chen et al. reported the expression of the transcription factor regulation gene, PLXNC1 (transcriptional factor plexin C1) in 111 gastric adenocarcinomas from Chinese patients and gastric carcinoma cell lines. The results showed that PLXNC1 plays an oncogenic role in gastric adenocarcinoma and could act as a therapeutic target. Luan et al. studied the expression of the TOR signalling pathway regulator (TIPRL) in 230 gastric carcinomas from Chinese patients, revealing that it suppresses cell migration and invasion by regulating the AMPK/mTOR signalling pathway in cancer. In addition, in 74 Chinese patients with gastric carcinoma and cancer cells, Jiang et al. showed that expression of fibronectin type III domain containing 1 (FNDC1) promotes the invasiveness of gastric cancer via the Wnt/β-catenin signalling pathway and correlates with peritoneal metastasis and prognosis.

Non-coding RNAs may include microRNAs, long noncoding RNAs (IncRNAs), and circular RNAs (cirRNAs) (8). Jafarzadeh and Soltanil from Iran demonstrated that InCRNA LOC400043 inhibits gastric cancer progression by regulating the Wnt signalling pathway in 15 gastric carcinomas and cell lines. In addition, Jin et al. demonstrated in 31 cases of gastric carcinomas from China and cancer cell lines that cirRNA promotes metastases under a long-term hypoxic microenvironment.

Proteins in carcinoma could alter tumour microenvironments such as matrix and cancer cell adhesions. In this aspect, Fang et al. studied the junctional adhesion molecular-like protein in 63 gastric carcinomas from Chinese patients and noted that it promotes tumour progression and metastases via the p38 signalling pathway. Wang et al. showed that a high level of legumain, with critical roles in extracellular matrix degradation and modelling, was associated with worse prognosis and peritoneal metastases in 139 Chinese patients with gastric carcinoma. Furthermore, Chen et al. studied the expression of myeloid differentiation factor 88 (MyD88), an adaptor molecule in Toll-like signalling pathway recognizing Helicobacter pylori, in 102 proximal gastric adenocarcinomas from Chinese patients by immunohistochemistry. MyD88 expression correlates with tumour grade and NF-kB p105/p50 expression.

To conclude, the papers in this Research Topic summarize current and novel molecular targets and treatments for oesophageal cancer and gastric cancer. This will enrich our understanding of pathogenesis and treatment possibilities, leading to the potential improvement of clinical outcomes of cancer.
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Background: Transcriptional factors (TFs) are responsible for orchestrating gene transcription during cancer progression. However, their roles in gastric cancer (GC) remain unclear.

Methods: We analyzed the differential expressions of TFs and, using GC cells and tissues, investigated plexin C1 (PLXNC1) RNA levels, as well as PLXNC1's clinical relevance and functional mechanisms. The molecular function of PLXNC1 was evaluated in vitro and in vivo. Kaplan-Meier curves and the log-rank test were used to analyze overall survival (OS) and disease-free survival (DFS).

Results: PLXNC1 was frequently up-regulated in GC and associated with poor prognosis. The expression level of PLXNC1 could serve as an independent biomarker to predict a patient's overall survival. Notably, knockdown of PLXNC1 significantly abolished GC cell proliferation, and migration, and overexpression of PLXNC1 accelerated carcinogenesis in GC. The gene set enrichment analysis (GSEA) indicated that high-expression of PLXNC1 was positively correlated with the activation of epithelial-mesenchymal transition (EMT), TNF-α, and IL-6/STAT3 signaling pathways. PLXNC1 promoted proliferation and migration of GC cells through transcriptional activation of the interleukin 6 signal transducer (IL6ST), which could rescue the malignant behavior of PLXNC1-deficient GC cells.

Conclusions: Our study demonstrated that the PLXNC1 plays an oncogenic role in GC patients. The PLXNC1-IL6ST axis represents a novel potential therapeutic target for GC.

Keywords: transcriptional factor, PLXNC1, IL6ST, gastric cancer, carcinogenesis


INTRODUCTION

Gastric cancer (GC) is one of the most malignant and prevalent tumors, with poor prognosis worldwide (1, 2). Although clinical therapeutic methods and medical technology have improved (surgical resection and target drug therapy, for example), the 5 year survival rates of GC still remain dismal (3). Moreover, the molecular mechanism underlying gastrocarcinogenesis has not yet been completely elucidated. However, recently, genomic technology has become the essential methodology used by international organizations to discover the novel therapeutic targets in GC (4, 5). The Cancer Genome Atlas (TCGA) has carried out a systematic and multidimensional repertoire of genomic dysregulations, including gene expression, gene-level-mutation, copy number variation, and clinical information for stomach adenocarcinoma (STAD). The open-source TCGA dataset provides a suitable repository for investigators to explore new methods for GC diagnosis, treatment, and prevention (6).

Transcriptional dysregulation is a hallmark of cancer (7). Transcription factors (TFs), chromatin regulators, and other co-factors jointly regulate this process. Master, signaling, and proliferation are the major classes of TFs, and could remodel chromatin status and manipulate the generation of addictive cancer transcripts (8). In GC, kruppel-like factor 5 (KLF5) and MYC proto-oncogene bHLH transcription factor (MYC) collectively regulate long intergenic non-protein coding RNA 346 (LINC00346), thus contributing to GC progression (9). Nevertheless, the roles of TFs and their regulated targets in GC remain elusive.

In this study, we examined the latest TF catalog, comprising 1,935 TF genes (10), and systematically analyzed their transcription profile in TCGA-STAD cohort to assess the roles of TFs in GC. We identified 419 up-regulated and 64 down-regulated TF genes in STAD paired tissues. Among the TFs identified, 189 targets showed a positive correlation with patient prognosis. Moreover, we found a transcriptional factor plexin C1 (PLXNC1), which was significantly up-regulated and correlated with poor outcomes in GC patients. Notably, the PLXNC1 promoted GC cell proliferation and metastasis by enhancing tumor-related signaling pathways and transcriptional activation of IL6ST. Our results demonstrated that the PLXNC1-IL6ST axis could be a promising therapeutic target in GC.



MATERIALS AND METHODS


Human Tissues and Follow-Up

Gastric cancer specimens and matched adjacent non-tumor tissues (NTs) from 111 patients were obtained from the Department of Gastric Surgery, Fudan University Shanghai Cancer Center, Fudan University (Shanghai, China) to analyze PLXNC1 mRNA levels. Upon resection, the tissue samples were snap-frozen in liquid nitrogen and stored at −80°C. Informed consent was acquired from all patients. The study was approved by the Ethics Committee of Shanghai Medical College of Fudan University.



Statistical Analysis

For comparisons of two groups, statistical significance for normally distributed variables were estimated using unpaired Students t-test, and non-normally distributed variables were analyzed by Mann-Whitney U-test (also called the Wilcoxon rank-sum test). The differentially expressed genes were analyzed from moderate students t-test using the limma package. The Kaplan-Meier method was used to generate survival curves for the two subgroups of the binomial variables, and the Log-rank (Mantel-Cox) test was used to determine the statistical significance of the differences between survival curves. The hazard ratios for uni- and multivariate analyses were calculated by the uni- and multivariate Cox proportional hazards regression model.

The diagnostic efficiency of PLXNC1 and CEA for patients' OS times was estimated using receiver operating characteristic (ROC) curves. From a comparison of two ROC curves and the areas under the curves (AUC), 95% confidence intervals were calculated, according to the DeLong method. All statistical analyses were carried out using the R language (version 3.5.2, https://www.r-project.org/). The statistical tests were two-sided, and a P < 0.05 was considered statistically significant. The following R packages were used in this study: “pROC,” “rms,” “survival,” “clusterProfiler,” and “pheatmap.”



Cell Lines and Cell Culture

The human GC cell lines (HGC-27 and AGS) were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA). The human embryonic kidney 293T (HEK-293T) cells were purchased from the Shanghai Cell Bank Type Culture Collection Committee (CBTCCC) (Shanghai, China). HGC-27 and AGS cells were cultured in RPMI1640 (Thermo Fisher Scientific, Waltham, MA, USA) and HEK-293T cells in DMEM (Gibco, Grand Island, NY, USA), supplemented with 10% fetal bovine serum (Gibco), 100 μg/ml penicillin (Gibco), and 100 μg/ml streptomycin (Gibco), at 37°C and 5% CO2. Cells were treated with Mycoplasma-OUT (Genechem, Shanghai, China) for 1 week before a routine experiment and mycoplasma testing was performed by PCR.



RNA Extraction, Reverse Transcription, and qRT-PCR Analysis

Total RNA was extracted from GC or non-tumor tissues or cells using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized using the PrimeScript RT Reagent Kit (TaKaRa, Shiga, Japan). The quantitative real-time polymerase chain reaction (qPCR) analyses were performed using SYBR Premix Ex Taq II assays (TaKaRa), determined using the QuantStudio 7 Flex sequence detection system (Thermo Fisher Scientific), and calculated and normalized to β-actin using the comparative CT method [2−ΔCT(targetgene−β−actin)]. The sequences of the target gene primers used are listed in Table S1; β-actin was used as an internal control.



RNA Interference

Small interfering RNA (siRNA) oligonucleotides targeting PLXNC1 were designed and synthesized by RiboBio (Guangzhou, China). Cells were transfected with siRNAs using the Lipofectamine RNAiMAX reagent (Invitrogen) at a final concentration of 50 nM. Cells were used for RNA extraction, proliferation, migration, and immunoblotting assays after transfection for 48 h. The sequences for the PLXNC1 siRNAs used are listed in Table S1.



Lentivirus Production and Transduction

The packaging plasmid psPAX2 and the VSV-G envelope plasmid pMD2.G (gifts from Dr. Didier Trono), coupled with PLXNC1, Cas9, GFP overexpression plasmids, or PLXNC1 sgRNAs plasmids, were transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen). Lentiviral particles were harvested at 48 h after transfection, and GC cells were infected with recombinant lentivirus plus 8 μg/mL polybrene (Sigma-Aldrich, St. Louis, MO, USA).



Colony Formation and Migration Assays

For the colony formation assay, 1.5 × 103 cells were seeded in a 6-well plate per well and incubated at 37°C for nearly 10 days. The number of colonies stained with 100% methanol containing 0.5% crystal violet (Sigma-Aldrich) was counted and analyzed. For cell migration assays, a total of 5 × 104 cells were suspended per well in the upper chamber (BD Biosciences, Franklin Lakes, NJ) with 200 μL of RPMI1640 [minus fetal bovine serum (FBS)] in a 24-well plate; 800 μL of RPMI1640, supplemented with 10% FBS, was added to the lower chamber. After 20 h of incubation, the chambers were fixed and stained with 100% methanol containing 0.5% crystal violet (Sigma-Aldrich) for 20 min, followed by imaging and counting under an inverted microscope (Olympus, Tokyo, Japan).



Xenograft in Nude Mice

PLXNC1 knockdown AGS cells and control cells were harvested and suspended in RPMI1640 without FBS. A total of 12 mice (male BALB/c-nu/nu, 6 weeks old) were randomly divided into two groups and subcutaneously injected in the lower back with 2 × 106 cells in 200 μL of RPMI1640 without FBS. The mice were sacrificed, and the tumors were dissected and weighed ~5 weeks after injection. The mouse experiments were conducted using the Guide for the Care and Use of Laboratory Animals of Fudan University and approved by the Committee on the Ethics and Welfare of Laboratory Animal Science of Fudan University.



Chromatin Immunoprecipitation-Quantitative PCR (ChIP-qPCR)

AGS cells were cross-linked for about 10 min in 1% formaldehyde, quenched in glycine, re-suspended in ChIP lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.02% SDS, 5 mM EDTA, proteinase inhibitor), sonicated, and centrifuged. The supernatant was collected and incubated with Flag antibody and Dynabeads® Protein G (Thermo Fisher Scientific). The beads complex was washed five times with ChIP lysis buffer, decrosslinked and digested with RNase A and proteinase K. DNA samples were collected using MinElute Reaction Cleanup Kit (Qiagen, Hilden, Germany). ChIP-qPCR was performed using the QuantStudio 7 Flex sequence detection system (Thermo Fisher Scientific). Primers are listed in Table S1.



Dual-Luciferase Assay

The dual-luciferase assay was conducted using the Dual-Luciferase Reporter Assay (promega). Briefly, AGS cells were transfected with luciferase, renilla, and PLXNC1-mixed siRNAs or negative control-siRNA. Cells were lysed, added with luciferase and renilla substrate, then measured after 24 h.



Western Blotting

Proteins were separated on 10% SDS-PAGE and transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The membrane was blocked with 5% non-fat milk and incubated with primary antibodies, followed by horseradish peroxidase-conjugated secondary antibodies. The protein bands were visualized using enhanced chemiluminescence reagents (Thermo Fisher Scientific) and Tanon 5200 Chemiluminescent Imaging System (Tanon, Shanghai, China) detection. The antibodies used are offered in Table S2.




RESULTS


Transcription Factors Are Differentially Expressed With Clinical Significance in GC

We analyzed the expression profile of 1,935 TFs in TCGA-STAD cohort (370 samples) to explore the dysregulated levels and potential clinical significance of TFs in GC development. Twenty-seven paired tissue samples (tumor and adjacent tissues) were used to perform differential expression analysis. The results showed that 372 TFs were highly expressed in GC compared with para-cancerous samples, whereas 63 TFs were down-regulated in tumor tissues (FDR < 0.05, fold change > 1.3; Figure 1A; Table S3).
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FIGURE 1. Differentially expressed transcription factors predict a patient's overall survival in TCGA-STAD cohort. (A) Three-dimensional scatter plot generated from the differential expression profiles of TCGA-STAD 27 paired gastric tissue. (B) The circled diagram of differentially expressed TF genes in TCGA-STAD cohort. In the figure comprised of five tracks, the first track refers to the average expression level (log2 transfer) of TFs; the second track indicates the fold change of differential expression analysis of TFs in the STAD paired tissue dataset; the third track shows the P-value (–log10 transfer) of log-rank test for each TF; the fourth track represents the hazard ratio value of univariate-cox model (HR value and it's 95% CI (lower and upper) were both highlighted as red, blue, and green ligatures, respectively); the last track displays the correlation coefficients between tumor stage and TF expression level. The darker color indicates a higher quantitative value to distinguish TFs. The sector with light red shows the high-risk TFs, which indicate poorer outcomes for GC patients. (C) Correlation of clinicopathological features with tumor PLXNC1 expression level in TCGA-STAD cohort.


Analysis was first carried out to determine the correlation between these dysregulated TFs and OS, and to investigate the prognostic significance of TFs in GC. The clinical characteristics and whole TF expression profile (FPKM normalization) of 370 tumor samples were acquired for survival analyses. The samples were classified into two groups according to their optimal survival cut-off point for each TF, and the difference of accumulated survival curve was represented by Kaplan-Meier analysis (see Methods). The prognostic risk estimation of TFs was performed by the univariate cox proportional hazard model. Consequently, 29 down-regulated and 150 up-regulated TFs were significantly correlated with patient OS (P < 0.05; Figure 1B). Among them, 49 TFs showed a high risk for patient prognosis (hazard ratio > 1; highlighted in light red). Moreover, we completely analyzed the candidate-dysregulated TFs and their expression levels, hazard ratio, and correlation with tumor stages in TCGA-STAD cohort. Additionally, we investigated a possible correlation between clinical characteristics and PLXNC1 expression levels in TCGA -STAD patients, finding that GC patients with high PLXNC1 mRNA expression levels had a significant correlation with the tumor stage (Figure 1C). These results indicated that a group of TFs was dysregulated in GC, including PLXNC1, strongly correlating with clinical significance.



High Expression of PLXNC1 Predicts Poor Prognosis in GC

We carried out quantitative real-time polymerase chain reaction (qRT-PCR) on our internal GC cohort (n = 111) to reveal the differential expressions of PLXNC1 in GC tissues and paired non-tumorous tissues (NTs). Importantly, the PLXNC1 was significantly up-regulated in GC samples compared with NTs at mRNA level (P < 0.001; Figure 2A). Kaplan-Meier Survival analysis showed that GC patients with high PLXNC1 expression levels exhibited poor OS and disease-free survival (DFS) (P < 0.05; Figures 2B,C). We applied multivariate analyses using the Cox proportional hazard regression model, comparing PLXNC1 expression values with other clinical factors (e.g., age, gender, tumor size, tumor stage, number of lymph node metastasis, recurrence status) as covariates, to investigate whether the expression levels of PLXNC1 were an independent prognostic factor in our internal GC cohort (n = 111). GC patients with a high expression level of PLXNC1 in tumors harbored a 2.66-fold high risk of death (P < 0.05, 95% CI, 1.20–5.90; Figure 2D).


[image: Figure 2]
FIGURE 2. PLXNC1 predicts prognosis in gastric cancer. (A) The differential expression level of PLXNC1 expressed in our 111 paired STAD tissues. (B,C) Kaplan–Meier curves of overall survival and disease-free survival in our internal 111 gastric patients, validated by PLXNC1 mRNA expression levels. (D) The results of multi-variate analyses using the Cox proportional hazard regression model for PLXNC1 mRNA levels and other clinical indices in our internal cohort. (E) The comparison of diagnostic efficacy of CEA and PLXNC1 mRNA levels for predicting the time period of tumor OS. *P < 0.05; **P < 0.01.


We then investigated the effects of PLXNC1 on survival prediction by comparing it with the GC traditional diagnostic biomarker, carcinoembryonic antigen (CEA). For biopsy-proven GC patients, the expression levels of PLXNC1 and serum CEA levels (ng/ml) were used to construct a ROC curve which could evaluate the diagnostic efficiency of GC patient survival in our cohort. Consequently, PLXNC1 exhibited higher diagnostic efficacy than CEA for prediction of patient survival time (P < 0.001; Figure 2E). These results therefore showed that the PLXNC1 could serve as a promising prognostic biomarker for GC patients.



PLXNC1 Plays Oncogenic Roles in GC

We first designed two independent siRNAs targeting PLXNC1, in order to elucidate the molecular function of PLXNC1 in GC. Western blot analysis identified efficient siRNA-mediated knockdown of PLXNC1 in both HGC-27 and AGS gastric cell lines (Figure S1A). Knockdown of PLXNC1 significantly diminished GC cell proliferation and migration, as determined by colony formation and cell migration assays compared to cells treated with control siRNA (siNC) (Figure 3A). We then used lenti-clustered regularly interspaced short palindromic repeats (CRISPR) deletion systems to knockdown PLXNC1 (Figure S1B). Consistently, PLXNC1 knockdown in HGC-27 and AGS cells markedly abolished proliferation and migration (Figure 3B). We also constructed PLXNC1 overexpression lentivirus and found that overexpression of PLXNC1 in HGC-27 and AGS cells (Figure S1C) enhanced gastric cell proliferation and migration (Figure 3C). AGS cells infected with the PLXNC1 knockdown lentivirus and the control lentivirus were subcutaneously injected into the flanks of 6-week-old nude mice, then monitored for tumor growth for 5 weeks to further explore the effect of PLXNC1 on tumorigenicity. Importantly, knockdown of PLXNC1 protein expression decreased tumorigenicity (Figure 3D), as measured by the tumor weight (Figure 3E) and size (Figure 3F). In summary, these data suggest that PLXNC1 promoted carcinogenesis of GC both in vitro and in vivo.
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FIGURE 3. PLXNC1 plays oncogenic roles in gastric cancer both in vitro and in vivo. (A) Colony formation assays (up) and Transwell migration assays (down) for HGC-27 and AGS cells transfected with PLXNC1 siRNAs or negative control (NC) siRNA. (B) Colony formation assays (up) and Transwell migration assays (down) for HGC-27 and AGS cells infected with the PLXNC1 knockdown-mixed sgRNAs or control sgRNA lentivirus. (C) Colony formation assays (up) and Transwell migration assays (down) for HGC-27 and AGS cells infected with PLXNC1 overexpression lentivirus or GFP control. (D) Xenograft tumors of Cas9 or PLXNC1 knockdown AGS cells in nude mice. (E,F) The knockdown of PLXNC1 reduces the (E) weight and (F) volume of xenograft tumors (n = 6 mice per group). Values represent the mean ± SEM, (A–C) n = 3 and (D–F) n = 6. *P < 0.05; **P < 0.01.




PLXNC1 Activates Cancer-Associated Signatures in GC

We further explored the potential downstream targets and cancer-related signaling pathways controlled by PLXNC1. We first separated TCGA-STAD samples into two groups (high and low PLXNC1-expression level sub-groups) according to the PLXNC1 median value. Next, we performed the single-sample gene set enrichment method (ssGSEA) to evaluate the enrichment degree of 50 cancer hallmark gene signatures in whole 370 GC samples. Gene set enrichment scores for each sample were further clustered by hierarchical agglomerative clustering (Ward's linkage). The results demonstrated that the TNF-α, IL-6/STAT3 pathway, inflammatory response, epithelial-mesenchymal transition (EMT) signatures, and other signatures, were activated in the PLXNC1 high-expression group (Figure 4A). Moreover, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed that gene sets up-regulated in the high PLXNC1 sub-group were enriched with represented signatures involved in tumor development and progression, such as the JAK-STAT signaling pathway, ECM-receptor interaction, and cAMP signaling pathway (Figure 4B). We then used the GSEA to explore the cancer hallmark pathway enrichment with extract statistical results. The clusterprofiler package (11) was used to construct the GSEA plot of the cumulative curve, and the results showed the top five significant enrichment pathways with statistically significant signatures (enrichment score > 0, P < 0.05, Figure 4C). Routinely, we selected the significantly dysregulated genes in the aforementioned signaling pathways for validation. The qRT-PCR results showed that overexpression of PLXNC1 significantly enhanced the EMT, IL-6/STAT3, and inflammatory response-related genes such as IGFBP3, IL6ST, KIF1B, and FPR1 (Figure 4D). These results demonstrated that PLXNC1 accelerated the cancer development and progression by activating the cancerous signaling pathways in GC cells.
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FIGURE 4. PLXNC1 activates cancer-associated signatures in gastric cancer. (A) The heatmap of hierarchical clustering shows the enrichment score of cancer hallmark gene sets enriched in the PLXNC1 high/low expressed group based on single sample gene set enrichment analysis (GSEA) for TCGA-STAD cohort. (B) KEGG pathway analysis performed by the DAVID platform for PLXNC1 high-expressed group. The KEGG pathway with P < 0.05 is shown in a bubble plot. (C) GSEA of hallmark gene sets in high-level-group of PLXNC1. All transcripts were ranked by log2 (fold change) between two groups. Each run was performed with 500 permutations. Enrichment results with significant associations with PLXNC1 were shown. (D) The relative candidate cancer hallmark pathway gene mRNA expression infected with PLXNC1 or GFP overexpression lentivirus in AGS gastric cancer cells using qRT-PCR analysis. (D) Values represent the mean ± SEM, n = 3. *P < 0.05; **P < 0.01.




PLXNC1 Regulates IL6ST Expression at the DNA Level in GC Cells

IL-6/STAT3 has been identified as a crucial pathway to accelerate GC progression (12, 13). Our previous studies highlighted that PLXNC1 activates IL-6/STAT3 signaling pathway in GC cells; however, the direct downstream targets of PLXNC1 still remain unclear. We first analyzed the expressional correlation of genes in this pathway with PLXNC1, and found the mRNA expression of 35 genes was significantly correlated with PLXNC1 (R ≥ 0.4), which elucidated the regulatory mechanism of PLXNC1 in the IL-6/STAT3 signaling pathway. Next, using the qRT-PCR method, we selected the top 20 genes in order to identify the potential regulation by PLXNC1, and found that knockdown of PLXNC1 could decrease the expression of genes such as CSF2RB (Figure 5A). Notably, knockdown of PLXNC1 could significantly diminish IL6ST mRNA levels (Figures 5A,B), while overexpression of PLXNC1 enhanced IL6ST mRNA levels (Figure 4D). These findings showed that IL6ST might be the direct downstream target of PLXNC1. IL6ST (also known as GP130) controls the IL-6/STAT3 signaling pathway and accelerates gastric tumorigenesis (14, 15). We performed ChIP-qPCR and found PLXNC1 was enriched on the IL6ST promoter (Figure 5C), further identifying the expressional control of IL6ST by PLXNC1 under a DNA lever. The dual-luciferase reporter assay also showed that knockdown of PLXNC1 decreased IL6ST promoter activity (Figure 5D); PLXNC1 expression was highly correlated with LI6ST expression in TCGA-STAD samples (left) and our internal GC samples (right; Figure 5E). Importantly, overexpression of IL6ST could rescue PLXNC1-deficient GC cell proliferation and migration (Figure 5F). Collectively, this data suggests IL6ST as a downstream target of PLXNC1 in GC.
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FIGURE 5. PLXNC1 controls IL6ST expression at the DNA level. (A) The relative mRNA levels of the IL-6/STAT3 pathway genes in AGS cells transfected with PLXNC1-mixed siRNAs and negative control siRNA. (B) IL6ST mRNA levers and protein levels in AGS cells transfected with PLXNC1 siRNAs and negative control. (C) ChIP-qPCR revealed the enrichment of PLXNC1 in IL6ST promoter in AGS cells. (D) The IL6ST promoter activity transfected with PLXNC1-mixed siRNAs and negative control siRNA in AGS cells. (E) Expressional correlation of PLXNC1 and IL6ST in GC tissues. (F) Colony and migration assays of AGS cells transfected with PLXNC1-mixed siRNAs, PLXNC1-mixed siRNAs plus IL6ST overexpression plasmids, or negative control. (A–D,F) Values represent the mean ± SEM, n = 3. *P < 0.05; **P < 0.01.





DISCUSSION

An increasing number of studies have revealed the crucial regulatory roles of TFs in the manipulation of tumor-specific, addictive transcripts or cancer-related pathways, thus triggering carcinogenesis and promoting cancer development (16, 17). However, the complete function and clinical significance of TFs in GC remains unclear. In the present study, we systematically analyzed dysregulated TFs in GC and identified a critical role of transcriptional factor PLXNC1 in promoting GC progression, as well as the prognostic value of PLXNC1 in GC patients. We demonstrated that PLXNC1 was up-regulated in GC tissues, and GC patients with highly expressed PLXNC1 exhibited worse overall survival. Further studies identified that PLXNC1 promoted GC proliferation in vitro and in vivo, as well as migration in vitro by activating tumor-related pathways such as the IL-6/STAT3 signaling pathway.

Plexin C1 was first discovered in the nervous system and has been found to be associated with neuronal cell adhesion (18). Recent evidence shows that PLXNC1 participates in many crucial biological or disease processes. In papillary thyroid cancer (PTC), miR-4500 functions as a tumor suppressor by decreasing PLXNC1 expression, and knockdown of PLXNC1 represses colony formation, proliferation, invasiveness, and enhances apoptosis in PTC cells (19). In liver cancer, PLXNC1 marks epithelial phenotype of liver cancer cells and is significantly up-regulated in liver cancer tissues, which suggests the important roles of PLXNC1 in liver cancer (20). In the present study, we first reported the molecular function and clinical significance of PLXNC1, which served as an oncogene in promoting GC progression. PLXNC1 not only enhanced GC cell proliferation but also increased migration. High expression of PLXNC1 manipulated IL6ST expression at the DNA level and activated tumor-related pathways such as the IL-6/STAT3 pathway. This finding is in accordance with recent studies that have reported that PLXNC1 promotes acute inflammation (21). However, the whole genomic binding sites of PLXNC1 in GC remain unclear and need to be elucidated in further studies. Additionally, which factors control PLXNC1 expression in GC should be studied in more depth.



CONCLUSION

Our study is the first to demonstrate that PLXNC1 is up-regulated and associated with poor survival in GC patients. PLXNC1 enhances the tumorigenesis and aggressiveness of GC cells through transcriptional activation of IL6ST and enhancement of the IL-6/STAT3 signaling pathway. These results reveal the crucial importance of PLXNC1 in GC progression, and suggest that the PLXNC1-IL6ST axis could be of potential value as a novel target of treatment for GC patients.
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Background: Gastric cardia cancer (GCC) arises in the area of the stomach adjoining the esophageal–gastric junction and has unique risk factors. It was suggested that the involvement of Helicobacter pylori is associated with GCC from high-risk population. Myeloid differentiation factor 88 (MyD88) is a crucial adaptor molecule in Toll-like signaling pathway recognizing H. pylori. Its role in GCC has not been elucidated yet. In this study, our purpose is to investigate the expression and significance of MyD88 in GCC tissue.

Methods: Expression of MyD88 and nuclear factor κB (NF-κB) p105/p50 and infection of H. pylori were detected by immunohistochemistry in gastric cardia tissue. The correlation of MyD88 expression to NF-κB p105/p50 expression, H. pylori infection, and clinicopathologic characteristics in gastric cardia tissue was analyzed. The involvement of MyD88 in patient prognosis was also analyzed.

Results: Our data showed that the expression of MyD88 elevated from normal mucosa to inflammation (p = 0.071). The expression of MyD88 was enhanced in GCC tissues by contrast to non-malignant cardia mucosa (p = 0.025). What's more, overexpression of MyD88 was detected in intestinal-type adenocarcinoma with inflammation. Patients with high MyD88 staining revealed a better differentiation (p = 0.02). MyD88 also positively correlated with NF-κB p105/p50 expression (p = 0.012) in cancer tissue. Expression of MyD88 was increased but not significantly in biopsies with H. pylori infection compared with non-infected biopsies. Multivariate analyses revealed lymph node metastasis but not MyD88 expression was an independent predictor for patient survival.

Conclusion: These findings provide pathological evidence that upregulating MyD88 and inducing inflammation might be involved in gastric cardia carcinogenesis in high-risk population. MyD88 plays a role in gastric cardia carcinogenesis with NF-κB pathway activation. Higher MyD88 expression is not a major prognostic determinant in GCC, but it may relate to the tumor cell differentiation.

Keywords: MyD88, Helicobacter pylori, gastric cardia cancer, cancer and inflammation, prognosis

Gastric cancer is a significant global health problem. It is one of the five most common malignancies and ranks after lung, breast, colorectal, and prostate cancer in 2012 (1). Geographically, 43% of total global cases occur in China (1). Gastric cancer is generally divided into two topographical categories: gastric cardia cancer (GCC) arising in the upper part of the stomach, where it connects to the esophageal, and non-GCC (NGCC) arising from rest part of the stomach. Gastric cardia cancer has unique epidemiology and risk factors different from NGCC. The incidence of GCC has been stable or increased, and the NGCC incidence decreased since the mid-1970s (1).

In China, the incidence of GCC differs on the basis of geographical situation and populations. Gastric cardia cancer has epidemiologic features of population and familial aggregation. The regions in China with high incidence rate of esophageal cancer also have high incidence of GCC, such as Linzhou (2) and Chaoshan area (3). Different from GCC, the incidence of NGCC is low in these areas. Risk factors of GCC are unclear and controversial. Studies of Caucasian populations suggested risk factors for GCC are similar to those for esophageal adenocarcinoma, including obesity, gastroesophageal reflux disease, and Barrett esophagus (1). Helicobacter pylori with positive test associated with NGCC is suggested inversely associated with GCC in Western countries. However, in high-risk settings, a positive association between H. pylori infection and gastric cancer was observed both for cardia and non-cardia cancers (4). Reports showed that the influence of gender, socioeconomic status, presence of intestinal metaplasia, and past alcohol intake also differ in GCC and NGCC (1). Considering the differences, more and more researches are addressing GCC and NGCC as separate diseases.

The Chaoshan GCC high-incidence area of east Guangdong province is the only coastal high-incidence area in China. From 1995 to 2004, previous epidemiological data revealed that the incidence of GCC was unusually high (34.81/100,000) on Nan'ao Island in the Chaoshan area (3). Our previous researches found that H. pylori infection accompanied with chronic inflammation may result in the carcinogenesis of GCC in Chaoshan region (5, 6).

Toll-like receptors (TLRs) may acquire oncogenic potential by initiating inflammatory pathways, which are essential for H. pylori recognition (5–7). The TLRs transmit signals through adaptor proteins. The first adaptor molecule of TLRs to be discovered is myeloid differentiation factor 88 (MyD88) (8). MyD88 is essential in regulating innate immune signals from members of the TLR and interleukin families. Toll-like receptors and interleukin 1 receptors can recognize microbes or endogenous ligands and then recruit MyD88, which can induce nuclear factor κB (NF-κB) activation (8–12). Previous study suggested that abnormal expression of MyD88 was closely associated with the development of tumor and resistance of drugs. In stomach, lung, liver, ovary cancer tissues, the expression of MyD88 was enhanced (8). However, the research data are contradictory. The effects of MyD88 in the development and progression of cancers are controversial (13, 14). MyD88-deficient mice models have shown MyD88 may either promote (10, 15–17) or suppress (18–20) tumor development. In colon cancer models, MyD88 showed contradictory roles even in the same cancer (21, 22).

Our previous study suggested that TLR4 plays a role in carcinogenesis of Chaoshan GCC (7). However, the expression of MyD88 in GCC and its effects on GCC development remain unknown. In the present study, we investigate the expression of MyD88 in gastric cardia tissue of different lesions from Chaoshan high-risk area and evaluate its correlation with H. pylori infection and NF-κB pathway activation.


MATERIALS AND METHODS


Study Patients

One hundred two gastric cardia carcinoma samples and 95 non-malignant gastric cardia mucosa were obtained from the Tumor Hospital and the First Affiliated Hospital of Shantou University Medical College in Chaoshan area. The inclusion criterion for GCC is the center of cancer within 2 cm below the gastroesophageal junction defined by the World Health Organization (23). Follow-up survey was conducted for survival status of 71 patients by mobile phone or personal interview. Table 3 shows the clinicopathological features of the GCC patients. The median age was 62 years with range 40–78 years. Mean tumor diameter was 6 cm (range, 3–15 cm). In this study, we obtained all patients' informed consent and approval from the ethical review committees of the Medical College of Shantou University.



Immunohistochemistry

Formalin-fixed paraffin-embedded samples were sectioned at 4 μm and deparaffinized with xylene and rehydrated with graded ethanol, and then 3% hydrogen peroxide was used for preincubating for 10 min. Antigen retrieval was performed by heating for 20 min in microwave oven. Then, the sections were incubated with 10% normal goat serum to block/eliminate non-specific staining. Next, the tissues were incubated overnight at 4°C with the following antibodies: anti-MyD88 rabbit monoclonal antibody (ab133739; Abcam; Cambridge, MA, United States), anti–NF-κB p105/p50 rabbit monoclonal antibody (ab32360; Abcam; Cambridge, MA, United States), or anti-H. pylori rabbit polyclonal antibody (RAB-0064; Fuzhou Maixin Biotechnology; Fuzhou, Fujian Province, China). The tissues were incubated with the secondary antibody conjugated with horseradish peroxidase at 37°C for 30 min. Sections were counterstained with hematoxylin and mounted with glycerol gelatin. We used Olympus BX43 microscope (Olympus, Japan) and Olympus DP21 image management system (Olympus, Japan) to capture images.

Immunohistochemistry (IHC) staining score was evaluated by two experienced researchers in a blinded manner. The expression of MyD88 and NF-κB p105/p50 was rated (0–3) semiquantitatively according to the signal intensity (0 = no immunostaining, 1 = weak positive staining, 2 = moderate positive staining, 3 = strong positive staining) (24). We found intensity in different areas of the specimen was different. We observed the whole specimen and counted all positive and negative cells. Most sections with total number of cells varied from 5,000 to 8,000. The value was calculated by multiplying the scores of staining intensity by the proportion of positive cells (0–100%).

All values were added to generate a final score ranging from 0 to 300 (25). Helicobacter pylori IHC–positive test showed H. pylori are brownish yellow, thick, and rod-like, and some of them are clumps (26).



Chronic Inflammation Grading

According to the updated Sydney System, chronic inflammation was measured by the presence of polymorphonuclear leukocytes alongside the mononuclear inflammatory infiltration. The normal gastric mucosa has fewer than 5 inflammatory cells in the lamina propria. Mild inflammation shows 5–30 inflammatory cells in the lamina propria per high-power field or the foveolae. More than 30 inflammatory cells per high-power field infiltrating mucosal layer was considered severe inflammation (27).



Statistical Analysis

Independent non-parametric t-tests for trend were used to evaluate increased or decreased MyD88 expression among groups. Spearman correlation was used to determine the correlation between MyD88 and NF-κB p105/p50. The risk factors for overall survival were tested by a Cox proportional hazards model with a stepwise forward procedure. All statistical analyses were performed by using SPSS v19 (SPSS, Chicago, IL, USA). P < 0.05 was considered statistically significant.




RESULTS


MyD88 Expression in Gastric Cardia Tissue

To detect the expression of MyD88 in nonmalignant tissue and GCC tissue, we performed MyD88 immunohistochemical staining in this retrospective cohort study. In Table 1 and Figure 1, MyD88 expression in the different gastric cardia lesions is shown. Immunostaining of MyD88 protein was mainly found in the cytoplasm, which was consistent with published result (28). Among the non-malignant gastric cardia tissues, MyD88 expression was higher in inflamed epithelia than that in normal gastric cardia mucosa (Figures 1A,B), and the p-value was close to significant level, but did not differ between mild and severe inflammation. In 102 GCC cases, MyD88 expression was detectable in most of the cases 72/102 (70.59%). MyD88 expression was significantly higher in tumor tissue than that in non-malignant gastric cardia tissues (p = 0.025) (Table 1). Moreover, the stronger MyD88 staining was found in intestinal-type adenocarcinoma with severe inflammation than in diffuse-type cancer (Figures 1C,D).


Table 1. Immunohistochemical evaluation of MyD88 expression in different gastric cardia tissue.
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FIGURE 1. Representative IHC staining for MyD88 in gastric cardia mucosae and gastric cardia cancer tissue. (A) No immunostaining in normal mucosae, (B) moderate positive staining in mucosae with inflammation, (C) negative MyD88 staining in poorly differentiated tumor, and (D) strong positive staining in intestinal-type adenocarcinoma. (E) Boxplot shows MyD88 expression was higher in the inflammation cases than normal tissues. (F) Boxplot shows MyD88 expression was significantly higher in the GCC cases compared to the non-malignant cases (*p < 0.05).




Correlation Between MyD88 Expression and H. pylori Infection

MyD88 may play a role in gastric immunologic response to H. pylori (29, 30). We hypothesized that MyD88 expression correlates with H. pylori infection. At the beginning we tried to compare the MyD88 expression correlates with H. pylori infection in GCC tissue. However we found that most of the tumor tissue had necrosis and very few samples could found H. pylori by IHC. So we just used the non-GCC tissue to analyze H. pylori infection. We think that the results from non-malignant gastric cardia tissues can reflect the relationship between MyD88 expression and H. pylori infection. Thus, we use immunohistochemical staining to detect H. pylori infection in the non-malignant gastric cardia tissues. Helicobacter pylori was seen in the mucosa and gland epithelium tissues (Figure 2A). Expression of MyD88 was increased in biopsies with H. pylori infection compared with non-infected biopsies; however, the difference was not significant (Table 1, Figure 2B).


[image: Figure 2]
FIGURE 2. Representative IHC staining for MyD88 (A) and NF-κB p50/105 (B) in the same gastric cardia cancer tissue.




Correlation Between MyD88 Expression and NF-κB in GCC

MyD88 plays an important role in tumor immunity by regulating NF-κB–mediated functions (8, 31). We used an antibody that can recognize both p105 and p50 proteins to quantify NF-κB p105/p50 protein in the same cohort of samples. Immunohistochemical staining detected NF-κB p105/p50 in all non-malignant and malignant samples. Expression of NF-κB p105/p50 was higher in GCC (n = 104) than in non-malignant tissues (n = 94) (p = 0.000). Moreover, increased NF-κB p105/p50 staining in gastric cardia tissues was positively associated with overexpression of MyD88 expression (p = 0.012) (Table 2). The strongest immunostaining of NF-κB p105/p50 and MyD88 coexisted in tumors (Figure 3).


Table 2. Correlation of MyD88 and NF-κB p50/105 expression in gastric cardia cancer tissue.
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FIGURE 3. Helicobacter pylori infection and MyD88 expression. (A) Helicobacter pylori infection was identified by IHC in gastric cardia glands. (B) Boxplot shows that MyD88 expression was higher in the severe H. pylori infection cases than the cases without H. pylori infection but not significantly.




Clinical Significance of MyD88 Expression in Gastric Cardia Cancer Patients

We then analyze the relationship between MyD88 expression and clinicopathologic features of GCC patients including gender, size of the tumor, lymph node metastasis, histological grade, depth of tumor invasion, and TNM stage (Table 3).


Table 3. The associations of MyD88 expression with clinicopathologic characteristics concerning 71 of the 102 GCC patients.
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Gastric cardia cancer tumors with higher MyD88 expression had higher histological grade (p = 0.041). There was no significant relationship between the expression of MyD88 and other clinical and pathological parameters in GCC.

All 70 patients followed were involved for survival analysis. On multivariable analysis, MyD88 did not correlate with survival in the GCC patients (overall survival, p = 0.828). Lymph node metastasis [hazard ratio (HR), 2.715; 95% confidence interval (CI), 1.348–5.468; p = 0.005] was independently associated with GCC patients' survival (Table 4).


Table 4. Multivariate analysis of factors associated with survival in GCC patients.
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DISCUSSION

The etiology of GCC is unclear. Previous reports showed that GCC is different from adenocarcinomas located in the lower esophagus or distal stomach in both epidemiology and biology (7). Gastric cardia cancer is defined as carcinoma in which the epicenter is ≤2 cm below the esophageal–gastric junction (32) in China. The highest regional rate of GCC was in Eastern/Southeastern Asia (1). The reason for a higher incidence of GCC in Chaoshan area in China is unknown. Given the differences between GCC and NGCC, in the present study, we considered GCC as a separate disease and reported for the first time in gastric cardia tissues the expression of MyD88 and its relationship with H. pylori infection and NF-κB p105/p50 expression. We observed that MyD88 expression gradually increased from normal tissue, gastric cardia inflammation, and carcinoma. A positive correlation between MyD88 and p105/p50 expression was detected. Thereby we provide pathological evidence that MyD88 expression is involved in gastric cardia tissue inflammation and carcinogenesis.

Lipopolysaccharide (LPS) is found in the outer membrane of Helicobacter, and it was reported that LPS could upregulate MyD88 expression. Few studies showed correlation between H. pylori and MyD88 expression in gastric cardia tissue. Here, we showed that MyD88 expression is higher in H. pylori–positive cases in comparison with H. pylori–negative cases, but the result was not significant. Several factors may contribute to lack of significant relationship between MyD88 expression and the H. pylori infection. One is the induction of endotoxin tolerance (33, 34). Lipopolysaccharide is the major component of H. pylori. Studies showed that after repeated challenge by LPS a reduced inflammatory response was observed, which is termed LPS tolerance. Lipopolysaccharide-induced tolerance can down-regulate the surface expression of the TLR4-MD2 complex, which might block MyD88-dependent pathways (35). We supposed that some of the patients with repeated H. pylori infection might reduce MyD88 expression. Second is that evidences suggest host genetics, environmental factors, and bacterial virulence factors might affect the ability of H. pylori to manipulate the immune response (33). These factors may contribute that some positive infection individuals show higher expression of MyD88 but not reach significant level. Third, pattern of MyD88 expression might not significantly change after the bacteria were eradicated. Michalkiewicz et al. (34) found that the involvement of H. pylori did not result in a significant upregulation of MyD88 mRNA expression when analyzing the expression of innate immunity components in the gastric mucosa among H. pylori–infected and uninfected children, which was consistent with our result.

Evidence showed that MyD88 can induce proinflammatory response and inflammation, which is regarded as the most important factor contributing to tumorigenesis (8, 21, 36). In the present study, MyD88 expression was evaluated from normal mucosa to inflammation and carcinoma restricted to gastric cardia tissue. MyD88 expression in normal cells differs in different tissue. Similar to the studies in gastric tissue (8, 37), our data indicated that the expression of MyD88 is low in normal gastric cardia tissue. MyD88 expression was increased during chronic inflammation. Echizen et al. (38) reported that depletion of MyD88 results in suppression of the inflammatory microenvironment in gastric tumors. These evidences indicated that MyD88 plays a role in increasing inflammation and changes innate immune activation between normal and mild inflammation. Gastric cardia cancer has the highest MyD88 expression and mainly in intestinal-type adenocarcinoma with inflammation. Gastric adenocarcinomas can be classified as the intestinal type and diffuse type according to the Lauren classification (39). Intestinal-type adenocarcinoma cells tend to form glands. Diffuse-type adenocarcinoma cells are poorly differentiated and tend to scatter throughout the stomach rather than form glands (40). Inflammatory cell infiltration was common in the intestinal-type adenocarcinoma in this study. We also showed that MyD88 expression was significantly higher in the well- and moderately differentiated tumors than in the poorly differentiated tumors, and most of the intestinal-type adenocarcinoma are well-differentiated. Studies reported that diffuse- and intestinal-type gastric carcinomas differ in risk factors, epidemiology, and distinct causal pathways (41–46). Our observation suggested that MyD88 pathway plays more important role in intestinal-type adenocarcinoma and might be responsible for the inflammatory response and carcinogenesis of this type of adenocarcinoma. The higher MyD88 expression in well-/moderately differentiated tumors comparing to poorly differentiated tumors might suggest that the MyD88 expression level is changing with the differentiation of cells. With the constant accumulation of different gene mutation and expression during tumor differentiation, MyD88 expression might be changing. We speculated that during tumor progression the antitumor role of MyD88 affects tumor differentiation to a certain degree resulting in well-/moderately differentiated tumors with higher MyD88 expression.

Reports have shown that MyD88 coupled with NF-κB contributes to carcinogenesis. Nuclear factor κB is the important signaling molecule downstream of MyD88 and data on how MyD88 deficiency affects carcinogenesis involved the role of NF-κB in cancer (21, 47). MyD88 is thought to mediate NF-κB activation and cytokine production (48, 49). Nuclear factor κB is able to regulate inflammation, cell differentiation, and apoptosis and plays a role in tumorigenesis (50–54). Nuclear factor κB p105/p50 usually locates in the cytoplasm. Adverse stimuli can activate NF-κB pathway, and p50 translocates into the nucleus then changes cell signaling (55). In the present study, we demonstrated positive expression of p105/p50 both in the cytoplasm and nucleus of GCC cells. We found that MyD88 had significantly positive relationship with NF-κB p105/p50, suggesting that p105/p50 and MyD88 are both involved in GCC tumorigenesis.

Different from the study results in hepatocellular carcinoma and epithelial ovarian cancer in which recurrence rate was higher and recurrence-free survival and overall survival were poorer in patients with MyD88 overexpression (8), we showed that the expression of MyD88 did not correlate with survival of GCC patients. The role of MyD88 in cancer prognosis might differ in different cancers. Lymph node metastasis was independently associated with GCC patient survival.

Although some previous studies proved that MyD88 has protective effects in gastric carcinogenesis (56). Our results provide evidences about the contribution of MyD88 in the regulation of inflammation, carcinogenesis, and tumor differentiation in gastric cardia tissue. Enhanced MyD88 expression was closely related with the intestinal-type carcinomas with inflammatory cell infiltration. Furthermore, NF-κB p105/p50 showed positive relationship with MyD88 expression in GCC tissue. The lack of significance of MyD88 as a prognostic factor in GCC might be due to the complex role of MyD88 in cancer tissue, and we need further studies to provide evidences.
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Immunotherapy has achieved long-term disease control in a proportion of cancer patients, but determinants of clinical benefit remain unclear. A greater understanding of antitumor immunity on an individual basis is needed to facilitate a precision oncology approach. A conceptual framework called the “cancer-immune set point” has been proposed to describe the equilibrium between factors that promote or suppress anticancer immunity and can serve as a basis to understand the variability in clinical response to immune checkpoint blockade. Oesophageal cancer has a high mutational burden, develops from pre-existing chronic inflammatory lesions and is therefore anticipated to be sensitive to immune checkpoint inhibition. However, both tumour- and patient-specific factors including the immune microenvironment, the microbiome, obesity, and host genetics contribute to an immune set point that confers a lower-than-expected response to checkpoint blockade. Immunotherapy is therefore currently confined to latter lines of treatment of advanced disease, with no reliable predictive biomarker of response. In this review, we examine oesophageal cancer in the context of the cancer-immune set point, discuss factors that contribute to response to immunotherapeutic intervention, and propose areas requiring further investigation to improve treatment response.
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INTRODUCTION

Oesophageal cancer is the sixth most common cause of cancer-associated mortality worldwide and represents a major global health challenge (1). Oesophageal cancer is divided into squamous cell carcinoma (OSCC) and adenocarcinoma (OAC). The incidence of OAC has increased markedly in the western world within the last 40 years and is thought to arise from a multi-step inflammatory dysplastic transformation from the precursor lesion of Barrett's oesophagus (BO). Stomach acid and bile reflux and visceral obesity predispose individuals to both BO and OAC (2, 3). In contrast, OSCC accounts for 90% of oesophageal cancer worldwide and tobacco or alcohol consumption are the main risk factors (4, 5). As 5-year survival rates are <20% for these cancers (6) and systemic therapy confers a response in only a minority of patients, alternative treatment options are urgently needed (7, 8).

Several regulatory pathways, so-called “immune checkpoints” involved in immune homeostasis are hijacked by cancer cells as a means of evading the host immune response (Figure 1). The first to be targeted was cytotoxic T lymphocyte antigen 4 (CTLA4), expressed constitutively by regulatory T (Treg) cells, and by activated T cells. CTLA4 inhibits T cell activation by binding to costimulatory molecules CD80/CD86 on antigen-presenting cells or tumour cells (9). Inhibition of this pathway by antibody ligation, also known as immune checkpoint inhibition (ICI), has led to major clinical advances in the treatment of advanced melanoma (10). Programmed cell death-ligand 1 (PDL1, encoded by CD274) and 2 (PDL2, encoded by PDCD1LG2) are expressed by antigen presenting cells and some tumours, and bind to programmed cell death protein 1 (PD1, encoded by PDCD1) on effector T cells (11). This generates an inhibitory signal, resulting in attenuated cytotoxic activity. Administration of a monoclonal antibody that blocks the PDL1/PD1 interaction allows reinvigoration of inactivated T cells (12). This approach has led to durable clinical responses in melanoma, non-small-cell lung cancer (NSCLC), head and neck squamous cell carcinoma (HNSCC), renal cell carcinoma and urothelial carcinoma (13–16). Combination approaches incorporating both PD1/PDL1 and CTLA4 blockade, have seen clinical approval in mismatch-repair deficient colorectal cancer, renal cell carcinoma, and hepatocellular carcinoma (17–19).
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FIGURE 1. Immune checkpoints and therapeutic targets in the anti-tumour immune response. Cytotoxic T lymphocyte antigen 4 (CTLA4) is a ligand expressed by T cells which prevents T cell activation and can be blocked by Ipilimumab (anti CTLA4). Activated T cells express programmed cell death protein 1 (PD1) which transmits an inhibitory signal that attenuates cytolytic activity when bound to programmed death ligand 1 (PDL1). Monoclonal antibodies that interfere with the PD1/PDL1 interaction (anti PDL1; anti PD1) allow re-invigoration of T cells.


The rationale to utilise immunotherapy for oesophageal cancer treatment stems from a recognised link with precursor chronic inflammatory lesions and a high mutational burden, suggesting an activated immune response which could be exploited for therapeutic benefit (20). However, as will be discussed in this review, the impact of immunotherapy on patient outcomes in oesophageal cancer to date has been limited (21). An improved understanding of the immune landscape of oesophageal cancer is therefore urgently required to develop effective immunotherapeutic strategies and to select patients likely to benefit from treatment. To conceptualise the myriad of factors that determine a favourable clinical response, a “cancer-immune set point” has been proposed; reflecting the equilibrium between factors that promote or suppress anticancer immunity and a threshold that must be overcome to generate an effective immune response to a tumour (22). A patient with a low set point responds to immunotherapy easily, while the converse is true in patients with a high set point. The immune set point of an individual is determined by tumour specific factors such as tumour genome, precursor lesions and the tumour microenvironment (TME), alongside the external factors of obesity, host genetics, viral infection, and the human microbiome. This review aims to evaluate what is known about each of these factors in the setting of oesophageal cancer, in order to better understand ways in which immunotherapeutic strategies can be improved.



THE CANCER-IMMUNE SET POINT


The Tumour Genome

The overall mutational burden of a tumour increases the probability that some mutations are immunogenic and can be presented as neoepitopes on major histocompatibility class I (MHC-I) molecules. This stimulates a CD8+ T cell response and favourably affects the immune set point. This can be assessed clinically by measuring tumour mutational burden (TMB), defined as the number of asynchronous mutations per mega-base pair (mut/Mbp) which has been correlated to response to immune checkpoint inhibition (ICI) in a variety of tumour types, including oesophageal and gastric cancer (23). Relative to other malignancies, OAC has a relatively high mutational burden at 9.9 mut/Mbp, which is ranked 5th of 30 tumour types in terms of mutational burden, malignant melanoma, and NSCLC being the first and second, respectively (24, 25). The Cancer Genome Atlas (TCGA) found that chromosomal instability was a cardinal genomic feature of OAC and shared with gastric cancer (26). Whole genome sequencing of 129 OAC samples, as part of the International Cancer Genome Consortium (ICGC), established 3 subgroups based on mutational signatures. The “mutagenic” subgroup displayed the highest TMB, neoantigen burden, and CD8+ tumour infiltrating lymphocyte (TIL) density which may lead to an increased response to ICI (27). More recently, a combined multi-omic characterisation of 551 OAC samples has revealed a three-way association between hypermutation, activation of the Wnt pathway (associated with T cell exclusion from tumour parenchyma) and loss of immune signalling genes such as B2M (β2 microglobulin, a component of MHC-I) (28, 29). Hypermutation is associated with higher immune activity, while Wnt dysregulation and loss of B2M is associated with immune escape (30). This provides an acquired mechanism through which OAC may prevent immune surveillance induced by a high mutational burden, potentially offering an explanation for the observed lack of response to checkpoint inhibition.

Specific genomic alterations may also influence the immune set point, independent of overall mutational burden. Amplifications of receptor tyrosine kinases are frequent events in OAC, accounting for 32% of cases which display amplification of ERBB2 (encoding the HER2 receptor) (26). HER2-positive breast cancer is associated with a distinctive immune landscape (31). Like breast cancer, HER2-positive OAC can be targeted by trastuzumab which could potentially modify the immune set point by antibody-dependant cellular cytotoxicity (32). Adding trastuzumab to standard chemotherapy in patients with metastatic gastroesophageal adenocarcinomas with HER2 overexpression showed a higher objective response rate and a significant increase in overall survival (33). However, tumour heterogeneity has been proposed as a barrier to success of HER2 targeted treatments in the gastroesophageal setting, unlike breast cancer (34). Other common driver mutations, including TP53 and KRAS can promote PD-L1 expression, immune evasion, and immunosuppressive remodelling of the microenvironment in mouse models of pancreatic cancer (35, 36). In a study of resected OAC samples KRAS amplifications were a poor prognostic marker (37). Interestingly, amplifications in PIK3CA, present in just 5% of cases, correlated with a T cell rich inflammatory microenvironment and were associated with increased survival. There is a need to further characterise the genomic correlates of immune cell infiltration in oesophageal cancer, as has been carried out in colorectal cancer (38), to fully evaluate the impact of these driver mutations on the immune set point.

The genomic landscape of OSCC is distinct from OAC with upregulation of the Wnt, SOX2, and TP63 pathways. The latter two genes are required for squamous epithelial differentiation which may explain a similar mutation signature to head and neck SCC (26, 39). OSCC also has a lower mutational burden than OAC; one cohort (n = 62) of tumours displayed a mean TMB of 3.9 mut/Mbp (40). In a direct comparison between the two subtypes, 3% of OSCC tumours were TMB-high (>17 mutations/Mbp) compared to 8% of OAC. However, a higher proportion of these same OSCC samples expressed PDL1 (41 vs. 9%) which suggests that the higher TMB of OAC does not necessarily correspond to increased PDL1 expression (41). In summary, the two subtypes of oesophageal cancer are genomically distinct, and this differential mutational burden contributes to divergent immune set points.



The Immune Landscape of Precursor Lesions

Despite differences in genetic drivers of disease, both types of oesophageal cancer share a background in chronic tumourigenic inflammation. OAC in particular is an exemplar model of inflammation-driven cancer, arising from a background of BO metaplasia, driven by chronic reflux, and characterised by intense inflammatory immune cell infiltration, summarised in Figure 2. Cytokine profiling and more recent T cell immunophenotypic studies have associated reflux oesophagitis with a predominantly T helper type 1 (TH1) type cytokine profile, predominated by IFN-γ and interleukin 2 (IL2) expression, whereas BO displays a humoral-type TH2 profile, associated with immunosuppression (42–45). Supporting this, a recent single-cell flow analysis found a shift from T cell to B cell predominance as normal tissue progresses to BO specialised intestinal metaplasia (46). This TH2 polarisation drives upregulation of epithelial PDL2 in models of BO and OAC, suggesting that cytokine profile can indirectly induce T cell exhaustion (47). During this malignant progression, dendritic cells are rendered tolerogenic, promoting Treg cell formation, and tumour progression (48). At the end of this sequence, OAC is associated with a mixed TH1 and TH2 profile, impaired T cell trafficking, and reduced levels of effector T cells (Figure 2) (49). Together, these data indicate that inflammation is a key initiator of the metaplasia-dysplasia-carcinoma sequence, but an immunosuppressive phenotype, potentially an adaptive response to inflammatory stress, enables transformation to OAC.
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FIGURE 2. Immunological progression in the malignant transformation to oesophageal adenocarcinoma (OAC). Reflux oesophagitis is accompanied by a TH1 pattern of inflammation which shifts to a TH2 pattern in Barrett's oesophagus. Malignant transformation is marked by a mixed TH1/TH2 pattern with tolerogenic dendritic cells (DCs), regulatory T (Treg) cells, myeloid derived suppressor cells (MDSCs).




An Immunosuppressive Tumour Microenvironment

The mass of cells surrounding cancerous cells is often reprogrammed to induce a pro-tumorigenic milieu, known as the tumour microenvironment (TME) (Figure 3) (50, 51). Some elements of the immune environment can promote anticancer immunity, including conventional CD8+ cytotoxic and CD4+ helper T cells, and unconventional lymphocyte subsets with potent tumour-killing ability, such as natural killer (NK) cells (52), gamma-delta (γδ) T cells (53), and mucosa associated invariant T (MAIT) cells (54). Tumours exhibiting high levels of lymphocytic infiltration are referred to as “hot” tumours, those without “cold,” and tumours with intermediate or ineffective infiltration are referred to as “altered” (55). CD8+ TILs are observed in OAC tissue microarrays, and high levels at the tumour centre have been reported to be positive prognostic indicators (56–58). CD4 helper T cells, although not prognostic alone, have been recently shown to play an essential role in assisting CD8 T cell anti-tumour responses in many cancer types (59). Interestingly, elevated expression of the CD4 T cell antigen presentation molecule, HLA-DR, was noted to be an independent favourable prognostic indicator in OAC (60) and other gastrointestinal tumour types, further highlighting the importance of CD4 T cells involvement in antitumour responses. A large molecular profiling study on 18,000 tumours across 39 malignancies including oesophageal cancer showed that γδ T cells and a MAIT cell associated gene KLRB1 ranked as the most favourable markers of overall survival (61), highlighting a more important role for unconventional lymphocytes as mediators of antitumor immunity than previously thought. Lymphocyte activation state was also shown to affect immune cell prognostic ability. MAIT cells comprise a portion of CD8+ TILs in OAC tumours and display a diminished effector capacity (62). NK cells are also potent antitumor effectors, but intra-tumoral NK cells display markers of exhaustion in OAC. These cytotoxic cells may be abundant in the immunogenic environment of ICGC-mutagenic OAC (27), suggesting an intact immune response that could be potentiated by PD1 blockade, or potentially by other novel means of therapeutic targeting.
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FIGURE 3. The tumour microenvironment (TME) in oesophageal adenocarcinoma. The presence of M2-polarised tumour-associated-macrophages (TAM), regulatory T cells (Treg), and myeloid derived suppressor cells (MDSCs) restrict the action of cytotoxic CD8+ T cells (CD8 T cells), natural killer (NK) cells, and mucosa associated invariant T (MAIT) cells. Cancer associated fibroblasts (CAFs) and adipocytes derived stem cells (ADSCs) secrete extracellular matrix (ECM) and prevent migration of effector T cells to the tumour parenchyma.


Other constituents of the TME promote a pro-tumour milieu. Cancer-associated fibroblasts secrete extracellular matrix proteins and chemokines, excluding CD8+ T cells from the tumour parenchyma (63). The vast majority (93%) of OAC tumours contain cancer-associated fibroblasts which interfere with T cell receptor signalling and leukocyte trafficking, conferring a poor prognosis (64). While “classically” activated M1-macrophages have antitumor qualities, “alternatively” polarised M2-macrophages produce immunosuppressive growth factors and cytokines that drive progression from BO to OAC (65, 66). Myeloid-derived suppressor cells (MDSCs, defined by CD11b+Gr1+ coexpression), and FoxP3+ Treg cells restrict antitumor CD8+ T cell cytotoxicity and are recruited by TH2 cytokines in the tolerogenic milieu of OAC (67, 68). Treg cell abundance in resected OAC samples is linked with advanced stage and poor response to treatment (69–71). Populations of these tolerogenic cells may be prominent in the non-mutagenic ICGC subsets of OAC and contribute to a non-T cell inflamed immune profile.

In OSCC, there is an abundance of effector T cells and NK cells adjacent to cancer cells (72). Around 40% of OSCC tumours display high (>10%) levels of TILs, suggesting an intermediate level of immune infiltration. Similar to OAC, levels of CD8+ TILs are a favourable prognostic factor in OSCC (73) but a large subset are confined to the stroma (74). Interestingly, high levels of stromal CD8+ TILs are a stronger prognostic factor than intratumoural TILs in both early and late stage OSCC, suggesting that effector function is not limited by their location. The presence of M2-polarised tumour associated macrophages is associated with angiogenesis, PDL1 expression, and poor prognosis in resected OSCC samples (75, 76). Like OAC, populations of MDSCs and CAFs restrict CD8+ T cell function in OSCC and may reduce efficacy of PD1 blockade (64, 77). Infiltrating FoxP3+ Treg cells are also seen in OSCC but are not an independent predictor of survival. Levels of FoxP3 TILs solely correlates with effector CD8/4+ levels, implying a less potent suppressive role in OSCC. Tumour cell PDL1 expression (>1%; the percentage of viable tumour cells that stain for PDL1 by immunohistochemistry) in OSCC is around 48%, compared to 23% in OAC (78, 79), potentially contributing to T cell exhaustion in the TME. The intermediate TIL infiltration, presence of suppressive cell populations, and immune checkpoint expression is typical of an altered-immunosuppressed tumour profile; suggesting different components of the TME shape the immune landscape of OAC and OSCC.

This distinction between hot, altered, and cold tumours is useful but overly simplifies the complex cancer-immune equilibrium to solely a T cell mediated response. Like many biological characteristics, the immune contexture of oesophageal cancer exists on a patient-specific continuum, and a broader view of anticancer immunity is therefore required. For example, high expression of B cells follicular helper T cell (TFH) markers correlate with survival in colorectal cancer (80). TFH cells secrete CXCL13 which supports organisation of B cells into compartments known as tertiary lymphoid structures (TLS) (81). “Mature” TLS can promote anti-tumour immunity through antibody dependant cellular cytotoxicity and antigen presentation (82, 83) while “immature” TLS may suppress T cell dependant immunity by expressing IL10 and PDL1 (84). Presence of mature TLS in tumours can predict response to immunotherapy in melanoma, sarcoma, and renal cell carcinoma (85–87). More recently, type 2 innate lymphoid cells (ILC2s) have emerged as tissue specific enhancers of anti-cancer immunity and amplify the efficacy of PD1 blockade in pancreatic cancer (88). Evaluating the role of these emerging elements of anti-tumour immunity in oesophageal cancer could describe a more nuanced picture, expanding the immune microenvironment beyond the dichotomy of “hot” and “cold.”



The Gut and Tumour Microbiome

There is growing evidence that the diversity and content of the human microbiome is a component of an individual's inherent immune profile. Preclinical studies have long suggested that the response to anti-PD1/PDL1 therapy is contingent on an intact gut microbiome, and this is supported by recent research in melanoma, NSCLC and colorectal cancer patients (89, 90). In these studies, patients that responded to ICI had increased microbial diversity, increased microbial anabolic activity, high levels of Faecalibacterium and low levels of Bacteroidales in their gut microbiome. Increased CD8+ TILs, higher levels of circulating effector T cells and a preserved cytokine response to PD1 blockade were found in patients with a putative favourable microbiome, suggesting that the gut microbiome influences antitumor immunity (91, 92). The gut microbiota can stimulate chemokine production in human colorectal tumours to influence TIL recruitment, shifting the immune set point (93). Furthermore, 11 low-abundance strains of human commensal bacteria were found to induce interferon-γ producing CD8+ T cells in the intestine, and colonisation enhances efficacy of ICI in mouse models of colorectal cancer (94). In addition to the gut microbiome, the tumour microbiome has also been found to impact the immune setpoint in pancreatic cancer (95). Long term survivors had higher tumour microbiome diversity which shaped a favourable immune microenvironment, with augmented recruitment and activation of T cells.

Of interest, the eradication of Helicobacter pylori has been epidemiologically associated with an increase in OAC development, as has gastroesophageal reflux disease (GERD), and both conditions may alter the distal oesophageal microbiome (96–98). Indeed, oesophageal microbial diversity is altered in progression from BO to OAC (99). Microbiome phenotyping of OAC patients revealed a high abundance of Fusobacterium nucleatum, relative to normal oesophageal tissue (100, 101). These tumour samples were associated with a high degree of immune infiltration, and upregulation of MHC class II on intratumoral antigen-presenting cells following anti-PD1 therapy (100). In tandem, antibiotic use is associated with a lack of response to PD1 blockade in OSCC along with other cancers, which has been hypothesised to be mediated by intestinal dysbiosis (102).

In NSCLC and melanoma, faecal microbiota transplant (FMT) from human ICI responders improved response to ICI in mice, raising a possibility of a microbiome based therapeutic intervention (91, 92). A pilot study that subjected three ICI-refractory melanoma patients to FMT from ICI-responders has reported preliminary results (103). FMT increased intratumoural CD8+ TILs in recipients, and this translated into a clinical and radiological response in two of three patients. A similar trial is currently ongoing in oesophageal cancer (NCT04130763). There is a need to further understand the immunomodulatory role of the microbiome in non-T-cell inflamed tumours such as oesophageal cancer, since there may be potential here to discover novel treatment targets or adjuvants, which may ultimately predict and improve clinical response to ICI.



Obesity

Obesity has a multifaceted effect on the immune system and is beginning to be appreciated as a determinant of the cancer-immune set point (104). Excess adiposity drives a state of chronic low-level inflammation, leading to increases in the number of adipose tissue-derived stem cells, fibroblasts, and extracellular matrix in the TME (105). Adipose tissue-derived stem cells exert an immunomodulatory role through suppression of NK cell, B cell, and cytokine responses (106) and contribute to interstitial fibrosis (107, 108). In preclinical models of obesity associated cancers, obesity increases levels of MDSCs, M2-polarised macrophages and tolerogenic dendritic cells in the TME (109, 110). Given the strong relationship between obesity and OAC development, OAC is uniquely poised as a model for understanding the interplay between obesity and anticancer immunity (111, 112). In obese OAC patients, effector T cells are found to preferentially migrate to the omentum and the liver rather than infiltrating OAC tumours (113, 114). This is mediated by the CX3CL1 chemokine and may contribute to the non-T-cell inflamed immune profile of OAC (115).

The role of obesity in the cancer-immune set point has clinical implications. The protective effect of mild obesity (30–34.9 kg/m2) has also been noted in certain cancers, termed the “Obesity Paradox” (116), where obesity is associated with prolonged survival in melanoma and NSCLC patients treated with immunotherapy (117). This mechanism has been proposed to involve leptin signalling, which drives T cell exhaustion, increases PD1 expression and impairs effector capacity. This attenuates antitumor immunity and promotes tumour progression but concurrently increases sensitivity to PD1 blockade (118). This is paradoxical, as an impaired immune response would be expected to decrease the efficacy of immunotherapy. Obesity associated immune alterations also provide targets for therapy; M2 polarisation of macrophages can be prevented by specific inhibitors and apoptosis of obesity associated MDSC populations in the TME can be induced by liver X receptor-β (LXRβ) agonists (110, 119). A combinatorial approach to immunotherapy may be useful in obesity associated cancers, including OAC.



Host Genetics

Genetic variation in immune response genes has been hypothesised to contribute to the inherent immune profile of a tumour and the immune set point of a cancer patient (22). An expression quantitative trait loci (eQTL) analysis found that common germline genetic variants can influence immune gene expression in 24 cancer types. Oesophageal cancer was not part of this dataset. Expression of ERAP2 (endoplasmic reticulum aminopeptidase 2), a pan-cancer gene associated with MHC-I antigen processing, predicted survival in bladder cancer patients receiving ICI therapy (120). A total of 103 germline gene signature QTLs were associated with immune cell abundance in the TME. This highlights that germline genetics are an underappreciated determinant of immune gene expression and immune cell infiltration, potentially providing a new means of stratifying patients for ICI treatment. Patient HLA genotype, particularly heterozygosity of HLA-I alleles (HLA-A, HLA-B, HLA-C) is associated with more efficient neoantigen presentation, and extended survival in melanoma patients treated with ICI (121). More recently, HLA evolutionarily divergence as measured by sequence divergence between HLA-I alleles was found to predict ICI response in NSCLC and melanoma (122). No studies have assessed HLA genotype in ICI outcomes in oesophageal cancer. Germline loss-of-function in the TLR4 gene has been associated with lack of response to chemo- and radiotherapy in breast cancer patients, putatively due to an effect on T cell antigen priming (123). A similar effect has been described in the P2RX7 purinergic receptor, which activates the NLRP3 inflammasome to produce IL1β, essential in CD8+ T cell priming (124). Immunogenic cell death involves release of ATP and HMGB1 which bind to TLR4 and P2RX7, respectively, to promote tumour antigen presentation. However, in both subtypes of oesophageal cancer, loss-of-function in TLR4 was unexpectedly associated with improved cancer-specific survival (71). Loss-of-function mutations in P2XR7 were not associated with a survival difference but were associated with intratumoral Treg cell infiltration (71). Most research has focused on the tumour as a genomic predictor of response to ICI while the host genome has been left relatively unexplored. Future work should further elucidate the effect of germline genetic variation on the cancer-immune set point in oesophageal cancer, as there is evidence that oesophageal cancer may have unique traits which may prove useful in predicting ICI responses.



Viral Infection

Tumours secondary to viral infection, such as Epstein Barr Virus (EBV), or Human Papilloma Virus (HPV) can also express neoantigens derived from viral open reading frames (125, 126). The “EBV associated” gastric cancer subset has increased PDL1 expression, immune cell signalling, PIK3CA mutations, and reliable response to ICI (127). HPV-associated oropharyngeal cancer is associated with increased PDL1 expression and durable responses to immunotherapy (15, 128). OAC may also be associated with EBV in 0–6% of cases (129–131), and although this link is less robust than with gastric cancer, EBV tumour testing may represent a potential predictive biomarker to ICI (132). HPV has also been associated with OSCC in numerous case studies, especially in Asian populations (131, 133) but this association may reflect the worldwide prevalence of HPV rather than a causal relationship (26, 134). Although specific viral antigens have not yet been identified as common predictive markers in either subtype of oesophageal cancer, direct administration of viral antigens has shown potential in boosting general anti-tumour immunity (135). In a recent study, intratumoral injection of an unadjuvanted influenza vaccine reduced growth in preclinical models of melanoma and NSCLC and augmented PD1 blockade. Vaccination increased levels of tumour antigen-specific CD8+ T cells and dendritic cells in the TME, effectively converting a tumour from immunologically “cold” to “hot.” Data from 300 patients with lung cancer showed that those who received influenza vaccination had a longer overall survival time (136). This strategy presents a cost-effective way to potentially shift the immune set point and transform oesophageal cancer to a T cell inflamed phenotype. However, further study is required since it is also observed that vaccination may increase risk for adverse immune events in cancer patients receiving ICI therapy (137).



Wider Environmental Factors

Immunity in humans can also be influenced by wider environmental exposures including drug intake, sun exposure, diet, and smoking. Chronic statin therapy, for example, is associated with altered response to the influenza vaccine in older people (138). Decreased exposure to sunlight is associated with increased serum levels of IL6 and C-reactive protein (139). This may be linked to vitamin D metabolism, as the VDR (vitamin D receptor) has differential seasonal expression (139). Vitamin D-VDR activation suppresses Wnt signalling and promotes anti-tumour immunity in melanoma (140), and expression of an enzyme that degrades vitamin D (CYP24) is a poor prognostic marker in OSCC (141), suggesting that vitamin D may be a link between diet, sun exposure and immunity. The incidence of both NSCLC and OSCC is associated with tobacco consumption and the carcinogenic effects of smoking confers a unique mutational signature (24). This signature is associated with response to PD1 blockade in NSCLC (142). In OSCC, however, smoking status was not associated with TIL frequency or PDL1 expression (143), suggesting a less robust relationship between smoking and anti-cancer immunity.

The molecular pathological epidemiology (MPE) framework can help integrate these complex dietary, lifestyle, environmental, and microbiome factors with multi-omic data to create a complete picture of the immune set point in oesophageal cancer (144). Such an approach has associated high levels of plasma 25-hydroxyl vitamin D with a lower risk of colorectal cancer with an intense T cell infiltrate (145). MPE approaches can also integrate microbiome data with immune phenotypes; Fusobacterium Nucleatum colonisation is associated with less immune infiltration in human colorectal tumours and may impair NK cell cytotoxicity (146, 147). This MPE framework can be used to evaluate the relationship between microbiome, environmental factors and immunity in oesophageal cancer, which can further aid understanding of an individual's immune set point.




IMMUNOTHERAPY TRIALS IN OESOPHAGEAL CANCER

Multiple clinical trials have evaluated PD1/PDL1 blockade, both alone and in combination in patients with OAC (Table 1). Tumour expression of PDL1, as determined by the combined positive score (CPS; the number of PDL1 staining cells divided by the total number of viable tumour cells, multiplied by 100) has been used to select and stratify patients on ICI trials (157). Early trials have established the safety of the anti-PD1 agents pembrolizumab and nivolumab in the chemorefractory setting. The phase 1/2 CHECKMATE-032 study investigated the role of nivolumab and/or ipilimumab in oesophageal and gastric cancer and included 26 patients with OAC (149). It found an objective response rate (ORR) of 24% in patients treated with nivolumab and ipilimumab, and this was 31% in patients with PDL1 positive (>1%) tumours. The ATTRACTION-2, phase III study, found that nivolumab improved overall survival (OS; 5.2 vs. 4.1 months, p < 0.0001) in heavily pretreated gastric (GC) or gastroesophageal junction cancer (GEJC). A limitation of this trial was that it only enrolled Asian patients, which have been shown to have a different tumour immune signatures, and better outcomes in GEJC clinical trials compared to non-Asian patients (158). In the KEYNOTE-059 phase II study of pembrolizumab in previously treated GC or GEJC, the ORR was 11.6%, with a longer median duration of response in PDL1+ patients (16.3 vs. 6.9 months) (150). Based on these results, the FDA granted approval of pembrolizumab in recurrent GC or GEJC that overexpresses PDL1. In the phase 3 KEYNOTE-181 trial, pembrolizumab as second-line therapy for advanced oesophageal cancer (OAC/OSCC) did not improve OS in the whole population, compared to chemotherapy, but did improve survival for patients with strong expression of PDL1 (CPS ≥10) (156).


Table 1. Completed clinical trials of immunotherapy in oesophageal cancer.
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The phase Ib KEYNOTE-028 study evaluated the safety of pembrolizumab in PDL1 positive oesophageal cancer, the majority (65/92; 78%) of which were OSCC (148). The ORR was 30% and response was correlated to an interferon-γ gene expression signature. In KEYNOTE-181, a trend was observed favouring responses in patients with OSCC (156). This, along with the results of KEYNOTE-180 led to the FDA approval of pembrolizumab in metastatic OSCC with a CPS ≥10 after ≥1 line of therapy. Nivolumab was also evaluated in chemorefractory OSCC in a phase II trial, showing a modest ORR (17%) but manageable toxicity (154). More recently, the ATTRACTION-3 phase III study investigated the use of nivolumab in the second line treatment of advanced OSCC (78). Patients in the Nivolumab arm had a prolonged OS (10.9 vs. 8.4 months, p = 0.019), and less toxicity compared to chemotherapy regardless of PDL1 status. However, most (96%) patients were of Asian ethnicity, potentially limiting applicability to wider patient populations.


Future Combination Approaches

Combining immunotherapy with chemotherapy, radiotherapy or targeted therapy is currently being investigated to boost the modest response rate of oesophageal cancer to ICI. The precise delivery of radiotherapy and the resulting induction of immunogenic cell death may convert a tumour into an in-situ vaccine through the release of damage-associated molecular patterns (DAMPs) (157). Calreticulin, ATP and HMGB1 are all DAMPs released by radiation-induced cell death that promote efficient neoantigen processing by antigen presenting cells and priming of CD8+ T cells (159). DNA released following radiation-induced cell damage can stimulate the cGAS-STING pathway, triggering type I interferon production (160, 161). Finally, radiotherapy can upregulate pre-existing neoantigen expression, and remodel the cellular composition of the TME (162). These effects enhance tumour immunogenicity and form the preclinical rationale of ongoing trials of ICI and chemoradiotherapy in resectable oesophageal cancer (NCT02735239).

There is also evidence that trastuzumab, a HER2 targeted therapy can have a synergistic effect with ICI. A phase II trial of 1st line pembrolizumab alongside trastuzumab and chemotherapy in HER2+ OAC and GC found an encouraging ORR of 87% (153). This may be related to induction of immunogenic cell death by trastuzumab, releasing neoantigens, and stimulating a specific CD8+ T cell response (163). This prompted the opening of the larger phase III KEYNOTE-811 trial (NCT03615326) which is currently recruiting patients. Cytotoxic chemotherapy can have genotoxic effects and general novel tumour neoantigens. Other cytotoxic agents (anthracyclines, cyclophosphamide, oxaliplatin, and taxanes) induce immunogenic cell death, increasing tumour adjuvanticity (164). This type of ICI combination is being investigated in the phase III KEYNOTE-590 study of pembrolizumab alongside 5-fluorouracil and cisplatin in the first line treatment of locally advanced/metastatic OAC and OSCC (165, 166).




CONCLUDING REMARKS

In spite of many preclinical and clinical studies, immunotherapy in oesophageal cancer currently remains confined to 2nd or 3rd line treatment of metastatic disease, with no unequivocal predictive biomarker available. These modest results are likely due to a high cancer-immune set point, where ICI is not sufficient to drive progression of the cancer immunity cycle. This is despite a high mutational burden in OAC, and an intermediate level of CD8+ TILs in OSCC and OAC, suggesting an altered-immunosuppressed immune profile; where antitumor cytotoxicity is limited by soluble inhibitory mediators and suppressive cell populations in the TME (159). Less well-characterised aspects of the cancer immune set point in including obesity in OAC, and the microbiome in both subtypes, should be further explored as potential determinants of this immunosuppressive phenotype.

Although our knowledge of the individual components of the cancer-immune set point in oesophageal cancer has grown, the macroscopic picture is still poorly understood. We propose a systems biology approach integrating multi-omic tumour profiling with individual patient data to accurately predict antitumor immune responses. Optimally such an approach combines tumour genomics, immunohistochemistry, and peripheral blood assays to generate a “Cancer Immunogram” and integrate complex immune biomarkers (167). This paradigm has been applied in NSCLC, where whole-exome sequencing and RNA-seq separated 20 patients into personalised Immunograms (168), a proof-of-concept that such an approach may be clinically feasible. However, integrating these genome and immune based biomarkers with environmental exposures is needed to fully account for interpatient variability in immunotherapy response. In this sense, the MPE framework may prove vital in evaluating the role of obesity, the microbiome and other external determinants of the immune set point in oesophageal tumours.

Conceptualising the cancer-immune set point provides clinicians and researchers with a crucial framework connecting the innumerate factors that determine response to immunotherapy. The immune landscape of oesophageal cancer is heterogeneous and is contingent on both patient- and tumour-specific variables. We anticipate that successful immuno-oncology drug development in oesophageal cancer will be dependent on leveraging knowledge of these factors to develop personalised treatment strategies, involving a combination of ICI and radiation or systemic therapy to elicit a T cell inflamed phenotype.
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Invasion and metastasis of gastric cancer after curative resection remain the most common lethal outcomes. However, our current understanding of the molecular mechanism underlying gastric cancer metastasis is far from complete. Herein, we identified TOR signaling pathway regulator (TIPRL) as a novel metastasis suppressor in gastric cancer through genome-wide gene expression profiling analysis using mRNA microarray. Decreased TIPRL expression was detected in clinical gastric cancer specimens, and low TIPRL expression was correlated with more-advanced TNM stage, distant metastasis, and poor clinical outcome. Moreover, TIPRL was identified as a direct target of miR-216a-5p and miR-383-5p. Functional study revealed that re-expression of TIPRL in gastric cancer cell lines suppressed their migratory and invasive capacities, whereas inverse effects were observed in TIPRL-deficient models. Mechanistically, TIPRL downstream effectors and signaling pathways were investigated using mRNA microarray. Gene expression profiling revealed that TIPRL could not modulate the downstream genes at transcriptional levels, thereby implying that the regulation might occur at the post-transcriptional levels. We further demonstrated that TIPRL induced phosphorylation/activation of AMPK, which in turn attenuated phosphorylation of mTOR, p70S6K, and 4E-BP1, thereby leading to inactivation of mTOR signaling and subsequent suppression of cell migration/invasion in gastric cancer. Taken together, TIPRL acts as a novel metastasis suppressor in gastric cancer, at least in part, through regulating AMPK/mTOR signaling, likely representing a promising target for new therapies in gastric cancer.

Keywords: TIPRL, gastric cancer, invasion, metastasis, AMPK/mTOR signaling


INTRODUCTION

Gastric cancer is an aggressive disease and the third highest cause of cancer-related mortality, with nearly 1,000,000 new cases occurring worldwide each year (1). Effective early diagnosis has led to prolonged survival. However, gastric cancer is typically diagnosed as advanced disease (2). Despite improving surgical and adjuvant therapies, the prognosis of patients with advanced gastric cancer remains dismal (3). The poor prognosis of patients with advanced gastric cancer is predominantly the result of the high rate of tumor metastasis and recurrence after curative resection (4, 5). Gastric cancer metastasis is a complex and multistep process involving multiple factors and genes (6, 7). However, our current understanding of the molecular mechanism underlying gastric cancer metastasis is far from complete. Much hope is focused on increasing our understanding of the signaling pathways and underlying biology involved in gastric cancer metastasis in order to develop new therapeutic options. Therefore, it is crucial to identify novel genes that govern gastric cancer metastasis and present predictive value for prognosis.

To identify novel candidates involved in gastric cancer metastasis, we used microarray based expression profiling of primary gastric cancer tissue samples with LNM (lymph node metastasis) and the samples without LNM. Using this high-throughput approach, we identified TIPRL (TOR signaling pathway regulator) as a novel candidate that was down-regulated in metastatic gastric cancer tissues through differential expression analysis.

TIPRL is an evolutionarily conserved protein which is identified as a homolog of yeast Tip41 (8). Unlike yeast TIP41, it has been shown that human TIPRL directly interacts with PP2A (Protein phosphatase 2A) and the PP2A-family phosphatases PP4 and PP6 (9, 10). It plays a key role in the ATM/ATR signaling pathway controlling DNA damage response and TOR (target of rapamycin) signaling through the regulation of PP2A (8, 9, 11). Recently, it has been reported that TIPRL is overexpressed in hepatocellular carcinoma, and that knockdown of TIPRL by small interfering RNA causes sustained activation of MKK7 (mitogen-activated protein kinase kinase 7) and JNK (c-Jun N-terminal kinase) by increasing MKK7 phosphorylation (12). This action of TIPRL appears to protect cancer cells from TRAIL (tumor necrosis factor-related apoptosis-inducing ligand)—induced apoptosis. However, detailed and mechanistic studies of the potential role of TIPRL in cancer invasion and metastasis are not available. Moreover, to date, no existing analyses have clarified the clinical and prognostic significance of TIPRL in human cancer, especially in gastric cancer. Therefore, in the current study, we investigated the gene expression, biological function, molecular mechanism and clinical significance of TIPRL in gastric cancer.



MATERIALS AND METHODS


Patients and Tissue Specimens

After obtaining informed consent, 190 cases of paraffin-embedded tissues and 40 cases of fresh gastric cancer tissues, along with the available clinicopathological and follow-up information, were collected from patients who underwent curative resection of gastric cancer at Qilu Hospital of Shandong University from 2007 to 2014. All fresh samples were dissected from surgically resected specimens by pathologists at Qilu Hospital of Shandong University, and immediately snap-frozen in liquid nitrogen for the subsequent experiments. Histopathological diagnosis of each gastric cancer tissue was performed by the Department of Pathology, Qilu Hospital of Shandong University, according to the World Health Organization (WHO) criteria. Clinicopathological staging was classified on the basis of AJCC classification. None of the patients with gastric cancer had received adjuvant treatment before curative resection.

Our study was ethically-approved by the Ethics Committee of Shandong University, China. All subjects had provided informed consent.



Gene Expression Microarray Analysis

Ten gastric cancer tissue samples (including 5 samples with LNM and 5 samples without LNM) with written informed consent were obtained. Total RNA from each gastric cancer tissue sample was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA). After confirmation of RNA integrity and quantity, the RNA samples were analyzed at Kangchen Biotech (Kangchen, Shanghai, China) using Human LncRNA Array V2.0 (Arraystar, 8 × 60 K, Rockville, MD, USA) in accordance with the manufacturer's labeling, hybridization, scanning and normalization protocols. The criteria of significantly differentially expressed genes between the samples with LNM and the samples without LNM were a minimum of 2-fold absolute changes and a P < 0.05. More detailed information of the microarray data is available online via the NCBI's Gene Expression Omnibus (GEO) public database under the accession number GSE72307.

The mRNA expression profiles of MKN-45 cells treated with TIPRL overexpression plasmid or control were performed using the Human genome U133 Plus 2.0 Array (CapitalBio Corporation, Beijing, China). A fold change cutoff of 2.0 was set to identify differentially expressed mRNAs with biological significance between TIPRL-expressing MKN45 cells and empty vector controls.



RNA Isolation and Real-Time Quantitative PCR

Total RNA from gastric cancer tissue samples or treated cells in log-phase was separately prepared using TRIzol reagent (Invitrogen), and the quality of RNA was estimated by NanoDrop Spectrophotometric analysis (NanoDrop Technologies, USA). A final amount of one microgram of total RNA for each sample was reversed-transcribed into first-strand complementary DNA (cDNA) using Transcriptor First-Strand cDNA Synthesis Kit (Roche). Real-time quantitative PCR was conducted in triplicate on cDNA templates using SYBR Green master mixture (Roche, Germany) in a volume of 10 μL on HT7900 system (Applied Biosystems, USA), with GAPDH as endogenous control. Relative quantification of target mRNA expression was evaluated by using the following equation 2−ΔΔCt. Primer sequences used in this assay are summarized in Table S1.



Immunohistochemistry

For immunohistochemistry in situ, paraffin-embedded gastric cancer specimens (4-μm-thick) were sequentially cut, deparaffinized, and rehydrated. The standard SP (streptavidin-peroxidase-biotin) method (SP-9000 kit, ZSGB-bio, Beijing, China) was employed for immunohistochemical staining with a heat-induced epitope retrieval step, and endogenous peroxidases were blocked. Subsequently, tissue samples were incubated with rabbit polyclonal anti-TIPRL (1:250, ab70795, Abcam) at 4°C overnight, followed by detection with appropriate secondary antibodies. After washing, sections were visualized using DAB chromogen and counterstaining was carried out with hematoxylin. Images of immunostained sections were photographed and scored under a light microscope (Olympus, Japan).

TIPRL expression was evaluated in a semiquantitative method. For each specimen, immunostaining score of TIPRL was measured using a histochemical score (H-score), which takes extent and intensity of TIPRL staining in consideration. The extent score was determined on the basis of the percentage of positive tumor cells (0–100). The intensity score was graded from 0 to 3 (0, negative; 1, weak; 2, moderate; 3, strong). The extent and intensity scores were multiplied to obtain the final H-score (range 0–300), which represented the expression level of TIPRL. ROC (receiver operating characteristic) curve analysis was carried out to select the optimal cut-off value for TIPRL on the basis of the highest Youden's index (sensitivity + specificity −1).



Cell Culture and Treatment

Two gastric cancer-derived cell lines, MKN45, and BGC823, were acquired from either the Shanghai Cancer Institute (Shanghai, China) or American Type Culture Collection (Manassas, VA, USA) and authenticated by DNA profiling. The gastric cancer-derived cell lines were maintained in RPMI-1640 medium (HyClone, Logan, UT, USA) with 10% fetal bovine serum (Gibco) under standard culture conditions, according to the recommended culture method.

For TIPRL overexpression, the human TIPRL (GenBank accession number NM_152902.5) coding sequence lacking the 3′UTR was constructed and subcloned into the mammalian expression vector [pcDNA3.1 (+) (pcDNA3.1 (+)-TIPRL] by Biosune Biotech (Shanghai, China). The TIPRL plasmid was transfected into cells using Turbofect transfection reagent (Thermo) following the manufacturer's protocols, whereas the empty plasmid [pcDNA3.1 (+)] was used as negative controls.

For TIPRL knockdown, small interfering RNA (siRNA) targeting human TIPRL (TIPRL siRNA, si-TIPRL, Targeting CTACAACAGATCATATAGA) and non-specific scrambled small interfering RNA were synthesized from Ribobio (Guangzhou, China). The siRNAs against human TIPRL were transfected into the gastric cancer cells at 50 nmol with X-tremeGENE transfection reagent (Roche, USA) according to the manufacturer's recommendations.

After transient transfection, the gastric cancer cells were incubated for 48 h before the subsequent functional assays were performed. Overexpression or knockdown of TIPRL was confirmed by western blot analysis.



Cell Viability and Proliferation Assay

The effect of TIPRL on cell viability was assessed by the MTS assay (Promega, USA). Treated and control gastric cancer cells were trypsinized, counted, and then plated in 96-well plates (~4 × 103 transfected cells/well) in quintuplicate, in a final volume of 100 μL of complete medium. Cell viability was determined on days 1, 2, and 3 by examining the number of cells with MTS labeling reagent.

Cell proliferation was detected by the 5′Ethynyl-2′-deoxyuridine (EdU) incorporation assay (Ribobio, Guangzhou, China). Briefly, treated and control cells in log-phase were trypsinized and seeded onto 96-well plates in triplicate at a density of 1 × 104 cells/well the day before EdU incubation. After 12–24 h, EdU labeling solution (50 μmol) was added, and then treated and control cells were incubated for additional 2 h. After EdU incubating, cells were dyed with Apollo reaction cocktail and subsequently stained with 4′, 6-diamidino-2-phenylindole (DAPI). EdU positive cells were photographed and calculated with a fluorescence microscope (Olympus, Japan).



Apoptosis Assay

Apoptosis was assessed by flow cytometry, using an Annexin V-FITC/PI double stain Kit (BestBio, Shanghai, China) according to the standard protocols. Floating and trypsinized adherent cells were harvested at 48-h post-transfection. After washing with chilled PBS, unfixed tumor cells were resuspended in binding buffer and stained with Annexin-V-FITC and PI. The stained samples were immediately detected with a FACScan flow cytometer (Beckman-Coulter, Los Angeles, CA, USA) for early and late apoptosis analysis.



Cell Migration and Invasion Assays

The migratory and invasive potential of gastric cancer cells was assessed by using 24-well modified Boyden chambers (Corning, USA) with the polyethylene terephthalate membranes either uncoated or precoated with diluted Matrigel matrix (BD Biosciences, USA). After the appropriate treatments, MKN45 or BGC823 cell suspensions (1 × 105 cells/well) in 200 μL of serum-free medium were transferred and cultured in each upper insert. Meanwhile, medium containing 10% FBS (500 μL) was applied to the lower compartment to induce migration or invasion in 24-well plates. After 24 h, Non-migrating or non-invading cells on the upper chambers were removed, whereas cells that had migrated or invaded through the lower side of the inserts were fixed in paraformaldehyde, rinsed with distilled water, stained with crystal violet, counted, and photographed under an inverted microscope (Nikon, Japan).



Luciferase Assay

A fragment of human TIPRL-3′-UTR and the same fragment of TIPRL-3′-UTR with the miR-216a-5p/miR-383-5p putative binding site completely mutated was constructed by Biosune Biotech (Shanghai, China) and separately inserted into a pmirGLO vector (Promega), to synthesize a series of wild-type TIPRL-3′-UTR vectors (WT 3′-UTR) and mutant-type TIPRL-3′-UTR vectors (MUT 3′-UTR). Cells were co-transfected with a mix containing miRNA mimics (20 nmol) or negative control (GenePharma Biotech, China) and wild-type TIPRL-3′-UTR vector (20 ng) or mutant-type TIPRL-3′-UTR vector using Turbofect transfection reagent (Thermo). Forty-eight hours after transfection, cell lysates were prepared, and then renilla and firefly luciferase signals were calculated using the Dual-Luciferase Reporter system (Promega).



PP2A Phosphatase Activity Assay

The MKN45 and BGC823 cells were transfected with TIPRL-expressing vector (pcDNA3.1 (±)-TIPRL), TIPRL siRNA, and the respective control vector. Samples from cells were prepared at 48-h post-transfection. The effect of TIPRL on PP2A activity was assessed by the phosphatase activity assay, using a PP2A Colorimetric Assay Kit (GENMED, Shanghai, China) in accordance with the manufacturer's protocols. Absorbance of each sample was measured at 660 nm using a microplate reader.



Western Blot Analysis

In brief, the pellets of treated cells were dissolved in prechilled RIPA cell lysis buffer (BestBio, Shanghai, China), supplemented with phosphatase-inhibitor (Roche) and protease-inhibitor (BestBio). The lysate was purified by centrifugation and then cell debris was removed. The supernatant was collected until analysis and protein concentration was quantified by using the Bradford assay (Beyotime Biotechnology, China). Total protein extracts (30 μg) was fractionated by electrophoresis in denaturing 10 or 14% SDS-PAGE and transferred to PVDF transfer membranes (Millipore). Non-specific binding sites were blocked and blots were incubated with commercially available antibodies overnight at 4°C. Commercial primary antibodies used were as follows: rabbit polyclonal anti-TIPRL (1:4,000, ab70795, Abcam), rabbit monoclonal anti-phospho-AMPK (1:5,000, ab133448, Abcam), rabbit monoclonal anti-AMPK (1:1,000, ab207442, Abcam), rabbit monoclonal anti-phospho-mTOR (1:5,000, ab109268, Abcam), rabbit monoclonal anti-mTOR (1:1,000, #2983, Cell Signaling), rabbit monoclonal anti-phospho-p70 S6 Kinase (1:1,000, #9234, Cell Signaling), rabbit polyclonal anti-p70 S6 Kinase (1:2000, 14485-1-AP, proteintech), rabbit monoclonal anti-phospho-4E-BP1 (1:1000, #2855, Cell Signaling), rabbit monoclonal anti-4E-BP1 (1:5,000, ab32024, Abcam), and rabbit polyclonal anti-β-actin (1:10,000, AP0060, Bioworld). Bound antibodies were detected and visualized using the chemiluminescent substrate (Millipore, USA).



Statistical Analysis

Results are analyzed as means ± SD from 3 representative independent experiments. Comparisons of continuous variables between two groups were carried out using Student's t-test. The correlation between the clinicopathologic categorical variables of patients with gastric cancer and TIPRL intensity scores was examined with the Chi-square test. Overall survival (OS) or disease-free survival (DFS) in relation to TIPRL expression was estimated by Kaplan-Meier method. Significance of differences between the low and high TIPRL expression groups was subsequently determined by applying log-rank test. Cox proportional hazards model was conducted to identify independent factors of survival. Statistical analysis and data plotting were conducted by using SPSS version 23.0 or GraphPad Prism 5. P < 0.05 was considered significant.




RESULTS


Genome-Wide Microarray Analysis Identified TIPRL as a Metastasis-Related Gene in Human Gastric Cancer

To identify novel gastric cancer-related candidates, genome-wide microarray was performed to compare the differential gene expression profiles of metastatic and non-metastatic cancer tissues of gastric cancer patients. Using stringent criteria, hundreds of differentially expressed genes were identified between metastatic and non-metastatic gastric cancer tissues (Figure 1A, P < 0.05 with >2-fold change, raw value >500; raw data accessible via GEO number: GSE72307). Based on the mining of microarray data, we focused on the novel genes, which have been poorly investigated and remained functionally uncharacterized in human cancer, especially in gastric cancer, because novel genes usually provide new insight into understanding human cancer. For this reason, TIPRL, SERINC3, COPS6, and SELM were chosen for further study (Figure 1B).
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FIGURE 1. Identification and expression evaluation of TIPRL as a metastasis-related gene in gastric cancer. (A,B) Microarray plots of metastatic tumors (M group) vs. non-metastatic tumors (N group) demonstrating a different expression profile. Hierarchical cluster analysis shows 372 genes are significantly altered in gastric cancer samples with or without lymphatic metastasis (A, P < 0.05 with >2-fold change, raw value >500). Four novel genes (TIPRL, SERINC3, COPS6, and SELM) are significantly differentially expressed in metastatic gastric cancer tissues compared with their counterparts (B). Each column represents a sample; each row denotes the expression level of a single gene. Expression level is demonstrated by colors: Green, underexpressed genes; red, overexpressed genes. (C–F) The mRNA expression levels of TIPRL, but not SERINC3, COPS6, and SELM, were significantly lower in gastric cancer tissues with LNM (positive) than those without LNM (negative), as determined by RT-qPCR (t-test, P = 0.0209, P = 0.3707, P = 0.1220, and P = 0.0689, respectively). (G–I) Low mRNA expression of TIPRL was correlated with poor overall survival (G, P = 1.1e-5), first progression survival (H, P = 8.5e-5), and post-progression survival (I, P = 1.7e-5) in gastric cancer patients from Kaplan-Meier plotter (http://kmplot.com/).


To further explore the microarray data, we evaluated the transcriptional levels of TIPRL, SERINC3, COPS6, and SELM in 40 frozen gastric tissues of gastric cancer patients by real-time PCR (Figures 1C–F). The statistical analysis revealed that TIPRL expression was significantly suppressed in metastatic compared with non-metastatic tissues, consistent with our microarray database (Figure 1C, P = 0.0209). Furthermore, data mining of the prognostic effect of TIPRL mRNA expression from Kaplan-Meier plotter (http://kmplot.com/) confirmed that lower TIPRL expression was associated with poor overall survival (OS), first progression survival (FP), and post-progression survival (PPS) in gastric cancer patients (Figure 1G, P = 1.1e-5, overall survival; Figure 1H, P = 8.5e-5, first progression survival; Figure 1I, P = 1.7e-5, post-progression survival). The data implied that an aberrant down-regulation of TIPRL might give rise to gastric cancer metastasis. Therefore, further investigations of TIPRL were instigated.



TIPRL Was Significantly Down-Regulated and Associated With Gastric Cancer Clinicopathologic Features

Expression of TIPRL was also investigated by immunohistochemistry (IHC) in 104 gastric cancer samples and 86 paired non-tumor samples. IHC assays showed that TIPRL was predominantly localized in the cytoplasm (Figures 2A–C). Similarly, assessment via IHC revealed that TIPRL protein expression was markedly down-regulated in gastric tumors compared with their normal counterparts (Figures 2A,D,E). Moreover, intensity of TIPRL staining was significantly decreased in the advanced stage (III+IV) group, compared to the early stage (I+II) group (Figures 2B,F, P = 0.0467, Table 1). More importantly, semiquantitative analysis also showed lower levels of TIPRL expression in the tumors with distant metastasis, compared with those without distant metastasis (Figures 2C,G, P = 0.0083, Table 1).


[image: Figure 2]
FIGURE 2. Decrease of TIPRL expression correlates with a poor clinical outcome in gastric cancer. (A–C) Representative immunohistochemical staining for TIPRL expression in normal gastric tissues, gastric cancer with different TNM tumor stages (I-II vs. III-IV) and gastric tumors with or without distant metastasis (M0 vs. M1). Original magnification, × 100. (D) Statistical analysis of TIPRL expression in gastric cancer tissues. (E) Quantitative analysis of TIPRL staining indicated that staining intensity in gastric tumors was significantly lower than normal gastric mucosa (t-test, ***P < 0.001). (F) TIPRL expression was dramatically decreased in patients at advanced stages (III-IV), in contrast with those at earlier stages (I-II) (t-test, *P < 0.05). (G) Analysis of TIPRL staining intensity also showed lower staining intensity in patient samples with distant metastasis (M1) compared to those without distant metastasis (M0) (t-test, *P < 0.05). (H) The ROC curves demonstrated strong separation between normal and gastric cancer tissues [AUC = 0.6490, CI (95%): 0.5709–0.7270, P = 0.0004]. The sensitivity and specificity of TIPRL expression to distinguish normal from gastric cancer tissues were 43.27 and 82.56%, respectively. (I,J) Kaplan–Meier survival curves revealed that low intensity of TIPRL immunostaining strongly correlated with poor overall survival (I, log-rank test, P = 0.0193) and disease-free survival (J, log-rank test, P = 0.0364).



Table 1. Correlation between TIPRL expression and clinicopathological features.
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Moreover, in receiver operator characteristic (ROC) curve analysis, which plots the area under the curve (AUC) to evaluate the diagnostic value of TIPRL in gastric cancer, clear separation was observed between normal and gastric cancer tissues, with an area of 0.6490 [Figure 2H, CI (95%): 0.5709–0.7270, P = 0.0004].

The correlation between protein expression of TIPRL and clinicopathologic features was further investigated using informative IHC data. The low and high levels of TIPRL expression in tissue samples were determined by ROC analysis, which demonstrated the optimal cut-off point of TIPRL is 55 (Figure 2H). After dichotomization based on the optimal cut-off value of TIPRL, low expression of TIPRL was positively correlated with advanced stages (P = 0.0467; Table 1), distant metastasis (P = 0.0083; Table 1), and poor prognosis (P = 0.0297; Table 1). However, TIPRL expression was not associated with age (P = 0.1139; Table 1), gender (P = 0.8171; Table 1), tumor size (P = 0.5535; Table 1), depth of invasion (P = 0.1778; Table 1), lymph node metastasis (P = 0.6699; Table 1), or tumor histological differentiation (P = 0.1542; Table 1). These data suggested that down-regulation of TIPRL might contribute to gastric cancer metastasis and progression.



Low TIPRL Expression Predicted Poor Prognosis in Gastric Cancer Patients

Kaplan-Meier analysis was conducted to assess the correlation of TIPRL expression with gastric cancer prognosis. The survival analysis revealed that low expression of TIPRL was significantly correlated with shorter overall survival (OS) and disease-free survival (DFS) (Figures 2I,J, P = 0.0193 and P = 0.0364, respectively, log-rank test). In univariate Cox regression analysis, expression of TIPRL was correlated with OS and DFS in gastric cancer after curative resection [OS: HR = 0.512, CI (95%): 0.288–0.910, P = 0.023; DFS: HR = 0.473, CI (95%): 0.240–0.993, P = 0.031, Table 2]. Apart from TIPRL expression, tumor TNM stage (P = 0.000 and P = 0.000, respectively), depth of invasion (P = 0.001 and P = 0.006, respectively), lymph node metastasis (P = 0.000 and P = 0.002, respectively), distant metastasis (P = 0.000 and P = 0.000, respectively), and tumor histological differentiation (P = 0.017 and P = 0.004, respectively) were also significant predictors of outcome. In addition, multivariate analysis also revealed that distant metastasis, as well as tumor histological differentiation, were independent predictors of OS (P = 0.036) and DFS (P = 0.012) in gastric cancer, respectively. In all, our findings strongly suggest that loss of TIPRL is associated with invasion, metastasis, and an increased risk of poor prognosis in gastric cancer.


Table 2. Univariate and multivariate analysis of OS and DFS in gastric cancer patients.
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Regulation of TIPRL by miR-216a-5p and miR-383-5p

Post-transcriptional regulation involving miRNAs may contribute to TIPRL expression. Based on a literature review of the candidate miRNAs' function, TargetScan (http://www.targetscan.org/) and microRNA.org (http://www.microrna.org/) analysis revealed that the TIPRL 3′-untranslated region (3′-UTR) contained cancer-related miRNAs-binding sites, including miR-216a-5p, miR-383-5p, miR-29a-3p, miR-29b-3p, miR-29c-3p, miR-101-3p, miR-124-3p, miR-128-3p, miR-224-5p, miR-433-3p, miR-450a-5p, miR-506-3p, and miR-873-5p (Figure 3A). Next, Luciferase reporter assays were conducted to confirm the direct binding affinity between the candidate miRNAs and 3′-UTR of TIPRL. Both miR-216a-5p and miR-383-5p rather than the other 11 miRNAs dramatically impaired the luciferase activity of the wild-type reporter genes for TIPRL 3′-UTR in both MKN45 and BGC823 cells (Figures 3B–D), but there was no remarkable change in the relative luciferase activity in cells encompassing the mutant binding site of TIPRL (Figure 3E). Furthermore, Western blot analysis further confirmed that ectopic expression of either miR-216a-5p or miR-383-5p resulted in decreased protein expression of TIPRL in both MKN45 and BGC823 cells (Figures 3F,G). Our findings indicate that miR-216a-5p and miR-383-5p could directly recognize binding sites in TIPRL 3′-UTR, and TIPRL is down-regulated by miR-216a-5p and miR-383-5p in gastric cancer cells.
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FIGURE 3. MiR-216a-5p and miR-383-5p repress TIPRL expression through directly targeting its 3′-UTR. (A) Schematic illustration of the putative miRNAs binding sites in 3′-UTR of TIPRL. (B–E) The wild-type and mutant form of TIPRL 3′-UTR regions were fused with a luciferase reporter (pmirGLO) and luciferase reporter assay was performed. MiR-216a-5p/383-5p rather than other miRNAs significantly inhibited the luciferase activity of wild-type TIPRL 3′-UTR reporters in MKN45 and BGC823 cells (B–D, t-test, *P < 0.05). Meanwhile, the luciferase responsiveness to miR-216a-5p/383-5p was abrogated by mutation of TIPRL 3′-UTR (E). (F,G) Western blot analysis showed that up-regulated expression of miR-216a-5p/383-5p resulted in decreased protein expression of TIPRL. (t-test, *P < 0.05; **P < 0.01).




TIPRL Impaired Migratory and Invasive Capacities of Gastric Cancer Cells in vitro

To substantiate the possible role of TIPRL in regulating gastric cancer tumorigenesis and progression, we adopted gain-of-function and loss-of-function assays to investigate TIPRL function in gastric cancer. First, TIPRL expression vector or empty vector was transiently transfected into MKN45 and BGC823 cells. Conversely, we genetically decreased the expression of TIPRL in MKN45 and BGC823 cells with TIPRL-specific siRNAs. The up-regulation and knockdown of TIPRL expression were evidenced by western blotting (Figures 4A–D). In addition, the effects of TIPRL on migration and invasion of gastric cancer cells were assessed by transwell assays. The ectopic expression of TIPRL markedly inhibited the migration capacities of MKN45 and BGC823 cells compared with respective empty vector-transfected MKN45 and BGC823 cells (Figures 4E,F,I,K). Matrigel invasion assay also revealed that the forced expression of TIPRL significantly reduced cell invasion in MKN45 and BGC823 cells (Figures 4E,F,I,K). Meanwhile, an inverse effect was observed in MKN45 and BGC823 cells with silencing TIPRL expression (Figures 4G,H,J,L). In concordance with the clinical and prognostic significance of TIPRL in gastric cancer patients, the above results illustrate that TIPRL is a critical regulator of migration and invasion in gastric cancer cells.
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FIGURE 4. TIPRL attenuates migration and invasion of gastric cancer cells. (A–D) The MKN45 and BGC823 cells were transfected with TIPRL-expressing vector [pcDNA3.1 (+)-TIPRL], TIPRL siRNA, and the respective control vector. The protein levels of TIPRL were examined by WB (***P < 0.001). (E,F,I,K) Expression of TIPRL inhibited the migration and invasion of MKN45 and BGC823 cells, as determined by transwell migration and matrigel invasion assays (t-test, *P < 0.05; **P < 0.01). (G,H,J,L) siRNA-mediated knockdown of TIPRL promoted the migration and invasion of MKN45 and BGC823 cells (t-test, *P < 0.05; **P < 0.01). All experiments were performed in triplicate. Error bars, SD.




Effect of TIPRL on Cell Proliferation and Apoptosis of Gastric Cancer Cells

To investigate the effect of TIPRL on gastric cancer cell proliferation and survival, MTS, EdU, and cell apoptosis assays were performed. The exogenous expression of TIPRL could not have a considerable effect on cell viability in MKN45 and BGC823 cells, while a similar effect was observed in MKN45 and BGC823 with silencing TIPRL expression (Figures 5A–D). In keeping with this, ectopic expression of TIPRL or knockdown of TIPRL did not affect cell proliferation, as evidenced by EdU proliferation assay in MKN45 and BGC823 (Figures 5E–H). Additionally, apoptosis analysis by flow cytometry revealed that proportions of apoptotic cells were similar between TIPRL overexpressed or TIPRL siRNA cells and respective controls in both cell lines (Figures 6A–H).
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FIGURE 5. Effect of TIPRL on cell proliferation in gastric cancer cells. (A–D) After transfection, cell viability was determined by MTS assay. The data showed that TIPRL had no effect on cell viability of MKN45 and BGC823 cells (t-test, P > 0.05). (E–H) EDU assays demonstrated that TIPRL did not influence the proliferation activities in MKN45 and BGC 823 cells (t-test, P > 0.05). All experiments were performed in triplicate. Error bars, SD.
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FIGURE 6. Effect of TIPRL on cell apoptosis in gastric cancer cells. (A–H) Up-regulation or down-regulation of TIPRL expression could not induce apoptosis in both cell lines, as indicated by flow cytometry analysis following Annexin V-FITC/PI staining (t-test, P > 0.05). All experiments were performed in triplicate. Error bars, SD.




TIPRL Suppressed Invasion and Migration Through Regulation of AMPK/mTOR Pathway

To explore the molecular mechanism underlying the anti-invasive function of TIPRL, gene expression in TIPRL and vector transfected MKN45 cells were analyzed using whole-genome mRNA microarray. Unexpectedly, compared with empty vector-transfected cells, only 4 down-regulated genes (IGFBP1, NDRG1, EIF4G2, and NBPF10; fold change ≥2), which were not metastasis-related gene in human cancer, were detected in the MKN45 cells overexpressing TIPRL, microarray analysis revealed that almost all the genes remained unaffected at the mRNA levels, suggesting that TIPRL may modulate the genes at the post-transcriptional levels (Figure 7A). In addition, no significant change at the mRNA levels was further validated using RT-qPCR by specific primers available from our laboratory (Figures 7B–D), supporting the reliability of the microarray analysis. Intriguingly, TIPRL has been identified as a pivotal inhibitory regulator of protein phosphatase 2A (PP2A) (9, 10), and PP2A contributes significantly to AMP-activated protein kinase (AMPK) inactivation by dephosphorylation (13). Based on the interaction between TIPRL and PP2A, we hypothesized that TIPRL might exert the inhibitory effect on cell migration/invasion through activating AMPK signaling by inhibition of PP2A. We further evaluated the effect of TIPRL on PP2A activity in MKN45 and BGC823 cells. Consistently, TIPRL overexpression significantly reduced PP2A activity, whereas TIPRL silencing dramatically increased PP2A activity (Figure 7E). As expected, Western blot analysis confirmed this hypothesis and indicated that in the TIPRL-transfected MKN45 and BGC823 cells, phosphorylation of AMPK was markedly increased, while silencing TIPRL induced the opposite effects (Figures 7F,G). Moreover, as AMPK/mTOR signaling affects tumor invasion and metastasis (14–16), the AMPK downstream effectors of mTOR, p70S6K, and 4E-BP1 were also examined. Accordingly, phosphorylation of mTOR, p70S6K, and 4E-BP1 was substantially decreased in TIPRL expressed cells. Meanwhile, siRNA-mediated knockdown of TIPRL led to the opposite changes (Figures 7F,G). Furthermore, the total protein levels of AMPK, mTOR, p70S6K, and 4E-BP1 were not significantly affected under either condition (Figure 7F). Thus, these results support our notion that TIPRL suppresses cell migration/invasion of gastric cancer through regulating AMPK/mTOR signaling pathway.


[image: Figure 7]
FIGURE 7. TIPRL suppresses metastatic potential of gastric cancer via AMPK/mTOR signaling. (A) Microarray study on TIPRL-regulated genes. Hierarchical clustering of TIPRL-regulated genes on the basis of the expression patterns. Almost no change was observed at the mRNA levels between TIPRL overexpression and control cells. (B–D) Validation of the microarray analysis. No significant change at the mRNA expression levels of genes related to EMT, ERBB, and VEGF signaling pathways in MKN45 cells transfected with TIPRL overexpression and control vector was further validated using RT-qPCR. (E) PP2A activity analysis indicated that TIPRL resulted in inhibition of PP2A activity by PP2A activity assay (t-test, *P < 0.05; **P < 0.01; and ***P < 0.001). Overexpression of TIPRL significantly reduced PP2A activity in MKN45 and BGC823 cells. Conversely, an inverse effect was observed in MKN45 and BGC823 cells with silencing TIPRL expression. (F,G) Immunoblot results showed that up-regulated expression of TIPRL enhanced phosphorylation of AMPK (p-AMPK) and reduced phosphorylation of mTOR (p-mTOR), p70S6K (p-p70S6K), and 4E-BP1 (p-4E-BP1); Down-regulated expression of TIPRL led to the opposite changes (t-test, *P < 0.05). The total protein levels of AMPK, mTOR, p70S6K, and 4E-BP1 did not change. (H) Schematic illustration of the molecular basis of TIPRL as a metastasis suppressor in gastric cancer. TIPRL, a target of miR-216a-5p/383-5p, facilitates AMPK phosphorylation via preventing the PP2A-dependent dephosphorylation and inactivation of AMPK, which in turn attenuates phosphorylation of mTOR and its downstream effectors p70S6K and 4E-BP1, leading to inactivation of mTOR signaling and subsequent suppression of invasion and metastasis of gastric cancer.





DISCUSSION

Invasion and metastasis of gastric cancer after curative resection remain the most common lethal outcomes with few efficacious therapeutic options. Therefore, it is critical to understand the mechanisms underlying gastric cancer metastasis in order to discover novel effective therapeutic targets for clinical evaluation.

Using microarray analysis of metastatic and non-metastatic tumors, we identified TIPRL as a novel metastasis suppressor in gastric cancer through gene expression microarray. TIPRL is a ubiquitously expressed protein which functions as a key inhibitory regulator of PP2A-like phosphatases, including PP2A, PP4, and PP6 (9, 10). Despite this, little is known about the functional and prognostic implications of TIPRL in cancer, particularly in tumor metastasis. Recently, a growing body of evidence supports an oncogenic role for PP2A-like enzymes. Upregulation of the catalytic subunit of PP2A predicts poor prognosis and promotes carcinogenesis through inhibition of p53 mediated apoptosis in hepatocellular cancer models (17, 18). In basal breast cancer, PP2A appears to act as a metastasis promoter by activating cofilin-1 (CFL-1) (19). In addition, PP4 has also been found to be overexpressed in numerous types of cancer (20–22) and inhibition of PP4 expression increases efficacy of cisplatin treatment (21). Given aforementioned studies and function of TIPRL, it is plausible to assume that TIPRL may be a potential tumor suppressor gene. Herein, we highlight a functional role for TIPRL in invasion and metastasis of gastric cancer.

The clinical relevance of TIPRL in gastric cancer was investigated in a large well-characterized clinical cohort. We showed that TIPRL was frequently decreased in gastric cancer tissues, relative to non-tumor tissues. Moreover, TIPRL expression was markedly down-regulated in primary tumor samples with distant metastasis, compared to those without distant metastasis. Importantly, IHC analysis of TIPRL in gastric cancer demonstrated a strong association between low expression of TIPRL and unfavorable clinicopathological variables such as more-advanced TNM stage and distant metastasis, suggesting that TIPRL down-regulation might facilitate a metastatic phenotype. Furthermore, significantly shortened overall survival and disease-free survival were observed in gastric cancer patients with low TIPRL expression compared with patients with high TIPRL expression. In keeping with our data, higher expression of TIPRL was associated with a favorable prognosis in gastric carcinoma patients according to analysis of publicly available data sets. These clinical data strongly suggested that TIPRL might be involved in the metastasis and progression of gastric cancer and serve as a novel useful prognostic biomarker.

Currently, regulatory mechanisms of TIPRL are not yet documented. MicroRNAs (miRNAs) play a pivotal role in tumorigenesis via negatively regulating target gene expression at the post-transcriptional level (23, 24). Using bioinformatics analysis and luciferase assay, we found that miR-216a-5p and miR-383-5p could directly regulate TIPRL expression through targeting the 3′-UTR of TIPRL. In recent years, accumulating evidence has demonstrated that miR-216a-5p and miR-383-5p are significantly elevated and function as oncogenic miRNAs in a variety of tumors (25–31). In particular, previous study have shown that miR-216a promotes invasion and metastasis in hepatocellular carcinoma through targeting TSLC1, PTEN, and SMAD7 (25–27), which is further confirmed in a variety of cell models (28–30). Moreover, it has been reported that miR-383 promotes cholangiocarcinoma cell invasion and proliferation by suppressing IRF1 (31). More importantly, in gastric cancer, miR-216a is significantly upregulated (32), and elevation of miR-216a would favor a worse clinical outcome (33). Additionally, elevated miR-216a-3p activates the NF-κB signaling pathway through targeting RUNX1, contributing to metastatic potential of gastric cancer (34). Here, our current study pointed out that miR-216a-5p/383-5p suppressed TIPRL expression, thus suggesting that elevation of miR-216a-5p/383-5p might contribute to aberrant down-regulation of TIPRL in gastric cancer. This study enriches our horizon of TIPRL regulation by miRNAs.

Our clinical data urged us to investigate the putative tumor-suppressive function of TIPRL in gastric cancer in vitro. Re-expression of TIPRL in MKN45 and BGC823 cells markedly suppressed the migration and invasion abilities; while the knockdown of TIPRL promoted migration and invasion of the gastric cancer cells in vitro. Both assays of forced and silenced expression of TIPRL revealed that TIPRL could suppress cell migration and invasion in gastric cancer, which are two crucial events during tumor metastasis (35), consistent with clinical observations. Moreover, previous report demonstrates that TIPRL prevents TRAIL-induced apoptosis through inactivation of MKK7-JNK signaling in hepatocellular carcinoma (12). However, in the current study, the apoptosis and proliferation of gastric cancer cells were not affected. Thus, the effects of TIPRL may be cell context-dependent. Collectively, these findings provide the first demonstration that TIPRL acts as a novel metastasis suppressor in gastric cancer.

We further elucidated the molecular basis by which TIPRL exerted the suppressive effect on cell migration and invasion in gastric cancer using mRNA microarray. Unexpectedly, it is noteworthy that TIPRL could not modulate the genes at transcriptional levels by the microarray and real-time PCR analysis, thereby implying that the regulation might occur at the post-transcriptional levels. Intriguingly, it is known that TIPRL has a well-established role as a crucial modulator to inactivate the phosphatase activity of PP2A (9, 10). PP2A, a major serine-threonine phosphatase, regulates a variety of kinase-driven intracellular signaling pathways by dephosphorylating many pivotal cellular molecules (36). The predominant form of PP2A inside cells contains a heterotrimer formed by catalytic (C), scaffolding (A), and regulatory (B) subunits (9). Structure-guided studies reveal that the butterfly-shaped TIPRL binds specifically to the PP2A catalytic subunit (C) and perturbs the phosphatase active site, resulting in phosphatase inactivation. TIPRL also makes dynamic wobble contacts with scaffolding (A) subunit, leading to enhanced inactivation of disease-associated mutant PP2A. More importantly, TIPRL and latency chaperone, alpha4, coordinate to promote disassembly of PP2A complexes (10). Consistently, our study indicated that TIPRL negatively regulated PP2A activity in gastric cancer cells. Moreover, PP2A, an upstream phosphatase of AMPK (13), directly interacts with AMPK and negatively regulates AMPK activity by dephosphorylating Thr-172, a residue that is required for AMPK activation when phosphorylated (37). AMPK activity is also negatively regulates by calcium-mediated PR72-containing PP2A (38). Additionally, previous reports demonstrate that subunit A of PP2A co-immunoprecipitates with AMPK (39), leading to inactivation of AMPK activity in a glucose-dependent manner (39, 40). Furthermore, targeting PP2A by LB-100 (a novel PP2A inhibitor) activates AMPK to suppress colorectal cancer in vitro and in vivo (41). Unsurprisingly, PP2A also negatively regulates AMPK signaling by dephosphorylating and inactivating AMPK. Given the interaction between TIPRL and PP2A, we therefore postulated that TIPRL might potentiate AMPK signaling via preventing the PP2A-dependent dephosphorylation and inactivation of AMPK. As a critical cellular energy sensor, AMPK plays a central role in regulating cellular metabolism and energy homeostasis (42). Augmented AMPK activity also contributes to suppression of invasive and metastatic capacities of cancer cells (16, 43), which is a key process during tumor progression. As expected, overexpression of TIPRL induced strong phosphorylation and activation of AMPK in gastric cancer cells, whereas an inverse effect was observed in TIPRL-deficient cells. Therefore, the suppression of cell migration and invasion induced by TIPRL in gastric cancer might attribute, at least in part, to the TIPRL-mediated phosphorylation/activation of AMPK signaling. Concomitantly, compelling evidence indicates that AMPK activation has emerged as a pivotal negative regulator of mTOR and its downstream effectors (14, 44, 45), which intimately relates to tumor invasion and metastasis (15, 46–50). Accordingly, it is of interest to determine the effect of TIPRL on mTOR and its downstream effectors p70S6K and 4E-BP1. These data indicated that TIPRL could attenuate phosphorylation of mTOR, p70S6K, and 4E-BP1, thereby suppressing the mTOR signaling pathway. Together, our findings suggest that TIPRL may induce phosphorylation/activation of AMPK, which in turn attenuates the mTOR pathway, leading to inactivation of mTOR signaling and subsequent suppression of cell migration/invasion in gastric cancer.

To date, the role of TIPRL in cancer has been documented only in liver and lung cancer (12, 51, 52). In hepatocellular carcinoma samples and cell lines, TIPRL is overexpressed and prevents TRAIL-induced apoptosis through inactivation of MKK7-JNK signaling (12), thereby representing a potential biomarker for early liver cancer (51). In addition, TIPRL overexpression is found to induce autophagy and accelerate growth through the eIF2α-ATF4 pathway in non-small cell lung cancer (52). Given the previous reports, TIPRL is believed to be oncogenic. However, our study indeed suggested that TIPRL functioned as a metastasis suppressor in gastric cancer through regulating AMPK/mTOR signaling. This indicates that TIPRL may have strikingly distinct functional roles in tumorigenesis depending on the cellular context. For example, the dual role of p21 as a tumor suppressor and an oncogene in different types of cancer has been documented (53). Thus, our findings may lead to further studies of the effects of TIPRL in other cancers.

Taken together, the present study provides the first evidence that TIPRL, a target of miR-216a-5p/383-5p, is identified as a potential metastasis suppressor gene in gastric cancer. Clinically, loss of TIPRL expression in gastric cancer is a strong indicator of metastatic phenotype and poor clinical outcomes. TIPRL exerts its anti-invasive function through regulating AMPK/mTOR signaling pathway (Figure 7H). Thus, TIPRL may represent a prognostic biomarker and a promising target for new therapies in gastric cancer.
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Background: Accumulating evidence has demonstrated that legumain (LGMN) is abnormally expressed in several malignancies and functions as an oncogene. However, the association between LGMN and gastric cancer (GC) has not yet been fully elucidated. In this study, we performed a comprehensive analysis of the role of LGMN in clinicopathologic characteristics and survival of GC patients.

Methods: The study had two patient cohorts, The Cancer Genome Atlas (TCGA) cohort and the Zhongshan Hospital cohort, both of which were used to analyze the role of LGMN in GC samples. The relationship between LGMN and clinicopathologic characteristics was determined by the Chi-square test and logistic regression analysis. The Kaplan–Meier method and Cox proportional hazards regression analysis were conducted to investigate the prognostic role of LGMN in GC patients. Moreover, a nomogram was constructed based on the factors that were independently associated with peritoneal metastasis. Finally, the gene set enrichment analysis (GSEA) was conducted to explore the underlying pathways through which LGMN was involved in GC progression.

Results: The mRNA and protein levels of LGMN were significantly upregulated in GC tissues, especially for diffuse-type GC. High level of LGMN was independently associated with poor prognosis in both TCGA and Zhongshan cohorts. Further analysis showed that increased protein level of LGMN was related to peritoneal metastasis in GC patients. In a nomogram model, the LGMN expression could help predict the possibility of peritoneal metastasis in GC patients. LGMN was a strong determinant for prediction of peritoneal metastasis. GC patients with high LGMN expression tended to have worse survival together with more frequent diffuse-type tumors and increased risk of peritoneal metastasis. The GSEA results showed that focal adhesion, ecm receptor interaction, cell adhesion molecules cams, TGF-β signaling pathway, JAK-STAT signaling pathway, gap junction, etc. were differentially enriched in the phenotype with high LGMN expression.

Conclusion: LGMN was an independent prognostic factor for OS in GC patients. Increased expression of LGMN was significantly associated with peritoneal metastasis. The nomogram based on LGMN might guide the clinical decisions for patients with GC.

Keywords: gastric cancer, peritoneal metastasis, legumain, survival, nomogram


INTRODUCTION

Gastric cancer (GC) is one of the common malignant tumors threatening human health, causing ~1,033,701 new cases and 782,685 deaths worldwide in 2018 (1). According to Lauren's classification system, GC has three types, intestinal type, diffuse type, and mixed type, of which the diffuse type tends to be more invasive. Peritoneal metastasis accounts to nearly 50% of death in GC patients (2, 3). Interestingly, peritoneal metastasis is more commonly observed in diffuse-type GC than other types (4–6), which may contribute to their worse survival. Although considerable advances have been made in the management of GC, such as chemotherapy, targeted therapy, and immunotherapy, the 5-year overall survival (OS) of GC patients with peritoneal metastasis remains dismal (7, 8). However, the molecular biomarkers and mechanisms underlying peritoneal metastasis have not been well-established in GC patients. Therefore, it is essential to identify novel molecular biomarkers for early diagnosis, prevention, and targeted therapy for GC patients.

Legumain (LGMN), also known as asparagine endopeptidase, is a cysteine endopeptidase of the asparaginyl endopeptidase family, showing high specificity for hydrolysis of asparaginyl bonds (9). It belongs to the peptidase family C13, which expresses both on surface and intracellularly (10). LGMN promotes activation of zymogen gelatinase A through cleaving pro-gelatinase A, which is considered to play a critical role in extracellular matrix degradation and remodeling, thereby facilitating cell migration and invasion (11–13). Our recent study has demonstrated that LGMN is expressed at elevated levels in diffuse GC cell lines and contributes critically to the invasion and metastasis phenotype through epithelial–mesenchymal transition in diffuse GC (14). Previous studies have shown that higher LGMN level is associated with poor prognosis of multiple cancers including breast cancer (15), colorectal cancer (16), and prostate cancer (17). However, the exact relationship of LGMN expression and clinicopathologic signature, especially peritoneal metastasis, in GC patients remains poorly characterized. To our best knowledge, there is no literature reporting on a clinicopathologic signature to improve the diagnosis and prediction of peritoneal metastasis in GC patients.

Therefore, this study aimed to investigate the expression pattern of LGMN in GC tissue from the Zhongshan hospital cohort and to use bioinformatics data from The Cancer Genome Atlas (TCGA) to explore the role of LGMN as a clinicopathological and prognostic biomarker for patients with GC. Moreover, the nomogram integrating LGMN expression and clinical clinicopathologic characteristics was also established to predict peritoneal metastasis for GC patients.



MATERIALS AND METHODS


Extraction of Clinical and mRNA Expression Data From TCGA Cohort

The mRNAs expression data and corresponding clinicopathologic information of GC patients were downloaded from the TCGA database (up to January 1, 2019). The included clinical characteristics were age, gender, pathologic grade, tumor stage, survival time, and vital status. Patients were excluded if they had incomplete survival information or their survival time was 0 days. The baseline characteristics of GC patients in the TCGA cohort are summarized in Supplement Table 1.



Patients in the Zhongshan Hospital

A total of 139 patients who were diagnosed with advanced GC at the Department of Medical Oncology, Zhongshan Hospital, Fudan University, Shanghai, China, from January 2009 and June 2016 were included in our analysis. Inclusion criteria for the eligible patients were listed as follows: (a) histologically proven gastric adenocarcinoma; (b) no previous anticancer treatment; (c) signs of distant metastasis; (d) completed clinicopathological and follow-up information. Written informed consent from all patients was obtained with the approval of the Ethics Committee of Zhongshan Hospital. The primary outcome is OS, which was censored at the last follow-up record (December 31, 2017). The baseline characteristics of GC patients in the Zhongshan cohort are summarized in Supplement Table 2.



IHC Staining and Evaluation of IHC Intensity

Immunohistochemistry was performed on tissue microarray (TMA) according to the standard biotin–streptavidin–peroxidase method (18). The polyclonal goat anti-human LGMN antibody (#AF2199, R & D Systems, USA) in a 1:300 dilution was used for IHC staining. The IHC results were analyzed by two independent pathologists who were blinded to the clinical characteristics. Staining intensity for LGMN was scored as 0 (0%), 1 (<10%), 2 (10–50%), and 3 (>50%), depending on the percentage of positive-stained cells. In subsequent statistical analysis, specimens with a score of ≤2 were grouped as low LGMN expression, while a score of 3 was grouped as high LGMN expression. The specimens would be reexamined by both pathologists under a multihead microscope in case of a discrepancy in scoring.



Western Blot

The GC cell lines were maintained in RPMI 1640 containing 10% FB. Cellular protein was extracted using a protein extraction kit, according to the manufacturer's instructions (#WLA019, Wanleibio, China). Proteins were separated using 6% SDS-PAGE gel electrophoresis and then transferred to PVDF membranes. The membranes were blocked in 5% non-fat dry milk in Tris-buffered saline (pH 7.5) for an hour at 37°C. Membranes were incubated overnight at 4°C with anti-human LGMN antibody as IHC described above, then followed by the horseradish peroxidase conjugated secondary antibody for 1 h at room temperature. Signals were detected using enhanced chemiluminescence reagents (Pierce, Rockford, IL, USA).



GSEA Enrichment

The gene set enrichment analysis (GSEA) created a list of all genes connected with the expression of the LGMN. Then, the samples were categorized as the high- and low-LGMN phenotypes to elucidate the potential biological function utilizing GSEA software GSEA v2.2.2 (19). The annotated gene sets c2.cp.kegg.v7.0.symbols.gmt in the MSigDB Collection were utilized as the reference gene sets. The nominal P-value and normalized enrichment score (NES) were used to sort the pathways enriched in each phenotype. Gene sets with nominal P < 0.05 and FDR <0.25 were considered statistically significant.



Statistical Analysis

The relationship between LGMN expression and clinicopathological characteristics was analyzed with Chi-square test and logistic regression. The Kaplan–Meier method and log-rank test were used to perform survival analysis. Univariate and multivariate Cox proportional hazards regression analysis were used to evaluate whether LGMN could be an independent prognostic factor in GC. We used the “rms” R package to plot the nomogram for peritoneal metastasis prediction among GC patients. Receiver operating characteristics (ROC) curve was used to evaluate the performance of nomogram in peritoneal metastasis prediction among GC patients. Decision curve analysis (DCA) was introduced to assess the clinical utility of this nomogram (20). DCA is a novel analytical technique that integrates all clinical consequences of a decision and then quantifies the clinical utility of a predictive model (21). All analyses were conducted using R software (version 3.5.1). P < 0.05 was considered to be statistically significant.




RESULTS


The Level of LGMN Was Upregulated in GC, Especially for Diffuse-Type GC

First, the TCGA database was used to examine the differential expression levels of LGMN mRNA between GC and normal gastric tissue. The LGMN mRNA expression level was significantly higher in GC tissues than in normal tissues (P < 0.05, Figure 1A). Additionally, paired analysis of LGMN mRNA expression in 24 matched GC tissues and normal tissues demonstrated that LGMN mRNA expression was significantly increased in tumor tissues compared with normal tissues (P < 0.05, Figure 1B). Interestingly, we found that the mRNA levels of LGMN were higher in diffuse-type GC compared with intestinal-type GC (P < 0.05, Figure 1C). To further confirm this result, we performed Western blot to compare the LGMN expression in three cell lines of diffuse-type GC (KATO III, SGC790, and MKN45) between three cell lines of intestinal-type GC (MKN1, MKN28, and NCI-N87). The Western blot results demonstrated that diffuse-type cells showed a higher expression of LGMN compared with the intestinal-type GC (Figure 1D). Additionally, representative images from the Human Protein Atlas (HPA) database demonstrated that LGMN protein expression was higher in GC tissues compared with normal gastric tissues (Figure 1E).
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FIGURE 1. The level of LGMN in GG based on TCGA database, Western blot, and HPA database. (A) LGMN expression level in GC tissues relative to corresponding normal gastric tissue from the TCGA database. (B) Comparison of LGMN expression in 24 matched GC tissues and normal tissues. (C) Comparison of LGMN expression between diffuse-type GC and intestinal-type GC from the TCGA database. (D) Comparison of LGMN expression between diffuse-type GC and intestinal-type GC in different cell lines by Western blot. (E) Representative images of protein expression detected by immunohistochemistry of LGMN were detected in GC and normal tissues from the HPA database. *P < 0.05.




LGMN Was an Independently Prognostic Factor in GC Patients

In the TCGA database, GC patients were divided into the high-expression group and the low-expression group using median value as a cutoff (35.62). The Kaplan–Meier analysis showed that the GC patients with high mRNA level of LGMN had an unfavorable OS, and the median OS for the high LGMN group and the low LGMN group was 18.47, and 34.77 months, respectively (P = 0.0038) (Figure 2A). In the Cox proportional hazards regression analysis, we discovered that GC patients with high mRNA level of LGMN or high histological grade (G3/4) were at significantly high risk of death. GC patients with a higher age or distant metastasis were also at high risk of death (Figure 2B). After adjustment for age, gender, tumor stage, and histological grade, to our surprise, high mRNA level of LGMN remained associated with high risk of death in GC patients (HR, 1.011; 95% CI, 1.005–1.017; P < 0.001, Figure 2C).


[image: Figure 2]
FIGURE 2. LGMN expression was an independent prognostic factor associated with OS in the GC patients from the TCGA cohort. (A) Kaplan–Meier survival analysis between GC patients in the high- and low-expression group of LGMN. (B) Univariate Cox proportional hazards regression analyses of overall survival in GC patients. The green squares on the transverse lines represent the HR, and the blue transverse lines represent 95% CI. (C) Multivariate Cox proportional hazards regression analyses of overall survival in GC patients. The red squares on the transverse lines represent the HR, and the blue transverse lines represent 95% CI.


We next ask whether the prognostic value of LGMN persisted in the protein level. TMA derived from 139 GC patients in the Zhongshan cohort was used. In univariate Cox proportional hazards regression analysis, GC patients with high LGMN expression had a significantly lower 1-year OS than those with low LGMN expression (27.54 vs. 70. 90%, P < 0.0001) (Figure 3A, Table 1). In addition, tumor site (P = 0.027) and recurrence (P = 0.003) were also significantly associated with OS. Multivariate Cox proportional hazards regression analysis was performed using all of the significant variables in the univariate analysis. The results from the multivariate analysis showed that LGMN expression was a significantly independent prognostic factor for OS (P < 0.001). Of note, high expression level of LGMN might double the risk of death among GC patients (HR, 2.51; 95% CI, 1.68–3.76; P < 0.001) (Table 1). We further conducted a subgroup analysis for evaluating the effect of LGMN expression on OS based on two risk factors, namely, age and Lauren type. We found that high expression of LGMN continued to contribute to a worse survival even in each subgroup stratified by age (Figures 3B,C) and Lauren type (Figures 3D–F).


[image: Figure 3]
FIGURE 3. Kaplan–Meier survival analyses of GC patients from the TCGA cohort. (A) The Kaplan–Meier curves for all patients set. (B) The Kaplan–Meier curves for age ≥ 55 years subgroup. (C) The Kaplan–Meier curves for age < 55 years subgroup. (D) The Kaplan–Meier curves for the intestinal-type subgroup. (E) The Kaplan–Meier curves for the diffuse-type subgroup. (F) The Kaplan–Meier curves for the mixed-type subgroup.



Table 1. Univariate and multivariate Cox proportional hazards regression analysis of the overall survival in GC patients from the Zhongshan cohort.
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Increased Protein Level of LGMN Was Related to Peritoneal Metastasis in GC Patients

Peritoneal metastasis is one of the most common causes of death in GC patients. In the Zhongshan cohort, we observed that patients with peritoneal metastasis had a significantly increased risk of death in GC (Figure 4A). Meanwhile, using the median expression score as the cutoff point, we tested the probability of peritoneal metastasis in the low LGMN and high LGMN expression groups using Chi-square test (Table 2). In total, 71.25% patients with high LGMN expression had peritoneal metastasis, but only 38.98% patients with low LGMN expression had metastasis (Chi-square test, P < 0.001; Figure 4B). At the same time, patients with diffuse-type GC tended to suffer from peritoneal metastasis compared to those patients with intestinal GC and those with mixed GC (P < 0.001; Figure 4C). These results were further confirmed by logistic regression analysis (Table 3). Additionally, we found that female patients were more likely to progress to peritoneal metastasis (OR = 4.633; 95% CI, 1.835–12.449; P = 0.001).


[image: Figure 4]
FIGURE 4. The association between LGMN and peritoneal metastasis in GC patients from the Zhongshan cohort. (A) The Kaplan–Meier survival analyses of peritoneal metastasis in GC patients. (B) The percentage of peritoneal metastasis in high/low LGMN level of GC tissues was compared. (C) The Lauren type in GC patients with and without peritoneal metastasis was compared.



Table 2. Chi-square tests for patients stratified by peritoneal metastasis status from the Zhongshan cohort.
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Table 3. LGMN expression associated with peritoneal metastasis in GC patients from the Zhongshan cohort.
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In the TCGA cohort, we first investigated the LGMN mRNA levels in different tumor stages. We found that the LGMN expression was much higher (P < 0.05) in GC patients with stage III/IV compared to GC patients with tumor stage I/II (Figure 5A). Interestingly, similar results were obtained in the M stage, as LGMN expression was associated with high M stage (Figure 5B). However, with the increased T or N stage, the LGMN expression was not further increased (Figures 5C,D). These results indicated that high expression of LGMN might contribute to advanced tumor stage mainly through promoting distant metastasis. Furthermore, we performed unsupervised RandomForest classification analysis to validate our result, which determined that the M stage contributes most to discrimination between high LGMN and low LGMN samples (Figure 5E). Since the TCGA database did not record the peritoneal metastasis status for GC patients, we failed to evaluate the role of LGMN mRNA played in the peritoneal metastasis. However, we found that the LGMN mRNA expression was much higher in diffuse GC patients compared to intestinal ones (Figure 1C), consistent with the observations in the Zhongshan cohort.


[image: Figure 5]
FIGURE 5. The association with LGMN expression and clinicopathologic characteristics including (A) TNM stage, (B) M stage, (C) T stage, and (D) N stage in the TCGA cohort. (E) M stage contributed most to classification between high LGMN and low LGMN patients by RandomForest in the TCGA cohort. *P < 0.05, **P < 0.01, ns, no significance.




The Protein Level of LGMN, Combined With Lauren Type and Gender, Was Able to Better Predict Peritoneal Metastasis for GC Patients

The above results indicated that the level of LGMN, Lauren type, and gender might be related to peritoneal metastasis in GC patients. Therefore, a nomogram for prediction of peritoneal metastasis probabilities, which included LGMN, Lauren type, and gender were constructed (Figure 6A). ROC curve was used to analyze the power of LGMN and nomogram to discriminate between GC patients with or without peritoneal metastasis. According to the ROC analysis, the area under the curve (AUC) of the nomograms for probability based on LGMN and nomogram (Figure 6B) was 0.615 and 0.842, respectively, suggesting that this model can accurately predict the possibility of potential peritoneal metastasis among GC patients. After addressing the accuracy, DCA was introduced to evaluate the clinical utility of this nomogram. Figure 6C showed that the established nomogram had high potential for clinical application.
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FIGURE 6. The role of LGMN in predicting peritoneal metastasis in GC patients from the Zhongshan cohort. (A) Nomograms for predicting peritoneal metastasis. (B) ROC analyses of the nomogram for peritoneal metastasis prediction. (C) DCA for assessment of the clinical utility of the nomogram.




The Potential Molecular Mechanisms Mediated by LGMN in GC

Since LGMN was upregulated and an independent prognostic factor was associated with OS in both cohorts, we were eager to explore the underlying mechanisms by which LGMN is involved in GC progression. Next, GSEA was performed between patients with low or high LGMN mRNA expression based on the TCGA cohort. Based on the NESs, the several significantly enriched signaling pathways were selected (Figures 7A–F). The focal adhesion, ecm receptor interaction, cell adhesion molecules cams, TGF-β signaling pathway, JAK-STAT signaling pathway, gap junction, etc. were differentially enriched in phenotypes with high LGMN expression. The top 20 enriched signaling pathways were summarized in Table 4. In conclusion, functional enrichment analysis results showed that LGMN might play a significant role in GC progression and biological progress.
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FIGURE 7. GSEA analyses of KEGG signaling pathways activated in GC patients with high expression of LGMN compared with the ones with low expression. (A) Focal adhesion, (B) ecm receptor interaction, (C) cell adhesion molecules cams, (D) TGF-β signaling pathway, (E) JAK-STAT signaling pathway, and (F) gap junction were differentially enriched when LGMN overexpressed.



Table 4. Gene sets enriched in the high-expression phenotype of GC patients from the TCGA cohort.
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DISCUSSION

Although LGMN has been confirmed to be highly expressed in several types of solid tumors (15–17), its expression level and potential clinical implications in GC, which were the focus of the current study, have not been well-defined. This study represented the first comprehensive and detailed analysis of LGMN in GC patients from the TCGA database and our institute to investigate its association with clinicopathologic characteristics, survival, function, and expression difference. By analyzing GC patients from the TCGA cohort and the Zhongshan cohort, we demonstrated a notable association between high LGMN expression and poor survival in GC patients. Moreover, LGMN expression has also been demonstrated as an independent prognostic factor for OS, and higher LGMN levels in patients with peritoneal metastasis and diffuse-type GC were observed, which suggested that LGMN might play a vital role in the peritoneal metastasis of GC. Furthermore, LGMN could be integrated with acknowledged clinicopathological factors to construct a nomogram for peritoneal metastasis prediction.

Our recent study has demonstrated that LGMN is highly expressed in diffuse-type GC cell lines and enhances the malignant phenotype of diffuse-type GC, including proliferation, invasion, as well as metastasis (14). However, its clinical implications for GC patients have not been investigated. Additionally, although Li et al. have reported the relationship of overexpression of LGMN and poor prognosis of GC (22), the exact correlation of LGMN and peritoneal metastasis in GC is still unknown. Peritoneal metastasis, as the most critical determinant of death in GC patients (2), is difficult to discriminate from advanced GC preoperatively (23). In most cases, peritoneal metastasis may remain asymptomatic for a remarkably long period of time and therefore is typically diagnosed intraoperatively, which does not benefit surgeons in determining the optimal therapeutic strategy (23). Operative diagnostic methods such as staging microscopy have emerged as a standard method for discrimination of peritoneal metastasis among GC patients (24, 25). Nevertheless, these methods have an invasive nature, are time-consuming, are expensive, and result in complications including intra-abdominal organ iatrogenic damages, hemorrhage, as well as infections (26). Recently, the main non-invasive diagnostic methods for peritoneal metastasis are imaging examinations, such as computed tomography (CT), positron emission tomography–computed tomography (PET-CT), and magnetic resonance imaging (MRI); however, all of them lack diagnostic accuracy for early micrometastatic lesions (27, 28).

In recent years, researches had undertaken efforts to develop several biomarkers in identifying GC patients with peritoneal metastasis (29–31). However, most of them mainly focus on the clinicopathological parameters and ignore the components of genetic characteristics, which also play a critical role in peritoneal metastasis (32). It is reasonable to combine clinicopathological parameters and gene expression for better prediction and clinical application. In the Zhongshan cohort, we tested the probability of peritoneal metastasis between GC patients with low and high LGMN expression. We found that patients with high LGMN expression had increased risks of peritoneal metastasis compared to those with low LGMN expression. The poor prognosis of patients with high LGMN expression might derive from higher rate of peritoneal metastasis. Hence, a nomogram was constructed by integrating Lauren type, gender, and LGMN expression. Notably, this nomogram indicated that LGMN was a strong determinant for peritoneal metastasis prediction. In addition, the nomogram showed satisfactory performance, as indicated by ROC curves and DCA. The nomogram might be useful for patient counseling and individualized clinical decision-making as it helps predict the possibility that GC patients will encounter peritoneal metastasis.

There are also several limitations about our present study. First, as a retrospective study, it has several inherent limitations, such as selection bias confounding factors and missing data, which might provide inaccurate conclusions (33). Therefore, to further confirm our results, a prospective study with large samples might be needed. Second, the Zhongshan cohort consisted of GC patients who undertook previous surgery; hence, the limited sample size might weaken the power of LGMN as a biomarker for detecting peritoneal metastasis. In addition, as we used the TCGA cohort as well as a clinical cohort for analysis, the clinicopathological factors and expression profiles were different between cohorts. Third, although the biologic effect including invasion and migration has been demonstrated in our recent publication (14), this study failed to explore the underlying mechanisms of the signaling pathways involved in GC, but a GSEA was performed. Further studies are required to investigate the mechanisms responsible for the regulation of LGMN and its role in peritoneal metastasis in GC, which would provide insights into its roles in other malignancies. Nevertheless, we have provided strong evidence indicating that LGMN is overexpressed in GC and is associated with a poor survival for GC patients. What is more, our data suggested that LGMN might be of a critical role in the progression of peritoneal metastasis and could be integrated with the acknowledged clinicopathological factors to predict the possibility of peritoneal metastasis, which might guide the clinical management.

In conclusion, to the best of our knowledge, this is the first comprehensive analysis of expression pattern and clinicopathological implications of LGMN in GC. This study demonstrated that higher levels of LGMN mRNA and protein were observed in GC compared to their adjacent tissues. LGMN expression was an independent prognostic factor associated with OS. Moreover, higher LGMN levels tended to be observed patients with diffuse-type GC and peritoneal metastasis. Furthermore, a nomogram for peritoneal metastasis prediction was constructed by Lauren type, gender, and LGMN expression, which show satisfactory performance and clinical utility, which might guide patient counseling and clinical decision-making.
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Considering the limited progress of chemotherapy and targeted therapy in improving the generally disappointing outcomes of advanced gastric or gastroesophageal junction cancer (GC/GEJC), immunotherapies have been gradually developed and advanced into novel frontiers of treatment for advanced GC/GEJC. Nevertheless, the response to immunotherapy was not always satisfactory, and the emergence of resistance was unavoidable. These factors prompt the development of different combination therapies and predictive and prognostic biomarkers of efficacy to improve the outcomes of patients with advanced GC/GEJC and to overcome drug resistance. This article discusses the advances of immune monotherapy, multiple current and ongoing clinical trials of immune combination therapy, immune-related adverse events, and various biomarkers in GC/GEJC.
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Gastric or gastroesophageal junction cancer (GC/GEJC) is the third most common cause of cancer deaths worldwide, and the incidence ranks fifth, 63% of which show locally advanced or metastatic disease (1). Considering the limited progress of traditional therapy, like chemotherapy and anti-Human epidermal growth factor receptor-2 (HER-2) therapy in improving the generally disappointing outcomes (2), and the genetic complexity and heterogeneity of GC/GEJC, immunotherapies have gradually been developed and advanced into novel frontiers of treatment for advanced GC/GEJC, entirely revolutionizing the therapeutic landscape in the last 10 years. Nowadays, a number of clinical trials with immunotherapies have been conducted or are ongoing. These clinical trials involve cancer vaccines [such as, dendritic cell (DC) vaccine, melanoma-associated antigen 3 (MAGE-3) peptide vaccine], adoptive cell therapies [such as cytokine-induced killer (CIK) cells, DC-CIK, chimeric antigen receptor (CAR)-T cell therapy], and immune checkpoint inhibitor (ICI) therapies. Some of these therapies have been approved for the treatment of advanced GC/GEJC, indicating the expanding range and potential of immunotherapy applications. Although the response obtained from immunotherapy in patients with GC/GEJC adenocarcinoma is only 10–20%, and the potential of drug resistance and rapid disease progression is likely, the exploration of mechanisms of resistance to immunotherapy, of effective immune combination therapy strategies, and of predictive and prognostic biomarkers is essential for issues in oncology. This article discusses advances of immune monotherapy, multiple current and ongoing clinical trials of immune combination therapy, immune-related adverse events (irAEs), and various biomarkers in GC/GEJC.


RATIONALE FOR THE USE OF IMMUNOTHERAPY IN THE TREATMENT OF GC/GEJC

Landmark analyses by the Cancer Genome Atlas (TCGA) in 2014 proposed classifications based on comprehensive genomic profiling for four subtypes of gastric cancer (GC) (3): Epstein–Barr virus (EBV, 8%) infection, microsatellite instability (MSI) (22%), genomic stability (20%), and chromosomal instability (CIN) (50%). The EBV subtype GC is characterized by a high incidence of DNA hypermethylation and amplification of CD274 [encoding programmed death-ligand 1 (PD-L1)] and PGD1LG2 (encoding PD-L2). An increased expression of PD-L1/2 that were evaluated in mRNA from EBV-positive GCs in the TCGA cohort characterizes their immune profile, which is known to have prominent stromal lymphoid infiltrates and a high density of tumor infiltrating lymphocytes (TILs), establishing a balance between host immune evasion mediated by PD-L1/2 overexpression and host immune responses (4). Therefore, the EBV subtype is a promising choice for ICI therapy in GC. The ongoing phase II/III clinical trials (NCT02488759 and Checkmate-358) are also evaluating the efficacy of nivolumab in EBV-positive GC. Chronic EBV infection can trigger Th1 antiviral responses which lead to antitumor responses, such as the induction of IFN-γ production (3). The MSI subtype GC has high mutation load, TILs, and neoantigen presentation of DCs and macrophages (3). Therefore, EBV-positive and MSI phenotype GCs display unique immune characteristics that may be suitable targets for immunotherapy (5–7). A comprehensive analysis of the molecular characteristics of 295 gastric adenocarcinomas shows that about 34% of GCs show a relatively high mutation load, including MSI-H (8). In addition, the level of TILs and a high expression of CD3, CD8, and C45RO in patients with GC have a certain predictive value of patient prognosis. Patients with TILs highly expressing a combination of these three markers showed a longer overall survival (OS) than those with low expression (9), suggesting that GC might be a better target disease for ICIs.



CLINICAL ADVANCES OF IMMUNE MONOTHERAPY IN GC/GEJC


Cancer Vaccines

Cancer vaccines take advantage of antigens associated with tumor cells such as proteins overexpressed in tumor cells, cancer-testis antigens (CTAs), protein products of oncogenes, and heat-shock protein complexes (10), which may be recognized as foreign by the host adaptive immune system and trigger antitumor immune responses (11). MAGE-3 peptide vaccine acted as an adjuvant and was used to enhance an antitumor immune response resulting in a successful regression of tumor growth in a mouse model of GC (12). HER-2+ cancer is an example where overexpressed proteins have been exploited for vaccination (12, 13). DCs, stimulated with HER-2 peptides, which were capable of inducing antitumor immunity against HER-2+ GC, were developed as vaccines, and were evaluated in a phase I trial (13). NY-ESO-1 is a CTA expressed in gastroesophageal neoplasms. A phase I trial assessed the efficacy of NY-ESO-1 vaccine in tumors where 9 out of 10 patients with gastroesophageal cancer had an enhanced antibody response, and all patients had an increase in antigen-responsive CD4 and CD8 T cells (14). A peptide vaccine consisting of three different human leukocyte antigen (HLA)-A24-conjugated CTAs was assessed in a phase II clinical trial following promising phase I trial results (15). In cancer cells, heat shock proteins (HSP), acting as tumor rejection antigens, can form protein complexes with various deranged intracellular proteins and induce CD4+ and CD8+ T cell responses, suggesting that vaccines against HSP will play a role in immunotherapy for GC (16).



Adoptive Cell Therapies

Adoptive cell therapies (ACTs) may use autologous lymphocytes that have been isolated from the tumor itself or from the blood and manipulated in vitro to enhance their activity by expressing particular T-cell receptors or CARs against target antigens (17). CAR-T GC patients received immunotherapy with EAALs that were stimulated by the IL-2 or anti-CD3 inhibitor. As a result, significantly longer OS was observed in the treatment group (18, 19). In GC, CAR-T therapy against four major antigens is currently being tested in clinical trials. First, HER-2 gene amplification has been reported in 1/3 of GCs. A trial of anti-HER-2 CAR-T therapy aiming to study the adverse effects in patients with advanced HER-2+ GC/GEC is ongoing (NCT02713984). Next, carcinoembryonic antigen (CEA) is overexpressed in gastrointestinal tumors where its overexpression indicates poor prognosis in GC (20). A trial investigating the efficacy of anti-CEA CAR-T cell therapy in advanced CEA+GC has been initiated (NCT02349724). Third, anti-MUC1 CAR-T cells are also being studied in patients with advanced MUC1+ GC/GEC (NCT02617134). Finally, CAR-T therapy against epithelial cell adhesion molecule (EpCAM) is under trial (NCT03013712). These trials are currently recruiting patients, and data on the antitumor efficacy and survival time of CAR-T cells in patients with advanced GC/GEC will be collected. However, available clinical trial data suggest that GC patients respond poorly to ACTs and there are insufficient ongoing trials assessing ACTs, reflecting the disappointing results. The reason for their poor response rate may be the induction of immune tolerance in adoptive cells. Therefore, combination therapies targeting multiple mechanisms of tumor-mediated immunomodulatory may need to be developed to overcome the poor efficacy seen in ACTs alone.



ICI Monotherapy in GC/GEJC

Recently, immunotherapy with antibodies that inhibit PD-1/PD-L1 interaction has emerged as a new treatment option in the field of GC. Following the results from the Phase Ib Keynote012 study (21) and from the phase II Keynote-059 cohort 1 (22), the U.S. Food and Drug Administration (FDA) has approved pembrolizumab for third-line treatment of PD-L1+ [combined positive score (CPS) ≥ 1%] recurrent or metastatic GC/GEJC adenocarcinoma (22–25). However, the phase III Keynote-061 study (26) did not show significant survival benefits when pembrolizumab was used as a second-line treatment for PD-L1+ advanced GC, but improvement of OS, better efficacy, and fewer treatment related adverse events (TRAEs) were found in patients with ECOG 0, PD-L1 CPS ≥ 10, or MSI-H. Subsequently, phase III Keynote-062 (27) showed survival benefits in patients with PD-L1+, especially in PD-L1 CPS ≥ 10, making pembrolizumab possible as a first-line treatment. As for nivolumab, based on the results of the Phase III ATTRACTION-02 study (28), many regions approved nivolumab for the treatment of unresectable advanced or recurrent GC that progresses after chemotherapy, regardless of PD-L1 expression. Subsequent results in the Phase I/II Checkmate-032 study also confirmed survival benefit with nivolumab in the third-line setting (29). Due to the encouraging results from the JAVELIN Phase I trial (30) with avelumab, two randomized controlled phase 3 trials for avelumab are currently underway: JAVELIN 300 (NCT02625623) (31, 32) and JAVELIN 100 (NCT02625610) (33, 34). Disappointingly, the results of the JAVELIN 300 trial recently failed to reach its primary endpoint OS in order to consider avelumab as a third-line treatment option for advanced GC/GEJC adenocarcinoma that did not test for PD-L1. On the other hand, JAVELIN 100 is ongoing. Overall, there are still many trials being conducted to explore the effectiveness of immune monotherapy in GC. The Keynote 063 trial (NCT03019588) is comparing the efficacy of treatment with pembrolizumab vs. paclitaxel in Asian PD-L1+ patients with advanced GC who did not respond to any combination treatment containing a fluoropyrimidine and platinum agent. The ongoing phase II/III clinical trials (NCT02488759 and Checkmate-358) are also evaluating the efficacy of nivolumab in EBV-positive GC. As for other PD-L1 inhibitors, for example, a phase Ib/II study in patients with advanced GC/GEJC is currently underway to test the role of durvalumab and tremelimumab as a second- or third-line single-agent and combination therapy (NCT02340975) (35).

At present, the anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) antibody, ipilimumab, did not reach the expected endpoint of improved progression free survival (PFS) and OS in advanced GC/GEJC adenocarcinoma (NCT01585987) (36). A phase II trial investigated tremelimumab as a second-line treatment in patients with metastatic gastric and esophageal adenocarcinoma. The objective response rate (ORR) was only 5%, but there was a clinical benefit with evidence of stable disease (SD) in 4 of the 18 patients enrolled, and one patient showed a durable response, obtaining 32.7 months of treatment (37). Currently, the efficacy of CTLA-4 inhibitor monotherapy is not clear, thus they are only used in clinical trials in combination with other agents, such as programmed death-1 (PD-1)/PD-L1 inhibitors.

The summary of ICI monotherapies in GC/GEJC is described in Table 1. Despite many encouraging results, most patients remain unresponsive to immunotherapy, manifesting primary resistance, or the emergence of an acquired resistance phenomena in initial responders after a period of treatment. Our understanding of the mechanisms of tumor resistance to immunotherapy involving tumor-intrinsic factors (such as lack of tumor antigen expression, loss of HLA expression, and alterations of signaling pathways) and tumor-extrinsic factors (such as local tumor microenvironment like immunosuppressive cells and molecules, and host-related factors like age, gender, intestinal flora) continue to expand and deepen (38), but the issue of tumor resistance remains complex and difficult to overcome. Therefore, multiple studies of immunotherapy in combination with other treatments are underway.


Table 1. The summary of ICI monotherapies in GC/GEJC.
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CLINICAL ADVANCES OF IMMUNOTHERAPY IN COMBINATION WITH OTHER THERAPIES IN GC/GEJC

Considering the poor efficacy of immunotherapy as a single agent, as well as the complex mechanisms of drug resistance, it is necessary to carry out a variety of immunotherapy-combined regimens to improve the efficacy and reduce or overcome the drug resistance of advanced GC. Current combination strategies include different immunotherapy with chemotherapy, anti-HER-2-targeted therapy, anti-angiogenesis therapy, and immunotherapy.


Immunotherapy in Combination With Chemotherapy


Cancer Vaccine Combined With Chemotherapy

DC vaccines have been used to stimulate immunity in the treatment of cancer patients. In a phase II study with metastatic or unresectable GC/GEJ adenocarcinoma, the treatment of gastrin-17 diphtheria toxoid (G17DT) vaccine combined with chemotherapy [cisplatin þ 5-fluorouracil (5-FU)] resulted in a long time to progression (TTP) and longer OS in 69% of patients (39). A study of vascular endothelial growth factor receptor (VEGFR) 1 and 2 vaccine combined with S-1/cisplatin in metastatic or recurrent gastric adenocarcinoma showed its usefulness with an ORR and disease control rate (DCR) of 55 and 100%, an OS of up to 14.2 months, and a 1- and 2-year survival of 68.2 and 25.9% (40). The lack of antigenicity and the failure to provide adequate co-stimulation, as well as the inactivation of T cells against tumors, are likely leading to the poor efficacy of cancer vaccines (41). A clinical trial evaluated the outcome of patients that received vaccine plus chemotherapy or chemotherapy alone. Disease free survival (DFS) was higher in the group that received vaccination (HSP gp96 vaccination) (p = 0.045), and 2-year OS was 81.9 vs. 67.9% (p = 0.123) in the vaccination plus chemotherapy and chemotherapy alone groups, respectively (42). Moreover, due to the characteristic of HLA being restricted, RNA vaccines become a novel option in cancer immunotherapy and are therefore safer and well-tolerated by cancer patients (43). As such, there are an increasing number of researchers giving attention to RNA vaccines.



Adoptive Cell Therapies Combined With Chemotherapy

A study evaluated ACT with TILs in stage IV GC patients divided into chemotherapy-only or ACT plus chemotherapy groups. The combination group showed a higher OS and 50% survival rates compared to the chemotherapy group (11.5 vs. 8.3 months). However, the survival benefit was not associated with OR in this trial (44). Another clinical trial evaluated the efficacy of ACT (cells cultured with cytokines and anti-CD3) plus chemotherapy in 151 stage III/IV GC patients in the adjuvant setting. Although 5-year OS was not significantly different, the 5-year DFS was significantly increased in the combination group (28.3% vs. 10.4%) (45). The investigators used autologous natural killer (NK) cells, γδ T cells, and CIK cells in combination with chemotherapy to treat patients with advanced GC and found that the combination group had better prognosis and tolerability, and lower disease recurrence rate than the group treated with chemotherapy alone (46). The results of a meta-analysis of chemotherapy combined with DC-CIK for advanced GC showed that the DCR, ORR, and quality of life were significantly higher in the combination group; in addition, the levels of CD3, CD4, CD3, CD56, IFN-γ, and IL-12 related to immune function detected in the blood were significantly higher than those in the chemotherapy-alone group (47). The existing clinical trial data suggest that the responses of GC to ACTs are encouraging, but there are an inadequate number of ongoing clinical trials.



ICIs Combined With Chemotherapy

Keynote-059 cohort 2 and cohort 3 (48) studied the first-line treatment of advanced GC with pembrolizumab alone or in combination with chemotherapy. Cohort 2 showed that the results of the combination group were significantly better than those for monotherapy, especially in the PD-L1+ group. Cohort 3 included only PD-L1+ patients, with an overall ORR of 26%, DCR of 36%, mPFS of 3.3 months, and mOS of 20.7 months. The interim data of the ATTRACTION-04 trial (49) showed that ORR of patients receiving nivolumab/SOX or nivolumab/CapeOX ware 57.1 and 76.5%, respectively. Furthermore, the mOS was not reached in both groups, and most of grade ≥ 3 TRAEs were common side effects of chemotherapy, as expected for follow-up results. Thus, the combined use of ICIs and chemotherapy in GC preliminarily showed better effect than that of monotherapy, and adverse events were mainly related to chemotherapy and were tolerable, which promote the development of multiple large, phase III clinical trials to assess its efficacy more effectively and accurately. The ongoing phase 3 trial evaluating combination chemotherapy with checkpoint inhibitors as a first-line treatment in PD-L1+/HER-2− advanced GC is Keynote-062 (NCT02494583), which is divided into three groups, pembrolizumab, pembrolizumab in combination with cisplatin/5-FU, and cisplatin/5-FU alone. The Phase III Checkmate-649 study with a larger sample size is exploring the efficacy and safety of nivolumab combined with XELOX or FOLFOX chemotherapy vs. first-line chemotherapy alone for advanced GC/GEJC (NCT02872116). The phase II Keynote-659 trial is evaluating the safety and efficacy of pembrolizumab combined with chemotherapy as a first-line treatment for advanced GC (NCT03382600). At present, the efficacy of immunotherapy combined with chemotherapy in the treatment of GC still needs to be evaluated continuously. In the future, we should fully consider the particularity of the immune microenvironment of GC and explore new combination therapy strategies.




Immunotherapy in Combination With Antiangiogenic Agents

Preclinical studies suggest that VEGF inhibited by antiangiogenic agents has immunomodulatory activity, which provides a rationale for their use with ICIs (50). In a study of pembrolizumab combined with ramucirumab (anti-VEGFR-2) in gastroesophageal cancer, ORR and OS of PD-L1+ patients were 9% and 14.9 months, respectively, while the results of patients who were PD-L1– were only 6% and 5.2 months (51). A phase I trial in 69 patients with advanced GC/GEJC studied the efficacy and safety of pembrolizumab plus ramucirumab as first-line and second-line or later subgroups. The results showed that ORR was 14 and 7%, and grade ≥ 3 TRAEs were 39 and 27%, respectively (52), supporting the additive for ramucirumab to ICIs. Other ongoing trials of ICIs plus antiangiogenic agents include trials of atezolizumab plus bevacizumab with or without chemotherapy (NCT01633970), nivolumab plus ramucirumab (NCT02999295), pembrolizumab plus ramucirumab (NCT02443324), and durvalumab plus ramucirumab (NCT02572687).



Immunotherapy in Combination With Anti-HER-2 Antibody and Chemotherapy

Currently, the first-line standard treatment for advanced HER-2+ advanced GC/GEJC adenocarcinoma is trastuzumab combined with chemotherapy. HER-2 overexpression has been shown to suppress the immune response within the tumor microenvironment. Inhibition of HER-2 can promote T cell activation and transport, enhance NK cells to produce IFN-γ, and enhance the ADCC effect. Thus, combination therapy of an anti-HER-2 monoclonal antibody and a PD-1/PD-L1 inhibitor may have synergistic effects (53). In patients with HER-2+ metastatic EG cancer, first-line treatment with the combination of pembrolizumab and trastuzumab plus chemotherapy showed encouraging clinical activity (54). A phase II clinical trial is ongoing to evaluate the effectiveness and tolerability of pembrolizumab in combination with HER-2 antibody margetuximab (NCT02689284) and trastuzumab (NCT02901301) (55). The phase III Keynote-811 study exploring the effect of adding pembrolizumab to chemotherapy and trastuzumab is still in its enrollment phase (NCT036153260). A phase I/II trial involving various cancers including GC with the treatment of NK cells plus trastuzumab is in its recruitment phase (NCT02030561).



Dual Immunotherapy Combined Strategies

Preclinical data showed that blocking both PD-1 and CTLA-4 signal transduction can increase IFN-γ production by lymphocytes, increase the expression of CD4/CD8 on TILs, and reduce Tregs in tumors to increase antitumor activity. The Checkmate-032 study (56) explored the efficacy of nivolumab alone or in combination with ipilimumab (different dosage) in second- and third-line treatments of advanced GC/GEJC in the Western population. Although both ORR and mOS were the best in the N1 + I3 (nivolumab 1 mg/kg + ipilimumab 3 mg/kg Q3W) group, its side effects cannot be ignored. 47% grade 3/4 irAEs were observed in the nivolumab/ipilimumab group of the phase III CheckMate 649 study (NCT03215706), making it difficult to combine this regimen with chemotherapy. Thus, the main obstacle and limitation of the immunotherapy-combined treatment of GC is the increased high frequency and severity of irAEs (57). Almost all patients (93%) had irAEs after concurrent combination therapy with anti-PD-1 and anti-CTLA-4, with grade 3 or 4 irAEs increasing (50%). In melanoma trials, high-grade irAEs were 21% with anti-PD-1 monotherapy (nivolumab), 28% with anti-CTLA-4 monotherapy, and 59% with the combination of anti-CTLA-4 and anti-PD-1 (58). IrAEs usually involve the gastrointestinal tract, lungs, skin, endocrine glands, and liver and less frequently involved central nervous system and cardiovascular, musculoskeletal, and hematological systems. Still, a phase I/IIb study of durvalumab in combination with tremelimumab for gastric adenocarcinoma is ongoing to explore in depth (NCT02340975).



Immunotherapy in Combination With Other Therapeutic Strategies

In addition to CTLA-4 and PD-1/PD-L1, inhibitors of other immune checkpoint proteins [T cell immunolobulin and mucin-con-taining protein-3 (TIM3), lymphocyte activation gene 3 (LAG3)], co-stimulatory receptors expressed on T cells [glucocorticoid-induced tumor necrosis factor receptor–related protein (GITR), OX40, 4-1BB], enzymes indoleamine 2,3-dioxygenase (IDO-1), etc. (59) may synergize with anti–PD-1/PD-L1 inhibitors to generate a more robust antitumor immune response. Trials examining these strategies in EG cancer and various other cancers include nivolumab plus BMS-986016 (anti–LAG-3; NCT01968109) and pembrolizumab plus epacadostat (IDO-1 inhibitor; NCT02178722 and NCT03196232). In addition, the FRACTION-GC study is assessing nivolumab plus LAG-3 inhibitor (BMS-986016) or ipilimumab specifically in patients with advanced GC (NCT02935634). The therapeutic regimen of anti–GITR agent (INCAGN01876) and nivolumab combined with or without ipilimumab is being investigated in advanced tumors with a cohort of patients with advanced GC/GEJC (NCT03126110). In addition, matrix metalloproteinase 9 (MMP9) is a protein that is overexpressed in many solid tumors. It could remodel the extracellular matrix and is related to the recruitment of angiogenesis and myeloid suppressor cells and regulatory T cells. A trial is investigating a combination of nivolumab and MMP9 inhibitor GS-5745 in patients with unresected or relapsed GC/GEJC adenocarcinoma (NCT02864381). Furthermore, phase I/II trials of ICIs plus other molecules like INCB054828, a pan-inhibitor of Fibroblast growth factor receptor (FGFR) types 1, 2, and 3, are ongoing (NCT02393248). Another trial is studying a combination of pembrolizumab and CRS-207, a live attenuated Listeria monocytogenes vaccine genetically engineered to overexpress mesothelin for patients with advanced GC/GEJC (NCT03122548).

Ongoing trials of novel combination therapies not mentioned above are listed in Table 2.


Table 2. Ongoing trials of novel combination therapies.
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IDENTIFYING PROGNOSTIC AND PREDICTIVE BIOMARKERS FOR IMMUNOTHERAPY IN GC/GEJC

Currently, PD-1/PD-L1 inhibitors are approved as a third-line treatment for PD-L1+ and MSI-H refractory metastatic gastroesophageal cancer (25). However, from the research data, regardless of PD-L1 expression levels, the ORR of immunotherapy applied to end-line treatment for GC is less than 20%. With such low ORR, it is necessary to explore predictive biomarkers in the future to identify patients who would benefit from immunotherapy for gastroesophageal cancer. At present, PD-L1 expression and MSI-H/mismatch repair deficiency (dMMR) have been recognized and have become common markers for predicting efficacy in the clinical setting (25), but there still exist many limitations in the effective and accurate evaluation of patient efficacy and prognosis. EBV infection, tumor mutation burden (TMB), and the search for new biomarkers are currently potential research directions. There has been a greater understanding of the complex dynamics of the immune signaling necessary for antitumor responses. As such, the application of multiple immunomarkers to evaluate immune gene expression profiles, comprehensive immune scores, and tumor microenvironment phenotypes have entered into the forefront of biomarker analyses, providing insights into the molecular characteristics of response to immunotherapy and greater specificity in predicting efficacy. The two important biomarkers are detailed below.


PD-L1 Expression

Studies have shown that PD-L1 is expressed in 30–65% invasive GCs and is related to the depth of tumor invasion, lymph node metastasis, distant metastasis, tumor size, EBV infection, etc., which is a negative marker of prognosis (60–62). Currently, FDA has an approved PD-L1-positive expression as a biomarker for third-line treatment of pembrolizumab in gastric cancer (24), and many regions had approved nivolumab for the treatment of unresectable advanced or recurrent GC regardless of PD-L1 expression. In addition, the correlation between PD-L1 expression and efficacy of nivolumab appears to be related to race. In the ATTRACTION-2 phase III study (28) in the Asian population, ORR of nivolumab monotherapy was 11% and 12-month OS rate increased to 27%, and this survival benefit was not related to PD-L1 expression, while in the CheckMate-032 study (56) in Western patients, the ORR rate in PD-L1+ tumors was significantly higher than in negative tumors (27 vs. 12%). At present, the PD-L1 level as a predictive biomarker for anti-PD-1/PD-L1 therapy in clinical trials still has many problems. For example, the definition of PD-L1+GC/GEJC is based on a comprehensive positive score, including the expression on tumor cells, lymphocytes, and macrophages, which is different from the definition in lung cancer (25); there is still no consensus on the cutoff value of PD-L1-positive expression, and the expression of PD-L1 was affected by many factors such as standardization of measurement methods, antitumor therapy, and immune response of the host.



Tumor Mutation Load

TMB is a powerful predictor of response to ICIs in multiple tumor types. Clinically, next-generation sequencing can be used to capture the TMB of malignant tumors. Li et al. (63) used the Foundation One platform for sequencing and defined high TMB as >20 mut/Mb, which was found only accounting for 5% of 1,485 cases of GC. An earlier report by Licitra et al. (64) suggested that TMB ≥ 14 mut/Mb would benefit more from immunotherapy (2-year OS rate was 15 vs. 60%, p = 0.094). However, the proportion of patients with this high TMB subset was small (6/55), 4 of which were dMMR tumors. The follow-up report of the IMPACT team on gastroesophageal cancer seems to indicate that a cutoff value of >9.7 mut/Mb of TMB represents the top quartile of 40 patients treated with ICIs, which is more relevant to clinical benefit (mOS is 16.8 vs. 6.62 months, p = 0.058) (65). Therefore, further research is needed to determine if there is an ideal cutoff value of TMB and evaluate the predictive efficacy of TMB in GC.




SAFETY OF IMMUNOTHERAPY IN GC/GEJC

Because of their immunological mechanism of action, adverse effects of immunotherapies are distinctive from those of conventional chemotherapies. Overall, the safety of immunotherapy in GC/GEJC was better than that of chemotherapy (grade 3–5 TRAE was 35 vs. 14%) (26). Cancer vaccines are associated with minimal toxicities. Common adverse effects are similar to those associated with vaccination against pathogens such as induration, fatigue, fever, and chills (15). For ACTs, the adverse effect profiles are less well-defined with major AEs including on-target off-tumor toxicities similar to those observed in autoimmune diseases, which result from the sharing of antigens between tumor and healthy cells. In general, ACTs are associated with a benign AE profile that ranges from mild to moderate constitutional symptoms in GC. As for checkpoint inhibitor therapies, the side effects are roughly similar with about 10–20% of grade 3 or higher, involving fatigue, pruritis, arthralgias, diarrhea, and elevated aminotransferases (66). Also due to the activated effects of preexisting autoreactive T cells and B cells, these therapies can lead to dermatitis, pneumonitis, colitis, and hepatitis as well as endocrinopathies (67), with pneumonia and colitis being the most common grade 3 irAEs in GC patients. Immunotherapy can also lead to more severe complications as a result of their immune-related effects. For example, neurotoxicity (linked to the release of IL-2) and cytokine release syndrome (linked to the release of IL-6, IFN-γ, and TNF-α) induced by ACTs are potentially fatal if not diagnosed in a timely manner. Compared to PD-1/PD-L1 monotherapy, anti-CTLA-4 antibodies, and combined regimens have a higher incidence of TRAEs (68). Further research and better characterization are needed as serious and fatal toxicities have been reported with the use of immunotherapy in other cancers.



SUMMARY AND OUTLOOK

In recent years, immunotherapies involving cancer vaccines, adoptive cell therapies, and ICI therapies have gradually been developed and advanced into novel frontiers of treatment for advanced GC/GEJC, revolutionizing the therapeutic landscape. The development of immune combination therapies, identification of irAEs, and search for more robust predictive biomarkers are essential for improving the treatment efficacy of patients with advanced GC/GEJC and overcoming the drug resistance problem.

There are still many challenges in immunotherapy of advanced GC/GEJC, which are also future directions that need in-depth study. Firstly, in which stage of advanced tumors should we use immunotherapy in earlier lines or after disease progression with more than two lines of therapy? We look forward to the ongoing phase III trials and wait with hope for their results. Two studies carried out in our study center have confirmed the efficacy of immunotherapy combined with chemotherapy in the treatment of stage III GC (69, 70), suggesting that the clinical application of immunotherapy may be expanded to early-stage GC. Moreover, considering that only a minority of patients with ICIs can achieve a durable response, multimodal treatment strategies in addition to combination therapy should be developed to improve patient clinical outcomes and overcome the development of resistance. Insights into specific molecular subtypes and genomic alterations could prompt the development of more precise novel therapies in the future. Secondly, the complex resistance mechanisms to immunotherapy are still not well-understood. The gradual elucidation and in-depth exploration of new immune resistance mechanisms contribute to the discovery of new therapeutic targets and continue to expand the scope of clinical applications of cancer immunotherapy. Additionally, more studies are needed to confirm predictive and prognostic biomarkers to immunotherapy agents in GC. However, due to the complexity of the antitumor immune response and tumor heterogeneity among different patients, there are currently no suitable wide and uniform biomarkers to predict clinical benefits. Nevertheless, this exploration can help screen immunotherapy-dominant populations, develop personalized precise diagnosis and treatment programs, predict the efficacy of treatment, and adjust the treatment regimen in a timely manner. Finally, the toxicities and tolerability of these new combinations, especially dual immunotherapy-combined strategy, are important issues to be managed in these trials. In future studies, exploring biomarkers of irAEs is an area that should be focused, which relies on the constant revelation of their mechanisms. Predictors associated with irAEs should be comprehensively analyzed and identified and reduce the incidence and severity of irAEs through early intervention, or timely detection and treatment, which facilitates the continuous optimization of clinical decision-making and patient care and the achievement of maximum clinical benefit.

In conclusion, much progress has been achieved in the treatment of advanced GC/GEJC over the past decade. With the recent molecular and biologic exploration, we have recognized that GC is a group of distinct molecular entities rather than a single disease. It is unquestionable that this field is moving to more precise medicine, and constant accomplishments will transform the management of advanced GC/GEJC in the clinical setting in the near future.
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ABBREVIATIONS

ACT, adoptive cell therapy; CAR, chimeric antigen receptor; CEA, carcinoembryonic antigen; CIK, cytokine-induced killer; CIN, chromosomal instability; CTA, cancer-testis antigen; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; CPS, combined positive score; DC, dendritic cell; DCR, disease control rate; DFS, disease free survival; dMMR, mismatch repair deficiency; EBV, Epstein-Barr virus; EAAL, expanded activated autologous lymphocyte; EpCAM, epithelial cell adhesion molecule; FDA, Food and Drug Administration; FGFR, Fibroblast growth factor receptor; 5-FU, 5-fluorouracil; GC, gastric cancer; GC/GEJC, gastric or gastroesophageal junction cancer; GITR, glucocorticoid-induced tumor necrosis factor receptor–related protein; G17DT, gastrin-17 diphtheria toxoid; HSP, heat shock proteins; HER-2, Human epidermal growth factor receptor-2; HLA, human leukocyte antigen; ICI, immune checkpoint inhibitor; IDO-1, indoleamine 2,3-dioxygenase; irAEs, immune-related adverse events; LAG3, lymphocyte activation gene 3; MSI, microsatellite instability; MAGE-3, melanoma-associated antigen 3; MMP9, matrix metalloproteinase 9; NK, natural killer; OS, overall survival; ORR, objective response rate; PFS, progression free survival; PD-1, programmed death-1; PD-L1, programmed death-ligand 1; SD, stable disease; TTP, time to progression; TRAE, treatment related adverse event; TCGA, the Cancer Genome Atlas; TMB, tumor mutation burden; TIL, tumor infiltrating lymphocyte; TIM3, T cell immunolobulin and mucin-con-taining protein-3; VEGFR, vascular endothelial growth factor receptor.
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Objective: TNFAIP2 is a novel gene induced by TNF-α and participates in inflammatory reaction and tumor angiogenesis. This study aims to understand the correlation between TNFAIP2 gene polymorphism and prediction as well as prognosis of gastric cancer (GC) in a Chinese population.

Methods: One thousand two hundred seventy-nine cases were enrolled, including 640 GC and 639 non-cancer cases. The functional tagSNPs of the TNFAIP2 gene were screened by Haploview software and NIH Snpinfo website. Human whole-blood genomic DNA was extracted by phenol chloroform method and analyzed by KASP SNP typing and sequencing method. ELISA was used to determine the expression of TNFAIP2 protein in serum samples. The miRNAs bound to TNFAIP2 3′ UTR rs8126 were predicted by MirSNP and TargetScan database. SPSS 22.0 software was used for statistical analysis, and P < 0.05 showed statistical difference.

Results: Four functional TNFAIP2 tagSNPs were found by bioinformatics analysis. TNFAIP2 rs8126 T>C polymorphism increased GC risk, and the risk in TC genotype cases was higher than that in TT genotype cases (P = 0.001, OR = 1.557). In the dominant model, the TNFAIP2 rs8126 polymorphic carrier was 1.419 times higher (P = 0.007). TNFAIP2 rs710100 C>T polymorphism, TNFAIP2 rs3759571 G>A polymorphism, and TNFAIP2 rs3759573 A>G polymorphism were not correlated with GC risk. In the subgroup analysis, TNFAIP2 rs8126 TC genotype cases had a higher GC risk in male, aged 60 years or older, Helicobacter pylori-negative, non-smoking, and non-drinking. However, there was no correlation between TNFAIP2 SNPs and GC prognosis. The TNFAIP2 protein concentration in GC patients was significantly different from that in healthy persons (P = 0.029), but it was not associated with GC prognosis. The high or low expression of TNFAIP2 protein had no significant difference with gender, age, H. pylori infection, smoking, and drinking in GC patients. The serum TNFAIP2 protein expression in rs8126 TT genotype carriers was significantly higher than that in rs8126 CC genotype carriers (P < 0.001).

Conclusion: TNFAIP2 3′ UTR rs8126 T>C polymorphism was associated with GC risk in a Chinese population, especially in cases with males aged 60 years or older, H. pylori negative, non-smoking and non-drinking. Compared with healthy persons, serum TNFAIP2 protein expression was higher in Chinese GC patients, and TNFAIP2 3′ UTR rs8126 T>C polymorphism might affect TNFAIP2 protein expression.

Keywords: gastric cancer, TNFAIP2, SNP, prediction, prognosis


INTRODUCTION

Gastric cancer (GC) is considered to be one of the most common malignant tumors in the world (1). It is usually asymptomatic or has mild symptoms in the early days but is prone to recurrence and metastasis due to tumor specificity and heterogeneity (2–4). In China, GC has become the second leading cause of cancer-related death, and the situation of disease prevention is extremely grim (5–7). So far, the pathogenesis of GC has not been completely clarified. Many etiological studies have found that some factors are closely related to GC, including environment, diet, microorganism, family inheritance, and physicochemical and genetic changes, especially specific oncogenes and tumor suppressor genes (8–10). In recent years, the Human Genome Atlas Project has provided a theoretical basis for exploring the correlation between genetic changes and malignant tumors. In nature, gene polymorphism is one of the most common forms of gene changes, and it can reflect the differences of biological activity between different individuals (11). The studies on gene polymorphism can lay an important foundation of molecular biology for revealing the mechanism of malignant tumors, and they have important roles in clarifying tumor susceptibility and predicting the development trend of tumors. Single nucleotide polymorphism (SNP), as the most common type of human genetic variation, is an important part of the research on gene polymorphism and can be used to explore the mechanism of tumor generation (12, 13).

Tumor necrosis factor alpha-induced protein 2 (TNFAIP2), also known as B94 and EXOC3L3, is a member of tumor necrosis factor alpha-induced proteins (TNFAIPs). It is located on human chromosome 14q32.32 and contains 14 exons, which has a genomic DNA span of 13.45 kDa and can encode a protein with 654 amino acids and a molecular weight of 72.6 kDa. TNFAIP2 interacts with EXOC1, EXOC2, EXOC4, EXOC7, and EXOC8 and participates in the formation and the development of human organs (14). It may also be involved in various biological processes such as angiogenesis, cell differentiation, bone marrow tissue generation, and spermatogenesis, and its main function is to regulate inflammation and angiogenesis (15). In in vitro studies, TNFAIP2 is believed to have differential expression during angiogenesis (16). In addition, TNFAIP2 also regulates the apoptosis of tumor cells and is considered to be a target gene for retinoic acid in acute promyelocytic leukemia (17). Previous studies have reported that functional TNFAIP2 SNPs, mainly located in the 3′ non-coding region (3′ UTR), may regulate gene expression by modifying the binding ability of miRNA to target genes and eventually lead to the differences in disease susceptibility. Recently, some studies have confirmed the relationship between TNFAIP2 SNPs and malignant tumors such as head and neck squamous cell carcinoma (SCCHN) and esophageal squamous cell carcinoma (ESCC), which is beneficial for screening high-risk groups and predicting outcomes of tumors (14, 15, 18, 19).

However, the correlation between TNFAIP2 gene polymorphism and prediction or prognosis of GC is rarely reported, especially in Asian or Chinese populations. At present, only one study from an American population reported that, compared with TT + TC genotype, the TNFAIP2 3′ UTR rs8126 CC genotype significantly increased GC risk, especially in the drinking population (14).

This study aims to understand the correlation between TNFAIP2 gene polymorphism and prediction or prognosis of GC in a Chinese population, explore the effect of TNFAIP2 gene polymorphism on the expression of TNFAIP2 protein, and attempt to provide a theoretical basis for molecular target prediction, disease diagnosis, and individualized treatment of GC.



MATERIALS AND METHODS


Study Participants

This was a case–control study from multiple medical centers in Liaoning Province, northern China, and 640 patients with GC and 639 non-GC cases were enrolled between December 1997 and December 2013. The inclusion criteria included the following: all participants had a clear pathological diagnosis and typing by electronic gastroscopy. The exclusion criteria included the following: (A) The participants had a major organ dysfunction; (B) The participants had autoimmune diseases; (C) The participants had other malignant tumors; and (D) The participants had infectious diseases. The fasting venous blood and serum of all participants were isolated and saved under the condition of 20°C below zero. The epidemiological information and the clinicopathological parameters of the cases were recorded, and the GC patients were followed up by telephone every 6 months. The main follow-up contents were overall survival, and the deadline for data collection was June 30, 2017 (Figure 1). This study was approved by the ethics committee of the First Affiliated Hospital of China Medical University [No. (2015)77], and all participants had signed the informed consent.
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FIGURE 1. Participants' disposition. Human whole-blood genomic DNA tests were performed on 1,279 participants in this study, including 640 gastric cancer (GC) patients and 639 non-GC participants. Due to genotyping failure on some participants, the analysis of correlation between TNFAIP2 TagSNPs and GC risk was performed on 1,247 eligible participants, including 622 GC patients and 625 non-GC participants. Due to incomplete follow-up information, the analysis of correlation between TNFAIP2 TagSNPs and GC prognosis was performed on 299 GC patients. The analysis of TNFAIP2 protein expression and GC risk and prognosis was performed on 202 participants randomly selected from the GC group and the healthy control group, including 103 GC patients and 99 healthy persons. Due to incomplete clinicopathological characteristics, only 83 GC patients were enrolled in the analysis of correlation between serum TNFAIP2 protein expression and GC prognosis.




Functional TagSNP Selection

The functional tagSNPs of the TNFAIP2 gene were screened by Haploview software and NIH Snpinfo website (https://snpinfo.niehs.nih.gov/). The F-SNP website (http://compbio.cs.queensu.ca/F-SNP/) and the NIH Snpinfo website were used to predict the functional tagSNPs, respectively. The parameters were set as: Chinese Han population, minimum allele frequency >5%, and frequency distribution r2 > 0.8 (Supplementary Figures 1, 2).



Genotyping

Human whole-blood genomic DNA was extracted by phenol chloroform method and analyzed by KASP SNP typing and sequencing method. In the Sequenom MassARRAY platform (Sequenom, San Diego, CA, USA), SNP genotyping was performed by Bio Miao Biological Technology (Beijing, China). In addition, we randomly selected 10% of the samples for repeated analysis and found that the consistency rate of all the duplicated samples was 100%.



Detection of Serum TNFAIP2 Protein and H. pylori-IgG by ELISA

Enzyme-linked immunosorbent assay (ELISA) was used to determine the expression of the TNFAIP2 protein in the serum samples. Double-antibody sandwich method was used for ELISA, and the ELISA kit was purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd. The absorbance (OD value) was measured by Multiskan Ascent (Thermo Labsystems, USA) at 450 nm, and the TNFAIP2 concentration was calculated by a standard curve. Serum H. pylori-IgG titer was also detected by ELISA (Helicobacter pylori IgG kit; Biohit, Helsinki, Finland), and the details were described in our published study (20).



Statistical Analysis

SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Firstly, we tested the normal distribution for units of measurement. If it conformed to the normal distribution, T-test could be used for statistical analysis. If it did not conform to the normal distribution, non-parametric test should be used for statistical analysis. The counting units were statistically analyzed by chi-square test. Multivariate logistic regression model was used to compare TNFAIP2 SNPs genotypes between the GC group and the non-GC group, and OR value and confidence interval (95% CI) were calculated to represent the relative risk. Logistic regression model was used to evaluate the interaction relationship between TNFAIP2 SNPs and H. pylori infection, smoking, and drinking. Adjusting for gender and age, a full-factor model was used to calculate the P-value of the interaction relationship between TNFAIP2 SNPs genotypes and H. pylori infection, smoking, and drinking. Cox proportional risk model was used for univariate and multivariate analysis to calculate the relationship between the clinical parameters and the prognosis of GC patients. P < 0.05 was considered as statistically significant.




RESULTS


The Basic Characteristics of Study Participants

In this study, 1,247 qualified peripheral blood samples were analyzed for gene polymorphism, including 622 cases in the GC group and 625 cases in the non-GC group. Age and sex were matched in both groups. The mean age in the GC group and in the non-GC group was 59.26 ± 11.4 (26–87) and 58.53 ± 8.17 (26–89), respectively. The difference in H. pylori infection between the two groups was statistically significant (P < 0.001), but there were no significant differences in smoking and drinking (Table 1).


Table 1. The basic characteristics of the study participants.
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Functional TagSNPs Selected

Haploview software and NIH Snpinfo website were used to screen for functional tagSNPs, respectively. We found four functional TNFAIP2 SNPs and used them as candidate SNPs for further genotyping and statistical analysis, including miRNA binding sites (rs8126 and rs710100) and transcription factor binding sites (rs3759571 and rs3759573).



The Correlation Between TNFAIP2 TagSNPs and GC Risk in General Population

A total of 1,247 samples were included to analyze the correlation between TNFAIP2 SNPs and GC risk. The wild and the mutant bases of SNPs were defined by searching the NCBI website. TNFAIP2 SNPs were classified by KASP SNP typing and sequencing as follows: wild type, heterozygous type, mutant type, dominant model, and recessive model. The differences of TNFAIP2 SNPs between the GC group and the non-GC group were compared, and the correlation between TNFAIP2 SNPs and GC risk was analyzed. The results showed that TNFAIP2 rs8126 T>C polymorphism was associated with GC risk in general populations, and the risk in TC genotype cases was higher than that in TT genotype cases (P = 0.001, OR = 1.557). In the dominant model, the GC risk in TNFAIP2 rs8126 polymorphic carriers was 1.419 times higher (P = 0.007). However, TNFAIP2 rs710100 C>T polymorphism, TNFAIP2 rs3759571 G>A polymorphism, and TNFAIP2 rs3759573 A>G polymorphism were not associated with GC risk. In particular, TNFAIP2 rs3759573 A>G polymorphism was not consistent with Hardy–Weinberg's genetic linkage balance (PHWE < 0.05) and was excluded in the subsequent analysis (Table 2).


Table 2. The correlation between TNFAIP2 TagSNPs and gastric cancer (GC) risk in the general population.
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The Correlation Between TNFAIP2 TagSNPs and GC Risk in Subgroup Population

In the subgroup analysis, we found that, in male subjects, TNFAIP2 rs8126 TC genotype cases were associated with a higher GC risk than TT genotype cases (P = 0.005, OR = 1.573), and GC risk was 1.443 times higher in TNFAIP2 rs8126 polymorphic carriers in the dominant model (P = 0.018). In subjects aged over 60 years, TNFAIP2 rs8126 TC genotype cases had a higher GC risk than TT genotype cases (P = 0.005, OR = 1.816), and GC risk was 1.693 times higher in TNFAIP2 rs8126 polymorphic carriers in the dominant model (P = 0.010). In subjects younger than 60 years old, TNFAIP2 rs8126 TC genotype cases had a higher GC risk than TT genotype cases (P = 0.049, OR = 1.440). In subjects without H. pylori infection, TNFAIP2 rs8126 TC genotype cases had a higher GC risk than TT genotype cases (P = 0.006, OR = 1.560), and GC risk was 1.440 times higher in TNFAIP2 rs8126 polymorphic carriers in the dominant model (P = 0.017). In non-smoking subjects, TNFAIP2 rs8126 TC genotype cases had a higher GC risk than TT genotype cases (P = 0.038, OR = 1.701), and GC risk was 1.643 times higher in TNFAIP2 rs8126 polymorphic carriers in the dominant model (P = 0.038). In non-drinking subjects, TNFAIP2 rs8126 TC genotype cases had a higher GC risk than TT genotype cases (P = 0.045, OR = 1.630) (Table 3).


Table 3. The correlation between TNFAIP2 TagSNPs and gastric cancer (GC) risk in the subgroup population.
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The Interaction Effects Between TNFAIP2 TagSNPs and Environmental Factors on GC Risk

The interaction effects between TNFAIP2 SNPs (rs8126, rs710100, and rs3759571) and environmental factors (H. pylori infection, smoking, and drinking) on GC risk were analyzed, and the results showed that there was no significant correlation between them (Pinteraction > 0.05; Table 4).


Table 4. The interaction effects between TNFAIP2 TagSNPs and environmental factors on gastric cancer (GC) risk.
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The Correlation Between TNFAIP2 TagSNPs and GC Prognosis

Prognostic analysis was performed in 299 GC patients who had complete survival follow-up data. We found that GC prognosis was correlated with Borrmann classification, depth of invasion, growth pattern, lymphatic vessel invasion, lymph node metastasis, and TNM stage (Table 5). Both univariate analysis and multivariate analysis showed no statistical differences between TNFAIP2 SNPs and GC prognosis (P > 0.05), suggesting that TNFAIP2 SNPs had nothing to do with GC prognosis in this group (Table 6). In the subgroup analysis, TNFAIP2 rs8126 polymorphism was stratified by gender, age, and H. pylori infection, and no correlation was found between TNFAIP2 rs8126 polymorphism and GC prognosis (P > 0.05) (Table 7).


Table 5. The correlation between basic characteristics and gastric cancer (GC) prognosis.
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Table 6. The correlation between TNFAIP2 SNPs and gastric cancer (GC) prognosis in the general analysis.
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Table 7. The correlation between TNFAIP2 rs8126 polymorphism and gastric cancer (GC) prognosis in the subgroup analysis.
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Serum TNFAIP2 Protein Expression Between GC Patients and Healthy Persons

ELISA was performed on 202 serum samples randomly selected from the GC group and the healthy control group, including 103 GC patients and 99 healthy persons. There was no statistical difference in age, gender, and TNFAIP2 rs8126 genotypes between the two groups. The average age of the GC group and the healthy control group was 56.57 ± 7.656 (29–67) years old and 54.45 ± 7.737 (43–81) years old, respectively. The TNFAIP2 protein concentration in GC patients was significantly different from that in healthy persons (P = 0.029; Table 8).


Table 8. Serum TNFAIP2 protein expression between gastric cancer (GC) patients and healthy persons.
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The Correlation Between Serum TNFAIP2 Protein Expression and Clinicopathological Parameters in GC Patients

According to median TNFAIP2 protein concentration, 103 GC patients were divided into high-expression group and low-expression group, and the correlation between TNFAIP2 protein expression and clinicopathological parameters in GC patients was analyzed. We found that a high or a low expression of TNFAIP2 protein had no significant difference with gender, age, H. pylori infection, smoking, and drinking (Table 9).


Table 9. The correlation between serum TNFAIP2 protein expression and clinicopathological parameters in gastric cancer (GC) patients.
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The Correlation Between Serum TNFAIP2 Protein Expression and GC Prognosis

A total of 83 cases with complete clinical data and survival data were selected from 103 GC patients. The basic characteristics of the patients included gender, age, H. pylori infection, smoking, drinking, family history, Borrmann classification, Lauren classification, site of primary lesions, growth pattern, depth of invasion, TNM stage, and lymph node metastasis. We found significant differences in depth of invasion (P < 0.001) and lymph node metastasis (P = 0.002; Table 10). According to serum TNFAIP2 protein concentration, the univariate analysis showed that TNFAIP2 protein expression was not significantly correlated with GC prognosis (P = 0.798; hazard ratio, HR = 1.090). The multivariate analysis with depth of invasion and lymph node metastasis as covariables confirmed that there was no significant difference in GC prognosis between the two groups (P = 0.339; HR = 1.387). The results suggested that serum TNFAIP2 protein expression was not associated with the prognosis of GC patients in this group (Table 11).


Table 10. The correlation between basic characteristics and survival in gastric cancer (GC) patients.
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Table 11. The correlation between serum TNFAIP2 protein expression and gastric cancer (GC) prognosis.
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The Correlation Between TNFAIP2 3′ UTR rs8126 T>C Polymorphism and TNFAIP2 Protein Expression

The correlation between TNFAIP2 3′ UTR rs8126 T>C polymorphism and TNFAIP2 protein expression was analyzed by different polymorphism genotypes in 103 GC patients, and we found that TNFAIP2 protein expression in rs8126 TT genotype carriers was significantly higher than that in rs8126 CC genotype carriers (P < 0.001) (Table 12).


Table 12. The correlation between TNFAIP2 3′ UTR rs8126 T > C polymorphism and TNFAIP2 protein expression.
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DISCUSSION

TNFAIP2 is a novel gene induced by TNF-α and can regulate inflammatory and tumor angiogenesis (21). In recent years, studies have found that SNPs in mRNA 3′ UTR may impact the miRNA-mediated expression and regulation of oncogenes and tumor suppressors and confirmed that TNFAIP2 3′ UTR SNPs are correlated with risk of multiple malignancies, especially that TNFAIP2 3′ UTR rs8126 polymorphism may affect TNFAIP2 expression in GC, SCCHN, and ESCC by disturbing the binding of miR-184 with TNFAIP2 mRNA (14, 18, 19). However, only one study reports the correlation between TNFAIP2 SNPs and GC risk in the American population (14), and the correlation between TNFAIP2 SNPs and GC prognosis has not been reported until now, especially in Asian or Chinese populations.

This is the first study about TNFAIP2 SNPs in Chinese Han population, and this explored the correlation between TNFAIP2 SNPs and prediction as well as the prognosis of GC in a large sample population and its effect on TNFAIP2 protein expression. By analyzing TNFAIPS SNP genotyping of 1,247 samples, we found that the GC risk in TNFAIP2 rs8126 TC genotype cases was higher than that in TT genotype cases (P = 0.001, OR = 1.557), and the GC risk in polymorphic carriers of TNFAIP2 rs8126 was increased to 1.419 times in the dominant model (P = 0.007). These results were consistent with the American study and confirmed the correlation between TNFAIP2 rs8126 polymorphism and GC risk (14). In the subgroup analysis, we found that cases with TNFAIP2 rs8126 TC genotype had a higher GC risk in males, aged 60 years or older, H. pylori negative, non-smoking, and non-drinking. These results suggested that TNFAIP2 rs8126 T>C polymorphism was an important factor in predicting GC risk, and it is beneficial to the discovery and the diagnosis of early gastric cancer.

This study is the first to report the interaction effects between H. pylori infection and TNFAIP2 SNPs on GC risk. H. pylori infection is currently considered to be one of the environmental factors closely related to the risk and prognosis of GC (22, 23). Clarifying the interaction effects between TNFAIP2 SNPs and H. pylori infection is conducive to revealing the influence of key environmental factors on GC risk. Our results showed that there was no interaction between H. pylori infection and TNFAIP2 SNPs (rs8126, rs710100, and rs3759571) (Pinteraction > 0.05), suggesting that the interaction effects between H. pylori infection and TNFAIP2 SNPs could not affect GC risk in this group, and no other similar results had been reported so far. In addition, we analyzed the interaction effects between smoking and drinking and TNFAIP2 SNPs on GC risk and found that there was no interaction between smoking and drinking and TNFAIP2 SNPs on GC risk (Pinteraction > 0.05). This result was different from that of the American population (14), which may be related to differences in race, dietary habits and diet, and type and content of alcohol between Chinese and Americans.

This study also revealed the correlation between TNFAIP2 SNPs and GC prognosis in a Chinese population for the first time. Both univariate and multivariate analyses in the general population and in the subgroup suggested that TNFAIP2 rs8126 T>C polymorphism, TNFAIP2 rs3759571 G>A polymorphism, and TNFAIP2 rs3759573 A>G polymorphism were not related to GC prognosis. These results were not entirely consistent with those reported in other tumors. For example, TNFAIP2 was an independent prognostic factor for nasopharyngeal carcinoma (24) and TNFAIP2 3′ UTR rs8126 may shorten the survival time of patients with septic shock (16).

At the same time, the serum of 202 participants was tested by ELISA to explore differences in TNFAIP2 protein expression between GC patients and healthy persons. We found that the TNFAIP2 protein concentration in GC patients was significantly higher than that in healthy persons, suggesting that the TNFAIP2 protein may be more highly expressed in GC patients. However, the clinicopathological parameters such as gender, age, H. pylori infection, smoking, and drinking in GC patients did not affect serum TNFAIP2 protein expression. In addition, we analyzed the correlation between basic characteristics and survival in GC patients and found that GC patients with T1/T2 invasion depth and no lymph node metastasis had a better prognosis, but both the univariate analysis and the multivariate analysis showed that TNFAIP2 protein expression was not significantly correlated with GC prognosis, suggesting that serum TNFAIP2 protein expression was not associated with GC prognosis.

In the last part, we revealed the correlation between TNFAIP2 3′ UTR rs8126 T>C polymorphism and TNFAIP2 protein expression. As far as we know, 3′ UTR consisted of cis-/trans elements and may affect mRNA translation, stability, and subcellular localization. In malignant tumors, the reprogramming of 3′ UTRs mainly included cleavage, polyadenylation, chromosomal rearrangements, hormone-regulated 3′ UTR processing, point mutations, and polymorphisms (25). Therefore, abnormal gene expression caused by reprogramming nucleotides in 3'UTRs might be one of the important factors leading to the occurrence and the progression of tumors. rs8126 was located in the 3′ UTR of the TNFAIP2 gene sequence. A previous study showed that the rs8126 genetic variant was significantly associated with increased ESCC risk in a Chinese population (19). In this paper, our results showed that the serum TNFAIP2 protein expression in rs8126 TT genotype carriers was significantly higher than that in rs8126 CC genotype carriers, and it was suggested that TNFAIP2 3′ UTR rs8126 T>C polymorphism could affect serum TNFAIP2 protein expression. Our data also validated the previous hypothesis that functional genetic variants in 3′ UTR of gene might influence miRNA-mediated expression and regulation of mRNA.

As far as we know, this study has the largest sample size about TNFAIP2 SNPs in a Chinese Han population until now, and the study is the first to reveal the correlation between TNFAIP2 SNPs and GC risk, prognosis, and related risk factors in Chinese people. In addition, this is the first report on the correlation between serum TNFAIP2 protein expression and GC risk and prognosis. However, there are some limitations in this paper. For example, due to the lack of statistical data on previous treatment history, therapeutic effect, concomitant diseases, and other prognostic factors, these might affect the reliability of partial results, and the above results needed to be verified by further studies.

To sum up, TNFAIP2 3′ UTR rs8126 T>C polymorphism is associated with GC risk in a Chinese population, especially in cases with males, aged 60 years or older, H. pylori-negative, non-smoking, and non-drinking. However, there was no correlation between TNFAIP2 SNPs and GC prognosis. Compared with healthy persons, serum TNFAIP2 protein expression was higher in GC patients, but it was not associated with GC prognosis. In addition, TNFAIP2 3′ UTR rs8126 T>C polymorphism might affect serum TNFAIP2 protein expression, and the mechanism remains to be further explored.
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CircHIPK3 Promotes Metastasis of Gastric Cancer via miR-653-5p/miR-338-3p-NRP1 Axis Under a Long-Term Hypoxic Microenvironment
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As a vital feature of the microenvironment, hypoxia, especially long-term hypoxia, is known to promote metastasis and lead to poor prognosis in solid tumors. Circular RNAs (circRNAs) participate in important processes of cell proliferation and metastasis in cancers. However, the contribution of circRNAs to metastasis under long-term hypoxia is obscure. In this study, we aim to explore specific functions of circHIPK3 in long-term hypoxia-promoting metastasis of gastric cancer (GC). The hypoxic resistant gastric cancer (HRGC) cell lines we established previously, which were tolerant to 2% O2 conditions, were used as the long-term hypoxia model. We found that circHIPK3 was upregulated by HIF-2α in HRGC cells, and circHIPK3 facilitated the migration and invasion ability of HRGC cells. Further investigation proved that circHIPK3 promoted metastasis of HRGC cells directly by interacting with miR-653-5p and miR-338-3p to relieve the suppression of neuropilin 1 (NRP1), resulting in the activation of downstream ERK and AKT pathways. Our study identified oncogene functions of circHIPK3 under a long-term hypoxic microenvironment and the possibility of using circHIPK3 as a potential biomarker of long-term hypoxia in GC. In conclusion, circHIPK3 could promote GC metastasis via the miR-653-5p/miR-338-3p-NRP1 axis under a long-term hypoxic microenvironment.
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INTRODUCTION

Gastric cancer is a kind of global malignant tumor, especially in developing countries including China. In China, GC ranks as the fifth most common cancer and the third-ranked leading cause of cancer-related death (1). Even though tremendous advances have been made in diagnosis and treatment strategies in recent years, the prognosis of GC patients remains poor on account of its high relapse and metastatic rates (2). Therefore, exploring novel molecular mechanisms underlying metastasis would provide potential target candidates for prognosis improvement in GC.

Hypoxia, an important microenvironment feature in solid tumors, can promote distant metastasis (3, 4). In a hypoxic microenvironment, hypoxia-inducible factors (HIFs) are upregulated due to the stabilization of HIF-α subunits and play a vital role in tumor progression including angiogenesis, metabolic reprogramming, invasion, and resistance to radiation therapy or chemotherapy (5). Hundreds of genes including VEGFA, Glut1, KLF8, ITGβ1 and etc., transcribed by HIFs are reported to promote metastasis and result in poor prognosis of GC (6–9). However, most of these studies are based on acute hypoxia treatment, while the actual condition inside solid tumors is chronic or cycling hypoxia, which deserves greater concern (10, 11). However, to date, few studies have been focused on long-term hypoxia-promoting tumor metastasis. The limited studies related to long-term hypoxia of tumors reported that slug promoted metastasis of prostate cancer under chronic hypoxia (12); miR-191 induced by chronic hypoxia promoted cell migration in NSCLC (13). Due to the discovery more novel important functions of non-coding RNAs (ncRNAs) including miRNAs, LncRNAs, and circRNAs, participating in tumor progression, we pay special attention in the present work to the role of hypoxia microenvironment-related ncRNAs in GC. In our previous study, we established HRGC cell lines to stimulate the real situation of a long-term hypoxic microenvironment, and found that LncRNA UCA1 was upregulated and promoted the migration of GC cells through the miR-7-5p/EGFR axis under a long-term hypoxic microenvironment (14). However, the biological functions of another subtype of ncRNAs—circRNAs involved in long-term hypoxia-promoting metastatic process of GC remain largely unknown.

Circular RNA (circRNA) is a class of single-strand endogenous ncRNAs formed by 3′ and 5′ joining to form a covalently closed continuous loop (15, 16). Accumulating evidence has shown that circRNAs are essential in the development of various diseases, especially cancers (17). Many circRNAs are reported to play a vital role in tumor metastasis. For example, circNSD2 promoted metastasis of colorectal cancer by targeting miR-199b-5p-mediated DDR1 and JAG1 signaling (18); circPRMT5 promoted metastasis of urothelial carcinoma through sponging with miR-30c (19). However, none of them are related to long-term hypoxia-promoting metastasis. CircHIPK3, an identified circular RNA of 1099 bp in length, is reported to have significant promotional effects on the progression of various cancers including lung cancer, colorectal cancer, and glioma (20–22). However, its function in GC remains ambiguous. It was reported that circHIPK3 could promote proliferation and migration in GC indicating its oncogenic role, while circHIPK3 was downregulated in GC tissues compared to para-carcinoma tissues indicating its tumor-suppressing role (23, 24). The different roles might be due to the strong heterogeneity of GC resulting in the inconsistent effect of circHIPK3 in different specimens. Therefore, the role of circHIPK3 in GC remains to be further studied in detail. Considering that hypoxia might be a crucial reason leading to GC heterogeneity, we aimed to explore the functions and molecular mechanisms of circHIPK3 on long-term hypoxia-promoting metastasis of GC.

In this study, we demonstrated that circHIPK3 was increased under long-term hypoxic microenvironment and could promote metastasis through the miR-653-5p/miR-338-3p-NRP1 axis in GC. These findings elucidated a new mechanism of hypoxia-induced metastasis in GC and revealed the possibility of using circHIPK3 as a new biomarker for long-term hypoxia.



MATERIALS AND METHODS


Patient Tissue Samples

Thirty-one GC patients without therapy before surgery between 2018 to 2019 were enrolled in our study. All the GC and adjacent normal tissues were obtained from operation excision specimens of GC patients in the First Hospital of China Medical University (Shenyang, China). Tissues were promptly frozen in liquid nitrogen and then stored at −80°C. The research was approved by the Ethics Committee of the First Hospital of China Medical University (No. 2019-24-2), and all procedures were conducted according to ethical principles.



Cell Culture

Human gastric cancer cell lines MGC803 (TCHu84) and BGC823 (TCHu11) were purchased from the Chinese Academy of Sciences (Shanghai, China). These cells were cultured with RPMI-1640 medium containing 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin. The two long-term HRGC cell lines, MGC803/Hypo and BGC823/Hypo, established from MGC803 and BGC823 in our laboratory (14), were cultured with DMEM containing 10% FBS and 1% penicillin-streptomycin under 2% O2 concentration. All the cells were cultured in a 5% CO2 humidified incubator at 37°C.



Reagents and Antibodies

AKT (#9272), phosphorylated (p)-AKT (#9271), p-ERK (#4370), and NRP1 (#3725) antibodies were obtained from Cell Signaling Technology (Danvers, United States). β-actin (sc-47778) and ERK (sc-514302) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, United States).



RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated with Trizol reagent (Invitrogen, United States) and quantified by measuring the absorbance at 260 nm by nanodrop 2000 (Thermo Fisher Scientific, United States). The reverse transcription reagents were all purchased from TaKaRa (Shiga, Japan). The PrimeScriptTM RT reagent Kit (Takara, Japan) was used for mRNA reverse transcription and the One Step PrimeScript® miRNA cDNA Synthesis Kit (Takara, Japan) was used for miRNA reverse transcription. Quantitative real-time PCR was carried out with SYBR Premix Ex Taq II (TaKaRa) and detected using Applied Biosystems® 7500 Real-Time PCR Systems (Thermo Fisher Scientific, United States). 1000 ng RNA was used for cDNA Synthesis and 40 ng cDNA was used for qRT-PCR. The internal control for mRNA and circRNA was 18S and the internal control for miRNA was U6. The n-fold change of the RNA expression was calculated using the 2–ΔΔCt method. All primer sequences are listed in Supplementary Table S1.



Transfection

The specific siRNAs targeted to circHIPK3 and NRP1, miR-653-5p and miR-338-3p mimics or inhibitors, and their corresponding NC, were compounded by JTS Scientific (Wuhan, China). CircHIPK3 overexpression plasmid (pCD25-circHIPK3-GFP) was designed and constructed by Geneseed Biotech Co. (Guangzhou, China). HRGC cells or their parent GC cells (1.0 × 105) were transfected with 0.1 μM siRNAs, 0.1 μM miRNA mimics/0.15 μM inhibitors, or 1 mg/L plasmids using jetPRIME® Transfection Reagent according to manufacturer’s instructions. The sequences of all siRNAs or mimics/inhibitors are shown in Supplementary Table S1.



Transwell Migration and Invasion Assay

Transwell chambers (Corning, NY, United States) were plated into a 24-well plate. For migration assay, 2 × 104 cells were plated within 200 μL serum-free medium onto the upper chamber and 500 μL medium with 10% FBS was added to the lower chamber. After incubating for 24 h, the chambers were fixed with methanol and then stained with Wright-Giemsa dye. The stained cells were counted and analyzed statistically. For invasion assay, except for pre-coating the chamber with 50 μL diluted-matrigel before the cells were plated onto the upper chamber, other steps were as outlined for the aforementioned migration assay.



Western Blot Assay

All treated cells were lyzed by 1% Triton lysis buffer. After quantification, the protein samples were mixed with 3 × loading buffer. The prepared samples were separated by SDS-polyacrylamide gel electrophoresis and then transferred onto PVDF membranes (Millipore, United States). Next, the PVDF membranes were blocked with 5% skimmed milk in TBST buffer, and then incubated with the primary antibodies overnight at 4°C. The following day, the membranes were incubated with the secondary antibodies. Finally, the membranes were examined with enhanced chemiluminescence reagent and visualized using the Electrophoresis Gel Imaging Analysis System (DNR Bio-Imaging Systems, Israel).



RNA Immunoprecipitation

RNA immunoprecipitation (RIP) assays were executed by the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Burlington, MA, United States) according to manufacturer’s protocols. HRGC cells were lysed in lysis buffer and then incubated with RIP immunoprecipitation buffer which contained magnetic beads pre-incubated with the anti-AGO2 and anti-IgG (Millipore, United States). RNA was purified from RNA-protein complex and detected by qRT-PCR.



Luciferase Reporter Assay

Hypoxic resistant gastric cancer cells (to a total number of 2.5 × 104) were co-transfected with pmirGLO-circHIPK3-WT and pmirGLO-circHIPK3-MUT (RiboBio, Guangzhou, China) or pmirGLO-NRP1-WT and pmirGLO-NRP1-MUT (OBIO, Shanghai, China) and miR-NC or miR-653-5p or miR-338-3p mimics (JTS Scientific, Wuhan, China). Twenty-four hours later, the luciferase activity of cell lysates was examined by a Dual Luciferase Reporter System (Promega, United States).



RNA Pull Down Assay

Biotinylated-circHIPK3 and control probes were synthesized by RiboBio (Guangzhou, China). A total of 1.0 × 107 HRGC cells were washed by cold PBS, and then lysed and sonicated. The biotinylated-circHIPK3 and control probes were used for incubation with C-1 magnetic beads (Life Technologies) at 25°C for 2 h. The cell lysate was incubated with the biotinylated-circHIPK3 or control probe at 4°C overnight. Then the beads were washed by buffer and miRNAs were extracted using Trizol reagent and analyzed by qRT-PCR assay. The sequence of circHIPK3 probe was biotin-5′-ACTTGTGAGGCCATACCTGT AGTACCGAGATT-3′; the sequence of control probe was biotin-5′-CGACTTTGGCTTGTTCTGGCCTGCATGACTGTTGAAA TGT- 3′.



Statistical Analysis

The data are all shown as mean ± SD with three independent experiments. An unpaired Student’s t-test was used to analyze the statistical differences between two groups and p-value < 0.05 was regarded as indicative of significance.



RESULTS


CircHIPK3 Was Upregulated by HIF-2α in HRGC Cells

Firstly, the migration and invasion capability, and HIF-1α and HIF-2α protein, two important hypoxia-related markers in HRGC cells were compared with those in their parent GC cells. As a result, the migration and invasion ability of HRGC cells was notably enhanced, and HIF-2α was remarkably upregulated whereas HIF-1α was merely slightly upregulated in HRGC cells, which was similar to the findings of our previous research (14) (Figures 1A–C). Then, circHIPK3 expression levels in HRGC cells and their parent GC cells were examined by qRT-PCR analysis, and the result showed that circHIPK3 expression in HRGC cells was notably upregulated more than 5-fold over that in their parent GC cells, while the expression of linear HIPK3 mRNA was practically unchanged under the long-term hypoxic microenvironment (Figures 1D,E). To explore whether HIF-1α or HIF-2α is involved in hypoxia-induced circHIPK3 upregulation, HIF-1α and HIF-2α were knocked down. The result of qRT-PCR showed that HIF-2α knockdown (KD) but not HIF-1α KD decreased the expression of circHIPK3 in HRGC cells, indicating that HIF-2α mainly contributed to circHIPK3 upregulation in GC under a long-term hypoxic microenvironment (Figures 1F–I).
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FIGURE 1. CircHIPK3 was upregulated by HIF-2α in HRGC cells. (A,B) The migration and invasion ability of HRGC cells and their parent GC cells was examined by transwell assay (original magnification, 100×). The columns on the right are quantified by counting three fields, and presented as the mean ± standard deviation. *p < 0.05, **p < 0.01. (C) The protein expression of HIF-1α and HIF-2α in HRGC cells compared with their parent GC cells was detected by western blot. β-actin was used as an internal control. (D,E) The relative expression of circHIPK3 and linear HIPK3 mRNA in HRGC cells and their parent GC cells was detected by qRT-PCR. (F,G) The knockdown efficiency of HIF-1α or HIF-2α in HRGC cells was detected by qRT-PCR. (H,I) The relative expression of circHIPK3 in HRGC cells after transfected with HIF-1α or HIF-2α siRNAs was detected by qRT-PCR. Data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. 18S was used as an internal control for all qRT-PCR experiments.




CircHIPK3 Promoted Migration and Invasion of HRGC Cells

To identify whether circHIPK3 is involved in long-term hypoxia-promoting metastasis of GC cells, circHIPK3 was transiently knocked down with nearly no expression change in parent gene HIPK3 (Figures 2A–C), and transwell assays were then performed. It was shown that circHIPK3-KD significantly restrained the migration and invasion capability of both MGC803/Hypo and BGC823/Hypo cells (Figures 2D,E). On the contrary, when overexpressing circHIPK3 in MGC803 and BGC823 cells to imitate a long-term hypoxic microenvironment (Figure 2F), the migration and invasion ability was significantly increased (Figures 2G,H). All of these results indicated that circHIPK3 promoted GC metastasis under a long-term hypoxic microenvironment.
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FIGURE 2. CircHIPK3 promoted migration and invasion of HRGC cells. (A) The sequence of two siRNAs targeted to back-splicing site of circHIPK3 and the negative control siRNA. (B,C) The relative expression of circHIPK3 and linear HIPK3 mRNA in HRGC cells after transfected with negative control siRNA (siNC) or circHIPK3 siRNAs was detected by qRT-PCR. 18S was used as an internal control. (D,E) The migration and invasion ability of HRGC cells after transfected with siNC or circHIPK3 siRNAs was examined by transwell assay (original magnification, 100×). The columns on the down panels are quantified by counting 3 fields, and presented as the mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. (F) The overexpression efficiency of circHIPK3 in MGC803 and BGC823 cells was detected by qRT-PCR. 18S was used as an internal control. (G,H) The migration and invasion ability of MGC803 and BGC823 cells after transfected with circHIPK3 overexpression plasmids and empty vectors was examined by transwell assay (original magnification, 100×). The columns on the right are quantified by counting three fields, and presented as the mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.




CircHIPK3 Promoted Migration and Invasion of HRGC Cells by Sponging With miR-653-5p and miR-338-3p

It is known that the cellular localization of circRNAs was closely related to their functions. Therefore, to clarify the molecular mechanism of action of circHIPK3 on long-term hypoxia-promoting metastasis, the expression of circHIPK3 in nucleus and cytoplasm was examined separately by qRT-PCR assay. The result demonstrated that circHIPK3 was principally enriched in the cytoplasm (Figure 3A), indicating its feasibility as a miRNA sponge function. Next, underlying targeted miRNAs of circHIPK3 were predicted using three databases: circBank1, Circular RNA Interactome2 and StarBase V2.03. As a result, two miRNAs (miR-653-5p and miR-338-3p) with more than four binding sites with circHIPK3, were predicted on all three websites (Supplementary Figure S1A). Then, the sponging relationship between circHIPK3 and miR-653-5p or miR-338-3p was verified in HRGC cells. The result revealed that miR-653-5p and miR-338-3p in HRGC cells were both lower than that in their parent GC cells (Figure 3B). Considering Argonaute2 (AGO2) protein, binding with circRNAs and miRNAs, is the core of RNA-induced silencing complex (RISC), an RIP assay was performed to confirm that anti-AGO2 could enrich more circHIPK3, miR-653-5p, and miR-338-3p molecules compared to anti-IgG under a long-term hypoxic microenvironment (Supplementary Figure S1B and Figure 3C). Furthermore, miR-653-5p and miR-338-3p mimics significantly reduced the luciferase activity of wild-type circHIPK3 but not mutant-type circHIPK3 (Supplementary Figure S1C and Figure 3D). Meanwhile, RNA pull down assay was performed to confirm that miR-653-5p and miR-338-3p could be significantly pulled down by biotinylated probe of circHIPK3 compared to control (Figure 3E). Finally, circHIPK3-KD1 enhanced miR-653-5p and miR-338-3p expression, whereas miR-653-5p and miR-338-3p mimics attenuated circHIPK3 expression, respectively, in HRGC cells (Supplementary Figure S1D and Figure 3F). These results therefore revealed that circHIPK3 could directly combine to miR-653-5p and miR-338-3p in GC under a long-term hypoxic microenvironment.
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FIGURE 3. CircHIPK3 promoted migration and invasion of HRGC cells by sponging with miR-653-5p and miR-338-3p. (A) The distribution proportion of circHIPK3 in nucleus and cytoplasma of HRGC cells was detected by qRT-PCR. GAPDH and U6 were used as internal controls. (B) The relative expression of miR-653-5p and miR-338-3p in HRGC cells compared with their parent GC cells was detected by qRT-PCR. U6 was used as an internal control. (C) The relative expression of circHIPK3 combined with AGO2 was examined by Anti-AGO2 RIP assay. IgG was used as a negative control. (D) The luciferase activities of HRGC cells after co-transfected with luciferase reporter vectors circHIPK3-WT or circHIPK3-Mut and miR-653-5p or miR-338-3p mimics or miR-NC were examined. (E) The relative expression of miR-653-5p or miR-338-3p pulled down by circHIPK3 probe was detected by qRT-PCR. (F) The relative expression of circHIPK3 after transfected with miR-NC and miR-653-5p or miR-338-3p mimics. 18S was used as an internal control. (G,H) The migration and invasion ability of HRGC cells after transfected with miR-NC and miR-653-5p or miR-338-3p mimics was examined by transwell assay (original magnification, 100×). The columns on the right are quantified by counting 3 fields, and presented as the mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. (I) The migration ability of HRGC cells after co-transfected with siNC or circHIPK3 siRNAs and miR-NC or miR-653-5p or miR-338-3p inhibitor was examined by transwell assay (original magnification, 100×). The columns on the right are quantified by counting 3 fields, and presented as the mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.


Next, the function of miR-653-5p and miR-338-3p in the metastatic process of HRGC cells was investigated. As a result, miR-653-5p and miR-338-3p mimics significantly restrained migration and invasion capability in HRGC cells (Figures 3G,H), indicating the metastatic inhibiting function of these miRNAs. The further to prove the involvement of miR-653-5p and miR-338-3p in circHIPK3-induced metastasis, circHIP3-KD1 and miRNA inhibitors were co-transfected into HRGC cells. As shown in Figure 3I, circHIPK3-KD-inhibiting migration was partially reversed by miR-653-5p or miR-338-3p inhibitors in HRGC cells, further illustrating that circHIPK3 could promote GC metastasis by directly interacting with miR-653-5p and miR-338-3p in GC under a long-term hypoxic microenvironment.



CircHIPK3 Promoted Migration and Invasion of HRGC Cells via the miR-653-5p/miR-338-3p-NRP1 Axis

To find the target gene of miR-653-5p and miR-338-3p, the miRanda4 and TargetScan databases5 were applied to predict the common target gene for these two miRNAs. Neuropilin 1 (NRP1), which was known to be involved in metastatic process of cancers, was selected. Dual luciferase reporter assay demonstrated that miR-653-5p and miR-338-3p mimics significantly reduced the luciferase activity of wild-type NRP1 but not mutant-type NRP1, indicating miR-653-5p and miR-338-3p could directly bind to NRP1 (Figure 4A). For further verification, NRP1 expression levels were examined in HRGC cells and parent GC cells, and the result confirmed that NRP1 was upregulated in HRGC cells (Figure 4B). Furthermore, it was shown that the mimics of miR-653-5p and miR-338-3p, as same as circHIPK3-KD, reduced NRP1 expression in MGC803/Hypo and BGC823/Hypo (Figures 4C–F). In addition, circHIPK3-KD1-downregulated NRP1 expression was also partially reversed by co-transfection with miR-653-5p or miR-338-3p inhibitors (Figures 4G,H). Therefore, these data indicated that circHIPK3 upregulated NRP1 expression by sponging with miR-653-5p and miR-338-3p in GC under a long-term hypoxic microenvironment.
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FIGURE 4. CircHIPK3 promoted migration and invasion of HRGC cells via the miR-653-5p/miR-338-3p-NRP1 axis. (A) The luciferase activities of HRGC cells after co-transfected with luciferase reporter vectors NRP1-WT or NRP1-Mut and miR-653-5p or miR-338-3p mimics or miR-NC were examined. (B) The relative mRNA and protein expression of NRP1 in HRGC cells compared with their parent GC cells was detected by qRT-PCR and western blot. (C,D) The relative mRNA and protein expression of NRP1 in HRGC cells after transfected with miR-NC and miR-653-5p or miR-338-3p mimics was detected by qRT-PCR and western blot. (E,F) The relative mRNA and protein expression of NRP1 in HRGC cells after transfected with siNC or circHIPK3 siRNAs was detected by qRT-PCR and western blot. (G,H) The relative mRNA and protein expression of NRP1 in HRGC cells after co-transfected with siNC or circHIPK3 siRNAs and miR-NC or miR-653-5p or miR-338-3p inhibitor was detected by western blot. Data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. 18S was used as an internal control for all qRT-PCR experiments. β-actin was used as an internal control for all western blot assays.




CircHIPK3 Promoted Migration and Invasion of HRGC Cells via the NRP1-ERK/AKT Pathway

The involvement of NRP1 in the metastatic process of HRGC cells was also investigated. The result showed that NRP1-KD not only significantly suppressed the migration and invasion capability of HRGC cells (Figures 5A–C), but also decreased the phosphorylation level of ERK and AKT, in downstream pathways of NRP1 (Figure 5D). A similar result was also obtained using circHIPK3-KD (Figure 5E). The results showed that circHIPK3 could promote migration and invasion via the NRP1-ERK/AKT pathway in HRGC cells. Moreover, the clinical significance of NRP1 was further analyzed using the following on-line databases: GEPIA6, Kaplan-Meier Plotter7, and TCGA8. The result of GEPIA website showed that NRP1 expression significantly increased in GC tissues compared to the adjacent normal tissues (Figure 5F). The Kaplan-Meier Plotter website showed that the overall survival (OS) of GC patients with NPR1-high expression was shorter than that with NPR1-low expression. The GEPIA website and TCGA data analyzed by best cut-off also showed the similar results (Figure 5G), indicating that NRP1 was a poor prognostic biomarker for GC. Taken together, these data demonstrated that circHIPK3-upregulated NRP1 could promote GC metastasis via the ERK/AKT pathway and may lead to poor prognosis of GC patients.
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FIGURE 5. CircHIPK3 promoted migration and invasion of HRGC cells via the NRP1-ERK/AKT pathway. (A) The knockdown efficiency of NRP1 in HRGC cells was detected by western blot. (B,C) The migration and invasion ability of HRGC cells after transfected with siNC or NRP1 siRNAs was examined by transwell assay (original magnification, 100×). The columns on the down panels are quantified by counting 3 fields, and presented as the mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. (D) The downstream pathway proteins in HRGC cells after transfected with siNC or NRP1 siRNAs were detected by western blot. (E) The same downstream pathway proteins as (D) in HRGC cells after transfected with siNC or circHIPK3 siRNAs were detected by western blot. (F) The relative expression of NRP1 in GC tissues and adjacent normal tissues was analyzed by GEPIA database. (G) The overall survival of GC patients with NRP1-high expression or NRP1-low expression was analyzed by GEPIA, Kaplan-Meier Plotter and TCGA databases. Data are presented as the mean ± SD of three independent experiments. β-actin was used as an internal control for all western blot assays.




Verification of the CircHIPK3-miR-653-5p/miR-338-3p-NRP1 Axis in GC Tissues

The further to confirm the role of the circHIPK3-miR-653-5p/miR-338-3p-NRP1 axis in GC, qRT-PCR was conducted on GC tissues and adjacent normal tissues of 31 GC patients. The results confirmed that circHIPK3 and NRP1 expression was increased, whereas miR-653-5p and miR-338-3p expression was reduced in GC tissues compared with that in adjacent normal tissues (Figures 6A–C); HIF-2α levels were shown to be positively correlated with circHIPK3 levels in GC tissues (Figure 6D); moreover, circHIPK3 mRNA levels were positively correlated with NRP1 mRNA levels (Figure 6E). Therefore, all these data further proved that circHIPK3 was upregulated by HIF-2α and functioned by constructing the ceRNA network with miR-653-5p/miR-338-3-NRP1 under a long-term hypoxic microenvironment in GC.
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FIGURE 6. Verification of the circHIPK3-miR-653-5p/miR-338-3p-NRP1 axis in GC tissues. (A,B) The relative expression of circHIPK3 and NRP1 in 31 pairs of GC tissues and adjacent non-tumor tissues of patients was detected by qRT-PCR. (C) The relative expression of miR-653-3p and miR-338-3p in 31 pairs of GC tissues and adjacent non-tumor tissues of patients was detected by qRT-PCR. (D) The correlation between HIF-2α and circHIPK3 expression in GC tissues was analyzed by Pearson correlation analysis. (E) The correlation between circHIPK3 and NRP1 expression in GC tissues was analyzed by Pearson correlation analysis. *p < 0.05, **p < 0.01.




DISCUSSION

In this study, we found that circHIPK3, upregulated by HIF-2α, could promote migration and invasion of HRGC cells via the miR-653-5p/miR-338-3p-NPR1 axis, indicating that circHIPK3 participated in metastatic promotion of GC under a long-term hypoxic microenvironment.

Hypoxia, an important typical characteristic of solid malignant tumors, often leads to poor prognosis of cancer by contributing to metastasis. Hypoxia can be divided into acute hypoxia and chronic hypoxia based on the dynamics of oxygen deprivation: the real status of the hypoxic microenvironment inside solid tumors is closer to chronic hypoxia, or so-called long-term hypoxia, rather than acute hypoxia (25). The HRGC cell lines in this study established in our laboratory previously have been shown to be a good model for long-term hypoxia-related research in GC. Using these HRGC cells, we have revealed that LncRNA—UCA1 was upregulated, and promoted the migration of HRGC cells through the miR-7-5p/EGFR axis under long-term hypoxia (14). Now, we have further demonstrated that circRNA—circHIPK3 was also increased in HRGC cells and promoted GC metastasis under a long-term hypoxic microenvironment. CircHIPK3, a classical circular RNA involved in cancer development, appeared to play opposite roles in different cancers. CircHIPK3 promoted proliferation, metastasis, and chemotherapy resistance in lung cancer, colorectal cancer, and prostate cancer, whereas it suppressed cell proliferation, migration, and invasion in osteosarcoma (20, 21, 26, 27). However, only three studies on circHIPK3 were reported in GC, and the conclusions were still contradictory. The contradiction might be due to the strong heterogeneity of GC resulting in the inconsistent effect of circHIPK3 in different specimens. In our study, we found that overexpression of circHIPK3 in normoxia could promote metastasis of GC and the expression of circHIPK3 increased in GC tissues compared with that in adjacent normal tissues, indicating circHIPK3 might play an oncogenic role in GC. Our findings that circHIPK3 was upregulated in HRGC cells and promoted GC metastasis, might reflect the heterogeneity of GC because of hypoxia, and partially explain the different roles of circHIPK3 in GC as evinced by our result and previous studies. Certainly, many other factors, such as the number of samples, sampling quality, tumor cell content, storage conditions and time, RNA extraction, qRT-PCR and etc., may also lead to this contradictory conclusion. In the future, more GC samples are needed to collect further to investigate the definite roles of circHIPK3 in GC.

Hypoxia-inducible factors are the key transcriptional regulatory factors of many target genes in hypoxia (28). It is known that HIF-1α exhibits stable expression and plays the main transcriptional role in acute hypoxia, while HIF-2α is also stable but mainly functions in chronic hypoxia (25). Although HIF-1α and HIF-2α could both promote target gene transcription by combining with the HRE promoter region, their target genes are not completely consistent (29–31). For example, HE4 and RIT1 can only be transcriptionally regulated by HIF-1α, while LncNEAT1 and PTPMT1 can only be transcriptionally regulated by HIF-2α (32–35). In this study, HIF-2α-KD, but not HIF-1α-KD, decreased circHIPK3 expression, and the strong positive correlation was verified between HIF-2α and circHIPK3 in GC samples, indicating that circHIPK3 is a novel target of HIF-2α. Certainly, it still remains unclear whether circHIPK3 is directly upregulated by HIF-2α transcription or is upregulated by another HIF-2α target gene. Further study is warranted in the future.

The localization of circRNAs is essential to their function, and a non-negligible function of circRNAs distributed in cytoplasma is working as sponges by binding with miRNAs (36, 37). CircRNAs can not only sponge with multiple miRNAs but also sponge with the same miRNA at several binding sites. The more miRNAs bound by one kind of circRNAs, the stronger functions of circRNAs in cells. The most typical representative circRNA is ciRS-7, which exists at over 70 binding sites of miR-7 and promotes cancer progression in esophageal squamous cell carcinoma and non-small cell lung cancer (38, 39). In our research, we found that circHIPK3 was principally enriched in cytoplasm of HRGC cells and could combine to miR-653-5p and miR-338-3p with four binding sites, respectively, suggesting the importance of the role of circHIPK3. Besides, qRT-PCR results revealed that the levels of miR-653-5p and miR-338-3p were decreased in HRGC cells, and both of these miRNAs could restrain the migration and invasion of HRGC cells, which was similar to previous research findings indicating that miR-653-5p could suppress growth and invasion in non-small cell lung cancer, and miR-338-3p could suppress tumor progression in colorectal cancer and breast cancer (40–42). Therefore, our research proved that circHIPK3 had an essential effect in facilitating GC metastasis by sponging with miR-653-5p and miR-338-3p under a long-term hypoxic microenvironment.

Neuropilin 1 is a kind of non-tyrosine kinase transmembrane glycoprotein known as a co-receptor of VEGF (43). It was reported that NRP1 could play important role in tumor progression by promoting angiogenesis, proliferation, metastasis, and drug resistance in several different types of cancers (44–47). In this study, based on the result predicted by bioinformatics analysis that NRP1 has stable binding sites with miR-653-5p and miR-338-3p, NRP1 was selected as the common downstream target gene, and the result proved miR-653-5p and miR-338-3p mimics downregulated NRP1 expression, further confirmed this prediction. Although the study of NRP1 in GC remained limited, it was reported that the high expression of NRP1 due to hypomethylation was co-expressed with PDGFRB and was significantly correlated with tumor malignant phenotypes with poor prognosis (48). Similarly, we also found that NRP1-KD restrained the migration and invasion capability of HRGC cells, and NRP1 was involved in circHIPK3 promotion of HRGC metastasis by the sponging with miR-653-5p and miR-338-3p, suggesting the metastatic promotion role of NRP1 in GC under a long-term hypoxic microenvironment. As it is known that NRP1 could activate the MAPK and AKT pathways by binding to VEGF, we also detected the possible downstream pathway of NRP1 in HRGC cells, and found that either NRP1-KD or circHIPK3-KD reduced the expression of p-ERK and p-AKT, suggesting that NRP1 upregulated by circHIPK3 promoted GC metastasis by activating ERK and AKT pathways in a long-term hypoxic microenvironment (49).

The circRNA-miRNA-mRNA ceRNA network analyzed in this research is composed of circHIPK3, miR-653-5p, and miR-338-3p, each of which have four binding sites with circHIPK3, and NRP1, which is the common target gene of the two miRNAs. Therefore, long-term hypoxia-upregulated circHIPK3 significantly promoted GC metastasis via construction of a stable ceRNA network with miR-653-5p/miR-338-3-NRP1, indicating the important functions of circHIPK3 in GC metastasis under a long-term hypoxic microenvironment. In our study, the stable ceRNA network was also verified in GC tissues and obtained similar results with that in GC cells. However, due to limited GC samples, it needs to be verified in larger scale samples in the future. Certainly, other mechanisms of circHIPK3 except for the ceRNA function under a long-term hypoxic microenvironment of GC also needs the further exploration.

In summary, our study demonstrated that circHIPK3 upregulated by HIF-2α could facilitate the migration and invasion of GC cells via the miR-653-5p/miR-338-3p-NRP1 axis under a long-term hypoxic microenvironment (the mechanism is shown in diagrammatic form in Figure 7. These findings revealed a new mechanism of long-term hypoxia-promoting metastasis in GC and showed that circHIPK3 might be a long-term hypoxic biomarker and a potential prognostic biomarker for GC patients in the future.
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FIGURE 7. Working model for circHIPK3 in HRGC cells. Under a long-term hypoxic microenvironment of gastric cancer, circHIPK3 was upregulated by HIF-2α; then circHIPK3 upregulated NRP1 by sponging with miR-653-3p and miR-338-3p followed by relieving the transcriptional suppress of NRP1; finally, NRP1 promoted metastasis by activating ERK and AKT pathway.
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A Corrigendum on 


CircHIPK3 Promotes Metastasis of Gastric Cancer via miR-653-5p/miR-338-3p-NRP1 Axis Under a Long-Term Hypoxic Microenvironment 
By Jin Y, Che X, Qu X, Li X, Lu W, Wu J, Wang Y, Hou K, Li C, Zhang X, Zhou J and Liu Y (2020). Front. Oncol. 10:1612. doi: 10.3389/fonc.2020.01612


In the original article, there was a mistake in Figure 2D as published. The picture of migration of sicircHIPK3 in BGC823/Hypo cells in Figure 2D was misused. The corrected Figure 2 appears below.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.




Figure 2 | CircHIPK3 promoted migration and invasion of HRGC cells. (A) The sequence of two siRNAs targeted to back-splicing site of circHIPK3 and the negative control siRNA. (B, C) The relative expression of circHIPK3 and linear HIPK3 mRNA in HRGC cells after transfected with negative control siRNA (siNC) or circHIPK3 siRNAs was detected by qRT-PCR. 18S was used as an internal control. (D, E) The migration and invasion ability of HRGC cells after transfected with siNC or circHIPK3 siRNAs was examined by transwell assay (original magnification, 100×). The columns on the down panels are quantified by counting 3 fields, and presented as the mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. (F) The overexpression efficiency of circHIPK3 in MGC803 and BGC823 cells was detected by qRT-PCR. 18S was used as an internal control. (G, H) The migration and invasion ability of MGC803 and BGC823 cells after transfected with circHIPK3 overexpression plasmids and empty vectors was examined by transwell assay (original magnification, 100×). The columns on the right are quantified by counting three fields, and presented as the mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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Endothelial PAS domain-containing protein 1 (EPAS1) is an angiogenic factor and its implications have been reported in many cancers but not in esophageal squamous cell carcinoma (ESCC). Herein, we aim to examine the genetic and molecular alterations, clinical implications, and functional roles of EPAS1 in ESCC. High-resolution melt-curve analysis and Sanger sequencing were used to detect mutations in EPAS1 sequence. EPAS1 DNA number changes and mRNA expressions were analyzed by polymerase chain reaction. in vitro functional assays were used to study the impact of EPAS1 on cellular behaviors. Overall, 7.5% (n = 6/80) of patients with ESCC had mutations in EPAS1, and eight novel variants (c.1084C>T, c.1099C>A, c.1145_1145delT, c.1093C>G, c.1121T>G, c.1137_1137delG, c.1135_1136insT, and c.1091_1092insT) were detected. Among these mutations, four were frameshift (V382Gfs*12, A381Lfs*13, K379Ifs*6, and K364Nfs*12) mutations and showed the potential of non–sense-mediated mRNA decay (NMD) in computational analysis. The majority of patients showed molecular deregulation of EPAS1 [45% (n = 36/80) DNA amplification, 42.5% (n = 34/80) DNA deletion, as well as 53.7% (n = 43/80) high mRNA expression, 20% (n = 16/80) low mRNA expression]. These alterations of EPAS1 were associated with tumor location and T stages. Patients with stage III ESCC having EPAS1 DNA amplification had poorer survival rates in comparison to EPAS1 DNA deletion (p = 0.04). In addition, suppression of EPAS1 in ESCC cells showed reduced proliferation, wound healing, migration, and invasion in comparison to that of control cells. Thus, the molecular and functional studies implied that EPAS1 plays crucial roles in the pathogenesis of ESCC and has the potential to be used as a prognostic marker and as a therapeutic target.

Keywords: ESCC, EPAS1, cancer prognosis, cancer genetics, mutations


INTRODUCTION

Hypoxia-inducible factor 1 (HIF1) is an oxygen-sensitive transcription factor consisting of heterodimer of α and β subunits (1). The functional HIF1 is composed of constitutively expressed β subunit and an oxygen-sensitive subunit HIF1α or its isomers HIF2α and HIF3α. These HIF1α isomers are encoded by the HIF1A, endothelial PAS domain-containing protein 1 (EPAS1), and HIF3A genes, respectively (2). In hypoxia, HIF1 recognizes the hypoxia response element and regulates the expression of many genes associated with cell proliferation, growth, survival, angiogenesis, and iron and glucose metabolism (1, 3).

HIF2α, an angiogenic factor encoded by EPAS1 gene, is involved in many physiological and pathological processes, including ferroptosis, endochondral and intramembranous ossification, and Pacak-Zhuang syndrome (4–6). Dysregulation of ferroptosis, a form of regulated cell death, characterized by excessive accumulation of iron and lipid peroxidation, is associated with several diseases such as cancer, neurodegeneration, and ischemia–reperfusion injury (6, 7). Accordingly, it was reported that expression of EPAS1 is associated with pathogenesis, progression, and prognosis of different cancers, including non–small cell lung carcinoma (8), renal cell carcinoma (9), hepatocellular carcinoma (10), neuroblastoma (11), pheochromocytoma (12), glioma (13), and colorectal carcinoma (14). For example, in colorectal carcinoma, EPAS1 protein expression inversely correlated with higher tumor grade and plasma mRNA level of EPAS1 expression and is associated with poor patients' survival and advanced pathological stages (15, 16).

Mutations in the coding sequence of EPAS1 has been identified in several pathophysiological conditions in human, including congenital heart disease, erythrocytosis, and Lynch syndrome (17–20). In addition, various tumors, e.g., paraganglioma (21), pheochromocytoma (12), and pancreatic adenocarcinoma (22), showed mutations in EPAS1 sequences. To the best of our knowledge, mutations and their impacts with clinicopathological parameters in patients with ESCC have not been reported in the literature. Also, the molecular deregulations of EPAS1 and their cellular impact in ESCC have never been studied. Therefore, the present study aims to screen mutations in EPAS1 sequence in patients with ESCC and their association with clinical and pathological parameters. Furthermore, the EPAS1 DNA number changes, mRNA expression, their correlation with clinical factors, and functional implications of EPAS1 in ESCC cells were investigated in the present study.



MATERIALS AND METHODS


Patients and Clinicopathological Parameters

The clinical samples used in this study were collected from patients who had a surgical resection for primary ESCC. The samples were recruited with no selection bias. Those cancers from patients who underwent preoperative chemoradiotherapy and/or with poor histology were excluded in the present study. Ethic approval was obtained from Griffith University (MED/19/08/HREC) for the present study. The specimens were received fresh after the operation. The age and gender of the patients were noted. In each case, the location and the size of the carcinoma were examined and recorded in fresh. The nonneoplastic esophageal tissues were prospectively collected from the nonneoplastic esophageal mucosa at the proximal resection margin (act as controls) during the operation of the patients with ESCC at the same time of collection of the ESCC tumor tissues. Samples were also collected in 10% buffered formalin and processed in formalin. For each selected sample, tissues were sectioned using a microtome (Leica Biosystems Inc., Buffalo Grove, IL, USA) and stained by hematoxylin–eosin staining for histological analysis by an anatomical pathologist (A.K.L.). The other portion of the resected specimen was fixed in formalin, processed in paraffin, and examined pathologically by the same anatomical pathologist (A.K.L.) using a standard protocol (23). Histological types and grades of selected ESCCs were assessed based on the current World Health Organization histological typing of esophageal tumors prior to analysis (24). Pathological staging was identified according to the current Cancer Staging Manual of the American Joint Committee on Cancer (25).

In this study, 80 patients (67 men, 13 women) with resections of primary ESCC were recruited. In addition, 33 nonneoplastic tissues from esophagus were collected to use as controls. The mean age of the 80 patients with ESCC was 63 years (ranging from 39 to 83 years), and the sizes of the tumors ranged from 5 to 120 mm (mean = 50 mm). The majority of patients (66%, n = 53/80) included in this study had stage III ESCCs. In addition, 75% (60/80) of the patients with ESCC had lymph node metastasis at the time of surgery, and 6% (5/80) had distant metastasis at presentation.

In this study, the follow-up period was defined as the interval between the date of surgery for ESCC and the date of death or closing date of the study. The actuarial survival rate of the patients was calculated from the date of surgical resection of the ESCC to the date of death or last follow-up. A schematic summary of the flow of the experiments used in the current study is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Schematic representation of the methodological flow used for clinical samples analysis in the present study. Tissue samples with poor histology and loss of follow-up were excluded in the present study. Among the samples, 45% showed EPAS1 DNA amplification, whereas 42.5% showed EPAS1 DNA deletion. The rest of the samples (12.5%) showed no changes in EPAS1 DNA. In addition, 53.8% of samples showed high EPAS1 mRNA expression, and 16.2% of samples showed low EPAS1 mRNA expression, whereas 20% of samples did not show any changes in EPAS1 mRNA expression. Furthermore, 12.5% of samples showed EPAS1 mutations, and 87.5% of samples were mutation negative in the present study.




Cell Culture

Five ESCC cancer cell lines (KYSE70, KYSE150, KYSE450, KYSE520, and HKESC-1) and one nonneoplastic keratinocyte (HaCaT) were used in the present study. All the cells were maintained as previously described (26, 27).



Extraction of DNA and RNA

A microtome (Leica Biosystems) was used to section (10 μm) tissues for RNA and DNA extraction. Sections that contained a representative cancer area (made up >70% of the volume of the samples) were used for extraction. DNA was extracted and purified using Qiagen DNeasy Blood & Tissue kits (Qiagen Pty. Ltd., Hilden, Germany) following the manufacturer's guidelines. DNA from cultured cells was extracted with the same kits. In addition, RNA was extracted from the tissue sections and cultured cells using miRNeasy Mini kits (Qiagen) according to the manufacturer's protocol. The purity of the extracted DNA and RNA was checked with optical density using a NanoDrop spectrophotometer. The extracted DNA and RNA were stored at −20°C for further analysis.



High-Resolution Melt Curve Analysis

Genomic DNAs extracted from 80 cancers and 30 noncancer tissues were used to screen possible mutations in EPAS1 sequence by high-resolution melt (HRM) analysis. Rotor-Gene Q detection system (Qiagen) was used for amplifying target sequences, followed by HRM curve analyzed using Rotor-Gene ScreenClust HRM Software. The EPAS1 sequence was amplified via polymerase chain reaction (PCR) in a total reaction volume of 10 μL comprising 5 μL of 2Xsensimix HRM master mix, 1 μL of 30 ng/μL genomic DNA, diethylpyrocarbonate (DEPC, RNase-free) treated water 2 and 1 μL of each forward and reverse EPAS1 primer. The thermal cycling protocol was the same as published previously (28). The melt curve data were generated by increasing the temperature from 65 to 85°C for all assays, with a temperature increase rate of 0.05°C/s and recording fluorescence. All the samples were run in triplicates and included a negative (no template) control.



Purification of PCR Products and Sanger Sequencing Analysis

The variants detected in HRM analysis were further confirmed via checking with Sanger sequencing for identifying the mutations in EPAS1 sequence. Briefly, after HRM analysis, PCR products from mutant samples were purified using NucleoSpin® Gel and PCR Clean-up kit (Macherey- Nagel, Bethlehem, PA, USA) according to the manufacturer's protocols. Then, the purified PCR products were sequenced using Big Dye Terminator Chemistry version 3.1 (Applied Biosystems, Foster City, CA, USA) under standardized cycling PCR conditions. The generated data were analyzed at the Australian Genome Research Facility using a 3730xl Capillary sequencer (Applied Biosystems). The sequences were analyzed with Sequence Scanner 2 software (Applied Biosystems).



In silico Analysis

The Ensembl transcript ID ENST00000263734 was used as input when required by a method. In this study, all the variants were analyzed using freely available bioinformatics tools such as Mutation Taster with NCBI 37 and Ensembl 69 database release (29), PROVEAN (protein variation effect analyzer), and SIFT (sorting intolerant from tolerant) to evaluate the consequences of the identified mutations. In addition, results were compared with ExAc and 1000 Genomes variant databases to check the single-nucleotide polymorphism. In the current study, the cutoff value for PROVEAN and SIFT analysis was used as −2.5 and 0.05, respectively, for predicting the pathogenic/nonpathogenic variants.



Quantitative Real-Time PCR (qPCR) Analysis

DNA copy number changes of EPAS1 in ESCC (n = 80) and noncancerous (n = 30) tissues were examined using QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Briefly, quantitative PCR (qPCR) was performed in a total volume of 20 μL reaction mixture containing 10 μL of DyNAmo Flash SYBR Green Master Mix (Bio-Rad, Gladesville, New South Wales, Australia), 1.5 μL of each 5 μmol/L forward and reverse primer, 3 μL of DNA at 50 ng/μL, and 4 μL of 0.1% DEPC-treated water as previously described (30).

For qPCR, first-strand cDNA was generated using DyNAmo™ cDNA Synthesis Kits (Qiagen) as previously described (31). EPAS1 mRNA expression changes in ESCC samples were examined using QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific). In short, qPCR was performed in a total volume of 20 μL reaction mixture containing 10 μL of DyNAmo Flash SYBR Green Master Mix (Bio-Rad), 1.5 μL of each 5 μmol/L forward and reverse primer, 1 μL of cDNA at 50 ng/μL, and 4 μL of 0.1% DEPC-treated water as previously described (30). The amplification efficiencies were normalized to that of multiple housekeeping genes, including β-actin, 18s, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). GAPDH and β-actin were selected based on consistent results. Results were presented as a ratio of expression (expression of EPAS1 normalized by internal control GAPDH and β-actin expression) in ESCC tissue samples and cells. Fold changes were calculated according to a previously published protocol (32), and a fold change of more than 2 was considered as high EPAS1 expression or amplification, a fold change of 1.0–2.0 was considered as no change, and a fold change of <1.0 was considered as low EPAS1 expression or deletion.



Transfection of ESCC Cells With EPAS1 siRNA Silencer and Scramble siRNA

KYSE70 and KYSE150 ESCC cells were seeded approximately at 2 × 104 cells/cm2 into 24-well plate in the growth media (26). After 24 h of initial seeding, cells were transfected with EPAS1 siRNA silencer (Qiagen) (KYSE70−EPAS1 and KYSE150−EPAS1) at 15-nM concentrations and with scramble siRNA (Qiagen) (KYSE70+Scr and KYSE150+Scr) at 10-nM concentrations according to the manufacturer's guidelines. Briefly, 3 μL of the transfection reagent, Hiperfect (Qiagen), was added to the siRNAs and incubate for 5 min at room temperature to form the complexes. Then, cells were treated with the complex and used for functional assays. Cells treated with scrambled siRNA (KYSE70+Scr and KYSE150+Scr) and transfection reagents (Hiperfect) alone (KYSE70wildtype and KYSE150wildtype) were used as controls in the present study.



Western Blot Analysis

Total proteins were extracted from the cultured cells with lysis buffer (Bio-Rad) and quantitation by bovine serum albumin method. Afterward, total protein (30 μg) was separated by 15% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (Bio-Rad) and transferred to polyvinylidene fluoride membranes (Bio-Rad) using Turbo Trans-blot transfer system (Bio-Rad). Then, the membrane was incubated with mouse monoclonal EPAS1 and GAPDH antibody (1:1,000) at 4°C overnight with gentle shaking. The membrane was then incubated with anti–mouse secondary antibody (1:2,000) at room temperature for 2 h. Finally, the blots were developed to detect protein bands according to the published protocol (33).



Cell Proliferation Assay

To examine the effect of EPAS1 on the proliferation of ESCC, cell proliferation assay was performed using cell counting kit-8 (CCK-8) (Sigma-Aldrich, St Louis, MO, USA) (34). Briefly, KYSE70 and KYSE150 cells were seeded in a flat-bottom 96-well plate at 1 × 104 cells/well. After 24 h of initial seeding, cells were treated with EPAS1 siRNA silencer and scramble siRNA as previously described (34). Then, the proliferation rate of EPAS1 siRNA-treated and controls cells was determined on days 0 to 3 with CCK-8 following manufacturer guidelines.



Colony Formation Assay

To determine the effect of EPAS1 manipulation on clonogenic capacity of ESCC, equal numbers (~1,000) of cells (KYSE70 and KYSE150) were seeded in six-well plates and were then transfected with EPAS1 siRNA and scramble siRNA. Cells were grown (for 14–16 days) at 37°C in 5% carbon dioxide and saturation humidity until microscopic clones were noted in the plate. After that, the media was discarded, and cells were washed with a phosphate-buffered saline solution. The cells were then fixed with 70% cold ethanol for 15 min at room temperature. Subsequently, the clones were stained with crystal violet (0.5%) for 2 h at room temperature and washed with tap water. Finally, after being air-dried, images of the plates were taken, and clone formation rates were calculated as previously described (26).



Wound Healing Assay

To examine the effect of EPAS1 on the capacity of cells of ESCC to migrate for repairing, the scratch wound healing assay were used as previously reported (35). In short, KYSE70 and KYSE150 cells were grown in the medium until 70–80% confluence as a monolayer, and scratches were made using a 200-μL pipette tip across the center of culture plates. The cells were later treated with EPAS1 siRNA and scramble siRNA (control siRNA) and incubated for analysis of the migration of cells to heal the wound. Images were taken to monitor the changes among the cells type on days 0 to 2, and wound areas on different days of all cell types were recorded.



Invasion Assay

To investigate the silencing effect of EPAS1 on ESCC cells' in vitro cell penetration/invasion to a barrier, CultreCoat® 96-well basement membrane extract (BME)–coated cell invasion assay (Trevigen Inc., Gaithersburg, MD, USA) kit with basement membrane components was used following the protocol previously published (36). In brief, KYSE70 and KYSE150 cells were cultured to 80% confluence and passaged to a serum-free medium for 24 h. Then, the serum-starved cells were collected, and 50 μL (1 × 106/mL) of cell suspension was added to each well of 96-well top chamber. After that, the transfection complex consisting of EPAS1 siRNA and Hiperfect transfection reagent (Qiagen) was added to the top chamber to transfect the cells. Similarly, scramble siRNA and transfection reagent (Hiperfect) was added in wells to be used as control. Then, the complete growth media was added to the bottom chamber of the assay kit and incubated at 37°C in 5% carbon dioxide incubator for 48 h. After incubation, 100-μL cell dissociation solution/calcein AM was added to the bottom chamber, which allows internalization of calcein AM to the cells, and intracellular esterase cleaves it to produce calcein (a bright fluorophore). Finally, the fluorescence generated by the invaded cells was used to quantitate the number of invasive cells in each group with POLARstar Omega multimode microplate reader (BMGLABTECH, Mornington, Victoria, Australia).



Statistical Analysis

Comparisons between variable groups were analyzed using the χ2 test, likelihood ratio, and Fisher exact test. All the data were entered into a computer database, and the statistical analysis was executed using the Statistical Package for Social Sciences for Windows (version 25.0; IBM SPSS Inc., New York, NY, USA). Survival analysis was tested using Kaplan–Meier method. Results are shown as mean ± SD (standard deviation), and the significance level was taken at p < 0.05. *p < 0.05, **p < 0.01, and ***p < 0.001.




RESULTS


Identification of Novel EPAS1 Mutations in ESCC Tissue Samples

EPAS1 mutant variants were detected in tissues based on the distinctive melting curve of HRM analysis and then confirmed with Sanger sequencing (Figure 2). In the present study, 7.5% (n = 6) of 80 patients had mutations in EPAS1 sequence. There were eight variants (c.1084C>T, c.1099C>A, c.1145_1145delT, c.1093C>G, c.1121T>G, c.1137_1137delG, c.1135_1136insT, and c.1091_1092insT) identified in the coding region of EPAS1 (Table 1). Among these mutations, four were frameshift (V382Gfs*12, A381Lfs*13, K379Ifs*6, and K364Nfs*12) mutations. No mutant variant was detected in noncancerous control tissues.
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FIGURE 2. Novel variants in EPAS1 detected in ESCC tissues. Comparison of HRM curve analysis and Sanger sequencing of the variants identified in patients with ESCC. Representative HRM curve (A) and chromatograph (B) for the synonymous mutation c.1084C>T (L362L). Representative HRM curve (C) and chromatograph (D) for the frameshift variant c.1091_1092insT (K364Nfs*12).



Table 1. Mutations detected in the sequence of EPAS1 in esophageal squamous cell carcinoma.
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The consequences of nucleotides, as well as amino acid changes on protein features and functions, were predicted by computational analysis (Table 1). All the variants identified in the present study in EPAS1 were predicted as deleterious or damaging on the functionality of EPAS1 protein in ESCC (Table 1). In addition, the detected variants are novel as the identified variants were not found in the ExAc and 1000 Genomes variant databases or in the PubMed database.

The associations of the EPAS1 mutations with clinicopathological factors are summarized in Table 2. Clinicopathological factors such as site, size, differentiation, and pathological stages were not associated with EPAS1 mutations. Mutations in EPAS1 sequence correlated with patient's age (p = 0.02) and the presence of metastatic carcinoma in lymph node (p = 0.05). Overall, 10% (n = 6/60) of ESCCs with metastatic carcinoma in the lymph node had EPAS1 mutations, whereas no mutation was detected in ESCC without lymph node metastasis.


Table 2. Correlation of EPAS1 mutations with clinicopathological features of patients with esophageal squamous cell carcinoma.
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EPAS1 DNA Changes and mRNA Deregulation in ESCC

In the present study, 45% (n = 36) of the 80 ESCC samples showed EPAS1 DNA amplification, whereas 42.5% (n = 34) showed deletion in comparison to the noncancer tissue samples (Table 3). The rest of the samples (12.5%; n = 10) did not exhibit any changes in EPAS1 DNA copies (Table 3). The distribution of EPAS1 DNA in cancer and noncancer tissue samples is shown in Figure 3A. A significantly higher EPAS1 DNA expression was noted in cancer samples (1.706 ± 0.209) when compared with noncancerous (0.569 ± 0.078) samples.


Table 3. Correlation of EPAS1 DNA variations with clinicopathological features of patients with esophageal squamous cell carcinoma.
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FIGURE 3. EPAS1 DNA number and mRNA expression profile in patients with ESCC and cell lines. (A) Patients with ESCC exhibited significant amplifications of EPAS1 DNA when compared with noncancerous samples (p < 0.01). (B) Similarly, a significant overexpression of EPAS1 mRNA in ESCC was noted in comparison to that of noncancerous tissues (p < 0.05). (C) Cell lines showed higher or lower EPAS1 DNA number when compared to that of noncancerous keratinocyte (HaCaT) cells. (D) Higher or lower EPAS1 mRNA was noted in ESCC cancer cells when compared with nonneoplastic HaCaT cells. Results are shown as mean ± SD, and significance level was taken at p < 0.05. *p < 0.05, and **p < 0.01.


The associations of EPAS1 DNA changes with clinicopathological parameters of the patients with ESCC are presented in Table 3. We observed that EPAS1 DNA amplification significantly (p < 0.05) correlated with the tumor site and pathological stages in patients with ESCC. ESCCs located at the lower portion of the esophagus had significantly more EPAS1 DNA amplification in comparison to those from the upper or middle part of the esophagus (63.0 vs. 35.8%; p = 0.03). Higher frequency of patients with ESCC having tumor stage I and IV showed EPAS1 DNA amplification, whereas the majority of the patients with ESCC having tumor stages II and III showed EPAS1 DNA deletion (p = 0.02).

The expressions of EPAS1 mRNA in cancer and nonneoplastic tissue samples were presented in Figure 3B. The distribution of EPAS1 mRNA expression in cancer tissues was significantly (1.656 ± 0.193 vs. 0.573 ± 0.078; p < 0.05) higher when compared with nonneoplastic tissue samples (Figure 3B). In addition, the mRNA expression ratio of EPAS1 was significantly higher in cancer in comparison to those in noncancer tissue samples (1.656 ± 0.12 vs. 0.573 ± 0.07; p < 0.001). Among the patients' samples used in this study, 53.7% (n = 43/80) had higher EPAS1 mRNA expression, whereas the remaining 20% (n = 16/80) exhibited EPAS1 mRNA lower expression. The rest of the samples (n = 21/80; 26.3%) had no changes in EPAS1 mRNA expression (Table 4). The association of EPAS1 mRNA expression and the clinicopathological parameters of patients with ESCC were analyzed (Table 4). It was noted that EPAS1 mRNA expression was not associated with the clinical–pathological parameters of patients with ESCC (Table 4; p > 0.05).


Table 4. Correlation of EPAS1 mRNA expression with clinicopathological features of patients with esophageal squamous cell carcinoma.
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The number of EPAS1 DNA in cancer cells is presented in Figure 3C. EPAS1 DNA numbers (1.4 ± 0.07, 2.10 ± 0.10, 2.41 ± 0.12) in ESCC cancer cell lines KYSE70, KYSE450 and HKESC-1, respectively, are higher when compared with that of nonneoplastic keratinocyte HaCaT (1.01 ± 0.05) cells (Figure 3C). Similarly, the mRNA expression of EPAS1 cancer cells (KYSE70, KYSE450, and HKESC-1) is significantly higher (1.98 ± 0.09, 2.24 ± 0.11, 2.45 ± 0.12, respectively) than noncancerous HaCaT (1.2 ± 0.06) cells (Figure 3D). However, KYSE520 and KYSE150 did not show any significant difference in EPAS1 DNA number and mRNA expression when compared with nonneoplastic keratinocyte HaCaT cells (Figures 3C,D).



Association of EPAS1 Molecular Deregulation With Patient's Survival

Finally, the prognostic significance of EPAS1 in patients with ESCC was analyzed. The median overall follow-up of patients with ESCC used in this study was 60 months and the survival rates correlated with the pathological stages of cancer (p = 0.0001). Patients with ESCCs harboring mutations in EPAS1 sequence have poorer survival rates than the patients without EPAS1 mutations (570.89 ± 205.02 vs. 2,097.15 ± 332.09 days; p = 0.46) (Figure 4A). Patients with ESCC having EPAS1 DNA number amplification showed short survival when compared with that of EPAS1 DNA deletion (1,568.62 ± 515.31 vs. 2,239.18 ± 489.48 days; p = 0.2), although the difference in survival time between the groups did not reach statistical significance (Figure 4B). On the other hand, the survival of patients with stage III ESCC having EPAS1 DNA amplification showed a significant reduction in patient survival compared to those of stages III patients with EPAS1 DNA deletion (873.79 ± 576.85 vs. 1,936.63 ± 622.19 days, p = 0.04) (Figure 4C).
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FIGURE 4. Prognostic significance of EPAS1 dysregulation in ESCC. (A) The trends of EPAS1-mutated positive patients had shorter survival rates compared to the nonmutated patients. However, the difference did not reach statistical significance level (p = 0.46). (B) Patients with EPAS1 DNA amplification had poorer survival than EPAS1 DNA deletion (p = 0.20). (C) In stage III patients with ESCC, the survival rates of patients having EPAS1 DNA amplification is significantly poor when compared to that of EPAS1 DNA deletion (p = 0.04).




Association of EPAS1 Mutations, DNA Alteration, and mRNA Expression in Patients With ESCC

The relationships of EPAS1 mutations, DNA number, and mRNA expression in patients with ESCC were analyzed (Figure 5). ESCCs bearing EPAS1 mutations showed significantly higher DNA number (1.736 ± 0.241 vs. 1.701 ± 0.204) in comparison to those without the mutation (Figure 5A). Similarly, ESCC with EPAS1 mutations exhibited significant overexpression (1.741 ± 0.084 vs. 1.564 ± 0.192) of EPAS1 mRNA level when compared with those without the mutation (Figure 5B).
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FIGURE 5. Relationship of EPAS1 molecular dysregulation in ESCC. (A) EPAS1-mutated samples showed significant amplification of DNA number in comparison to that of nonmutated samples (p < 0.05). (B) Similarly, EPAS1-mutated samples exhibited significant higher expression (mRNA) when compared to that of nonmutated tissue samples (p < 0.05). (C) Association of EPAS1 DNA number changes and mRNA expression. RT-qPCR analysis revealed that EPAS1 DNA number amplification significantly correlated with mRNA overexpression (p < 0.01). A 84% patients having EPAS1 DNA amplification showed mRNA overexpression whereas 59% patients with EPAS1 DNA deletion showed mRNA overexpression. (D) Distribution of EPAS1 mRNA expression vs. EPAS1 DNA number in patients with ESCC. Patients with DNA number greater 2 showed higher mRNA expression and DNA number <2 showed lower EPAS1 mRNA expression.


A statistically significant positive correlation was noted between EPAS1 DNA number amplification and mRNA overexpression (r = 0.468; p = 0.01, Fisher exact test). In addition, 84% (30/36) of ESCCs having EPAS1 DNA amplification had overexpression of EPAS1 mRNA level. Similarly, EPAS1 mRNA downregulation was noted in 59% (n = 20) of the 34 ESCCs with EPAS1 DNA deletion (Figure 5C). Moreover, EPAS1 mRNA expression changes notably with the changes of EPAS1 DNA variations in ESCC (Figure 5D). In addition, The EPAS1 mRNA expression changes were also correlated with EPAS1 DNA copy number variations in ESCC (p = 0.05).



Suppression of EPAS1 Decreases the Proliferation and Colony Formation Capacity of Colon Cancer Cells

The effects of EPAS1 manipulation on ESCC cell proliferation, invasion, and migration were examined followed by EPAS1 silencing using EPAS1 siRNA. For cell proliferation, viable cells from KYSE70−EPAS1, KYSE150−EPAS1, KYSE70+Scr, KYSE150+Scr, KYSE70wildtype, and KYSE150wildtype cell groups were measured on days 0–3. EPAS1 suppressive cells, KYSE70−EPAS1 and KYSE150−EPAS1, showed a significant decrease in cell proliferation when compared with control groups (KYSE70+Scr, KYSE150+Scr, KYSE70wildtype, and KYSE150wildtype), respectively (Figures 6A,B). For example, significant [46.50% (p < 0.05), 49.78% (p < 0.01), and 53.41% (p < 0.001)] inhibitions of KYSE70−EPAS1 cells proliferation were noted on days 1, 2, and 3, respectively, in comparison to that of KYSE70+Scr cells (Figure 6A). Similar results were noted in the case of KYSE150−EPAS1, exhibiting 39.06%, 40.99% (p < 0.05), and 59.72% (p < 0.001) inhibition on days 1, 2, and 3, respectively, in comparison to that of KYSE150+Scr cells (Figure 6B).
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FIGURE 6. EPAS1 suppression inhibited ESCC cells proliferation and colony formation. in vitro suppression of EPAS1 using siRNA in KYSE70 (A) and KYSE150 (B) cells caused significant reduction in proliferation at different time points when compared with untreated and scramble control cell groups. In addition, silencing of EPAS1 induced significant reduction of colony formation capacity KYSE70 (C) and KYSE150 (D) cells in comparison to that of control groups. (E) Expression of EPAS1 protein in KYSE70 and KYSE150 cells followed by siRNA treatment. (F) Relative expression of EPAS1 in KYSE70 and KYSE150 cells followed. EPAS1 siRNA1 ans siRNA2 significantly inhibited the expression of EPAS1 in KYSE70 and KYSE150 cells. Results are shown as mean ± SD and significance level was taken at p < 0.05. *p < 0.05, **p < 0.01, and ***p < 0.001.


Silencing of EPAS1 caused a significant reduction of clonogenic capacity of ESCC cells (KYSE70−EPAS1 and KYSE150−EPAS1) in comparison to the controls (KYSE70+Scr and KYSE150+Scr) and nontransfected wild-type (KYSE70wildtype and KYSE150wildtype) ESCC cells (Figures 6C,D). A 55.85% reduction of colony formation in KYSE70−EPAS1 was observed in comparison to the control KYSE70+Scr cells (Figure 6C; p < 0.01). Similarly, 43.32% reduction in colony formation capacity was noted by the KYSE150−EPAS1 cells when compared to that of KYSE150+Scr control cells (Figure 6D; p < 0.05).



Silencing of EPAS1 Reduced Wound Healing, Migration, and Invasion of ESCC Cells

The ESCC cells with reduced EPAS1 expression (KYSE70−EPAS1 and KYSE150−EPAS1) cells showed significant (p < 0.01) reduction in wound healing, invasion, and migration capacity when compared with the control and nontransfected wild-type cancer cells (Figure 7). KYSE70−EPAS1 and KYSE150−EPAS1 ESCC cells had lower cell migration potential than the controls (KYSE70+Scr and KYSE150+Scr) and wild-type (KYSE70wildtype and KYSE150wildtype) cells as they healed the created scratch slowly when compared to their counterpart (Figures 7A,B). KYSE70−EPAS1 and KYSE150−EPAS1 cells took more time in healing the wounds, whereas nontreated and control cells took less time to heal the wounds. Similarly, KYSE70−EPAS1 and KYSE150−EPAS1 had reduced barrier penetration and migration potential in BME-coated invasion chamber when compared with control and nontreated cancer cells (Figures 7C,D). The relative fluorescence unit (which is proportional to the BME-barrier invading cells) from KYSE70−EPAS1 and KYSE150−EPAS1 cells was significantly less in comparison to that of KYSE70+Scr and KYSE150+Scr and KYSE70wildtype and KYSE150wildtype cells. KYSE70−EPAS1 cells showed 50% reduction of invasion and migration when compared to that of KYSE70+Scr cells (Figure 7C; p < 0.05), whereas KYSE150−EPAS1 cells exhibited 55.32% reduction of invasion and migration in comparison to that of KYSE150+Scr cells (Figure 7D; p < 0.01).
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FIGURE 7. Silencing of EPAS1 causes reduction of wound healing, invasion and migration of ESCC cells. Silencing of EPAS1 causes inhibition of wound healing of ESCC cells as suppression of EPAS1 induced reduction of migration capacity of KYSE70 (A) and KYSE150 (B) cells, thereby healing the wound more slowly in comparison to that of untreated wild type and scramble control cells. Similarly, a significantly reduced population of KYSE70 (C) and KYSE150 (D) cells exhibited invasion and migration followed by suppression of EPAS1 when compared to that of untreated or scramble control cells. Results are shown as mean ± SD, and significance level was taken at p < 0.05. *p < 0.05 and **p < 0.01.





DISCUSSION

This study reported the molecular dysregulation, its clinical significance, and functional insights of EPAS1 in the pathogenesis of ESCC. The results implied that EPAS1 plays an important role in carcinogenesis of ESCC through regulation of cellular proliferation, migration, and invasion and thus acts as an oncogene.

Mutations of EPAS1 has been identified in various cancers such as in paraganglioma (21), pheochromocytoma (12), and pancreatic carcinomas (22). In addition, data analysis from the International Cancer Genome Consortium (ICGC) revealed that mutations in EPAS1 are common in many human malignancies, including esophageal cancer (adenocarcinoma) (https://dcc.icgc.org/). It was shown that 23.72% (n = 97/409) of patients with esophageal adenocarcinoma had somatic mutations in EPAS1. However, there are no data available regarding the mutational status of EPAS1 in ESCC in the ICGC database. In the present study, we have detected EPAS1 mutations in 7.5% (n = 6/80) patients with ESCC. The computational analysis revealed that the variants identified in the current study are novel and could have the potential to affect the functionality of the protein. The four frameshift variants (V382Gfs*12, A381Lfs*13, K379Ifs*6, and K364Nfs*12) may cause NMD, resulting in strongly truncated nonfunctional protein production. However, further functional studies with these variants are needed to confirm their roles in generating NMD or truncated protein product. The other variants (c.1099C>A, c.1093C>G, c.1121T>G, and c.1091A>T) may cause a change in the primary structure of the protein and may lead nonfunctional/overfunctional protein as they showed deleterious/diseases causing effects on protein in computational prediction. Therefore, further studies are warranted to validate the functional implications of the variants identified in the present study.

This is the first study reporting EPAS1 mutations in patients with ESCC and their clinical implications. The association of EPAS1 mutations with the presence of lymph node metastasis indicates that mutations in EPAS1 sequence could be predictive makers for lymph node metastasis. Also, younger patients (≤60 years old) are predicted to be more likely to harbor EPAS1 mutations. In addition, the trends of poorer survival rates (mutant = 570 days vs. nonmutant = 2,097 days) of patients with ESCC having EPAS1 mutations could help to predict the clinical outcome of these patients. However, the difference did not reach statistical significance, maybe due to the low number (n = 6) of positive populations.

DNA copy number alterations and dysregulated expression of genes are common in human cancers and are being used as biomarkers of the disease (37). Dysregulation of EPAS1 is associated with the carcinogenesis of different types of cancers such as lung carcinoma (8), renal cell carcinoma (9), hepatocellular carcinoma (10), neuroblastoma (11), pheochromocytoma (12), glioma (13), and colorectal adenocarcinoma (14). Tumor-promoting oncogenic roles of EPAS1 was noted in the pathogenesis of lung carcinoma, renal cell carcinoma, liver neuroblastoma, pheochromocytoma, and so on (8–12), whereas other studies reported the tumor-suppressive properties in the pathogenesis of glioma, colorectal carcinoma, and neuroblastoma (13, 14, 38). For example, EPAS1 expression is associated with a better outcome of patients with neuroblastoma and low-risk tumors (38). In this study, amplification or deletion of EPAS1 DNA number (87.5%; n = 70/80) followed by mRNA higher or lower expression (73.7%; n = 59/80) in tissue samples indicates its regulatory roles in progression of ESCC. Several studies also noted higher or lowered expression of EPAS1 both in mRNA and protein levels in patients with other cancers (14–16, 39). The present study for the first time reported the deregulation of EPAS1 in ESCCs, which are in consistence with other studies.

The association of EPAS1 DNA number amplification or deletion with tumor site and tumor stages indicated the heterogeneous nature of ESCC. The biological aggressiveness, surgical accessibility, and molecular makeup of ESCC from different sites of the esophagus, upper site (proximal), and the middle/lower site (distal) are different (40). Thus, it is not surprising that EPAS1 DNA number is different in these two portions of the esophagus. In addition, the genetic and epigenetic makeup of different tumor stages is different (40). Thus, ESCC of different T stages showed a different level of EPAS1 DNA number in the present study. Finally, the poorer survival rates of patients with stage III ESCC having EPAS1 DNA amplification implied the prognostic significance of EPAS1 in ESCC (Figure 4C). Therefore, EPAS1 DNA changes could have the potential to be used as a prognostic marker for patients with ESCC.

DNA copy number aberrations are frequent acquired changes in cancers, which lead to abnormal expression of genes and play crucial roles in pathogenesis and progression of ESCC (40, 41). The correlation of EPAS1 DNA number amplification and increased mRNA expression in ESCC in the present study indicated that hypoxic tumor niche induces alterations of EPAS1, which in turn can promote carcinogenesis. Furthermore, DNA amplification and higher mRNA expression in ESCC harboring mutations indicated the concerted aberration of EPAS1 in ESCC. Thus, the molecular dysregulation of EPAS1 detected in the present study could stimulate carcinogenesis.

The functional roles of EPAS1 in ESCC have been studied, followed by siRNA-mediated silencing in ESCC cells. A significant reduction of cancer cell proliferation and colony formation capacity in comparison to that of untreated wild-type and scramble control groups were noted (Figure 6). The findings of the present study are in concurrence with previous reports on various types of cancers, including clear cell renal cell carcinoma, pancreatic adenocarcinoma, and breast carcinoma (9, 42, 43). Silencing of EPAS1 via siRNA induced reduced cell proliferation, increased apoptosis, and generated smaller tumor in a mouse model of pancreatic carcinoma (43), whereas inhibition of EPAS1 with a small molecular target (PT2399) causes tumor regression in a preclinical mouse model of primary and metastatic clear cell renal cell carcinoma (9). Our results and available information in the literature implied that EPAS1 could be a potential target for developing effective therapeutics for better management of patients with cancer. However, some other studies reported tumor inhibitory functionality of EPAS1 in various cancer models (38, 44). For example, treatment with EPAS1 inhibitors did not block in vitro neuroblastoma cell proliferation or xenograft growth in the mouse model (38). Furthermore, HIF-2α inhibited in vivo growth of cells from high-grade soft tissue sarcomas. Loss of HIF-2α promoted proliferation of sarcoma and increased calcium and mTORC1 signaling in undifferentiated pleomorphic sarcoma and dedifferentiated liposarcoma (44).

EPAS1 promotes angiogenesis in mouse models by inducing both vascular endothelial growth factor and its receptor Fms related tyrosine kinase 1 expression in endothelial cells (45). Furthermore, suppression of EPAS1 using shRNA in breast carcinoma cells reduced the cellular growth and inhibited angiogenesis (42). Inconsistent with the previous study, we noted that silencing of EPAS1 inhibited the wound healing and migration capacity when compared to that of untreated and scramble control groups of ESCC cells. Similarly, suppression of EPAS1 showed a significant reduction in barrier penetration and invasion, indicating its lower metastatic potential in comparison to that of control ESCC cells. Thus, the therapeutic strategies targeting EPAS1 could have the potential for effective inhibition of cancer cell growth, migration, and invasion.

To conclude, the present study for the first time detected multiple novel EPAS1 mutations in ESCC. These mutations may contribute to the altered expression and/or structural and functional changes of the gene, which in turn could play an essential role in the pathogenesis of the disease. In addition, the association of molecular dysregulation in DNA number, mRNA expression, and mutations in ESCC along the clinical significance of the gene has provided critical insights of tumor-promoting properties of EPAS1 in the pathogenesis of ESCC. Therefore, the results of this study will enrich the current understanding of EPAS1 in directing carcinogenesis of ESCC, as well as opening new opportunities for the development of novel therapeutic strategies against cancer.
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Background

Gastric cancer (GC) has a high morbidity and mortality rate, with peritoneal metastasis (PM) identified as the main site of metastasis. Our previous study found that FNDC1 has a higher frequency of mutations in patients with PM by high-throughput sequencing assay, suggesting that it may be associated with GC invasion and PM, however the specific mechanism remains unclear.



Methods

First, the correlation between FNDC1 and PM and prognosis of GC was clarified by bioinformatics and clinicopathological analysis. Next, the effect of FNDC1 expression on the invasion and metastasis ability of GC was investigated in vivo and in vitro. Finally, the signaling pathways involved in the regulation of FNDC1 were explored.



Results

FNDC1 was highly expressed in GC and was associated with PM and poor prognosis. FNDC1 was also associated with epithelial-mesenchymal transition (EMT) in GC cells. Through in vivo and in vitro experiments, it was clarified that knockdown of FNDC1 could inhibit the proliferation, invasion, and migration of GC cells. In addition, it was elucidated that FNDC1 promotes EMT through the Wnt/β-catenin signaling pathway.



Conclusion

FNDC1 may be associated with the invasion of GC and PM after surgery. FNDC1 was highly expressed in GC tissues and cell lines, while significantly associated with poor DFS and OS in GC patients. Both univariate and multivariate analyses suggested that the expression of FNDC1 was an independent factor for GC. Knockdown of FNDC1 also significantly inhibited the proliferation, migration, and activity of GC cells. FNDC1 may promote EMT in GC cells through the regulation of Wnt/β-catenin signaling pathway. FNDC1 has the potential to be used as a predictor of PM and may also be studied in depth as a therapeutic target for GC, which has potential clinical utility and is worthy of further validation.
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Background

Gastric cancer (GC) is a common malignant tumor of the digestive tract, ranking fifth in tumor incidence and third in mortality worldwide (1). Although the prognosis of patients with GC is currently improved by radical surgery combined with postoperative adjuvant therapy, about 50% of patients experience tumor recurrence and metastasis within 2 years after surgery, eventually dying (2). Peritoneal metastasis (PM) is the most common site of metastasis in GC cases, and the "seed-soil" theory reasonably elaborates the process of PM formation (3). In this process, the invasion and metastasis of GC cell (seed) plays an important role. At present, there remains a lack of effective predictors of PM, and the prognosis of patients is very poor due to the limited treatment and efficacy. Therefore, the risk factors for PM require a more comprehensive analysis. In our previous study (4), the molecular characteristics and metastasis markers of Chinese GC patients were analyzed. Specifically, tumor and adjacent normal tissue samples were collected from GC patients after radical resection for whole exome sequencing (WES). The sequencing results were compared with the occurrence of PM and multiple genes potentially related to PM were selected, of which fibronectin type III domain containing 1 (FNDC1, also known as AGS8) had a higher frequency of mutations in PM patients. The results suggested that FNDC1 may be related to GC invasion and PM, however, its specific mechanism of action is still unclear.

The FNDC1 gene, located on human chromosome 6q25.3, is a class of receptor-independent activators of G protein signal transduction that can activate G protein signaling through interactions with Gβγ subunits. Its encoded products can be involved in the construction of protein multimers and are expressed in different tissues such as the thyroid gland, heart, kidney, and the digestive tract. Several studies have found that FNDC1 is closely related to the development of many diseases including various tumors (5–7). Recent studies have reported a correlation between the expression of FNDC1 in GC and clinical characteristics of patients (8–10). However, the exact role of FNDC1 in GC and the potential molecular mechanism has not been fully elucidated, and the effect of FNDC1 on PM remains to be revealed.

On this basis, this study focused on the effect of FNDC1 expression on the invasive ability and PM of GC. We applied biological information analysis, gene transfection, RNA interference, proteomics, and tumor xenograft models to deeply analyze the function and mechanism of FNDC1 in the malignant biological behavior of GC.



Materials and Methods


Bioinformatic Analysis

Bioinformatic analysis was performed using R (version 3.6.1) and the associated Bioconductor package. GSE62254 expression profiling data were acquired from the GEO (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62254) (11). The Cancer Genome Atlas (TCGA) expression profile data were obtained through University of California, Santa Cruz (UCSC) Xena (https://xena.ucsc.edu/) (12). GSE62254 data were normalized using the Affy R package (13), and TCGA data were processed using the edge R package for normalization (11, 14, 15). Differentially expressed genes (DEGs) were identified using the limma R package with correction P < 0.05 and |logFC| > 1 (13, 16). Gene expression profiles were enriched by GSEA with adjustment for multiple testing using the Benjamini-Hochberg procedure (17).



Clinical Specimens

Formalin-fixed tumor tissues and paired adjacent normal tissues (5 cm from tumor edges) from 74 patients (54 males, 20 females; age range 25–71 years) were used for immunohistochemical analysis. All patients received radical surgery for primary GC at the Department of Gastric Surgery, Fujian Medical University Union Hospital from 2015 to 2016. The project was reviewed and approved by the Fujian Medical University Union Hospital Ethics Committee. Informed consent was obtained from all participants included in the study.



Cell Culture, Plasmid Construction, and Infection

Five gastric cell lines (GES1, AGS, HGC27, BGC823, and MGC803) were purchased from the American Tissue Culture Collection (ATCC, Rockville, MD, USA). GES1, HGC27, BGC823, and MGC803 and were cultured in Dulbecco’s modified Eagle’s medium (Gibco, NE, USA), and AGS were cultured in F-12 Medium (Gibco, NE, USA). All cell lines were supplemented with 10% fetal bovine serum (Gibco) and 100 U/L penicillin-streptomycin solution at 37°C in a humidified atmosphere containing 5% CO2. Lentivirus, pGV493-hU6-MCS-CBh-gcGFP-IRES-Puro, pCDH-CMV-FNDC1-EF1-Puro, and pCDH-CMV-β-catenin-EF1-Puro were purchased from BIORN (Nanjing, China). The shRNA-FNDC1 sequence was 5-CCGAAGGGAAGGCGTAGATAA-3, and the lentivirus without the transgene was used as a negative control (NC). For viral particle generation, cloned DNAs and lentiviral packaging Mix (Jikai, Nanjing, China) were transfected into 293T cells using transfection reagent (GeneChem, Shanghai, China) in Opti-MEM media (Gibco; Thermo Fisher Scientific, Inc.). Transfection was performed in HiTransG medium when cells density reached 70–80%, according to the manufacturer’s protocols. After the lentivirus vector was transfected into the AGS, MGC803, and BGC823 cells, stable cell lines were obtained with puromycin treatment. Then the cells were divided into the following groups according to different treatment conditions, AGS control group: AGS cells without treatment; AGS-shRNA-NC group: transfected with GV493-shRNA-NC; AGS-shRNA-FNDC1 group: transfected with GV493-shRNA-FNDC1; MGC803 control group: MGC803 cells without treatment; MGC803-shRNA-NC group: transfected with GV493-shRNA-NC; MGC803-shRNA-FNDC1 group: transfected with GV493-shRNA-FNDC1; MGC803-shFNDC1 + β-catenin NC group : transfected with pCDH-CMV-EF1-Puro; MGC803-shFNDC1 + β-catenin group : transfected with pCDH-CMV-β-catenin-EF1-Puro; BGC823 control group: BGC823 cells without treatment; BGC823-FNDC1-NC group: transfected with pCDH-CMV-EF1-Puro; BGC823-FNDC1 group: transfected with pCDH-CMV-FNDC1-EF1-Puro; GES1 control group: GSE1 cells without treatment.



Immunohistochemistry

Tissues were fixed in formalin, embedded in paraffin, and sectioned before being mounted on slides which were then subjected to de-paraffinizing and rehydrating. Tissue antigen retrieval was performed using EDTA high-temperature water boiling at pH 9.0. Endogenous peroxidase activity was blocked by adding 50 μl of 3% hydrogen peroxide to each section. Fifty μl of non-immune goat serum was added to each section, followed by 50 μl of FNDC1 antibody (Bioss, Beijing, China) for 60 min at room temperature. Sections were rinsed three times with PBS and 50 μl of MaxVisionTM (KIT-5005 MaxVisionTM HRP-Polymer anti-rabbit IHC Kit) reagent was added. An appropriate amount of diaminobenzidine (DAB) color solution was added to the slide to cover the tissue completely. The intensity of staining was divided into four scales: 0 (negative, −), 1 (weak, +), 2 (moderate, ++), and 3 (strong, +++). In addition, the proportion of staining was graded as follows: 0 (<5%); 1 (5–25%); 2 (26–50%); 3 (51–75%); and 4 (>75%). The staining score was calculated by multiplying staining intensity with cell percentage. A staining score below 5 indicated low FNDC1 expression while a score above 5 was considered high FNDC1 expression.



Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from cells with Trizol (Takara, Japan) and reverse transcribed with IScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer's protocol. The PCR primer sequences were as follow: FNDC1-forward: 5’-CAACATTGCCTATG

GGAAGTCA-3’, FNDC1-reverse: 5’-CTCGATCCATTCACCTCCAG-3’; β-catenin-forward: 5’-GAAGGTCTGAGGAGCAGCTT-3’, β-catenin-reverse :5’-GCCATTGTCCACGCTGGATT

-3’; GAPDH-forward: 5’-CCCAACGATGCGGATATGGA-3’, GAPDH -reverse: 5’-TTCCCGTT

CTCAGCCTTGAC -3’. β-actin-forward: 5’-CTTCGCGGGCGACGAT-3’, β-actin- reverse : 5’- CCACATAGGAATCCTTCTGACC -3’. GAPDH and β-actin was regarded as an internal control. PCR was performed with SsoFast EvaGreen SuperMix (Bio-Rad, Hercules, CA, USA) and the fluorescence was measured using the Light Cycler 480 RT-PCR System (Roche Applied Science) by following the manufacturer’s instructions. The relative amount of each cDNA was determined by 2−ΔΔCt method and at least three independent biological replicates were included for each reaction.



Western Blot

Total proteins were extracted from cells infected or uninfected by lentivirus, and their concentrations were measured by BCA protein assay kit (Beyotime Biotechnology, Shanghai, China). Next, cell lysates were loaded on SDS-PAGE for separation and transferred onto the PVDF membrane (Millipore, Schwalbach, Germany). After incubation with relevant primary antibodies at 4°C overnight, the membrane was incubated with species-matched secondary antibodies. The antibodies used included the following: Anti-FNDC1 (1:2,000, HPA030963, Lot:#027M4006V, Sigma), Anti-GAPDH (1:5,000, ab181602, Lot:#GR43631-4, Abcam), Anti-E-cadherin antibody (1:1,000 CST, Boston, USA), Anti-vimentin antibody (1:1,000 CST, Boston, USA), Anti-Krt12 antibody (1:5,000 Abcam, Cambridge, UK), Anti-survivin antibody (1:5,000 Abcam, Cambridge, UK), Anti-Snail antibody (1:500 Abcam, Cambridge, UK), Anti-Slug antibody (1:500 Abcam, Cambridge, UK), and Anti-β-catenin antibody (1:10,000 Abcam, Cambridge, UK). The immune-reactive protein bands were visualized by ECL kit (Thermo Fisher Scientific, Pittsburgh, PA, USA).



Cell Proliferation and Colony Formation

The cells in logarithmic growth phase were collected, seeded in 96-well plates at 4,000/well and cultured. After 12 h, the cell attachment time was set as 0 h. Five parallel samples were made at each time point, and 10 μl of Cell Counting Kit-8 (CCK-8, Beyotime Biotechnology, Shanghai, China) solution was added to each well at the specified times: at 0, 24, 48, and 72 h, respectively. The absorbance at 450 nm was measured with a microplate reader, and the absorbance obtained at each time was compared with the absorbance value at 0 h to draw a cell proliferation curve. For colony formation assay, 500 cells/well were inoculated into six-well plates and cultured for 7 days. An addition of 5 ml of 4% paraformaldehyde was made to fix the cells for 15 min, after which the fixative was discarded and the appropriate amount of GIMSA was added for staining for 30min. The GIMSA staining solution was then slowly washed off with running water and fixed cells were dried in an oven. The number of clones with greater than 10 cells was counted with a microscope.



Cell Cycle Detection by Flow Cytometry

Cell cycle detection kit (BD biosciences, NY, USA) was used for detection. The transferred cells were collected after 48 h and centrifuged at 1,000 r/min for 5 min at 4°C. Cells were resuspended in 125 μl trypsin buffer and the reaction was carried out at room temperature for 10 min. Subsequently, 100 μl trypsin inhibitor and RNase buffer solution were added and incubated at room temperature for 10 min. Finally, 100 μl PI solution was added and incubated on ice in the dark for 10 min. Cell cycle distribution was analyzed by flow cytometry within 1 h of the final reaction.



Cell Migration and Invasion Assay

Cell migration and invasion ability were analyzed using a 24-well transwell chamber with 8 um polycarbonate membranes (Millipore, Washington, DC, USA). For the cell invasion assay, the chamber above the membrane was coated with Matrigel (40 μl/well) (Sigma-Aldrich) and then air-dried for 2–4 h at 37°C. Serum-free medium was used to adjust the cell density to 2.5 × 105 cells/ml, and 100 μl of individual cells was added to the upper chamber along the wall, and the lower chamber was filled with 12% FBS (AGS: F12K medium, MGC803 and GES1: DMEM medium). After incubating for 24 h, cells that passed through the membranes were fixed with paraformaldehyde and dyed with Crystal Violet (Aladdin Biochemistry, Shanghai, China). The cells on the surface of the upper chamber were removed with a cotton swab. The cells in the lower chambers were counted in five random fields. Each condition was repeated in triplicate.



EDU Cell Proliferation Assay

Cells in the logarithmic growth phase before or after transfection were seeded at 4 × 104 cells per well in 96-well plates and cultured for 24 h. An addition of 100 μl of diluted Edu medium (1,000:1, Ribo Life Science, Suzhou, China) was made to each well and incubated for 2 h. After adding 50 μl of 2 mg/ml glycine, 100 μl of 1 × Apollo staining reaction solution was added to each well, protected from light, and incubated at room temperature on a de-staining shaker for 30 min. An additional 100 μl of penetrant was used to decolorize and wash three times, 10 min each time. An appropriate amount of 1 × Hoechst 33342 reaction solution was prepared, and 100 μl was added to each well and incubated on a shaker at room temperature for 30 min in the dark. Each well was washed three times with 100 μl PBS and immediately examined by confocal laser scanning microscopy (LSM800 confocal laser scanning microscope, Carl Zeiss AG, Germany).



Co-Immunoprecipitation Assay

RIPA lysis buffer was added to the cells and centrifuged at 14,000 g for 15 min. Protein A/G-agarose spheres were prepared into 50% protein A/G-agarose working solution with PBS. A ratio of 100 μl was added to the sample per 1 ml, and 50% Protein A/G agarose working solution was added and centrifuged at 14,000 g for 15 min at 4°C. The concentration of total protein was determined using the BCA method, and the total protein was diluted to 3 μg/μl with PBS. Then, 5 μl of antibody (β-catenin 1:50) was added (IgG antibody was added to the control group) to make a final volume of 500 μl and 100 μl of protein A/G-agarose microspheres were added to capture the antigen-antibody complex, centrifuged at 14,000 g for 5 s, after which the protein A/G-agarose microsphere-antigen-antibody complex was collected. The sample was resuspended in an appropriate volume of loading buffer and the sample was boiled for 5 min to denature the pellet. The sample was detected by WB method using the antibody (β-catenin 1:5,000, ubiquitin 1:2,000).



Xenograft Tumor Formation Study

All animal work involving Xenograft Tumor Formation was approved by the Fujian Medical University Animal Care & Use Committee, Fujian, China. A total of 18 BALB/c (nu/nu) mice (body weight 16–18 g, male) were obtained from the Animal Model Center of Nanjing University and housed in a SPF grade environment [animal certificate number: SCXK (Su) 2015-0001]. Adaptive feeding was allowed for 7 days before inoculation. Cells were retrieved in logarithmic growth phase, prepared at a concentration of 5 × 107 cell/ml and inoculated at 0.2 ml/mouse in the right armpit to establish a xenograft model. The diameter of the transplanted tumor was measured with a vernier caliper and randomized after the tumor size reached 100 mm3. Tumor diameter and mouse body weight were measured every 3 days. After 6 weeks, all mice were sacrificed by carbon dioxide method. Tumors were enucleated, weighed, and measured by volume. The calculation formula for tumor volume (TV) = 1/2 × a × b2, where a and b indicate the length and width, respectively.



Statistical Analysis

Bioinformatic analysis was performed using the R package and Cytoscape. A survival curve was plotted by the Kaplan-Meier method and a log-rank test was used to compare the survival curves. Chi-squared tests or Fisher’s exact test was applied to the quantitative data, the t-test was used to compare mean values between the two groups, and one-way analysis of variance was used to compare the mean values between multiple groups. Univariate and multivariate analysis were plotted by a Cox proportional hazards model. All statistical analyses were carried out with SPSS 22.0 software (IBM, Chicago, USA) and GraphPad Prism 7 software (GraphPad, Inc., La Jolla, CA, USA). All experiments were triplicated and data are indicated as mean ± standard (SD) deviation. A P-value <0.05 was considered significant.




Results


Bioinformatics Analysis


DEGs in PM of GC

We used three criteria (Figure 1A) to screen the TCGA and ACRG databases for genes associated with PM of GC: a. DEGs between PM patients and non-PM patients in the ACRG dataset; b. overexpressed genes associated with poor prognosis in GC patients in ACRG and TCGA datasets; c. DEGs between GC tissues and adjacent normal tissues in the TCGA data set. Through conditional screening, we found that a total of 13 genes met the criteria (Table 1), which were considered to be related to PM of GC. In our previous study (4), FNDC1 was found to have a higher frequency of mutations in patients with PM of GC by whole-exome sequencing (WES) of postoperative tumors and adjacent normal tissues, however the specific mechanism of action is unknown. Therefore, we aimed to further explore its specific role and mechanism.




Figure 1 | Results of Bioinformatics Analysis: (A) Three criteria for screening PM-related genes; (B) FNDC1 mRNA level of tumor versus normal tissue from GEPIA database; (C) FNDC1 mRNA level of PM versus non-PM tissue from TCGA database; (D) Relationship between FNDC1 mRNA level and OS of patients with GC based on GEO database; (E) Relationship between FNDC1 mRNA level and OS of patients with GC based on TCGA database.




Table 1 | DEGs screening for PM of GC.





FNDC1 Is Up-Regulated in GC and PM Tissues and Correlates With Prognosis

We found that FNDC1 expression was significantly increased in GC tissues (T) compared with adjacent normal tissues (N) (P < 0.05). There was also a significant difference in FNDC1 expression between PM patients and non-PM patients (P = 0.011) (Figures 1B, C). To further compare the correlation between FNDC1 expression and prognosis, we stratified patients into groups with high FNDC1 expression and low FNDC1 expression, using KM-Plot survival analysis and log-rank test to compare survival differences. The results of both GEO dataset and TCGA dataset showed that the expression of FNDC1 in GC patients was significantly correlated with survival prognosis (P < 0.05) (Figures 1D, E).



The Expression of FNDC1 Is Correlated With Epithelial-Mesenchymal Transition

To investigate the signaling pathways regulated by FNDC1 expression, we performed GSEA analysis using TCGA and ACRG datasets (Supplemental Figures 1A, B), which showed that high expression of FNDC1 positively correlated with EMT in GC.




High Expression of FNDC1 in GC Tissues

To characterize the expression of FNDC1 in the GC, IHC was performed on 74 primary GC tumor tissues and paired adjacent normal tissues. As shown in Figure 2A, FNDC1 expression was higher in tumor tissues than that in adjacent normal tissues. Next, we scored the results of IHC among these specimens (Table 2). A significant high expression of FNDC1 was observed in 66.2% (49/74) of the GC tissues, compared with the adjacent normal tissues (21.6%, 16/74), and this difference was statistically significant (P < 0.001) (Figure 2B).




Figure 2 | FNDC1 was overexpressed in GC tissues and associated with prognosis. (A) Immunohistochemistry (IHC) revealed FNDC1 expression in GC tissues (n = 74) and adjacent non-tumor tissues (n = 74). (B) FNDC1 staining score in GC tissues (Cancer) and adjacent normal tissues (Normal) by IHC analysis. (C) Disease-free survival (DFS) analysis of GC patients with high or low expression of FNDC1. (D) Overall survival (OS) analysis of GC patients with high or low expression of FNDC1.




Table 2 | IHC staining score of FNDC1 in GC and adjacent normal tissues (mean ± SD).





Relationship Between FNDC1 Expression and Clinicopathological Characteristics

The clinicopathological characteristics with respect to FNDC1 expression from Fujian Medical University Union Hospital are summarized in Table 3. It was found that the expression of FNDC1 was significantly correlated with tumor size (P = 0.007), T classification (P = 0.038), N classification (P = 0.007), TNM stage (P = 0.011), and postoperative recurrence (P = 0.006). However, there were no differences in age, gender, tumor location, differentiation, vascular invasion, nerve metastasis, and Her-2 phenotype between the groups (P > 0.05).


Table 3 | Correlation of clinicopathological features of FNDC1 in 74 patients.





Association Between FNDC1 and Prognosis

To further investigate the association between FNDC1 expression and disease-free survival (DFS) and overall survival (OS), we performed Kaplan-Meier survival analysis and log-rank test in all 74 patients. The results showed that the higher of FNDC1 expression was associated with poorer DFS (P = 0.002) and OS (P = 0.005) (Figures 2C, D).

Subsequently, we performed univariate and multivariate analyses for factors affecting overall survival (Table 4). Univariate analysis indicated that the tumor size (P < 0.001), differentiation (P = 0.04), depth of invasion (P < 0.001), lymph node metastasis (P = 0.004), TNM stage (P = 0.001), postoperative recurrence (P = 0.009), and FNDC1 expression (P = 0.005) were significantly correlated with poor OS. Furthermore, multivariate analysis showed that both depth of invasion and FNDC1 expression were independent poor prognostic marker for GC.


Table 4 | Univariate and multivariate analysis of the association of prognosis with clinicopathologic parameters and expression of FNDC1 in GC.





The mRNA Transcription and Protein Overexpression of FNDC1 In Vitro

qRT-PCR was used to detect the differences in mRNA transcription of FNDC1 between GC cell lines (AGS, MGC803, BGC823, HGC27) and normal gastric epithelial cell lines (GES1). The results showed that the mRNA transcription of FNDC1 was significantly increased in GC cell lines compared with GES1, with MGC803 and AGS being the most significant (P < 0.01, Figure 3A). Subsequently, we examined the differences in FNDC1 protein expression between GC cell lines (MGC803, AGS) and GES1 by WB. The results showed that the protein expression of FNDC1 in GC cell lines (MGC803, AGS) was significantly increased compared with GES1(P < 0.01, Figures 3B, C). Thus, we demonstrated that the mRNA transcription and protein expression of FNDC1 were significantly increased in GC cells compared with GES1 by in vitro assays.




Figure 3 | The expression of FNDC1 in GES1, AGS, HGC27, BGC823, and MGC803. The mRNA levels in different cells were measured by qRT-PCR (A), and the expression of FDNC1 in different cells were detected by WB (B, C). The results were presented as mean ± SD (n = 3). **p < 0.01 vs GES1.





Construction of Lentivirus-Transfected GC Cells

To explore the role of FNDC1 expression in GC, we selected AGS, MGC803 and BGC823 cells as cell models. The prepared lentiviruses were used to infect AGS, MGC803, and BGC823, which were subsequently further validated by WB and qPCR (Supplemental Figures 2–4).



FNDC1 Promotes the Proliferation, Invasion, and Migration of GC Cells

In order to understand the role of FNDC1 expression in the invasion and metastasis of GC, we transfected lentivirus into AGS and MGC803 cells for FNDC1 knockdown and followed by a series of in vitro assays such as CCK8, cell cycle assay, colony formation assay, invasion assay, scratch assay, and Edu staining assay.

Cell proliferation curves were measured using CCK8, and the results showed that the rate of cell proliferation was significantly increased in the AGS group compared with the GSE1 group; the rate of cell proliferation was significantly decreased in the AGS-shRNA-FNDC1 group compared with the AGS-shRNA-NC group (Supplemental Figure 5A). Similarly, the rate of cell proliferation was significantly increased in the MGC803 group compared with the GSE1 group; the rate of cell proliferation was significantly decreased in the MGC803-shRNA-FNDC1 group compared with the MGC803-shRNA-NC group (Supplemental Figure 5B).

Cell cycle was examined by flow cytometry, and the results showed that the G2 phase of cells in the AGS-shRNA-FNDC group was significantly increased compared with the AGS-shRNA-NC group (Supplemental Figures 6A, B). Similarly, the G2 phase of cells in the MGC803-shRNA-FNDC group was significantly increased compared with the MGC803-shRNA-NC group (Supplemental Figures 6A, C).

By colony formation assay, the results showed that the number of colony formation was significantly increased in the AGS group compared with the GES1 group, while AGS-shRNA-FNDC1 was significantly decreased compared with the AGS-shRNA-NC group (Supplemental Figures 7A, B). In addition, the number of colonies was significantly increased in the MGC803 group compared with the GES1 group, and after MGC803-shRNA-FNDC1 transfection, it was significantly decreased compared with the MGC803-shRNA-NC group (Supplemental Figures 7A, C).

Through cell invasion assay, we found that the cell invasion ability of AGS group was significantly increased compared with GES1 group, and after AGS-shRNA-FNDC1 transfection, it was significantly attenuated compared with AGS-shRNA-NC group (Supplemental Figures 8A, B). Similarly, cell invasion was significantly increased in the MGC803 group compared with the GES1 group, while invasion was significantly attenuated in the transfected MGC803-shRNA-FNDC1 compared with the MGC803-shRNA-NC group (Supplemental Figures 8A, C).

We used scratch assay to demonstrate the effect of cell FNDC1 on cell migration, and the results showed that the cell migration ability of the AGS and MGC803 groups was significantly increased compared with the GES1 group, while the transfected AGS-shRNA-FNDC1 and MGC803-shRNA-FNDC1 groups were significantly decreased compared with the AGS-shRNA-NC and MGC803-shRNA-NC groups, respectively (Supplemental Figures 9A–C).

In addition, we also performed Edu staining assay, and the results showed that the cell proliferation ability of AGS and MGC803 groups was significantly increased compared with GES1 group. Moreover, the cell proliferation ability of transfected AGS-shRNA-FNDC1 and MGC803-shRNA-FNDC1 was significantly decreased compared with AGS-shRNA-NC group and MGC803-shRNA-NC group, respectively (Supplemental Figures 10A–C).

Through the above experiments, we demonstrated that the proliferation, migration, and proliferative activity of GC cells could be significantly inhibited by knockdown FNDC1.



FNDC1 Regulates the Tumorigenesis of GC Cells

By knockdown FNDC1, we investigated the effect of MGC803-shRNA-FNDC1 on proliferation or inhibition of xenograft tumors in nude mice. The results are as follows: a. there was no significant difference between the body weights of mice in each group; b. there was no significant difference in the MGC803-shRNA-NC group compared with the MGC803 group; c. tumor volume and mass were significantly decreased in the MGC803-shRNA-FNDC1 group compared with the MGC803-shRNA-NC group (Figures 4A–D). Through in vivo experiments, we demonstrated that knockdown FNDC1 could significantly inhibit the proliferative activity of GC cells in xenograft tumors.




Figure 4 | Images show tumor growth (A). Influence of FNDC1 on changes of body weight (B) and antitumor effects (C) of MGC803 xenograft-bearing nude mice. Weights (D) of tumors resected from each group of sacrificed mice on the last day. The results were presented as mean ± SD (n = 6). **p < 0.01, vs. MGC803- shRNA –NC.





FNDC1 Affects the EMT Process of GC

We investigated the effects of FNDC1 on the EMT process in GC by examining the changes in the levels of EMT pathway-related proteins such as: E-cadherin, Krt12, vimentin, survivin, Snail, Slug, total β-catenin, and β-catenin in the nucleus. The results showed that E-cadherin and Krt12 protein levels were significantly increased, while vimentin, survivin, Snail, and Slug protein levels were significantly decreased in MGC803-shRNA-FNDC1 group compared with MGC803-shRNA-NC group (Figures 5A–G), and total β-catenin and nuclear β-catenin protein levels were also significantly decreased (Figures 6A–C). Moreover, we also detected the changes of EMT signaling pathway in xenograft tumors by WB and obtained the similar results (Supplemental Figures 11A–G). In contrast, after overexpression of FNDC1, E-cadherin and Krt12 protein levels were significantly decreased, and vimentin, survivin, Snail, and Slug protein levels were significantly increased in the BGC823-FNDC1 group compared with the BGC823-FNDC1-NC group (Figures 7A–G).




Figure 5 | FNDC1 knockdown in MG803 cells weakened EMT. After transfected shRNA-FNDC1, the E-cadherin, Krt12, vimentin, survivin, Snail, and Slug expressions in MG803 cells were detected by WB assay, representative bands were shown in (A). The levels of E-cadherin (B), Krt12 (C), vimentin (D), survivin (E), Snail (F), and Slug (G) were normalized to MGC803. The results were presented as mean ± SD (n = 3). **p < 0.01, vs. MGC803-shRNA-NC group.






Figure 6 | Effect of knockdown FNDC1 on the β-catenin in MGC803 cells. After transfected shRNA-FNDC1, the level of β-catenin expression was detected by WB assay, and representative bands were shown in (A). The level of total β-catenin (B) and nucleus level of β-catenin (C) were normalized toMGC803. The results were presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, vs. MGC803-shRNA-NC group.






Figure 7 | FNDC1 overexpression in BGC823 cells promoted EMT. After transfected, the E-cadherin, Krt12, vimentin, survivin, Snail, and Slug expressions in BGC823 cells were detected by WB assay, representative bands were shown in (A). The levels of E-cadherin (B), Krt12 (C), vimentin (D), survivin (E), Snail (F), and Slug (G) were normalized to BGC823. The results were presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01, vs. BGC823-FNDC1-NC group.



In addition, we further added MG132 during cell culture in each experimental group and performed co-IP experiments. The results showed that β-catenin ubiquitination levels were significantly increased after transfection with shRNA-FNDC1 compared with the MGC803-shRNA-NC group (Figures 8A, B). To further validate the results, we overexpressed β-catenin in MGC803-shRNA-FNDC1 cells and carried out relevant rescue experiments. We found that after MGC803-shRNA-FNDC1 transfection, the number of colony formation was significantly decreased compared with the MGC803-shRNA-NC group, while overexpression of β-catenin could reverse the trend (Supplemental Figures 12A, B). Moreover, by scratch assay, we demonstrated that after MGC803-shRNA-FNDC1 transfection, cell migration was significantly reduced compared with the MGC803-shRNA-NC group, while overexpression of β-catenin could reverse the trend (Supplemental Figures 13A, B).




Figure 8 | The ubiquitin level of β-catenin in MGC803 cells. The ubiquitin level of β-catenin  was measured with co-IP (A). Ubiquitin level of β-catenin was normalized to MGC803 (B). The results were presented as mean ± SD (n = 3). **p < 0.01, vs. MGC803-shRNA-NC group.



Through the above experiments, it is indicated that FNDC1 may be involved in the regulation of Wnt/β-catenin signaling pathway.




Discussion

Although great advances in current treatments have improved the prognosis of GC patients, about 50% of patients still experience tumor recurrence and metastasis within 2 years after surgery and eventually die (2). PM is the most common site of metastasis in GC, but the prognosis of patients is very poor due to the limited treatment and efficacy. However, there is still a lack of effective predictors for PM. Therefore, the active search for effective molecular markers, and elucidation of the underlying molecular mechanisms deserve our continuous research, so as to provide a basis for clinical diagnosis and treatment. In recent years, the role of extracellular matrix macromolecules (ECM) in tumor invasion and metastasis has received increasing attention (18, 19). Nevertheless, as one of the main members of ECM, there are still few reports on the role and function of FNDC1 in GC.

The FNDC1 gene is closely related to many diseases. Wuensch (20) found that FNDC1 was associated with pathological changes in inflammatory bowel disease. Van (21) performed a WES study and found that FNDC1 plays an important role in the development of acute otitis media in children. FNDC1 can also participate in hypoxia-induced cardiomyocyte apoptosis by regulating G protein signaling (22). FNDC1 is also associated with vascular endothelial growth factor (VEGF)–mediated cellular events, including angiogenesis, migration, and proliferation (23). In addition, there are multiple articles reporting the role of FNDC1 in tumors. Anderegg (5) demonstrated that the expression of FNDC1 was upregulated with skin tumor progression and increased tumor thickness. Bell (6) found that FNDC1 promotes apoptosis in human sialoid cystic carcinoma by hypermethylation. Some scholars have found that the up-regulation of microRNA-1207-3p can significantly inhibit the migration and proliferation of tumors in the study of prostate cancer, further verifying that it can induce tumor cell apoptosis by regulating the downstream target gene FNDC1 (7). Recent studies have also reported a correlation between the expression of FNDC1 in GC and clinical characteristics of patients, reporting that the overexpression of FNDC1 is associated with poor prognosis of patients (8–10). In our previous study (4), molecular markers of PM were analyzed by WES and FNDC1 was found to have a higher frequency of mutations in PM patients, suggesting that FNDC1 may be associated with GC invasion and PM. Therefore, we comprehensively analyzed the effects of FNDC1 expression on GC invasion and PM using biological information analysis, gene transfection, RNA interference, proteomics, and tumor xenograft models herein.

Firstly, the correlation between FNDC1, PM, and prognosis of GC was clarified by bioinformatics and clinicopathological analysis. We found that FNDC1 was highly expressed in GC and was associated with PM and poor prognosis. In addition, we also found that FNDC1 was also associated with EMT in GC cells. Next, the effect of FNDC1 expression on the invasion and metastasis ability of GC was investigated in vivo and in vitro. And it was clarified that knockdown of FNDC1 could inhibit the proliferation, invasion, and migration of GC cells. Finally, the signaling pathways involved in the regulation of FNDC1 were explored. Through a series of proteomics experiments, it was elucidated that FNDC1 promotes EMT through the Wnt/β-catenin signaling pathway.

Shedding of tumor cells from the primary site is the first step of tumor invasion and metastasis, which is associated with reduced cell adhesion, and EMT is an important cause of reduced tumor cell adhesion (24, 25). Triggering of EMT mechanisms is often accompanied by changes in cell morphology as well as molecular markers in tumor cells. EMT is also able to cause some ECM and basement membrane degradation, which effectively disrupts the formation of histological barriers that block tumor cell invasion. Thus, the tumor cells are detached from the primary site in an intact structure and invade and metastasize to surrounding or distant normal tissues. The process of EMT mechanism in tumor cells is highly correlated with numerous signal transduction pathways as well as multiple regulators. Among them, Wnt/β-catenin signaling pathway plays an important role in EMT of GC cells (26). Wnt/β-catenin signaling pathway is one of the most important signaling pathways leading to the development and progression of GC. For the digestive system, Wnt/β-catenin signaling pathway not only regulates cell proliferation and differentiation, but also regulates the biological activity of stem cells. The Wnt/β-catenin pathway is conducted as follows: ligand proteins bind to frizzled (FDZ) and LRP5/6 proteins to form trimers, causing diminished stability of complexes composed of Axin, GSK-3β, and APC in the cytoplasm, which leads to reduced ubiquitination of β-catenin. In this way, β-catenin protein continuously accumulates and translocates into the nucleus to further activate downstream target genes (27). Central to the activation of the Wnt/β-catenin signaling pathway is the accumulation of β-catenin in the cytoplasm followed by nuclear transfer, while changes in any component of the pathway can lead to abnormal signal transduction. In our study, the expression of FNDC1 was found to have a certain impact on several key proteins for EMT development and Wnt/β-catenin signaling pathway.

Mechanistically, FNDC1 is not a typical intracellular expression protein, which is mainly expressed in the nucleus and extracellular matrix, in other words, FNDC1 is also a secreted protein. We combed all relevant literature on FNDC1 and found that there is currently a paucity of literature on FNDC1. Existing studies have mainly analyzed FNDC1 as a protein of the extracellular matrix and rarely investigated its role within the nucleus. We obtained important information from various literatures: FNDC1 can bind to the Gβγ subunit in G proteins (22, 23), which can potentially regulate the sustained activation and shutdown of the Wnt/β-catenin signaling pathway (28). As shown in Supplemental Figure 14 (29), when Wnt family ligands bind to FDZ and LRP5/6 complexes, they recruit intracellular Dvl and Axin. Recruitment of Dvl and Axin prevents Axin from forming the Axin-GSK3β complex, which continuously mediates ubiquitination of β-catenin in the unactivated state of the Wnt/β-catenin signaling pathway, resulting in its degradation by proteases. Ultimately, this action hinders β-catenin as a core transcription factor-mediated downstream gene activation. Axin is alternatively recruited to form a complex with LRP5/6 and Gβγ, at which point Axin is labeled by ubiquitination and degraded. Subsequently Gβγ can then bind to Dvl and induce Dvl ubiquitination, leading to its degradation and ultimately the blockage and inactivation of the Wnt/β-catenin signaling pathway. Gβγ plays an important role in the normal dynamic process of receptor activation and inactivation. Specifically, recruitment of the initiating Dvl and Axin leads to activation of Wnt/β-catenin, followed by Gβγ mediated degradation of Dvl, resulting in reclosure of the Wnt/β-catenin signaling pathway. Therefore, we speculated that FNDC1 could bind to Gβγ on the cell membrane and form a complex with LRP5/6 and Gβγ, hindering Gβγ-mediated inactivation of Wnt/β-catenin signaling pathway by inhibiting the binding of Gβγ to Dvl. In our subsequent experiments, the specific regulatory mechanism of FNDC1 in the Wnt/β-catenin signaling pathway will be intensively studied.



Conclusion

In summary, the results of our study suggest that FNDC1 promotes the invasiveness of GC via Wnt/β-catenin signaling pathway and correlates with PM and prognosis. FNDC1 was highly expressed in GC tissues and cell lines, while its high expression was also significantly associated with poor DFS and OS. Both univariate and multivariate analyses suggested that the expression of FNDC1 was an independent factor for GC. Knockdown of FNDC1 significantly inhibited the proliferation, migration, and activity of GC cells. FNDC1 may promote EMT in GC cells through the regulation of Wnt/β-catenin signaling pathway, and it is of great potential significance to further explore its specific regulatory mechanism, which we expect to explore subsequently. FNDC1 has the potential to be used as a predictor of PM and can also be studied in depth as a therapeutic target for GC, which has potential clinical utility and is worthy of further validation.
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Supplementary Figure 1 | Analysis of the TCGA (A) and ACRG (B) datasets using GSEA showed a positive correlation between the expression of FNDC1 and EMT.

Supplementary Figure 2 | Knockdown of FNDC1expression in GC cells. WB analysis showed the efficiency of FNDC1 knockdown in AGS (A) and MGC803 (B) cells. The levels of FNDC1 were indicated as folds of control (C, D). The results were presented as mean ± SD (n = 3). **p < 0.01, vs. control group.

Supplementary Figure 3 | Effect of the mRNA expressions of FNDC1 in BGC823 cell. The mRNA levels of FNDC1 was detected by qRT-PCR. The mRNA levels of FNDC1 were normalized to BGC823. The results were presented as mean ± SD (n = 3). **p < 0.01, vs. BGC823-FNDC1-NC group.

Supplementary Figure 4 | Effect of the mRNA expressions of β-catenin in MGC803 cell. The mRNA levels of β-catenin were detected by qRT-PCR. The mRNA levels of β-catenin were normalized to MGC803. The results were presented as mean ± SD (n = 3). **p < 0.01 vs. MGC803-shRNA-FNDC1+β-catenin NC.

Supplementary Figure 5 | FNDC1 shRNA weakened cell viability in AGS (A) or MGC803 (B). Cells viability were measured with CCK-8 assay after 24, 48, and 72 h incubation. The results were presented as mean ± SD (n = 5). **p < 0.01 vs. GES1 group. ##p < 0.01 vs. AGS-shRNA-NC group or MGC803-shRNA-NC group.

Supplementary Figure 6 | FNDC1 shRNA inhibited growth of GC cells by inducing G2-M arrest. Flow cytometry with propidium iodide staining for AGS (A, B), MGC803 (A, C), or GES1 after 48 h. **p < 0.01 vs. GES1 group. ##p < 0.01 vs. AGS shRNA-NC group or MGC803-shRNA-NC group.

Supplementary Figure 7 | Knockdown of FNDC1 inhibit colony formation of GC. Colony formation assay showed that knockdown of FNDC1 inhibited cell invasion of AGS and MGC803 (A). Graphical representation of the number of invasive AGS (B) and MGC803 (C) cells per microscopic field. Data were shown as the mean ± SD from three independent experiments. **p < 0.01 vs. GES1 group. ##p < 0.01 vs. AGS-shRNA-NC group or MGC803-shRNA-NC group.

Supplementary Figure 8 | Knockdown of FNDC1 inhibited the invasion of gastric cell in vitro. Transwell invasion assay showed that knockdown of FNDC1 inhibited cell invasion of AGS and MGC803 (A). Graphical representation of the number of invasive AGS (B) and MGC803 (C) cells per microscopic field. Data were shown as the mean ± SD from three independent experiments. **p < 0.01 vs. GES1 group. ##p < 0.01 vs. AGS-shRNA-NC group or MGC803-shRNA-NC group.

Supplementary Figure 9 | Knockdown of FNDC1inhibit wound healing in GC cells. AGS and MGC803 cells were transfected with shRNA-NC or shRNA-FNDC1. Movement of cells into wound was shown for AGS and MGC803 cells at 0 and 72 h (A). The lines indicated the boundary lines of scratch. Cell migration was assessed by recover of the scratch. Graphical representation of the number of invasive AGS (B) and MGC803 (C) cells per microscopic field. Data were shown as the mean ± SD from three independent experiments. **p < 0.01 vs. GES1 group. ##p < 0.01 vs. AGS-shRNA-NC group or MGC803-shRNA-NC group.

Supplementary Figure 10 | Edu assay of gastric cells. The proliferating nuclei were stained red with Edu, the nuclei of all cells were stained blue with Hoechst for 2 h. Three random pictures per group from confocal microscopy were used to count the cell numbers of Edu positive cells and Hoechst positive cells (A). Data were shown as the mean ± SD from three independent experiments (B, C). **p < 0.01 vs. GES1 group. ##p < 0.01 vs. AGS-shRNA-NC group or MGC803-shRNA-NC group.

Supplementary Figure 11 | FNDC1 knockdown in MG803 cells weakened EMT in xenograft tumors. After transfected shRNA-FNDC1, the E-cadherin, Krt12, vimentin, survivin, Snail, and Slug expressions in MG803cells were detected by western blot assay, representative bands were shown in (A). The levels of E-cadherin (B), Krt12 (C), vimentin (D), survivin (E), Snail (F), and Slug (G) were normalized to MGC803. The results were presented as mean ± SD (n = 3). **p < 0.01, vs. MGC803-shRNA-NC group.

Supplementary Figure 12 | Overexpression of β-catenin enhancement colony formation of GC. Transwell invasion assay showed that overexpression of β-catenin enhancement cell invasion of MGC803 (A). Graphical representation of the number of invasive MGC803 (B) cells per microscopic field. Data were shown as the mean ± SD from three independent experiments. **p < 0.01 vs. MGC803-shRNA-NC group, #p < 0.05 vs. MGC803-shRNA-FNDC1+β-catenin NC.

Supplementary Figure 13 | Overexpression of β-catenin enhancement wound healing in GC. Movement of cells into wound was shown for MGC803 cells at 0 and 72 h (A). The lines indicated the boundary lines of scratch. Cell migration was assessed by recover of the scratch. Graphical representation of the number of invasive MGC803 (B) cells per microscopic field. Data were shown as the mean ± SD from three independent experiments. **p < 0.01 vs. MGC803-shRNA-NC group, ##p < 0.01 vs. MGC803-shRNA-FNDC1+β-catenin NC.

Supplementary Figure 14 | Gβγ is involved in regulating the activation and closure of the Wnt/β-catenin signaling pathway.
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Background

The prognostic value of ABO blood types is not well clarified for esophageal carcinoma (EC). This study attempted to elucidate the associations between different ABO blood types and disease-free survival (DFS) and overall survival (OS) of EC.



Methods

This study was a retrospective review of the records of 2179 patients with EC who received surgery from December 2000 to December 2008. The prognostic impact of ABO blood group on DFS and OS were estimated using the Kaplan-Meier method and cox proportional hazard models.



Results

Univariate analyses found significant differences in DFS and OS among the four blood types. Multivariate analyses showed ABO blood type independently predicted DFS (P=0.001) and OS (P=0.002). Furthermore, patients with non-B blood types had a significantly shorter DFS (HR=1.22, 95%CI:1.07–1.38, P=0.002) and OS (HR=1.22, 95%CI:1.07–1.38, P=0.003) than patients with blood type B, and patients with non-O blood types had a significantly better DFS (HR=0.86, 95%CI:0.77–0.96, P=0.006) and OS (HR=0.86, 95%CI:0.77–0.96, P=0.007) than patients with blood type O. Subgroup analyses found that blood type B had a better DFS and OS than non-B in patients who were male, younger, early pathological stages and had squamous-cell carcinomas (ESCC). Blood type O had a worse DFS and OS than non-O in patients who were male, younger, and had ESCC (P<0.05).



Conclusions

The results demonstrate that ABO blood group is an independent prognostic factor of survival, and that type B predicts a favorable prognosis, whereas type O predicts an unfavorable prognosis for survival in patients with EC, especially those with ESCC.





Keywords: esophageal cancer, ABO blood group, survival, prognostic factor, large cohort



Introduction

Esophageal cancer (EC), which is predominantly squamous cell carcinoma, is the fourth leading cause of cancer-related deaths in China (1, 2). Despite decades of improvements in surgical techniques and the incorporation of multiple therapeutic approaches, 5-year overall survival (OS) of EC is still less than 40% (3, 4). Therefore, it is of great important to find new prognostic factors to identify high risk patients.

ABO blood group has recently been established to be an independent prognostic factor of survival in several malignancies (5–9). Moreover, ABO blood group was identified to be associated with the risk of esophageal cancer (9–12). Nevertheless, ABO blood group has not yet been demonstrated to independently predict survival of esophageal cancer in previous studies (13–17). Some studies have found no significant association between ABO blood group and survival (13, 14), whereas others indicate ABO blood group had significantly different survival, but not independently associated with prognosis for all patients (16). What’s worse, there is no general consensus on the prognostic value of each ABO blood type in esophageal cancer (16, 17). A Chinese study by Qin et al. showed that blood type AB was not associated with OS for all patients, but was independently associated with worse OS compared to non-AB in patients with lymph node-negative (16). The other study, only including 181 Japanese patients, reported that patients with blood type B had a significantly better OS than those with non-B. However, blood type B was not an independent prognostic factor after adjusting by covariates (17). Hence, the role of each ABO blood type in predicting prognosis remains uncertain. In addition, ABO genes have been found to be distributed differently among socioeconomic groups (18) and geographic areas (12).

Therefore, we studied a large cohort of southern Chinese patients to clarify the prognostic value of ABO blood group and each ABO blood type for esophageal cancer.



Materials and Methods


Patient Selection

We identified consecutive patients with esophageal cancer who underwent surgical resection at Sun Yat-sen University Cancer Center from December 2000 to December 2008. This database was analyzed in our previous studies (19, 20). We included patients based on the following criteria: histologically confirmed esophageal cancer; cancer of thoracic esophagus or esophagogastric junction; Karnofsky performance score of ≥ 90; received esophagectomy. Patients were excluded from the study based on the following criteria: history of other cancer; prior neoadjuvant therapy; died in the perioperative period; and lack of information on ABO blood type. Esophagectomy was performed with standard or extended dissection of the thoracic and abdominal lymph nodes (21). Pathologic stage was retrospectively determined according to the 7th edition of the American Joint Committee on Cancer staging system. All the patients provided written informed consent for their information to be stored and used in the hospital database. The study was approved by independent ethics committees at Sun Yat-sen University Cancer Center.



Clinicopathological Factors

Clinicopathological factors associated with survival were collected from the patients’ medical records. The factors included ABO blood group, age, gender, smoking, alcohol consumption, histopathology, surgical procedure, radicality of surgery, postoperative adjuvant therapy, preoperative comorbidity (e.g., cardiovascular diseases and diabetes), differentiation, tumor location, pathological (p) T stage, pathological (p) N stage, level of pretreatment serum carcinoembryonic antigen (CEA), and squamous cell carcinoma antigen (SCCA).

As the definitions in our previous study, patients who had smoked more than 100 cigarettes in their lifetime are defined as smokers, those who had the habit and stopped the habit more than 1 year before the time of admission in hospital are defined as former smokers (22). We calculated alcohol drinks in the way described previously (23). Patients were routinely requested to report their lifetime history of drinking, including status, frequency, average consumption amount, and type of alcohol, at the time of admission. The same as described in previous study (24), former drinkers were defined as those who had the habit and stopped the habit more than 1 year before the time of admission in hospital; current drinkers were defined as those who had the habit at the time of admission in hospital or stopped the habit within 1 year before the time of admission in hospital.

Postoperative adjuvant therapy is usually recommended for patients with LNs metastasis. Treatment options were selected based on the tumor stage, doctor’s opinion, patient’s performance status, and patient’s desire. Generally, adjuvant therapy was started at 4–8 week after operation. In this study, 37 patients received postoperative chemoradiotherapy, 92 patients received postoperative radiotherapy and 243 patients received adjuvant chemotherapy.

Pretreatment serum CEA and SCCA were measured as a standard procedure in all patients on the day of admission.



Follow-Up

All patients received standardized follow-up at 3-month intervals for the first 2 years after surgery, at 6-month intervals during the 3rd year, and annually thereafter. Follow-up time was calculated from the date of surgery to the event or the date of last contact, with follow-up continuing until June 2013. The median follow-up time was 32.1 months. The primary endpoint was OS, which was calculated from the time of surgery to the time of death from any cause. The second endpoint was disease free survival (DFS). DFS was calculated from the time of surgery to the first recurrence of index cancer or to all-cause death.



Statistical Analysis

The association between ABO blood group and clinicopathologic parameters was analyzed with the chi-square test or Fisher’s exact test. Survival curves were calculated by the Kaplan–Meier method and compared by log-rank tests. Multivariate analysis was performed using Cox’s proportional hazards regression model with a forward stepwise procedure (the entry and removal probabilities were 0.05 and 0.10, respectively). We tested the proportional hazards assumption by the Shoenfeld residuals test to determine if the test was not statistically significant for each of the covariates, as well as the global test. Therefore, we could assume proportional hazards. A difference was considered significant if P < 0.05 (two-tailed). All statistical analyses were performed with SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, USA).




Results


Patient Characteristics

A total of 2179 consecutive patients with EC were included in the study. We excluded 231 patients, among them 88 patients with history of other cancers, 106 patients received neoadjuvant therapy, 4 patients died in the perioperative period and 33 patients with unknown ABO blood type. The clinicopathologic characteristics of the patients are shown in Table 1. The number of patients with blood types A, B, O and AB were 28.3%, 25.3%, 39.4%, and 8.0%, respectively. No significant difference was observed among the four ABO blood types with regard to histopathology, age, gender, smoking, alcohol consumption, surgical procedure, radicality of surgery, postoperative adjuvant therapy, differentiation, tumor location, pT category, or pN category (Table 1). Interestingly, there were significant differences among the four blood types in the proportions of pretreatment serum CEA elevation (P < 0.001) and serum SCCA elevation (P < 0.001). Patients with blood type O had higher proportions of serum CEA and SCCA elevation, whereas patients with blood type B had lower proportions of serum CEA and SCCA elevation than those with other blood groups (Table 1).


Table 1 | Clinicopathologic characteristics of 2179 patients with esophageal cancer.





Univariate and Multivariate Analyses

The median time of follow-up was 32.1 months. Up to the last day of follow-up, 298 of the 551 patients with blood type B (54.1%) and 1018 of the 1628 patients with the other blood types (A, O, and AB) (62.5%) died. Univariate survival analysis showed a significant difference in DFS and OS among the four groups of patients with different blood types (P=0.005, Table 2, Figure 1). Additionally, patients with blood type B had significantly better DFS (P=0.001, Figure 2A) and OS (P=0.001, Figure 2B) than those with non-B blood types. Moreover, patients with blood type O had a significantly shorter DFS (P=0.027, Figure 2C) and OS (P=0.017, Figure 2D) compared to patients with non-O blood types. However, there was no significant difference in DFS or OS between patients with blood types A and non-A (P<0.05), or patients with blood types AB and non-AB (P<0.05). As shown in Table 2, male patients and patients with a smoking history, alcohol history, poor histologic differentiation, and advanced pathological stage were found to have a significantly shorter OS and DFS (P<0.05). However, no significant association was observed between histopathology, age, or tumor location and DFS or OS.


Table 2 | Univariate survival analysis for overall survival and disease free survival in patients with esophageal cancer.






Figure 1 | Kaplan-Meier curves showing a significant difference in (A) disease free survival (DFS) and (B) overall survival (OS) among the four ABO blood groups.






Figure 2 | Kaplan-Meier curves showing that patients with blood type B had a longer DFS (A) and OS (B) compared with non-B patients, and that patients with blood type O had a shorter DFS (C) and OS (D) compared with non-O patients.



Adjusting for covariates including age, gender, smoking, alcohol, differentiation and pathological stage, the final multivariate survival analysis found that ABO blood group was an independent prognostic factor in operable esophageal cancer for DFS (P=0.001) and OS (P=0.002, Table 3), and patients with non-B blood types had significantly shorter DFS (HR=1.22, 95% CI=1.07–1.38, P=0.002) and OS (HR=1.22, 95% CI=1.07–1.38, P=0.003) compared to patients with B blood types. Furthermore, patients with non-O blood types had a better DFS (HR=0.86, 95% CI=0.77–0.96, P=0.006) and OS (HR=0.86, 95% CI=0.77–0.96, P=0.007) than those with blood type O.


Table 3 | Multivariate survival analysis for overall survival and disease free survival in patients with esophageal cancer.





Subgroup Analysis

Univariate survival analyses were stratified by histopathology, age, gender and TMN stage. The analyses revealed that the association of blood type B with longer DFS and OS was observed in male patients, younger patients, patients with esophageal squamous-cell carcinomas (ESCC), and patients in the early pathological stage (P<0.05, Table 4, Figure 3A). However, there was no significant association between blood type B and DFS or OS in patients who were female, old, had adenocarcinoma, or were in advanced pathological stages (III-IV) (Table 4, P>0.05). Moreover, the association between blood type O and shorter DFS and OS was observed in male patients, younger patients, and patients with ESCC (P<0.05, Table 4, Figure 3B). There was no significant association between blood type O and DFS or OS in patients who were female, old, had adenocarcinoma, or were in early or advanced pathological stages (Table 4, P>0.05).


Table 4 | Subgroup analysis by blood type B for overall survival and disease free survival in patients with esophageal cancer.






Figure 3 | Subgroup analysis by blood type B and blood type O for DFS (A) and OS (B) in patients with esophageal cancer.






Discussion

The ABO blood group has been associated with the risk of esophageal cancer, but the prognostic value of ABO blood group and each ABO blood type has not been established because the studies have yielded conflicting results (13–17). The reasons for this may be the absence of large cohort clinical studies, the results varying by different geographic areas and ethnic groups, patients receiving neoadjuvant therapy enrolled in some of the studies, and potential confounding variables not controlled in some studies. Therefore, we studied 2179 patients from southern China who had esophageal cancer, without prior neoadjuvant therapy or a history of other cancers. In addition, potential confounding variables were balanced across ABO blood groups. To the best of our knowledge, our study is the first large cohort study to demonstrated that ABO blood group was an independent prognostic factor for DFS and OS in patients with esophageal cancer, which is in line with previous studies for other cancers (5, 6, 8).

The prognostic value of each ABO blood type has not been well clarified to date. Previous studies indicated that the ABO blood type was not an independently associated with prognosis of esophageal cancer (16, 17). One study showed that blood type AB was not associated with OS for all patients, but was independently associated with worse OS compared to non-AB in subgroup of patients with lymph node-negative (16). The other study including 181 patients showed that blood type B was not an independent prognostic factor in multivariate analysis (17). Thus, we examined the impact of each ABO blood type on survival and found that patients with non-B blood types had a 22% higher risk of disease progression and a 22% higher risk of death, compared to patients with blood type B. Moreover, patients with non-O blood types had a 14% lower risk of disease progression and a 14% lower risk of death than patients with blood type O. These findings suggested that blood type B is a favorable prognostic factor and blood type O is an adverse prognostic factor for survival in patients with esophageal cancer. However, blood type AB or A was not significantly associated with prognosis in our study. Therefore, our study is also first time to systematically demonstrate the role of each ABO blood type in predicting the prognosis of patients with esophageal cancer.

In addition, we found that in subgroup of patients with male, younger, esophageal squamous cell carcinomas, and early pathological stage (I-II), blood type B was associated with better DFS and OS compared to non-B. However, no significant association between blood type B and prognosis was observed in subgroup of patients who were female, old, had adenocarcinoma, or were in advanced pathological stages (III-IV). Moreover, the association between blood type O and worse DFS and OS was observed in subgroup of patients who were male, younger, and esophageal squamous cell carcinomas, but not in subgroup of patients who were female, old, had adenocarcinoma, or were in early or advanced pathological stages.

The mechanisms underlying the association between ABO blood group and the survival of patients with esophageal cancer are still unknown. It has been shown that the modified expression of blood group antigens on tumor cells may alter cell motility, resistance to apoptosis, and immune escape (25). In addition, the relationship between ABO group genotype and circulating levels of ICAM-1, E-selectin, p-selectin, and tumor necrosis factor-alpha were revealed (26–29), suggesting the blood antigens may play a role in the immune systemic response. However, no significant association between ABO blood group and the oncological characteristics, such as pathological T stage or N stage was observed in our study. Interestingly, we found that ABO blood group was correlated with elevated serum CEA and SCCA. The proportion of tumors associated with elevated pretreatment serum CEA and SCCA was significantly higher in patients with blood type O than in patients with other blood types, while the proportion associated with elevated serum CEA and SCCA was significantly lower in patients with blood type B than in patients with other blood types. This finding indicates that ABO blood group might have biological significance as markers of the progression of human tumors. However, the association between ABO blood group and elevated serum CEA and SCCA was not observed in previous study with a small sample of patients in Japan (17). Thus, further basic researches are needed to elucidate the association between ABO blood group and the genetic and biological features of esophageal cancer.

Our study implicated that ABO blood group might serve as a useful biomarker to independently predict prognosis of patients with esophageal cancer, adjuvant therapy and close follow-up after surgery are more necessary as patients with blood type O were identified to have higher risk of recurrence and poorer prognosis than others. Moreover, our findings also suggest ABO blood type should be taken into account in the future clinical trial design in terms of prognosis in ESCC.

We acknowledge several limitations of this study. First, although our sample was large, our study was a single-institution retrospective study, which may have led to selection bias. Second, information on post-treatment recurrence was insufficient, which might affect the survival of patients. Third, there was the possibility of selection bias because patients with metastatic disease and those with unresectable EC were excluded. Fourth, the data of Rh blood group were not collected in this study due to the proportion of Rh negative in Chinese adults is quite low.

In conclusion, the ABO blood group is an independent prognostic factor for patients with esophageal cancer after esophagectomy. Blood type B is a favorable prognostic factor, whereas blood type O is an adverse prognostic factor for the survival in patients with esophageal cancer, especially those with ESCC. Further prospective studies of large cohorts of patients are necessary to confirm these results.
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Background

PD-L1 and HER-2 are routine biomarkers for gastric cancer (GC). However, little research has been done to investigate the correlation among PD-L1, HER-2, immune microenvironment, and clinical features in GC.



Methods

Between January 2013 and May 2020, a total of 120 GC patients treated with chemotherapy were admitted to Henan Tumor Hospital. We retrospectively identified PD-L1, HER-2 level before chemotherapy and abstracted clinicopathologic features and treatment outcomes. Univariate and multivariate survival analyses were performed to assess the relationship between PD-L1/HER-2 levels and progression-free survival (PFS). The mRNA and tumor microenvironment of 343 patients with GC from The Cancer Genome Atlas (TCGA) were used to explore the underlying mechanism.



Results

We retrospectively analyzed 120 patients with gastric cancer, including 17 patients with HER-2 positive and 103 patients with HER-2 negative GC. The results showed that the expression of PD-L1 was closely correlated with HER-2 (P = 0.015). Patients with PD-L1/HER-2 positive obtained lower PFS compared to PD-L1/HER-2 negative (mPFS: 6.4 vs. 11.1 months, P = 0.014, mPFS: 5.3 vs. 11.1 months, P = 0.002, respectively), and the PD-L1 negative and HER-2 negative had the best PFS than other groups (P = 0.0008). In a multivariate model, PD-L1 status, HER-2 status, tumor location, and tumor differentiation remained independent prognostic indicators for PFS (P < 0.05). The results of database further analysis showed that the proportion of PD-L1+/CD8A+ in HER-2 negative patients was higher than that in HER-2 positive patients (37.6 vs 20.3%), while PD-L1−/CD8A− was significantly higher in HER-2 positive patients than HER-2 negative patients (57.8 vs. 28.8%). In addition, it showed that not only CD4+T cells, macrophages, and CD8+T cells, but also the associated inflammatory pathways such as IFN-γ/STAT1 were associated with HER-2.



Conclusion

HER-2 status could predict the efficacy of immune checkpoint inhibitors, and HER-2 status combined with PD-L1 level could predict the prognosis of GC patients.
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Introduction

Gastric cancer (GC) is a common malignant tumor in the digestive tract, ranking the second in the global mortality rate of malignant tumors, and more than 50% of new cases are from developing countries (1). The 5-year overall survival rate of metastatic GC is only 5–20% (2). Human epidermal growth factor receptor-2 (HER-2, also known as ERBB2) is a transmembrane receptor tyrosine kinase, and HER-2 expression is significantly up-regulated in approximately 6–23% GC tissues (3–5). Since trastuzumab combined with chemotherapy became the standard treatment for advanced GC with positive HER-2 (ToGA study), a significant increase was needed for HER-2 assessment for GC (6). In breast cancer, HER-2 amplification and overexpression are associated with low prognosis, high mortality, and high recurrence and metastasis (7–9). However, the prognostic value of HER-2 in GC remains controversial. Some studies have shown that HER-2 positive patients have a high survival rate (10–12). In addition, HER-2 positive patients are correlated with serous membrane infiltration, lymph node metastasis, disease stage, distant metastasis, and other clinicopathological characteristics (13, 14). Other studies have shown no correlation between HER-2 expression and survival (15–17).

The interaction of programmed cell death protein-1 (PD-1) and its ligand (PD-L1) with immune cells and tumor cells limits the T-cell-mediated immune response (18). Immune checkpoint blocking of anti-PD-1 or anti-PD-L1 antibodies is the latest treatment for a variety of cancers, including non-small cell lung cancer (19–21), melanoma (22), bladder cancer (23), and kidney cancer (24). In early clinical studies, PD-1 inhibitors in the treatment of metastatic gastric cancer, such as pembrolizumab (25) and nivolumab (26), have been reported to have good efficacy. Current studies have shown that the expression level of PD-L1 in tumor tissue could be used to predict the efficacy of anti-PD-1 treatment (27); not only in patients with high expression of PD-L1 will it be effective, but also in patients with low expression of PD-L1. Therefore, it is essential to find the best biomarkers for GC in order to provide predictive information about the treatment response and ultimately improve the treatment outcome. The expression level of PD-L1 and the status of HER-2 are two important pathological characteristics of gastric cancer patients. Although some studies focused on the expression of PD-L1 and HER-2 in gastric cancer, the results of these studies are not consistent. Some researchers have found that expression of PD-L1, a potential biomarker for the immunotherapy response, was observed in HER-2 positive and negative patients to a similar extent, and its presence was not influenced by the HER-2 status (28). However, it has also been studied that the PD-L1 expression in GC is significantly correlated with HER2-negative status (29). Therefore, the relationship between HER-2 and PD-L1 state and what role the immune microenvironment plays in the prognosis of GC patients are still not clear.

In order to demonstrate the association between HER-2 and PD-L1 status, we analyzed the data from the largest available cohort of GC with both clinical and survival data. The immune microenvironment and PD-L1 mRNA from The Cancer Genome Atlas were also analyzed to explore the possible underlying mechanism.



Materials and Methods


Study Design and Clinical Data Collection

We retrospectively reviewed 120 GC patients at the Affiliated Cancer Hospital of Zhengzhou University between January 2013 and May 2020. All patients were confirmed by two pathologists and the histological diagnoses were without discrepancy. Patients without any signs of distant metastasis preferably received neoadjuvant treatment, which was followed by surgical resection of the tumor. After an adjuvant chemotherapy period, routine control visits with computed tomography (CT) scans were performed. Patients with typical signs of distant metastasis underwent palliative chemotherapy. Biopsy or resection samples were used to detect PD-L1 and HER-2 expression. If the tumor was HER-2 positive, trastuzumab was added to the treatment schedule. Trastuzumab was administered by intravenous infusion at a dose of 8 mg/kg on day 1 of the first cycle, followed by 6 mg/kg every 3 weeks until progression of the disease, the occurrence of unacceptable toxicity, or the patient’s refusal. After administration of two cycles of chemotherapy or trastuzumab containing treatment, the size of the tumor was investigated by CT imaging and assessed using the Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST 1.1). The following clinical characteristics were abstracted: age, sex, HER-2 status, PD-L1 status, tumor differentiation degree, lauren classification, treatment. The follow-up information was conducted via medical records plus telephone interview, and the following information was obtained: disease-free survival (DFS) and progression free survival (PFS).

In addition, the PD-L1 mRNA data and immune microenvironment of 343 patients with gastric cancer (GC) were sourced from The Cancer Genome Atlas (TCGA) (www.cbioportal.org).

The study was approved by relevant regulatory and independent ethics committee of the Henan Tumor Hospital and done in accordance with the Declaration of Helsinki and the International Conference on Harmonization Good Clinical Practice guidelines.



Immunohistochemical Staining and Evaluation

Representative sections of each surgical tumor resection or biopsy specimens were stained with PD-L1 antibody (SP263, Ventana) and VENTANA HER-2/neu rabbit monoclonal antibody (Clone 4B5, Ventana). Omission of primary antibody and substitution by non-specific immunoglobins were used as negative controls. The immunoreactivity of PD-L1 was evaluated according to combined positive score (CPS). CPS was calculated by dividing the number of PD-L1 positive tumor cells, lymphocytes and histiocytes by the total number of vital tumor cells and then multiplying the result by 100. Specimens in which PD-L1 staining was observed in CPS >1 were considered PD-L1 positive. And CPS ≤1 was regarded as PD-L1 negative. IHC 3+ or IHC 2+ was defined as HER-2 positive.



Fluorescence In Situ Hybridization

When the result of IHC was 2+/3+, the amplification level of HER-2 was detected. PathVysion DNA Probe kit was used for the analysis of FISH according to the manufacturer’s protocol. The positive results from FISH were defined as a HER-2: CEP17 ratio ≥2.0. Examples of HER2 FISH positive and negative were shown in Figures 1E, F. According to the standards of the European Medicines Agency, HER-2 positive was defined as any case of IHC 3+ or IHC 2+ with a positive FISH result, while any case of IHC 0, IHC 1+ or IHC 2+ with a negative FISH result is considered HER-2 negative.




Figure 1 | Representative images of PD-L1 and HER-2 immunostaining/FISH results, (A) PD-L1 positive, (B) PD-L1 negative, (C) HER-2 positive by immunostaining, (D) HER-2 negative by immunostaining, (E) HER-2 positive by FISH.





Statistical Analyses

Progression free survival (PFS) was defined as the time from the date of first line therapy administration to the progression of cancer, or death from any cause. PFS was calculated using the Kaplan–Meier method. Correlation analyses were performed using the two-sided chi-squared test or the Fisher exact test. Variables with significant P values or interest were included into multivariate logistic regression. For all analyses, P value <0.05 was considered to be statistically significant, and a confidence interval of 95% was used (95% CI). All statistical analyses were performed using SPSS22.0 software (SPSS, Inc., Chicago, IL, USA).




Results


Patient Baseline Clinical Features

We retrospectively analyzed 120 patients with gastric cancer in our hospital, including 17 patients with HER-2 positive and 103 patients with HER-2 negative GC (Table 1). There were 32 patients with PD-L1 positive and 88 patients with PD-L1 negative (Figure 1). 57.5% were male and 42.5% GC patients were ≥60 years. The results showed that the expression of PD-L1 was closely correlated with HER-2 status, with statistical significance (P = 0.015, as shown in Table 1).


Table 1 | Clinicopathologic and baseline clinical features of gastric cancer patients.





Association Between Programmed Cell Death Protein-1 Ligand/Human Epidermal Growth Factor Receptor-2 Status and Survival Outcomes

We analyzed whether PD-L1/HER-2 status was associated with the survival outcomes of chemotherapy in advanced GC. Patients with PD-L1 positive obtained lower PFS compared to PD-L1 negative (mPFS: 6.4 vs. 11.1 months, P = 0.014, Figure 2A). The similar results were in HER-2 negative (mPFS: 5.3 vs. 11.1 months, P = 0.002, Figure 2B). And the PD-L1 negative and HER-2 negative had the best PFS than the other groups (P = 0.0008, Figure 2C). In the present study, univariable analysis revealed significant association between poorer PFS and PD-L1 status, HER-2 status, tumor location in body, while there was no relation between PFS and age, sex, lauren classification and tumor differentiation (Table 2). In a multivariate model, PD-L1 status, HER-2 status, tumor location, and tumor differentiation remained independent prognostic indicators for PFS (Table 1, P < 0.05).




Figure 2 | Kaplan–Meier Estimates of Progression-Free Survival by PD-L1 Status or HER-2 status. (A) Kaplan–Meier survival curves of PFS by PD-L1 status. (B) Kaplan–Meier survival curves of PFS by HER-2 status. (C) Kaplan–Meier survival curves of PFS by PD-L1 and HER-2 status.




Table 2 | Univariate and multivariate analyses of progression-free survival.





Association Between Human Epidermal Growth Factor Receptor-2 Status and Programmed Cell Death Protein-1 Ligand mRNA Expression

In order to explore the mechanism of potential, we first analyzed whether HER-2 status was associated with the PD-L1 mRNA expression in GC. It showed that the expression of PD-L1 was higher in HER-2 negative GC, but decreased in HER-2 positive GC (Figure 3, P < 0.0001).




Figure 3 | Expression levels of PD-L1 mRNA in different HER-2 gene states. HER-2 amp represents HER-2 amplification; HER-2 non-amp indicates HER-2 non-amplification. ****P < 0.0001.





Association Between Programmed Cell Death Protein-1 Ligand Status and Tumor-Infiltrating Lymphocyte

tAccording to the classification of PD-L1 and TIL, tumors were divided into PD-L1−/TIL−, PD-L1+/TIL+, PD-L1+/TIL− and PD-L1−/TIL+, among which PD-L1+/TIL+ was considered to be the most suitable state for immunotherapy (27). We further analyzed the effect of HER-2 on the distribution of PD-L1/CD8A in TCGA data. In HER-2 amplified patients, the proportions of PD-L1+/CD8A+, PD-L1+/CD8A−, PD-L1−/CD8A+ and PD-L1−/CD8A− were 20.3, 12.5, 15.6, and 57.8%, respectively. The proportions of PD-L1+/CD8A+, PD-L1+/CD8A−, PD-L1−/CD8A+, and PD-L1−/CD8A− in patients without HER-2 amplification were 37.6, 16.4, 17.2, and 28.8%, respectively (see Figure 4, P < 0.001). The results indicated that the ratio of PD-L1+/CD8A+ was significantly increased in patients without HER-2 amplification, while the ratio of PD-L1−/CD8A− was the highest in patients with HER-2 amplification. This result further suggests that immunotherapy may be more effective for patients with HER2-negative GC, while patients with HER2-positive GC have a poorer prognosis, and combination therapy may be effective.




Figure 4 | Effect of HER-2 status on tumor immune typing.





Association Between Human Epidermal Growth Factor Receptor-2 Status and Immune Cell Infiltration

In the following experiments, we attempted to explore the effect of HER-2 status on immune cell infiltration. Through deconvolution of 574 labeled gene expression values, the proportions of 22 kinds of immune cells in GC tissues in TCGA database were analyzed by CIBERSORT. The results showed that the proportion of resting state memory CD4+ T cells was the highest in GC samples, followed by macrophages. CD8+ T cells and memory B cells were highly expressed in the non-amplified HER-2 group, while resting state memory CD4+ T cells and M0 macrophages were highly expressed in the amplified HER-2 group (Figures 5A, B).




Figure 5 | Effects of HER-2 status and immune cell infiltration. (A) The heat map of immune cells in GC. (B) The proportion of 22 immune cells in GC. (C) The correlation between the immune cells infiltration in GC by Pearson analyzed.



Pearson correlation analysis showed that there was no significant correlation among immune cells infiltration (Figure 5B). M1-type macrophages were moderately correlated with activated memory CD4+ T cells (r = 0.41), while resting memory CD4 + T cells were negatively correlated with CD8 + T cells (r = −0.41). The results showed that the proportion of resting CD4+ T cells in the immune microenvironment of HER-2 amplified patients was high, and the proportion of activated memory CD4+ T cells was low, suggesting that CD4+ T cells in the immune microenvironment were not activated, which reduced the flooding effect of CD8+ T cells in the immune microenvironment, leading to decreased infiltration of CD8+ T cells.



Association Between Human Epidermal Growth Factor Receptor-2 Status and Cytokines

By comparing HER-2 amplification and non-amplification groups, significant changes in some cytokines were found as shown in Figure 6A, and INF-γ was significantly decreased. By using an online system (https://string-db.org/cgi/network.pl?taskId=lP6ij62YlPsZ), we found that the STAT1 had a close reciprocal relationship with IFN-γ. Biological process analysis of cytokines showed that they are mainly involved in immune responsibility-related reactions (Figure 6B). At the same time, KEGG pathway analysis was also carried out, and it was found that antigen processing and presentation, natural killer cell mediated cytotoxicity and Toll-like receptor signaling pathway were included (Figure 6D). Therefore, we could find that HER-2 status is closely related to the immune response. Amplification of HER-2 may negatively regulate the immune response of GC and further affect the anti-tumor effect, which explains why immunotherapy for HER-2 positive GC patients is not effective.




Figure 6 | Effects of HER-2 status and cytokines. (A) The heat map of cytokines in GC. (B) Interaction mapping of different gene in HER-2 Amp and non-amp group. (C) Gene distribution based on GO analysis. (D) KEGG pathway analysis of differential genes.






Discussion

As immunotherapy has ushered in a new era in the treatment of GC, PD-1 inhibitors have become the standard treatment for PD-L1 positive advanced GC, and further studies on immune-related biomarkers and their interactions with other cancer-related pathways are necessary. In our study, we investigated the potential correlation between HER-2 and PD-L1 expression and their relationship with clinical characteristics and prognosis in patients with GC.

Immunotherapy, especially immune checkpoint blockade, has become a promising cancer treatment. Immune checkpoint inhibitors, such as anti-PD-1 and anti-PD-L1, have been approved by the Food and Drug Administration (FDA) for the treatment of various types of cancer, resulting in durable tumor regression and prolonged survival (30, 31). It has also been shown that blocking PD-L1 could improve the immune function of tumor-specific effector T cells when interacting with target tumor cells in vitro (32). However, the relationship between PD-L1 expression and prognosis in GC is still controversial. Some studies found that the prognosis of GC patients with PD-L1 positive was significantly improved (33). On the contrary, other researchers have shown that high PD-L1 expression was a significant poor prognostic factor (34). In this study, we found that positive PD-L1 in GC tissues was associated with poor prognosis of PFS. This finding is consistent with previous research results (35). A reasonable hypothesis for the poor clinical efficacy of PD-L1 positive tumors is that the up-regulation of PD-L1 in immune cells inactivates cytotoxic T lymphocytes (CTLs), leading to host immune evasion.

Interestingly, we also found that the expression of PD-L1 was higher in HER-2 negative GC, but decreased in HER-2 positive GC which might lead to a novel treatment strategy. As in the ToGA study, only HER-2 positive patients can benefit from anti-HER-2 drug (5). Anti-PD-1/PD-L1 immunotherapy might become a potentially new treatment for HER-2 negative patients. Whether HER-2 could be used independently as an indicator to evaluate the disease progression and prognosis of GC patients was still a big controversy. A retrospective study found that HER-2 was highly expressed in GC and closely related to poor quality of life and short survival, indicating that HER-2 has a certain potential value in prognosis assessment of GC (12). Other research results showed that the high expression of HER-2 in GC tissues was only negatively correlated with the degree of tumor differentiation, while there was no difference in the distribution of other pathological characteristics related data such as gender, age, tumor size (36), which were similarly with our study.

More literature indicates that tumor microenvironment plays a critical role in cancer progression and treatment response (37). Not only compositions, but also the number of T cells, associated macrophages, and associated inflammatory pathways influenced the immune response and chemotherapy benefit at diagnosis (38–40). Based on the existence of tumor-infiltrating lymphocytes (TILs) and PD-L1 expression, we know that PD-L1+CD8+ was adaptive immune resistance. In our study, the ratio of PD-L1+/CD8A+, CD8+T cells, and B cells were highly expressed in the non-amplified HER-2 group and CD4+T cells and macrophages M0 were highly expressed in the amplified HER-2 group. In addition, immune responsibility-related reactions of biological process and a significant decrease in IFN-γ were found in HER-2 negative GC. Those also highlight the potential role of tumor microenvironment in GC and explain the fact that HER-2 negative patients are more suitable for immunotherapy.

Taken together, PD-L1 positive in tumor cells is correlated with worse prognosis in GC patients and is correlated positively with HER-2 positive. Our findings suggest that tumors expressing higher levels of PD-L1 are more aggressive and that administration of adjuvant chemotherapy should be considered for patients with these tumors.
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Cancer stem cells (CSCs) in esophageal cancer have a key role in tumor initiation, progression and therapy resistance. Novel therapeutic strategies to target CSCs are being tested, however, more in-depth research is necessary. Eradication of CSCs can result in successful therapeutic approaches against esophageal cancer. Recent evidence suggests that targeting signaling pathways, miRNA expression profiles and other properties of CSCs are important strategies for cancer therapy. Wnt/β-catenin, Notch, Hedgehog, Hippo and other pathways play crucial roles in proliferation, differentiation, and self-renewal of stem cells as well as of CSCs. All of these pathways have been implicated in the regulation of esophageal CSCs and are potential therapeutic targets. Interference with these pathways or their components using small molecules could have therapeutic benefits. Similarly, miRNAs are able to regulate gene expression in esophageal CSCs, so targeting self-renewal pathways with miRNA could be utilized to as a potential therapeutic option. Moreover, hypoxia plays critical roles in esophageal cancer metabolism, stem cell proliferation, maintaining aggressiveness and in regulating the metastatic potential of cancer cells, therefore, targeting hypoxia factors could also provide effective therapeutic modalities against esophageal CSCs. To conclude, additional study of CSCs in esophageal carcinoma could open promising therapeutic options in esophageal carcinomas by targeting hyper-activated signaling pathways, manipulating miRNA expression and hypoxia mechanisms in esophageal CSCs.
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Introduction

Esophageal cancer (EC) is the seventh most common malignancy around the world and the sixth most leading cause of cancer-related mortalities with an estimated 572,000 new incidences and 509,000 deaths in 2018 (1, 2). There are two histopathological subtypes of esophageal cancer such as esophageal squamous cell carcinoma (OSCC) and esophageal adenocarcinoma (OAC) (3–5). The incidence of OAC has been escalating in the Western world, whereas OSCC is more common in the Asia-Pacific region (1). Currently, patients with either subtype receive similar treatment, which is a neoadjuvant chemo-radiotherapy followed by surgery (5). The clinical outcome of the standard therapeutic regimen is, however, limited, as much as 20% of tumors do not respond to chemo-radiotherapy at all, and more than 50% do not respond sufficiently. Furthermore, even after complete responses to adjuvant therapy, early and distant relapse occurs in most cases (5). Therefore, in-depth research is required to investigate the underlying mechanisms of therapy resistance and the subpopulation of cancer cells causing therapy failure needs to be thoroughly investigated.

Accumulating information from research has revealed that a subpopulation of cancer cells known as cancer stem cells (CSCs) are associated with clinical features such as drug resistance, self-renewal, and tumorigenicity in esophageal cancer (6–10). Several pathways e.g. Wnt/beta-catenin, Hedgehog, Notch, JAK-STAT3 and Hippo pathways are hyper-activated in both OSCC and OAC, especially in esophageal CSCs. These pathways drive proliferation, differentiation, stemness, and resistance to therapy in the tumors in which they are activated (11–16). For example, the Wnt/beta-catenin pathway was found to contribute to CSC renewal, whereas the Hedgehog pathway has been found to play profound roles in regulating proliferation, not only of normal embryonic cells, but also of cancer cells (11, 13). In addition, altered expression of micro-RNAs; tumor microenvironmental factors such as autophagy, and hypoxia; and reactivation of epithelial-mesenchymal transition (EMT) alone or in combination can trigger the pool of CSCs by aberrant activation of signaling pathways, resulting in the development of cancer recurrences and treatment resistance in esophageal cancer (17–19).Therefore, further investigation regarding the function of CSCs or their associated pathways could provide new potential therapeutic options against esophageal cancers.

Novel therapeutics targeting CSCs rather than bulk-cancer cells or later differentiated progenitors could provide many benefits in patients with esophageal cancer. Traditional cytotoxic agents cannot target CSCs properly as a majority of anti-tumor drugs at present are DNA damage inducing agents (20). They induce tumor cell death most effectively during cell division, while CSCs are usually dormant and do not enter the cell cycle. Thus, DNA damaging agents have little capacity to not induce the death of CSCs (20). Moreover, several mechanisms have been identified in CSCs to avoid DNA damage-induced cell death. For example, CSCs enhance ROS scavenging to inhibit oxidative DNA damage, promote DNA repair capability through ATM and CHK1/CHK2phosphorylation, and activate anti-apoptotic signaling pathways, such as PI3K/Akt, WNT/b-catenin, and Notch signaling pathways to escape DNA damaging agent mediated insults (21).

Interestingly, several therapies that specifically target CSCs or their components in the tumor microenvironment are making their way into clinics. Thus, in this review, we undertake a comprehensive overview of the literature regarding the role of CSCs in esophageal cancer. Moreover, the review also discusses potential therapies targeting aberrantly activated signaling pathways, miRNA expression and hypoxia regulated signaling in esophageal CSCs.



The Role of Cancer Stem Cells in Esophageal Cancer

Cancer stem cells (CSCs) harbor unique properties, such as self-renewal, tumor maintenance (proliferation), invasion and migration, immune evasion, and therapy resistance (22, 23). Virchow and Conheim first proposed that CSCs exist as a subpopulation of cancer cells, which possess the traits of embryonic cells, including the ability to proliferate different lineages and renew themselves (24). They further assumed that cancer is derived from dormant stem-like cells of the same tissue (24). An experimental approach using leukemia stem cells provided the first evidence of the existence of a cell population having the capacity to initiate a secondary tumor, confirming the presence of CSCs (25). In general, there are two hypotheses that have been proposed regarding the origin of CSCs (5). Firstly, normal stem cells can be transformed into CSCs because of genetic and epigenetic alterations. Secondly, dedifferentiated cancer cells acquire the capabilities of CSCs by the process called cellular plasticity (22, 23, 25–27). CSCs often display resistance to therapy, the exact mechanisms of which are not clear, however, a number of underlying mechanisms have been identified i.e. enhanced DNA repair efficiency, increased expression of detoxification enzymes (ALDH), increased expression of drug resistance proteins, up-regulation of anti-apoptotic proteins (Bcl-2, Bcl-xL, Mcl-l, Bcl-w), mutations in key signaling molecules, and overexpression of drug efflux pumps (P glycoprotein 1, ABCG2) etc. in CSCs (28, 29).

Esophageal CSCs directly regulate cancer initiation, progression, metastasis, therapy resistance and recurrence both in esophageal adenocarcinomas (OAC) and esophageal squamous cell carcinomas (OSCC) (26, 30, 31). CSCs of esophageal cancer can be identified and isolated by specific cell surface and intracellular markers. For example, cell surface and intracellular markers such as CD44, ALDH, Pygo2, MAML1, Twist1, Musashi1, CD271, and CD90, are used to identify CSCs, whereas, stem cell markers including ALDH1, HIWI, Oct3/4, ABCG2, SOX2, SALL4, BMI-1, NANOG, CD133, and podoplanin were associated with the enrichment of CSCs in OSCC (26, 30, 31). In addition, isolation of side population (SP), a subpopulation of cells with the ability to exclude dyes such as Hoechst 33342, are enriched with stem cells and SP isolation can be used to identify CSCs in OSCC (31). According to several studies, side population has been utilized in the isolation of CSCs from esophageal cancer (32–34). For example, isolation of side population in different esophageal cancer cells such as OSCC (OE21) and OAC (OE19, OE33, PT1590, and LN1590) revealed that the proportions of side population cells are varied among the cell lines and they are resistant to chemotherapy (34). Also, SP cells exhibited stem-like cell phenomena such as epithelial-mesenchymal transition (EMT) (34). The stem-like esophageal cells also become more radio-resistant than parental cells (35). The radio-resistant property of esophageal CSCs is attributed to the overexpression of β-catenin, Oct3/4, and β1-integrin (36). Moreover, esophageal CSCs dictate intrinsic and acquired chemotherapy resistance to 5-fluorouracil (5-FU) and cisplatin in OAC (22). This therapy resistance is associated with changes in the regulation of EMT (22). Additionally, recent studies demonstrated a relationship between the expression of miRNAs, for example, miR-296 (37) and miR-200c (38) and chemoresistance in esophageal CSCs. Furthermore, overexpression of WNT10A, a member of the Wnt gene family, increases self-renewal capabilities of CSCs and induces a larger population of CSCs in OSCC (39). Most importantly, CSCs with increased tumorigenicity were formed when tumors multiply and experience treatment threats such as targeted agents, cytotoxic agents or radiation (19). Therefore, it is plausible that eradication of CSCs or, alternatively, reduction of their malignant and stemness properties can result in more successful therapeutic approaches.



Targeting Signaling Pathways in Esophageal Cancer Stem Cells

The signaling pathways which trigger embryogenesis also play a significant role in oncogenesis (40). The pathways highly associated with the maintenance of esophageal CSCs include Wnt/β-catenin, Notch, Hh, and Hippo pathways (39). These pathways are involved in maintaining tissue homeostasis and normal stem cell renewal and dysregulation of these signaling pathways drives esophageal CSCs formation (39). For example, a Wnt/β-catenin activator WNT10A is highly expressed in OSCC tissue. Consistently cells with the expression of WNT10A showed enrichment for CD44+/CD24−, and these cells showed increased self-renewal, invasive and metastatic potential (40, 41). Notch signaling is another prominent driver of cancer stemness in OAC. Experimental work shows, for example, that inhibiting Notch pathway by γ-secretase inhibitors reduces the size of patient-derived xenograft tumors of OAC in mice (42). Furthermore, aberrant activation of these pathways can result from autophagy, hypoxia, anti-cancer therapy and EMT, alone or in combination with each other, which subsequently leads to an enrichment of CSCs and development of recurrences, metastasis and increasing treatment resistance (39). These phenomena can be manipulated by novel therapeutics targeting specific components involving the stemness of cancer cells to offset their role in treatment resistance.



Targeting the Wnt/β-Catenin Pathway in Esophageal Cancer Stem Cells

The Wnt/β-catenin signaling pathway plays a pivotal role in oncogenesis through different mechanisms (43). In normal physiological conditions, the Wnt/β-catenin pathway controls the expression of downstream genes, which are involved in basic cellular and biological functions including proliferation, differentiation, apoptosis, and cell death (44). Thus, in order to exert normal physiological functions, activation of Wnt/β-catenin signaling should be kept at the normal level. However, aberrant activation of this pathway is associated with many cancers including esophageal cancer. For instance, over-activation of the Wnt/β-catenin pathway can be an underlying factor of progression, metastasis, and invasion in OSCC by inducing a CSC phenotype (40). Therefore, targeting the Wnt/β-catenin pathway has potential for the inhibition of CSC growth. Though Wnt/β-catenin inhibitors are in clinical trials for various solid tumors, inhibitors are yet to reach clinical trials in esophageal cancer (39). Emerging molecules inhibiting Wnt/β-catenin signaling have provided promising preclinical outcome against esophageal cancer (Figure 1, Table 1). For example, Icaritin, an alkaloid extracted from Herba epimedii, was found to reduce the growth of CSCs derived from the OSCC cell line ECA109 by inhibiting Wnt/β-catenin and Hedgehog pathway (45). Icaritin inhibited proliferation, migration, and invasion of CD133+ esophageal CSCs in a dose-dependent manner and enhanced the apoptosis of these stem cells. In addition, Icaritin induced up-regulation of GSK3β and down-regulation of Wnt and β-catenin, Hedgehog, Smo, and Gli proteins in Wnt/β-catenin and Hedgehog pathways, respectively (45).




Figure 1 | Targeting signaling pathways in esophageal cancer stem cells (CSCs). Schematic representation of the Wnt, Notch, Hedgehog (Hh), and Hippo pathways in esophageal CSCs. Novel therapeutics (synthetic and natural) kill CSCs by targeting these signalling pathways or their components.GSK3β, Glycogen synthase kinase 3 beta; Dsh, Disheveled; APC, Adenomatous polyposis coli; CK1, Casein kinase 1; TCF, T-cell factor/lymphoid enhancer factor; SMO, Smoothened; YAP, (Yes-associated protein); TAZ, Transcriptional coactivator with PDZ-binding motif.




Table 1 | Targeting signaling pathways in esophageal cancer stem cells.



ABT-263, a potent Bcl-2 family inhibitor inhibits cell proliferation and induces apoptosis of human esophageal cells, especially CSCs derived from OAC cell lines (FLO-1, SKGT-4, BE3 and OE33) and OSCC cell lines (YES-6 and KATO-TN) (46, 55). ABT263 reduces the expression of many oncogenes, including genes associated with stemness pathways such as Wnt and YAP/SOX9 axes. Treatment of esophageal CSCs with ABT-263 alone and in combination with 5-FUresulted in the reduction of β-catenin and its target cyclinD1, as well asYAP-1 and its target SOX9 in a dose-dependent manner (46). In addition, ABT-263 selectively kills ABCG+ CSCs and inhibits tumor sphere formation of esophageal CSCs (both OSCC and OAC). Also, ABT-263 alone or in combination with 5-fluorouracil reduced tumor volume and tumor weight in a xenograft model. These treatments dramatically reduced the level of YAP1, SOX9 and the proliferation marker Ki-67 in xenotransplanted tumors of both OSCC and OAC cells (46).

Retinoic acids play a crucial role in embryogenesis, differentiation, and tumorigenesis, which are controlled by retinoic acid receptors (RARs) and retinoid X receptors (RXRs) (56). RARα knockdown suppresses the proliferation and metastasis of OSCC cells by minimizing the expression of proliferative markers (PCNA, Ki-67) and matrix metallo-proteinases (MMP7 and MMP9) (47). Not only that, RARα knockdown also enhances drug susceptibility of OSCC cells to 5-fluorouracil and cisplatin (47). On top of that, RARα knockdown results in inhibition of Wnt/β-catenin pathway by decreasing GSK3βphosphorylation at Ser-9 and inducing phosphorylation at Tyr-216, which subsequently results in reduced expression of its downstream targets such as MMP7, MMP9, and P-glycoprotein. Therefore, targeting Wnt/β-catenin or their components to inhibit the pathway should be effective to halt the growth of CSCs in OSCC (47). Moreover, a few Wnt inhibitors such as PRI-724, LGK-974, Vantictumab and OMP-54F28 are in clinical trials as a single agent or in combination with conventional therapy for many solid cancers (57).



Targeting Notch Signaling in Esophageal Cancer Stem Cells

Notch signaling is highly activated in less differentiated tumors and drives CSC phenotypes and carcinogenesis in both OSCC and OAC (39, 42). This signaling helps to maintain a robust population of CSCs, thereby resulting in therapy resistance and cancer recurrence (38, 40). Notch inhibition depletes CSC populations in tumors and sensitizes cancer cells to chemotherapeutic agents, which leads to promising response toward neoadjuvant chemotherapy (NAC) in patients with both OSCC and OAC (Figure 1, Table 1). For example, blocking Notch pathway by DAPT (N-[N-(3, 5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester), a commonly used gamma-secretase inhibitors (GSI), is effective in downsizing tumor growth of OAC. Efficacy of the treatment was shown by a dramatic reduction of the intracellular domain of the notch protein (NICD) in esophageal adenocarcinoma cells (OE33). There was also a reduction in Notch-mediated transcription and a subsequent decrease in the transcription of Notch target genes (42). Treatment of OAC cells with DAPT caused a decrease in cell viability, as well as reducing the number and size of colonies formed by OAC (OE33 and JH-EsoAd1) cells. The inhibition of the Notch pathway caused a significant reduction in transcription of several stem cell marker genes, including ALDH, CD24, LGR5, SOX2 and TWIST1. Furthermore, patient-derived xenograft models clearly demonstrated that inhibition of Notch signaling by gamma-secretase inhibitors is efficacious in downsizing tumor growth (42). Thus, inhibition of Notch signaling by DAPT could impair the stemness of OAC cells i.e. esophageal CSCs, resulting in reduced tumor growth in both in vitro and in vivo.

Gene amplified in squamous cell carcinoma 1 (GASC1), plays a critical role in maintaining self-renewal and differentiation potential of embryonic stem cells (48). GASC1 epigenetically controls the stemness of OSCC by regulation of Notch1. Examination of the expression of GASC1 in OSCC cells and tissues indicated that GASC1 expression is increased in poorly differentiated OSCC (48). Consistent with this observation, patients with OSCCs expressing GASC1 presented a significantly worse survival rate than those without. Most importantly, GASC1 expression in purified CSCs (ALDH+) cells was higher than that in non-CSCs (ALDH−) cells. Several stemness phenotypes of CSCs from OSCC were dramatically decreased after GASC1 blockade, which subsequently resulted in reduced Notch1 expression via demethylation of Notch1 promoters (H3K9me2 and H3K9me3). However, the impaired stemness property of CSCs from OSCC followed by GASC1 inhibition was reversed with exogenous Notch1 overexpression (48). This finding suggested that GASC1 promoted stemness in OSCC CSCs cells via Notch1 promoter demethylation (48). Therefore, the GASC1/Notch1 signaling axis could be a potential therapeutic target against CSCs of OSCC.



Targeting Hedgehog Signaling in Cancer Stem Cells of Esophageal Cancer

The Hedgehog (HH) signaling pathway plays a crucial role in growth and differentiation during embryonic development (58). However, abnormal activation of this pathway may also lead to cancer stemness along with stimulation of EMT, cancer metastasis and therapy resistance (59–61). Furthermore, activation of the Hedgehog pathway associated with distant metastases, advanced tumor stage in patients with esophageal cancers (both OSCC and OAC) (60, 62, 63). Although Hedgehog inhibitors have been extensively studied in clinical trials for different solid tumors, clinical trials on esophageal cancers are still limited (64). Vismodegib, also known as GDC-0449, is a small molecule inhibitor of Hedgehog signaling that blocks the interaction between the Ptch-receptors and their ligands (Figure 1, Table 1) (65). In addition, Vismodegib in combination with chemotherapy (FOLFOX) did not increase the survival of patients with gastroesophageal junction adenocarcinoma significantly (64).

Importantly, Vismodegib combined with neoadjuvant chemo-radiotherapy is under investigation in a clinical trial in Hedgehog activated OAC cells (49). Vismodegib treatment reduced the CSC pool derived in OSCC (OE21) and OAC (OE33) cells. Investigation of options for the suppression of the Hedgehog pathway may have additional importance, it has been suggested that neoadjuvant chemo-radiotherapy may activate the Hedgehog pathway, which in turn causes acquisition of more CSC features including the property of therapy resistance (49). For example, there is a subset of cancer cells with activated Hedgehog pathway prior to therapy that renders them able to survive chemo- and radiotherapy (66–69). By contrast, inhibiting the Hedgehog pathway resulted in a reduction of cells with CSC phenotype (CD44+/CD24−), inhibited sphere-forming capability and induced radio-sensitivity (70–72).

BMS-833923, an inhibitor of smoothened (SMO), another constituent of the Hedgehog pathway, combined with chemotherapy (FOLFOX) is currently under investigation in patients with metastatic esophageal carcinoma (73). SMO brings about the translocation of Gli protein into nucleus which results in the transcription of downstream target genes. Other SMO inhibitors such as Sonidegib and Taladegib are being explored currently against gastroesophageal adenocarcinomas (73, 74). In addition, activation of Hedgehog signaling could be inhibited by targeting transcription factor ATPase family AAA domain-containing protein 2 (ATAD2) (73). ATAD2, a member of the AAA + ATPase family, which is involved in various cancers by regulating cell proliferation, apoptosis, invasion and migration, and its overexpression is associated with poor prognosis of patients with cervical and gastric cancer (75, 76). High expression of ATAD2 has been identified in various types of tumors, including OSCC (75, 77). Interestingly, inhibition of ATAD2 resulted in subsequent inhibition of the Hedgehog signaling pathway, which was confirmed by reduced expression of Gli1, SMO, and Ptch11 in OSCC (50). On top of that, silencing of ATAD2 or inhibiting the Hedgehog signaling decreased the proliferation, invasion and migration abilities along with colony formation of CSCs in OSCC. Furthermore, increased apoptosis followed by the suppression of Hedgehog signaling was noted in CSCs derived from OSCC cells (50). Moreover, in vivo experiments in nude mice further validated the suppressive effect of siRNA mediated ATAD2 silencing on tumor growth (50). Thus, down-regulation of ATAD2 can certainly restrict the malignant phenotypes of OSCC cells through inhibition of the Hedgehog signaling pathway in CSCs derived from OSCC cells. These findings suggest that targeting the Hedgehog pathway via any of a number of mechanisms could be an effective approach to control CSCs in esophageal carcinomas.



Targeting Hippo Signaling of Esophageal Cells of Esophageal Cancer

The Hippo pathway has been implicated in the regulation of organ size, proliferation, and stem cell properties (78, 79). YAP1 plays a significant role in the maintenance of stemness of embryonic stem cells as well as contributing to the functions of CSCs (80–82).Therefore, deregulation of Hippo and activation of YAP1 in CSCs contributes many important properties of tumors, and thus, targeting YAP1 will be an effective strategy to target CSCs, thereby inhibiting tumor growth.

Several small-molecule inhibitors have been tested against the Hippo pathway in both OSCC and OAC cells (Figure 1, Table 1) (35, 80, 83–86). For example, a novel YAP inhibitor CA3 exhibited remarkable inhibitory activity on the transcriptional activity of YAP1/transcriptional enhanced associate domains (TEAD) (35). CA3 demonstrated strong inhibitory effects on the growth of OAC, especially on YAP1 overexpressing cancer cells both in vitro and in vivo (35). Most importantly, radio-resistant CSCs with aggressive phenotypes can be effectively suppressed by CA3 treatment. CA3inhibited proliferation, induced apoptosis and reduced tumor sphere formation of CSC (ALDH1+) cells derived from OSCC (35). Furthermore, CA3 in combination with 5-FU inhibited the growth of esophageal adenocarcinoma, especially in YAP1 overexpressing cancer cells (35). Taken together, these findings suggested that CA3 represents a new inhibitor of YAP1 and primarily targets YAP1 overexpressing and therapy-resistant CSCs generated from OAC.

Additionally, YAP1activity correlated with SOX9 expression in esophageal adenocarcinoma (35). SOX9 was found to be highly upregulated in various premalignant lesions and in tumor tissues and plays crucial roles in tumor development (83–85). The co-activator of Hippo pathway (YAP1) acts as a major determinant of CSC properties in non-transformed cells and as well as in OAC cells which directly upregulates the expression SOX9 (80). YAP1 regulates the transcription of SOX9 through a conserved TEAD binding site in the SOX9 promoter region. Exogenous expression of YAP1 or inhibition of its upstream negative regulators in vivo caused an increased SOX9 expression, which subsequently results in the acquisition of CSCs properties (80). On the other hand, shRNA-mediated knockdown of YAP1 or SOX9 in transformed cells inhibited CSC phenotypes in vitro and tumorigenicity in vivo (80). Furthermore, Verteporfin (VP), a small-molecule inhibitor of YAP1, significantly blocks CSCs (ALDH+ cells) properties in OAC cells overexpressingYAP1 (80). Thus, in the acquisition of CSC propertiesYAP1 driven SOX9 expression is critical, indicating that YAP1 inhibition might be an attractive option in targeting CSC population in esophageal cancer. For example, overexpression of YAP1 was positively associated with CDK6expression in radiation-resistant esophageal cancer tissues (both in OAC and OSCC) (86). CDK6 is a key regulator of the cell cycle. Induction of YAP1 expression in esophageal cancer cells up-regulated CDK6 expression, increased transcription, and consequently induced the resistance against radiotherapy (86). By blocking YAP1 and CDK6 with the YAP1 inhibitor CA3, and the CDK6 inhibitor LEE001 significantly suppressed esophageal cancer cell growth and CSC properties, particularly in radiation-resistant cells in both OAC and OSCC (86). The combination of LEE001 and CA3 exhibited the highest anti-tumor effects in radiation-resistant cells overexpressing YAP1 and CDK6 in both in vitro and in vivo by sensitizing resistant tumors to irradiation (86). Thus, it was implied that crosstalk between YAP1 and CDK6 seems to play a pivotal role in conferring radiation resistance and targeting both YAP1 and CDK6 could be a useful therapeutic strategy to treat both esophageal adenocarcinoma and squamous cell carcinoma.



Targeting Other Pathways in Esophageal Cancer Stem Cells

The pathways discussed above may act alone or in crosstalk with other pathways to induce stem cell properties in cancer cells or can even participate in driving therapy resistance upon interacting with other pathways (51). For example, the mTOR pathway is often activated in cancers and may generate therapy resistance followed by Hedgehog pathway inhibition (87, 88). The mTOR pathway along with Hedgehog and other pathways are associated with the maintenance of CSC phenotypes (89–93). Thus, interrupting mTOR with novel therapeutic could induce a reduction of stemness of cancer cells and sensitize them to the therapies. Metformin, an anti-diabetic agent, for instance, was found to significantly inhibit cell growth in both OSCC and OAC cells and sensitized them to 5-FU by targeting the mTOR signaling pathway in CSCs (80, 87–91). It increased the effectiveness of 5-FU against both OSCC and OAC cells and inhibited their growth in vitro and in a xenograft nude mouse model (51). Significant downregulation of mTOR pathway components including phospho-AKT, phospho-S6, phospho-70S6 was seen followed by metformin treatment, which are crucial to maintaining tumor cells’ growth. Furthermore, metformin treatment strongly decreased the expression of stem cell markers such as Jagged1, Shh, and YAP1 (51). Therefore, metformin-induced cell growth inhibition in vitro and in vivo in both OSCC and OAC cells by its ability to reduce the CSCs population as well as inhibition of the mTOR pathway. Furthermore, the synergistic effect of metformin with 5-FU was particularly of interest, because it would potentially provide an opportunity to treat both the CSCs and proliferating cell component at the same time, to effectively increase the sensitivity of chemo-radiation in patients with OSCC and OAC.

The JAK/STAT signaling pathway has been implicated in various physiological processes, and inhibition of this pathway could impede cancer cell growth and induce apoptosis in various cancers (94–96). Cyclooxygenase-2 (COX-2) together with JAK/STAT signaling has been found to be involved tumorigenesis. Specifically, the tumorigenesis pathway is associated with COX-2 upregulation (97, 98). Inhibition of COX-2 with nimesulide, a selective COX-2 inhibitor, results in suppression of the JAK/STAT signaling pathway, which subsequently inhibits the growth of Eca-109 human OSCC cells (52). Nimesulide induced apoptosis in Eca-109 cells by decreasing the expression of COX-2 and survivin and increasing caspase-3 expression (98). Also, nimesulide inhibited the JAK/STAT pathway by downregulating the phosphorylation of JAK2 and STAT3 (52). Inhibition of in vivo tumor growth of Eca-109 in xenotransplanted animals followed by a reduction inexpression of p-JAK2 and p-STAT3 were noted in Nimesulide treatment (52). Though Nimesulide could be used to inhibit JAK/STAT signaling pathway in OSCC cells, its effects on CSCs is yet to be evaluated. Thus, further studies are warranted to explore the effect of inhibition of JAK/STAT pathway in CSCs in esophageal cancers.

Epidermal growth factor receptors (EGFRs), a family of receptor kinases, are expressed in various cancers and contribute to a complex signaling cascade, which in turn controls growth, differentiation, adhesion, migration and survival of CSC and non-CSC cancer cells (53, 99). The wide range of roles for EGFRs in cancer progression makes them an attractive candidate for anti-cancer therapy. EGFRs are overexpressed in OSCC and play pivotal roles in the generation of stem-like cells via TGF-β (53). They induce EMT in CD44 overexpressing CSC cells derived from OSCC cells (53). CSCs (CD44+/CD24-) were significantly enriched in EPC2T and OKF6T cells (transformed keratinocyte cell lines) overexpressing EGFR, which could induce EMT by TGF-β1 in CSCs derived fromEPC2T and OKF6T cells (53). Interestingly, Erlotinib and Cetuximab (two EGFR inhibitors) significantly inhibited the enrichment of CSCs via inhibition of TGF-β1 mediated EMT (Table 1). Also, treatment with EGFR inhibitors resulted in increased expression of CD24 in the non-CSC population (CD44-/CD24+cells), indicating that EGFR inhibition could prompt differentiation in non-CSC populations as CD24 is a marker of keratinocyte differentiation (53). These results suggest that inhibition of EGFR may halt EMT by instigating differentiation in non-CSC populations, thereby suppressing enrichment of CSCs via inhibition of EMT. However, these EGFR inhibitors do not affect pre-existing CSCs. By contrast, some EGFR inhibitors suppress Zinc finger E-box binding proteins (ZEBs) and induce differentiation of CSCs in OSCC (53). These findings suggested that EGFR inhibition might suppress the expression of ZEBs and induce differentiation in a wider variety of cancers, thereby blocking EMT-mediated enrichment of CSCs.

NF-kβ, another prominent pathway, regulates various biological processes including apoptosis, proliferation, immune response, cell invasion, and cancer stem‐like cells (CSCs) (100). The key proteins in the NF‐κB pathway (e.g., p50, p52, and Rel) were overexpressed in patients with OSCC (101). In addition, the aberrant activation of the NF‐κB signaling pathway is a significant predictor for prognosis and recurrence of OSCC, which makes it a potential target in the treatment of patients with OSCC (102). A natural quinonemethide triterpenoid compound has been isolated from traditional Chinese herbals known as pristimerin, potently inhibited the growth of OSCC xenograft in nude mice (Table 1) (54). Pristimerin demonstrated its anti‐OSCC effects through the inhibition of NF‐κB pathway by suppressing tumor necrosis factor α (TNFα)‐induced Iκ Bα phosphorylation, p65 translocation, and the expression of NF‐κB‐ dependent genes (e.g., p50, p52, and Rel).Furthermore, pristimerin inhibited cell proliferation, migration, invasion, induced apoptosis, and eliminated cancer stem-like cells (CSCs) derived from OSCC cells (54). In addition, pristimerin exhibited a synergistic effect on OSCC when combined with 5‐FU (54). These results imply that pristimerin could increase chemo-sensitivity by suppressing the therapy-resistant CSC cell population in OSCCs.



Targeting MicroRNA Expression in Esophageal Cancer Stem Cells

MicroRNAs (miRNAs/miRs) are a class of small noncoding RNAs approximately 19–25 nucleotides in length, which regulate post-transcriptional gene expression by binding with their target mRNA transcripts (103, 104). Depending on the roles of their target genes, miRNAs can act either as tumor suppressors or oncogenes (105, 106). They are strongly involved in the formation of CSCs by regulating post transcriptional gene expressions in various cancer types (107). Altered expression of particular cancer-associated miRNAs causes significant changes in the level of potential oncogenic and anti-oncogenic proteins, which suggests miRNAs as useful therapeutic targets in cancer (108). Thus, miRNA mediated changes in gene expression in cancer has become a subject undergoing intense research nowadays.

MicroRNAs could act as molecular markers of cancer stem-like cells in esophageal cancer. Thereby, novel therapeutic strategies targeting miRNAs in CSCs have the potential to eradicate CSCs population, resulting in the improved clinical outcomes for patients with esophageal squamous cell carcinoma or adenocarcinoma (Table 2, Figure 2) (109–111, 116–118). For example, miRNA-203 is downregulated in cancer stem-like cells (Side population generated from OSCC (EC9706) cells) and expression of miR-203 was inversely associated with the expression of stem cell self-renewal factor Bmi-1 (109). Comparison of expression ofBmi-1 between SP and non-SP cells revealed that Bmi-1 was highly expressed in SP cells and its expression was significantly diminished during the differentiation from SP to non-SP cells (109, 110, 118). Therefore, miR-203 and Bmi-1 appear to play important roles in the generation of cancer stem-like cells in OSCC. In addition, lentiviral mediated expression of miR-203 resulted in decreased colony formation ability of SP cells, which was associated with the resistance to chemotherapy and responsible for tumorigenesis in nude mice (109). Since miR-203 and Bmi-1 were inversely expressed in SP cells, Bmi-1 might be a direct target of miR-203, thus therapeutics targeting miR-203 or Bmi-1could have the potential to eradicate CSCs in OSCC.


Table 2 | MicroRNAs associated with functions of esophageal cancer stem cells.






Figure 2 | miRNAs targeting phenotypic markers in esophageal cancer stem cells (CSCs). miRNAs upregulate or downregulate the genes related to proliferation, sphere-formation, and therapy resistance.



Another miRNA, miR-181b in association with STAT3, plays a significant role in stem cell properties of esophageal squamous cell carcinoma stem-like cells (110). Isolating sphere-forming cells from OSCC cells (Eca109) exhibited proliferation and tumorigenicity characteristics of CSCs in a mouse xenograft model (110). The sphere-forming cells demonstrated cancer stem-like cell properties such as an enhanced population of CD44+/CD24- cells, increased stemness factors, mesenchymal marker expression, ATP-binding cassette (ABC) transporters and tumorigenicity in vivo when compared to that of parental cells (110). A mutual regulation between the signal transducer and activator transcription 3 (STAT3, a transcription factor) and miR-181b controls the sphere-forming cells’ proliferation and apoptosis resistance in esophageal cancer stem-like cells. STAT3 directly activated miR-181b transcription in a sphere-forming cells, which in turn potentiated p-STAT3 activity (110). Mechanistically, miR-181b binds with 3′-untranslated region (UTR) of cylindromatosis (CYLD) mRNA and regulates CYLD expression, which in turn regulates sphere-forming cells via modulating the STAT3/miR-181b loop in esophageal CSCs.

MicroRNAs such asmiR-135a may regulate biological behaviors of CSCs in OSCC through the Hedgehog signaling pathway by targeting its component SMO (111). Expressions of hedgehog pathway proteins such as SMO, Gli1, Shh, and Gli2 were happened to be increased and the expression of miR-135a was decreased in in esophageal CSCs of squamous cell carcinoma. However, exogenous overexpression of miR-135a or silencing of SMO decreased the expression of Gli1, Gli2, and Shh, resulting in reduced proliferation migration, invasion and increased apoptosis of CSCs derived from esophageal cancer cells (111). Interestingly, silencing of miR-135a was associated with increased carcinogenic capability of miR-135a in CSCs derived from OSCC (111). These results suggest that miR-135a mediated inhibition of CSCs derived from esophageal squamous cell carcinoma cells through suppression of the SMO/Hedgehog axis may act as a potential therapeutic option for patients with the carcinoma.

Another example of a miRNA promoting stem cell-like characteristics is miR-942, which in OSCCs causes activation of the Wnt/β-catenin signaling pathway (112). miR-942 was significantly upregulated in OSCC and was correlated with poor prognosis in patients with OSCC. Upregulation of miR-942 promoted cancer stem-like cell (CD90+ cells) traits in OSCC, whereas inhibition of miR-942 decreased tumor sphere formation and inhibited the expression of pluripotency-associated markers in the stem-like cells (112). Moreover, in vivo assays demonstrated thatmiR-942 overexpressing cells form larger tumors and display higher tumorigenesis capacity (112). miR-942 upregulates the Wnt/β-catenin signaling activity via directly targeting FRP4, GSK3β, and TLE1, which are prominent negative regulators of the Wnt/β-catenin signaling cascade (112). In addition, c-myc (a stem cell pluripotency-associated marker) directly binds to the miR-942 promoter and increased its expression, resulting in increased CSC mediated tumorigenesis (112). Considering the oncogenic role of miR-942 in OSCC, miR-942 might be an attractive therapeutic target for patients with OSCC.

Also, dysregulation of miR-455-3ppromoted chemoresistance and tumorigenesis of OSCC cells (113). Interestingly, treatment with a miR-455-3p antagomir significantly chemo-sensitized OSCC cells and decreased CD90+ and CD271 + cell populations (a CSC phenotype) through inhibition of various stemness-associated pathways including Wnt/β-catenin and TGF- β signaling (113). miR-455-3p targets several negative regulators e.g. DKK3, GSK3β, TCF7L 1, IGFBP4 etc. (Wnt/β-catenin pathway components) and Smurf2, NEDD4L, FKBP1A, BAMB I, etc. (TGF-β/Smad pathway components), resulting in inactivation of Wnt/β-catenin and TGF-β signaling in CSCs derived from OSCC cells (113). Association of miR-455-3p levels with chemoresistance and overall/relapse-free survival of patients with OSCC, indicating miR-455-3p antagonist could have potential as effective therapeutics for patients with OSCC. Another miRNA, miR-17 associated with the radio-resistant property of OAC cancer stem-like cells (114). An in vitro isogenic model using radio-resistantOE33 R cells derived from OE33 OAC cells demonstrated increased expression of CSC-associated markers and had enhanced tumorigenicity in vivo and increased holoclone forming capacity (114). Also, radio resistantOE33 R cells have increased ALDH activity. However, an in vitro study suggested that exogenous expression of miR-17-5p significantly sensitized radio-resistant cells to radiation therapy by repression of chromosome 6 open reading frame 120 (C6orf120) expression (114). This study sheds novel insights into the role of miR-17-5p as a potential prognostic biomarker in patients with esophageal adenocarcinomas.

Additionally, miR-221 is another miRNA upregulated in 5-FU resistant esophageal cancer cells (OAC) as well as in human OAC tissues (115). DKK2, a putative inhibitor of Wnt signaling was identified as a potential target for miR-221. Importantly, miR-221 knockdown in 5-FU resistant cells resulted in decreased cell proliferation, increased apoptosis, restored chemo-sensitivity, and led to inactivation of the stem cell pathway Wnt/β-catenin by activation of DKK2 activity (115). In addition, reduction of miR-221 expression resulted in alteration of EMT-associated genes e.g. E-cadherin and vimentin and slowed xenograft tumor growth in nude mice (115). Furthermore, a substantial dysregulation of Wnt/β-catenin signaling and chemoresistance target genes such as CDH1, CD44, MYC, and ABCG2 was reported as a result of miR-221 modulation in OAC (115). miR-221 may, therefore, could act as a prognostic marker and therapeutic target for patients with OAC.



Targeting Hypoxia-Related Pathways in Esophageal Cancer to Eliminate Cancer Stem Cells

Hypoxia, resulting from low oxygen concentration and nutrition deprivation, is a very common scenario in locally advanced solid tumors (119, 120). It regulates hypoxia-inducible factor (HIF) 1 and 2, which in turn can play critical roles in cancer metabolism, stem cell proliferation, maintaining aggressiveness and metastatic potential of both OSCC and OAC cells (Figure 3) (119, 120). Overexpression of HIFs also reduces radio-sensitivity (121, 122) and induces EMT in cancer cells (123, 124). On the other hand, inhibition of HIF1α resulted in suppression of tumorigenicity of OSCC cells in both in vitro and in vivo (125). At tissue levels, hypoxia and HIF1α are associated with therapy resistance and poor prognosis in patients with OSCC and OAC (126–129). Moreover, hypoxia regulates EMT and cancer stemness in various cancers by targeting Notch, Wnt/β-catenin, Hedgehog, PI3K/mTOR and unfolded protein response (UPR) pathways (130).




Figure 3 | Role of hypoxia in esophageal cancers. Hypoxia can lead to cancer cell growth, metastasis, stemness, and therapy resistance through aberrant activation of pathways, inducing EMT processes etc. HIFs, Hypoxia inducible factors.



In esophageal cancer, a lower level of oxygen increases the CSC population, suggesting the need to target hypoxia in order to eradicate all tumor cells, especially the CSC population (131). It was reported that the expression of HIF‑1α and CSC‑related genes conditions were upregulated under hypoxic condition. A significant reduction of cell proliferation, migration and tumor growth was occurred followed by HIF‑1α knockdown in OSCC cells in vivo (131). In addition, knockdown of HIF‑1α also inhibited spheroid formation, inhibited expression of CSC‑related genes and Wnt/β‑catenin target genes, thereby decreased Wnt/β‑catenin activity CSCs derived from OSCC (131). Therefore, targeting hypoxia or its related factor and at the same time, inhibiting Wnt/β‑catenin might be an attractive option against patients with both OSCC and OAC. There are two main strategies targeting tumor hypoxia. Firstly, by applying bio-reductive prodrugs and secondly, inhibiting molecular targets associated with hypoxia using molecular inhibitors (132). A few prodrugs, for example, Tirapazamine, Apaziquone, TH-302, PR-104, Banoxantrone, and RH1 are effective in other solid cancers and are in clinical trials in minimizing tumor hypoxia (132). These prodrugs could be utilized against hypoxia in esophageal cancers. Interestingly, inhibition of the PI3K/mTOR pathway or a hypoxia may lead to activation of autophagy and could be used as an alternative therapeutic modality in esophageal cancers (130). The mTOR pathway negatively regulates autophagy in hypoxic conditions along with regulating cellular growth, proliferation, survival and metabolism (133). Thus, targeting the mTOR pathway mediated autophagy by Bafilomycin and Chloroquine could be useful against CSCs in both OAC and OSCC (73).

Finally, clinical trials targeting esophageal CSCs registered at https://clinicaltrials.gov/ were examined. To the best of our knowledge there is only a study using Fursultiamine, a nutrition supplement is undergoing a phase II clinical trial against OSCC patients in Taiwan in combination with concurrent chemo-radiation therapy to target CSCs (NCT02423811). Fursultiamine suppress OCT-4, SOX-2, NANOG expression and decreased ABCB1 and ABCG2 in tumor spheres. These findings encouraged the researchers to undertake a phase II trial to identify the effect of Fursultiamine combined with concurrent chemo-radiation therapy in ESCC patients. The outcome of the trial is not reported yet, however, they suggested that stem cell markers in clinical specimens collected before and after concurrent chemo-radiation therapy would be evaluated to identify whether Fursultiamine is effective against CSCs or not.



Concluding Remarks

Current conventional anticancer therapies are unable to eliminate CSCs. Therefore, relapse can occur, and CSCs can enable tumors to develop with further resistance to treatment and with more biological aggressiveness. In esophageal cancer, accumulating information has led to the hypothesis that the CSC population could be the seeds of carcinogenesis and are associated with therapy resistance and cancer recurrence. Thus, targeted therapy against CSCs could offer new options approaches to eliminate the malignant phenotypes of cancer without causing any harm to normal stem cells. In addition, careful analysis of a patient’s specific tumor may lead to a personalized approach, where both CSCs and the bulk tumor can potentially be eradicated. Eradicating both CSCs and bulk tumor should lead to a more promising outcome for patients with esophageal cancers. In some patients, conventional chemotherapy, surgical strategy along with targeted therapy will ultimately provide a more durable cure to this disease.
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Junctional adhesion molecule-like protein (JAML), a newly discovered junctional adhesion molecule (JAM), mediates the adhesion and migration processes of various immune cells and endothelial/epithelial cells, ultimately regulating inflammation reaction. However, its role in tumors remains to be determined. The expression of JAML was examined in gastric cancer (GC) and peritumoral tissues from 63 patients. The relationship between JAML expression and clinical characteristics was also observed. In vitro, GC cell migration and proliferation were assessed by wound healing assay, transwell migration assay and EdU incorporation assay. Immunohistochemical staining results showed that JAML expression level was higher in GC tissues than in peritumoral tissues. High expression of JAML in cancer tissues was associated with worse cell differentiation, local lymph node involvement, deep infiltration, and advanced stage. In vitro, we found that JAML silencing inhibited GC cell migration and proliferation, while JAML overexpression promoted GC cell migration and proliferation, partially via p38 signaling. Taken together, our study revealed a critical role for JAML to promote GC cell migration and proliferation. JAML might be a novel diagnostic biomarker and therapeutic target for GC.
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Introduction

Gastric cancer (GC) is a malignant tumor originating from the gastric mucosa epithelium, which has high morbidity and mortality in worldwide. In 2018, there were an estimated 1,000,000 new GC cases and 783,000 deaths (1, 2). The main causes of GC death are rapid proliferation, invasion, metastasis, and anti-cancer drug resistance. However, because the symptoms of early GC are inconspicuous, the advanced stage at the diagnosis is an important factor in the gastric-cancer-related mortality (3). Therefore, it is necessary to search for effective targets for screening and diagnosing GC as early as possible, thus improving prognosis.

More and more studies have shown that complex steps such as adhesion, degradation, movement and blood vessel formation promote tumor cell infiltration and metastasis. Adhesion molecules are involved in the process of tumor metastasis (4). In recent years, the role of junctional adhesion molecules (JAMs) of immunoglobulin superfamily in cancer occurrence and progression has attracted extensive attentions (5, 6). Current research has found that tumorigenesis is associated with increased levels of JAM protein expression, and increased expression of JAM is associated with poor prognosis. The mechanism may involve the enhanced ability of tumor cells to migrate to the stroma and move across the vessel wall during local infiltration and metastatic spread (5–8).

Junctional adhesion molecule-like protein (JAML) is a new member of JAMs, which includes two extracellular immunoglobulin-like domains, a transmembrane fragment and a cytoplasmic tail. JAML has been found to be expressed in cells such as neutrophils, monocytes, some T cells, and acute promyelocytic leukemia cells. JAML mediates the adhesion and migration processes of various immune cells and endothelial/epithelial cells, ultimately regulating inflammation reaction (9–12). Although it has been found that JAML plays exact roles in the process of wound healing and atherosclerosis in recent years, its role in the tumor has been poorly investigated (13, 14). For this reason, in this study, we attempted to investigate the function of JAML in GC through in vitro and in vivo experiments.



Materials and Methods


Human Samples

A total of 63 tissue specimens of GC from Jinan Central Hospital between 2014 and 2018 were collected, with a median age of 64 years (range: 36–88 years). There were 49 men (77.78%) and 14 women (22.22%). We analyzed the histopathological results of GC specimens using the eighth edition of AJCC/UICC (15). Each patient provided written informed consent. This study was approved by the evaluation committee of Jinan Central Hospital of Shandong University.



Immunohistochemical Staining

We cut the paraffin sections into 4 μM slices. The antigen was repaired with sodium citrate under high temperature and pressure. The sample was incubated with 3% H2O2 solution for 10 min to reduce endogenous peroxidase activity. It was sealed with 5% goat serum and 0.2% bovine serum albumin for 30 min. Rabbit anti-JAML polyclonal antibodies (Novus Biologicals, USA, NBP2-14286) were incubated overnight. After rewarming, the second antibody was incubated for 1 h. We then performed DAB staining and then hematoxylin staining. Two independent pathologists evaluated the results of immunohistochemistry at the same time. Scores were determined according to the degree of staining and the proportion of positive cells. The intensity score represents the average staining intensity of positive cells (0 = no staining; 1 = light yellow; 2 = buffy; 3 = brown). The proportion score represents the proportion of positively stained cells (0 = 0; 1 = less than 25%; 2 = 25–50%; 3 = 50–75%; 4 = more than 75%). The final score is the product of intensity score and proportion score: high expression ≥ 4 points; low expression < 4 points.



Cell Culture

The human GC cell lines (AGS, HGC-27 and MKN-28) were purchased from the cell resource center of Chinese Academy of Sciences (Beijing, China). HGC-27 and MKN-28 were cultured in RPMI-1640 medium (Gibco, USA) containing 10% fetal bovine serum (FBS; Gibco). AGS was cultured in F12k medium (Macgene, China) containing 10% fetal bovine serum (FBS; Gibco). The p38 inhibitor SB-203580 was purchased commercially (Selleck, Houston, TX, USA).



Cell Transfection

JAML plasmid (GenePharma, Shanghai, China) was formed using full length human JAML cDNA linked with the pcDNA3.1(+) vector to induce JAML over-expression in cultured GC cells. According to the manufacturer’s product instructions, JAML plasmid was transfected into the cells using X-treme GENE HP Reagents (Roche, Basel, Switzerland). Cells transfected with pcDNA3.1(+) (NC) vector was used as a negative control group. Small interfering RNA against human JAML (siJAML) (GenePharma, Shanghai, China) was transfected within gastric cells to reduce JAML expression. siRNA sequences are: siJAML1, 5’-GGAAUUGUCUGUGCCACAATT-3’, 5’-UUGUGGCACAGACAAUUCCTT-3’; siJAML2, 5’-CCAGAGCACAGAAGUGAAATT-3’, 5’-UUUCACUUCUGUGCUCUGGTT-3’; siJAML3, 5’-CCAGAGCACAGAAGACAAATT-3’, 5’-UUUGUCUUCUGUGCUCUGGTT-3’; negative control (siNC), 5’-UUCUCCGAACGUGUCACGUTT-3’, 5’-ACGUGACACGUUCGGAGAATT-3’. Cell function experiments were performed after 72 h of treatment of cells with JAML plasmids or small interfering RNA. In order to ensure the continuous and effective transient transfection during the cell function test, western blot analysis was used to test the transfection efficiency at 72 h and 120 h after transient transfection.



Western Blot Analysis

Cells were acquired and prepared in RIPA buffer (Beyotime, China), 1% protease inhibitor cocktail 1, 1% phosphate inhibitor cocktail 2, and 1% phosphate inhibitor cocktail 3 (Sigma, USA). BCA protein assay kit (Beyotime, shanghai, China) was used to determine the protein concentration. The loading volume based on the cell concentration is calculated to ensure that the total number of loaded cells in each group is consistent. The protein extract was separated by 10% SDS-PAGE and added to the polyvinylidene difluoride membrane (Millipore, Boston, MA, USA). After electrophoresis and membrane transfer, the antibody was incubated overnight. The protein was visualized using chemiluminescence (ECL Plus Western Blot Detection System; Bio-Rad, USA). ImageJ was used to measure the gray value of bands to calibrate the expression of housekeeping gene (tubulin).The antibodies used include: rabbit anti-JAML monoclonal antibody (Abcam, USA, ab183714), rabbit anti-p-ERK1/2 monoclonal antibody (Cell signaling Technology, USA, 4370), rabbit anti-ERK1/2 monoclonal antibody (Cell signaling Technology, USA, 4695), rabbit anti-p-JNK monoclonal antibody (Cell signaling Technology, USA, 4668), rabbit anti-JNK polyclonal antibody (Cell signaling Technology, USA, 9252), rabbit anti-p-p38 monoclonal antibody (Cell signaling Technology, USA, 4511), rabbit anti-p38 monoclonal antibody (Cell signaling Technology, USA, 8690), mouse anti-tubulin monoclonal antibody (Abcam, USA, ab210797). Tubulin was used as the loading control.



Wound Healing Assay

GC cells were covered in six-well plates (Corning Incorporated, Corning, NY, USA) and were scratched after sticking to the wall. RPMI-1640 medium (Gibco, USA) was used to culture cells, and the same field of vision was taken at 0 and 48 h respectively. Each experiment was performed in triplicate.



Transwell Migration Assay

Cell migration was measured in 24-well plates (Corning Incorporated, Corning, NY, USA) with 8μm-pore polycarbonate membranes. Cells were seeded at a density of 4 × 104 cells/well in the upper chamber with serum-free RPMI-1640 medium and incubated at 37°C for migration assay. After 48 h of culture, cells were fixed and stained with crystal violet, then observed under optical microscope (Nikon). Three fields were randomly selected for cell count. Each experiment was performed in triplicate.



Cell Proliferation Experiment

EdU (5-Ethynyl-2´-deoxyuridine) DNA cell proliferation Kit (Beyotime, Shanghai, China and RiboBio, Guangzhou, China) was chosen to determine cell proliferation. The cells after the required treatment are counted, resuspended in culture medium, and re-seeded on a 96-well plate with 4 × 104 cells per well. After incubation for 12 h, 10 μM EdU was added to the cultures and 2 h later cells were collected. According to the operation requirements of the kit, after fixation, washing, penetration and dye marking, observe and take photos with fluorescence microscope (Nikon). Each experiment was performed in triplicate.



Statistical Analysis

Statistical analysis was performed using SPSS version 20.0 (SPSS, Chicago, Illinois, USA) and GraphPad Prism 8.0 software (San Diego, CA, USA). Statistical significance was assessed by Student’s t-test between two groups or by one-way ANOVA between three or more groups for continuous data. Chi-square test was used to analyze the association between JAML expression and clinicopathological variables. Experimental data were presented as mean ± standard deviation (SD). P < 0.05 was considered statistically significant.




Results


Junctional Adhesion Molecule-Like Protein Was Highly Expressed in Human Gastric Cancer Tissues and High Junctional Adhesion Molecule-Like Protein Expression in Gastric Cancer Correlated With Advanced Clinicopathological Features

The detailed clinicopathological parameters and JAML expression of patients with gastric cancer were presented in the Supplemental Data Sheet. The expression of JAML in 63 cases of GC was detected by IHC, and the relationship between JAML and clinicopathological parameters was also analyzed. JAML was expressed in the cytoplasm and membrane of cancer cells (Figure 1A). IHC analysis showed that JAML in GC tissue was significantly up-regulated compared with peritumoral tissues (Figures 1B, C). Thereafter, we investigated the relationship between JAML expression and various pathological parameters in GC tissues. We found that high expression of JAML in GC cells was associated with poor cell differentiation (P = 0.001), local lymph node involvement (P = 0.012), deeper infiltration (P = 0.026), and advanced stages (P = 0.021) (Table 1).




Figure 1 | Expression of JAML in human gastric cancer (GC) and peritumoral tissues. (A) JAML expression on cytoplasm and membrane of GC cells. (B) The JAML expression in GC and peritumoral tissues. (C) Quantitative analysis of JAML expression in GC and peritumoral tissues. n=63, paired t test, ****P < 0.0001, compared with peritumoral tissues.




Table 1 | Correlation between JAML expression and clinicopathological parameters in human GC tissues.





Junctional Adhesion Molecule-Like Protein Promoted Gastric Cancer Cell Proliferation and Migration

The result that high JAML levels were associated with higher tumor malignancy in GC patients encouraged us to assess whether JAML was related to oncogenic function. First, we examined JAML expression in GC cell lines (AGS, HGC-27, and MKN-28) (Figures 2A, B). The expression of JAML was relatively higher in MKN-28 cells, while was lower in HGC-27 cells. Thus, small interfering RNA against human JAML (siJAML) was transfected to MKN-28 cells to reduce JAML expression. The results showed that the knockdown effect of siJAML1 was the most effective (Figures 2C, D) and was stable for 5 days (Figures 2E, F), so siJAML1 was used for the subsequent experiments. The wound healing and transwell migration assays showed that JAML deficiency significantly decreased migration in MKN-28 cells (Figures 2G, H, J, K). In addition, the EdU incorporation assay demonstrated the proliferation of MKN-28 cells was significantly inhibited after silencing of JAML (Figures 2I, L). Next, we transfected JAML plasmid to HGC-27 cells to increase the expression of JAML. Western blot analysis showed that the JAML plasmid transfection up-regulated the expression of JAML in HGC-27 cells (Figures 3A, B), and the effect was stable until the 5th day after transfection (Figures 3C, D). The wound healing and transwell migration assays showed that JAML overexpression significantly increased migration in HGC-27 cells (Figures 3E–H). In addition, the EdU incorporation assay showed that JAML overexpression enhanced HGC-27 cells proliferation (Figures 3I, J). These results suggested that JAML might facilitated GC migration and proliferation.




Figure 2 | JAML promoted GC cell proliferation and migration. (A) The expression of JAML in GC cell lines (AGS, HGC-27, MKN-28). (B) Quantitative analysis of (A) n=3, unpaired t test, *P < 0.05, compared with AGS group. (C) Knockdown efficiency of JAML was confirmed in MKN-28 cells after transient transfection of SiRNA for 72h by western blot. (D) Quantitative analysis of (C) n=3, unpaired t test, **P < 0.01, compared with siNC group; n=3, unpaired t test, *P < 0.05, compared with siNC group; n=3, unpaired t test, ns, P>0.05, compared with siNC group. (E) Knockdown efficiency of JAML in MKN-28 cells after transient transfection of siRNA for 120h by western blot. (F) Quantitative analysis of (E) n=3, unpaired t test, *P < 0.05, compared with siNC group. (G) Wound healing assay was performed in transfected MKN-28 cells treated with or without siRNA to evaluate cell migration. (H) Transwell migration assay to assess cell migration. (I) EdU incorporation assay to observe cell proliferation. (J) Quantitative analysis of (G) n=3, unpaired t test, **P < 0.01, compared with siNC group. (K) Quantitative analysis of (H) n=15, unpaired t test, ****P < 0.0001, compared with siNC group. (L) Quantitative analysis of (I) n=9, unpaired t test, **P < 0.01, compared with siNC group. siNC, negative control.






Figure 3 | (A) JAML expression in HGC-27 cells after transfection with JAML plasmid for 72h. (B) Quantitative analysis of (A) n=3, unpaired t test, **P < 0.01, compared with NC group. (C) JAML expression in HGC-27 cells after transfection with JAML plasmid for 120h. (D) Quantitative analysis of (C) n=3, unpaired t test, *P < 0.05, compared with NC group. (E) Wound healing assay to assess cell migration in HGC-27 cells. (F) Quantitative analysis of (E) n=3, unpaired t test, ***P < 0.001, compared with NC group. (G) Transwell migration assay to evaluated cell migration in HGC-27 cells. (H) Quantitative analysis of (G) n=9, unpaired t test, **P < 0.01, compared with NC group. (I) EdU incorporation assay to observe cell proliferation in HGC-27 cells. (J) Quantitative analysis of (I) n=6, unpaired t test, *P < 0.05, compared with NC group. NC, negative control.





Junctional Adhesion Molecule-Like Protein Promoted Gastric Cancer Cell Migration and Proliferation by Activating p38 Signaling Pathway

In order to explore the underlying mechanism of JAML-mediated GC cells migration and proliferation, the activities of mitogen-activated protein kinases (MAPKs), including p38, JNK and ERK, were measured in GC cells by western blot. We found that JAML silencing significantly inhibited p38 phosphorylation, while did not affect the activities of ERK or JNK (Figures 4A–D). After that, we used SB-203580, a p38 inhibitor, to treat MKN-28 cells, which endogenously expresses high level of JAML. The results showed that the phosphorylation of p38 was effectively inhibited in MKN-28 cells treated with SB-203580 (Figures 4E, F). Then, the transwell migration and the EdU incorporation assays showed that SB-203580 significantly suppressed migration and proliferation in MKN-28 cells (Figures 4G–J). These results implied that the ability of JAML to promote GC cell migration and proliferation might be mediated by p38 signaling pathway.




Figure 4 | JAML promoted GC cell migration and proliferation by activating p38 signaling pathway. (A) The effect of JAML silencing on the phosphorylation of p38, ERK and JNK. (B–D) Quantitative analysis of (A) n=3, unpaired t test, *P < 0.05, compared with siNC group; ns, P > 0.05, compared with siNC group. (E) The effect of SB-203580 on p38 phosphorylation. (F) Quantitative analysis of (E) n=3, unpaired t test, **P < 0.01, compared with DMSO group. (G) Transwell migration assay to evaluate the effect of SB-203580 on cell migration in MKN-28 cells. (H) Quantitative analysis of (G) n=9, unpaired t test, ***P < 0.001, compared with DMSO group. (I) EdU incorporation assay to assess the effect of SB-203580 on cell proliferation in MKN-28 cells. (J) Quantitative analysis of (I) n=9, unpaired t test, ****P < 0.0001, compared with DMSO group.






Discussion

Recently, the role of JAML in immune cell activation and inflammatory response has attracted researchers’ attention. JAML, a newly discovered adhesion molecule, is a secretory type I transmembrane glycoprotein. It can both mediate intercellular interactions and bind to intracellular proteins to mediate downstream signaling pathways (16, 17). In recent years, the expression and role of JAML on other cell types have also been gradually explored. It has been found that JAML can promote the adhesion of leukocytes to endothelial cells in myeloid leukemia (10). Our recent study found that JAML silencing delayed the formation of atherosclerosis in mice (14). Although studies on JAML under various pathological conditions are becoming more common, the relationship between JAML and tumor development has never been reported. In our current study, we found that JAML was upregulated in GC tissues and JAML promoted the proliferation and migration of GC cells, partially by regulating p38 activation.

To investigate the relationship between JAML and tumor development, we selected gastric tumors as the research object. First, we found JAML was significantly upregulated in GC tissues by IHC and was associated with higher tumor malignancy. This study demonstrates for the first time that JAML is highly expressed in GC tissues and might be a diagnostic biomarker in GC. Then, we performed experiments in vitro. By regulating the expression of JAML, we found that upregulation of JAML promoted, while JAML deficiency attenuated GC cells proliferation and migration. The bidirectional regulation of JAML in different types of GC cells confirmed this conclusion.

In addition, we also discussed the primary mechanism by which JAML promotes GC progression. We found that JAML may play a tumor-promoting role by activating the p38 signaling pathway. The p38 signaling pathway is a key signal transduction pathway by which tumor cells to sense and adapt to a variety of environmental stimuli, and it plays an important role in the occurrence and maintenance of tumors (18–21). We found that the phosphorylation level of p38 decreased significantly after JAML expression was downregulated. After treatment with p38 classic inhibitors, the proliferation and migration of MKN-28 cells decreased significantly, suggesting that JAML promoted the growth and movement of GC cells by activating p38.



Conclusion

In summary, the present study revealed the high expression of JAML in GC, and results showed that JAML promoted GC proliferation and migration by regulating p38 pathway. Overall, the present data bring novel insights into the mechanisms by which JAML regulates GC and highlights the potential clinical significance of JAML in the pathogenesis of GC.
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Objective

Esophageal spindle cell squamous cell carcinoma (ESCSCC) is a distinct subtype of esophageal carcinoma with unique morphologic and clinicopathologic features. This study aimed to characterize the clinicopathologic manifestations and postoperative prognostic factors of ESCSCC.



Methods

In this study, 43 ESCSCC patients who underwent esophagectomy at Sun Yat-sen University Cancer Center between January 2001 and December 2014 were identified. 200 patients with conventional squamous cell carcinoma during the same period were sampled as a control. Hematoxylin and eosin-stained slides and available data were reviewed, and pertinent clinicopathologic features were retrospectively analyzed.



Results

Among the ESCSCC patients, the median age was 60.5 years, with a male-to-female ratio of 2.58:1. The five-year disease-free survival and cancer-specific survival rates were 51.6 and 55.5%, respectively. In the univariate analysis, drinking abuse, tumor size, macroscopic type, perineural invasion, pT, preoperative blood white blood cell count, preoperative blood neutrophil count, and preoperative blood neutrophil to lymphocyte ratio were significantly correlated with the cancer-specific survival and disease-free survival of the ESCSCC patients. The multivariate analysis showed that macroscopic type, perineural invasion, and preoperative blood neutrophil to lymphocyte ratio were independent prognostic factors for cancer-specific survival; macroscopic type, perineural invasion, tumor size, and pT were independent prognostic factors for disease-free survival. Moreover, the combined prognostic model for cancer-specific survival (including macroscopic type, perineural invasion, and preoperative blood neutrophil to lymphocyte ratio), the combined prognostic model for disease-free survival (including macroscopic type, perineural invasion, and tumor size) significantly stratified patients according to risk (low, intermediate, and high) to predict cancer-specific survival, disease-free survival, respectively. In terms of esophageal conventional squamous cell carcinoma cohort, there was no significant difference in long-term outcome when compared with ESCSCC. Though five independent prognostic variables (macroscopic type, perineural invasion, preoperative blood neutrophil to lymphocyte ratio, tumor size, and pT) were indentified in ESCSCC, univariate analysis demonstrated that perineural invasion, preoperative blood neutrophil to lymphocyte ratio were correlated with esophageal conventional squamous cell carcinoma on cancer-specific survival; whereas only perineural invasion on disease-free survival.



Conclusions

The proposed two new prognostic models might aid in risk stratification and personalized management for patients with esophageal spindle cell squamous cell carcinoma who received radical surgery.





Keywords: esophageal spindle cell squamous cell carcinoma, clinicopathological characteristics, prognosis, macroscopic type, perineural invasion, preoperative blood neutrophil to lymphocyte ratio, tumor size



Introduction

Esophageal spindle cell squamous cell carcinoma (ESCSCC) is a rare subtype of esophageal squamous cell carcinoma, with unique morphology, histogenesis, and biological behavior. It accounts for 0.5–2.8% of all esophageal malignancies (1). Most ESCSCCs present as a gross intraluminal, polypoid mass. Histologically, ESCSCCs are composed of biphasic components of neoplastic squamous epithelium and spindle cells. The squamous part is always invasive and/or in situ squamous cell carcinoma, while the spindle cell element is usually malignant, which may show osseous, cartilaginous, or skeletal muscle differentiation (2, 3). Recent immunohistochemical, electron microscopic and genetic studies have provided support for the metaplastic concept, which states that the spindle cell component of ESCSCC exhibits various degrees of differentiation towards squamous cells and is a variant of poorly differentiated squamous cell carcinoma (4, 5). Therefore, ESCSCC was classified as subtype of esophageal squamous cell carcinoma in the current WHO classification (2019).

Radical esophagectomy with adequate lymph node dissection is the standard treatment for ESCSCC patients. Because of ESCSCC rarity, the long-term outcome of ESCSCC after radical surgery is controversial. Some investigators have suggested that ESCSCC treated with radical surgery has a comparatively better prognosis than that with esophageal conventional squamous cell carcinoma (6, 7). However, Sano et al. and Cavallin et al. have shown the opposite results (3, 8). During the past two decades, systemic adjuvant therapies, such as chemotherapy, radiotherapy, combination therapy, and targeted therapies, have been proposed to improve survival for ESCSCC patients with radical surgery (8–10). Minimizing the risk of overtreatment caused by non-selective use of these approaches, there is an urgent need to identify prognostic factors, especially for those with a high risk of tumor recurrence and poor prognosis. However, due to the controversy over ESCSCC’s long-term outcome and lack of widely accepted prognostic factors, there is no consensus on the clinical management and adjuvant treatment for ESCSCC patients who received radical surgery.

In the present study, we retrospectively analyzed a series of 43 consecutive ESCSCC patients with radical surgery in our institute, focusing on the clinicopathological characteristics and postoperative prognostic factors, then compared the results with a cohort of esophageal conventional squamous cell carcinoma. The aim was to propose new prognostic models that might aid in risk stratification and personalized therapy for patients with ESCSCC.



Patients and Methods


Patient Selection

The Institute Research Medical Ethics Committee of Sun Yat-sen University Cancer Center approved this study. We retrospectively collected a cohort of 43 ESCSCC patients who underwent radical esophagectomy between January 2001 and December 2014, from the pathological information system of the Department of Pathology of Sun Yat-sen University Cancer Center (Guangzhou, China). The cases were selected based on the following: (1) inclusion criteria: histologically confirmed primary esophageal spindle cell squamous cell carcinoma; complete follow-up data; (2) exclusion criteria: the percentage of spindle cell component was less than 10%; pTNM stage IV. Meanwhile, 200 patients with esophageal conventional squamous cell carcinoma during the same period were sampled. The inclusion criteria were shown as follows: histologically confirmed primary esophageal squamous cell carcinoma; complete follow-up data. The exclusion criterion was: pTNM stage IV.

For ESCSCC cohort, the clinicopathologic variables were obtained, including patient gender, age, smoking history, drinking history, tumor size, macroscopic type, tumor location, grade of conventional squamous cell carcinoma component, percentage of the spindle cell component, vascular invasion, perineural invasion, pT, pN, body mass index, level of serum alkaline phosphatase, level of serum lactic dehydrogenase, blood white blood cell count, blood neutrophil count, blood lymphocyte count, blood neutrophil to lymphocyte ratio, blood mononuclear cell count, blood eosinophil count, blood basophile count, hemoglobin, platelet count, disease-free survival time and cancer-specific survival time. According to the international criteria for the elderly, age was changed into a binary variable (≤65 year, or >65 year). Smoking abuse was defined as “consumption of tobacco for at least 6 months and at least one cigarette every three days”. Similarly, drinking abuse refers to “consumption of alcohol for at least 6 months and at least once per week”. With regard of body mass index, Chinese recommended standard (body mass index >24) was used for the criteria for overweight and obesity. According to the reference range of normal level, these blood variables involved in our study were classified as low, normal, or high. It is worth mentioning that the above blood cell-based markers were extracted from preoperative blood routine test. If there were multiple blood tests before the surgery, the one which was most close to surgery was adopted. The clinicopathological variables are detailed in Table 1. With regard to the cohort of esophageal conventional squamous cell carcinoma, only those variables indentified as independent prognostic factors in ESCSCC cohort were collected.


Table 1 | Baseline characteristics of the patients with esophageal spindle cell squamous cell carcinoma.






Follow-Up

The patients were followed up every three months for the first year and then every six months for the next two years and annually thereafter. Screening for recurrence was performed by a physical examination, endoscopy, esophageal barium examination, CT, and MRI. Cancer-specific survival refers to the period from the date of diagnosis until death from ESCSCC, esophageal conventional squamous cell carcinoma, respectively. Disease-free survival refers to the period from the date of diagnosis until the date of first recurrence, locoregional or systemic; all other events were censored.



Pathological Evaluation

Tumor size was defined as the maximum diameter of the tumor. In terms of macroscopic type in ESCSCC, tumors which presented as a gross intraluminal and polypoid mass were classified as the polypoid type; while those with predominantly infiltrative growth pattern along esophageal wall were defined as the infiltrative type. In esophageal conventional squamous cell carcinoma, macroscopic appearance was classified as protruding type, ulcerative type, and diffusely infiltrative type.

All surgical specimens were processed according to standard pathological procedures. Two pathologists (PL and YL) independently reviewed all HE-stained slides of the primary tumors and regional lymph nodes without knowledge of the patient clinical parameters and the findings of the other reviewer. Any discrepancies were solved by simultaneous re-examination of the slides by both pathologists with a double-headed microscope. At least three slides per tumor were available for pathological evaluation, according to identical strict criteria.

The grade of conventional squamous cell carcinoma elements was determined based on the criteria proposed by the WHO Classification of Tumors of the Digestive System (2019); pT (tumor infiltration depth), and pN (lymph node status) were defined according to the 8th edition of the UICC/AJCC TNM (tumor-node-metastasis) Classification System (2017); vascular invasion was defined as the invasion of vessel walls by tumor cells and/or the existence of tumor emboli within an endothelium-lined space (11), and perineural invasion was defined as the presence of viable tumor cells in the perineural space (12).



Statistical Analysis

A receiver operating characteristic (ROC) curve analysis was used to determine the optimum cutoff point for continuous variables (tumor size, percentage of the spindle cell component, blood neutrophil to lymphocyte ratio). The cumulative cancer-specific survival and disease-free survival rates were calculated by the Kaplan–Meier method, and differences between the patient groups were tested by the log-rank test in univariate analysis. A Cox proportional hazard model was employed to determine independent prognostic factors. All tests were two-sided, and P < 0.05 was considered to be statistically significant. IBM SPSS 20.0 statistical software was used to perform the statistical analyses.




Results


Patient Characteristics

A total of 43 patients with ESCSCC were included in the present study. The clinicopathological features for our ESCSCC cohort are presented in Table 1. Of the 43 patients, 31 (72.1%) were men, and 12 (27.9%) were women, with a male-to-female ratio of 2.58:1. The median age at the time of diagnosis was 60.5 years (range, 39.0 to 83.0 years). For the macroscopic type, 36 patients were defined as polypoid type (83.7%), and seven patients were defined as infiltrative type (16.3%). With regard to the pTNM stage, most patients were in early stages (stage I or II, 31 patients, 72.1%), whereas twelve patients (27.9%) were in stage III.

Radical esophagectomy with regional lymph node dissection was performed in all 43 ESCSCC patients. Postoperative therapy was given to five patients: four received radiotherapy, and one received concurrent chemoradiotherapy.



Pathologic Features

Microscopically, biphasic components of neoplastic squamous epithelium (invasive and/or in situ squamous cell carcinoma) and spindle-shaped sarcoma were observed in all 43 cases (Figures 1A, B). In addition, definite mesenchymal differentiation, including malignant peripheral nerve sheath tumor (one case), rhabdomyosarcoma/leiomyosarcoma (three cases, Figure 1C), or chondrosarcoma (one case, Figure 1D), was identified in the spindle cell components. The median percentage of spindle cell component was 65.5% (range, 10–95%). Regarding the depth of tumor invasion, sixteen tumors (37.2%) were superficial (T1), fifteen (34.9%) involved the muscular propria (T2), twelve (27.9%) involved the adventitia (T3). Lymph node metastasis was present in 19 of the patients (44.2%). Both the carcinomatous element and the spindle cell element have the potential for lymph node metastasis, with the predominance of a carcinomatous element. Vascular invasion and perineural invasion were detected in 12 patients (27.9%) and 10 patients (23.3%), respectively.




Figure 1 | The histopathological patterns of esophageal spindle cell squamous cell carcinoma. All patients in the present study were composed of neoplastic squamous epithelium (A) and spindle-shaped sarcoma (B). Definite mesenchymal differentiation, such as that in rhabdomyosarcoma (C), chondrosarcoma (D), is occasionally observed in the spindle cell components.





Prognostic Factor Analysis

To determine the optimal cutoff value for continuous variables involved in our study (tumor size, percentage of the spindle cell component, blood neutrophil to lymphocyte ratio), we utilized the ROC curve to identify the cutoff point. For example, according to the ROC curve analysis, the cutoff value for preoperative blood neutrophil to lymphocyte ratio was 3.25 (Figure 2).




Figure 2 | ROC curve analysis was performed to determine the optimal cutoff value of preoperative blood neutrophil to lymphocyte ratio. The sensitivity and specificity for the status of cancer-specific survival were plotted.



Until October 2018, the median follow-up time was 45.3 months, with a range of 2.8 to 146.5 months. At the end of the follow-up, 22 patients (22/43, 51.2%) experienced tumor recurrence, which presented as anastomotic or esophageal remnant recurrence, hematogenous spread, and lymph node metastasis. Hematogenous spread mostly occurred in the lung, thoracic vertebra, liver, and brain. Lymph node recurrence was present in mediastinal and abdominal aortic lymph nodes.

As shown in Table 2, the univariate analysis for cancer-specific survival showed that the variables significantly associated with ESCSCC included drinking abuse (P = 0.001), tumor size (P = 0.006), macroscopic type (P < 0.001, Figure 3A), perineural invasion (P = 0.004, Figure 3C), pT (P = 0.044), preoperative blood white blood cell count (P=0.011), preoperative blood neutrophil count (P = 0.001), preoperative blood neutrophil to lymphocyte ratio (P = 0.001, Figure 3E). With regard to disease-free survival, the significant prognostic factors in univariate analysis included: drinking abuse (P = 0.004), macroscopic type (P < 0.001, Figure 3B), grade of conventional squamous cell carcinoma component (P = 0.044), perineural invasion (P = 0.001, Figure 3D), tumour size (P = 0.018, Figure 3F), pT (P = 0.019), preoperative blood white blood cell count (P = 0.037), preoperative blood neutrophil count (P = 0.003), preoperative blood neutrophil to lymphocyte ratio (P = 0.002).


Table 2 | Univariate analysis of clinicopathologic variables in patients with esophageal spindle cell squamous cell carcinoma for cancer-specific survival and disease-free survival (log-rank test).







Figure 3 | Prognostic factors affecting the postoperative survival of patients with esophageal spindle cell squamous cell carcinoma (log-rank test). Compared to polypoid type, infiltrative tumor type was associated with decreased cancer-specific survival (A) and disease-free survival (B) of patients. Tumor with perineural invasion had worse cancer-specific survival (C) and disease-free survival (D) than those without perineural invasion. High preoperative blood neutrophil to lymphocyte ratio was associated with decreased cancer-specific survival (E) in patients. Patients with tumor size >6cm had worse disease-free survival than those with tumor size ≤6cm (F).



Eventually, 20 patients (20/43, 46.5%) died of this tumor. The 1-, 3-, and 5-year cancer-specific survival rates were 79.1, 61.3, and 55.5% (Figure 4A), respectively. The 1-, 3-, and 5-year disease-free survival rates were 76.7, 54.5, and 51.6% (Figure 4B), respectively.




Figure 4 | The two proposed prognostic models successfully stratified the risk of patients with esophageal spindle cell squamous cell carcinoma to predict survival (log-rank test). The overall cancer-specific survival and disease-free survival of patients in the present study are presented in (A, B), respectively. The new combined model for cancer-specific survival (including macroscopic type, perineural invasion, preoperative blood neutrophil to lymphocyte ratio), another model for disease-free survival (including macroscopic type, perineural invasion, tumor size) clearly stratified patients into groups according to risk (low, intermediate and high) and was used to predict the cancer-specific survival (C), the disease-free survival (D) of esophageal spindle cell squamous cell carcinoma patients, respectively.





Multivariate Cox Regression Analysis

To determine independent prognostic factors, we performed multivariate analysis for cancer-specific survival using a Cox proportional hazard model. Both all statistically significant variables in univariate analysis and the variable with p value in the range of 0.05–0.1 (gender) were included in the multivariate analysis. The results confirmed that macroscopic type (HR = 0.047, 95% CI 0.004–0.592, P = 0.018), perineural invasion (HR = 0.088, 95% CI 0.008–0.969, P = 0.047), and preoperative blood neutrophil to lymphocyte ratio (HR = 0.208, 95% CI 0.052–0.835, P = 0.027) were independent prognostic factors for cancer-specific survival (Table 3). However, macroscopic type (P = 0.006), perineural invasion (P = 0.005), tumor size (P = 0.013), and pT (P = 0.049) were found to be associated with disease-free survival independent of other clinicopathological parameters (Table 4).


Table 3 | Cox multivariate analyses of prognostic factors on cancer-specific survival.




Table 4 | Cox multivariate analyses of prognostic factors on disease-free survival.





Two New Prognostic Models for Cancer-Specific Survival, Disease-Free Survival, Respectively

For cancer-specific survival, based on the three independent prognostic risk factors, macroscopic type, perineural invasion, and preoperative blood neutrophil to lymphocyte ratio, we built a new prognostic model to stratify the risk. The proposed model for cancer-specific survival confirmed that ESCSCC patients can be divided into a high-risk group (three risk factors), an intermediate-risk group (one or two risk factors), and a low-risk group (none of the above risk factors). Similarly, in terms of disease-free survival, we proposed a new prognostic model including macroscopic type, perineural invasion, and tumor size. The prognostic model for disease-free survival could classify ESCSCC patients into a high-risk group (two or three risk factors), an intermediate-risk group (one risk factor), and a low-risk group (none of the above risk factors). The two combined models significantly stratified risk (low, intermediate, and high) for cancer-specific survival, disease-free survival prediction, respectively (both P < 0.001, Figures 4C, D). Further analysis revealed that the 5-year disease-free survival rate was 70.2% in the low-risk group, 38.9% in the intermediate-risk group, and 0% in the high-risk group. The 5-year cancer-specific survival rate was 88.5% in the low-risk group, 30.8% in the intermediate-risk group, and 0% in the high-risk group.



Comparison of Prognosis With Esophageal Conventional Squamous Cell Carcinoma

200 patients with conventional squamous cell carcinoma during the same period were sampled as a control. Five variables identified as independent prognostic factors in our cohort of ESCSC were collected, including macroscopic type, perineural invasion, preoperative blood neutrophil to lymphocyte ratio, tumor size, and pT. The clinicopathologic characteristics were detailed in Supplemental Table 1.

There were no significant difference between ESCSCC and esophageal conventional squamous cell carcinoma on the 5-year cancer-specific survival rate (55.5 v 42.0%, P = 0.384) and 5-year disease-free survival rate (51.6 v 41.5%, P = 0.588). Univariate analysis demonstrated that perineural invasion (P < 0.001), preoperative blood neutrophil to lymphocyte ratio (P = 0.021) were correlated with esophageal conventional squamous cell carcinoma on cancer-specific survival (Supplemental Table 2); whereas only perineural invasion on disease-free survival (P < 0.001, Supplemental Table 3). Two new prognostic models we proposed for ESCSCC failed to significantly stratified risk (low, intermediate, and high) on cancer-specific survival rate or disease-free survival rate in our cohort of esophageal conventional squamous cell carcinoma.




Discussion

In the present study, based on a relatively large single-center cohort of 43 ESCSCC patients who underwent surgical treatment, we found that macroscopic type, perineural invasion, and preoperative blood neutrophil to lymphocyte ratio were independent prognostic factors for cancer-specific survival. However, macroscopic type, perineural invasion, tumor size, and pT were found to be associated with disease-free survival independent of other clinicopathological parameters. More importantly, two combined prognostic models we proposed can significantly stratify risk (low, intermediate, and high) to predict cancer-specific survival, disease-free survival, respectively.

Historically, ESCSCC is not a well-known entity. There are several synonyms, such as carcinosarcoma, sarcomatoid carcinoma, spindle cell carcinoma, metaplastic carcinoma, polypoid carcinoma, pseudosarcoma, squamous cell carcinoma with sarcomatous feature, squamous cell carcinoma with spindle cell features (3). These discrepancies in nomenclature reflect the limit knowledge of ESCSCC. In the WHO Classification of Tumors of the Digestive System (2019), ESCSCC is classified as the subtype of esophageal squamous cell carcinoma. Our findings support this classification. First, though it is companied by variable proportions of malignant spindle-shaped sarcoma element, there is no significant difference between ESCSCC and esophageal conventional squamous cell carcinoma in long-term outcome. Secondly, our research found several different prognostic factors only in ESCSCC, e.g. tumor size, macroscopic type, and pT. Thirdly, ESCSCC and esophageal conventional squamous cell carcinoma shared some common prognostic factors, such as perineural invasion, preoperative blood neutrophil to lymphocyte ratio. However, it is worth mentioning that in terms of preoperative blood neutrophil to lymphocyte ratio, the cutoff for esophageal conventional squamous cell carcinoma is 2.79 while it is 3.25 for ESCSCC. Lastly, two new prognostic models we proposed for ESCSCC failed to significantly stratified risk (low, intermediate, and high) in our cohort of esophageal conventional squamous cell carcinoma. Our findings demonstrated that the underlying molecular biological basis for ESCSCC might be at least in part different from that for esophageal conventional squamous cell carcinoma, supporting the notion that ESCSCC may be distinguished from esophageal conventional squamous cell carcinoma as a rare subtype.

Currently, the long-term clinical outcome of ESCSCC patients treated with radical surgery is controversial. Cavallin et al. found that the recurrence rate was 80%, leading to death within two years after surgery (8). The 5-year overall survival rate reported in other studies ranged from 44.8 to 61.9% (3, 6, 7, 13). Consistent with Sano et al. and Hashimoto et al.’s findings (3, 13), our study showed that the 5-year cancer-specific survival rate was 55.5%. Limited sample size, the quality of radical surgery, the percentage of patients in the early stage, and other prognostic factors might lead to these discrepancies in prognosis among different studies.

Our data showed that the percent of the spindle cell elements was not associated with cancer-specific survival and disease-free survival for ESCSCC patients who underwent radical surgery. These outcomes led us to speculate that both carcinomatous and spindle cell elements determine the malignant behavior of ESCSCCs. However, Natsugoe et al. found that cells in the sarcomatous and carcinomatous components were aneuploid and diploid, respectively, based on DNA flow cytometric analysis. They proposed the concept that the sarcomatous component in ESCSCC accounts for malignant behavior (14). Thus, which component in ESCSCC defines the degree of malignant behavior of this tumor is still controversial and needs further investigation.

In the current study, we paid special attention to the potential prognostic role of preoperative peripheral blood cell-based markers for ESCSCC. Currently, accumulating evidence has supported these blood cell-based markers as predictors of outcome after an operation and treatment response to neoadjuvant chemotherapy in various types of malignancies (15–20). In terms of our research, the elevation of preoperative blood neutrophil to lymphocyte ratio was independent predictor of poor cancer-specific survival for patients with ESCSCC who underwent curative surgical resection. Our observations might suggest a potential impact of cancer-associated inflammation on the progression and metastasis of ESCSCC. In general, the inflammatory microenvironment established by the tumor promotes its further malignant behavior by producing DNA damage and genomic instability, enhancing proliferation and survival, stimulating angiogenesis, favoring invasion and metastasis, and inducing an immunosuppressive environment (21, 22). Moreover, our analysis highlighted the role of neutrophils in ESCSCC malignant behavior, suggesting the potential application of future therapies targeting the tumor inflammatory microenvironment for ESCSCC patients.

pTNM stage is the best-established risk factor for important aspects affecting the prognosis of patients with esophageal cancer. This parameter, based on specific clinicopathological features and extent of disease, may have reached its limit in providing critical information in influencing patient prognosis and treatment strategies. Therefore, there is a need for new objective strategies that can effectively distinguish between patients with favorable and unfavorable outcomes. In our study, our data support the idea that macroscopic type, perineural invasion, preoperative blood neutrophil to lymphocyte ratio, and tumor size can effectively identify ESSC patients who may have aggressive clinical courses and adverse outcomes. Thus, macroscopic type, perineural invasion, preoperative blood neutrophil to lymphocyte ratio, and tumor size may become factors for predicting prognosis and render a more tailored treatment strategy in ESCSCC patients. Based on these interesting results, we propose two new prognostic models for cancer-specific survival, disease-free survival, respectively. The two proposed models may help to guide postoperative follow-up and individualized treatment.

Several limitations may affect the interpretation of this study due to the single-center retrospective design and the small sample size. However, given the rarity of the disease, larger prospective studies are difficult. In contrast, multi-center retrospective studies with a larger sample size should be encouraged. In addition, in our cohort of ESCSCC, five patients received postoperative therapy. Neoadjuvant treatment was not given in anyone patient with pTNM stage II or III. It was really disproportionately low compared to the current standard. Our cohort patients were retrospectively collected between January 2001 and December 2014. During this period, because of this tumor rarity, there was no consensus on the clinical management and adjuvant treatment for ESCSCC patients who received radical surgery.
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Conclusions

We proposed two new prognostic models based on macroscopic type, perineural invasion, preoperative blood neutrophil to lymphocyte ratio, and tumor size that can effectively identify ESCSCC patients with a high risk of tumor recurrence and poor prognosis. This may aid in personalized management for patients with ESCSCC.
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The neddylation pathway is overactivated in esophageal cancer. Our previous studies indicated that inactivation of neddylation by the NAE inhibitor induced apoptosis and autophagy in cancer cells. Camptothecin (CPT), a well-known anticancer agent, could induce apoptosis and autophagy in cancer cells. However, whether CPT could affect the neddylation pathway and the molecular mechanisms of CPT-induced autophagy in esophageal cancer remains elusive. We found that CPT induced apoptosis and autophagy in esophageal cancer. Mechanistically, CPT inhibited the activity of neddylation and induced the accumulation of p-IkBa to block NF-κB pathway. Furthermore, CPT induced the generation of ROS to modulate the AMPK/mTOR/ULK1 axis to finally promote protective autophagy. In our study, we elucidate a novel mechanism of the NF-κB/AMPK/mTOR/ULK1 pathway in CPT-induced protective autophagy in esophageal cancer cells, which provides a sound rationale for combinational anti-ESCC therapy with CPT and inhibition AMPK/ULK1 pathway.
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Introduction

Post-translational modification of proteins plays crucial roles in the regulation of tumorigenesis and tumor progression. Protein neddylation is an important post-translational modification that conjugates the ubiquitin-like molecule NEDD8 (neuronal precursor cell-expressed developmentally down-regulated protein 8) to substrate proteins (1–4). This process is catalyzed by NEDD8-activating enzyme (NAE, NAE1, and UBA3 heterodimer), transferred to NEDD8-conjugating enzymes E2 and then conjugated to substrate-specific NEDD8-E3 ligases (1–4). The cullin subunits of Cullin-RING E3 ubiquitin ligase (CRL) are the best-characterized substrates of neddylation pathway (5, 6). Accumulated studies show that protein neddylation is elevated in multiple human cancers, and inhibition of this pathway has been developed as a promising anticancer strategy. Mechanistic studies showed that neddylation inhibition effectively induced DNA re-replication stress/DNA damage response, cell cycle arrest, apoptosis, or senescence in a cell-type-dependent manner (7–13). Moreover, neddylation inhibition also induced pro-survival autophagic responses in cancer cells partially via modulating the HIF1–REDD1–TSC1 or DEPTOR–mTORC1 pathways (14–16).

Camptothecin (CPT), a topoisomerase I inhibitor, was isolated from the Asian tree Camptotheca acuminate by Wall and Wani in 1966 (17). CPT can form a stable tertiary structure with DNA and topoisomerase I, thus resulting in the formation of the topoisomerase I-CPT complex, which induce DNA double-strand breakage to ultimately promote cell death (18–20). Recent studies have revealed that CPT and its derivatives have significant anticancer efficacy in lung cancer (21), colorectal cancer (22), ovarian cancer (23), and breast cancer (24) in vitro and in vivo. Mechanistic studies showed that CPT effectively induced cell cycle progression, apoptosis, and other cellular responses (25, 26). For example, CPT induces mitotic arrest through Mad2–Cdc20 complex by activating the JNK-mediated Sp1 pathway (27). In addition, CPT enhanced apoptosis in cancer cells by targeting the 3-UTR regions of Mcl1, Bak1, and p53 through the miR-125b-mediated mitochondrial pathways (20). Furthermore, previous study demonstrated that CPT inhibited the growth and invasion of prostate cancer cells via PI3K/AKT, αVβ3/αVβ5 and MMP-2/-9 signaling pathways (28). However, it is completely unknown whether CPT could induce autophagy in esophageal cancer cells.

Autophagy is a process of cellular stress response by which some cytosolic materials are engulfed into autophagosome, followed by lysosome-mediated degradation. Autophagy can be upregulated under different cellular stresses, such as nutrient starvation, ROS accumulation, and reduced cytokine signaling (29, 30). Increasing lines of evidence have confirmed that autophagy is a pro-survival signal in human disease prevention and therapy (31, 32). Targeting the neddylation pathway to inactivate CRL E3 ligases has been shown to induce autophagy (1, 14). In addition, CPT could induce autophagy in some cancer cells. However, the underlying mechanisms of CPT triggering autophagy in ESCC cells remain elusive. Here, for the first time, we reported that neddylation inhibition by CPT significantly induced the accumulation of p-IκBα to trigger pro-survival autophagy by modulating NF-κB/AMPK/mTOR/ULK1 axis in esophageal cancer cells, highlighting targeting autophagy as a potential strategy to enhance anti-ESCC therapy of CPT.



Materials and Methods


Cell Lines, Culture, and Reagents

Human ESCC cell lines EC1 and EC109 were cultured in Dulbecco’s Modified Eagle’s Medium (Hyclone), containing 10% fetal bovine serum (Biochrom AG) and 1% penicillin–streptomycin solution, at 37°C with 5% carbon dioxide. Chloroquine (CQ), Bafilomycin A1 (BafA1), 3-methyladenine (3MA), and N-Acetyl-L-cysteine (NAC) were purchased from Sigma. Compound C (Com. C) was purchased from Selleck. (S)-(+)-camptothecin (CPT, 98%) was purchased from Aladdin Industrial Inc. For in vitro studies, CPT stock solution (5 mM) was prepared in dimethyl sulfoxide (DMSO) and stored at −20°C as small aliquots until needed. For in vivo studies, CPT was freshly dissolved in 10% 2-hydroxypropyl-b-cyclodextrin (HPBCD) and stored at room temperature before use.



Cell Viability and Clonogenic Survival Assay

Cells were seeded in 96-well plates (2 × 103 cells/well) and treated with DMSO or CPT. Cell proliferation was determined using the ATPLite Luminescence Assay Kit (PerkinElmer, Waltham, MA, USA) according to manufacturer’s instructions. For the clonogenic assay, 500 cells were seeded in six-well plates and then were treated with DMSO or CPT and cultured for 10 days in six-well plates. The colonies were fixed, stained, and counted under an inverted microscope (Olympus, Tokyo, Japan). Colonies comprising 50 cells or more were counted under an inverted microscope. Three independent experiments were performed.



Immunoblotting

Cell lysates were prepared for immunoblotting analysis using antibodies against LC3, p62, NEDD8, AMPK, p-AMPKα (Thr172), ULK1, p-ULK1 (Ser317), p-H2AX, WEE1, p21, ORC1, Beclin1, ATG5, p-p70S6K (Thr389), p70S6K, 4EBP1, p-4EBP1 (Thr37/46), cleaved PARP, cleaved Caspase-3, IκBα, p-IκBα, p65, LaminA/C and Tublin (Cell Signaling Technology), Cullin1 (Abcam). ACTIN (Protein Tech) was used as the loading control.



Gene Silencing Using siRNA

EC1 and EC109 cells were transfected with siRNA oligonucleotides and synthesized by GenePharma (Shanghai, China) using Lipofectamine 2000 (Invitrogen, Carlsbad,CA, USA). The sequences of siRNA are as follows:

	siIκBα: GCCAGAAATTGCTGAGGCA;

	siULK1: CGCCTGTTCTACGAGAAGA;

	siBeclin1: CAGTTTGGCACAATCAATA;

	siATG5: GGATGAGATAACTGAAAGG.





Detection of Apoptosis

Cells were treated with CPT at a specified concentration for appointed time. Apoptosis was determined with the Annexin V-FITC/PI Apoptosis Kit (BD Biosciences, San Diego, CA, USA) according to the manufacturer’s instructions.



Quantification of Reactive Oxygen Species

The quantification of reactive oxygen species (ROS) production was monitored by cell permeable ROS indicator, 2′, 7′-dichlorodihydrofluorescein diacetate (H2-DCFDA) (Sigma). The functional role of ROS generation in autophagy was evaluated by free-radical scavenger NAC (Beyotime). Cells were pre-incubated with 50 μM NAC for 12 h, followed by co-incubation with the indicated chemicals and assessment of autophagy or ROS generation as described above.



Tumor Formation Assay

For tumor formation assay, five-week-old female athymic nude mice were purchased from the Shanghai Experimental Animal Center (Shanghai, China). 5 × 106 EC1 cells were subcutaneously injected into the right back. Tumor size was measured by a vernier caliper and calculated as (length × width2)/2. All procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Statistical Analysis

The statistical significance of differences between groups was assessed using the Graph Pad Prism 5 software. The unmatched two-tailed t-test was used for the comparison of parameters between two groups. The level of significance was set at P <0.05.




Results


CPT Induced Autophagy and Suppressed the Growth of Esophageal Cancer Cells In Vitro and In Vivo

To investigate whether CPT could induce autophagy in esophageal cancer cells, we detected the autophagy response after CPT treatment. Firstly, we determined the conversion of LC3-I to LC3-II, a classical marker of autophagy, and found that CPT dramatically induced the conversion of LC3-I to LC3-II and inhibited the expression of p62 in EC1 and EC109 cells (Figure 1A). In addition, we performed autophagic flux analysis by treating cells with classical autophagy inhibitors including Chloroquine (CQ), bafilomycin A1 (BafA1), and 3-methyladenine (3MA), respectively. As expected, 3MA inhibited, while BafA1 and CQ enhanced the accumulation of LC3 II, indicating that autophagic flux was intact and supraphysiological autophagic response was induced by CPT treatment (Figure 1B). These results convincingly demonstrated that CPT induced autophagy in esophageal cancer cells.




Figure 1 | CPT induced autophagy and suppressed the growth of esophageal cancer cells in vitro and in vivo. (A) Cells were treated with the indicated concentrations of CPT for 24 h, and cells were collected and subjected to IB analysis for the expression of LC3 and p62, Actin was used as an equal loading control. (B) Autophagic flux analysis. EC1 and EC109 cells treated with DMSO or CPT (2.5 μmol/L) for 24 h were incubated with or without CQ (50 μM), BafA1 (20 nM), or 3MA (5 mM) for 6 h. The treated cells were then collected and subjected to IB analysis with ACTIN as a loading control. (C) Cells were treated with the indicated concentrations of CPT for 72 h, and cell viability was assessed by the ATPLite assay (n = 4). (D) CPT inhibited clonogenic cell survival of ESCC cancer cells. EC1 and EC109 cells were seeded into 60 mm dishes in duplicate and then grown in the presence or absence of CPT for 10 days. The colonies with more than 50 cells were counted, following crystal violet staining (n = 3). (E, F) CPT induced apoptosis in ESCC cells. (E) Cells were treated with the indicated concentrations of CPT for 48 h and subjected to Annexin V-FITC/PI double-staining analysis (n = 3). (F) Cells were treated with the indicated concentrations of CPT for 24 h, and cell lysates were assessed by IB with specific antibodies against cleaved-Caspase-3 (c-Casp3) and cleaved-PARP (c-PARP). (G–K) CPT induced autophagy and suppressed the growth of esophageal cancer cells in vivo. Nude mice bearing esophageal cancer xenografts with EC109 cells were administered with CPT at 2.5 mg/kg. The treatments for the nude mice were carried out every 2 days and lasted for 14 days. (G) Tumor volumes were determined by caliper measurement, and the data were converted to tumor growth curves. Tumor tissues of mice were collected, photographed, weighed, and stored for further analysis (n = 5). (H) CPT significantly reduced tumor weight (n = 5). (I) Images of CPT-treated or control xenograft tumors at the end of experiment. (J) No obvious toxicity against body weight was observed during CPT treatment. Body weight of mice was measured twice a week during the treatment (n = 5). (K) Proteins extracted from tumor tissues were analyzed by IB using anti-LC3. Data were presented as mean ± S.E.M. **P < 0.01 and ***P < 0.001.



We next evaluated the antitumor activity after CPT treatment in ESCC cells. Firstly, we found that CPT significantly inhibited cell proliferation (Figure 1C) and colony formation (Figure 1D) in a dose-dependent manner in EC1 and EC109 cells. Next we found that CPT significantly induced apoptosis (Figures 1E, F), as best evidenced by the increase of Annexin V-positive cell populations and the accumulation of cleaved-PARP and cleaved-Caspase-3, two classical markers of apoptosis. These results convincingly demonstrated that CPT inhibited cell proliferation and induced apoptosis in esophageal cancer cells.

Having established that CPT induced autophagy and inhibited esophageal cancer cell growth in vitro, we next evaluated the antitumor activity and autophagy response after CPT treatment in vivo. CPT treatment significantly suppressed tumor growth over time while control tumors grew rapidly, as revealed by size of tumors, tumor growth curve, and tumor weight analysis. CPT-treated tumors progressed slowly, whereas control tumors grew rapidly over time, as shown by tumor growth curve (Figure 1G) and tumor weight analysis (Figure 1H). Consistently, the size of control tumors was much larger than that of CPT-treated tumors (Figure 1I) without obvious treatment-related toxicity, such as body weight loss (Figure 1J). In addition, as shown in Figure 1K, CPT significantly induced autophagy in vivo, as evidenced by the increase of conversion of LC3I to LC3II. Taken together, these findings demonstrated that CPT induced autophagy and inhibited esophageal tumor growth both in vitro and in vivo.



CPT-Induced Autophagy Was a Survival Signal in Esophageal Cancer Cells

In order to investigate the role of autophagy response induced by CPT in the growth of ESCC cells, we blocked autophagy pathway via siRNA silencing of autophagy essential genes Beclin1 or ATG5 and evaluated its effect on proliferation and apoptosis of esophageal cancer cells. As shown in Figure 2A, downregulation of Beclin1 expression effectively enhanced CPT-induced proliferation inhibition in EC1 and EC109 cells. Similarly, downregulation of ATG5 expression effectively enhanced CPT-induced proliferation inhibition in EC1 and EC109 cells (Figure 2B). Consistently, the inhibition of autophagic response by siBeclin1 and siATG5 significantly enhanced CPT-induced apoptosis, as best evidenced by the increase of Annexin V-positive cell populations (Figures 2C, D) and the accumulation of cleaved PARP, a classical marker of apoptosis (Figures 2E, F) in esophageal cancer cells. These results demonstrated that CPT induced autophagy as a prosurvival signal in esophageal cancer cells.




Figure 2 | CPT-induced autophagy was a survival signal in esophageal cancer cells. (A, B) The proliferation inhibition by CPT treatment was significantly increased by simultaneously blocking autophagy with siBeclin1 or siATG5. The combination of siBeclin1 or siATG5 with CPT in EC1 and EC109 cells significantly increased proliferation inhibition by ATPLite assay (n = 3). (C, D) Blocking of autophagy pathway by Beclin1 or ATG5 siRNA silencing amplified CPT-induced apoptosis. The combination of siBeclin1 or siATG5 with CPT in EC1 and EC109 cells significantly increased apoptosis by Annexin V-FITC/PI double-staining analysis (n = 3). (E, F) Beclin1 or ATG5 knockdown increased cleaved PARP expression induced by CPT. Cells were transferred with siRNAs against Beclin 1 (E) or ATG5 (F) for 48 h, and then treated with CPT at 2.5 μmol/L for 24 h. Knockdown efficiency and cleaved PARP were assessed by IB analysis. Data were presented as mean ± S.E.M. ***P < 0.001.





AMPK/mTOR/ULK1 Axis Contributes to CPT Induced Autophagy

Previous studies indicated that the activation of AMPK/ULK1 pathway induced autophagy, and inactivation of the mTOR pathway could promote autophagy in multiple human cancers (33). Based on these findings, we determined whether CPT-induced autophagy by modulating the AMPK/mTOR/ULK1 pathway. As shown in Figure 3A, we found that CPT activated the AMPK pathway, as best evidenced by the increase of phosphorylation of AMPK and ULK1. In addition, CPT inhibited the mTOR pathway, as best evidenced by the decrease of phosphorylation of p70S6K and 4EBP1. In order to determine the role of AMPK in CPT-induced expression of p-ULK1 and inhibition of p-p70S6K in EC1 and EC109 cells, we used Compound C (an AMPK inhibitor) to inactivate the AMPK pathway and found that inactivation of AMPK significantly reversed CPT-induced expression of p-ULK1 in ESCC cells. Consistently, inactivation of AMPK significantly reversed CPT-inhibited expression of p-p70S6K. Moreover, inactivation of AMPK via Compound C treatment significantly increased CPT-induced proliferation inhibition (Figure 3B). Additionally, inhibition of AMPK with Compound C significantly enhanced CPT-induced apoptosis, as evidenced by the accumulation of cleaved PARP (Figure 3C) and the increase of Annexin V-positive cell populations (Figure 3D). In order to determine the role of ULK1 in CPT-induced autophagy in EC1 and EC109 cells, we knockdown ULK1 and found that ULK1 knockdown markedly attenuated the conversion of LC3 I to LC3 II in ESCC cell (Figures 3E, F). These findings demonstrated that CPT induced protective autophagy by AMPK/mTOR/ULK1 axis in esophageal cancer cells.




Figure 3 | AMPK/mTOR/ULK1 axis contributes to CPT induced autophagy. (A) EC1 and EC109 cells were treated with DMSO and 1.25, 2.5, 5 μmol/L CPT for 24 h and then collected and subjected to IB analysis for the expression of AMPK, p-AMPK, p-70S6K, p-p70S6K, 4EBP1, p-4EBP1, ULK1, and p-ULK1. (B) EC1 and EC109 cells were treated with 2.5 μmol/L CPT alone or CPT + Com.C (5 μmol/L) for 72 h and subjected to ATPLite assay (n = 3). (C) EC1 and EC109 cells were treated with 2.5 μmol/L CPT alone or CPT + Com.C (5 μmol/L) for 24 h and subjected to IB analysis for the expression of AMPK, p-AMPK, p-ULK1, p70S6K, p-p70S6K, and c-PARP. (D) EC1 and EC109 cells were treated with 2.5 μmol/L CPT alone or CPT + Com.C (5 μmol/L) for 48 h. Apoptosis induction was quantified by Annexin V-FITC/PI double-staining analysis (n = 3). (E, F) Autophagy was rescued by ULK1 siRNA silencing. ULK1 knockdown largely abrogated CPT-induced conversion of LC3-I to LC3-II in EC1 and EC109 cells. EC1 and EC109 cells were transfected with control or siULK1 for 48 h and then treated with 2.5 μmol/L CPT for 24 h. Knockdown efficiency and LC3 were assessed by IB analysis. Data were presented as mean ± S.E.M. ***P < 0.001.





CPT Induced ROS Generation to Promote Autophagy via AMPK/mTOR/ULK1 Axis

Given that ROS could activate the AMPK pathway to induce autophagy (34–36), we determined whether CPT-induced autophagy was mediated by ROS generation in esophageal cancer cells. We firstly detected cellular ROS level with the cell permeable ROS indicator, 2′, 7-dichlorodihydrofuorescein diacetate (H2-DCFDA), and found that CPT significantly induced ROS production in both EC1 and EC109 cells (Figures 4A–D). Furthermore, we determined the role of ROS in CPT-induced AMPK/ULK1 pathway and CPT-inhibited mTOR pathway. We used NAC, a classical ROS scavenger, and found that NAC prevented CPT induced the generation of ROS (Figures 4E, F) and found that ROS reduction markedly attenuated CPT-induced the expression of p-AMPK, p-ULK1, LC3II and CPT-inhibited the expression of p-p70s6k (Figures 4G, H). Based on these observations, we concluded that CPT-induced ROS production modulated the AMPK/mTOR/ULK1 pathway to induce autophagy in esophageal cancer cells.




Figure 4 | CPT induced ROS generation to promote autophagy via AMPK/mTOR/ULK1 axis. (A–D) CPT elevated ROS levels in ESCC cells. (A, B) Cells were treated with various concentrations of CPT for 24 h. (C, D) Cells were treated with 1.25 μmol/L CPT for the indicated time periods. ROS generation was determined by H2-DCFDA staining and flow cytometry. (E, F) EC1 and EC109 cells were treated with 1.25 μmol/L CPT alone or CPT + NAC (50 μmol/L) for 12 h and subjected to H2-DCFDA staining analysis for the levels of ROS. (G, H) NAC inhibited CPT-induced autophagy and suppressed CPT-modulated AMPK/mTOR/ULK1 axis in ESCC cells. EC1 and EC109 cells were treated with 1.25 μmol/L CPT alone or CPT + NAC (50 μmol/L) for 12 h and subjected to IB analysis for the expression of AMPK, p-AMPK, ULK1, p-ULK1, p70S6K, p-p70S6K, and LC3.





ROS-Mediated Autophagy Is Attributed to p-IκBα Accumulation by Neddylation Inactivation

Since the inactivation of NF-κB could induce ROS generation (37, 38), we next determined whether ROS/AMPK/mTOR/ULK1 axis-induced autophagy is mediated by the NF-κB pathway. Firstly, we found that pretreating cells with CPT prior to TNFα (an activator of NF-κB) stimulation significantly inhibited protein level of p65 NF-κB in the nuclear fraction of esophageal cancer cells, suggesting that CPT inhibited the activation of NF-κB pathway (Figure 5A). Furthermore, immunofluorescence staining demonstrated that cells stimulated with TNFα showed prominent p65 NF-κB accumulation in the nucleus (Figure 5B). Translocation of NF-κB to the nucleus is allowed by the phosphorylation of IκBα, resulting in its ubiquitination and degradation by CRL complex. Based on this, we hypothesized that CPT may induce p-IκBα accumulation due to the inactivation of CRL E3 ligase, and therefore activate ROS-mediated AMPK/mTOR/ULK1 axis to activate autophagy. As shown in Figure 5C, CPT significantly induced the expression of p-IκBα in both EC1 and EC109 cells. Interestingly, we found that CPT indeed suppressed the global protein neddylation and the neddylation levels of Cullin1 (Figure 5D). We further explored the mechanism of CPT-induced neddylation pathway in esophageal cancer cells. The key neddylation enzymes, NAE1, UBA3 and UBC12, were obviously suppressed upon CPT treatment in EC1 cells (Figure 5E). Furthermore, CRL substrates, including WEE1, p21, ORC1, and p-H2AX, were accumulated upon CPT treatment (Figure 5E). Having established that CPT inhibited neddylation pathway in vitro, we next evaluated whether CPT inactivated neddylation after CPT treatment in vivo. As shown in Figure 5F, CPT indeed suppressed the global protein neddylation, cullin1 neddylation, and the expression of the neddylation enzyme UBC12. These findings demonstrated that CPT inhibited the protein neddylation pathway in vitro and in vivo.




Figure 5 | ROS-mediated autophagy is attributed to p- IκBα accumulation by neddylation inactivation. (A–C) CPT inhibited the activation of NF-κB pathway. (A, B) CPT prevented p65 NF-κB translocation to the nucleus induced by TNFα. ESCC cells were cultured in the presence or absence of 2.5 μmol/L CPT (12 h) and stimulated concurrently with TNFα (100 ng/ml) for 30 min. (A) p65 isoform of NF-κB was determined by western blot analysis using nuclear (N) and cytosolic (C) fractions of ESCC cells treated as indicated. Lamin A/C and Tubulin were analyzed to demonstrate the presence of nuclear and cytosolic fractions, respectively. (B) p65 NF-κB subcellular localization was determined by immunofluorescence staining for endogenous p65 NF-κB (green). (C) EC1 and EC109 cells were treated with 2.5 μmol/L CPT for 24 h and cell lysates were assessed by IB with specific antibody against IκBα and p-IκBα. (D, E) CPT inhibited neddylation modification. (D) Immunoblotting was used to analyze the neddylation levels of cullin1 and global protein neddylation upon CPT treatment for 24 h with various concentrations. (E) ESCC cells were treated with CPT (0, 1.25, 2.5, and 5 μmol/L) for 24 h, followed by IB analysis using antibodies against NAE1, UBA3, UBC12, WEE1, p21, ORC1, p-H2AX, ACTIN as a loading control. (F) CPT inhibited neddylation pathway in vivo. Nude mice bearing esophageal cancer xenografts with EC109 cells were administered with CPT at 2.5 mg/kg. The treatments for the nude mice were carried out every 2 days and lasted for 14 days. Proteins extracted from tumor tissues were analyzed by IB using anti-NEDD8, cullin1, and UBC12. (G, K) ESCC cells were transfected with IκBα siRNA, then treated with 2.5 μmol/L CPT for 48 h. p-AMPK, p-ULK1, cleaved PARP activity were assessed by IB analysis (G). ROS generation was determined by H2-DCFDA staining and flow cytometry (H, I). Cell viability was measured using the ATPLite assay (J) and apoptosis was detected by annexin V and PI double staining (K) (n = 3). Data were presented as mean ± S.E.M. ***P < 0.001.



To further investigate the potential role of IκBα in CPT-induced ROS production and autophagy, we downregulated the IκBα expression in esophageal cancer cells. We found that IκBα knockdown markedly attenuated CPT-induced expression of p-AMPK, p-ULK1 (Figure 5G) and the generation of ROS (Figures 5H, I). Furthermore, we found that IκBα knockdown significantly enhanced CPT-induced proliferation inhibition (Figure 5J). In addition, IκBα knockdown significantly enhanced CPT-induced apoptosis, as evidenced by the accumulation of cleaved PARP (Figure 5G) and the increase of Annexin V-positive cell populations (Figure 5K). These findings collectively demonstrated that CPT inhibited NF-κB pathway to promote ROS generation, which modulated the AMPK/mTOR/ULK1 axis to eventually induce autophagy in esophageal cancer cells.




Discussion

Esophageal cancer is one of the most human malignant tumors with high recurrence rate and poor long-term survival (39, 40). The severe threat of esophageal cancer to human health raises an urgent necessity to further elucidate the mechanisms for esophageal carcinogenesis and need novel effective therapeutic strategies. Recently, protein neddylation pathway has emerged as a potential anti-ESCC target, as supported by the discovery of overactivation of the neddylation pathway in esophageal cancer. Our present work demonstrated for the first time that CPT inhibited cullin neddylation, inactivated CRLs and induced the accumulation of classical CRL substrates p-IκBα. Mechanistic investigations further revealed that the neddylation inhibition by CPT induced the generation of ROS to modulate AMPK/mTOR/ULK1 axis to induce autophagy in esophageal cancer cells. Therefore, the neddylation pathway may serve as an important drug target for CPT to mediate cell death in ESCC cells.

Recently, the neddylation pathway, including its three enzymes NAE, UBC12 and NEDD8, has been reported to be overactivated in many kinds of cancer cells, indicating the neddylation pathway as a promising anticancer target (8, 9, 41–43). In our study, we discovered for the first time that CPT inhibited cullin neddylation to inactivate CRLs, as evidenced by the accumulation of CRLs substrate p-IκBα. Furthermore, we found that CPT reduced the expression of NAE1, UBA3, and BUC12. However, it is unclear how neddylation enzymes are downregulated by CPT in esophageal cancer. These findings establish the necessity to explore the mechanism by which CPT inhibits neddylation in future studies.

AMPK is an important cellular energy sensor and acts as a duplex molecule in cancer development and progression. In the early phase, AMPK may function as a tumor suppressor and its activation would lead to cell cycle arrest and tumor growth inhibition, thus playing a critical role in cancer prevention (44–47). However, it should be noted that AMPK might protect tumor cells from death-inducing events by maintaining intracellular homeostasis, once the tumors are established and finally lead to cancer drug resistance and metastasis (45, 48). For example, AMPK-deficient tumor cells were more susceptible to cell death induced by glucose deprivation, suggesting that AMPK activation is a pro-survival signal in cancer cells (49). In our study, we illustrated that CPT treatment induced AMPK activation to trigger autophagic response as a pro-survival signal in esophageal cancer cells, which provide a potential combination strategy of dually targeting AMPK and neddylation pathway for effective anti-ESCC therapy.

Our study suggested the following working model (Figure 6). We first time found that CPT promote autophagy in esophageal cancer cells. Mechanistically, CPT inactivates neddylation pathway, which induce the expression of p-IκBα to modulate AMPK/mTOR/ULK1 pathway to trigger pro-survival autophagy, whereas targeting this pathway blocks the autophagic response and thus sensitizes cancer cells to CPT-induced apoptosis. These findings provide a potential combination strategy of dually targeting AMPK/mTOR/ULK1 axis and neddylation pathway for effective anti-ESCC therapy.




Figure 6 | Working model. CPT inhibited cullin neddylation, inactivated CRLs and induced the accumulation of classical CRL substrates p-IκBα. Mechanistic investigations further revealed that the neddylation inhibition by CPT induced the generation of ROS to modulate AMPK/mTOR/ULK1 axis to induce autophagy in esophageal cancer cells.
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Esophageal squamous cell carcinoma (ESCC) is a recalcitrant cancer. The Chinese herbal monomer fangchinoline (FCL) has been reported to have anti-tumor activity in several human cancer cell types. However, the therapeutic efficacy and underlying mechanism on ESCC remain to be elucidated. In the present study, for the first time, we demonstrated that FCL significantly suppressed the growth of ESCC both in vitro and in vivo. Mechanistic studies revealed that FCL-induced G1 phase cell-cycle arrest in ESCC which is dependent on p21 and p27. Moreover, we found that FCL coordinatively triggered Noxa-dependent intrinsic apoptosis and DR5-dependent extrinsic apoptosis by transactivating ATF4, which is a novel mechanism. Our findings elucidated the tumor-suppressive efficacy and mechanisms of FCL and demonstrated FCL is a potential anti-ESCC agent.




Keywords: fangchinoline (FCL), esophageal squamous cell carcinoma (ESCC), cell cycle, intrinsic apoptosis, extrinsic apoptosis



Introduction

Esophageal squamous cell carcinoma (ESCC) is the major histologic subtype of esophageal cancer, and its incidence and fatality keep rising at an alarming rate worldwide (1). Despite the considerable progress in diagnosis and treatment of ESCC, the present therapeutic strategies, including chemotherapy, radiation and surgery, still have high recurrence and metastasis rates (2). Moreover, the developments of therapeutic targets and targeted drugs remain ineffective (3). Therefore, safe and effective therapeutic approaches for ESCC are urgently needed.

Currently, Chinese herbal medicinal agents have made great progress in the treatment of human cancers due to the relatively high efficacy and few side effects (4). The Chinese herbal monomer fangchinoline (FCL), extracted from the traditional Chinese herbal alkaloid tetrandrine root, characterizing as a new compound sharing structural features with tetrandrine (Figure 1A) (5). FCL has been shown to have a wide range of pharmacological activities such as anti-inflammation, anti-oxidation and anti-thrombosis activities (6–9). Remarkably, FCL exerts substantial anti-tumor efficacy on many types of human tumor cells by arresting cell cycle, inhibiting metastasis, as well as triggering apoptosis (10–12). For example, it was reported that FCL inhibited cell growth in lung cancer cells and melanoma cells by targeting the FAK pathway (13, 14). Furthermore, FCL induced apoptosis of breast cancer cells and glioblastoma cells by activating the PI3K/Akt/GSK-3β pathway (15, 16). However, the anti-tumor efficacy of FCL on ESCC and it's underlying mechanism has not been investigated.




Figure 1 | Efficacy of Fangchinoline on ESCC in vitro and in vivo. (A) Chemical structure of FCL. (B) Human esophageal epithelial cell line HET-1A and ESCC cell lines EC1, ECA109, Kyse450, Kyse150 were treated with indicated concentrations of FCL for 72 hours, and cell viability was determined by ATPlite assay. Representative inhibitory curves for each cell line are shown. (C) ATPlite assay was used to determine the cell growth of different ESCC cell lines at the indicated concentrations of FCL for 0, 24, 48 and 72 hours. (D) Representative images of three independent experiments are shown for the inhibition of colony formation by FCL. (E) Graph of the relative number of colonies formed. (F) Nude mice were subcutaneously transplanted Kyse150 cells and treated with FCL as indicated in Materials and Methods. Tumor size was determined with caliper every other day, and the volume was calculated to construct a growth curve. (G) Mice were sacrificed, and tumor tissues were harvested and photographed. The tumor weight was measured with an electronic scale on the sacrificed day. (H) Mouse body weight was recorded every other day during the whole experiment. *denotes P < 0.05, **denotes P < 0.01, ***denotes P < 0.001, ****denotes P < 0.0001, n.s. denotes not significant.



In the present study, for the first time, we reported that FCL effectively suppressed the tumor progression of ESCC by triggering cell-cycle arrest and apoptosis. More importantly, we reported a novel mechanism by which FCL transactivated ATF4 to trigger both Noxa-dependent intrinsic and DR5-dependent extrinsic apoptosis. Our study revealed the tumor suppressive efficacy of FCL on ESCC, and validated FCL as a potential anti-ESCC agent.



Materials and Methods


Reagents

Fangchinoline was purchased from MCE (MedChem Express, Shanghai, China), and the purity of the compounds was ≥99.92%. FCL was dissolved in dimethyl sulfoxide (DMSO) and stored at −80°C for the in vitro study. For the in vivo study, FCL was dissolved first in 5% DMSO and then in 10% 2-hydroxypropyl-β-cyclodextrin (Sangon Biotech, Shanghai, China).



Cell Culture

Human esophageal epithelial cell line HET-1A and human ESCC cell lines EC1, ECA109, Kyse450, Kyse150 were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco’s Modifed Eagle’s Medium (DMEM, hyclone, Logan, UT), containing 10% fetal bovine serum (FBS, Biochrom AG, Berlin, Germany) and 1% penicillin–streptomycin solution (Gibco, USA) at 37°C with 5% CO2.



Cell Viability and Clonogenic Survival Assay

Cells were seeded in black 96-well plates with 2×103 cells per well in triplicate and cultured overnight. Cells were treated with DMSO or FCL at the indicated concentrations for 0, 24, 48 and 72 hours. At the end of the incubation, the cell viability was measured by ATPlite luminescence assay (PerkinElmer, Norwalk, CT, USA) according to the manufacturer’s protocol. For clonogenic survival assay, cells were plated into six-well plates (300 cells per well) in triplicate and allowed to adhere overnight. Cells were treated with the indicated concentrations of FCL and cultured for 12 days. Cells were stained with crystal violet and the colony number was counted. Colonies with more than 50 cells each were counted and photographed with a gel imager (GelDoc XR System, Bio-rad, USA).



Cell Cycle Analysis

For cell cycle analysis, cells were treated at the indicated concentrations of FCL for 24 hours. FCL-treated cells or control cells were harvested and fixed in 70% ethanol at -20°C overnight. Then, the fixed cells were stained with propidium iodide (PI, 36 μg/mL; Sigma, St. Louis, MO, USA) at 37°C for 15 min, and performed for fluorescence activated cell sorting (FACS) analysis by Flow Cytometry (BD FACSVerse™, New Jersey, USA). Data were analyzed with FlowJo 7.6 software.



Apoptosis Assay

For apoptosis analysis, cells were treated at the indicated concentrations of FCL for 24 hours. FCL-treated cells or control cells were collected and washed with cold PBS, and then stained with an AnnexinV-FITC and PI Apoptosis Kit according to manufacturer’s instructions (Yuheng Biotechnology, Suzhou, China). Apoptotic cells were analyzed by Flow Cytometry (BD FACSVerse™, New Jersey, USA). Data were analyzed with FlowJo 7.6 software.



Western Blot Analysis

Total protein was collected using RIPA (Radio Immunoprecipitation Assay) lysis buffer and resolved by 7.5-15% SDS-PAGE, followed by transferring the proteins to an Immobilon-PVDF Membrane (Merck Millipore Ltd, Tullagreen, lreland). The membrane was then blocked with 5% skim milk for 1 hour followed by incubation with the primary antibodies overnight as follows, cleaved caspase-8 (c-CASP8), ATF4, CHOP, DR5, Noxa, p27, Bax, Bid (Cell Signaling Technology, Danvers, MA, USA), cleaved caspase-3 (c-CASP3), cleaved caspase-9 (c-CASP9), cleaved PARP(c-PARP), PARP, β-actin (HuaBio, China), p21(Proteintech, Chicago, USA), CyclinE, CDK2, CDK4, CDK6, Fas, DR3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Corresponding second antibodies were incubated for 1 hour and membranes photographed by Tanon 5200 visualizer (Shanghai, China).



RNA Extraction and Real-Time PCR

Total RNA was isolated using the Ultrapure RNA Kit (Cwbiotech, Beijing, China) according to the manufacturer’s instructions. The reverse transcription reaction was performed on 1 μg of total RNA per sample using the PrimerScript reverse transcription reagent kit (TaKaRa, Shiga, Japan) according to the manufacturer’s instructions. After reverse transcription, the real-time polymerase chain reaction (PCR) was performed using the Power SYBR Green PCR MasterMix (Applied Biosystems, Foster City, CA) on the ABI 7500 thermocycler (Applied Biosystems) following the instrument instructions. For each sample, the mRNA abundance was normalized to the amount of β-actin. The sequences of the primers were as follows:

	for β-actin, forward: 5′-CGTGCGTGACATTAAGGAGAAG-3′,

	reverse: 5′-AAGGAAGGCTGGAAGAGTGC-3′;

	for ATF4, forward: 5′-ATGACCGAAATGAGCTTCCTG-3′,

	reverse: 5′-GCTGGAGAACCCATGAGGT-3′;

	for DR5, forward: 5′-CCAGCAAATGAAGGTGATCC-3′,

	reverse: 5′-GCACCAAGTCTGCAAAGTCA-3′;

	for Noxa, forward: 5′-ACCAAGCCGGATTTGCGATT-3′,

	reverse: 5′-ACTTGCACTTGTTCCTCGTGG-3′.





siRNA Silencing

The cells were transfected with siRNA oligonucleotides against the following genes using the Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, USA), according to the manufacturer’s instructions. The sequences of siRNA were as follows:

	siControl: 5′-UUCUCCGAACGUGUCACGUTT-3′;

	siATF4-1: 5′-CCAAAUAGGAGCCUCCCAUTT-3′;

	siATF4-2: 5′-CCTCACTGGCGAGTGTAAA-3′;

	siDR5: 5′-AAGACCCUUGUGCUCGUUGUC-3′;

	siNoxa: 5′-GGUGCACGUUUCAUCAAUUUGTT-3′;

	sip21: 5′-GACCAUGUGGACC UGUCAC-3′;

	sip27: 5′-CCGACGATTCTTCTACTCA-3′.





Subcutaneous Transplantation Tumor Model

BALB/c nude female mice were purchased from Lingchang Biological Technology Co., Ltd. (Shanghai, China). All mice were kept and bred in a specific pathogen-free environment in the animal facility of Longhua hospital. The mice were maintained in a temperature−controlled room (22 ± 2°C) with a 12−hours light/12−hours dark cycle and a relative humidity of 40−60%, and were given free access to sterilized food and water. Animal experiments were performed in accordance with the National Guidelines for Experimental Animal Welfare, with approval from the Institutional Animal Care and Use Committee of Longhua hospital, Shanghai University of Traditional Chinese Medicine.

Briefly, 4×106 Kyse150 cells were subcutaneously injected into the bilateral flank of each mouse, and mice were randomly assigned to control and FCL-treatment groups (five mice per group). Each mouse was treated with either β-cyclodextrin crystalline (vehicle control) or FCL (100 mg/kg) via intraperitoneal injection once a day for 13 consecutive days. The day of tumor appearance was designated day 1 (6 days after xenografting). Tumor size was measured with a caliper and tumor volume was calculated using ellipsoid volume formula (length×width2)/2. The body weights of the mice were measured with an electronic scale every other day. Tumor tissues were harvested, photographed, and weighed at the end of the experiment.



Statistical Analysis

The statistical significance of differences between groups was assessed using GraphPad Prism7 software (GraphPad Software, Inc., San Diego, CA, USA). All data were presented as mean ± Standard Error of Mean. The student’s t-test was used for the comparison of parameters between two groups. P-value of P < 0.05 was significant, n.s.=not significant. For all tests, four levels of significance (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) were used.




Results


Fangchinoline Suppressed the Tumor Growth of ESCC In Vitro and In Vivo

We first evaluated the efficacy of FCL on normal human esophageal epithelial cell and ESCC cells. Our results showed that the IC50 values of FCL for the normal human esophageal epithelial cell line HET-1A and ESCC cell lines EC1, ECA109, Kyse450, Kyse150 were 8.93, 3.042, 1.294, 2.471 and 2.22 μM, respectively (Figure 1B). Furthermore, we found a time and dose-dependent growth inhibition in the four ESCC cell lines (Figure 1C). FCL inhibited colony formation of ESCC cells in a dose-dependent manner (Figures 1D, E). These findings indicated that FCL suppressed the viability of ESCC cells. To further assess the efficacy of FCL, we established a subcutaneous-transplantation tumor model of human esophageal cancer in mice by using Kyse150 cells. As shown, FCL significantly inhibited tumor growth over time compared with the control group (P < 0.01, Figure 1F). Notably, FCL-treated group mice developed smaller tumors than the control group by tumor weight analysis (P < 0.01, Figure 1G). During the whole experiment, there was no substantial change in the body weights of mice between the control group and FCL treatment group, suggesting no general toxicity of FCL treatment (Figure 1H). Collectively, our findings indicated that FCL inhibited the tumor growth of ESCC both in vitro and in vivo.



Fangchinoline Induced G1-Phase Cell-Cycle Arrest of ESCC Cells

To further explore the inhibitory mechanism of FCL on the viability of ESCC cells, the effect of FCL on cell cycle was determined. We found that cell populations in G0/G1 phase of cell cycle were significantly increased in EC1, ECA109, Kyse150 and Kyse450 cells in a dose-dependent manner (Figures 2A, B). Owing to CyclinE and Cyclin-dependent kinases 2, 4 and 6 (CDK2/4/6) are key regulators in the G1 phase, we next determined the expression levels of indicated regulators in FCL-treated ESCC cells (17). Our data showed that FCL treatment obviously dropped the protein levels of CyclinE and CDK2/4/6 in both EC1 and ECA109 cells (Figure 2C), suggesting that FCL prevented G1 to S phase progression of ESCC cells.




Figure 2 | Fangchinoline arrested ESCC cells in G1 phase. (A, B) ESCC cells were pre-incubated with DMSO or FCL for 24 hours, followed by PI staining and FACS analysis for cell‐cycle profiling. (C) FCL‐induced decrease of CyclinE, CDK2, CDK4, CDK6 was accompanied by the accumulation in p21 and p27. After 24 hours of FCL treatment at the indicated concentrations, EC1 and ECA109 cells were subjected to Western blotting using antibodies against Cyclin E, CDK2, CDK4, CDK6, p21 and p27 with β-actin as a loading control. (D) EC1 and ECA109 cells were transfected with control or p21 or p27 siRNA (72 hours), treated with 16 μmol/L FCL (24 hours), and subjected to PI staining and FACS analysis. (E) The percentage of cells at the G0/G1 phase was indicated. The protein levels of p21 or p27 were determined by Western blotting analysis with β-actin as a loading control. *denotes P < 0.05, **denotes P < 0.01, ***denotes P < 0.001, ****denotes P < 0.0001, n.s. denotes not significant.



In addition, we found that the cell cycle inhibitors p21 and p27, which inhibit CDK/Cyclin complexes (18, 19), were significantly accumulated upon FCL treatment in EC1 and ECA109 cells (Figure 2C). To further define the role of p21 and p27 in FCL-induced cell-cycle arrest, the expression of p21 or p27 was downregulated by siRNA silencing in FCL-treated EC1 cells. As shown in Figures 2D, E, p21 or p27 knockdown by siRNA significantly rescued the EC1 cells from FCL-induced G1 phase arrest. Taken together, our findings demonstrated that p21 and p27 played a crucial role in controlling G1 phase cell-cycle arrest elicited by FCL.



Fangchinoline Triggered Apoptosis in ESCC Cells

After revealing that FCL disturbed the ESCC cells in G1 phase, we next examined the cellular responses to FCL treatment. We observed that FCL-treated ESCC cells presented the notable feature of apoptosis-shrunk morphology (Supplementary Figure 1A). PI and Annexin-V-FITC staining analysis confirmed that the number of Annexin V-positive cells (apoptosis marker) increased significantly after FCL treatment (Figures 3A, B). Furthermore, FCL-treated ESCC cells had increased levels of cleaved PARP, a classical marker of apoptosis (Figure 3C). Therefore, our findings demonstrated that FCL triggered apoptosis in ESCC cells.




Figure 3 | Fangchinoline induced apoptosis in ESCC cells. (A, B) ESCC cells were pre-incubated with the indicated concentrations of FCL or DMSO for 24 hours, and then the cells were detected with an annexin-V-FITC apoptosis detection kit and analyzed with FCAS. (C) FCL increased the proteins level of c-PARP. ESCC cells were treated at the indicated concentrations of FCL or DMSO for 24 hours, and cell lysates were analyzed by Western blotting with an antibody against c-PARP. ***denotes P < 0.001, ****denotes P < 0.0001.





Fangchinoline-Induced Intrinsic Apoptosis Mediated by Noxa

To further characterize the mechanism underlying apoptosis in FCL-treated ESCC cells, we determined the expression of cleaved CASP9, a marker of intrinsic apoptosis. As shown in Figure 4A, FCL induced obvious accumulation of cleaved CASP9, as well as the upregulation of classical apoptotic hallmark cleaved CASP3 in EC1 and ECA109 cells, indicating that intrinsic apoptosis of ESCC cells was triggered by FCL. To explore the mechanism for activation of intrinsic apoptosis upon FCL treatment, we determined the expression of classical proapoptotic protein (Noxa, Bax and Bid). Strikingly, Noxa expression was obviously increased in both EC1 and ECA109 cells while Bax and Bid were downregulated (Figure 4B). Mechanistic studies showed that Noxa was transactivated by FCL (Figure 4C).




Figure 4 | Fangchinoline triggered intrinsic apoptosis via the up‐regulation of Noxa. (A) FCL induced the activation of CASP9. EC1 and ECA109 cells were treated with FCL as described above and were subjected to Western blotting using antibodies against c‐CASP9 and c‐CASP3 with β-actin as a loading control. (B) The expression of classical pro‐apoptotic proteins Noxa, Bax and Bid were determined after FCL treatment. EC1 and ECA109 cells were treated with FCL at the indicated concentrations for 24 hours, followed by Western blotting using the indicated antibodies with β-actin as a loading control. (C) FCL increased the mRNA level of Noxa. The mRNA level of Noxa was determined by real-time PCR in EC1 and ECA109 cells. (D, E) Knockdown of Noxa inhibited apoptosis induced by FCL. EC1 and ECA109 cells were transfected with control or Noxa siRNA (72 hours), treated with FCL (16 μmol/L) for 24 hours. Apoptosis induction was quantified by Annexin V–FITC/PI double-staining analysis. (F) Apoptosis induction was quantified by Western blotting using an antibody against c‐PARP with β-actin as a loading control. (G, H) ATF4 is response for FCL-induced Noxa upregulation. EC1 and ECA109 cells were transfected (72 hours) with control or ATF4 siRNA, treated with FCL (16 μmol/L) for 24 hours. Expression of ATF4 and Noxa were assessed by Western blotting analysis. The effect of ATF4 on Noxa transcription was analyzed by real-time PCR. ***denotes P < 0.001, ****denotes P < 0.0001, n.s. denotes not significant.



To further determine the potential role of Noxa in FCL-induced intrinsic apoptosis, the expression of Noxa was downregulated via siRNA silencing. Our data showed that Noxa knockdown with siRNA significantly suppressed FCL-induced intrinsic apoptosis, as evidenced by (i) the attenuated percentage of Annexin V-positive cells (Figures 4D, E), and (ii) the reduction of the cleaved fragments of PARP (Figure 4F), demonstrating that FCL induced Noxa-dependent intrinsic apoptosis in ESCC cells. Given that Noxa could be transactivated by ATF4 (20, 21), we, therefore tested the potential involvement of ATF4 in FCL-induced Noxa expression in ESCC cells. As shown in Figures 4G, H, downregulation of ATF4 significantly inhibited the induction of Noxa at both mRNA (Figure 4G) and protein levels (Figure 4H) in EC1 and ECA109 cells, indicating that ATF4 transactivated Noxa upon FCL treatment.



Fangchinoline Activated Extrinsic Apoptosis via the ATF4-DR5 Axis

Next, we examined the expression of cleaved CASP8, the initiator caspase of extrinsic apoptosis, to investigate whether FCL activated extrinsic apoptosis. Indeed, FCL stimulated the expression of cleaved CASP8 in both EC1 and ECA109 cells (Figure 5A). To further define the potential mechanism of FCL-induced extrinsic apoptosis, the expression of death receptor family members Fas, DR3, and DR5 were determined. Our results showed that FCL significantly induced the expression of death receptor DR5 both at protein and mRNA levels (Figures 5B, C), indicating that DR5 was involved in extrinsic apoptosis upon FCL treatment. To support this notion, the expression of DR5 was downregulated via siRNA silencing. We found downregulation of DR5 with siRNA significantly reduced the FCL-induced extrinsic apoptosis, along with a reduction in cleaved PARP expression (Figures 5D–F). These results highlighted the key role of DR5 in extrinsic apoptosis triggered by FCL.




Figure 5 | Fangchinoline activated extrinsic apoptosis via the ATF4-DR5 axis. (A) FCL induced the activation of CASP8. EC1 and ECA109 cells were treated with FCL as described above and were subjected to Western blotting using the antibodies against c‐CASP8 and c‐CASP3 with β-actin as a loading control. (B) The expression of death receptors Fas, DR3 and DR5 was determined. EC1 and ECA109 cells treated with FCL at the indicated concentrations for 24 hours, followed by Western blotting using the indicated antibodies with β-actin as a loading control. (C) FCL increased the mRNA level of DR5. The mRNA level of DR5 was determined by the real-time PCR in EC1 and ECA109 cells. (D, E) Knockdown of DR5 inhibited apoptosis induced by FCL. EC1 and ECA109 cells were transfected with control or DR5 siRNA (72 hours), and then treated with FCL (16 μmol/L) for 24 hours. Apoptosis induction was quantified by Annexin V–FITC/PI double-staining analysis. (F) Apoptosis induction was quantified by Western blotting using an antibody against c‐PARP with β-actin as a loading control. (G) FCL induced the accumulation of ATF4, CHOP and DR5. EC1 and ECA109 cells were treated with FCL at the indicated concentrations for 24 hours, followed by Western blotting using antibodies against ATF4, CHOP and DR5 with β-actin as a loading control. (H) The mRNA level of ATF4 was determined by real-time PCR in EC1 and ECA109 cells. (I, J) The expression of ATF4 mediated FCL-induced apoptosis in ESCC cells via ATF4-DR5 axis. ATF4 mediated FCL-induced DR5 upregulation. EC1 and ECA109 cells were transfected (72 hours) with control or ATF4 siRNA, treated with FCL (16 μmol/L) for 24 hours. Expression of ATF4, DR5, c-CASP8 and c-PARP was assessed by Western blotting. Transcriptional regulation of ATF4 on DR5 was analyzed by real-time PCR. *denotes P < 0.05, **denotes P < 0.01, ***denotes P < 0.001, **** denotes P < 0.0001, n.s. denotes not significant.



Previous studies reported that transcription factor CHOP, a classical downstream target of ATF4, could transactivated DR5 (22–24). Therefore, we determined whether the induction of ATF4 and CHOP expression was responsible for the FCL-induced DR5 expression. Our study showed that FCL induced the obvious up-regulation of ATF4 and CHOP in EC1 and ECA109 cells (Figure 5G), along with an increase at the mRNA level of ATF4 (Figure 5H). To further examine whether DR5-induced extrinsic apoptosis upon FCL treatment was ATF4 dependent, ATF4 expression was downregulated by siRNA silencing. We found that downregulation of ATF4 significantly rescued the induction of DR5 both at the mRNA (Figure 5I) and protein levels (Figure 5J), demonstrating the crucial role of ATF4 in the induction of DR5 upon FCL stimulation. As a result, ATF4 siRNA dramatically diminished the expression of cleaved PARP and cleaved CASP8 (Figure 5J). Collectively, these results indicated that FCL activated the extrinsic apoptosis via ATF4-DR5 axis in ESCC cells.




Discussion

ESCC is one of the most aggressive human malignancies with high incidence and mortality (25). However, few achievements have been achieved in the development of novel anti-ESCC strategies and effective drugs in the past few years (25). Recently, a variety of Chinese herbal extracts and isolated compounds exhibited the substantial anti-tumor efficacy in esophageal cancer cells, and some are candidates for clinical development (26). In the present study, FCL was shown to be a promising anti-ESCC agent with inhibited effects in four ESCC cell lines and in nude mouse xenograft. In mechanisms, FCL-treated ESCC cells arrested in the G1 phase of the cell cycle, which in a p21 and p27-induction manner. Furthermore, FCL transactivated ATF4 to coordinatively trigger Noxa-dependent intrinsic apoptosis and DR5-dependent extrinsic apoptosis (Figure 6).




Figure 6 | The mechanism of FCL inhibiting the tumor growth of ESCC.



The acceleration of cell cycle process contributes to sustained proliferation and rapid growth of cancer cells. Cyclin dependent kinases (CDKs), such as Cyclin D/E and CDK2/4/6, which are involved in promoting cell cycle progression, are often overexpressed, while cyclin-dependent kinases (CDKIs), such as p21 and p27, are generally downregulated in cancer cells (27). Therefore, suppressing cell cycle progression by controlling cell cycle regulators is considered as an effective strategy to halt tumor growth. FCL was demonstrated to induce G1-S arrest by suppressing the expression of Cyclin D/E and CDK2/4/6 in several human cancers (12, 16, 28). Furthermore, it was reported that FCL restrained the cell cycle progression by inducing the accumulation of p21 and p27 in most malignancies, such as breast cancer cells, prostate carcinoma cancer cells and glioblastoma cells (16, 28, 29). However, the potential role of p21 and p27 in FCL-elicited cell cycle inhibition was unclear. In our study, we found that FCL arrested cell cycle progression at G1 phase by inducing the accumulation of cell cycle inhibitors p21 and p27. Rescue experiments further revealed that additional p21 or p27 knockdown reversed the FCL-induced G1 phase arrest. Therefore, for the first time, we demonstrated that FCL-induced cell-cycle arrest in ESCC is dependent on p21 and p27.

Endoplasmic reticulum (ER) stress, as the common trigger of apoptosis, has been reported to induce CHOP-mediated DR5 transcription and CASP8-mediated extrinsic apoptosis in human cancer cells (30, 31). Previous studies showed that FCL significantly upregulated the ER stress markers including CHOP and ATF4 (32). Therefore, we determined whether FCL activated apoptosis through ATF4-DR5 axis. In this study, we found that, in ESCC cells, FCL induced DR5-mediated extrinsic apoptosis. Moreover, DR5-induced extrinsic apoptosis is ATF4 dependent since downregulation of ATF4 significantly reduced FCL-induced apoptosis. In addition to extrinsic apoptosis, we showed that FCL triggered intrinsic apoptosis in a Noxa-dependent manner. FCL-induced Noxa up-regulation was also ATF4-dependent. However, knockdown of ATF4 did not completely rescue FCL-induced Noxa accumulation (Figure 4G, H). Considering several transcription factors (ATF3, p53, NF-κB, and c-Myc, etc) that are known to mediate Noxa gene expression, except for ATF4 (33, 34). The precise regulatory mechanism of Noxa induction elicited by FCL needs further exploration. Furthermore, our study showed that FCL transactivated ATF4 in ESCC cells. It has been reported that some Chinese herbal medicinal agents transactivate ATF4 by inducing ER stress. For example, Zerumbone and Parthenolide activated eIF2α through ER stress, thus inducing the transcription of ATF4 in human colon cancer cells and lung cells (35, 36). Therefore, FCL may also transactivate ATF4 through ER stress. Future studies will be performed to elucidate the mechanism by how FCL transactivates ATF4 in esophageal cancer cells.

In conclusion, our study highlighted a pivotal role of FCL in suppressing the tumor progression of ESCC both in vitro and in vivo, and discovered a novel mechanism of FCL induction of both intrinsic and extrinsic apoptosis in ESCC, suggesting that FCL was a potential anti-ESCC agent.
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Gastric cancer is the fourth and fifth most common cancer worldwide in men and women, respectively. However, patients with an advanced stage of gastric cancer still have a poor prognosis and low overall survival rate. The tetraspanins belong to a protein superfamily with four hydrophobic transmembrane domains and 33 mammalian tetraspanins are ubiquitously distributed in various cells and tissues. They interact with other membrane proteins to form tetraspanin-enriched microdomains and serve a variety of functions including cell adhesion, invasion, motility, cell fusion, virus infection, and signal transduction. In this review, we summarize multiple utilities of tetraspanins in the progression of gastric cancer and the underlying molecular mechanisms. In general, the expression of TSPAN8, CD151, TSPAN1, and TSPAN4 is increased in gastric cancer tissues and enhance the proliferation and invasion of gastric cancer cells, while CD81, CD82, TSPAN5, TSPAN9, and TSPAN21 are downregulated and suppress gastric cancer cell growth. In terms of cell motility regulation, CD9, CD63 and CD82 are metastasis suppressors and the expression level is inversely associated with lymph node metastasis. We also review the clinicopathological significance of tetraspanins in gastric cancer including therapeutic targets, the development of drug resistance and prognosis prediction. Finally, we discuss the potential clinical value and current limitations of tetraspanins in gastric cancer treatments, and provide some guidance for future research.
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Introduction

Gastric cancer (GC) is the fourth most common cancer worldwide in men following lung, prostate, colorectal, and the fifth in women following breast, colorectal, cervical, lung. Risk factors for gastric cancer include Helicobacter pylori infection, age, high salt intake, and low-fruit and vegetables diets (1). About 70% of gastric cancer cases worldwide are in developing countries, including Eastern Asia, Central and Eastern Europe, and South America (2). The regional distribution variations suggest that the occurrence of gastric cancer is related to environmental factors and lifestyles (3). Patients with advanced gastric cancer usually start with a platinum and fluoropyrimidine doublet in the first line, and are treated with sequential lines of chemotherapy. Despite advances in treatment strategies recently, advanced gastric cancer patients still have a poor prognosis and the median survival is less than 1 year (1). Therefore, exploring the internal molecular mechanisms underlying gastric cancer development is conducive to generating more effective therapeutic targets and bringing hope to patients.

The tetraspanins belong to a protein superfamily with some common structural features. They have four hydrophobic transmembrane domains (TM1-TM4), short intracellular amino(N) and carboxyl(C) tails, a small intracellular loop, a small extracellular loop (ECL1), and a large extracellular loop (ECL2) (4). ECL2 is subdivided into a highly conserved region and a variable region. The conserved region has been revealed to mediate homodimerization, while the variable region is related to specific interactions with other proteins. Compared with ECL2, little is known about the function of ECL1. Within the intracellular regions, palmitoylation sites of cysteine residues work for tetraspanin web assembly, and the C-terminal tail contributes to specific functional links to cytoskeletal or signaling proteins. Four TM domains are important in ‘tetraspanin web’ biosynthesis and assembly as probable sites of intra- and inter-molecular interactions (5).

Currently, 33 mammalian tetraspanins have been reported and they are ubiquitously distributed in various cells and tissues (6). Some tetraspanins are detected to be abundantly expressed in specific tissues. For example, TSPAN32, CD37, and CD53 are tissue enhanced in blood and lymphoid tissue. TSPAN9, TSPAN5, and TSPAN7 are enriched in brain. TSPAN1, TSPAN11, and TSPAN8 are widely distributed in the intestine. TSPAN6 is in the salivary gland, TSPAN33 is in the kidney, while TSPAN21 is abundant in the prostate and urinary bladder. Other tetraspanins are low tissue specificity and are distributed in almost all tissues (7). On the cell membrane, tetraspanins interact with other membrane proteins to form tetraspanin-enriched microdomains (TEMs) and serve a variety of functions including cell adhesion, invasion, motility, cell fusion, virus infection, and signal transduction (8, 9). With a thorough study of tetraspanins, its role in multiple tumor development stages has been gradually revealed in recent years, such as early carcinogenesis, angiogenesis, proliferation, invasion, and metastasis (10). Accumulating studies found that tetraspanins play critical roles in gastric cancer development. Here, we review the current evidences on the function of tetraspanins in gastric cancer development and progression to provide some guidance for clinical treatment and future research.



Role of Tetraspanins in Gastric Cancer Cell Growth

Tetraspanins have been confirmed to play an essential role in tumorigenesis and progression (10). Different tetraspanins contribute to diverse biological functions across cancer cells. Here, we summarize tetraspanins that enhance the proliferation and invasion of gastric cancer cells, including TSPAN8, CD151, TSPAN1, and TSPAN4 (Figure 1). We also discuss several tetraspanins, including CD81, CD82, TSPAN5, TSPAN9, and TSPAN21 that suppress gastric cancer cell growth (Figure 2).




Figure 1 | Tetraspanins that promote gastric cancer cell proliferation and invasion. CD151, TSPAN8, TSPAN4, and TSPAN1 interact with other biomolecules in TEMs to facilitate the growth and invasion of gastric cancer cells. Especially, CD151 forms a complex with integrin α3, and on the other hand, PVT1 could bind to miR-152 to inhibit the expression of miR-152 to promote gastric cancer cell growth. TSPAN8 regulates gastric cancer cell proliferation via mediating the effect of EGF and activating the ERK MAPK pathway.






Figure 2 | Tetraspanins that suppress gastric cancer cell proliferation and lead to apoptosis. CD81 acts as a pro-apoptotic effector through inducing a G1 cell cycle arrest and inhibiting the phosphorylation of p38 MAPK. CD82 suppresses the EGFR/ERK1/2-MMP7 signaling pathway to represses gastric cancer invasion. TSPAN9 inhibits the ERK1/2 pathway to downregulate the expression of MMP-9 and uPA and inhibits the FAK-RAS-ERK1/2 signal pathway to repress invasion of gastric cancer cells. TSPAN5 suppresses the tumor proliferation via increasing the expression of p27/p15 and decreasing the expression of cyclin D1, CDK4, pRB, and E2F1 to control cell cycle transition.




Tetraspanins That Facilitate Gastric Cancer Cell Proliferation and Invasion


TSPAN8

TSPAN8, also known as CO-029 or TM4SF3, belongs to the tetraspanin family and has been reported to be associated with multiple cancer types, such as hepatocellular carcinoma (11), pancreatic adenocarcinoma (12), colon carcinoma (13), breast cancer (14). TSPAN8 expression in tumor cells is related to increased metastasis (10, 15), proliferation (16), induction of angiogenesis (17) and thrombosis (18). The mechanism by which TSPAN8 has emerged as a key molecular is attributed to its position in TEMs and is primarily related to integrins, proteases, and cytoplasmic signaling molecules (19). Besides, the effect of TSPAN8 on angiogenesis may be partially mediated by exosomes (20).

As for gastric cancer, several studies have revealed that TSPAN8 expression is increased in gastric cancer tissues compared to normal tissues. Matsumura et al. found TSPAN8 was up-regulated in gastric cancer using microarray analysis (21). Mottaghi-Dastjerdi et al. performed suppression subtractive hybridization (SSH) on gastric adenocarcinoma tissue and the corresponding normal gastric tissue, and found TSPAN8 was overexpressed in the tumor (22). These findings suggest that overexpressed TSPAN8 may be related to the occurrence and progression of gastric cancer.

Further, ZHU’s lab showed TSPAN8 acts as an oncogene in gastric cancer and promotes gastric cancer cell proliferation and invasion partially through EGFR signaling (23). The authors demonstrated that the expression of TSPAN8 was affected by EGF in a concentration- and time-dependent manner by in vitro experiments. When TSPAN8 was knocked down, the effect of EGF on promoting gastric cancer cell proliferation and invasion was attenuated.

Later in 2015, Wei et al. reported that TSPAN8 promotes gastric cancer cell proliferation and growth partially by activating the ERK MAPK pathway (24). Through MTT and transwell-matrigel assay, the authors found that TSPAN8 overexpression promotes the cell survival and invasion while TSPAN8 silencing has the opposite effect. They also found the expression of phospho-MEK1/2 and phospho-ERK1/2 was increased dramatically in the TSPAN8 overexpression cells but decreased in the TSPAN8 suppressed cells. When MER-ERK was inhibited in TSPAN8 overexpression cells, the increased survival rate and migrated cell number caused by TSPAN8 overexpression were significantly reduced. Therefore, the research by Wei et al. suggested that the MAPK pathway was involved in the effects of TSPAN8 on gastric cancer cell proliferation and invasion.

Recently, a novel study indicated a negative relationship between the expression of TSPAN8 and miR-324-5p in gastric cancer cells. MiR-324-5p was demonstrated to repress the viability and induce the apoptosis of gastric cancer cells via down-regulating TSPAN8. They also proposed that the possible mechanism was the combination of TSPAN8 3’UTR and miR-324-5p (25). However, there are still few milestones on the treatment of gastric cancer targeting the above mechanisms.



CD151

CD151 has a broad distribution in the endothelium, epithelium, Schwann cells, and dendritic cells, as well as in skeletal, smooth, and cardiac muscle (26). It directly or indirectly interacts with abundant other transmembrane proteins to form TEMs and regulates integrin-dependent adhesion strengthening, cell morphology, and cell migration as a spectacular partner of laminin-binding integrins (8, 27). Karamatic Crew et al. revealed that CD151 was crucial for the proper assembly of the glomerular and tubular basement membrane in the kidney. In the skin, the inner ears, and erythropoiesis, CD151 also had functional significance. Therefore, it is not surprising that CD151 mutation is associated with end-stage kidney failure (28). As a major partner of laminin-binding integrins, CD151 modulates cancer cell motility, invasion, and metastasis together with α3β1 and α6β4 (15). For example, in hepatocellular carcinoma (HCC), CD151 was overexpressed compared with normal liver tissues and the expression level was positively related to the metastatic potential of HCC cell lines (29).

Evidences implicate that CD151 forms a complex with integrin α3 in gastric cancer cells and is positively associated with the invasiveness of gastric cancer (30). In 2014, Zhai et al. demonstrated in gastric cancer, miR-152 was downregulated and overexpressed miR-152 inhibited the proliferation and motility of gastric cancer cells via targeting CD151 (31). Later, Li et al. found PVT1, a long noncoding RNA, highly expressed in human gastric cancer tissues and correlated with lymph node invasion of gastric cancer (32). PVT1 could increase the expression of CD151 through binding to miR-152 and inhibiting the expression of miR-152 to promote gastric cancer (33). The authors likened PVT1 to a “sponge” in gastric cancer to inhibit miR-152, and made it an emerging potential therapeutic target for gastric cancer (33).



Other Tetraspanins


TSPAN1

TSPAN1 (NET-1) is identified to express in epithelial cell lines and multiple tumor cell lines including cervical carcinoma, lung carcinoma, squamous carcinoma, colon carcinoma, and breast carcinoma (34). In gastric cancer, Chen et al. elaborated the clinicopathological significance of overexpressed TSPAN1. They found the expression level of TSPAN1 was positively related to the clinical stage and lymph node status of the tumor, while negatively associated with cancer cell differentiation and survival rates (35). Later, Lu et al. detected that the expression of TSPAN1 was dramatically increased in gastric cancer tissues, and clarified TSPAN1 as an oncogene to promote gastric cancer cell proliferation and invasion. Moreover, they identified that overexpressed miR-573 inhibited growth and invasion, induced G1/G0 arrest of gastric cancer cells through directly targeting 3’UTR of TSPAN1. This miR-573/TSPAN1 axis provides a novel perspective on the molecular mechanisms of gastric cancer (36).



TSPAN4

The role of TSPAN4 in gastric cancer was discovered through bioinformatics analysis. TSPAN4 was identified as one of the upregulated differentially expressed genes and the increased expression indicated a decreased survival rate. Moreover, the downregulation of TSPAN4 remarkably reduced the proliferation of gastric cancer cells (37). Therefore, TSPAN4 may be a biomarker and a potential therapeutic target for gastric cancer.

Together, TSPAN8, CD151, TSPAN1, and TSPAN4 are overexpressed in gastric cancer tissues and are related to a higher clinical stage and poorer prognosis via interacting with other molecules in TEMs. Specifically, TSPAN8 mediates the effect of EGF and actives the ERK MAPK pathway to promote gastric cancer cell proliferation. CD151 exerts its action by forming a complex with integrin α3. Also, many microRNAs are reported to be bound with the expression of tetraspanins, which provides a new idea for gastric cancer therapy.





Tetraspanins That Repress Gastric Cancer Cell Proliferation


CD81

CD81 (TAPA-1), whose gene has been mapped to chromosomal region 11p15.5, is discovered as the target of an antiproliferative antibody initially (38, 39). As a protein widely distributed on the surface of various cell membranes, CD81 has been revealed to affect morphology, adhesion, activation, proliferation, and differentiation of B, T and other cells (40). On the surface of B cells, CD81 forms a complex with CD21, CD19, and Leu13. The complex reduces the signal transduction threshold for activating B cells mediated by B cell receptors (40, 41). Similarly, CD81 interacting with CD4 and CD8 on T cells provides CD3 a costimulatory signal (42). In nonimmune cells, CD81 assists in egg fusion with sperm (43), myoblasts fusion during muscle regeneration (44) and exerts as a cell surface receptor for hepatitis C virus entry into the cell (45). In human lymphomas, CD81 expresses differentially, with increased expression in diffuse large B-cell lymphomas, but decreased expression in multiple myeloma, Hodgkin lymphoma, myeloid leukemia, and leukemic blasts of precursor B-cell lymphoblastic leukemia (46, 47).

However, in gastric cancer, CD81 is assessed as a tumor suppressor gene and CD81 downregulation is related to the malignant progression of the tumors (48). Yoo et al. proposed that the decreased expression of CD81 mRNA was due to aberrant CpG hypermethylation of its promoter but rarely due to genetic alterations. This downregulation facilitates the G1 to S transition of the cell cycle, while increased CD81 expression induces a G1 cell cycle arrest and promotes apoptosis. Moreover, downregulated CD81 significantly attenuates cellular responses to a variety of apoptotic stress signals, such as etoposide, 5-FU, doxorubicin, γ-irradiation, and hypoxia. Also, CD81 decreases the colony-forming ability of gastric tumor cells and inhibits the phosphorylation of p38 MAPK. Therefore, CD81 has anti-proliferative and pro-apoptotic functions in gastric cancer cells and acts as a tumor suppressor gene.



Other Tetraspanins


CD82

As a metastasis suppressor gene, CD82 is also closely related to the gastric tumor cell invasion and metastasis. Xu’s lab disclosed that CD82 downregulates the expression of phosphorylated(p)-EGFR, p-ERK1/2, and MMP7 to suppress the EGFR/ERK1/2-MMP7 signaling pathway. Therefore, CD82 inhibits the invasion of gastric cancer (49). Meanwhile, in gastric tumor cells, nuclear Drosha, an enzyme of endonuclease RNase III, promotes miR-197 biosynthesis. The increased miR-197 downregulates CD82 to activate EGFR-ERK1/2-MMP7 signaling pathway, thus having an effect on promoting gastric tumor cells invasion and metastasis.



TSPAN5

TSPAN5 (NET-4, TMS4SF9) is shown to be highly expressed in the neocortex, the hippocampus, the amygdala, and murine cerebellar Purkinje cells, suggesting that TSPAN5 is of importance in the maintenance of brain activity in mice (50). It is also reported that TSPAN5 contributes to osteoclast formation and differentiation (51). In gastric cancer, the expression of TSPAN5 is significantly reduced and inversely correlated with tumor size and TNM stage, which indicates that TSPAN5 works as a tumor suppressor to inhibit the tumor proliferation, colony formation, and migration. Further, TSPAN5 increases the expression of p27/p15 and decreases the expression of cyclin D1, CDK4, pRB and E2F1, especially cyclin D1/CDK4, to control cell cycle transition from G1-S phase (52).



TSPAN9

TSPAN9 (NET-5, PP1057) is elucidated to regulate the platelet function through synergy with the collagen receptor GPVI (glycoprotein VI) and integrin α6β1 (53). Li et al. reported that overexpressed TSPAN9 inhibited the proliferation, migration, and invasion of human gastric cancer SGC7901 cells. TSPAN9 suppresses the ERK1/2 pathway to downregulate the proteins associated with tumor metastasis including matrix metalloproteinase-9 (MMP-9) and urokinase plasminogen activator (uPA) (54). Recently, Qi et al. found TSPAN9 inhibited migration and invasion of gastric cancer cells via inhibiting the FAK-RAS-ERK1/2 signal pathway. Furthermore, they confirmed EMILIN1, an extracellular secretory protein, exerted an anti-tumor effect by increasing the expression of TSPAN9 (55).



TSPAN21

TSPAN21 (UPK1A) is highly specifically expressed in normal urothelium, and can be observed in normal genitourinary tract, uterus and prostate (4). Kar et al. found TSPAN21 inhibited the down-regulation of MMP7 to regulate cell metastasis, invasion and survival. Loss the expression of TSPAN21 can lead to cell proliferation, metastasis and invasion (56). In gastric cancer, Zheng et al. reported that the protein level of TSPAN21 was significantly reduced, and the low expression of TSPAN21 was related to the poor prognosis of gastric cancer. When TSPAN21 was overexpressed, the invasion and migration of gastric cancer cell lines was inhibited (57). This indicates that TSPAN21 has a potential tumor suppressor effect in gastric cancer, but the mechanism remains to be fully explored.

Taken together, CD81, CD82, TSPAN5, TSPAN9, and TSPAN21 are regarded as tumor suppressors in gastric cancer to inhibit tumor cell growth and invasion, and enhance the sensitivity to apoptotic stress signals. Mechanically, CD82 represses the EGFR/ERK1/2-MMP7 signaling pathway and TSPAN9 suppresses the ERK1/2 pathway and the FAK-RAS-ERK1/2 signal pathway to play biological roles.






Role of Tetraspanins in Gastric Cancer Cell Metastasis

Tetraspanins regulate cell motility, adhesion, and migration by interacting with integrins, signal molecules and other transmembrane proteins in TEMs. However, different tetraspanins can achieve even totally opposing functions in cancer cell metastasis. Here, we focus on the insights into the roles and molecular mechanisms of three tetraspanins involved in gastric cancer cell metastasis, CD9, CD63, and CD82 (also known as KAI1).


CD9 and CD63

CD9 was initially identified as a 24-kDa surface protein specific for acute lymphoblastic leukemic cells. However, CD9 is also widely expressed on normal platelets and several non-hematopoietic tissues such as fibroblasts (58, 59). Later in 1991, CD9 was identified as a motility-related protein (MRP-1) to suppress motility and metastasis of multiple cancerous cell lines (60, 61). A significant feature of CD9 is that it tends to interact with various integrins including α1β1, α2β1, α3β1, α4β1, α5β1, α6β1, α6β4, αIIbβ3, and other transmembrane proteins including the EWI family, EGFR and DDR1 within TEMs (62, 63). Therefore, the potential of CD9 to regulate the motility is attributed to the association with these molecules.

CD63, mapped to chromosome region 12p12→12q13, was initially reported as an early stage-specific marker of melanoma progression because of the strong-expression in dysplastic nevi and radial growth phase primary melanoma (64). In histological studies, CD63 is related to melanoma malignancy and is differentially expressed in primary and metastatic lesions (65). However, another report has shown no significant difference in the expression of CD63 between primary and metastatic melanoma (66). Moreover, CD63 is involved in phagocytic and intracellular lysosome-phagosome fusion events (67).

Chen’s lab found the expression level of CD9 and CD63 was decreased in gastric cancer. They proposed that CD9 protein level was inversely associated with lymph node metastasis and the reduction of CD9 was strongly associated with an increasing recurrence risk. Furthermore, the downregulation of CD63 also promotes metastasis and CD63 may serve as a marker for metastatic potential of gastric cancer (67). The mechanism of CD63 and CD9 on regulating motility is reported to be similar and both associate with β1 and β3 integrins (8).

However, in 2018, Miki et al. confirmed that CD9-positive exosomes from cancer-associated fibroblasts (CAFs) increased the migration and invasion abilities of scirrhous-type gastric cancer cells through activating MMP2 (68). And the prognosis of patients with positive CD9 in cancer and/or stromal cells was worse than the patients with dual CD9-negative expression. Their experiments revealed the unique role of CD9 in scirrhous-type gastric cancer.



CD82/KAI1

CD82 was originally discovered from T cell activation study in 1991 (69). In the same year, Ichikawa et al. found CD82 as a metastasis suppressor gene in prostatic cancer (70). Later in 1995, Dong, Isaacs, and Barrett isolated a metastasis suppressor gene from human chromosome 11 p11.2 and designated it as KAI1 which is identical to CD82 (71). CD82/KAI1 associates with the proteins related to cell migration such as cell adhesion molecule, growth factor receptor, and signaling molecule in TEMs (72). Therefore, CD82 suppresses multiple metastasis stages, including cell motility and invasion, proliferation, apoptosis, and senescence (73). Moreover, CD82 promotes homotypic cell-cell adhesion, which plays an important role in suppressing metastasis. For example, overexpressed CD82 promotes E-cadherin-mediated intercellular adhesion in non-small cell lung carcinoma via stabilizing E-cadherin/β-catenin complex formation (74). In various solid tumors, many studies have demonstrated that CD82 is a wide-spectrum invasion- and metastasis-suppressor via regulating the functions of associated proteins, redistributing the plasma membrane components, post-translational modifications, and inducing apoptosis (72).

The metastasis suppression effect of CD82/KAI1 has also been confirmed in gastric cancer. As early as 1998, Hinoda et al. found CD82 expressed in normal fundic glands and intestinal metaplasia of the stomach but a decreased or lost expression in intestinal-type gastric cancer, especially the less differentiated type. They suggested an inversely relationship between CD82 expression and the progression of gastric cancer. However, whether CD82 is a metastasis suppressor gene in gastric cancer was not verified at that time (75). Later in 2007, decreased expression of CD82 in lymph node and liver metastases of gastric cancer compared with the primary tumors was shown by Yu’s lab. Their studies indicated CD82 as a metastasis suppressor in gastric cancer and higher expression of CD82 reduced the metastatic potential (76).

In the same year, Zheng et al. obtained a similar conclusion that the expression of CD82 is negatively associated with liver metastasis of gastrointestinal adenocarcinoma (GIA) (77). However, Zheng’s lab found that CD82 was expressed in the gastric hyperplastic gland and up-regulated in GIA, thereby proposing that CD82 was related to a physiological process in the gastrointestinal mucosa. And the overexpression was due to malignant transformation of mucosal epithelial cells or the upregulation of transcriptional regulators of CD82 (77).

In summary, the dominant view is that CD9, CD63, CD82 are metastasis suppressors and are negatively correlated with gastric cancer progression and lymph node metastasis. But interestingly, several recent studies suggest diverse perspectives in this regard. CD9-positive exosomes from CAFs increase the migration abilities of scirrhous-type gastric cancer cells and the prognosis is worse in patients with positive CD9 in cancer cells. In GIA, the expression level of CD82 is upregulated and this overexpression may be attributed to malignant transformation of mucosal epithelial cells. Although these studies are relatively superficial, we have a new understanding of tetraspanins, especially the role in gastric cancer metastasis.




Clinicopathological Significance of Tetraspanins in Gastric Cancer


Therapeutics of Gastric Cancer That Target CD9

As mentioned earlier, CD9 has an inhibitory effect on gastric cancer cell migration, and it plays a vital role in the development of gastric cancer, so CD9 may be a potential therapeutic target for gastric cancer. Nakamoto et al. revealed that ALB6, an anti-CD9 mAb, significantly inhibited gastric cancer proliferation, angiogenesis, and promoted apoptosis in vivo in a mouse xenograft model of human gastric cancer (78). This anti-CD9 mAb ALB6 could be used to treat gastric cancer for the following reasons. First, the ligation of CD9 with ALB6 enhances the function of CD9 (79). Mechanically, ALB6 treatment-mediated apoptosis is achieved through activating the c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK), p38 mitogen-activated protein kinase (MAPK) and Caspase-3. However, ALB6 induced tyrosines phosphorylation of the p46 Shc isoform and the overexpression of its dominant-negative form inhibit ALB6-induced activation of JNK/SAPK, p38 MAPK, and Caspase-3, which leads to apoptosis suppression (80). Therefore, ALB6 can only limitedly activate p46 Shc isoform to induce apoptotic signals. Moreover, CD9 expression in gastric cancer is higher than non-cancerous tissues, thereby the adverse effects of anti-CD9 mAb therapy might be tolerable (81). In summary, CD9 maybe a powerful potential molecular target for gastric cancer therapy, but there is still a long way to go in improving the effectiveness of the treatment and overcoming the side effects.



Tetraspanins Promote Gastric Cancer Drug Resistance


TSPAN8

A major obstacle in treating gastric cancer is the development of multidrug resistance (MDR) to chemotherapy in cancer cells (82). It is reported that MDR in tumor cells associates with several signaling pathways, including the Wnt/β-catenin signal pathway in pancreatic cancer (83), the IL-6/STAT3/Jagged-1/Notch axis in gastric cancer (84) and so on. TSPAN8 is a pro-drug resistance protein in gastric cancer cells, while the silencing of TSPAN8 enhances the sensitivity of cancer cells to the cisplatin, 5-FU and adriamycin (85). TSPAN8 activates the Wnt/β-catenin pathway via binding to NOTCH2 and increases β-catenin expression and accumulation in the nucleus to form MDR (85). Overall, TSPAN8 inhibitors may be developed as an adjuvant therapy of gastric cancer to reduce the resistance of cancer cells.



TSPAN9

5-Fluorouracil (5-FU) is a chemotherapeutic agent used for various malignant tumors, especially gastrointestinal cancers such as colorectal cancer, gastric adenocarcinoma and pancreatic cancer (86). However, the resistance to 5-FU has become a significant obstacle to the treatment of gastric cancer (87). Recently, Qi et al. demonstrated that 5-FU resistant gastric cancer cells had a high expression of TSPAN9 and TSPAN9 bound to PIK3R3 (p55) to suppress PI3K/Akt/mTOR pathway activation, which promoted autophagy and resulted in 5-FU resistance (88). Therefore, TSPAN9 inhibitors are shedding light for 5-FU-resistant gastric cancer patients.



TSPAN20/UPK1B

It is identified that UPK1B can be used as a biomarker to predict the chemotherapeutic outcomes of capecitabine and oxaliplatin in gastric cancer patients (89). The high expression of UPK1B in adjuvant capecitabine and oxaliplatin treated patients with GC was associated with poor outcomes. Some studies have shown that after knocking down UPK1B in cancer cells, the expression of key genes in the Wnt/β-catenin signaling pathway is inhibited (90). Thus, it is speculated that UPK1B regulates oxaliplatin drug sensitivity through the Wnt/β-catenin signaling pathway.




Tetraspanins Predict the Prognosis of Gastric Cancer

Tetraspanins have important significance in the occurrence, proliferation, invasion, and metastasis of gastric cancer. Different tetraspanins with increased or decreased expression level in cancer tissues can serve as the prognosis factor of gastric cancer (Table 1). The expression of TSPAN20/UPK1B (91), TSPAN1 (35), TSPAN8 (92), CD9 (93) and CD151 (30, 94–96) is positively associated with the clinical stage of gastric cancer and indicate a poor prognosis, while TSPAN5 (52), TSPAN21/UPK1A (57), CD82/KAI1 (97–100) are opposite. Especially, TSPAN9 expression is significantly decreased in gastric cancer tissues compared with the adjacent non-cancerous tissues but the high expression of TSPAN9 is associated with a poor prognosis (101). These tetraspanins, as biomarkers, have guiding significance in the diagnosis and prognosis prediction of gastric cancer. It is noteworthy that in previous studies, the overexpression of UPK1B mRNA is associated with laryngeal cancer recurrence (102), but Dai et al. found that UPK1B is negatively correlated with the prognosis of gastric cancer through bioinformatics analysis (91). This suggests that we can make full use of the database and data mining to further explore the functions of other tetraspanins in gastric cancer.


Table 1 | Tetraspanins with prognosis prediction of gastric cancer.






Conclusions and Future Prospects

Tetraspanins interact with diverse other molecules and transmembrane proteins in TEMs, as well as in gastric cancer cells. Tetraspanin family can be seen in each stage of the occurrence and development of gastric cancer, from the growth, apoptosis, invasion and metastasis to the molecular targeted therapy and prognosis. Nonetheless, very little was found in the literature on the underlying molecular mechanisms of tetraspanins in gastric cancer, increasing the difficulty of its clinical application and targeted therapy. Thus far, the potential candidate therapeutic targets of tetraspanins in gastric cancer have mainly involved mAbs and mRNAs. Animal experiments have shown that ALB6, a mAb targeting CD9, can significantly inhibit the progression of gastric cancer (79, 80). The overexpression of some miRNAs also inhibits the proliferation and invasion of gastric cancer cell via targeting tetraspanins [for example, miR-324-5p and TSPAN8 (25), miR-152 and CD151 (31), miR-573 and TSPAN1 (36)]. Therefore, using these mAbs or upregulating the expression level of these miRNAs might be beneficial for the treatment of gastric cancer. Tetraspanins can also be used as therapeutic targets to overcome drug resistance or to increase drug sensitivity. However, research in clinical application is in its infancy, and there is still a long way to go before biological agents targeting tetraspanins are applied in clinical practice. Though the clinical researches of tetraspanins and gastric cancer are a drop in the bucket, we are still looking forward to more studies to reveal deep connection between tetraspanin family and gastric cancer, so as to find more potential and powerful therapeutic targets of gastric cancer.
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Background

Esophageal squamous cell carcinoma (ESCC) is one of the most frequently diagnosed cancers in the world with a high mortality rate. The mechanism about ESCC development and whether miRNAs play a critical role remains unclear and needs carefully elucidated.



Materials and Methods

High-throughput miRNA sequencing was used to identify the different expression miRNAs between the ESCC tissues and paired adjacent normal tissues. Next, both CCK-8, Transwell and apotosis assay were used to evaluate the role of miRNA in ESCCcells. In addition, we used bioinformatic tools to predict the potential target of the miRNAs and verified by Western Blot. The function of miRNA-target network was further identified in xenograft mice model.



Results

In ESCC, we identified two miRNAs, miR-17-5p and miR-4443, were significantly upregulated in ESCC tissues than adjacent normal tissues. TIMP2 was proved to be the direct target of both two miRNAs. The miR-17-5p/4443- TIMP2 axis was shown to promote the tumor progression in vitro and in vivo experiments.



Conclusions

This study highlights two oncomiRs, miR-17-5p and miR-4443, and its potential role in ESCC progression by regulating TIMP2 expression, suggesting miR-17-5p and miR-4443 may serve as a novel molecular target for ESCC treatment.
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Introduction

Esophageal cancer (EC), one of the most frequently diagnosed cancers in the world, has the highest incidence rate in Eastern Asia (1). It has two main components: esophageal squamous cell carcinoma (ESCC, for about 80% of all ECs), and esophageal adenocarcinoma (for about 20% of all ECs). Due to the development of diagnosis and treatment techniques, the prognosis of ECs has been improved in the past decades. But it’s still far from satisfactory for its high recurrence rate and poor 5-year survival rate. Research indicates that over 80% of EC patients were dead within 5 years (2). Thus, exploring the key factors that cause the occurrence and development of EC may give evidence to the clinical treatment and improve the prognosis of EC.

MicroRNAs (miRNAs), which consisting of 18-22 nucleotide base pairs, has been verified to play important roles in regulating gene expression (3). The abnormal expression of miRNAs has been found in almost all kinds of tumors including EC (4). miRNA can play an oncogenic role or a tumor-suppressive role to affect the proliferation, migration or apoptosis of tumor cells. Among them, overexpression of miR-17-5p has been reported in various human cancers, including breast cancer (5), prostate cancer (6), hepatocellular carcinoma (7), pancreatic cancer (8), gastric cancer (9) and so on. Besides, miR-4443 was also shown to be upregulated in lung cancer (10) and breast cancer (11). It’s has also been reported that miR-17-5p can directly target ETV resulting in suppressing cell proliferation and invasion in triple-negative breast cancer (12), while it can also enhance cell proliferation in pancreatic cancer by targeting RBL2/E2F4 (13). However, the precise role of miR-17-5p and miR-4443 in EC has not been fully understood.

In this study, we identified the overexpression of miR-17-5p and miR-4443 in EC tissues compared to their paired adjacent tissues. Overexpression of miR-17-5p and miR-4443 promote EC cells’ proliferation and migration as well as reduces the expression of TIMP2, while down-regulation of miR-17-5p and miR-4443 got the opposite effect. We testified the important roles of miR-17-5p and miR-4443 in the development of EC and these results may provide new strategies for ESCC treatment.



Material and Methods


Tissues Specimens and Cell Lines

20 ESCC tissue samples and their paired adjacent paratumor normal tissues were collected from Jiangsu Cancer Hospital (Nanjing, Jiangsu, China). All patients signed the informed consents and the Ethics Committee of the Jiangsu Cancer Hospital approves the whole study. The protocol used in this study was based on approved guidelines by Ethics Committee of the Jiangsu Cancer Hospital. All patients were diagnosed ESCC by histopathology examination, and none of them had diagnosed other malignant tumor or received neoadjuvant chemotherapy or radiotherapy. All samples were immediately cut into small pieces after surgical resection and keep in liquid nitrogen until use.

The human esophageal cancer cell line, TE-10, and ECA-109 were purchased from Cell Bank of Chinese Academy of Science, Shanghai, China. All cells were cultured in RPMI-1640 (Gibco Life Technologies, Waltham, MA USA) containing 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100ug/mL streptomycin. The humidified incubator was set at 37°C containing 5% CO2.



High-Throughput miRNA Sequencing

Total RNA extracted from 3 ESCC tissues and its paired adjacent normal tissues were used for high-throughput miRNA sequencing. The detailed procedure was the same as previously described (14).



RNA Extraction and Real-Time qRT-PCR

Total RNA was extracted from cells or tissues by TRIzol reagent (Invitrogen) and quantified by NanoDrop spectrophotometer. TaqMan miRNA probes (Applied Biosystems, Foster City, CA) were used to quantify the miRNAs. All procedures were performed as previously described (15). And all of the experiments were run in triplicate. The miRNA internal control was U6 small nuclear RNA. After the completion of the reactions, the 2-△△CT method was used to compare the relative quantification of each miRNA between every group.



Cell Transfection

All of the miRNA mimics, inhibitors and scrambled negative control used in this research were designed and synthesized by GenePharma (Shanghai, China). The sequence of mature miR-17-5p and miR-4443 are 5’-CAAAGUGCUUACAGUGCAGGUAG-3’ and 5’-UUGGAGGCGUGGGUUUU-3’, respectively. Lipofectamine 2000 (Invitrogen, USA) was used as the cell transfection reagent and performed according to the manufacturer’s instructions.



Cell Proliferation Assay

TE-10 and ECA-109 cells were seeded in the 6-well plate. 6h after transfection, the cells were reseeded to a 96-well plate at a density of 5×103 cells per well. A Cell Counting Kit-8 assay (CCK-8) was performed at 0, 24h, 48h, and 72h respectively. The absorbance of the 450nm laser was measured after 2-hour incubation of cells and CCK-8. Each group had at least 5 repeats and all experiments were performed in triplicate.



Cell Migration and Apoptosis Assay

Transwell assay was used to test the cells migration ability. In brief, the transwell chamber with 8μm pore polycarbonate membranes was put into a 24-well plate. A total number of 1×105 cells suspended with serum-free RPMI-1640 were added into the upper chamber and 500μl RPMI-1640 with 10% FBS was added to the lower chamber. After 16h incubation, the cells in the upper chamber was wiped with a cotton swab and the cells migrated to the lower surface were fixed with 4% paraformaldehyde and stained with 0.05% crystal violet. The stained cells were then quantified by a spectrophotometer at 3 random areas. The apoptosis of cancer cells was tested by Annexin V-FITC/PI staining kit (BD Biosciences, San Diego, CA, USA). Besides, the total apoptotic cells were counted as the sum of early apoptotic (PI− AV+) and late apoptotic (PI+ AV+) cells.



Luciferase Reporter Assay

The 3′-UTR of human TIMP2 containing putative binding sites was cloned into the p-MIR-REPORT plasmid (Ambion), and efficient insertion was confirmed by sequencing. To test the binding specificity, the sequences in human TIMP2 3′-UTR that interact with miRNA seed sequence were mutated. 293T cells were co-transfected with β-galactosidase (β-gal) expression plasmid (Ambion), a firefly luciferase reporter plasmid, and miRNA mimics or negative control. The β-gal plasmid was used as a transfection control. Luciferase activity was measured 24 h after transfection using a luciferase assay kit (Promega, Madison, WI, USA).



Western Blot Analysis

The expression of TIMP2, as well as internal control GAPDH in cells and tissues, was assessed by western blot analysis. Homogenate tissues and cultured cells were lysed in RIPA buffer containing protease inhibitor cocktail. We used the 10% SDS-PAGE gels to separate the protein lysates, which was then electrically transferred to a polyvinylidene difluoride (PVDF) membranes. The membranes were then blocked by 5% skimmed milk for at least 1h at room temperature and followed on incubating with primary antibody (anti-TIMP2, 1:2000, Abcam, and anti-GAPDH, 1:3000, Abcam). After incubating with their specific second antibody at room temperature for 1h, the membranes were then visualized by ECL (Thermo Scientific, Rockford, USA) detection assay.



Tumor Xenografts in Mice

All animals used in this study were approved by the ethics committee of Jiangsu Cancer Hospital and complied with NIH Guidelines. TE-10 cells were treated with miR-17-5p/miR-4443 overexpressing lentivirus or control lentivirus and were then injected subcutaneously into the inguinal folds of the nude mice at the concentration of 106 cells per 0.2ml PBS. 28 days later, the mice were sacrificed and removed the xenografted tumors. The tumors were then measured the volumes and weights and then extracted protein for the TIMP2 expression detection.



Statistical Analysis

All western blot images are representative of at least three independent experiments. Quantitative RT-PCR, luciferase reporter assay, cell proliferation, migration assay and cell apoptosis assay were performed in triplicate, and each experiment was repeated several times. Statistical analysis was calculated by SPSS 16.0. Presented data was carried out by at least 3 separate experiments and showed as mean ± SD. P<0.05 was considered statistically significant in this study by using the student’s t-test. *P<0.05, **P<0.01, ***P<0.001.




Results


High Expression of miR-17-5p and miR-4443 Was Observed in ESCC Tissue

To explore the significantly expressed miRNAs in ESCC, we first use the high-throughput miRNA sequencing to identify the expression profiles of all miRNAs in the ESCC tissues and paired adjacent normal tissues. As shown in Figure 1A, among total 1295 miRNAs, 23 miRNAs were shown to be significantly dysregulated (P<0.05 and fold change > 2 or <0.5; 18 miRNAs were up-regulated and 5 miRNAs were down-regulated). We further validated all these 23 miRNAs levels by qRT-PCR in 13 ESCC tissues and their paired adjacent normal tissues (Figure 1B). And we found that two miRNAs (miR-17-5p and miR-4443) were stably up-regulated in ESCC (Figure 1C). So, the two miRNAs were selected as candicates for further investigation. Then we investigated the association between the two miRNAs expression and various clinicopathological variables in all samples. High correlation between miRNAs and tumor TNM stages was shown in Figure 1D, indicating that the two miRNAs signature is closely associated with ESCC progression.




Figure 1 | The expression level of miR-17-5p and miR-4443 in ESCC tissues. (A) high-throughput miRNA sequencing results. 23 miRNAs were statistically dysregulated, P<0.05, fold change>2 or <0.5. (B) Q-PCR analysis of all 23 screened miRNAs in 20 ESCC tissues and normal adjacent tissues. (C) Q-PCR analysis of the relative expression levels of miR-17-5p and miR-4443 in 20 pairs tissues. (D) The two miRNAs concentrations in different TNM stages (I–IV) of all 20 ESCC tissues. **P < 0.01, ***P < 0.001.





miR-17-5p and miR-4443 Promote Proliferation and Migration, and Inhibit Apoptosis In Vitro

To further explore the specific role of miR-17-5p and miR-4443 in the ESCC, we transfected the TE-10 and ECA-109 cells with miRNA mimics, inhibitors, and negative control then checked their effects on tumor behavior. As shown in Figure 2A, miR-17-5p or miR-4443 overexpression significantly promoted cell proliferation in both TE-10 and ECA-109, while downregulation showed the opposite effect (Figure 2B). In addition, transwell assay showed miR-17-5p and miR-4443 promoted cell migration ability in both cells (Figures 2C, D). Also, downregulation of miR-17-5p and miR-4443 reduced cell migration ability (Figures 2E, F). In the cell apoptosis assay, the percentage of apoptotic cells was significantly lower in TE-10 cells transfected with miR-17-5p or miR-4443 mimic (Figure 2G) and higher in cells transfected with miR-17-5p or miR-4443 inhibitor (Figure 2H). Taken together, these results suggest that miR-17-5p and miR-4443 may act as oncomiRs to promote ESCC progression.




Figure 2 | Effect of miR-17-5p and miR-4443 in the regulation of proliferation and migration of ESCC cells. (A, B) CCK8 assays were performed at 0h, 24h, 48h and 72h after the transfection of the ECA-109 cells and TE-10 cells with mimic-NC, mimic-miR-17-5p, mimic-miR-4443, inhibitor-NC, inhibitor-miR-17-5p and inhibitor-miR-4443. (C, D) Transwell analysis of the migration rate of ECA-109 and TE-10 cells transfected with an equal dose of mimic-NC, mimic-miR-17-5p, mimic-miR-4443. (C), representative image; (D), quantitative analysis. (E, F) Transwell analysis of the migration rate of ECA-109 and TE-10 cells transfected with equal dose of inhibitor-NC, inhibitor-miR-17-5p and inhibitor-miR-4443. (E), representative image; (F), quantitative analysis. (G, H) Analysis of apoptosis in TE-10 cells treated with mimic control, mimic-miR-17-5p, mimic-miR-4443, inhibitor control, inhibitor-miR-17-5p and inhibitor-miR-4443. The total apoptotic cells were counted as the sum of early apoptotic (PI− AV+) and late apoptotic (PI+ AV+) cells (left: representative image; right: quantitative analysis). **P < 0.01, ***P < 0.001, ****P < 0.0001.





TIMP2 Is Identified as a Direct Target Gene to Both miR-17-5p and miR-4443

To identify the direct target genes of miR-17-5p and miR-4443 in ESCC, we used two bioinformatics tools (TargetScan http://www.targetscan.org/vert_72/ and miRDB http://mirdb.org/). Because of miR-17-5p and miR-4443 having a similar effect on ESCC, we hypothesize if they could target the same protein. As shown in Figure 3A, TIMP2, the inhibitor of matrix metalloproteinases (MMPs), was considered to be a potential target with a high confidence level among all predicted common targets of miR-17-5p and miR-4443. The predicted site and their interaction between miR-17-5p, miR-4443 and 3’-UTR of TIMP2 was shown in Figure 3B.




Figure 3 | TIMP2 is the target of miR-17-5p and miR-4443 in ESCC cells. (A) The common targets of miR-4443 and miR-17-5p. All targets are predicted by two bioinformatics tools and the common targets are arranged by the confidence level. (B) Graphic description of the base-pairing interaction between miR-17-5p, miR-4443 and TIMP2 3’UTR and their exact position in the TIMP2 mRNA. (C) Western blot analysis of TIMP2 in 20 pairs of ESCC tissues. (N=Normal, C=Cancer). (D) Quantification of TIMP2 levels in ESCC tissues. (E, F) Pearson’s correlation scatter plot of the fold changes of miR-17-5p, miR-4443 and TIMP2 protein ESCC tissues. (G, H) The effect of transfection of inhibitor-miR or mimic-miR or their negative control on the expression of TIMP2 in two cell lines, TE-10 (G) and ECA-109 (H). (I) Dual luciferase activity assay was used to detect the binding affinity between miR-17-5p, miR-4443 and TIMP2. All results were shown as mean ± SD (n = 3). *p < 0.05, **P < 0.01, ***P < 0.001.



miRNAs are known to play their role by inhibiting their target protein. We first investigated whether TIMP2 was down-regulated in ESCC tissues than paired adjacent normal tissues. As shown in Figures 3C, D, TIMP2 protein levels was significantly downregulated in ESCC tissues. To further clarify the relationship between miR-17-5p, miR-4443 and TIMP2, we performed a correlation analysis between miR- miR-17-5p, miR-4443 and TIMP2. According to the results, both the expression levels of miR-17-5p, miR-4443 are significantly and negatively correlated with TIMP2 protein level (Figures 3E, F). Moreover,in TE-10 cells, transfection of mimics-miR-17-5p or mimics-miR-4443-5p significantly inhibit TIMP2 expression, while downregulation of miR-17-5p or miR-4443 expression showed increased expression of TIMP2 (Figure 3G). These results were further verified in ECA-109 cells (Figure 3H).

To further confirm whether miR-17-5p and miR-4443 could directly target the predicted binding sites in the 3’-UTR of TIMP2, we performed luciferase reporter assays. The presumed binding sites of TIMP2 3’-UTR was designed to be inserted into a reporter plasmid which has a downstream firefly luciferase gene. We next transfected this recombined plasmid into 293T cells together with miRNA mimics or antisenses. As expected, transfection of mimics-miR-17-5p and mimics-miR-4443 significantly reduced the luciferase activity in A549 cells, while transfection their antisenses induced an increase in reporter activity (Figure 3I). Furthermore, we mutated the predicted binding sites in TIMP2 3’-UTR of both miRNAs and the luciferase activity resulting in not changing after either miRNAs overexpression. Thus, the results indicated that TIMP2 mRNA was the direct target of miR-17-5p and miR-4443.



TIMP2 Attenuates the Effects of the miR-17-5p and miR-4443 in ESCC Cells

To test whether miR-17-5p and miR-4443 may suppress TIMP2 expression to affect cell proliferation, apoptosis and invasion, we transfected TE-10 cells with both mixture of mimic-miR-17-5p and mimic-miR-4443 and a plasmid designed to specially express the full-length ORF of TIMP2 without the miR-17-5p and miR-4443–responsive 3′-UTR. Proliferation, apoptosis and invasion assays revealed that ectopic expression of TIMP2 dramatically attenuated the inhibitory effect of the miR-17-5p and miR-4443 on cell apoptosis, and stimulatory effect on cell proliferation an invasion (Figures 4A–C).




Figure 4 | TIMP2 attenuates the effects of the miR-17-5p and miR-4443 in ESCC cells. (A) Analysis of proliferation (A), migration (B) and apoptosis (C) in TE-10 cells treated with mimic-control plus plasmid control, mimic-miR-17-5p and mimic-miR-4443 mixture plus control vector, mimic-control plus TIMP2 plasmid, or mimic-miR-17-5p and mimic-miR-4443 mixture plus HIC1 TIMP2 plasmid. All results were shown as mean ± SD (n = 3). ***P < 0.001.





miR-17-5p and miR-4443 Promote ESCC Progression In Vivo

We next investigated whether miR-17-5p and miR-4443 has an influence on tumor growth in vivo. TE-10 cells were pretreated with miR-17-5p lentivirus, miR-4443 lentivirus or control lentivirus. These pretreated cells were subcutaneously injected into the inguinal folds of the nude mice. The flowchart of the whole experiment was shown in Figure 5A. 28 days after the implantation, the implanted tumors were completely harvested and measured the weight and diameter. As shown in Figures 5B, C, miR-17-5p and miR-4443 overexpression group have a relatively high rate of tumor growth comparing to the control group. We then examined the effect of miR-17-5p and miR-4443 on TIMP2 expression and ESCC malignancy. QRT-PCR and Western blot shows that the overexpression of miR-17-5p and miR-4443 significantly down-regulated TIMP2 expression in xenografted tumor tissues (Figures 5D, E). These tumor tissues were then embedded in paraffin for H&E staining and immunohistochemical examination. H&E staining showed increased mitosis ratio in both miR-17-5p and miR-4443 overexpressing group compared to control group (Figure 5F). As shown in Figures 5F-H, higher level of miR-17-5p or miR-4443 resulted in decreased TIMP2 level and higher Ki-67 level. Taken together, these results further confirmed that miR-17-5p and miR-4443 acted as oncomiRs to regulate the progression of ESCC cells by targeting TIMP2.




Figure 5 | In vivo experiments to verify the effects of miR-17-5p and miR-4443 on ESCC cells. (A) The flow chart of the whole in vivo experiments. (B) The morphology of the isolated tumors in each group (n = 5). (C) Quantitative analysis of the xenografted tumor weight. (D, E) qRT-PCR analysis of miR-17-5p/4443 (D) and western blot analysis of TIMP2 expression (E), left and middle) in each group and their quantification; Pearson’s correlation scatter plot of the fold changes of miR-17-5p, miR-4443 and TIMP2 protein tumor tissues. (F) HE staining and immunohistochemical analyses of Ki-67 and TIMP2 in primary tumors (n = 5) derived from the different groups. (G, H) Quantification of Ki-67 and TIMP2 intensity in figure. All data are represented as mean ± SD. *P < 0.05, ***P < 0.001.






Discussion

Esophagus cancer is one of the most lethiferous malignant tumors all over the world, especially in East Asia like China. ESCC accounts for most of the EC patients. With the advancement of diagnostic techniques and the development of surgery as well as the application of molecular targeted drug and immunotherapy, the survival rate of ESCC patients has been greatly extended. However, the specific mechanism of the development of ESCC remains unknown. The quality of life of ESCC patients will seriously be degraded if tumor recurrence occurred. Current clinical treatment lacks effective therapy to inhibit metastasis. Our research provides a new potential way to inhibit ESCC metastasis.

Recent studies have shown the importance of miRNA in carcinogenesis and cancer development. For example, miR-148a might play its oncogenic role by targeting AVR1 in ESCC (16). miR-1224-5p inhibits tumor progression by targeting the TNS4/EGFR axis (17). There are also several types of research confirmed the oncogenetic roles of miR-17-5p. For example, in pancreatic cancer miR-17-5p enhance its proliferation by disrupting RBL2/E2F2-repressing complexes (13). And miR-17-5p can modulate NF-κB signaling in gastric cancer (18). Although there are few researches showed the opposite role of miR-17-5p in certain cancers (12, 19), it is reported that miR-17-5p can serve as prognostic indicators in ESCC (20). But the exact mechanism of miR-17-5p in ESCC remains unclear. miR-4443 is a rarely studied miRNA. It showed an oncogenetic role in breast cancer (21) and non-small cell lung cancer (10), and showed an opposite effect in ovarian cancer (22) and colon cancer (23). There is no research about miR-4443 in ESCC has been reported yet. In our study, we demonstrated that miR-17-5p and miR-4443 are stably up-regulated in ESCC tissues than in adjacent non-carcinoma tissues among all up-regulated miRNAs in the high-throughput miRNA sequencing. Both in vitro and in vivo experiments demonstrated the tumor-promoting effect of miR-17-5p and miR-4443 in ESCC. Because of the similar effect of miR-17-5p and miR-4443, we hypothesized that they may target the same protein. Then two independent bioinformatic tools were used to predict the potential target of the two miRNAs we studied. 11 genes were predicted to be targeted by both miR-17-5p and miR-4443. Among them, TIMP2, the inhibitor of matrix metalloproteinases (MMPs), was considered to be a potential target due to the known functions in cell proliferation and migration. Other target genes may also contribute to the effect of miR-17-5p and miR-4443 in ESCC cells. Among all results, TIMP2 was experimentally validated to be down-regulated by both of the miRNAs. Clinical ESCC tissues also showed lower expression of TIMP2 than adjacent non-carcinoma tissues. These results suggested that TIMP2 may serve as a tumor suppressor and be down-regulated during tumorigenesis, as has been shown by other researches (24–27). And targeting miR-17-5p and miR-4443 may be a potential therapy to control ESCC development. In the future, the mechanism of the up-regulation of miR-17-5p and miR-4443 in the ESCC patients need further studying.

TIMP2 (tissue inhibitor of metallopeptidase-2) is a member of the tissue inhibitor of metallopeptidases (TIMPs). The metastasis of cancer cells should invade into the extracellular matrix (ECM) firstly, and matrix metalloproteinases (MMPs) are essential and play core effect to degrade the ECM, paving a road for tumor cells to migrate into cycle system for distant metastasis (28). On the other hand, TIMPs, the inhibitor of MMPs, can reduce the degradation of ECM and therefore inhibit the invade of the primary tumor cells. There have been identified 4 members in the TIMP family (TIMP1-4) with different effects against different MMPs (29). TIMP2 has been reported to regulate the activity of MMP-2 (30), a significant factor to promote collagen degradation and lead to cancer cells’ dissemination (31). Researchers have found that MMP-2 is over-expressed in ESCC tumor tissues (32), and TIMP2 is down-regulated in both tissues and serum (33). Our research indicates that miR-17-5p and miR-4443 may be the reason and play a critical role to break the dynamic balance between TIMP2 and MMP-2 during ESCC development.

Taken together, our research demonstrated that miR-17-5p and miR-4443 are significantly upregulated in ESCC tissues, and serve as a tumor promoter by directly targeting TIMP2. Ectopic expression of miR-17-5p and miR-4443 may be one of the reasons for the up-regulation of MMP-2 in ESCC tissues. And the unbalanced state between TIMP2 and MMP-2 promote ESCC development and distant metastasis. Our research develops a new approach for understanding ESCC development and miR-17-5p and miR-4443 may serve as a potential target for ESCC therapy in future.
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Age
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Lower 27(@3.7%) 17(630%) 9(333%) 1(8.7%)

Size (cm)
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Well 24 (30.0%) 12 (50.0%) 9(37.5%) 3(12.5%) 0.89
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T-stages
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Lymph-node metastasis
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Stage

181 22(27.5%) 8(364% 13(69.1%) 1(4.5%) 0.2
mev 58(725%) 28(483%) 21(362%) 9(155%)

Bold values indicates p-value of 0.05 or below.
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Features Number

Total patients

Sex

Male 67 (83.8%)
Female 13 (16.2%)
Age

<60 54.(67.5%)
>60 26 (32.5%)
site

Upper or middle 53 (66.3%)
Lower 27 (33.7%)
size (cm)

<6 31(38.7%)
>6 49 (61.3%)
Differentiation

Well 24 (30.0%)
Moderate 39 (48.8%)
Poor 17 21.2%)
T-stages

1&1 6(7.5%)
"aw 74 (92.5%)
Lymph-node metastasis
Presence 60 (75.0%)
Absence 20 (25.0%)
Distant metastasis

Yes 5(6.3%)
No 75 (93.7%)
Stage

181 22 (27.5%)
maw 58 (72.5%)

Negative

80

62(92.5%)
12 (92.3%)

48 (88.9%)
26 (100%)

50 (94.3%)
24(88.9 %)

29(93.5%)
45 (91.8%)

23 (95.8%)
36(93.3%)
15 (83.2%)

5(83.3%)
69 (93.2%)

54 (90.0%)
20 (100%)

4(80.0%)
70 (93.3%)

21(95.5%)
53(91.4%)

Bold values indicates p-value of 0.05 or below.

Positive
74 (92.5%)

5(7.5%)
1(7.7%)

6(11.1%)
0(0%)

3(6.7%)
3(11.1%)

2(65%)
48.2%)

1(4.2%)
3(7.7%)
2(11.8%)

1(16.7%)
5(6.8%)

6(10.0%)
0(0.0%)

1 (20.0%)
5(6.7%)

1(4.5%)
5(8.6%)

P-value

6(7.5%)

0.66

0.02

0.32

0.57

0.65

0.38

0.05

0.33

0.47





OPS/images/fonc-10-01534/fonc-10-01534-g005.gif
(1aaVD KPR (qave 54 pomieusioN)
Jopsaadxa YNYW ISVdA © uopssadxs YNYW ISVAT

PASIow RO

aavoopmewion) ST T f -
Dqun Koo [$V.47 - 883309





OPS/images/fonc-10-01534/fonc-10-01534-g006.gif
2

z

e

Visblecells (abserbance) @

o S R e R
S ——————






OPS/images/fonc-10-01534/fonc-10-01534-g007.gif





OPS/images/fonc-10-01534/fonc-10-01534-t001.jpg
Sample CopyNo. mRNA DNA Amino acid  Effect on protein features In'silico prediction
D Change  expression change changes
Mutation PROVEAN  SIFT
taster
P1 Amplification High ¢.1084C>T No Protein features (might be) Diseases Neutral Tolerated
GDNA1594C>T affected causing
9.8292205T
P13 Amplification High ©.1099C>A L367M Amino acid sequence changed  Diseases Neutral Tolerated
GDNA.1609C>A causing
9.82937C>A NMD Deleterious  Deleterious
.1145_1145delT V382Gfs'12  Amino acid sequence changed
GDNA.1655_16550eiT Frameshift
9.82983_82083delT protein features (might be)
affected
P22 Deleton ~ Nochange  ¢.1093C>G P365A Amino acid sequence changed  Diseases Deleterious  Damaging
cDNA.1603C>G causing
9.82931C>G
©1009C>A L367M Amino acid sequence changed
GDNA.1609C>A
9.82937C>A NMD
.1145_1145delT V382Gfs'12  Amino acid sequence changed
CDNA.1655_1655deiT Frameshift
9.82983_82083delT protein features (might be)
affected
P29 Amplification High ©1009C>A L367M Amino acid sequence changed  Diseases Deleterious  Damaging
GDNA.1609C>A causing
9.82937C>A Amino acid sequence changed
cA121T>G F374C
CDNA.1631T>G
9.82959T>G
.1137_11370elG A3BILIS'13 NMD
CDNA.1647_1647delG amino acid sequence changed
9.82975_82975delG frameshift
protein features (might be)
affected
spiice site changes.
P78 Amplification High .1135_1136insT K379I1s"6 NMD Diseases Deleterious  Damaging
CDNA.1645_1646insT Amino acid sequence changed  causing
9.82973_82974insT Frameshift
Protein features (might be)
affected
Splice site changes
©.1099C>A L367M Amino acid sequence changed
GDNA.1609C>A
9.82937C>A
P103  Deleion  Low ©.1091_1092insT K364Nfs'2  NMD Diseases Deleterious  Damaging
GDNA.1601_1602insT Amino acid sequence changed  causing
9.82929_82030insT Frameshift

NMD, nonsense-mediated mRNA decay.

Protein features (might be)
affected
Spiice site changes
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Prognostic factor Disease free Survival (Months) ‘Overall Survival (Months)

HAES%CH Prvalue HR(ES%CH) Prvatue
Hp
Escc
Blood type B 1270.11-1.45) <0001 1.26(1.10-1.45) 0001
Biood type O 087073097 0014 085077-097) o1
e
Blood type B 088058-139 053 1.00066-1.54) 0584
Blood type O 087062-123) 0430 093066-1.39) 0700
Otters.
Blood type B 100051234 0816 1.12050-2.50) o787
Blood type O 090051-160) 0728 0830.46-1.49) 0534
Age
<60 years
Blood type B 1370.16-1.62) <0001 1.99(1.17-165) <0001
Blood type O 078068090, <0001 078066-088) <0001
260 years
Blood type B 106088129 056 1.08089-128) [
Blood type O 107090-1.27) oa01 107090-1.27) 0428
Gender
Fomales
Blood type B 110076131 0997 099075-1.31) 0913
Biood type O 104082-132) 0762 107083137 0600
Malos
Blood type B 130(116-1.59 <0001 1.94(1.16-155) <0001
Blood type O 085076-096) 0009 084074-094) 0008
TNM stago
Stage Il
Blood type B 1.45(1.19-1.76) <0001 1.47(120-180) <0001
Blood type O 097074-102) 0089 087073-1.02) 0004
Stage -V
Blood type B 1.08089-124) 0570 1.05089-128) 0565
Blood type O 088077-102) 0091 0880.75-1.01) 0080
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Pathological stage

Disease-free survival
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Gender n=622 n=625 0381
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Female 179 (28.8) 166 (26.6)

Age (years) n=622 n=625 0.195
Mean = SD 59.26 + 11.40 5853 +8.17
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Drinking n=247 n=2359 0058
Yes 80 (32.4) 91(25.3)
No 167 (67.6) 268 (74.7)

*SPSS 20.0 random number generator was used to supplement the H. pylori infection
status of 122 cases, whose H. pylori was unknown, so s to faciltate the subsequent
statistical analysis. Bold Value indicate the deta is statistically significant diferences
(P < 0.05).
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*Adjusted for gender, age, and H. pyloriinfection.

#The results were inconsistent with Hardy-Weinberg genetic linkage equilibrium. Bold Values indicate the data is statistically significant differences (P < 0.05).

Control (%)

n=1125

n=538
205 (38.1)
270(50.2)
63(11.7)

0.087

n=572
214 (37.4)
285 (49.8)
73(12.8)

0.145

n="584
230 (39.4)
278 (47.6)
76 (13.0)

0575

n="564

184 (33.2)

302 (54.5)
68 (12.3)

0.001*

P-value*

0.001
0.901
0.007
0.298

0.545
0.645
0.805
0.329

0.597
0.926
0.672
0.882

0.858
0.778
0918
0.766

OR* (95% CI)

1 (Ref)
1.557 (1.188-2.041)
1.026 (0.685-1.536)
1.419 (1.099-1.832)
0.818 (0.561-1.194)

1 (Ref)
0.920 (0.701-1.206)
1.181(0.156-0.332)
0.968 (0.747-1.254)
1.202 (0.831-1.738)

1 (Ref)
0931 (0.715-1.219)
0.981 (0.662-1.455)
0.947 (0.736-1.218)
1.028 (0.711-1.488)

1 (Ref)
1.026 (0.774-1.361)
0.941 (0.614-1.440)
1.014(0.773-1.331)
0.942 (0.633-1.400)
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Name ES

KEGG_FOCAL_ADHESION 0.76
KEGG_ECM_RECEPTOR_INTERACTION 0.85
KEGG_DILATED_CARDIOMYOPATHY 0.72
KEGG_HYPERTROPHIC_CARDIOMYOPATHY_ 0.71
HCM

KEGG_CYTOKINE_CYTOKINE_RECEPTOR_ ~ 0.64
INTERACTION
KEGG_HEDGEHOG_SIGNALING_PATHWAY  0.73
KEGG_PATHWAYS_IN_CANCER 0.63
KEGG_TGF_BETA_SIGNALING_PATHWAY 0.70
KEGG_REGULATION_OF_ACTIN_ 0.61
CYTOSKELETON

KEGG_AXON_GUIDANCE 0.64
KEGG_GAP_JUNCTION 0.64
KEGG_CELL_ADHESION_MOLECULES_ 0.70
CAMS

KEGG_BASAL_CELL_CARCINOMA 071
KEGG_MELANOMA 0.64
KEGG_HEMATOPOIETIC_CELL_LINEAGE 071
KEGG_CALCIUM_SIGNALING_PATHWAY 058
KEGG_GLYCOSAMINOGLYCAN_ 0.77
DEGRADATION
KEGG_MAPK_SIGNALING_PATHWAY 0.57
KEGG_JAK_STAT_SIGNALING_PATHWAY' 0.58
KEGG_RENAL_CELL_CARCINOMA 0.65

NES, normalized enrichment score; NOM, nominal; FDR, false discovery rate.

NES

257
250
239
239

2.39

234
233
232
232

227
226
225

225
223
223
220
219

219
216
215

NOM
P-value

0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00

FDR

Q-value

0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
8.32E-05

1.46E-04
1.33E-04
1.67E-04

1.65E-04
1.456-04
1.36E-04
2.16E-04
4.45E-04

4.21E-04
5.42E-04
6.43E-04
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Agent

Pembrolizumab

Nivolumab

Avelumab

Durvalumab and
tremelimumab
piimumab

Clinical trial

Keynote012

Keynote-059

Keynote-061

Keynote-062
Keynote 063
ATTRACTION-02
Checkmate-032
NCT02488759,
Checkmate-358
JAVELIN
JAVELIN 300
JAVELIN 100

NCT 02340975

NCT01585987

Line

Terminal-line

Third-line

Second-line

First-line

Second-line
Third-lne

Third-line

First-line or
second-line.
Third-line

First-line
maintenance
Second- or
third-line
First-line

Phase

Phase Ib

Phase Il

Phase Ill

Phase Ill

Phase Ill

Phase Ill

Phase VIl

Phase IVll

Phase |

Phase Ill

Phase Ill

Phase Ib/ll

Phase Il

‘Outcomes

Safe and effective in PD-L1+ advanced
GC

PD-L1+ patients had higher response
rates than negative patients

Did not show significant survival benefits in
mOS and mPFS of PD-L1+ advanced GC

Had survival benefits in patients with
PD-L1+, especially in PD-L1 CPS = 10
Ongoing

Al patients could benefit from OS
regardless of PD-L1 expression

Had potential advantages over
chemotherapy

Ongoing

ORR, DCR, mPFS, and mOS had
improved.

Failed to reach its primary endpoint OS
recently

Ongoing

Ongoing

Did not reach expected endpoint of
improved PFS and OS

Significance

FDA approves pembrolizumab for third-line
treatment of PD-L1+ (CPS = 1%) recurrent or
metastatic GG/GEJC adenocarcinoma,

Improvement of OS, better efficacy, and fewer
TRAEs were found in patients with PD-L1

CPS 2 10 and MSI-H.

It makes pembrolizumab possible as a first-line
treatment

Many regions approve nivolumab for the
treatment of unresectable advanced or
recurrent GC regardiess of PD-L1 expression

Encouraging results facilitate phase ll studies.

Curtently, the efficacy of CTLA-4 inhibitor
monotherapy is not clear

ICI, immune checkpoint inhibitor; DOR, disease control rate; FDA, Food and Drug Administration; GC, gastric cancer; GC/GEJC, gastric or gastroesophageal junction cancer; OS,
overall survival; ORR, objective response rate; PFS, progression free survival; PD-L1, programmed death-ligand 1; GPS, combined positive score; TRAES, treatment related adverse

events; MSI-H, microsatellite instabilit

~high; CTLA-4, cytotoxic T-lymphocyte-associated protein 4.
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Clinical
Trials.gov
identifier

NCT02335411

NCT02318901

NCT02658214

NCT02746796

NCT02572687

NCT02268825

NCT02903914

AlO-STO-0217
(NCT03409848)

Intervention used

Pembrolizumab (reatment naive) OR
pembrolizumab (previously treated)
OR P+ cisplatin- 5-FU+
capecitabine (treatment naive);

1 line or more

Pembrolizumab OR P+
ado-trastuzumab etamine OR P+
cetuximab

Durvalumab-+ 5-FU+ oxaliplatin +
leucovorin;

1line

ONO-4538+ SOX (Part 1)
ONO-4538+ Cape OX (Part 1)
ONO-4538+ Chemo group (Part
2)-> sither SOX or Cape OX
Placebo-+ Chemo group (Part 2);

1 line

MEDI4736 in combination with
ramuciumab

MK-3475 (pembrolizumab) in
combination with mFOLFOX6
INCBOO1168 (CB-1158) alone or in
combination with Pembrolizumab
(advanced/metastatic gastric and
GEJ cancer that have never received
prior checkpoint inhibitor therapy)
(nivolumab + trastuzumab) in
combination with FOLFOX

vs. ipiimumab;

1 line

Phase

Phase Il

Phase
I/l

Phase |

Phase Il

Phase |

Phase
ia
Phase I/l

Phase Il

Estimated
sample size

316

90

60

680

114

128

424

Recniting

Population

Advanced gastric and GEJ cancer

Patients with advanced cancer (one
cohort for patients with unresectable
HER-2+ gastric or GEJ cancers)
Cohort 5 for advanced GC/GEC

Unresectable advanced or
recurrent gastric and GEJ cancer

Locally advanced and unresectable or
metastatic gastrointestinal or thoracic
malignancies including gastric or GEJ
adenocarcinoma

Various advanced gastrointestinal
Cancers

Various advanced/metastatic solid
tumors including GC

Previously untreated HER-2-+ locally
advanced or metastatic
esophagogastric adenocarcinoma.

Primary endpoints

Adverse events; discontinuing
study
due to AEORR

Recommended phase 2 dose of
trastuzumab with
pembrolizumab
Safety/tolerabity of first line
therapy;

Incidence of adverse events
PFS:08

DLTs

Safety of combination of
FOLFOX and MK-3476

Safety, pharmacokinetios;
biomarkers and tumor response.

os

DLTs, dose-limiting toxicity; 5-FU, 5-fluorouracil; GC, gastric cancer; GEJ, gastric or gastroesophageal junction; GC/GEJC, gastric or gastroesophageal junction cancer; ORR, objective
response rate; AE, adverse event; OS, overall survival: PFS, progression free survival; HER-2, Human epidermal growth factor receptor-2.
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Variables

Gender
Male

Female

Age

<55

>55

Tumor site

Cardia

Corpus

Antrum

Lauren type
Intestinal type
Diffuse type

Mixed type

LGMN expression
High

Low

Histological grade
G1/G2

G3/G4

Her2 status
Positive

Negative

Tumor recurrence
Yes

No

Surgery

Done

Not done
Chemotherapy
Done

Not done

Peritoneal metastasis status

Metastasis (%)

59(42.5)

26 (44.1)
33(55.9)

25 (42.4)
34(57.6)

468
55(93.2)
0(0.0)

7(11.90)
38 (64.4)
14.(23.7)

36(61.0)
23(39.0)

9(153)
50(84.7)

468
55(93.2)

29(49.2)
30(50.8)

34(57.6)
25 (42.4)

54(91.5)
5(85)

Without metastasis (%)

80 (57.5)

61(76.2)
19 (23.8)

22(27.5)
58(72.5)

19 (23.8)
57 (71.2)
4(6.0)

47 (58.8)
12(16.0)
21(262)

23(28.7)
57(713)

23(288)
57(71.2)

14(175)
66 (82.5)

48 (60.0)
32(400)

42(52.5)
38(47.5)

64 (80.0)
16 (20.0)

P-value

<0.001

0.009

0.004

<0.001

<0.001

0.096

0.109

0.083

0.669

0.102
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Variables

Age (<55 vs. >55)

Gender (male vs. female)

Tumor site (cardia vs. corpus)
(Cardia vs. antrum)

Lauren type (intestinal vs. diffuse

type)

(Intestinal vs. mixed type)

Histological grade (G1/G2 vs.
G3/G4)

Her2 status (negative vs. positive)
LGMN expression (low vs. high)
Tumor recurrence(no vs. yes)

Logistic regression

ORin  95% Clof OR
peritoneal
metastasis
0771 0.294-2.029
4633 1.835-12.449
1.558 0.421-6.328
10584 0.764-152.882
19.461 5.312-87.653
2736 0.808-9.771
0916 0.221-4.198
0533 0.107-2.846
3.941 1.668-10.770
2.046 0.831-5.197

P-value

0.596
0.001
0514
0.071
<0.001

0.109
0.889

0.443
0.005
0.123
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| 1]
FAMB3F hsa-miR-4443 3'-UUUUGGGUGCGGAGGUU hsa-miR-17-5p 3'-GAUGGACGUGACAUUCGUGAAAC
SHISA6
TIMP2
NFIC
Common il

CDS

elements GINML TIMP2 mRNA , 3

CYB56101 binding site(39-46) binding site(1961-1967)

MFAP3L

SAMD12

VANGLL seed sequence of binding site 1 seed sequence of binding site 2
Human UGCAAAAAAAGCCUCCAA  Human AGGUAUUAGA - CUU - GEACUUU
Chimp UGCAAAAAAAGCCUCCAA Chimp AGGUGUUAGA - CUU - GCACUUU
Rhesus UGCAAAAACAGCCUCCAA  Mouse AG - CAUUAGA - CUUU GCACUUU
Cat  GGAAGA.---GCCUCCAA  Rat  AG- CAUUAGA - CUUU GCACUUU
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Clinicopathological Factors

Tetraspanin Expression Tumor size Tumor Lymph node TNM Stage  Clinical Stage Survival Rate Reference
level in GC Differentiation Metastasis (/1 and I/1V)
TSPAN20 Upregulated Negative ©1)
TSPAN1 Upregulated Negative(***) Positive(***) Positive Negative(within 3 years (35)
(W] ** within 5 years ***)
TSPAN8 Upregulated NS NS Negative(***) ©2)
CD9 Upregulated NS Positive(™) Positive 93)
")
CD151 Upregulated NS (94); Negative(™) (94); NS (95); Negative(™*) (30, 94-96) (30, 94-96)
Positive(**) Negative(*) (30) Positive(***)
80) (30)
TSPANS Downregulated Negative NS Negative(**) Negative(™**) Positive(***) (62)
)
TSPAN21 Downregulated Positive(™) Negative(™*) Negative(™) Positive(™) 67)
CD82 Downregulated NS (97, 98)  Positive(*) (97); Negative(™) (98); Negative(™)  Negative(***) (99) Positive(***) (98-100) (97-100)
Positive(*) (99) Negative(™) (97, 99) (97, 98)
TSPAN9 Downregulated Positive(*) Negative(*) Positive(™) Positive(**) Negative(**) (101)

' <0.10; *p < 0.05; **'p <0.01; NS, Not Significant. Positive means a higher expression level of tetraspanins indicating a larger tumor size, higher tumour differentiation, more lymph node
metastasis, more advanced TNM stage and clinical stage, a better survival rate. Negative is opposite.
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Basic GC patients Death Median survival P-value

characteristics time (mean)

Total n=3 n=48

Gender 0592
Male 28(80.0) 36(75.0 408>
Female 7(00)  12(250) 53.0°

Age (years) 0.384
260 23(65.7)  27(56.2) 53.0°
<60 12(343) 21438 46.0°

H. pylori infection 0.328
Positive 13(37.1)  23(47.9) a2.40
Negative 22(629) 25(52.1) 30.0°

Smoking 0.763
Yes 12(34.3) 18(37.5) 39.1°
No 23(65.7)  30(62.5) 53.0°

Drinking 0.793
Yes 10(286) 15(31.2) 39.2°
No 25(71.4) 33(68.8) 53.0°

Family history 1.000*
Yes 26.7) 483 36.8°
No 33(04.3) 44(91.7) 4200

Bormmann classification 0.448"
Bormann I-Il 40114 3(62) 20,0
Borrmann ll-IV 31(886) 45(93.8) 42.6°

Lauren classification 0719
Intestinal type 1387.1)  16(33.3) 46.0°
Diffuse type 22(629) 32(66.7) 39.3°

Site of primary lesions
Corpus 13(67.1)  14(29.2) 32.0° 0.189
Fundus 129  7(14.6 49.9°
Antrum/angle 21(60.0) 27 (56.2) 38.5°

Growh pattern 0621
Inftrative 26(812)  36(76.6) 41.8°
Intermediate/expanding 6 (188) 11 (23.4) 423

Depth of invasion <0.001
TiI/T2 3(8.6) 24 (50.0) 53.7°
Ta/T4 32(01.4)  24(50.0) 24.0°

TNM stage 0.456
Hi 7(00)  13(7.1) 428
-V 28(80.0) 85(72.9) 53.0°

Lymph node metastasis 0.002
Positive 28(80.0) 22 (458) 26,0
Negative 7(200) 26(54.2) 48.4°

*Medlan survival time.

®Mean survival time.

“Fisher's exact test. Bold Values indlicate the data is statisticaly significant differences
(P < 0.05)
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TNFAIP2 protein concentration GC  Death Median survival time (mean) Univariate analysis Multivariate analysis

P-value  HR (95% CI) P HR (95% CI)

n=83 n=48 0798  1.090(0.562-2.116) 0.339 1387 (0.710-2.710)
High expression concentration > 14.82ng/ml 42 24 53.0°
Low expression concentration < 14.82 ng/ml 41 24 43.0°

“Depth of invasion and lymph node metastasis were taken as covariables.
*Medlan survival time.
bMean survival time.
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Basic TNFAIP2 3 UTR rs8126 T > C polymorphism
characteristics

™ Tc cc
Total n=48 n=45 n=10
TNFAIP2 protein

concentration

(ng/mi)"

Median (QR) 22.72(34.26) 13.06(4.13) 13.24(12.50)
Range 8.10-20405 9.10-142.9 10.48-48.11

<0.001

“Nonparemetic test. Bold Value indicate the data is statistically significant differences

(P < 0.05).
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TNFAIP2 SNPs

1s8126

™

TC

cc
CC+TCvs. TT
CCvs. TC+TT
rs710100

cc

TC

g

TC 4+ TTvs.CC
TTvs.CC+TC
rs3759571

GG

GA

AA

GA + GG vs. AA
GG vs. GA + AA

GC Death

n=287 n=120

137 58
109 44
a1 18

n=263 n=11

110 49
114 46
39 16

n=275 n=113

13 45
124 53
38 15

Median survival time (mean)

56.40
79.00
68.0°

68.0
79.0°
68.0*

58.2°
79.0°
56.10

Univariate analysis

P-value

0.840
0.840
0.932
0.793

0.468
0513
0394
0.643

0.685
0.951
0.772
0.780

HR (95% CI)

0.960 (0.649-1.421)
1.056 (0.622-1.792)
1.008 (0.843-1.205)
0.967 (0.753-1.242)

1.161 (0.776-1.736)
1.099 (0.820-1.457)
1.085 (0.899-1.309)
1.065 (0.817-1.388)

0.921 (0.619-1.370)
1.009 (0.753-1.362)
0.973 (0.806-1.174)
1.039 (0.792-1.364)

“Borrmann classification, TNM staging, lymph node metastasis, and depth of invasion were taken as covariables.

*Median survival time.
bMean survival time.

Multivariate analysis

P-value*

0.501
0.399
0.408
0.588

0.349
0.638
0.329
0.713

0.803
0.325
0.599
0.335

HR (95% CI)

1.147 (0.770-1.707)
1.262 (0.785-2.165)
1.166 (0.811-1.676)
1.151 (0.692-1.915)

0.824 (0.549-1.236)
0.871 (0.489-1.550)
0.828 (0.567-1.209)
0.904 (0.528-1.547)

0.950 (0.635-1.421)
0.739 (0.405-1.349)
0.902 (0.614-1.324)
0.762 (0.438-1.324)
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Parameters

1s8126
Gender
Male

Female

Age (years)
=60

<60

H. pylori infection
Positive

Negative

Genotype

T

TC

cC
CC+ TCvs. TT
CCvs. TC+TT

L

TC

cC
CC+TCvs. TT
CCvs. TC+TT

TC

cc
CC+TCvs. TT
CCvs. TC+TT

TC

cc
CC+TCvs. TT
CCvs. TC+TT

™

TC

cc
CC+ TCvs. TT
CCvs. TC+TT

T

TC

cc
CC+TCvs. TT
CCvs. TC+TT

GC

Death

103
I
29

34
30

72
58
21

n=287
76
56
20

61
53
21

13

14
12

29
21
1

n=120
29
23
6

29
21
12

Median survival time (mean)

56.3°
79.0°
68.0*

50.4°
51.8°
543

68.0*
57.0*
58.9°

53.8°
79.0*
68.0*

56.7°
79.0°
63.1°

58.0°
54.1°
29.0°

Univariate analysis

P-value

0.843
0.961
0.892
0912

0.943
0.700
0.846
0719

0.925
0.400
0.765
0.371

0.673
0332
0.961
0.224

0.660
0437
0.999
0.338

0427
0.361
0.779
0.196

“Bormmann classification, TNM staging, lymph node metastasis, and depth of invasion were taken as covariables.

*Median survival time.
bMean survival time.

HR (95% CI)

0955 (0.606-1.506)
1.016 (0.547-1.886)
0972 (0.641-1.472)
1.084 (0.574-1.862)

1.029 (0.476-2.225)
1.223 (0.439-3.405)
1.073 (0.529-2.177)
1.192 (0.457-3.112)

1.027 (0.593-1.776)
0.701 (0.307-1.603)
0925 (0.555-1.549)
0697 (0.317-1.536)

0886 (0.505-1.554)
1.410 (0.704-2.826)
1.013 (0.612-1.674)
1,501 (0.780-2.888)

1.131 (0.654-1.956)
0.705 (0.292-1.700)
1.000 (0.597-1.673)
0661 (0.284-1.542)

0.796 (0.454-1.397)
1.369 (0.698-2.686)
0981 (0.565-1.534)
1,516 (0.807-2.850)

Multivariate analysis

P-value*

0.488
0.795
0.499
0.948

0.762
0.081
0522
0.278

0.506
0.670
0.788
0.446

0.968
0.147
0.501
0.152

0.108
0.549
0.294
0.345

0.488
0.101
0.902
0.080

HR (95% CI)

1.177 (0.743-1.864)
1.087 (0.579-2.039)
1.156 (0.760-1.758)
1.020 (0.562-1.850)

1.182 (0.506-2.532)
2729 (0.883-8.431)
1.275 (0.606-2.679)
1.733 (0.641-4.681)

1210 (0.690-2.124)
0.783 (0.336-1.823)
1.074(0.638-1.809)
0.732 (0.329-1.632)

1.012(0.570-1.797)
1.690 (0.832-3.435)
1.192 (0.715-1.985)
1.628 (0.836-3.170)

1,683 (0.904-2.772)
0.760 (0.300-1.865)
1,320 (0.781-2.261)
0662 (0.282-1.557)

0.816 (0.460-1.450)
1.792 (0.893-3.596)
0.969 (0.586-1.604)
1.794 (0.932-3.454)
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Basic characteristics

Total
Gender
Male
Female
Age (years)
Mean + SD
Median
Range
TNFAIP2 concentration (ng/mi)
Median (QR)
Range
TNFAIP2 58126 genotypes
™
T
cc

GC (n, %)

n=103

78(75.7)
25(24.9)

56.57 + 7.656
58
29-67

14.82 (19.56)
8.10-204.05

48 (46.6)
45 43.7)
10(9.7)

Control (n, %)

n=99

64 (64.6)
3535.)

54.45 +7.737
53
43-81

14.32 (2.85)
1.28-49.00

38(38.4)
50 (50.5)
11(11.1)

P

0.052

0.029°

0.941

“Non-parametric test. Bold Value indicate the data is statistically significant differences

(P < 0.05).
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c
parameters

icopathological

Total
Gender
Male
Female
Age (years)
Mean  SD
Median
Range
H. pylori infection
Positive
Negative
Smoking
Yes
No
Drinking
Yes
No

TNFAIP2 protein expression
in GC patients

High expression Low expression
concentration > cconcentration <
14.82ng/ml (n, %) 14.82ng/ml (n, %)

n=51 n=>52
n=51 n=>52
41(80.4) 37(71.2)
10(19.6) 15(28.8)
n=51 n=>52
56.20 % 8,008 56.85 +7.363
58 58
29-67 30-67
n=51 n="52
21(41.2) 23(44.2)
30(68.8) 29(55.8)
n=42 n=41
18 (42.9) 12(29.3)
24 (57.1) 29 (70.7)
n=42 n=4a1
15(35.7) 10 (24.4)

27(64.3) 31(75.6)

0.274

0.716

0.754

0.198

0.261
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Parameters

rs8126
Gender*
Male

Female

Age (years)
=60

H. pylori infection*
Positive

Negative

Smoking
Yes

No

Drinking
Yes

rs710100
Gender"
Male

Female

Age (years)
260

<60

H. pylori infection®
Positive

Negative

Smoking
Yes

Drinking

Yes

rs3769571
Gender"
Male

Female

Age (years)
260

<60

H. pylori nfection”
Positive

Negative

Smoking

Drinking
Yes

Genotype

U

TC

cc
CC+TCvs. TT
CCvs. TC +TT

u

TC

cc
CC+TCvs. TT
CCvs. TC+TT

s

TC

cc
CC+TCvs. TT
CCvs. TC +TT

u

TC

cc
CC+TCvs. TT
CCvs. TC + TT

U

TC

cc
CC+TCvs. TT
CCvs. TC+TT

U

TC

cc
CC+TCvs. TT
CCvs. TC+TT

U

TC

cc
CC+TCvs. TT
CCvs. TC +TT

s

TC

cc
CC+TCvs. TT
CCvs. TC + TT

u

TC

cc
CC+TCvs. TT
CCvs. TC+TT

T

TC

cc
CC+TCvs. TT
CCvs. TC+TT

cC

cT

T
TT +CTvs.CC
TTvs. CT +CC

[ee}

CcT

T
TT+CTvs.CC
TTvs. CT +CC

cc

CcT

s
TT +CTvs.CC
TTvs. CT +CC

cc

CcT

T
TT +CTvs.CC
TTvs. CT +CC

cc

cT

T
TT+CTvs.CC
TTvs.CT+CC

cc

CcT

T
TT+CTvs.CC
TTvs. CT+CC

cCc

CcT

s
TT +CTvs.CC
TTvs. CT +CC

cCc

CcT

T
TT +CTvs.CC
TTvs. CT +CC

cc

CcT

L
TT+CTvs.CC
TTvs.CT +CC

cc

CcT

T
TT 4 CTvs.CC
TTvs.CT +CC

GG

AA +GAvs. GG
AAvs. GA + GG
GG
GA
AA
AA + GAvs. GG
AAvs. GA + GG

GG
GA
AA
AA + GAvs. GG
AAvs. GA + GG
GG
GA

AA +GAvs. GG
AAvs. GA + GG

GG

AA +GAvs. GG
AAvs. GA + GG
GG
GA
AA
AA + GAvs. GG
AAvs. GA + GG

GG

GA

AA
AA + GAvs. GG
AAvs. GA + GG

GG

GA

AA
AA + GAvs. GG
AAvs. GA + GG

GG

GA

AA
AA + GAvs. GG
AAvs. GA + GG

GG

GA

AA
AA + GAvs. GG
AAvs. GA + GG

“Adjusted for gender, age, and H. pylori infection.

* Adjusted for two other factors besides self. Bold Values indicate the data is statis

GC vs. control

587 vs. 538

195/149

171/201
56/45

77/56
64/69
25/18

n = 687 vs. 538
12974
126/124
34/25

143/131
109/146
46/38

n =587 vs. 538
137/36
121/46

419

136/170
114/224
39/54

47144
34/62
16/10

76/74
56/99
17/25

n=246vs. 311
39/30
29/43

12/6

84/87
81/117
21/28

n =543 vs. 572

151/166
182/209
49/52

66/48
69/76
26/21

n=543vs. 572
106/78
131/131
33/24

111/136
120/154
42/49

n =543 vs. 572
112/47
124/44

36/7

106/167
127/241
39/66

n=228vs.337
37/48
40/66
18/10

61/82
60/101
17/30

n=228vs.335
30/36
34/46
10/5

66/120
20/35

n =578 vs. 584
163/172
201/201

A47/56

76/58
67/77
24/20

n =578 vs. 584
113/86
141/121
28/31

126/144
1271167
43/45

n =578 vs. 584
119/46
140/44

34/8

120/184
128/234
37/68

n =236 vs. 350
42/50
41/62
14/15

62/88
63/107
14/28

n =236 vs. 350
290/38
38/46

10/5

76/100
66/121
18/38

tically significant differences (P < 0.05).

P-value*

0.005
0.841
0.018
0.407

0.116
0.866
0.193
0.642

0.005
0.493
0.010
0.718

0.049
0.788
0.138
0.321

0.084
0.757
0.186
0.361

0.006
0.693
0.017
0.563

0.182
0615
0.377
0.232

0.038
0298
0.038
0.750

0.089
0.679
0216
0283

0.045
0.524
0.065
0.873

0913
0.649
0.950
0.567

0.251
0.877
0.427
0.439

0373
0.461
0.581
0274

0.860
0.787
0.999
0.608

0536
0.080
0.258
0.104

0272
0.676
0313
0.945

0.451
0.387
0.732
0179

0.851
0914
0.840
0.974

0.570
0.354
0.825
0.178

0.947
0.892
0.965
0.879

0.751
0.844
0.822
0.778

0.128
0.848
0218
0.620

0.408
0.353
0.324
0528

0.771
0.663
0.966
0.491

0510
0.249
0.338
0.306

0279
0.426
0.253
0.676

0.659
0.730
0.803
0.625

0.746
0.564
0.666
0.706

0.736
0.200
0.635
0.236

0.261
0.244
0.194
0.481

OR (95%)

1.573 (1.143-2.164)
1.051 (0.648-1.703)
1.443 1.066-(1.954)
0.825 (0.524-1.300)

1.510 (0.903-2.525)
1.067 (0.500-2.275)
1.874 (0.852-2.216)
0,849 (0.425-1.694)

1.816 (1.195-2.758)
1.257 (0.653-2.420)
1.693 (1.135-2.526)
0.895 (0.488-1.638)

1.440 (1.002-2.069)
0.931 (0.651-1.572)
1.292 (0.921-1.811)
0.780 (0.477-1.274)

1.569 (0.941-2.618)
0879 (0.386-1.997)
1.391 (0.853-2.266)
0,698 (0.822-1.511)

1.560 (1.133-2.147)
1.099 (0.687-1.759)
1.440 (1.067-1.944)
0.878 (0.564-1.365)

1.556 (0.813-2.979)
0.770 (0.277-2.135)
1.818 (0.715-2.432)
0560 (0.216-1.450)

1.701 (1.030-2.809)
1,501 (0.699-3.227)
1.643 (1.027-2.627)
1.123 (0.549-2.298)

1.831(0.913-3.674)
0718 (0.222-2.317)
1,518 (0.784-2.940)
0.515 (0.174-1.531)

1.630 (1.010-2.629)
1.258 (0.620-2.562)
1.524 (0.974-2.384)
0.947 (0.485-1.851)

0.982 (0.713-1.352)
1.119 (0.689-1.816)
1.010 (0.744-1.371)
1.140 (0.728-1.787)

0.738 (0.440-1.239)
1.060 (0.505-2.228)
0818 (0.499-1.342)
1.298 (0.670-2.512)

0.827 (0.544-1.257)
1.290 (0.656-2.536)
0.892 (0.594-1.339)
1.410 (0.761-2.612)

0.968 (0.673-1.391)
1.074 (0.641-1.800)
1.000 (0.710-1.409)
1.131 (0.706-1.812)

1.168 (0.714-1.910)
2227 (0.908-5.462)
1,313 (0.819-2.104)
2,031 (0.865-4.768)

0.833 (0.601-1.155)
0.905 (0.566-1.446)
0853 (0.625-1.162)
1.015 (0.661-1.560)

0.785 (0.418-1.474)
1,619 (0.543-4.823)
0899 (0.490-1.651)
1.944 (0.737-5.125)

1.049 (0.635-1.735)
1.042 (0.492-2.210)
1.050 (0.652-1.69)
1.011 (0.505-2.025)

0820 (0.413-1.626)
1.826 (0.511-6.529)
0928 (0.478-1.802)
2.238 (0.693-7.226)

0.984 (0.611-1.585)
1.050 (0.519-2.125)
1.010 (0.641-1.591)
1.052 (0.549-2.014)

1,052 (0.769-1.438)
0953 (0.592-1.534)
1.035 (0.768-1.395)
0.938 (0.601-1.463)

0678 (0.411-1.119)
0.930 (0.446-1.941)
0.743 (0.462-1.193)
1.188 (0.601-2.349)

0841 (0.557-1.268)
0.735 (0.385-1.406)
0819 (0.551-1.218)
0,823 (0.449-1.507)

0.949 (0.667-1.349)
1.122 (0.668-1.884)
0.993 (0.712-1.385)
1.183 (0.783-1.907)

1.178 (0.723-1.919)
1,656 (0.703-3.903)
1.256 (0.788-2.003)
1,630 (0.678-3.451)

0.840 (0.613-1.152)
0828 (0.521-1.317)
0.840 (0.623-1.132)
0912 (0.593-1.403)

0.869 (0.465-1.624)
1.183 (0.456-3.070)
0927 (0.511-1.680)
1.243 (0.519-2.978)

0.922 (0.565-1.506)
0.798 (0.371-1.716)
0.902 (0.565-1.440)
0.867 (0.413-1.819)

1.125 (0.568-2.227)
2225 (0.655-7.561)
1.230 (0.640-2.365)
2039 (0.628-6.625)

0.765 (0.480-1.220)
0664 (0.334-1.321)
0.746 (0.479-1.161)
0.788(0.407-1.527)
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SNP genotype

158126
T

GC/control (CON)
OR (96% C))

TC +CC
GC/CON

OR (95% C))

rs710100
cc
GC/CON
OR (95% C))
TC+TT
GC/CON
OR (95% C))

1s3759571
GG
GC/CON
OR (95% C))
GA +AA
GC/CON
OR (95% CI)

H. pylori infection

Positive Negative
n=380 n=736
137/35 135/170

4.858 (3.527-6.692) 1 (Ref)
162/55 153/278

2.975(1807-4.898)  0.432(0.293-0.635)

Pinteracton = 0.788
OR = 0.925 (0.524-1.632)

n=370 n=745
112/47 105/167
3790 (2.493-5.763) 1 (Ref)
160/51 166/307
4.990 (3.349-7.434) 0.860 (0.632-1.171)

Pateracton = 0.119
OR = 1.560 (0.892-2.728)

n=301 n=771
119/46 120/184

3.967 (2.631-5.981) 1 (Ref)
174/52 165/302

5.131(3.488-7.546)  0.838 (0.622-1.129)
Pateracton = 0.123

OR = 1.540 (0.890-2.666)

Smoking

Yes No
n=213 n=347
47/44 76/74

0.338 (0.201-0.567) 1 (Ref)
50/72 72127
0412(0211-0805)  1.012(0.683-1.501)

Piteraction = 0.793
OR = 0.910 (0.451-1.836)

n=214 n=351
37/48 61/82
1.036 (0.603-1.782) 1 (Ref)
53/76 771131

0.937 (0.579-1.519) 0.790 (0.512-1.220)
Piteracion = 0827
OR = 1.082 (0.532-2.201)

n=224 n=362
42/50 62/88

1.192 (0.706-2.012) 1 (Ref)
5577 77135

1.014(0.631-1.630)  0.810(0.527-1.243)
Pateraction = 0.944

OR = 1.025 (0.513-2.048)

Drinking
Yes No
n=159 n=39%
39/30 84/87
0.282(0.170-0.468) 1 (Ref)
41749 82/145

0.729(0.362-1.471) 1.144(0.750-1.747)
Piteraction = 0.823
OR = 0.918(0.432-1.950)

n=160 n =403
30/35 68/94
1.185(0.664-2.114) 1 (Ref)
44/51 86/155

1.193(0.716-1.986)  0.767(0.510-1.154)

Piteraction = 0.604
OR = 1.222 (0.572-2.612)
n=166 n=418
20/38 75/100
1.018(0.576-1.797) 1(Ref)
48/51 84/159

1.225(0.765-2.059) 0.704(0.472-1.050)
Pateraction = 0.156

Of 1.715 (0.815-3.610)
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Basic GC patients Death Median survival P-value

characteristics time (mean)

Total

Gender 0.097
Male 219 92 79.0°
Female 80 32 54.1°

Age (years) 0553
260 141 61 58.0°
<60 158 63 79.0°

H. pylori infection 0.334
Positive 157 61 56.7°
Negative 142 63 58.0°

Smoking 0.718
Yes 98 4 79.0°
No 149 64 52.9°

Drinking 0.703
Yes 80 35 79.0°
No 167 70 53.6°

Family history 0570
Yes 33 13 68.0°
No 210 93 79.0°

Bormann classification <0.001
Bormann HI 69 22 64.8°
Borrmann lI-IV 199 %8 47.0°

Lauren classification 0.594
Intestinal type 109 43 56.2°
Diffuse type 189 81 79.0°

Site of primary lesions
Corpus 81 34 52.0° 0513
Fundus 31 9 64.1°
Antrumv/angle 123 54 79.0°
Growth pattern 0.035
Infitrative 136 67 40,0
Intermediate/expanding 106 35 61.8°

Depth of invasion <0.001
TiM2 130 22 75.3°
Ta/T4 169 102 29.0°

TNM stage 0.001
- 85 22 65.2°
-V 214 102 57.0°

Lymph node metastasis <0.001
Positive 178 102 35.0°
Negative 121 22 70.1°

Lymphatic vessel invasion <0.001
Positive 34 24 31.00
Negative 182 62 59.3°

Blood vessel invasion 0.061
Positive 23 14 2000
Negative 193 72 57.8°

Median survival time.
bMean survival time. Bold Values indicate the data is statistically significant differences
(P < 0.05).
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Variables n TIPRL expression P-value

Low High
Age (years)
<62 56 20 36 0.1139
>62 48 25 23
Gender
Male 24 11 13 0.8171
Female 80 34 46
Tumor size (cm)
<5 55 22 33 05535
>5 49 23 26
Clinical Stage
i a7 15 32 0.0467*
v 57 30 27
Depth of Invasion (T)
T 4 0 4 0.1778
T2 60 27 33
T3 35 14 21
T4 4 3 1
Missing 1 1 o
Lymph Node Metastasis (LNM)
Negative (NO) 34 13 21 0.6699
Positive (N1-N3) 64 28 36
Missing 6 4 2
Distant Metastasis (M)
Negative (M) 66 22 44 00083
Positive (M1) 38 23 15
Differentiation
Well 1 0 1 0.1542
Moderate 38 13 25
Poor 62 31 31
Missing 3 1 2
Prognosis
Survival 57 19 38 0.0297*
Death 47 26 21

*P < 0.05and P < 0.01.
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Study

Doi et al. (148)
(KEYNOTE 028)

Janjigian et al. (149)
(CheckMate—~032)

Fuchs et al. (150)
(KEYNOTE-059)

Shitara et al. (151)
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Disease setting

Advanced OAC (1 = 27)
and OSCC (n = 65)
Advanced OAC (n = 59),
GEJC (1 =75)and GC
(n=19)

GEJC (n = 133) or GO
(n=126)

Advanced GEJC (n = 89) or
GC (n =207)

Advanced OAC (1 = 58)
and OSCC (n = 63)

HER2+- advanced
gastroesophageal
adenocarcinoma (n = 24)

Advanced OSCC (n = 64)
Advanced GEJC or GC

Advanced OSCC (1 = 419)

Advanced OAC (n = 227)
and OSCC (0 = 401)

Prior lines

Intervention

Pembrolizumab

Nivolumab + Ipiimumab vs.
Nivolumab

Pembrolizumab

Pembrolizumab vs.
Paclitaxel

Pembrolizumab vs. Placebo

pembrolizumab,
trastuzumab plus
chemotherapy
Nivolumab

Nivolumab vs. placebo

Nivolumab vs. Investigator's
choice of chemotherapy
Pembrolizumab vs.
Investigators choice of
chemotherapy

Results
ORR = 24/83 (30%)

ORR =24 vs. 12%
Median OS = 6.9 vs. 4.8 mo

ORR = 11.6% in PD-L1*
patients, 16.5% in PD-L1~
patients

Median 0S 9.1 vs. 8.3 mo
(HR: 0.82; p = 0.0421)
ORR = 12/21 (9.9%)

ORR = 20/24 (83%)
Median PFS = 11.4 mo

ORR = 11/64 (17%)
Median OS 5.3 vs. 4.14 mo
(HR =063, p < 0.0001)
Median OS 10.9 vs. 8.4 mo
(HR: 0.77 p = 0019)
Median OS 9.3 vs. 6.7 mo
(HR: 0.69, p = 0.0074)

No difference in ITT group

OAC, cesophageal adenocarcinoma; OSCC, oesophageal squamous cell carcinoma; GEJC, gastroesophageal junction carcinoma; ORR, objective response rate; OS, overall survival;
PFS, Progression-free survival: HR, hazard ratio; ITT, intention-to-treat; mo, month.
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Variables

Age
<55

>55

Gender

Male

Female

Tumor site

Cardia

Corpus

Antrum

Lauren type
Intestinal type
Diffuse type

Mixed type
Historical grade
G1/G2

G3/G4

Her2 status
Negative

Positive

Tumor recurrence
No

Yes

LGMN expression
Low

High

Univariate

analysis

Reference
1.18(0.81-1.71)

Reference
1,04 (0.71-1.53)

Reference
1.46 (0.84-2.44)
3.48(1.15-10.52)

Reference
1.39 (0.90-2.12)
1.06 (0.65-1.72)

Reference
1.21(0.78-1.86)

Reference
1.03 (0.61-1.73)

Reference
1.78 (1.21-2.61)

Reference
2.78 (1.89-4.09)

Overall survival

P-value

0.379

0.841

0.184
0.027

0.134
0812

0.397

0918

0.003

<0.001

Multivariate  P-value
analysis

/

/ /

/

/ /
Reference

1.21(0.71-2.07)  0.481
091(0.20-2.8%) 0874

/ /
/ /
/ /
7 /
/ /
/

/ /
Reference

0.68(0.45-1.02)  0.059

Reference
2.51(1.68-3.76) <0.001
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Variables

Overall Survival
TIPRL expression
Clinical stage

Depth of invasion
Lymph node metastasis
Distant metastasis
Differentiation
Disease-Free Survival
TIPRL expression
Clinical stage

Depth of invasion
Lymph node metastasis
Distant metastasis
Differentiation

HR

0.512
4.693
2.120
6.320
20918
2.165

0.473
6.182
2017
5.152
33.784
3.675

Univariate analysis

C1(95%)

0.288-0.910
2.890-7.619
1.377-3.263
2.083-13.586
9.495-46.082
1.147-4.084

0.240-0.993
3.223-11.858
1.223-3.326
1.800-14.747
12.354-92.117
1.518-8.896

P-value

0.023*
0.000
0.001
0.000
0.000
0.017

0.031*
0.000
0.006
0.002
0.000
0.004

HR

0.956
2207
0.831
1.676
5.957
213

1.036
2.747
0736
0.945
8.989
3.854

Multivariate analysis

C1(95%)

0.500-1.827
0.842-5.788
0.468-1.476
0.584-4.808
1.125-31.543
0.962-4.719

0.489-2.195
0.736-10.263
0.401-1.451
0.290-3.076
0.918-87.589
1.339-11.088

P-value

0.892
0.108
0.528
0.337
0.036
0.062

0.926
0.133
0.409
0.925
0.059
0.012

HR, hazard ratio; Cl, confidence interval. *P < 0.05.





