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Editorial on the Research Topic 


Advances in the Molecular Mechanisms in Gastrointestinal Tumorigenesis and Treatment


Gastrointestinal cancer (GIC) is a group of malignant tumors, including esophagus, stomach, liver, pancreas, as well as colorectal region. GIC accounts for more than 27% of the total newly diagnosed tumors worldwide, and 37% of tumor-related death events among all types of tumors. Totally, about 4.8 million new cases are yearly diagnosed and 3.4 million people lost their lives due to those malignancies every year (1). Moreover, the amount of either new or death cases are predicted to increase by 58% and 73% to 7.5 million and 5.6 million by 2040 due to the changes in the age composition and growth of the world population (2). In fact, the current poor prognosis and high mortality rate of GIC is mainly due to a high risk of metastasis, with its occurrence accompanied by lymphatic metastases and distant metastases (3–5). This serious pending burden forces us to re-consider how we deal with this challenge. In purpose of averting many future diagnoses and deaths, it is necessary to dedicate more work to the fundamental studies of these diseases, seeking reliable biomarkers benefiting to early diagnosis and preventative actions, and the development of innovative treatment strategies (6–9).

The Research Topic of this special issue takes an in-depth look at novel molecular mechanisms for gastrointestinal tumorigenesis and metastasis, as well as report the latest progress related to new biomarkers, therapeutic targets and development of new treatment strategies which will contribute to improved therapeutic efficacy and prognosis for GIC patients. A collection of original articles, systematic reviews, case reports and perspectives will provide readers with news on exciting breakthroughs in research into GICs including gastric cancer (GC), hepatocellular carcinoma (HCC), Cholangiocarcinoma (CCA), pancreatic ductal adenocarcinoma (PDAC), and colorectal cancer (CRC).

The majority of early stage of GIC metastases cannot be detected by computed tomography (CT), magnetic resonance imaging (MRI) or other traditionally morphological imaging approaches since the lesions are too small or they have not yet formed cancer nodules (10). However, there is still a rather limited number of useful biomarkers available that represents the risk of misdiagnosis leading to an ineffective therapeutic strategy and substantial problem for the management of GIC. Next generation sequencing (NGS) technology would appear to be a promising tool for GIC diagnosis. Chenming Wang et al. utilized on NGS RNA-based approaches to seek the significant regulators for liver metastases in colorectal cancer (CRC) patients. In their study, the elevated expression of Gankyrin and its positive correlation with disease progression as well as liver metastases in CRC patients were investigated. Gankyrin overexpression was shown to be an independent risk factor for the poor prognosis of CRC patients. Furthermore, CRC patients who did not have detectable liver metastases by conventional imaging examinations before their operation were followed up. It was discovered that patients with higher Gankyrin expression had a higher risk of liver metastasis and lower progression free survival (PFS) rates. Collectively, their data suggest that Gankyrin has the potential to serve as a biomarker for early detection of occult liver metastasis in CRC.

An ideal biomarker should be easily assayed with minimally invasive or non-invasive medical procedures but possess high sensitivity and specificity. Profiling of circulating RNAs, in particular long noncoding RNAs, have been used in a number of studies to identify novel and highly promising biomarkers for many pathologies including neurodegenerative diseases such as Alzheimer’s and Parkinson’s, brain injury and presence of tumors (11). Many of these molecules were determined to be associated with exosomes. Exosomes are extracellular vesicles with a diameter of approximately 30–100 nm (12). They can be secreted into the body fluid by many cells, including tumor and normal cells (13). Exosomes derived from cancer cells encapsulate various kinds of tumor-specific molecules, such as nucleic acid and proteins. Therefore, they can reflect biological characteristics of parental cells and interact with adjacent or distant cells to mediate information exchange (14). Miao Yu et al. presented the significant upregulation of exosomal FOXD2-AS1, NRIR, and XLOC_009459 in CRC, and revealed their potential as diagnostic biomarkers in clinic. Besides of detecting exosome, Haipeng Zhu et al. also reviewed the advanced clinical approaches in diagnosis of GICs at early stage including M2 Pyruvate Kinase (M2PK), Circulating Tumor Cell (CTC), Circulating Tumor DNA (CtDNA), microRNA (miRNA) and Circular RNA (circRNA). In fact, due to complex of the GICs, precise methodologies primarily depend on the personalized combination of M2PK, miRNAs, ctDNAs, cancer-produced exosomes, and CTCs with conventional tumor markers and serologically biochemical examinations that would be more beneficial in evaluation of treatment efficacy and prognosis.

Other problems for encountering the management of CIC, especially in PDAC and metastasis CRC (mCRC), are frequently adoptive chemotherapeutic resistance. Currently, over 50% CRC patients suffer the FOLFOX resistant that significantly compromised the therapeutic outcomes. It is reported that mechanistic rationale for acquired or inherent chemotherapeutic resistance to the anti-tumor effects of 5-fluorouracil (5-FU) that is linked to oncogenic GLI1 transcription activity and NBS1 overexpression. Patients with high levels of GLI1 also expressed high levels of NBS1. Non-canonical activation of GLI1 is driven through oncogenic pathways in CRC, like the BRAFV600E mutation. GLI1 was identified as a novel regulator of NBS1 and discovered that by knocking down GLI1 levels in vitro, diminished NBS1 expression, increased DNA damage/apoptosis, and re-sensitization of 5-FU resistant cancer to treatment was observed (15).

Cancer-associated gene (CAGE), a cancer/testis antigen, has been known to promote anticancer drug resistance for GIC therapy. However, the underlying mechanisms of CAGE-promoted anticancer drug resistance are still poorly understood. Minjeong Yeon et al. reported CAGE increases autophagic flux by binding to Beclin1 and inhibited the cleavage of PARP in response to anticancer drugs. MicroRNA array also revealed miR-181b-5p as a potential negative regulator of CAGE by binding to the promoter sequences. In addition, CAGE showed binding to the promoter sequences of phingosine 1-phosphate receptor 1 (SIPR1) which is a potential target for miR-181b-5p. Their study presents a novel role of the CAGE–miR-181b-5p–S1PR1 axis in anticancer drug resistance and autophagy.

Cisplatin is an important agent in first-line chemotherapy against gastric cancer (GC). However, consequential drug resistance limits its effectiveness for the treatment of GC. Mengyao Sun et al. presented the cisplatin resistant in gastric cancer is relative to up-regulation of exosomal levels of RPS3 protein. Their research focus on SGC7901R cell derived exosomes which were readily taken up by cisplatin sensitive SGC7901S cells, thus triggering off a phenotype of chemoresistance in the receptor cells. All their findings demonstrated that cisplatin resistant gastric cancer cells communicate with sensitive cells through the intercellular delivery of exosomal RPS3 and activation of the PI3K-Akt-cofilin-1 signaling pathway. Targeting exosomal RPS3 protein in cisplatin resistant gastric cancer cells may thus be a promising strategy to overcome cisplatin resistance in gastric cancer.

In addition to chemotherapeutic resistance, the uncontrollable invasion and metastasis are significant issues leading to the poor prognosis and high mortality rate. Follistatin-like 3 (FSTL3) is abundantly expressed in several solid tumors and participate in the regulation of cell metabolism. In our Research Topic, Yuqing Li et al. report that the expression level of FSTL3 in colon cancer specimens was significantly higher, compared to normal tissue and interestingly, the expression of FSTL3 was related to lymph node metastasis, tumor stage, tumor size and intravascular emboli (IVE). As an upstream molecular event, it was reported that transcriptional regulation of FSTL3 was highly dependent on YAP1 de-phosphorylation events and that increased FSTL3 expression readily activated the β-Catenin pathway, which is a well-known signaling hub that promotes EMT processes and aerobic glycolysis in cancer cells. FSTL3 expression strongly promotes migration, invasion and metastatic formation of CRC cells by directly activating β-Catenin -mediated EMT and aerobic glycolysis. Since the abundant FSTL3 expression is a poor prognostic factor, pharmacological targeting of YAP1 to inhibit FSTL3 expression is a promising therapeutic strategy to benefit CRC patients in clinic.

A pan-cancer analysis, which is also referred to as an analysis of molecular abnormalities among several cancer types, is able to identify the common features and heterogeneities of some vital dysregulated biological processes in diverse cancer cell lineages. The project of a pan-cancer analysis, including Cancer Cell Line Encyclopedia (CCLE) and The Cancer Genome Atlas (TCGA), has been established based on the different human cancer cell lines and tissues at epigenomic, genomic, proteomic, and transcriptomic levels. Typically, this method has been applied in more than 9,000 expression data of TCGA-derived cancer genes. Therefore, a pan-cancer analysis helps to illustrate the patterns that are beneficial for developing the combination treatments and individualized therapies. Recently, the development of immunotherapy using immune checkpoint inhibitors against programmed death 1 (PD-1) and its ligands, programmed death ligand 1 (PD-L1, or CD274) and PD-L2 (PDCD1LG2) has achieved breakthroughs in treating GICs. However, it remains largely unclear about the expression profiles of PD-1, CD274 and PDCD1LG2 in the context of human pan-cancer. Lin Dai et al. comprehensively analyzed the expression pattern of the PD-1 ligands and the clinical significance in the prognosis prediction among the seven types of gastrointestinal malignancies including cholangiocarcinoma (CHOL, N = 45), colon adenocarcinoma (COAD, N = 521), esophageal carcinoma (ESCA, N = 173), liver hepatocellular carcinoma (LIHC, N = 424), pancreatic adenocarcinoma (PAAD, N = 182), rectum adenocarcinoma (READ, N = 177), and stomach adenocarcinoma (STAD, N = 407) collected from The Cancer Genome Atlas (TCGA) and the Cancer Cell Line Encyclopedia (CCLE) database. The clear correlation has been figured out between CD274/PDCD1LG2 and the tumor infiltration level, tumor mutation burden (TMB), microsatellite instability (MSI), mismatch repair (MMR), and DNA methyltransferase (DNMT). Interestingly, CD274/PDCD1LG2 expression was highly correlated with TMB and MSI in colon adenocarcinoma. Since such the changes can be utilized by tumor cells to destroy the immunogenicity and the immune recognition mechanisms leading to the immune escape phenotypes, a combination with methylase inhibitor is expected to inject a new vitality into the cancer treatment. Their study helps to understand the vital roles of CD274/PDCD1LG2 in gastrointestinal tumor-immune interactions.

In conclusion, GICs are still severe burden today that continue to contribute 1.4–1.8 times as much to global cancer deaths as they do to cancer cases (1, 16). This is related to the fact that most esophageal, gastric, liver, and pancreatic cancers remain extremely difficult to detect early, and curative treatment options are either very limited or unavailable at the time of diagnosis. Therefore, we are responsible to contribute more work to handle this challenge. Hopefully, this Research Topic would benefit the GIC patients in preventing, diagnosing earlier and more accurately, and proposing new targeted and interdisciplinary therapeutic approaches.


Author Contributions

All authors contributed to the article and approved the submitted version.



Funding

YZ: Natural Science Foundation of China (31970840 and 91642117).



References

1. Arnold, M, Abnet, CC, Neale, RE, Vignat, J, Giovannucci, EL, McGlynn, KA, et al. Global Burden of 5 Major Types of Gastrointestinal Cancer. Gastroenterology (2020) 159(1):335–49.e15. doi: 10.1053/j.gastro.2020.02.068

2. Ferlay, J, Ervik, M, Lam, F, Colombet, M, Mery, L, Piñeros, M, et al. Global Cancer Observatory: Cancer Tomorrow (2018). Lyon, France: International Agency for Research on Cancer. Available at: https://gco.iarc.fr/tomorrow (Accessed January 15, 2020).

3. Wang, M, Zhao, J, Zhang, L, Wei, F, Lian, Y, Wu, Y, et al. Role of Tumor Microenvironment in Tumorigenesis. J Cancer (2017) 8(5):761–73. doi: 10.7150/jca.17648

4. Tong, Q, Wang, XL, Li, SB, Yang, GL, Jin, S, Gao, ZY, et al. Combined Detection of IL-6 and IL-8 Is Beneficial to the Diagnosis of Early Stage Esophageal Squamous Cell Cancer: A Preliminary Study Based on the Screening of Serum Markers Using Protein Chips. Onco Targets Ther (2018) 11:5777–87. doi: 10.2147/OTT.S171242

5. Li, D, Wang, G, and Mei, X. Diagnosis of Cancer at Early Stages Based on the Multiplex Detection of Tumor Markers Using Metal Nanoclusters. Analyst (2020) 145(22):7150–61. doi: 10.1039/d0an01538e

6. Schneider, J, and Schulze, G. Comparison of Tumor M2-Pyruvate Kinase (Tumor M2-PK), Carcinoembryonic Antigen (CEA), Carbohydrate Antigens CA 19-9 and CA 72-4 in the Diagnosis of Gastrointestinal Cancer. Anticancer Res (2003) 23(6D):5089–93.

7. Chen, X, Gole, J, Gore, A, He, Q, Lu, M, Min, J, et al. Non-Invasive Early Detection of Cancer Four Years Before Conventional Diagnosis Using a Blood Test. Nat Commun (2020) 11(1):3475. doi: 10.1038/s41467-020-17316-z

8. Crosby, D, Lyons, N, Greenwood, E, Harrison, S, Hiom, S, Moffat, J, et al. A Roadmap for the Early Detection and Diagnosis of Cancer. Lancet Oncol (2020) 21(11):1397–9. doi: 10.1016/S1470-2045(20)30593-3

9. Thakkar, S, Sharma, D, Kalia, K, and Tekade, RK. Tumor Microenvironment Targeted Nanotherapeutics for Cancer Therapy and Diagnosis: A Review. Acta Biomater (2020) 101:43–68. doi: 10.1016/j.actbio.2019.09.009

10. Neri, E, Faggioni, L, Cerri, F, Turini, F, Angeli, S, Cini, L, et al. CT Colonography Versus Double-Contrast Barium Enema for Screening of Colorectal Cancer: Comparison of Radiation Burden. Abdom Imaging (2010) 35(5):596–601. doi: 10.1007/s00261-009-9568-x

11. Zhang, M, He, P, and Bian, Z. Long Noncoding RNAs in Neurodegenerative Diseases: Pathogenesis and Potential Implications as Clinical Biomarkers. Front Mol Neurosci (2021) 14:685143. doi: 10.3389/fnmol.2021.685143

12. Peinado, H, Aleckovic, M, Lavotshkin, S, Matei, I, Costa-Silva, B, Moreno-Bueno, G, et al. Melanoma Exosomes Educate Bone Marrow Progenitor Cells Toward a Pro-Metastatic Phenotype Through MET. Nat Med (2012) 18(6):883–91. doi: 10.1038/nm.2753

13. Raposo, G, and Stoorvogel, W. Extracellular Vesicles: Exosomes, Microvesicles, and Friends. J Cell Biol (2013) 200(4):373–83. doi: 10.1083/jcb.201211138

14. Ogata-Kawata, H, Izumiya, M, Kurioka, D, Honma, Y, Yamada, Y, Furuta, K, et al. Circulating Exosomal microRNAs as Biomarkers of Colon Cancer. PloS One (2014) 9(4):e92921. doi: 10.1371/journal.pone.0092921

15. Zhang, R, Ma, J, Avery, JT, Sambandam, V, Nguyen, TH, Xu, B, et al. GLI1 Inhibitor SRI-38832 Attenuates Chemotherapeutic Resistance by Down-Regulating NBS1 Transcription in BRAF V600E Colorectal Cancer. Front Oncol (2020) 10:241. doi: 10.3389/fonc.2020.00241

16. Hamashima, C. Systematic Review Group and Guideline Development Group for Gastric Cancer Screening Guidelines. Update Version of the Japanese Guidelines for Gastric Cancer Screening. Jpn J Clin Oncol (2018) 48:673–83. doi: 10.1093/jjco/hyy077




Conflict of Interest: Author RZ was employed by Jiahe Honsan (Shenzhen) Health Industry Group Co. Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhang, Zhang and Qu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 05 November 2020
doi: 10.3389/fcell.2020.595605





[image: image]

Integrated Analysis of the Functions and Prognostic Values of RNA-Binding Proteins in Colorectal Cancer

Ya Wang1,2, Yuqiao Chen1,2, Shuai Xiao3* and Kai Fu1,2,4,5*

1Institute of Molecular Precision Medicine and Hunan Key Laboratory of Molecular Precision Medicine, Xiangya Hospital, Central South University, Changsha, China

2Department of General Surgery, Xiangya Hospital, Central South University, Changsha, China

3Department of Gastrointestinal Surgery and Institute of Clinical Medicine, The First Affiliated Hospital, University of South China, Hengyang, China

4Center for Medical Genetics & Hunan Key Laboratory of Medical Genetics, School of Life Sciences, Central South University, Changsha, China

5Hunan Key Laboratory of Animal Models for Human Diseases, Central South University, Changsha, China

Edited by:
Ruowen Zhang, Southern Research Institute, United States

Reviewed by:
Jessica Dal Col, University of Salerno, Italy
Anca Maria Cimpean, Victor Babes University of Medicine and Pharmacy, Romania

*Correspondence: Shuai Xiao, xiaoshuai1982@hotmail.com; Kai Fu, fu_kai@csu.edu.cn

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

Received: 17 August 2020
Accepted: 08 October 2020
Published: 05 November 2020

Citation: Wang Y, Chen Y, Xiao S and Fu K (2020) Integrated Analysis of the Functions and Prognostic Values of RNA-Binding Proteins in Colorectal Cancer. Front. Cell Dev. Biol. 8:595605. doi: 10.3389/fcell.2020.595605

Colorectal cancer (CRC) is one of the most common malignant tumors. Selecting effective treatment for CRC patients, especially in the early stages, remains a challenge because of the lack of adequate biomarkers. Recent evidence suggests that RNA-binding proteins (RBPs) play a vital role in development and progression of carcinogenesis. However, their mechanisms in cancer progression are still limited. The role of RBPs in CRC has been poorly understood. There were 1,542 reported RBPs analyzed between CRC tissues and normal tissues using the Wilcoxon test to identify differentially expressed RBPs (DE RBPs). Then, the potential functions and the prognostic value of these DE RBPs were explored through systematic bioinformatics analysis. There were 177 DE RBPs identified between CRC tissues and normal tissues. A protein–protein interaction network was constructed based on DE RBPs, and critical modules were screened. A regulatory network between prognostic DE RBPs and differentially expressed transcription factors was constructed. Besides, a risk signature was built based on prognostic DE RBPs, which is able to predict overall survival of CRC patients with high accuracy. In conclusion, the results provided a comprehensive understanding of the functions of RBPs in CRC, as well as an RBP-related prognostic signature.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common malignant tumors and the second cause of tumor-related mortality worldwide (Arnold et al., 2017; Bray et al., 2018). By 2030, the global burden of CRC is expected to increase by 60%, with 2.2 million new cases and 1.1 million deaths (Douaiher et al., 2017). The 5-year survival for CRC patients with local tumor is 90.3% and is 70.4% for patients with locally advanced disease, which declines to 12.5% for patients with metastatic disease (DeSantis et al., 2014). Surgery is the most common treatment for early CRC and locally advanced CRC (Hudson et al., 2013; Angenete, 2019). However, half of the patients will suffer a recurrence within 3 years after surgery (Aghili et al., 2010). Despite some advances in the diagnosis and treatment of CRC over the past few decades, the 5-year overall survival (OS) is only 50–65% (DeSantis et al., 2014). Selecting effective treatment for CRC patients, especially in the early stages, remains a challenge because of the lack of adequate biomarkers. Therefore, further understanding of the pathogenesis of CRC will help us to develop effective means for diagnostic and treatment.

It is widely believed that the development of cancer is partly determined by abnormal transcription events and signaling pathways. Emerging evidence shows that RNA-binding proteins (RBPs) could regulate cell proliferation, differentiation, invasion, metastasis, apoptosis, and angiogenesis and thus play a vital role in the initiation and progression of cancer (Wurth, 2012). RBPs regulate a variety of RNA biogenesis, including RNA splicing, polyadenylation, nucleocytoplasmic transport, mRNA translation, and RNA degradation (Lu et al., 2006; Saunus et al., 2008; Shen and Pili, 2008). So far, several RBPs have been found to be involved in cancer progression. RBPs regulate posttranscriptional genes at different levels of mRNA metabolism, including alternative splicing, localization, stability of mRNA, and so on. For example, Sam68, belonging to STAR (signal transduction and activation of RNA) family of RBPs (Bielli et al., 2011; Fu et al., 2019), regulates alternative splicing of cancer-related mRNA, such as CD44 (Matter et al., 2002), cyclin D1 (Paronetto et al., 2010), and Bcl-x (Paronetto et al., 2007). Cap-binding protein eIF4E (eukaryotic initiation factor 4E) is a crucial regulator of translation initiation (Topisirovic et al., 2011). eIF4E has been reported to be overexpressed in different cancers (Hsieh and Ruggero, 2010). However, overexpression of eIF4E does not lead to an overall increase of protein synthesis but enhances the translation of several mRNAs encoding mainly pro-oncogenic proteins (Silvera et al., 2010). mRNAs regulated by eIF4E overexpression include those involving in cell cycle (cyclin D1, CDK2, c-myc, Bcl-2, survivin) or angiogenesis (vascular endothelial growth factor, fibroblast growth factor 2, platelet-derived growth factor) or invasion (matrix metalloproteinase 9) (Mamane et al., 2004; Hsieh and Ruggero, 2010; Silvera et al., 2010). HuR is a member of the ELAV-like family of RBPs. It contains three RNA-recognition motifs by which it binds specific mRNAs to affect their stability and translation. HuR can stabilize the mRNAs coding for cyclins involved in cell cycle progression to promote the proliferation of cancer cells (Wang et al., 2000; Lal et al., 2004; Guo and Hartley, 2006). HuR also stabilizes the mRNAs coding antiapoptotic proteins such as Bcl-2, SIRT1, and p21 (Abdelmohsen et al., 2007; Ishimaru et al., 2009; Cho et al., 2010). Overexpression of HuR has been observed in multiple cancers, including CRC (Lopez, de Silanes et al., 2003; Denkert et al., 2006). HuR has been reported to augment the stability and translation of COX-2 mRNA in CRC (Dixon et al., 2001; Subbaramaiah et al., 2003). Besides, several other RBPs have been found to be abnormally expressed in CRC, such as RBM3 (Sureban et al., 2008), CUGBP2 (Ramalingam et al., 2008), Musashi-1 (Kudinov et al., 2017), and tristetraprolin (Young et al., 2009). However, the RBPs and their mechanisms in cancer progression remain to be explored. Benefiting from high-throughput screening technology, more than 1,500 RBPs have been identified (Gerstberger et al., 2014). A systematic functional study of RBPs in CRC will not only contribute to our deeper understanding of RBPs, but also provide new ideas for the pathogenesis of CRC. Therefore, an integrated bioinformatics analysis of RBPs in CRC was performed. Abnormally expressed RBPs between CRC tissues and normal tissues from The Cancer Genome Atlas (TCGA) dataset were identified, and then a systematic functional analysis was performed on these RBPs. In addition, a prognostic signature related to RBPs was constructed to predict the survival of CRC patients.



MATERIALS AND METHODS


Data Collection and Identification of Differentially Expressed RBPs

Colorectal cancer samples containing genetic information and clinical information from TCGA-COAD were downloaded. RBP lists were obtained as described (Gerstberger et al., 2014). After data normalization, differentially expressed RBPs (DE RBPs) between normal tissues and tumor tissues were identified through the Wilcoxon test. RBPs with |log2FC (fold change) | ≥1 and adjusted p < 0.05 were deemed DE RBPs.



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Functional Enrichment Analyses

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses for DE RBPs were performed using an R package “clusterProfiler.” GO annotation based on three categories, including biological processes (BPs), cellular compartments (CCs), and molecular functions (MFs). Terms in GO and KEGG with a false discovery rate <0.05 were considered significantly enriched and were visualized by R package “ggplot2.”



Protein–Protein Interaction Network Construction and Module Screening

Protein–protein interaction (PPI) network of DE RBPs was constructed using STRING database,1 and an interaction with a combined score >0.4 was considered as statistically significant. Cytoscape, an open-source bioinformatics software platform, was used to visualize molecular interaction networks. The plug-in Molecular Complex Detection (MCODE) in Cytoscape software was used to cluster a given network based on the topology to find densely connected regions. The PPI networks were drawn with Cytoscape, and the most significant modules in the PPI networks were identified through MCODE with the default criteria, including MCODE score >5, degree cutoff value = 2, node score cutoff value = 0.2, maximum depth = 100, and k-score = 2.



Construction and Validation of a Prognostic Signature Based on DE RBPs

The CRC patients were randomly divided into a training set and a testing set. The training set was used to construct an RBP-related prognostic signature, and the testing set was used to validate its prognostic capability. To explore the putative DE RBPs related to the prognosis of CRC patients, a univariate Cox proportional hazards regression analysis was performed to explore the putative DE RBPs related to OS of CRC patients. The DE RBP with p < 0.05 was considered as a prognostic RBP. Then prognostic RBPs were used to construct the risk model for predicting the prognosis for CRC patients based on a multivariate Cox proportional hazards regression analysis. In this risk model, the risk score of each sample was calculated according to the following formula: risk score = expression of RBP 1 × coefficient 1 + expression of RBP 2 × coefficient 2 + expression of RBP n × coefficient n. The median risk score was used as the cutoff value. Patients were then divided into high- and low-risk groups according to the cutoff value. The Kaplan–Meier survival curves were carried out using “survival” R package based on high- and low-risk groups according to the risk model. To validate the prognostic capability of the risk model, the time-dependent receiver operating characteristic (ROC) analyses were performed with “survivalROC” R package.



Association Between the Risk Signature Related to RBPs and Clinicopathological Factors

To assess whether the prognosis signature we constructed is independent of other clinical factors, a univariate Cox proportional hazards regression and a multivariate Cox regression analysis were performed on the RBP-related signature together with gender, age, and stage.



The Regulatory Network Between Prognostic DE RBPs and DE Transcription Factors

To explore the potential molecular mechanisms of prognostic DE RBPs, the regulatory network between prognostic DE RBPs and differentially expressed transcription factor (DE TFs) was constructed. TFs are important molecules that directly regulate gene expression. Hence, exploring DE TFs, which have the potential ability in regulating the prognostic DE RBPs, would help to understand the MFs of the prognostic DE RBPs. The Cristrome Cancer database2 is a valuable resource for experimental and computational cancer biology research and contains a total of 318 TFs related to cancer (Mei et al., 2017). DE TFs between CRC tissues and normal tissues were identified through the Wilcoxon test. TFs with | log2FC | ≥1 and adjusted p < 0.05 were deemed DE TFs.



RESULTS


Identification of DE RBPs in CRC Patients

The workflow of the study is illustrated in Supplementary Figure 1. RNA sequencing data for CRC and corresponding clinical information were downloaded from TCGA database. There were 1,542 reported RBPs analyzed (Gerstberger et al., 2014). After data normalization, DE RBPs were detected between 47 normal tissues and 473 tumor tissues with an adjusted p < 0.05 and |log2FC| ≥ 1 as the thresholds. A total of 177 DE RBPs were obtained (Figure 1A and Supplementary Table 1), including 123 upregulated RBPs and 54 downregulated RBPs in tumor tissues (Figure 1B).
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FIGURE 1. The expression of DE RBPs in CRC based on data from TCGA. (A) Heatmap analysis of the differentially expressed RBPs between normal tissues and tumor tissues. Each column represents a tissue sample, and each row represents a differentially expressed RBP. Red indicates high expression, and green indicates low expression. N, normal; T, tumor. (B) Volcano plot of differentially expressed RBPs. The horizontal line is for adj p = 0.05, and the vertical lines are for | log2FC| = 1.




Functional Enrichment Analysis of the Differentially Expressed RBPs

To explore the potential functions of the DE RBPs, GO, and KEGG enrichment analyses were performed. For BP enrichment, DE RBPs were mostly enriched in ncRNA (non-coding RNAs) metabolic process, RNA phosphodiester bond hydrolysis, and ncRNA processing (Figure 2A). For CC enrichment, DE RBPs were mainly involved in cytoplasmic ribonucleoprotein granule, nucleolar part, and ribonucleoprotein granule (Figure 2A). For MF enrichment, RBPs are mainly enriched in catalytic activity, acting on RNA, ribonuclease activity, and nuclease activity (Figure 2A). The top five most significant GO enrichment terms are shown in Figure 2B. KEGG enrichment analysis showed DE RBPs were mainly involved in mRNA surveillance pathway, ribosome biogenesis in eukaryotes, and RNA transport (Figures 2C,D).
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FIGURE 2. GO and KEGG enrichment analyses of differentially expressed RBPs. (A) GO enrichment analysis including biological processes (BP), cellular compartments (CCs), and molecular functions (MFs). (B) The top six most significant GO enrichment terms. (C) KEGG enrichment analysis. (D) The top six most significant KEGG enrichment terms.




PPI Network Construction and Critical Module Screening

To further explore the potential functions of DE RBPs, a PPI network was constructed using STRING database and Cytoscape software. The PPI network of DE RBPs was downloaded from STRING database (Supplementary Figure 2A) and visualized with Cytoscape (Supplementary Figure 2B). Then, the network was further analyzed for critical modules by the plug-in MCODE in Cytoscape (Figure 3A), and the top three significant modules were obtained. Module 1 included 21 RBPs, all of which were upregulated RBPs except for DQX1 (Figure 3B). Module 2 included 13 RBPs, all of which were upregulated RBPs except for TDRD7 (Figure 3C). Module 3 included five downregulated RBPs (Figure 3D).
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FIGURE 3. PPI network of differentially expressed RBPs (DE RBPs) and regulatory network based on DE transcription factors and prognostic DE RBPs. (A) PPI network including three modules. The three circles from the inside out represent three modules. (B) Module 1 in PPI network. (C) Module 2 in PPI network. (D) Module 3 in PPI network. (E) Regulatory network between DE TFs and prognostic DE RBPs. The triangle represents TF, and the cycle represents prognostic DE RBP. The red line represents positive regulation, whereas the green line represents negative regulation.




Identification of Prognosis-Related DE RBPs

To explore the putative DE RBPs related to prognosis for CRC patients, a univariate Cox proportional hazards regression analysis was performed to identify survival-related DE RBPs. There were 13 DE RBPs significantly correlated with OS (p < 0.05) (Table 1).


TABLE 1. Univariate Cox proportional hazards regression analysis of DE RBPs.
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The Regulatory Network Between Prognostic DE RBPs and DE TFs

Three hundred eighteen TFs related to cancer were obtained from The Cristrome Cancer database (see text footnote 2). Then, differentially expressed TFs between CRC tumor tissues and normal tissues were analyzed. A total of 77 differentially expressed TFs were obtained with a threshold that adjusted p < 0.05 and | log2FC| ≥ 1 (Supplementary Table 2). Then, a regulatory network based on these 77 DE TFs and 13 prognostic DE RBPs was constructed (Figure 3E). The coexpressed genes were identified by calculating the Pearson correlation between DE TFs and prognostic DE RBPs. The screening criteria were set as | Pearson coefficient| > 0.4 and p < 0.001.



Construction of a Prognosis Signature Based on RBPs

The 13 prognostic DE RBPs were applied to construct a prognostic model based on multiple Cox regression analysis. Cross-validation was performed to minimize overfitting. A risk-score formula consisting of seven RBPs was obtained as follows: risk score = (−2.01089 × TDRD6) + (−1.06396 × TDRD7) + (−0.83990 × PPARGC1A) + (−0.99781 × PABPC3) + (−1.3002 9 × LRRFIP2) + (−0.58829 × ZC3H12C) + (0.34108 × PNLD C1). The forest plot for the seven-RBP signature was shown in Supplementary Figure 3. The risk scores of patients in the training set and the testing set were calculated with the above formula. The median risk score of the training set was used for the cutoff value, by which the training set and the testing set were divided into high- and low-risk group. The heatmap showed the expression profiles of the seven RBPs in the training group (Figure 4A). The ranked risk scores of patients in the training set are shown in Figure 4B. The survival status for each patient was plotted, respectively (Figure 4C). The expression profiles of the seven RBPs in the testing set are presented in Figure 4D. The ranked risk scores of patients and the survival status for each patient in the testing set were plotted, respectively (Figures 4E,F). The results suggested that patients in the high-risk group showed a higher mortality rate than those in low-risk group both in the training set and the testing set.
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FIGURE 4. Construction of an RBP-related risk signature and validation of the prognostic value in the testing set. (A) Heatmap of the seven-RBP expression profiles in the high- and low-risk groups for the training set. (B) The seven RBPs-based risk score distribution in the training set. (C) Distribution of the risk score based on the seven-RBP signature for patient survival status in the training set. (D) Heatmap of the seven-RBP expression profiles in the high- and low-risk groups for the testing set. (E) The seven RBPs-based risk score distribution in the testing set. (F) Distribution of the risk score based on the seven-RBP signature for patient survival status in the testing set.



Validation of the RBPs-Related Risk Signature

To investigate the prognostic value of the RBP-related risk signature, Kaplan–Meier survival analysis was performed between high- and low-risk groups in the training set and the testing set. The high-risk group had a significantly poorer OS than that of the low-risk group both in the training set (Figure 5A) and the testing set (Figure 5E). In addition, the ROC analysis was performed to evaluate the predictive efficiency of the RBP-related prognostic signature. The areas under the ROC curve (AUCs) for the risk signature on OS at 1, 3, and 5 years were 0.712, 0.743, and 0.708 in the training set (Figures 5B–D). The AUCs for the risk signature on OS at 1, 3, and 5 years were 0.703, 0.700, and 0.735 in the testing set (Figures 5F–H). The Kaplan–Meier analysis and the ROC analysis showed that the risk signature could predict the survival status of patients with high accuracy.
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FIGURE 5. Kaplan–Meier analysis and receiver operating characteristic (ROC) curve analysis in the training set and the testing set. (A) Kaplan–Meier analysis of the overall survival of patients in the high- and low-risk groups in the training set based on the RBP-related risk signature. (B) ROC curve for 1 year in the training set. (C) ROC curve for 3 years in the training set. (D) ROC curve for 5 years in the training set. (E) Kaplan–Meier analysis of the overall survival of patients in the high- and low-risk groups in the testing set based on the RBP-related risk signature. (F) ROC curve for 1 year in the testing set. (G) ROC curve for 3 years in the testing set. (H) ROC curve for 5 years in the testing set.




The RBP-Related Prognosis Signature Is an Independent Prognostic Index

To assess whether the prognosis signature we constructed is independent of other clinical factors, a univariate Cox proportional hazards regression and a multivariate Cox regression analysis were performed on the seven-gene signature together with gender, age, stage. Univariate Cox analysis result showed that RBP-related prognosis signature [hazard ratio (HR) = 1.332, 95% confidence interval (CI) = 1.211–1.465, p < 0.001] was significantly correlated with the survival of patients in the training set (Table 2). After multivariable adjustment by other clinical factors, the prognosis signature (HR = 1.252, 95% CI = 1.136–1.380, p < 0.001) was still significantly associated with survival of patients (Table 2), which suggested that the RBP-related prognosis signature is an independent prognostic factor associated with survival of patients with CRC.


TABLE 2. Univariate and multivariate Cox proportional hazards regression analysis of the RBP-related signature and clinical factors with overall survival in the training set.
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Construction of a Nomogram Based on the Prognostic Signature in the Training Set

To provide a quantitative method to predict the survival probability of CRC patients, a prognostic nomogram was established based on the seven RBPs of the prognostic signature using Cox proportional hazards regression analysis to predict 1-, 3-, and 5-year OS of CRC patients (Figure 6). To calculate the probability of survival at a certain point in time, the patient’s total score can be obtained by adding the scores corresponding to the values of each predictive variable and then reading the corresponding risk or probability of survival from the total score.
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FIGURE 6. Prognostic nomogram based on the RBP-related signature for prediction of 1-, 3-, and 5-year survival rates.




DISCUSSION

RNA-binding proteins play a vital role in the development and progression of carcinogenesis with various mechanisms. However, only a small number of RBPs have been studied in depth to confirm their role in tumor progression. Until now, there is no systematic study on RBPs in CRC. In the present study, we identified 177 DE RBPs between CRC tissues and normal tissues from TCGA dataset. To explore the potential functions of the DE RBPs, an integrated analysis was performed. We analyzed signaling pathways these DE RBPs involved in, constructed PPI network, and regulatory network between prognostic DE RBPs and TFs, which would provide a comprehensive understanding of the functions of RBPs in CRC. To further explore the clinical significance, we constructed an RBP-related prognostic model to predict the OS of CRC patients. These results provide novel biomarkers for prognosis of CRC patients.

For GO enrichment analysis, the BP of DE RBPs is mainly enriched in ncRNA metabolic process, RNA phosphodiester bond hydrolysis, ncRNA processing, nucleic acid phosphodiester bond hydrolysis, RNA localization, ribosome biogenesis, and so on. MicroRNAs, long non-coding RNAs, and small interfering RNA all belong to ncRNA. In recent years, it has become increasingly apparent that ncRNAs play a vital role in human cancer (Esquela-Kerscher and Slack, 2006; Hammond, 2007; Croce, 2009; Gibb et al., 2011). The hyperactivation of ribosome biogenesis, which can be caused by oncogenes or the loss of tumor suppressor genes, plays a vital role in cancer initiation and progression (Orsolic et al., 2016; Truitt and Ruggero, 2017). The upregulation of ribosome biogenesis during G1/S arrest can promote epithelial-to-mesenchymal transition, which is associated with tumor development and metastasis (Prakash et al., 2019). Drugs inhibiting ribosome biogenesis may offer an effective treatment for cancer (Bruno et al., 2017). For KEGG pathway enrichment, DE RBPs are mainly involved in mRNA surveillance pathway, ribosome biogenesis in eukaryotes, RNA transport, and RNA degradation. The mRNA surveillance pathway is a quality control mechanism that detects and degrades abnormal mRNAs (Moore, 2005). Non–sense-mediated mRNA decay (NMD) is one of the most common mRNA surveillance, which is involved in the detection and decay of mRNAs containing premature termination codons (Hentze and Kulozik, 1999). Inhibition of the oncogenic activity of NMD, producing several encoded mutant proteins with deleterious activity, may be an effective strategy for the personalized treatment of microsatellite instability CRC (Bokhari et al., 2018). Tumor suppressor genes are prone to NMD-induced nonsense mutations, which were reported in a series of tumors, including stomach cancer, ovarian cancer, ovarian cancer, breast cancer, and kidney cancer (Popp and Maquat, 2018). RBPs are crucial components in RNA metabolism, resulting in highly organized subcellular localization, mRNA translation, and RNA degradation and then exert regulatory effects on cancer progression (Saunus et al., 2008; Shen and Pili, 2008). These results suggest that DE RBPs may be involved in CRC progression by regulating multiple BPs, such as NRA metabolism, RNA processing, ribosome biogenesis, and mRNA surveillance.

To further explore the potential functions of DE RBP in CRC, PPI network was constructed, and the critical module was screened. Some RBPs among the critical module have been reported to be involved in cancer progression. RRS1, a nuclear protein involved in ribosome biogenesis, has been reported to regulate cancer progression in hepatocellular carcinomas (HCCs) and breast cancer. RRS1 plays a critical role in cell proliferation, colony formation, cell apoptosis, and cell cycle distribution in human HCC cells (Wang et al., 2017). In breast cancer, both the copy number and the mRNA expression of RRS1 increased in cancer tissues compared with normal tissues, and RRS1 overexpression was significantly correlated with lymph node metastasis and poor survival (Song et al., 2018). RRP12 was crucial for the survival of osteosarcoma cell line U2OS during cytotoxic stress via the repression of p53 stability, suggesting that target RRP12 may enhance the chemotherapeutic effect in cancers (Choi et al., 2016). Although some of the RBPs among the crucial modules have been linked to cancer development or resistance to cytotoxic stress, their mRNA targets and mechanism of action are still unclear. In-depth functional research on the RBPs among the critical modules will provide a new way to explore the pathogenesis of CRC, as well as the drug-sensitive targets for CRC treatment. Genes associated with prognosis usually get more attention. In the present study, 13 prognostic DE RBPs were identified by univariate Cox proportional hazards regression analysis (Table 1). Some of the identified prognostic DE RBPs have been reported associated with tumor progression, such as RBM47, LUZP4, AFF3, PPARGC1A, PPARGC1B, PABPC3, and PNLDC1. RBM47 has been identified as a suppressor of breast cancer progression and metastasis, and patients with a low level of RBM47 tended to have a poor clinical outcome (Vanharanta et al., 2014), which suppresses the metastasis of breast cancer by stabilizing transcripts of Dickkopf Wnt signaling pathway inhibitor (Vanharanta et al., 2014). Reduced levels of RBM47 have also been observed in non–small cell lung cancer (NSCLC) patients, which correspond to a poorer prognosis and more advanced disease (Shen et al., 2020). RBM47 disrupted NSCLC progression through stabilizing AXIN1 mRNA and consequently suppressing Wnt/β-catenin signaling (Shen et al., 2020). Other mechanisms of RBM47-mediated tumor inhibition in lung cancer have also been reported, RBM47 plays a tumor-suppressive role in lung cancer through inhibiting Nrf2 activity (Sakurai et al., 2016). Downregulation of RBM47 in CRC may promote epithelial–mesenchymal transition and metastasis (Rokavec et al., 2017). RBM47 positively regulates the expression of p53 at the transcriptional level and controls the expression of p21 indirectly through regulation of the p53 promoter activity (Radine et al., 2020). Our analysis also showed RBM47 was downregulated in CRC tissues (log2FC = -1.59, adjusted p = 3.92 × 10–21; Supplementary Table 1), and low level of RBM47 corresponding to a worse prognosis (HR = 0.549608, p = 0.043253; Table 1). LUZP4, also called CT-8 or HOM-TES-85, is an mRNA export adaptor required for melanoma proliferation (Viphakone et al., 2015). LUZP4 is upregulated in a range of cancers, including lung cancer, ovarian cancer, and glioma (Türeci et al., 2002). Consistent with these results, the expression of LUZP4 in CRC was also significantly higher than that in normal tissues (log2FC = 3.28, adjusted p = 5.60 × 10–13; Supplementary Table 1). Univariate Cox proportional hazards regression analysis suggested an increased risk for CRC patients while the LUZP4 level was high (HR = 9.613842, p = 0.001738; Table 1). AFF3 is a new target of Wnt/β-catenin pathway involved in adrenocortical cancer, acting on transcription and RNA splicing (Lefèvre et al., 2015). Overexpression of AFF3 in breast cancer was associated with tamoxifen resistance and worse OS (Shi et al., 2018). However, downregulation of AFF3 was observed in CRC tissues (log2FC = −2.92, adjusted p = 2.54 × 10–22; Supplementary Table 1). AFF3 may have different roles in cancers. PPARGC1A is upregulated and facilitates lung cancer metastasis (Li et al., 2017). Genetic variants in PPARGC1A and PPARGC1B have been reported in breast tumors and were associated with familial breast cancer susceptibility (Wirtenberger et al., 2006). PABPC3 has been reported to be a breast cancer candidate gene that may be associated with breast cancer (Kim et al., 2017). PNLDC1 mRNA was altered in several tumor types by analyzing more than 6,000 adult and pediatric tumors (Saghafinia et al., 2018). Although these prognostic DE RBPs were documented to be involved in tumor development, the functions and mechanisms of the remaining DE RBPs other than RBM47 have not been fully elucidated. Some identified prognostic DE RBPs have not been associated with cancers, such as CELF4, POP1, TDRD6, TDRD7, LRRFIP2, and ZC3H12C. Even so, LRRFIP2 was identified as a component of the Wnt signaling pathway that mediates or modulates Wnt signaling through interactions with Dvl (Liu et al., 2005). LRRFIP2 may be involved in cancer progression through regulating Wnt signaling pathway.

The functions of some identified prognostic DE RBPs have not been reported. We constructed a regulatory network based on differentially expressed TFs and prognostic DE RBPs by calculating the Pearson correlation, which would contribute to a systematic understanding of prognostic DE RBPs in CRC. As shown in Figure 3E, three RBPs (TDRD7, ZC3H12C, and RBM47) may be regulated by KLF4. KLF4 is an evolutionally conserved zinc finger–containing transcription factor that regulates diverse cellular processes such as cell growth, proliferation, and differentiation (Bieker, 2001; Ghaleb et al., 2005). KLF4 displays a tumor-suppressive function, which is downregulated in CRC (Shie et al., 2000b). KLF4 overexpression in CRC cell line reduced transformation, migration, invasion, and tumorigenicity (Dang et al., 2003). Constitutive expression of KLF4 led to the inhibition of DNA synthesis and regulates the cell cycle by blocking G1/S progression (Chen et al., 2001). KLF4 suppresses CRC proliferation through upregulating p21WAF1/Cip1 and downregulating cyclin D1 (Shie et al., 2000a). In the present study, KLF4 expression is downregulated in CRC tissues (log2FC = −2.52, adjusted p = 2.13 × 10–22; Supplementary Table 2), which is consistent with previous report. The results suggest that KLF4 may exert a suppression effect through other mechanisms, such as regulating TDRD7, ZC3H12C, and RBM47. We also demonstrated that KAT2B, a histone acetyltransferase to promote transcriptional activation (Ogryzko et al., 1996), may regulate three RBPs (TDRD6, ZC3H12C, and RBM47). Moreover, KAT2B acetylates non-histone proteins (Choudhary et al., 2009; Downey and Baetz, 2016), which has been reported to be a critical regulator of p53-dependent p21 expression in response to multiple p53-activating stresses (Love et al., 2012). KAT2B also plays a role in the development and progression of cancer (Bondy-Chorney et al., 2019). Thus, KAT2B may be involved in CRC progression through regulating TDRD6, ZC3H12C, and RBM47. Although the functions of TDRD6, TDRD7, and POP1 are not clear, the regulatory network will guide further study of the functions of these RBPs. TDRD6 may be regulated by NR3C1, OGT, MAF, CBFB, POLR3G, and KATZB (Figure 3E). TDRD7 may be regulated by KLF4 and CHD7 (Figure 3E). POP1 may be regulated by CHD7, E2F1, MYC, BRCA1, and PRKDC (Figure 3E). Besides, multiple Cox regression analysis was performed to construct a risk signature for predicting survival of CRC patients, including TDRD6, TDRD7, PPARGC1A, PABPC6, LRRFIP2, ZC3H12C, and PNLDC1. Kaplan–Meier survival analysis and ROC analysis were performed in the training set and testing set to evaluate the predictive efficiency of the RBP-related prognostic signature. Results showed that the signature can predict the survival status of patients in TCGA dataset with high accuracy. Subsequently, a nomogram was built based on the RBP-related prognostic signature to predict 1-, 3-, and 5-year OS more intuitively. In summary, we investigated the expression, prognostic values, and potential functions of DE RBPs through comprehensive bioinformatics analysis. Thirteen prognostic RBPs were identified. An RBP-related prognostic model was developed that could act as an independent prognostic signature for CRC. These findings would provide new therapeutic targets and prognostic markers for CRC.
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Drugs targeting the cyclin-dependent kinase 4/6 (CDK4/6)–retinoblastoma 1 (RB1) axis have shown efficacy against multiple solid cancers, but their therapeutic potential in pancreatic cancer remains poorly defined. A recent report proposed that a “tailored” combination of first-line and second-line CDK4-targeting drugs would hold promise for pancreatic cancer treatment. Indeed, this therapeutic strategy exhibited significantly suppressive effects on pancreatic cancer patient-derived cell lines and tumor tissue in vitro. However, the study neglected immune involvement and the influence of CDK6 and RB1 in CDK4 inhibition-based treatment. Herein, we reveal multiple new facets of the CDK4/6–RB1 axis in pancreatic cancer, highlighting the complexity of this signaling axis for future prognostic and therapeutic targeting.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) is the most prevalent pathohistological type of pancreatic cancer and is characterized by high lethality rates (Kleeff et al., 2016). Mutations in multiple tumor suppressor genes contribute to the tumorigenesis and progression of PDA, including but not limited to CDKN2A (Collisson et al., 2019). As a Polycomb repressed cell cycle checkpoint gene, CDKN2A encodes P16INK4A that binds to cyclin D-cyclin-dependent kinase 4/6 (CDK4/6) to prevent retinoblastoma 1 (RB1) phosphorylation (Rubin, 2013). In its hypo-phosphorylated state, RB1 inhibits cell cycle progression through binding and inhibiting the E2F family of transcription factors (van den Heuvel and Dyson, 2008). Mutations in CDKN2A result in sustained RB1 phosphorylation, dysregulated cell cycle progression, and tumor cell proliferation. Recently, Chou et al. (2018) reported a “tailored” combination of first-line and second-line CDK4-targeting drugs for PDA therapy, guided by the predictive marker RB1. Although this strategy showed translational potential, genomic analyses suggest that the conventional CDK4/6–RB1 signaling pathway is divergent in pancreatic cancer, questioning the efficacy of this therapy.



METHODS

Data on the prognostic potential of CDK4/6 and RB1 in pancreatic cancer were collected from The Cancer Genome Atlas (TCGA)1 database. The Tumor and Immune System Interaction Database2 was used to examine the correlation between the abundance of immunomodulators and the expression of investigative genes. Gene Expression Profiling Interactive Analysis 23 was used to calculate the prognostic index, including gene expression level and its correlation to patient survival. cBioPortal for Cancer Genomics4 was used to visualize and compare gene alterations. A one-way ANOVA was used to analyze the differential expression of CDK4/6 and RB1 and the abundance of immunomodulators. Genes with |log2FC| values > 1 and q values < 0.01 were considered statistically significant. Overall survival (OS) analyses of CDK4/6 and RB1 were assessed using the Kaplan–Meier method, with a 50% (median) cutoff for both low and high expression groups. The log-rank test (the Mantel–Cox test) was used for hypothesis testing, and the Cox proportional hazard regression model was used to calculate the hazard ratio. P-values ≤ 0.05 were used as a threshold when ranking the data. Spearman correlation analysis was used to analyze the correlation between the pair-wise gene expression of CDK4 and a range of immunomodulators. P-values < 0.01 were considered as significant. CDK4-related immunomodulators were collected, according to Charoentong et al.



RESULTS


Cyclin-Dependent Kinase 4 Correlates With Immune Regulation in Pancreatic Cancer

Despite the importance of immune activation for cancer therapy (Sanmamed and Chen, 2018), experimental models for PDA therapeutics often fail to recapitulate host defense systems. Chou et al. (2018) used patient-derived tumor xenografts, which must be implanted into immunodeficient mice, to analyze the therapeutic efficacy of CDK4 inhibition on pancreatic cancer. This inevitably bypasses any immune involvement and fails to recapitulate the tumor immune microenvironment. Moreover, previous studies have validated the role of CDK4 in the regulation of cancer immunity and immunotherapy. Goel et al. (2017) reported that CDK4/6 inhibition triggers anticancer immune responses in breast cancer, and Zhang et al. (2018) showed that cyclin D-CDK4 kinase destabilizes programmed death-ligand 1 via the Cul3SPOP complex to control cancer immunosurveillance in melanoma cancer. To determine the immunologic relevance of CDK4 in pancreatic cancer, we integrated all relevant datasets in the TCGA database for bioinformatics analyses. In pancreatic adenocarcinoma (PAAD), the results showed a positive correlation between CDK4 and the immunomodulatory system, including the immune effector molecules PRF1, GZMB, and IFNG (Figures 1A–C), as well as immune cells (naïve T cells, effector T cells, Th1-like cells, central memory T cells, effector memory T cells, and resident memory T cells) (Figures 1D–I). These data suggest that the outcomes of CDK4-based PDA therapy in immunocompromised models have limited significance to the clinical treatment of PDA.


[image: image]

FIGURE 1. CDK4 correlates with immune regulation in pancreatic cancer. (A–C) Correlation analysis of CDK4 and the immune effector molecules PRF1 (A), GZMB (B), and IFNG (C) in PAAD. (D–I) Correlation analysis of CDK4 and immune cell signatures in PAAD, including naïve T cell signatures (D), effector T cell signatures (E), Th1-like cell signatures (F), central memory T cell signatures (G), effector memory T cell signatures (H), and resident memory T cell signatures (I). P-values ≤ 0.05 were considered statistically significant.




Opposite Prognoses of Cyclin-Dependent Kinase 4 and 6 in Pancreatic Cancer

Chou et al. (2018) recently highlighted the potential of CDK4 inhibitors as a targeted therapy for pancreatic cancer. However, Palbociclib (PD-0332991, Pfizer), the major CDK4-targeted drug used in the study, is a small molecule inhibitor designed to block the activity of both CDK4 and CDK6 to promote cytostasis (O’Leary et al., 2016). The concomitant effects of this therapy on CDK6 in more relevant physiological models of pancreatic cancer can, therefore, not be discounted. In light of this, we analyzed relevant genomic data and observed the opposite effects of CDK4 and CDK6 on pancreatic cancer prognosis. The expression levels of CDK4 and CDK6 were highly upregulated in PAAD compared with normal tissue (Figures 2A,B); however, CDK4 promoted rather than suppressed the OS of PDA patients (Figure 2C), whereas high CDK6 expression was associated with poor survival (Figure 2D). This phenotype implicates CDK6 as opposed to CDK4 for the poor prognosis of PDA in the clinic and questions the therapeutic benefits of Palbociclib in PDA therapy due to its synergistic effects on CDK4 and CDK6. In light of these data, patient-derived primary cell lines that genetically lack CDK4 and CDK6 should be generated to investigate their significance during Palbociclib treatment and exclude off-target effects. Of note, the combination of palbociclib and gemcitabine was investigated in the study as mentioned earlier, but the therapeutic efficacy of gemcitabine has been reported to be influenced by tumor immune microenvironment during pancreatic cancer therapy (Halbrook et al., 2019), which further highlights the importance of appropriate models in evaluating the CDK4/6-targeted combinational strategy.


[image: image]

FIGURE 2. Opposite prognoses of CDK4 and CDK6 in pancreatic cancer. Differential expression analysis of (A) CDK4 and (B) CDK6 in PAAD. OS analysis of (C) CDK4 and (D) CDK4 in PDA. P-values ≤ 0.05 were considered statistically significant. ∗p≤0.01.




Retinoblastoma 1 Is Coupled to Cyclin-Dependent Kinase 4 and Poor Prognosis in Pancreatic Cancer

Cyclin-dependent kinase 4/6 controls the downstream transcriptional signals that regulate cancer cell proliferation through the phosphorylation of their canonical substrate RB1. CDK4/6–phosphorylated RB1 has been shown to promote anticancer immunity by inhibiting nuclear factor-κB activation and programmed death-ligand 1 expression (Jin et al., 2019), further indicating the immunological relevance of palbociclib during cancer treatment. Moreover, aberrant CDK4/6-RB1 signaling has been reported in a range of cancers. Such alterations regulate immune evasion and immunotherapy (Hutcheson et al., 2015). Genomic analyses indicated that a similar phenotype exists in pancreatic cancer in which CDK4 regulates RB1 activation (Figures 3A,B). However, Chou et al. (2018) used only 19 whole-genome-sequenced pancreatic cancer patient-derived primary cell lines to exclude the potential impact of RB1 mutations in vivo. Although RB1 is highly expressed (Figure 3C) and positively related to CDK4 (Figure 3D) in PAAD, higher expression of RB1 was related to poor prognosis (Figure 3E), contradictory to the previous conclusions. The differential outcomes between genomic analysis and immunohistochemistry staining were caused by the failure to account for immune function and/or alterations in RB1. Hence, the phosphorylation of RB1 as a biomarker when predicting the therapeutic sensitivity of CDK4/6 inhibition requires further clinical and genetic analysis.
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FIGURE 3. RB1 couples with CDK4 and is related to poor prognosis in pancreatic cancer. (A) Landscape of the CDK4/6–RB1 axis in pancreatic cancer. Compact visualization of cases with different genetic alterations, including fusions, amplification, deletions, truncating mutations, and missense mutations. (B) Detailed mutational analysis of CDK4, CDK6, and RB1 in pancreatic cancer. (C) Differential expression analysis of RB1 in PAAD. (D) Correlation analysis of RB1 and CDK4 in PAAD. (E) OS analysis of RB1 in PAAD. P-values ≤ 0.05 were considered statistically significant. ∗p≤0.01.





CONCLUSION

In summary, we highlight the importance of CDK4 for immune regulation. We further show that elevated CDK4 expression is a favorable prognostic index for cancer patients instead of high CDK6 expression that is close to poor prognosis. RB1 was positively related to CDK4 but linked to a poorer prognosis. These data suggest that the direct anti-tumor effects of CDK4/6 inhibition in xenografts fail to reflect their efficacy in pancreatic cancer patients. The utility of targeting CDK4/6 as a strategy for targeted-immunotherapy in pancreatic cancer now warrants further exploration.
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BTG (B-cell translocation gene) could inhibit cell proliferation, metastasis, and angiogenesis and regulate cell cycle progression and differentiation in a variety of cancer cell types. To clarify the role of BTG1 in invasion and metastasis, its expression was compared with the clinicopathological parameters of colorectal cancer by bioinformatics and immunohistochemical analyses. We also overexpressed BTG1 in HCT-15 cells and examined its effects on adhesion, migration, and metastasis with their related molecules screened. BTG1 mRNA expression was negatively correlated with its promoter methylation in colorectal cancer (P < 0.05). Among them, cg08832851 and cg05819371 hypermethylation and mRNA expression of BTG1 were positively related with poor prognosis of the colorectal cancer patients (P < 0.05). BTG1 expression was found to positively correlate with depth of invasion, venous invasion, lymph node metastasis, distant metastasis, and TNM staging of colorectal cancer (P < 0.05) but negatively with serum levels of CEA and CA19-9 (P < 0.05). According to the TCGA database, BTG1 mRNA expression was lower in well-, moderately, and poorly differentiated than mucinous adenocarcinomas and positively correlated with ras or BRAF mutation (P < 0.05). Kaplan–Meier analysis showed the negative correlation between BTG1 mRNA expression and overall survival rate of all cancer patients (P < 0.05). BTG1 overexpression weakened adhesion and strengthened migration and invasion of HCT-15 cells (P < 0.05). There was E-cadherin hypoexpression, N-cadherin and MMP-9 hyperexpression, Zeb1 and Vimentin mRNA overexpression, a high expression of CEA mRNA and protein, and a strong secretion of CEA in BTG1 transfectants, compared with the control or mock. It was suggested that BTG1 expression might promote invasion and metastasis by decreasing adhesion, and inducing epithelial–mesenchymal transition.




Keywords: colorectal cancer, BTG1, adhesion, invasion, metastasis, prognosis



Introduction

Colorectal cancer is one of the most common cancers in the world, accounting for nearly 10% of new cases of all cancers. Its invasion and metastasis greatly determine clinical outcome, survival time, and quality of the patients (1). Therefore, it is important to find out the molecular mechanisms and related targets for the invasion and metastasis of colorectal cancers.

As a tumor suppressor, BTG1 overexpression is observed in the G0/G1 phases of the cell cycle and its down-regulation once cell progression through G1. It might inhibit cell proliferation and cell cycle progression (2). BTG1 induced the apoptosis of NIH 3T3 cells, was localized to the cells with DNA fragmentation and nuclear condensation, and contributed to antisense Bcl-2-mediated cytotoxic effects, indicating its apoptotic induction via mitochondrial pathway (3, 4). BTG1 activation was found to regress oxidative stress and cytokine expression in macrophages by inhibiting AP-1 and NF-кB (3). Reportedly, BTG1 overexpression might promote tube formation and cell migration of endothelial cells during angiogenesis (5). BTG1 could interact with nuclear receptor TRα, myogenic factor MyoD, carbon catabolite repressor protein-associative factor 1, and arginine methyltransferase 1 (6–8).

miR-4295 overexpression was found to significantly promote proliferation, colony formation, and migration of bladder cancer cells via directly targeting BTG1 at its 3′-UTR (9). BTG1 could reverse the inhibition of autophagy induced by miR-22 (10). BTG1 functioned as a direct target of miR-330-3p and miR-27a-3p in hepatocellular carcinoma and ovarian cancer cells, respectively and thereby weakened cell viability, migration, and invasion and promoted cell apoptosis (11, 12). BTG1 was shown to prevent antigen from inducing molecular features of in vitro allergic reactions as a direct target of miR-183-5p (13).

Our previous study demonstrated that BTG1 overexpression inhibited proliferation, tumor growth or lung metastasis, induced differentiation, autophagy, apoptosis, or mediated chemosensitivity in colorectal and gastric cancer cells (14, 15). Su et al. (16) reported that BTG1 overexpression triggered G1/S phase cell cycle arrest and increased apoptosis in HCT-116 cells via ERK/MEK pathway. BTG1 induced Beclin-1-dependent autophagy and weakened β-catenin pathway in colorectal cancer cells (14). In ovarian cancer, BTG1 expression caused a low growth rate, high cisplatin sensitivity, G1 arrest, apoptosis and decreased migration and invasion by down-regulating the expression of PI3K, PKB, Bcl-xL, survivin, VEGF, and MMP-2. There was higher expression of BTG1 mRNA in normal tissue than that in ovarian cancer tissue, and in benign tumors than in cancer tissue. BTG1 mRNA expression was negatively correlated with FIGO staging of ovarian cancer (17). In the present study, we mainly investigated the roles of BTG1 expression on progression of colorectal cancers.



Materials and Methods


Cell Lines and Culture

Colorectal cancer cell line (HCT-15) was kindly presented by Prof. Sugiyama, Department of Gastroenterology, Graduate School of Medical and Pharmaceutical Sciences, University of Toyama, Japan. Its BTG1 transfectants were prepared as previously done (14). They were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 μg/ml streptomycin in a humidified atmosphere of 5% CO2 at 37°C. All cells were harvested by centrifugation, rinsed with phosphate buffer saline (PBS), and subjected to total protein and RNA extraction by homogenization.



Cell Adhesion

To measure heterogeneous adhesion, 2 × 104 cells were seeded in the fibronectin-coated wells and incubated in 5% CO2 at 37°C for 60, 90, and 120 min. After washing with PBS, the attaching cells were subjected to MTT assay. To determine homogeneous adhesion, 70% confluent cells were incubated with the same cells for 60, 90, and 120 min. Subsequently, the floating cells were subjected to MTT assay, and the adherent cells were calculated.



Wound Healing Assay

Cells were seeded at a density of 1.0 × 106 cells/well in 6-well culture plates. After they had grown to confluence, the cell monolayer was scraped with a pipette tip to create a scratch, washed by PBS for three times and cultured in the FBS-free medium. Cells were photographed at 0, 12, 24, and 48 h and the scratch area was measured using Image J.



Transwell Chamber Assay

For invasion assay, cells were resuspended in serum-free RPMI 1640 and seeded in the Matrigel-coated insert on the top portion of the chamber (BD Bioscience). The lower compartment of the chamber contained 10% v/v FBS as a chemoattractant. After incubation at 37°C and 5% CO2 for 24 h, cells on the membrane were scrubbed, washed with PBS, fixed in 100% methanol, and stained with Giemsa dye for the measurement. For migration assay, the procedures were the same as mentioned above except for non-matrigel coating.



Subjects and Pathology

Colorectal cancers (CRCs, n = 485) were collected from the surgical resection in the Affiliated Hospital of Kanagawa Cancer Center (Japan) between 1995 and 1999. The patients with CRC were 261 men and 224 women (26–85years, mean = 64.1 years). Among them, 207 cases are accompanied with lymph node metastasis and 28 cases with liver metastasis. None of the patients underwent chemotherapy, radiotherapy, or adjuvant before surgery. All of them provided written consent for use of tumor tissues for clinical research and the Ethical Committee of our hospital and Kanagawa Cancer Center approved the research protocol. We followed up the patients by consulting their case documents or by telephone.

All tissues were fixed in 10% neutral formalin, embedded in paraffin and cut into at 4 μm. These sections were stained by hematoxylin-and-eosin (HE) to confirm their histological characteristics. These tissues were subjected to the establishment of tissue microarrays under the guidance of HE staining. The staging for each colorectal cancer was evaluated according to the Union Internationale Contre le Cancer system (18). Histological architecture of CRCs was expressed in terms of WHO’s classification (19). Furthermore, tumor size, depth of invasion, lymphatic and venous invasion were determined.



Immunohistochemistry

Consecutive sections of tissue microarrays (15) were deparaffinized with xylene, dehydrated with alcohol, and subjected to antigen retrieval by irradiating in target retrieval solution (TRS, DAKO, USA) for 15 min with microwave oven. The sections were quenched with 3% hydrogen peroxide in absolute methanol for 20 min to block endogenous peroxidase activity. Five percent of bovine serum albumin was then applied for 5 min to prevent non-specific binding. The sections were incubated with the rabbit antibody against BTG1 (1:100) from Proteintech for 15 min, then treated with the anti-rabbit conjugated to horseradish peroxidase (DAKO, USA) antibodies for 15 min. All the incubations were performed in a microwave oven to allow intermittent irradiation as described previously (14). Binding sites were visualized with diaminobenzidine. After counterstaining with Mayer’s hematoxylin, the sections were dehydrated, cleared, and mounted. Omission of the primary antibody was used as a negative control.

BTG1 protein was positively localized in the cytoplasm. One hundred cells were randomly selected and counted from five representative fields of each section blindly by two independent observers (Zhao S and Zheng HC). The positive percentage of counted cells was graded semi-quantitatively with a four-scale scheme: negative (−), less than 5%; weakly positive (+), 6–25%; moderately positive (++), 26–50%; and strongly positive (+++), more than 51%.



The Measurement of Carcinoembroyonic Antigen and Cancer Antigen 19-9

Serum CEA was determined using Chemiluminescence Immunoassay (Diagnostic Agnostic Automation Inc.). Briefly, 50 μl of standard (0–120 ng/ml), specimens (serum and cell culture supernatant), and controls was dispensed into appropriate wells. Then, we added 100 μl of Enzyme Conjugate Reagent into each well, gently mixed, and incubated the plate at room temperature for 60 min. The microtiter wells were rinsed and flicked with wash buffer. After that, residual water droplets were removed by striking the well sharply onto absorbent paper. Finally, 100 μl chemiluminescence substrate solution was dispensed into each well, mixed gently, and subjected to absorbance determination.

Serum CA19-9 was measured using Chemiluminescence Immunoassay (CLIA) Diagnostic Test Kit (Jei Daniel Biotech Corp.). In brief, 50 μl of standard, specimens, and controls was dispensed into the appropriate wells. After that, 50 μl of CA 19-9-conjugate solution was added into each well, followed by thoroughly mixing for 30 s. The plate was subjected to incubation at 37–40°C for 15 min. We removed the incubation mixture by flicking the plate content into a waste container, rinsing, and flicking the microtiter wells five times with working wash solution. Finally, 50 µl of working substrate solution was added into all wells, which was subsequently incubated at room temperature for 5 min and read with a chemiluminescence microtiter plate reader.



Western Blot

Denatured protein was separated on an SDS-polyacrylamide gel (10% acrylamide) and transferred to a Hybond membrane (Amersham), which was then blocked overnight in 5% skim milk in TBST (10 mmol/L Tris-HCl, 150 mmol/L NaCl, 0.1% Tween 20). For immunoblotting, the membrane was incubated for 1 h with the primary antibody (Table 1). Then, it was rinsed with TBST and incubated with anti-rabbit or anti-mouse IgG conjugated to horseradish peroxidase (DAKO, USA, 1:1,000) for 1 h. Bands were visualized by ECL-Plus detection reagents (Santa Cruz). Densitometric quantification was performed with β-actin as an internal control using Scion Image.


Table 1 | Primers’ design for RT-PCR.





RT-PCR

Total RNA was extracted from cells using QIAGEN RNeasy mini kit (Hilden, Germany). Two micrograms of total RNA was subjected to cDNA synthesis using AMV reverse transcriptase and random primer (Takara, Japan). According to Genbank, oligonucleotide primers were designed and shown in Table 2. Real-time PCR was performed according to the protocol of SYBR Premix Ex Taq™ II kit (Takara).


Table 2 | Antibodies used for Western blot.





Bioinformatics Analysis

The trancriptomic and clinicopathological data of colorectal cancer patients were downloaded from the TCGA database by TCGA-assembler of the R software. We analyzed BTG1 mRNA level between colorectal normal and cancer tissues using Oncomine and TCGA data. BTG1 expression was compared with clinicopathological and prognostic data of colorectal cancer patients. GSEA was performed with GSEA-3.0. We used BTG1 level as a phenotype label and analyzed pathway enrichment. Kaplan–Meier plotter was employed to analyze the prognostic significance of BTG1 mRNA and methylation.



Statistical Analysis

Statistical evaluation was performed using Spearman’s correlation test to analyze the rank data and student t test to compare the means. Kaplan–Meier survival plots were generated, and comparisons between survival curves were made with the log-rank statistics. Cox’s proportional hazards model was employed for multivariate analysis. SPSS 10.0 software was applied to analyze all data, and P < 0.05 was considered statistically significant.




Results


The Clinicopathological and Prognostic Significances of BTG1 Methylation or Expression in Colorectal Cancer

As indicated in Table 3 and Figure 1A, BTG1 mRNA expression was negatively correlated with its promoter methylation in colorectal cancer (P < 0.05). However, BTG1 hypermethylation at cg05819371 and cg08832851 was significantly related with poor prognosis of the colorectal cancer patients (Figure 1B, P < 0.05).


Table 3 | The correlation between BTG1 methylation and mRNA expression in colorectal cancer.






Figure 1 | The prognostic significance of BTG1 methylation in colorectal cancer. There was negative relationship between BTG1 methylation and mRNA expression (A, P < 0.05) and between BTG1 hypermethylation and prognosis in the colorectal cancers (B, P < 0.05).



There was no difference in BTG1 mRNA expression between colorectal cancer and normal tissues using Oncomine database (P > 0.05, data not shown). In TCGA data, BTG1 mRNA expression was lower in well-, moderately, and poorly differentiated than in mucinous adenocarcinomas (Figure 2A, P < 0.05). It was positively correlated with K-ras mutation and BRAF mutation of colorectal cancer (Figure 2A, P < 0.05). Additionally, Kaplan–Meier analysis showed the negative correlation between BTG1 mRNA expression and overall survival rate of all cancer patients (Figure 2B, P < 0.05). According to the Kaplan–Meier plotter, BTG1 mRNA expression was negatively correlated with the overall survival rate of Stage-III cancer patients (Figure 2C, P < 0.05). Cox’s hazard proportional analysis indicated that younger age and distant metastasis were independent factors for the adverse prognosis of the patients with colorectal cancer (Table 4, P < 0.05).




Figure 2 | The clinicopathological and prognostic significances of BTG1 mRNA in colorectal cancer. TCGA database showed that BTG1 was lower expressed in well-, moderately, and poorly differentiated (non-MUC) than in mucinous (MUC) adenocarcinomas (A, P < 0.05). BTG1 expression was positively correlated with K-ras and BRAF mutation of colorectal cancers (A, P < 0.05). BTG1 expression was negatively related to overall survival rate of the patients with colorectal cancer (B, P < 0.05). The prognostic significance of BTG1 mRNA expression was also analyzed using Kaplan–Meier plotter database (C). HR, hazard ratio.




Table 4 | Survival analysis of hazard factors of the prognosis of the patients with colorectal cancer.



As summarized in Table 5, we conducted a GSEA to analyze BTG1-related signal pathways in colorectal cancer. The enriched pathways included cytokine–cytokine receptor interaction, regulation of autophagy, leukocyte transendothelial migration, natural killer cell-mediated cytotoxicity, Toll-like-receptor signaling pathway, chemokine signaling pathway, and so on (P < 0.05).


Table 5 | BTG1-related signal pathways in colorectal cancer.





The Relationship Between BTG1 Expression Clinicopathological Parameters in Colorectal Cancer

As shown in Figures 3A–C and Table 6, BTG1 expression was positively related to depth of invasion, venous invasion, lymph node metastasis, distant metastasis, and TNM staging (P < 0.05) but not correlated with age, sex, lymphatic invasion, liver metastasis, or differentiation of colorectal cancer (P > 0.05). Follow-up information was available on 385 colorectal cancer patients for periods ranging from 1.6 months to 16.8 years (median = 10.5 years). Survival curves for colorectal cancers were stratified according to BTG1 expression (Figure 3D). Univariate analysis using Kaplan–Meier method indicated no correlation between BTG1 expression and cumulative survival rate of patients with colorectal cancer despite stratification to depth of invasion (P > 0.05). The patients with BTG1-positive cancer showed lower serum level of CEA and CA19-9 than those with BTG1-negative cancer (P < 0.05, Figures 3E, F). Multivariate analysis using Cox’s proportional hazard model indicated that depth of invasion and distant metastasis (P < 0.05) but not age, sex, lymphatic and venous invasion, lymph node metastasis, liver metastasis, differentiation; TNM staging and BTG1 expression (Table 7, P > 0.05) were independent prognostic factors for overall colorectal cancer patients.




Figure 3 | BTG1 protein expression and its prognostic significance in colorectal cancer. BTG1 protein was positively detected in the cytoplasm of colorectal cancers (A–C). Kaplan–Meier analysis showed no relationship between BTG1 protein expression and the cumulative survival rate of the patients with colorectal cancer (P > 0.05), (D). There was negative association of BTG1 expression with serum CEA (E) and CA19-9 (F) levels (P < 0.05).




Table 6 | Relationship between BTG1 expression and clinicopathological features of colorectal cancer.




Table 7 | Multivariate analysis of clinicopathological variables for the survival of the patients with colorectal cancer.





The Effects of BTG1 Expression on Aggressive Phenotypes of Colorectal Cancer Cells

To clarify the role of BTG1, its expressing plasmid was successfully transfected into HCT-15 as previously performed (14). The transfectants showed a lower homogenous and heterogeneous adhesion, higher migration and invasion than the mock and control (Figures 4A–D, P < 0.05). Additionally, BTG1 transfectants displayed E-cadherin hypoexpression, N-cadherin and MMP-9 hyperexpression, compared with the control and mock cells by Western blot (Figure 4E, P < 0.05), but there was no difference in the expression of Twist, WAVE2, PI3K, and c-jun between the transfectants, mock and control cells (P > 0.05). According to real-time RT-PCR, Zeb1 and Vimentin mRNA was increased in BTG1 transfectants in comparison to the control and mock (Figure 4F, P < 0.05). To clarify the negative correlation between serum CEA level and BTG1 expression, we examined CEA expression and secretion and found that both indicators were higher in BTG1-overexpressing HCT-15 cells than in the control or mock by real-time RT-PCR, Western blot, and ELISA (Figures 5A–C, P < 0.05).




Figure 4 | The effects of BTG1 expression on adhesion, migration, and invasion of colorectal cancer cells. BTG1-overexpressing HCT-15 had a lower homogenous (A) and heterogeneous (B) adhesion, a stronger ability to migrate and invade by wound healing (C) and Transwell assays (D). The phenotype-related molecules were screened by Western blot (E) and real-time RT-PCR (F). Results are representative of three different experiments, and data are expressed as mean ± SE. *P < 0.05, compared with the transfectants.






Figure 5 | The effects of BTG1 on CEA expression and secretion in colorectal cancer cells. The CEA expression was examined in HCT-15 and its BTG1 transfectants by real-time RT-PCR (A) and Western blot (B). CEA secretion was also determined by ELISA (C). Results are representative of three different experiments, and data are expressed as mean ± SE. *P < 0.05, compared with the transfectants.






Discussion

BTG1 expression was restored after 5-aza-2′-deoxycytidine treatment in gastric, breast, and ovarian cancer cells, indicating that BTG1 promoter methylation accounted for its down-regulated expression in cancer cells (15, 20, 21). Jung et al. (22) found that BTG1 expression was lower in colorectal cancer than in control and in metastatic than in primary cancer due to the hypermethylation of BTG1 promoter. Here, our finding demonstrated a negative relationship between BTG1 mRNA expression and promoter methylation but only a close relationship between BTG1. hypermethylation of cg05819371 and cg08832851 sites and poor prognosis of the colorectal cancer patients

In line with the data about gastric cancer (15), BTG1 expression was positively linked to aggressive features of colorectal cancer, including depth of invasion, venous invasion, lymph node metastasis, and TNM staging. Its mRNA expression was also associated with k-ras and BRAF mutation in colorectal cancer. According to the literature (14), colorectal metastatic cancer in lymph node showed more BTG1 expression than in primary cancer. In contrast, a body of evidence indicated that BTG1 expression was negatively correlated with tumor invasion, lymph node metastasis, clinic stage, histological grade, pathological differentiation, or a low survival rate of patients with hepatocellular, thyroid, breast, or esophageal cancer (23–26). Chen et al. (27) also reported that BTG1 expression was higher in prostate cancer cell line LNCaP than its aggressively metastatic, AIC4-2 at both mRNA and protein levels. Kanda et al. (28) demonstrated that BTG1 down-regulation led to adverse prognosis, specifically in patients with proximal non-diffuse and diffuse gastric cancers. Taken together, it was suggested that BTG1 expression might be involved in the progression of colorectal cancer and be considered as a good marker to indicate the aggressive behaviors of colorectal cancer.

BTG1 hypoexpression was reported to significantly correlate with aggressive features and worse prognosis of thyroid cancer (23), esophageal cancer (26), breast cancer (24), non-small cell lung cancer (29), and skin squamous carcinoma (30). Zhang et al. (31) found that the cumulative survival rate of BTG1-positive patients was significantly higher than that of BTG1-negative patients with colon cancer as an independent factor. Kamalakaran et al. (32) identified differential methylation of CpG islands proximal to BTG1 as having prognostic value independent of subtypes and other clinical factors of luminal breast cancers. Down-regulated BTG1 mRNA expression in gastric cancer and hepatocelluar carcinoma was significantly associated with shorter disease-specific and recurrence-free survival as an independent prognostic factor (28, 33). However, BTG1 protein expression was positively associated with poor prognosis of gastric cancer (15), in agreement with our data of BTG1 mRNA expression according to TCGA databases. These findings paralleled with the positive association between BTG1 protein expression and aggressive behaviors of colorectal cancer.

To clarify the effects of BTG1 on the invasion and metastasis of colorectal cancer cells, we overexpressed it in HCT-15 cells and found that BTG1 weakened adhesion, but enhanced the ability to migrate and invade. Various studies showed that BTG1 overexpression suppressed proliferation, migration and invasion, and induced apoptosis and cell cycle arrest of lung, kidney, breast, esophageal, hepatocellular, nasopharyngeal, and thyroid cancers with Cyclin D1, Bcl-2, and MMP-9 hypoexpression (23–26, 29, 34, 35). BTG1 overexpression was observed to inhibit migration and invasion of breast cancer cells with MMP-2 and -9 hypoexpression and E-cadherin hyperexpression (36). Our previous work also showed that BTG1 overexpression might in vivo and in vitro reverse the aggressive phenotypes of colorectal cancer cells (14). Epithelial–mesenchymal transition (EMT) is a process that epithelial cells are converted from a phenotypic shift from cells with tight cell–cell junctions, clear basal and apical polarity (epithelial markers: E-cadherin and plakoglobin), and sheet-like growth architecture into spindle-like and motile cells (mesenchymal markers: N-cadherin, vimentin, Zeb, and Twist) (37, 38). Mao et al. (39) found that BTG3 expression significantly inhibited cell growth, migration, invasion, and EMT of colorectal cancer cells via Wnt/β-catenin signaling pathway. Here, BTG1 overexpression resulted in stronger migration and invasion with E-cadherin hypoexpression, N-cadherin, Vimentin and Zeb1 hyperexpression, indicating that BTG1 might promote invasion and metastasis by inducing EMT. However, we achieved the opposite results in HCT-116 cells although they were isolated in the same male colorectal cancer patient with Duke’s C staging. Certainly, we also can’t exclude the special situation in HCT-15 cells because both cell lines derive from different clones. Therefore, we should be careful to employ BTG1 for gene therapy target.

Carcino-embryonic antigen (CEA) is a glycosyl phosphatidyl inositol (GPI)-anchored membrane glycoprotein and acts as L-selectin and E-selectin ligands for cellular adhesion. It was found that serum from individuals with gastric cancer, pancreatic cancer, lung cancer, breast cancer, and medullary thyroid carcinoma had higher levels of CEA than healthy individuals. In colorectal cancer, CEA might be considered as a potential marker to predict early progression and worse prognosis (40–42). Here, there appeared a negative association between BTG1 expression and serum CEA level. In contrast, BTG1 overexpression increased CEA expression and secretion, which was closely linked to a strong ability of cancer cells to migrate and invade. In colorectal cancer cells, BTG1 might suppress proliferation and tumor growth and induce apoptosis and differentiation [11], which resulted in a higher anchoring of CEA to membrane, a low necrosis and subsequent release of CEA into the blood vessel (43). However, it can’t be explained why BTG1 weakened the ability of HCT-15 cells to homogeneously and heterogeneously adhere. According to our knowledge, it needs further investigation about how BTG1 regulates CEA expression and its biological functions in malignancies.

In summary, our study indicated that BTG1 expression might be positively linked to invasion, metastasis, and poor prognosis of colorectal cancers. BTG1 overexpression might reduce adhesion, and promote invasion and metastasis by inducing epithelial–mesenchymal transition. BTG1 expression should be employed to indicate the aggressive behaviors and worse prognosis of colorectal cancer.
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Dkk3 has been discovered during comparison of immortalized and parental cells. Its expression has been shown to reduce colony formation and induce apoptosis of cancer cells, acting as a tumor suppressor. Herein, we demonstrate that Dkk3 overexpression or protein treatment may inhibit colorectal cancer cell proliferation, migration, and invasion and that they may promote apoptosis and G2 phase arrest with hypoexpression of Bcl-2, cdc25B, cdc25c, N-cadherin, slug, and twist and hyperexpression of Bax and E-cadherin. This effect is consistent with that of recombinant Dkk3 exposure and blocked with anti-Dkk3 antibody. Dkk3 deletion in intestinal cells was not associated with the emergence of epithelial lesions; however, adenoma emerged after sodium desoxycholate treatment. At both mRNA and protein levels, Dkk3 expression was higher in normal than in cancer tissues (p<0.05). Dkk3 mRNA expression was negatively associated with its promoter methylation, growth pattern, differentiation, and favorable prognosis in the patients with colorectal cancer (p<0.05). Dkk3-related signal pathways in colorectal cancer included those of cellular adhesion and migration, melanogenesis, chemokine, Hedgehog, JAK-STAT, TOLL-like receptor, TGF-β, MAPK, and calcium signaling (p<0.05). These findings indicate that Dkk3 expression levels can help assess cancer aggressiveness and patient prognosis. It might also suppress aggressive phenotypes and tumorigenesis as a molecular target in gene therapy.
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Introduction

Dkk3 was discovered by representational difference PCR analysis; its mRNA expression has been shown as downregulated in immortalized cells compared to control (1). A homology alignment indicates that Dkk3 is identical with reduced expression in immortalized cells (REIC). Dkk3 cDNA encodes a secreted glycoprotein with five potential N-glycosylation sites, an N-terminal signal peptide, two cysteine-rich domains, and two coiled-coil domains (2). TNF-α downregulated Dkk3 expression in normal skin keratinocytes and mouse skin and hair culture models, which was abrogated by anti-TNF-α antibody (3). In prostate cancer cells, Dkk3 expression inhibited cell proliferation and tumor growth, induced apoptosis, and sensitized cells to doxorubicin by c-JNK activation, mitochondrial redistribution of Bax, or by triggering Bcl-2 hypoexpression (4).

Previous studies have reported that Dkk3 induced JNK activation via endoplasmic reticulum (ER) stress and mitochondrial pathways (4–6). Takata et al. (7) demonstrated that DKK3 initiated apoptosis via mitochondrial and Fas death receptor pathways in mucinous ovarian carcinoma cells. Exogenous Dkk3 inhibited Wnt/β-catenin signaling and cell proliferation in kidney cancer cells (8), and the cysteine-rich core domain of Dkk3 was required for dendritic cell–like differentiation from monocytes and for tumor regression, where it activated phosphorylation of GSK-3β and stat (9). Meanwhile, adeno-Dkk3 virus has been shown to inhibit tumor growth and lymph node metastasis and prolong survival in nude mice with prostate cancer by inducing apoptosis, suppressing cell invasion and migration, and decreasing MMP-2 activity (10).

Dkk3 protein is expressed in the brain, heart, kidney, mammary gland, liver, pancreas, and lymph node (11). Its expression has been reported as downregulated in cancer cells, including in hepatocellular carcinoma, renal clear cell carcinoma, cervical squamous carcinoma, non-small cell lung cancer, and seminoma (12–17). In gastric cancer, Dkk3 overexpression or Dkk3 treatment decreased the karyoplasmic ratio, cell proliferation, migration, invasion, and lamellipodia formation and increased the likelihood of G1 phase arrest and apoptosis, which were blocked by anti-Dkk3 antibody. Dkk3 knockdown caused the opposite effect in immortalized gastric epithelial cells. Immunohistochemically, the level of Dkk3 expression was inversely correlated with tumor size, lymph node involvement, cell dedifferentiation, and unfavorable prognosis in gastric cancer. Moreover, serum Dkk3 concentration has been reported as remarkably higher in age-matched controls than in gastric cancer patients, where it was inversely associated with tumor size (18).

Colorectal cancer is a type of cancer associated with high risk of mortality (19, 20). Although colorectal adenoma pathologically and genetically precedes adenocarcinoma, its molecular mechanisms remain elusive. Previously, we have shown that Dkk3 expression was remarkably downregulated in colorectal non-neoplastic mucosa, adenoma to adenocarcinoma, and negatively correlated with invasion depth, TNM stage, and colorectal cancer cell dedifferentiation rate (21). Herein, we observed in vitro and in vivo the effects of Dkk3 expression and recombinant Dkk3 treatment on aggressive phenotypes of colorectal cancer cells, aiming to clarify the molecular mechanisms involved. Additionally, we established a mouse model of conditional Dkk3 knockout in intestinal epithelial cells, using villin promoter to initiate cre recombination. Finally, pathological and bioinformatics analyses were performed to explore clinicopathological or prognostic significances of Dkk3 expression.



Materials and Methods


Cell Culture

Colorectal cancer cell lines (HCT-15 and HCT-116) were isolated from the same colorectal cancer patients with Duke’s C and purchased from the Cell Bank of Chinese Academy of Sciences, Shanghai, China. They were cultured in RPMI 1640 medium containing FBS, penicillin, and streptomycin in 5% CO2 at 37°C. Both kinds of cells were transfected with pCDNA3.1-Dkk3 and pcDNA3.1 at 70% confluence 24 h after seeding on dishes according to the manufacturer’s instructions (QIAGEN, USA). Both HCT-15 and HCT-116 were treated with recombinant Dkk3 (R&D Systems, 1118-DK, USA) in RPMI 1640 at a dose of 50, 100, 150, or 200 ng/mL or their Dkk3 transfectants were exposed to anti-Dkk3 antibody (R&D Systems) at a dose of 30 or 60 ng/mL. Nontreated HCT-15 and HCT-116 cells were considered as control and pcDNA3.1 transfectant as mock.



Immunofluorescence

Cells were attached to glass coverslips and fixed with 4% neutral formaldehyde and permeabilized with 0.2% Triton X-100. After washing with PBS, cells were incubated overnight at 4°C with goat anti-Dkk3 antibody (R&D system) and subsequently with antigoat IgG-FITC antibody (Santa Cruz) at room temperature and then stained with DAPI for nuclear labeling. Finally, we mounted coverslips with SlowFade® Gold antifade reagent (Invitrogen) and observed them using a laser confocal microscope.



ELISA Assay

Human Dkk-3 DuoSet ELISA Kit (R&D Systems) was employed to detect the Dkk3 level of cell culture supernatant and patient serum.



Proliferation Assay

We used cell counting kit-8 (CCK-8) to determine cell proliferation. In brief, 2.0 × 103 cells/well were cultured on a 96-well plate. After adhering to the plate, 10 μL of CCK-8 solution was added to each well at a different time point; absorbance was measured at 450 nm after 3 h incubation.



Cell Cycle Analysis

We trypsinized, collected, and fixed the cell line using ethanol for 2 h. After RNase treatment for 1 h, cells were pelleted and stained by propidium iodide (PI) for 30 min. Finally, flow cytometry was used to examine the PI signal.



Apoptosis Assay

FITC-labeled annexin V staining (BD Pharmingen) was employed to indicate phosphatidylserine externalization of early apoptosis. In brief, 1 × 106 cells were collected, washed with PBS, and pelleted. FITC-labeled annexin V (5 μL, final concentration: 1 ug/mL) and PI (5 μL, final concentration: 50 µg/mL) were added to cell suspension, mixed, incubated for 15 min, and examined by flow cytometry.



Mitochondiral Membrane Potential

We determined the mitochondrial membrane potential using JC-1 Mitochondrial Membrane Potential Assay Kit (Kagen, China). In brief, cells were stained by JC-1 (100 uL/mL) for 30 min and harvested for flow cytometry with JC-1 monomer (green, low concentration in cytosol) as FL1 channel and JC-1 aggregates (red, high concentration in mitochondria) as FL2 channel. In addition, the harvested cells were prepared as slides and observed under a fluorescence microscope.



Transwell Chamber Assay

To assess the extent of cell invasion, we cultured 2.0 × 105 cells in FBS-free medium in the matrigel-coated insert on the chamber top and added 10% FBS-containing medium to the chamber bottom as a chemoattractant. After 24 h incubation, the upper part of the insert was scrubbed, and the lower part was fixed in methanol, followed by Giemsa dye. To measure capacity for cell migration, we repeated this procedure without the membrane control insert.



Animals

We housed three mice per plastic cage, which included paper chips, standard rodent food, and water provided in pathogen-free and temperature-controlled conditions with a 12-h light/dark illumination cycle. All experiments involving mice were approved by the Committee on Animal Experimentation of the Affiliated Hospital of Chengde Medical University. We performed cre- mediated deletion of floxed alleles in a germline by mating Dkk3 conditional mutants (kindly presented by Prof. Kumon) with villin (intestine-specific)-cre mice (Jax Lab). At least 5 mice were sacrificed at 9 months, and their intestines were histologically analyzed. To chemically induce colorectal tumor, we orally administrated sodium desoxycholate in 0.09% agarose suspension to male villin-cre/Dkk3 (n=5, 16–18 g, age 8 weeks) and wild-type (WT, n=5, 16–18 g, age 8 weeks) mice for 6 weeks. After 40 weeks, these mice were sacrificed, and their colorectal tissues were subjected to pathological examination, RNA, and protein extraction.



Subjects

Colorectal cancer and paired normal mucosa (n=107) tissues were sampled from surgical resection specimens, acquired at the Affiliated Hospital of Chengde Medical University between 2017 and 2019. The patients with CRC were 59 men and 48 women (22~85 years, mean=62.9 years). Among them, 47 cases are accompanied with lymph node metastasis. These cases included well (n=19), moderately (n=60), and poorly (n=12) differentiated; mucinous (n=7); and other (n=9) adenocarcinomas. Serum samples were obtained before surgery from 13 patients with colorectal cancer and 40 healthy individuals attending Affiliated Hospital of Chengde Medical University. None of the patients had undergone chemotherapy, radiotherapy, or any other treatment before the operation. All participants provided comprehensive consent to participate in research and for their data to be used further. The study protocol was approved by the Ethics Committee of the Affiliated Hospital of Chengde Medical University.



DNA Analysis

DNA was extracted from mouse tail and intestine using the phenol-chloroform method. We performed genotyping by PCR. The PCR primer sequences were CSD-lacF: 5’-GCTACCATTAC CAGTTGGTCTGGTGTC-3’, CSD-neoF: 5’-GGGATCTCATGCTGGAGTTCTTCG-3’, CSD- loxF:5’-GAGATGGCGCAACGCAATTAATG-3’, CSD-Dkk3-R:5’-AACAGGAGATTCCAGGT GTCAGAGG-3’, CSD-Dkk3-ttR: 5’-GCCTGGCCAGCACTTTTATCTATCC-3’, CSD-Dkk3-F: 5’-TCTGCTTTAGCCATACCTCTTGGGG-3’, Dkk3-F: 5’-ACCAAAGGTG GCAATGGGACC ATCT-3’, Dkk3-R: 5’-GGTGGAAAGCACTCTAAGGCCCAGC-3’, cre: 5’-GCCTGCATTACC GGTCGATGC-3’ and 5’-CAGGGTGTTATAAGCAATCCC-3’. The presence of truncated Dkk3 and cre was confirmed by tail DNA PCR. Dkk3 deletion was confirmed by PCR amplification of intestinal mucosa DNA.



Real-Time RT-PCR

We extracted total RNA from cells and tissues using Trizol (Takara). Reverse transcription of 1 µg RNA was performed using random primers and AMV reverse transcriptase. PCR primers were designed according to the sequences provided by GenBank. The oligonucleotide primer forward sequence was 5’-ACAGCCACAGCCTGGTGTA-3’. The reversed primer sequences were 5’-CC TCCATGAAGCTGCCAAC-3’ for Dkk3 (120 bp), 5’-TAGAATTGGTAGTTCTTCAT-3’ and 5’-A TTGCATCCCAGACAGTG-3’ for N-cadherin (100 bp), and 5’-CAGGTCTCCTCATGGCTT-3’ and 5’-CATCCTTAAATCTCACTCT -3’ for E-cadherin (140 bp). For internal control, GAPDH, forward primer sequences were 5’-CAATGACCCCTTCATTGACC-3’; reversed sequences were 5’-TGGAAGATGGTGATGGGATT-3’ (135 bp). SYBR Premix Ex Taq II kit (Takara) was used to amplify GAPDH as an internal control.



Western Blot

Protein was extracted in RIPA lysis buffer and identified by BCA assay. We separated denatured protein in SDS-polyacrylamide gel and transferred it to the Hybond membrane, which was blocked with 5% milk in TBST. For immunoblotting, the membrane was incubated for 1 h with mouse anti-Bax (Santa Cruz), rabbit anti-cdc25B (H-85, Santa Cruz), anti-cdc25C (C-20, Santa Cruz), anti-E-cadherin (Cell Signaling Technology), anti-N-cadherin (Cell Signaling Technology), anti-slug (Cell Signaling Technology), anti-twist1 (Cell Signaling Technology), or anti-GAPDH (Santa Cruz) antibody for 1 h in TBST at room temperature. Subsequently, these membranes were incubated with antimouse or antirabbit IgG conjugated to horseradish peroxidase (Dako) for 1 h at room temperature. Bands were visualized using ECL- Plus (Santa Cruz).



Histological Analysis

Tissues were subjected to routine pathological block preparation. Consecutive sections were deparaffinized, dehydrated, and subjected to immunostaining as previously described (18) or to the TUNEL procedure, using ApopTag Plus Peroxidase in Situ Apoptosis Detection Kit (Millipore) as recommended.



Bioinformatics Analysis

The differences in level of Dkk3 expression were examined between colorectal normal and colorectal cancer tissues using Oncomine (www.oncomine.com). Data on the rate of expression (RNA-seqV2) and methylation as well as data on clinicopathological characteristics of colorectal cancer patients were extracted from the TCGA database using TCGA-assembler in R software. We integrated our raw data and examined Dkk3 expression levels in colorectal cancer tissue, which were subsequently examined against patient clinicopathological and prognostic characteristics. The Kaplan-Meier method was used to examine the prognostic significance of Dkk3 mRNA expression. Moreover, we used these data to examine the rate of promoter methylation and to perform GSEA. Based on Dkk3 expression levels, the data were divided into high- and low-expression groups based on the median value of colorectal cancer patients. GSEA was performed with GSEA-3.0. The impact of Dkk3 methylation and expression on survival rates was examined using methylation, clinical, and transcriptome data. Methylated and unmethylated signals were employed to calculate β-coefficients, which are a quantitative representation of DNA methylation levels. Cutoff values were defined as median values of β-coefficients and mRNA expression levels. Kaplan-Meier survival curves of Dkk3 methylation were obtained as well.



Statistical Analyses

We repeated 3 different experiments to calculate mean and standard deviation. Statistical analysis was performed using Mann-Whitney U to differentiate the means and log-rank statistic to compare the survival rate. We used SPSS 10.0 for data analysis. P-values < 0.05 were considered indicative of statistical significance.




Results


Dkk3 Expression and Aggressive Colorectal Cancer Cell Phenotype

After transfection with pcDNA3.1-Dkk3, HCT-15, and HCT-116 cells overexpressed Dkk3 protein by western blot using anti-Dkk3 or anti-His antibody (Figure 1A). In Dkk3 transfectants, mRNA levels increased 7- to 13-fold compared to those in the control cells (Figure 1B, p<0.05). Immunofluorescence testing showed higher levels of Dkk3 expression in the cytoplasm of transfectants than in that of control or mock cells (Figure 1C, p<0.05). The cell culture supernatant of Dkk3 tranfectants had a higher Dkk3 concentration than that of control or mock cells (Figure 1D, p<0.05). However, a higher level of Dkk3 expression was detected in the serum of colorectal cancer patients than in that of healthy controls regardless of age (Figure 1E, p<0.05). The rate of growth of Dkk3 transfectants was slower than that of control and mock cells (Figure 1F, p<0.05). Cell cycle analysis indicated G2 phase arrest in the transfectants but not in the control or mock cells (Figure 1G, p<0.05). There was a high rate of apoptosis in HCT-15 and HCT-116 cells after Dkk3 transfection (Figure 1H, p<0.05),. JC-1 staining demonstrated that Dkk3 expression significantly reduced mitochondrial membrane potential in these cells (Figures 1I, J). Compared with control and mock cells, Dkk3 overexpression suppressed migration and invasion capacities of both colorectal cancer cell types (Figures 1K, L, p<0.05). Finally, treatment of Dkk3 transfectants with anti-Dkk3 antibody resulted in blocked effects of Dkk3 overexpression on these phenotypes (Figures 1F–L, p<0.05).




Figure 1 | Dkk3 overexpression suppressed the aggressive phenotypes of colorectal cancer cells. After transfection of pcDNA3.1-Dkk3, Dkk3 expression became strong in HCT-15 and HCT-116 cells using anti-Dkk3 and anti-His antibodies by Western blot (A), real-time RT-PCR (B), and immunofluorescence (C, green: positive for Dkk3, blue: DAPI for nuclei). The cell culture supernatant of Dkk3 transfectants showed a higher Dkk3 concentration in comparison with those of the control and mock (D). Colorectal cancer patients showed a higher serum Dkk3 level than healthy individuals regardless of their age, evidenced by ELISA assay (E). The transfectants showed a lower proliferation (F) and G2 arrest (G) in comparison with the control and mock. There was an apoptosis-induced effect of Dkk3 overexpression in the transfectants of HCT-15 and HCT-116, evidenced by annexin V assay (H). JC-1 staining displayed that the mitochondrial membrane potential was decreased in the abovementioned cells with Dkk3 overexpression by fluorescence (I) and flow cytometry (J). Dkk3-overexpressing cells had a weaker ability to migrate (K) and invade (L). We also treated the Dkk3 transfectants with anti-Dkk3 antibody (0, 30, and 60 ng/ml) and found that this antibody blocked the effects of Dkk3 overexpression on these phenotypes (F–L, p < 0.05). mock, cells transfected with pcDNA3.1 vector; *P < 0.05, compared with the control and treatment with anti-Dkk3 antibody.





Recombinant Dkk3 and Aggressive Colorectal Cancer Cell Phenotypes

Treatment with recombinant Dkk3 protein significantly suppressed the proliferation of HCT-15 and HCT-116 cells (Figure 2A, p<0.05). Exposure to Dkk3 protein resulted in G2 phase arrest in HCT-15 and HCT-116 cells in a dose-dependent manner (Figure 2B, p<0.05). In addition, there was a higher level of apoptosis in HCT-15 and HCT-116 cells treated with Dkk3 protein (Figure 2C, p<0.05) than in the control cells. JC-1 staining also demonstrated that Dkk3 exposure significantly reduced the mitochondrial membrane potential of these cells (Figures 2D, E, p<0.05). In compare to control cells, Dkk3 protein exposure suppressed migration and invasion capacity of both colorectal cancer cell types (Figures 2F, G, p<0.05).




Figure 2 | Recombinant Dkk3 inhibited the aggressive phenotypes of colorectal cancer cells. Treatment with recombinant Dkk3 protein significantly suppressed the proliferation of HCT-15 and HCT-116, compared with the control cells (A). Recombinant Dkk3 protein could induce G2 arrest (B) and cell apoptosis (C) of both kinds of cells in a dose-dependent manner. JC-1 staining also demonstrated that recombinant Dkk3 exposure significantly reduced mitochondrial membrane potential of the abovementioned cells treated with 150 ng/mL recombinant protein by fluorescence (D) and flow cytometry (E). After being exposed to recombinant Dkk3, both colorectal carcinoma cells exhibited a low ability to migrate (F) and invade (G), compared with the control cells. *P < 0.05, compared with the control.





Dkk3 and Expression of Phenotype-Related Proteins in Colorectal Cancer Cells

As indicated in Figure 3, Dkk3 overexpression and treatment decreased the levels of expression of Bcl-2, cdc25B, cdc25c, N-cadherin, slug, and twist; in contrast, it increased the levels of expression of Bax and E-cadherin in HCT-15 and HCT-116 cells. Use of anti-Dkk3 antibody suppressed the effects of Dkk3 overexpression on these phenotype-related proteins.




Figure 3 | The phenotype-related proteins were screened by Western blot. Dkk3 overexpression and treatment decreased the expression of Bcl-2, cdc25B, cdc25c, N-cadherin, Slug, and Twist and increased the expression of Bax and E-cadherin in HCT-15 and HCT-116 cells. The anti-Dkk3 antibody suppressed the effects of Dkk3 overexpression on the expression of the phenotype-related proteins.





The Effects of Dkk3 on Colorectal Carcinogenesis

We matched the conditional Dkk3-KO mice with villin-cre mice and designed primers to confirm deletion of Dkk3 using DNA from tail and intestinal mucosa (Figure 4A). Using PCR, we confirmed biallelic deletion of Dkk3 in intestinal mucosa of Dkk3-villin-cre mice (Figure 4B). Expression levels of Dkk3 and E-cadherin were downregulated in intestinal mucosa of Dkk3-villin-cre at both mRNA and protein levels compared to WT mice; the reverse was observed for N-cadherin expression (Figures 4C, D). However, no remarkable lesions were observed in the intestinal mucosa of either mouse group (data not shown). A single case of colorectal adenoma was observed in villin-cre/Dkk3 mice after chemical induction, showing a higher level of expression of CDX1, ki-67, and c-erB2 than that observed in normal mucosa (Figure 4E).




Figure 4 | The effects of Dkk3 on tumor growth and carcinogenesis of colorectal cancer. PCR primers were designed (A) and subjected to PCR of tail and stomach DNA (B) with the same color for the corresponding primers and products. Expression of Dkk3, N-cadherin, and E-cadherin was confirmed by real-time PCR (C) and Western blot (D). Immunohistochemistry was employed to observe the maker proteins’ expression in the intestinal adenoma of target villin-cre/Dkk3 knockout mice induced by sodium desoxycholate (E). *p < 0.05, compared with the transfectant or knockout mice. WT, wild-type mice; VD, villin-cre +; Dkk3 -/-.





Dkk3 Expression in Colorectal Cancer

Dkk3 mRNA expression was examined in colorectal cancer tissues using RT-PCR (Figure 5A). Dkk3 mRNA expression levels were lower in cancer than in normal tissues (Figure 5B, p<0.05). Concurrently, they were higher in tubular than in mucinous adenocarcinoma (Figure 5B, p<0.05). Levels of Dkk3 expression were higher in nested than in infiltrative adenocarcinomas (Figure 5B, p<0.05). However, these levels of expression were not correlated with gender, age, cell differentiation, lymph node or distal metastasis status, peritoneal spread, lymphatic and venous invasion, or tumor size in colorectal cancer patients (p>0.05, data not shown).




Figure 5 | The clinicopathological significance of Dkk3 mRNA expression in colorectal cancer. Real-time RT-PCR was employed to detect Dkk3 mRNA expression in colorectal cancer samples (A). Its expression was compared with pathological behaviors of colorectal cancer (B). N, normal; C, cancer, TA, tubular adenocarcinoma; MA, mucinous adenocarcinoma. *p < 0.05.



Moreover, levels of Dkk3 mRNA expression were higher in colorectal cancer than in normal mucosa according to the Skrzypczak and Gaedcke method (Figure 6A); however, no difference was detected in TCGA database analysis (Figure 6B). These levels were positively associated with lymph node metastasis status in colorectal cancer patients (Figure 6B). In addition, colorectal cancer-associated fibroblasts had a higher level of Dkk3 expression compared to that observed in CD133+ or CD133- cancer cells (Figure 6C, p<0.05). There was no correlation between survival rate among colorectal cancer patients and Dkk3 expression levels (p>0.05, data not shown). However, a negative relationship between Dkk3 mRNA expression and prognosis was observed in patients with stage II or IV disease and in those with a high mutation burden (Figure 6D, p<0.05). Additionally, Dkk3 mRNA expression levels were correlated negatively with the rate of promoter methylation (p<0.05, data not shown). There was no association between Dkk3 promoter methylation and survival rates (p>0.05, data not shown).




Figure 6 | The bioinformatics analysis of Dkk3 mRNA expression in colorectal cancer. Oncomine (A) and TCGA (B) data sets were employed to analyze Dkk3 expression in colorectal cancer, and its expression was compared with pathological parameters of cancers. Dkk3 mRNA expression was higher in cancer-associated fibroblasts (CAF) than CD133-positive (CD133+) and -negative (CD133-) colorectal cancer cells (C). Kaplan-Meier curves were used to analyze the prognostic significance of Dkk3 mRNA expression according to KM plotters (D). HR, hazard ratio; N, lymph node metastasis. *p < 0.05; ****p < 0.001.



Dkk3 protein expression levels were lower in cancer than in normal tissues (Figure 7, p<0.05). In addition, Dkk3 protein expression levels were lower in tubular than in mucinous adenocarcinomas (p<0.05); similarly, they were lower in nested than in infiltrative adenocarcinomas (p<0.05). However, Dkk3 protein expression levels did not correlate with gender, age, cell differentiation rate, lymph node or distal metastasis status, peritoneal spread, lymphatic and venous invasion, or tumor size in colorectal cancer patients (p>0.05).




Figure 7 | The clinicopathological significance of Dkk3 protein expression in colorectal cancer. Western blot was employed to detect Dkk3 protein expression in colorectal cancer samples (A). Its expression was compared with pathological behaviors of colorectal cancer (B). N, normal; C, cancer, TA, tubular adenocarcinoma; MA, mucinous adenocarcinoma. *p < 0.05.





Dkk3-Related Signal Pathways in Colorectal Cancer

In GSEA, enriched Dkk3-related signaling pathways in colorectal cancer tissue included those associated with cellular adhesion and migration, melanogenesis, chemokine, Hedgehog, JAK-STAT, TOLL-like receptor, TGF-β, MAPK, and calcium signaling (Table 1, p<0.05).


Table 1 | Dkk3-enriched signal pathway in colorectal cancer according KEGG analysis.






Discussion

Shin et al. (22) reported that Dkk3 immunostaining was gradually downregulated from the epidermis in normal skin, actinic keratosis to squamous cell carcinoma (SCC). Dkk3 mRNA expression level was lower in SCC than in normal skin. In the present study, expression of Dkk3 mRNA and protein was downregulated in colorectal cancer cells, which is consistent with previous studies (12–17). A previous high-throughput study has shown a negative correlation between the level of Dkk3 mRNA expression and its promoter methylation rate (18). These findings suggest that Dkk3 expression is downregulated in colorectal cancer due to Dkk3 promoter methylation. Our previous study of gastric and lung cancer cells treated with 5-Aza has shown a significantly negative association between Dkk3 promoter methylation and mRNA expression (18, 23). In a separate study, the rate of Dkk3 promoter methylation was higher in breast cancer than in normal tissue and was independently associated with adverse prognosis (24). Bioinformatics analysis has shown higher levels of Dkk3 mRNA in colorectal cancer; however, this finding might be accounted by between-study differences in methods used (RT-PCR, Western blot, and tissue microarray vs. RNA sequencing). Herein, we have shown that colorectal adenoma occurred in chemical-exposed and Dkk3-deleted intestine, suggesting that Dkk3 abrogation might enhance chemically induced colorectal carcinogenesis.

Horikawa et al. (25) found that Dkk3 overexpression suppressed the proliferation of human bladder cancer cells by downregulating CD147 expression. Here, it was observed that both recombinant Dkk3 protein and Dkk3 overexpression might inhibit cell proliferation and trigger G2 phase arrest in both colorectal cancer cell types. Previously, we observed that the presence of Dkk3 overexpression and recombinant Dkk3 triggered G1 phase arrest in gastric cancer cells by downregulating Cyclin D2 and Cyclin E expression via the Wnt/β-catenin pathway (18). These data indicated that the effect of Dkk3 on the cell cycle depended on cell specificity. Additionally, a higher apoptosis rate was detected in both colorectal cancer cell types exposed to recombinant Dkk3 protein or transfected with Dkk3-expressing plasmid; this finding was consistent with that of our previous study (18). JC-1 staining showed that both treatments decreased mitochondrial membrane potential of colorectal cancer cells, suggesting both treatments induced colorectal cancer cell apoptosis via the mitochondrial pathway. Previously, we have reported on a positive relationship between Dkk3 and Caspase-3 expression in both colorectal and lung cancers (21, 23). It has been suggested that Dkk3 could cause c-JNK activation, mitochondrial translocation of Bax, and Bcl-2 under-expression in apoptotic induction (4). Shin et al. (22) have shown that Ad-Dkk3 induced JNK activation and subsequent apoptosis in lung cancer cells. It has been suggested that expression of cytosolic and secretory Dkk3 protein types might contribute to apoptotic induction of colorectal cancer cells via the mitochondrial pathway. Altogether, this evidence suggests that downregulated expression or loss of Dkk3 in colorectal cancer cells might disrupt the balance between apoptosis and proliferation.

In both gastric and colorectal cancers, Dkk3 expression was negatively correlated with the depth of invasion, lymph node involvement, and clinicopathological staging (18, 21); this finding was consistent with that of another study (26). Herein, the Dkk3 mRNA expression level was higher in nested than in filtrated cancer tissue, and recombinant Dkk3 and ectopic Dkk3 expression seemed to attenuate the migrative and invasive capacities of colorectal cancer cells, indicating that both kinds of intervention might effectively inhibit the risk of invasion or metastasis in advanced colorectal cancer. Dkk3-related signal pathways included cellular adhesion and migration in colorectal cancer, supporting this hypothesis. Hoang et al. (27) have previously reported that Dkk3 can inhibit invasion and motility of osteosarcoma cells via the Wnt/β-catenin pathway. Meanwhile, adeno-Dkk3 gene delivery has been demonstrated to suppress tumor growth and the rate of invasion and metastasis of prostate cancer cells (10). Moreover, Dkk3 expression enhanced cellular adhesion and reduced the rate of cellular migration of melanoma cells (28). Than et al. (29) reported that intraperitoneal adeno-Dkk-3 administration suppressed peritoneal dissemination of scirrhous gastric cancer. These findings suggest that invasive and metastatic properties of malignancies might be due to decreased expression levels or loss of Dkk3.

Zenzmaier et al. (30) report that plasma Dkk3 level was increased among older adults and that it might serve as a marker of senescence. Concurrently, the serum level of Dkk-3 was significantly lower in ovarian, gastric, and colorectal cancer patients than in healthy controls (18, 31, 32). In contrast, serum Dkk3 concentration appeared higher in colorectal cancer patients than in healthy individuals; a similar finding was reported in a study of cervical cancer (32). In addition, we found higher supernatant Dkk3 level in Dkk3 transfectants of colorectal and gastric cancer cells (18). Dkk3 treatment caused the same results as Dkk3 overexpression in line with our data (18, 23), which could be blocked with anti-Dkk3 antibody (18). Zhang et al. (33) reported that soluble Dkk-3 protein levels were associated with prostate acinar growth. It has been proposed that soluble Dkk3 protein may bind to transmembrane co-receptor Lrp6 to suppress Wnt/β-catenin signaling (4, 34). As a result, we hypothesized that recombinant Dkk3 might bind to receptors to reverse aggressive phenotypes of gastrointestinal cancer cells in either an autocrine or a paracrine manner (17).

Dkk3 expression has been shown to induce β-catenin degradation by interacting with protoesome βTrCP, blocking the effect of nuclear β-catenin on TCF-4 activity, and suppressing the expression of TCF-4 targets (c-myc, VEGF and cylcin D) (17, 35). The human dynein light chain, Tctex-1, may interact with Dkk3, which might be involved in ER stress and intracellular dynein motor dynamics (36). However, a separate study has reported that Dkk3-carrying adenovirus infection of normal human fibroblasts induced interleukin-7 production, triggered by ER stress proteins (ASK1, p38, IRE1α and IRF-1) (37). The repressing effects of Dkk3 overexpression on aggressive colorectal cancer cell phenotypes might be due to a higher rate of secretion of its soluble form alongside interaction of its cytosolic and other types of protein.

In this study, hypoexpression of cdc25B and cdc25c was associated with the suppressing effects of Dkk3 on proliferation and tumor growth as cdc25B activates Cyclin-dependent kinase CDC2 required for mitosis progression; concurrently, cdc25C promotes Cyclin B-Cdk1 complex formation required for G2/M phase transition (38). The presence of Bax-Bcl-2 complex on the mitochondrial membrane can lower the rate of apoptosis as Bax can open the mitochondrial anion channel to initiate apoptosis (39). Consequently, Bax hyperexpression and Bcl-2 hyperexpression may explain the inductive effect of Dkk3 in apoptosis of colorectal cancer cells. Slug and twist promoted epithelial-mesenchymal transition (EMT) alongside E-cadherin under-expression and N-cadherin hyperexpression (40); downregulated expression of N-cadherin and of slug and twist, and upregulation of E-cadherin might result in the inhibitory effects of Dkk3 in EMT of colorectal cancer cells.

It has been reported that Dkk3 might orchestrate concomitant activation of β-catenin and YAP/TAZ in cancer-associated fibroblasts (CAFs) by interfering with the Kremen negative regulator and increasing cell-surface levels of LRP6 as an HSF1 effector, required to promote tumor aggressiveness (41). Zhou et al. (42) demonstrated that Dkk3 was produced by pancreatic stellate cells and stimulated tumor growth, metastasis, and chemoresistance of pancreatic ductal adenocarcinoma in the paracrine and autocrine manner via the NF-κB pathway. Zenzmaier et al. (43) found that Dkk-3 promoted fibroblast proliferation and myofibroblast differentiation and regulated angiopoietin-1 expression in prostatic stroma potentially by enhancing PI3K/Akt signaling, which triggered angiogenesis in prostate cancer. Our bioinformatics data showed higher Dkk3 expression in CAF than in CD133+ or in CD133- cancer cells, supporting the hypothesis that Dkk3 in cancer stromal cells might be involved in cancer progression.

Dkk3 was positively associated with survival rate among patients with nasopharyngeal carcinoma (26). Yang et al. (23) found that Dkk3 mRNA overexpression positively correlated with overall, progression-free, and post-progression survival rates among lung cancer patients even when stratified by sex, histological subtyping, disease grade, TNM stage, chemotherapy and radiotherapy type, or smoking status. Herein, Kaplan-Meier analysis indicated that mRNA expression or promoter methylation of Dkk3 was not linked to overall survival rate among colorectal cancer patients; this finding was consistent with that of our immunostaining tests (21). Moreover, Dkk3 expression had no prognostic significance in colorectal cancer at either mRNA or protein level. However, its mRNA expression was negatively correlated with poor prognosis among colorectal cancer patients with Stage II and IV disease and among those with a high mutation burden; these findings might provide guidance for clinical practice.

In conclusion, Dkk3 expression was downregulated in colorectal cancer tissue due to its promoter methylation; this finding can be used in assessing cancer aggressiveness. Recombinant Dkk3 protein and forced Dkk3 overexpression might suppress aggressive phenotypes of colorectal cancer cells. These findings indicate that Dkk3 might be a promising target for gene therapy in colorectal cancer if it can specifically be expressed in cancer cells. However, future studies need to elucidate Dkk3 receptor or partner and the associated signaling pathway.
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Metastasis of cancer is the main cause of death in many types of cancer. Acute shear stress (ASS) is an important part of tumor micro-environment, it plays a crucial role in tumor invasion and spread. However, less is known about the role of ASS in tumorigenesis and metastasis of NSCLC. In this study, NSCLC cells were exposed to ASS (10 dyn/cm2) to explore the effect of ASS in regulation of autophagy and exosome mediated cell survival. Finally, the influence of SIRT2 on NSCLC cell metastasis was verified in vivo. Our data demonstrates that ASS promotes exosome and autophagy components releasing in a time dependent manner, inhibition of exosome release exacerbates ASS induced NSCLC cell apoptosis. Furthermore, we identified that this function was regulated by sirtuin 2 (SIRT2). And, RNA immunoprecipitation (RIP) assay suggested SIRT2 directly bound to the 3′UTR of transcription factor EB (TFEB) and facilitated its mRNA stability. TFEB is a key transcription factor involved in the regulation of many lysosome related genes and plays a critical role in the fusion of autophagosome and lysosome. Altogether, this data revealed that SIRT2 is a mechanical sensitive protein, and it regulates ASS induced cell apoptosis by modulating the release of exosomes and autophagy components, which provides a promising strategy for the treatment of NSCLCs.
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INTRODUCTION

Lung cancer stands as the leading cause of cancer-related deaths world-wide (Siegel et al., 2019). Non-small lung cancer (NSCLC) accounts for 87% of all lung cancers, with about 75% of cases diagnosed at a later stage leading to poor prognosis (Cancer Genome Atlas Research Network, 2014). Radiation and chemotherapy are valid available treatment strategies, but these approaches cannot improve the poor 5 years survival rate of these patients, which ranges from 5 to 31% (Herbst et al., 2018). Metastasis is the key contributor to tumorigenesis in many cancers, including NSCLC (Gassmann et al., 2004; Gupta and Massague, 2006). Metastasis is defined as the migration of cancer cells from its primary site of origin to progressively invade and colonize the neighboring tissues (Steeg, 2016). Cancerous cells migrate either by entering the blood stream directly or through the lymphatic system (Chaffer and Weinberg, 2011). Several proangiogenic factors secreted by the tumor cells aid in the formation and connection with the capillary system which allows intravasation and circulation of these cells in the blood stream (Folkman, 1986; Sitohy et al., 2012). Once in the blood stream, cells encounter multiple stresses due to flow of blood, lymph or other tissue fluids (Tarbell et al., 2014). Shear stress (SS) is a key factor that has previously been associated with organogenesis and maintenance (Rutkowski and Swartz, 2007). In spite of the negative effects of SS, studies have indicated low-shear stress enhances migration, proliferation, and differentiation of circulating tumor cells (CTCs) (Sebastian et al., 2020). Studies have attempted to elucidate how CTCs can survive in such harsh conditions, and it has been suggested that they undergo multiple morphological and molecular changes to adapt and survive under mechanically stressful conditions (Cognart et al., 2020). Interestingly, it has been reported that SS can induce autophagy in different cancer cell types (Fleury et al., 2006; Das et al., 2018). Autophagy has varying roles in multiple cell types, critically cancer cells depend on autophagy to maintain a minimal metabolic requirement and survive under harsh conditions through self-degradation of organelles and protein aggregates (Mowers et al., 2018). In an in vitro study by Lien et al. (2013) found that SS (0.5, 6, and 12 dyn/cm2) increased autophagy which was evident from the acidic vesicular organelle formation, microtubule-associated protein light chain 3 (LC3B) transformation and p62/SQSTM1 degradation in HCC cells. In addition, to protect cells against these autophagic components, cancer cells under acute SS have an alternative protection mechanism through the release of autophagic components through extracellular vesicle (EV) release (Reck et al., 2014). Recently, a study has indicated such release of exosomes are regulated by a member of the sirtuin family, SIRT1. A study by Latifkar et al. (2019), indicated that SIRT1 down-regulation altered the secretome and increased the exosome release in breast cancer cell lines. This study further indicated that SIRT1 reduced the tumorigenesis of breast cancer by altering the lysosomal activity. However, sirtuin’s role in NSCLC is still not clear.

The aim of this study is to assess the effect of ASS in NSCLC and to elucidate the role of sirtuins in stress response and survival of cancer cells. Initially, we identified that NSCLCs exposed to ASS (10 dyn/cm2) clearly shed increased level of exosomes and autophagic components. Interestingly, ASS exposed NSCLCs expressed less SIRT2 and the expression of SIRT1 remained unaffected. Further, it was evident that SIRT2 regulated autophagosome formation, apoptosis, and metastasis by binding and regulating the expression of a key player in the lysosomal biogenesis and autophagy, transcription factor EB (TFEB). Thus, this study aims to elucidate the role SIRT2 and TFEB in NSCLC tumorigenesis and shed light into ASS associated mechanisms, thus aiding in identification of potential target for treatment strategies against NSCLC.



MATERIALS AND METHODS


Clinical Samples

We collected forty pairs of NSCLC tissue samples and healthy lung tissues from the Xin Hua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine. Based on the TNM criteria for NSCLC, we grouped and selected samples for this study. Patients who previously received chemotherapy or radiotherapy were eliminated from the study. All subjects provided written informed consents. This study was approved by the Institutional Review Board of Xin Hua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine and is in compliance with the principles laid down in the Declaration of Helsinki.



Cell Culture

NSCLC cells A549 and H1299 were purchased from American Type Culture Collection (ATCC, Manassas, VI, United States). The cells were cultured in Dulbecco’s Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA) in 37°C and 5% CO2.



Plasmids and Lentivirus

The pcDNA3.1 vector (Invitrogen, United States) with a full-length cDNA sequence of either SIRT2 or TFEB were used to overexpress SIRT2 or TFEB, respectively. Empty pcDNA3.1 vector and scrambled shRNA or siRNA were used as negative controls. Further, LipofectamineTM 2000 (Invitrogen, United States) was used to transfect H1299 or A549 cells with the above-mentioned plasmids. Post 48 h of transfection, cells were collected for further use.



Ad-mCherry-GFP-LC3B Transfection

A549 and H1299 cells were seeded onto 24 well plate and cultured in DMEM complete medium till 50% confluence. Further, the complete medium was replaced with viral solution with MOI of 10. Post 24 h, the medium was removed and the cells were washed with PBS and DMEM medium. Further, the cells were continued to be cultured in DMEM medium till use.



Quantitative Real-Time PCR (RT-qPCR)

Total RNA was isolated using the Trizol reagent (Gibco, Carlsbad, CA, United States). Using primescript RT reagent kit, the RNA was reverse transcribed to cDNA, and SYBR-Green qPCR (Invitrogen) was performed using an Applied Biosystems system (Foster City, CA, United States). The primers used for these experiments were SIRT2 Forward: 5′-TGCGGAACT TATTCTCCCAGA-3′; Reverse: 5′-CCAGCCGATACTCGT TCAGC-3′, TFEB Forward: 5′-ACCTGTCCGAGACCTATGGG- 3′; Reverse: 5′-CGTCCAGACGCATAATGTTGTC-3′, GAPDH Forward: 5′-GGAGCGAGATCCCTCCAAAAT-3′; Reverse: 5′-GGCTGTTGTCATACTTCTCATGG-3′. The relative abundance of mRNA was normalized to GAPDH and the 2–ΔΔCT method was used to analyze expression levels.



Western Blotting Analysis

Total protein was isolated from tissue samples using RIPA buffer (Sigma-Aldrich). After quantification using Bradford assay(Thermo Fisher Scientific, Waltham, United States), 20 μg of total protein were pretreated with loading buffer and loaded in 5–20% SDS-polyacrylamide gel (Bio-Rad Laboratories, Hercules, United States). After migration, the samples were transferred into a nitrocellulose membrane (GE Healthcare Life Science). Subsequently, the membranes were blocked using 5% skim milk in PBS buffer for 1 h. Further, the membranes were incubated overnight at 4°C in the primary antibody diluted in 1% skim milk in PBS buffer. The primary antibodies used were anti-SIRT2 antibody (Cell Signaling Technology, Beverly, CA), anti-TFEB antibody (Abcam, Cambridge, United Kingdom), anti-TSG101 antibody (Abcam, Cambridge, United Kingdom), anti-CD63 antibody (Abcam, Cambridge, United Kingdom), anti-HSP70 antibody (Abcam, Cambridge, United Kingdom), and anti-LC3 antibody (Cell Signaling Technology, Beverly, CA). For housekeeping, anti-β-actin antibody (Sigma, St. Louis, MO) was used. After washes with PBS, the membranes were incubated with HRP-conjugated secondary antibodies (Cell Signaling Technology, Danvers, MA) and were visualized using Odyssey Imaging Systems (LI-COR Biotechnology, Lincoln, United Kingdom).



TUNEL

Using TUNEL detection kit (Beyotime, Hangzhou, China), apoptosis in A549 and H1299 cells were monitored following the manufacturer’s protocol. Cells cultured in a 24 well dish were initially incubated with proteinase K followed by TUNEL reaction mixture for 1 h at 37°C. Further, the cells were monitored using a confocal microscope (Leica, Germany). Controls were incubated with DNase I (positive control) or labeling solution (negative control) for 1 h. Percentage of TUNEL positive cells were assessed using MetaMorph image 7.1.2.0 software.



Isolation of Exosomes

Initially, 10% FBS was centrifuged overnight at 100,000 g to remove any existing exosomes. Further, the cells were cultured in medium with the above mentioned FBS for 24 h and the medium was centrifuged at 320 g for 10 min followed by centrifugation at 2,000 g for 15 min which allows removal of any cellular debris. Further, the supernatant was again centrifuged 10,000 g for 30 min at 4°C. The supernatant collected from the previous step was again centrifuged at 100,000 g for 70 min and the pellet was washed with PBS and recentrifuged at 100,000 g for 70 min. The pellet contained exosomes which was further processed for other experiments.



Transmission Electron Microscopy (TEM)

When NSCLC cells (H1299 and A549 cells) reached 90% confluence, cells were collected and centrifuged at 1,500 rpm for 15 min. To the pellet, 0.5% glutaraldehyde fixative was added and incubated for 10 min at 4°C. Further, the samples were centrifuged at 12,000 rpm for 12 min. After discarding the supernatant, 3% glutaraldehyde was added. Finally, 1% osmium tetroxide was used to fix again, dehydration was performed using acetone, and embedding was done using Epson812. Ultra-thin sections were obtained and double staining with uranyl acetate and lead citrate was performed. Finally, exosomes and autophagosomes were observed using TEM.



Nanoparticle Tracking Analysis (NTA)

The isolated exosomes were assessed with NanoSight NS300 (Malvern, Cornell NanoScale Science and Technology Facility) to determine the sizes and concentrations of exosomes in a given sample. Further, the data was assessed using NTA 3.2 Dev Build 3.2.16.



Flow Cytometry of Apoptosis

Annexin V-FITC Apoptosis Detection Kit (Sigma-Aldrich) was used to assess apoptosis rate after exposure to ASS. Cells were suspended in binding buffer and incubated at 37°C. Further, the cells were incubated with 10 μL Annexin V-FITC and 5 μL PI in the dark. Finally, cell apoptosis rate was measured by Flow Cytometer using FlowJo software (Beckman Coulter, Fullerton, CA, United States).



In vitro Invasion Assay

4 × 104 cells were suspended in 200 μL of serum-free medium, and seeded into an upper chamber of the Transwell chamber (8 μm pore size; Millipore, Burlington, MA, United States) which was pre-coated with 20 μg Matrigel (BD Biosciences) while medium supplemented with 10% FBS was added into the lower chamber after 24 h incubation at 37°C. The non-invaded cells in the upper chamber were removed, and the cells that invaded the matrix were fixed with 4% paraformaldehyde for 20 min and stained with 0.5% crystal violet. Finally, the invaded cells are counted under the microscope.



Immunofluorescence Staining (IFC)

Cells were initially washed with PBS and fixed with 4% paraformaldehyde for 10 min. Further, after thorough washing with PBS, the cells were blocked with 1% BSA in PBST (PBS + 0.1% Tween 20) for 30 min. Then, the cells were incubated in primary antibody in 1% BSA in PBST overnight (4°C). The primary antibodies used were anti-LC3B antibody (Cell Signaling Technology, Beverly, CA), anti-LAMP1 antibody (Cell Signaling Technology, Beverly, CA), and anti-TFEB antibody (Abcam, Cambridge, United Kingdom). Further after washes with PBST, the cells were incubated with FITC-conjugated or CY3-conjugated secondary antibodies (Abcam, Cambridge, United Kingdom) for 1 h. The cells were finally incubated with DAPI and imaged using an Olympus microscope at 40× magnification. Images were captured using an Olympus FSX100 microscope and analyzed using Image J software.



RNA Immunoprecipitation (RIP) Assay

After preparing whole-cell lysates from confluent A549 and H1299 cells, equal amounts of lysates and antibodies against SIRT2 or control IgG were loaded onto magnetic beads followed by extensive washing. We performed individual pulldowns at 4°C. Then, we amplified recovered RNA for immunoprecipitation and generated cDNA. The obtained cDNA were used to perform PCR with primers TFEB Forward: 5′-ACC TGTCCGAGACCTATGGG-3′; Reverse: 5′-CGTCCAGACGC ATAATGTTGTC-3′, GAPDH Forward: 5′-GGAGCGAGATC CCTCCAAAAT-3′; Reverse: 5′-GGCTGTTGTCATACTTCTC ATGG-3′. The PCR product was migrated in an agarose gel (1.5%, Biowest, Nuaille, France) and the product was observed using a FluorChemTM Q system (Alpha Innotech, San Jose, CA, United States) and visualized.



Model of Metastases of NSCLC in Nude Mice

BALB/c nude mice were purchased from Shanghai SLAC Laboratory Animal, aged at 4–6 weeks. All animal experiments included in this study were approved by the Ethical Committee for Animal Research of Xin Hua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine. Further, All animal care procedures accorded with institutional and international guidelines. The mice were housed in a controlled temperature of 22 ± 1°C with a 12 h light/12 h dark cycle with lights on from 0600 to 1,800 h. A549 and H1299 cells were cultured as previously mentioned and a suspension of 1 × 106 cells were injected intraperitoneally into the nude mice (n = 6 for each cell type). The mice were weighed once every 3 days for 33 days. After 33 days, the mice were sacrificed and lungs and liver were isolated to assess the levels of metastasis.



Histological Analysis

Histological analysis was performed using a previously described protocol. Initially tissues were collected and fixed in 10% formalin followed by paraffin embedding and sectioning into 10 μm slices. The sections were stained using hematoxylin-eosin (H&E) and observed and imaged under a light microscope.



Statistical Analysis

All the data were analyzed using SPSS software. All in vitro experiments were repeated at least three times independently. Data are presented as the mean ± standard deviation (SD) unless otherwise stated. P < 0.05 was considered significant.



RESULTS


ASS Induced NSCLC Cell Autophagy

To understand the effects of ASS on NSCLC, two epithelial carcinoma cell lines A549 and H1299 were exposed to ASS (10 dyn/cm2) for 60 min. Further, we performed western blotting analysis from the ASS exposed cell lysates and observed that LC3II/GAPDH ratio was significantly increased in the ASS exposed cells compared to the unexposed (maintained in resting state) control cells (Figures 1A–C). Interestingly, there was no significant decrease in the p62 levels in both A549 and H1299 cells. Further, A549 cells expressing EGFP-LC3 (a mammalian ortholog of atg8) were examined. These A549-EGFP-LC3 cells were exposed to ASS (10 dyn/cm2) for varied periods of time (0, 15, 30, and 60 min). Evidently, with prolonged exposures to ASS, we could clearly observe a exposure time-dependent increase in the number of EGFP-LC3 green puncta in the cells. By 60 min, a significantly high number of green LC3 puncta could be observed in the ASS exposed cells compared to the cells not exposed to ASS (0 min) (Figures 1D,E). In order to further characterize ASS induced autophagy, A549 cells were exposed to ASS (10 dyn/cm2) for varying lengths of time (0, 15, 30, and 60 min), which were further characterized by TEM. TEM has been previously used to trace the process of autophagy, as the autophagosomes can be observed as bi- or multi-layer vacuole like structures encompassing components such as organelles. From the TEM images obtained at different times, it was evident that exposure to ASS increased the formation of autophagosomes in a time-dependent manner. After 60 min of exposure to ASS, it was clear that the cells had increased number of autophagosomes compared to the control (0 min ASS) (Figure 1F). These results indicate that ASS could induce autophagy in A549 cells. Next, to further understand the effect of ASS on apoptosis, we performed TUNEL assay on A549 cells. As shown in Figure 1G, we could observe an increasing number of TUNEL positive cells after 60 min of exposure to ASS. This further indicated a potential role of ASS in apoptosis.
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FIGURE 1. ASS activated NSCLC cell autophagy and promoted cell apoptosis. (A) The expression of LC3I/II and p62 were detected by western blot in A549 and H1299 cells treated with ASS (10 dyn/cm2) for 60 min or incubated at quiet state. All experiments were repeated three times, **P < 0.01. (B) Quantification of LC3II/LC3I ratio in relation to GAPDH, (C) Quantification of p62 levels in relation to GAPDH, (D,E) A549 cells expressing EGFP-LC3 were exposed to ASS (10 dyn/cm2) for indicated times (0, 15, 30, and 60 min); Scale bar, 10 μm. The percentage of cells with EGFP-LC3 puncta were quantified, **P < 0.01, ***P < 0.001. (F) TEM images of A549 cells exposed to ASS for 0, 15, 30, and 60 min; Scale bar, 1 μm. (G) TUNEL assay was performed after A549 cells were exposed to ASS for indicated times, the percentage of cell apoptosis were quantified by Image Pro Plus software, *P < 0.05, **P < 0.01, ***P < 0.001.




ASS Promoted Exosomes and Autophagy Related Components Release

As recent studies have revealed that mechanical stress affects exosome release of autophagic components, we were interested to observe the effects of ASS on exosomes (Reck et al., 2014). Initially, using TEM, we clearly observed and characterized the A549 cells derived exosomes (Figure 2A). Further, with the aid of a previously published protocol, we isolated the exosomes which were secreted by NSCLC cells; and then confirmed their presence through TEM and NANOSIGHT (Figures 2B,C). Exosomes were also isolated from A549 and H1299 cells exposed to ASS (10 dyn/cm2) and the further exosomes characterized with nanoparticle tracking analysis (NTA). It was evident that shared a similar size between control and ASS exposed group (Figure 2D), but the concentration of exosomes were significantly higher in the ASS exposed A549 and H1299 cells (Figure 2E). Expression of exosomes maker (TSG101, CD63, and HSP70) and autophagy component maker (LC3I/II) were assessed by western blot analysis. From the western blot analysis, it was clear that exosomes obtained after exposure to ASS, had high expression levels of TSG101, CD63, and HSP70 (Figures 2F,G,I,J). Interestingly, we also observed high levels of LC3II in the exosomes obtained from both A549 and H1299 after exposure to ASS (Figures 2H,K) compared to the control (static) cell exosomes. These data clearly indicate that ASS promotes exosomes secretion along with release of autophagic components in NSCLC.
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FIGURE 2. ASS promoted exosomes and autophagy related components release. (A,B) A549 cells derived exosomes observed by TEM, Scale bar, 200 nm. (C) The intensity and size of exosomes as evaluated by NANOSIGHT. (D,E) The concentration of exosomes isolated from A549 and H1299 cells after exposure to ASS for 60 min as acquired by Nanoparticle Tracking Analysis (NTA), ***P < 0.001. (F–K) Expression of exosomes maker (TSG101, CD63, and HSP70) and autophagy component maker (LC3I/II) were measured by western blot analysis, every experiment was repeated in triplicate, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




Suppression of Exosomes Release by ASS Will Induce NSCLC Cell Apoptosis

To understand the relationship between ASS and exosomes, we further treated the NSCLC cell lines with a known exosome inhibitor GW4689 (Essandoh et al., 2015) for 60 min and then exposed these cells to ASS (10 dyn/cm2) for 60 min. Exosomes were isolated and assessed by NTA. Interestingly, it was clear that even when cells were exposed to ASS, pretreatment with GW4689 decreased the concentration of exosomes (Figure 3A). Further, western blotting analysis confirmed that exosomes from GW4689 pretreatment group showed significantly decreased exosomes markers (TSG101, CD63, and HSP70) and autophagic marker (LC3II) in both A549 and H1299 cells (Figure 3B). This indicated that GW4689 was successful in inhibiting exosome secretion in ASS exposed NSCLCs. Further to understand the effect of suppression of exosome release on apoptosis of NSCLC, we performed TUNEL assay. Initially A549 cells were pretreated with GW4689 for 60 min and then the cells were exposed to ASS (10 dyn/cm2) for 0, 15, 30, and 60 min. By 60 min, in ASS exposed cells, a high number of TUNEL positive cells could be observed (Figure 3C). However, in the GW4689 pretreated cells, by 60 min the number of TUNEL positive cells increased even higher than the ASS exposed group (Figure 3D). This data was further confirmed by flow cytometry using Annexin V-fluorescein isothiocyanate (FITC) Apoptosis Staining/Detection Kit (Figures 3E,F) which indicated that GW4689 pretreatment significantly caused a 30% increase in apoptosis in the ASS exposed cells. Hence, it was clear that ASS increases apoptosis in NSCLC which could be exacerbated by the suppression of exosome secretion.
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FIGURE 3. Suppression of exosomes release exacerbated ASS induced NSCLC cell apoptosis. (A) A549 and H1299 cells were pretreated with exosome inhibitor GW4689 (GW) for 60 min and then exposed to ASS (10 dyn/cm2) for 60 min, the concentration of isolated exosomes were detected by NTA. (B) The expression of exosomes marker (TSG101, CD63, and HSP70) and secreted autophagy components (LC3 I/II) were analyzed by western blot. (C–F) After pretreatment with GW4689 for 60 min, NSCLC cells were exposed to ASS (10 dyn/cm2) for 0, 15, 30, and 60 min, the percentage of cell apoptosis was evaluated by (C,D) TUNEL assay and (E,F) flow cytometry using Annexin V-fluorescein isothiocyanate (FITC) Apoptosis Staining/Detection Kit, *P < 0.05, ***P < 0.001, ****P < 0.0001.




Role of SIRT2 on ASS Induced Cell Apoptosis

Previously, studies indicated the role of SIRT1 in exosome biogenesis. We were therefore interested to understand the roles of SIRT1 and SIRT2 in ASS associated autophagy and apoptosis. Initially, we performed western blotting analysis of ASS exposed A549 and H1299 cell lysates. It was clear that the increase in ASS exposure did not significantly affect the expression of SIRT1, while the expression of SIRT2 decreased significantly (Figures 4A,B). As stated earlier, exposure to ASS increased exosome release, apoptosis and decreased SIRT2 expression levels. Hence, we conducted experiments to assess the function of SIRT2 in exosome release and apoptosis. We overexpressed SIRT2 in A549 cells and observed a decrease in expression of exosome and autophagic markers after exposure to ASS for 60 min, indicating a decrease in the secretion of exosomes and autophagic components (Figures 4C,D). These data provided evidence to link our findings that SIRT2 is a negative regulator of the secretion of exosomes and autophagic components. In addition, to assess the impact of ASS and SIRT2 overexpression on apoptosis, we produced A549 cells that were stably overexpressing SIRT2 and performed TUNEL assay and flow cytometric analysis after exposure to ASS. Interestingly, both the TUNEL (Figure 4E) and flow cytometric assays (Figure 4F) showed that the overexpression of SIRT2 and ASS exposure increased apoptosis, higher than that in the ASS exposure only group. Another key observation was that after exposure to ASS, SIRT2 overexpressed cells mimicked the group of cells which were treated with GW (exosome inhibitor). At the same time, the Transwell assay (Figure 4G) revealed that SIRT2 overexpression and ASS exposure can significantly inhibit A549 cell invasion. This indicated that SIRT2 overexpression inhibited cell invasion and decreased secretion of exosome and autophagy factors thus increasing apoptosis in ASS exposed cells.
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FIGURE 4. Over expression of SIRT2 reduced exosomes and autophagy component release, promoted ASS induced cell apoptosis, inhibited cell invasion. (A,B) A549 and H1299 cells were exposed to ASS (10 dyn/cm2) for indicated times, and then the expression of SIRT1 and SIRT2 were detected by western blot, each experiment was repeated at least three times, **P < 0.01, ***P < 0.001, ****P < 0.0001. (C,D) After overexpression of SIRT2 or treatment with GW4689, A549 cells were exposed to ASS (10 dyn/cm2) for 60 min, quantitative analysis of the released exosome (TSG101, CD63, HSP70) and autophagy component (LC3) markers were carried out by western blot, ****P < 0.0001 compared to control group, $$$$ denote P < 0.0001 compared to ASS (10 dyn/cm2) group, &&&, &&&& denote P < 0.001 and P < 0.0001 compared to OE-NC group. (E,F) Cell apoptosis rate were, respectively, examined by (E) TUNEL assay, and (F) flow cytometry after the cells were stably overexpressed for SIRT2 or pretreated with GW4689 for 60 min. Further, the cells were exposed to ASS for 60 min, *** and **** denote P < 0.001 and P < 0.0001 compared to control group,### denote P < 0.001 compared to ASS (10 dyn/cm2) group, $$, $$$ denote **P < 0.01 and P < 0.001 compared to OE-NC group. (G) After overexpression of SIRT2 or treatment with GW4689, A549 cells were exposed to ASS (10 dyn/cm2) for 60 min, cell invasion was detected by Tranwell assay.




TFEB Overexpression Regulated Cell Apoptosis, Autophagy, and Invasion

Further, to understand how SIRT2 regulates autophagy, we assessed a downstream target of SIRT2, TFEB (transcription factor EB). A549 cells were exposed to ASS (10 dyn/cm2) for 0, 15, 30, and 60 min, and assessed for TFEB expression using qRT-PCR and western blotting. It was clear that ASS exposure decreased TFEB expression after 15 min, and both mRNA and protein TFEB levels decreased tremendously after 60 min (Figures 5A,B). Similarly, we also performed IFC staining and observed clear TFEB cytoplasmic staining in the control cells, whereas ASS exposed cells displayed decreased TFEB staining (Figure 5C). Previously, studies have indicated TFEB’s role in lysosomal biogenesis and autophagy (Sardiello et al., 2009; Napolitano and Ballabio, 2016). Hence, with the aid of A549 cells overexpressing TFEB, we performed IFC of key autophagic markers such as LAMP1 and LC3B after exposure to ASS (10 dyn/cm2). Evidently, ASS exposure clearly decreased LAMP1 expression, whereas TFEB overexpression rescued this inhibition of LAMP1 expression by ASS. Alternatively, ASS exposure increased LC3B expression but TFEB overexpression decreased its expression. Further, we could observe a strong co-localization of LC3B and LAMP1 specifically near the nuclear region in the TFEB overexpressed cell line, after exposure to ASS, indicating a potential increase in the fusion of autophagosome and lysosome (Figure 5D). Additionally, using western blotting, we observed that TFEB overexpression decreased exosome and autophagic components secretion after ASS exposure (Figures 5E,F). Using TUNEL assay and flow cytometry, we could confirm that TFEB overexpression increased apoptosis when compared to the control cells and thus mimicked the cells treated with GW (exosome inhibitor), after exposure to ASS (Figures 5G,H). In addition, through Tranwell assay (Figure 5I), we concluded that compared with the control cells, TFEB overexpression cells and the group of cells which were treated with GW significantly inhibited cell invasion, after exposure to ASS. These data indicated that TFEB overexpression decreased secretion of exosomes along with autophagic factors, accelerated autophagosome, and lysosome fusion, and increased apoptosis in ASS exposed NSCLC cells.
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FIGURE 5. Overexpression of TFEB accelerated fusion of autophagosome and lysosome, inhibited exosomes and autophagy component release, promoted cell apoptosis, regulated cell invasion. (A,B) A549 cells exposed to ASS (10 dyn/cm2) for 0, 15, 30, and 60 min, the expression of TFEB was detected by qRT-PCR and western blot, **P < 0.01, ***P < 0.001, ****P < 0.0001. (C) The expression level of TFEB after exposure to ASS (10 dyn/cm2) for 60 min were confirmed by cell immunofluorescence. (D) Immunofluorescence of LAMP1 and LC3B was performed on A549 cells exposed to ASS (10 dyn/cm2) for 60 min, the co-localization of LAMP1 puncta and LC3B puncta was observed in the merge image (yellow merge area), magnification, 600×. (E,F) A549 cells, after stable overexpression of TFEB or GW4689 treatment, were exposed to ASS (10 dyn/cm2) for 60 min, then isolated exosomes and autophagic components were identified and quantified by western blot, ****P < 0.0001 compared to control group, $, $$$$ P < 0.05 and P < 0.0001 compared to ASS (10 dyn/cm2) group, &&&, &&&& denote P < 0.001 and P < 0.0001 compared to OE-NC group. (G,H) Cell apoptosis was determined by TUNEL assay and flow cytometry, each group was treated the same as panel E, ** and *** denote P < 0.01 and P < 0.001 compared to control group, ###P < 0.001 compared to ASS (10 dyn/cm2) group, $, $$$ denote P < 0.05 and P < 0.01 compared to OE-NC group. (I) A549 cells, after stable overexpression of TFEB or GW4689 treatment, were exposed to ASS (10 dyn/cm2) for 60 min, Tranwell assay was used to detect cell invasion.




SIRT2 Directly Binds and Regulates TFEB Expression

Initially, using catRAPID we assessed the interaction between SIRT2 and 3′ UTR of TEFB. Evidentially, heatmap analysis indicated that SIRT2 and TFEB 3′ UTR associated with a high interaction propensity score of 84. The software also validated that this interaction had a high predictability rate due to the high discriminative power score of 98% (Figure 6A). Based on NSCLC tissue samples from TCGA database, we further performed Pearson’s correlation analysis to assess the association between SIRT2 and TFEB. Incidentally, SIRT2 and TFEB shared a positive relationship with an R-value of 0.41 (P < 0.0001) (Figure 6B). To further assess the effect of SIRT2 on TFEB, SIRT2 was either overexpressed (OE) or silenced (sh) in A549 cells and exposed to ASS (10 dyn/cm2) for 60 min. Further, we performed western blotting analysis to assess the levels of TFEB expression. Silencing of SIRT2 in the static cells, significantly decreased TFEB expression levels similar to the expression in cells exposed to ASS (10 dyn/cm2). However, overexpression of SIRT2, significantly recovered the TFEB expression levels after exposure to ASS (Figure 6C). This indicated that TFEB expression levels were SIRT2 dependent. RNA immunoprecipitation studies were also performed to confirm the interaction between SIRT2 and TFEB. Initially, A549 cells were either silenced or overexpressed for SIRT2 expression and after 48 h, we subsequently performed immunoprecipitation experiments on cell lysates using SIRT2 and control igG antibodies. Further, from the immunoprecipitated samples, the levels of target mRNA were assessed through qRT-PCR and semi-quantitative PCR. For the SIRT2 silenced cells, we identified significantly low levels of TFEB mRNA, however, for the cells which were overexpressed for SIRT2, we identified high levels of TFEB mRNA (Figures 6D,E). These evidences clearly indicated that SIRT2 promoted TFEB expression through direct binding with TFEB mRNA.
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FIGURE 6. SIRT2 promoted TFEB expression through direct binding with TFEB mRNA. (A) Prediction of the interaction between SIRT2 and TFEB 3′ UTR indicated as a heat-map, catRAPID identified the interaction between SIRT2 and TFEB with confidence (Interaction Propensity = 84, Discriminative Power = 98%). (B) Based on data from TCGA, Pearson correlation of SIRT2 and TFEB (P < 0.0001, R = 0.41). (C) A549 cells were either stably knocked-down or overexpressed for SIRT2, and then exposed to ASS (0 and 10 dyn/cm2) for 60 min, the expression of TFEB was determined by western blot, ***P < 0.001 compared to sh-NC group, $$$ P < 0.001 compared to OE-NC group. (D,E) Cellular extracts of NSCLC cells with either stable knockdown or overexpression of SIRT2 were immunoprecipitated with SIRT2 and IgG antibodies, the target TFEB mRNA of the immunoprecipitation was assessed through qRT-PCR and semi-quantitative RT-PCR. *P < 0.05, ****P < 0.0001.




SIRT2 Along With TFEB Regulates Autolysosome Formation, Exosomes, and Autophagy Component Release, Cell Apoptosis, and Invasion

To understand the role of TFEB and its association with autophagy, A549 cells were overexpressed for SIRT2 and silenced for TFEB and exposed to ASS for 60 min. As observed previously, overexpression of SIRT2 or TFEB, significantly decreased secretion of exosomes and autophagy factors, as indicated by western blotting analysis of TSG101, CD63, HSP70, and LC3 (Figures 7A,B). However, when SIRT2 was overexpressed but TFEB was silenced, we observed an opposite effect. This indicated that the effect of SIRT2 on secretion of autophagic factors and exosomes were dependent on TFEB expression. Further, using IFC, we could observe that SIRT2 or TFEB overexpression increased LAMP1 expression and co-localization with LC3B. However, when SIRT2 was overexpressed but TFEB was silenced, the expression of LAMP1 significantly decreased along with decrease in co-localization of LAMP1 and LC3B, indicating its effect on autolysosome formation (Figure 7C). Subsequently, we checked TFEB’s effect on apoptosis using flow cytometry and TUNEL assay. Similar to the previous evidence, overexpression of SIRT2 and silencing of TFEB, significantly decreased the number of apoptotic cells compared to the SIRT2 or TFEB overexpressing cells (Figures 7D,E). At the same time, Transwell assay (Figure 7F) proved overexpression of SIRT2 and silencing of TFEB, significantly increased cell invasion compared to the SIRT2 or TFEB overexpressing cells. These evidences clearly indicate that TFEB is required for SIRT2’s effect on autolysosome formation, exosomes, and autophagy component release, cell apoptosis, and regulated invasion in NSCLCs.
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FIGURE 7. SIRT2 along with TFEB regulates autolysosome formation, exosomes, autophagy component release, cell apoptosis, and invasion. (A,B) NSCLC cells transfected with OE-SIRT2, OE-TFEB, or OE-SIRT2/sh-TFEB plasmid were exposed to ASS (10 dyn/cm2) for 60 min, exosomes which were released were collected and exosome specific markers were detected by western blot, ****P < 0.0001 compared to pcDNA3.1 group, &&&, &&&& denote P < 0.001 and P < 0.0001 compared to shNC group. (C) After treatment as previously described, immunofluorescence was performed to detect the fluorescence intensity of LAMP1 and LC3B, the co-localization of LAMP1 and LC3B was observed as yellow region in the merged image, magnification, 600×. (D,E) The percentage of cell apoptosis was determined by TUNEL assay and flow cytometry, *, **, *** and **** denotes P < 0.05, P < 0.01, P < 0.001, and P < 0.0001 compared to pcDNA3.1 group, &&, &&& denote P < 0.01 and P < 0.001 compared to SIRT2/shNC group. (F) After treatment as previously described, cell invasion was measured by Tranwell assay.




SIRT2 Overexpression Inhibited NSCLC Cell Metastasis in vivo

To assess the role of SIRT2 in vivo NSCLC cells (A549 and H1299) were transfected with SIRT2 overexpression systems, and were injected into nude mice (n = 6 mice per group). Mice were monitored and weighed once every 3 days for 33 days. Compared to the mice injected with NSCLC control cells (A549, H1299; n = 6 mice per group), nude mice injected with SIRT2 overexpressing cells had lesser weight loss (Figures 8A,B). After 33 days, mice were sacrificed and images were taken of the lung and liver tissues to assess the formation of metastatic nodules (Figures 8C,D). Evidentially, SIRT2 over-expression significantly decreased metastatic nodule formation in the mice lung and liver tissues. We subsequently performed hematoxylin and eosin staining of these tissue sections and observed severe metastasis in the NSCLC injected mice models (Figures 8E,F). However, mice injected with SIRT2 over-expressing cells showed significantly less metastasis compared to the mice injected with control cells.
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FIGURE 8. SIRT2 overexpression inhibited NSCLC cell metastasis in vivo. (A,B) SIRT2 overexpressing A549 cells or H1299 cells were injected into nude mice, the weight of each mouse were detected for every 3 days, after 33 days, the mice were sacrificed and liver and lung metastasis nodules were observed and imaged (n = 6 mice per group, *P < 0.05, **P < 0.01, ***P < 0.001). (C,D) Six weeks after injection with SIRT2 over-expressed A549, H1299, or control cells, representative photos of nude mouse metastatic nodules of lung and liver were imaged. Black arrowheads show metastatic nodules in lungs and livers and the total numbers of metastatic nodules were assessed (n = 6 mice per group, *P < 0.05, **P < 0.01). (E,F) Representative images of hematoxylin and eosin staining of lung and liver metastasis nodule, Scale bar, 50 μm.




SIRT2 and TFEB Are Down-Regulated in Human NSCLC Tissues and Positively Correlated With Overall Survival in TCGA Database

We assessed the expression levels of SIRT2 and TFEB in the TCGA-LUAD database, and observed that both SIRT2 and TFEB were highly expressed in the LUAD patients (Figures 9A,D). Further, from the database, two groups were identified based on the SIRT2 and TFEB expression levels. It was evident that increased levels of SIRT2 and TFEB were associated with high survival rate (Figures 9B,E). Further, we performed western blotting analysis of the protein samples from patient NSCLC lung tissue and normal lung tissue samples, and observed that NSCLC tissues had significantly lower expression of SIRT2 and TFEB levels (Figures 9C,F). Additionally, we also performed IHC staining of the tissue sections and observed significantly low levels of both SIRT2 and TFEB levels in the NSCLC tumor tissues (Figures 9G,H). These evidences clearly indicate that SIRT2 and TFEB levels are significantly down-regulated in NSCLC patients and low expression levels of these transcripts are associated with low-survival rates.
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FIGURE 9. SIRT2 and TFEB are down-regulated in human NSCLC tissues and positively correlated with overall survival in TCGA database. (A,B) The expression of SIRT2 in lung adenocarcinoma (LUAD) patients (t = 483, n = 347) and the overall survival (OS) curves of SIRT2high (n = 239) and SIRT2low (n = 239) NSCLC patients. (C) Total protein was extracted from human NSCLC tissues (n = 40), SIRT2 was detected by western blot, the upper panel shows SIRT2 expression in four tumor tissues samples with corresponding normal lung tissues samples. And the lower panel indicates the quantification of SIRT2 protein level in NSCLC tissues and corresponding normal lung tissues (n = 40, ****P < 0.0001). (D,E) The expression of TFEB in LUAD patients (t = 483, n = 347) and the OS curves of TFEBhigh (n = 239) and TFEBlow (n = 239) NSCLC patients. (F) The expression of TFEB was detected in human NSCLC tissues, the upper panel shows the expression of TFEB in four tumor tissues samples with corresponding normal lung tissues samples. And the lower panel indicates the quantification of SIRT2 protein level in NSCLC tissues and corresponding normal lung tissues (n = 40, ***P < 0.001). (G,H) IHC staining detected the expression of SIRT2 and TFEB in human NSCLC tissues (n = 40, **P < 0.01).




DISCUSSION

Exposure to various mechanical stress such as fluid SS (FSS), low SS (LSS), and ASS instigates multiple responses in different cell types. In endothelial cells, SS is necessary for the organization and functional activity of the cells (Girard and Nerem, 1993). However, in cancer cells SS initiates a cascade of protective mechanisms which allows them to migrate, invade, and proliferate in target regions, which is a key process to establish metastasis in cancer. Based on previous studies, LSS (5–30 dyn/cm2) seem to increase migration and invasion of the cancer cells whereas high stress (160 dyn/cm2) leads to tumor cell death. In our study, use of ASS (10 dyn/cm2) for 60 min led to a significant increase in migration and invasion of NSCLC cells in our in vivo models as indicated by increased metastatic nodules in liver and lung tissues of our nude mice model (Figure 8B). Previously, a study by Aung et al. (2014) showed that low level 3D stress on a breast cancer lines increased its migration and invasion in a protease dependent manner. In another study in hepatocellular carcinoma (HCC), it was indicated that this increase in migration and invasion could be through the rearrangement of actin cytoskeleton and integrin signaling which also plays a key role in autophagy (Zeng and Tarbell, 2014). In starved HeLa cells, microfilament and autophagic markers were colocalized and inhibition of microfilaments decreased autophagy as well (Aguilera et al., 2012). Further another study on HepG32 cells, confirmed the role of SS on autophagy and cytoskeletal proteins as FSS seems to induce cytoskeletal remodeling and migration through activation of autophagy (Yan et al., 2019). In our study, we found a significant increase LC3B puncta after increased exposure to ASS (10 dyn/cm2) for 60 min (Figures 1A–D). Further, we observed an increase in secretion of exosomes containing autophagy factors such as LC3B after exposure to ASS (Figures 2F–K). Another study indicated that ASS induced formation, accumulation, and fusion of autophagosome with multivesicular body which is then released into the extracellular space through EVs (Wang et al., 2019). We also observed that exposure to ASS increased apoptosis in NSCLCs, however, inhibition of exosome release significantly increased apoptotic rate (Figures 3C–F). These results clearly indicated that the cancer cells releases Exosomes with the autophagic components as a protective mechanism against apoptosis.

To understand the mechanism underlying such release in exosomes and autophagic components by NSCLC exposed to ASS, we explored the role of sirtuins, a family of proteins previously identified to be associated with autophagy and lysosomal pathway. A study by Latifkar et al. (2019) (McAndrews et al., 2019), identified sirtuin 1 (SIRT1) levels were significantly decreased in the triple negative breast cancer patients, and from their in vitro studies it was evident that the knockdown of SIRT1 significantly increased release of exosomes and autophagic factors. In our study, interestingly we observed no significant decrease in SIRT1 levels, however, we observed a significant decrease in SIRT2 levels in NSCLC cells exposed to ASS (Figures 4A,B). Further, overexpression (OE) of SIRT2 significantly decreased exosome and autophagic component release, this effect was similar to the use of autophagic inhibitor (GW4689) (Figure 4C). Additionally, it was also evident that OE of SIRT2 increased apoptosis of NSCLCs (Figure 4E), thus clearly indicating that SIRT2 is necessary for the anti-tumorigenic effect of ASS.

Next, we were curious as to how SIRT2 regulated autophagy in NSCLCs, and assessed the expression of its down stream target TFEB. In NSCLCs, we observed that TFEB was also highly downregulated, and silencing of SIRT2 decreases TFEB expression (Figure 6C). RNA immunoprecipitation assays indicated that SIRT2 binds to the 3′ UTR of TFEB and thus regulates its expression (Figure 6E). TFEB has been previously reported to link autophagy and lysosomal biogenesis pathways (Settembre et al., 2011). Specifically, TFEB seems to be phosphorylated by mTOR and the dephosphorylated TFEB migrates to the nucleus where it activates many lysosomal and autophagy related target genes (Napolitano and Ballabio, 2016). Further, TFEB also has been identified to bind to many autophagy associated genes and thus activate autophagosome biogenesis and autophagosome–lysosome fusion (Settembre et al., 2011). In the current study, we observed that TFEB overexpression increased the autophagosome and lysosome fusion as indicated by the increased co-localization of LC3B and LAMP1 near the nucleus. It was also evident that TFEB overexpression decreased exosomes, autophagic component release, and increased apoptosis in ASS exposed NSCLC cells (Figure 7).

We also observed that SIRT2 overexpression significantly decreased the levels of metastatic nodules in the lungs and liver of the in vivo mice model (Figures 8C–F). Further, we observed that SIRT2 and TFEB were downregulated in human NSCLC tissues and their decreased expression correlated with poor prognosis in patients (Figure 9).



CONCLUSION

These evidences clearly indicate for the first time, the role of SIRT2 and TFEB in tumorigenesis of NSCLCs. Further, it also sheds light on the protective mechanisms of cancerous cells under exposure to ASS, thus providing potential drug targets for the treatment of NSCLC. Further, studies on LSS in NSCLC could shed more light on the intrinsic mechanisms associated with metastasis and tumorigenesis.
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Hepatocellular carcinoma (HCC) patients are mostly diagnosed at an advanced stage, resulting in systemic therapy and poor prognosis. Therefore, the identification of a novel treatment target for HCC is important. B-cell receptor-associated protein 31 (BAP31) has been identified as a cancer/testis antigen; however, BAP31 function and mechanism of action in HCC remain unclear. In this study, BAP31 was demonstrated to be upregulated in HCC and correlated with the clinical stage. BAP31 overexpression promoted HCC cell proliferation and colony formation in vitro and tumor growth in vivo. RNA-sequence (RNA-seq) analysis demonstrated that serpin family E member 2 (SERPINE2) was downregulated in BAP31-knockdown HCC cells. Coimmunoprecipitation and immunofluorescence assays demonstrated that BAP31 directly binds to SERPINE2. The inhibition of SERPINE2 significantly decreased the BAP31-induced cell proliferation and colony formation of HCC cells and phosphorylation of Erk1/2 and p38. Moreover, multiplex immunohistochemistry staining of the HCC tissue microarray showed positive associations between the expression levels of BAP31, SERPINE2, its downstream gene LRP1, and a tumor proliferation marker, Ki-67. The administration of anti-BAP31 antibody significantly inhibited HCC cell xenograft tumor growth in vivo. Thus, these findings suggest that BAP31 promotes tumor cell proliferation by stabilizing SERPINE2 and can serve as a promising candidate therapeutic target for HCC.

Keywords: B-cell receptor-associated protein 31 (BAP31), serpin family E member 2 (SERPINE2), hepatocellular carcinoma (HCC), cell proliferation, molecular target therapy


INTRODUCTION

Liver cancer is ranked the sixth most common diagnosed cancer and the fourth leading cause of cancer death worldwide with 841,000 new cases and 782,000 deaths in 2018 (Bray et al., 2018). Hepatocellular carcinoma (HCC) is the main histological subtype of primary liver cancer accounting for 75–85% of cases (Sia et al., 2017). Several risk factors for HCC have been identified: HBV or HCV infection, aflatoxin exposure, alcohol consumption, smoking, etc. (Budny et al., 2017; Ozakyol, 2017; Fujiwara et al., 2018). However, the specific mechanisms of pathogenesis of HCC remain unclear. Moreover, most of the HCC patients are diagnosed at an advanced stage, which is not the best time for surgery treatment, and thus, the patients have to receive systemic therapy (Villanueva, 2019). Therefore, the identification of a novel treatable target will advance the understanding of the molecular pathogenesis of HCC and provide clues for clinical molecular-targeted therapy.

B-cell receptor-associated protein 31 (BAP31) has been identified as a cancer/testis antigen (Dang et al., 2018) that plays an important role in promoting the development of several types of cancers via diverse molecular mechanisms. The abnormal high expression of BAP31 was initially detected in cervical cancer, and BAP31 expression was positively correlated with the clinical stages of cervical cancer (Dang et al., 2018). Subsequently, Chen et al. (2019) demonstrated that BAP31 can promote the proliferation of gastric cancer cells by interacting with cyclin kinase inhibitor p27kip1. Xu et al. (2019) found that miR-451a binds to the 5′-UTR of BAP31, induces the endoplasmic reticulum (ER) stress, and leads to the inhibition of cell proliferation in colorectal cancer. A recent study has shown that BAP31 may promote the migration and invasion of lung cancer cells via the Akt/m-TOR/p70S6K pathway (Wang et al., 2020). However, the function of BAP31 in HCC cells remains unclear.

In this study, the function of BAP31 in HCC was investigated in vitro and in vivo. BAP31 expression was associated with clinical stages in HCC patients. BAP31 overexpression significantly promoted proliferation and colony formation of HCC cells, and downregulation of BAP31 reversed this process. In vivo studies validated the promotion of tumor growth by BAP31 overexpression, and downregulation of BAP31 inhibited tumor growth. The major mechanism of action includes direct BAP31 binding to and upregulation of serpin family E member 2 (SERPINE2), resulting in an increase in the phosphorylation levels of Erk and p38. Inhibition of SERPINE2 attenuated BAP31-induced cell proliferation. Additionally, an anti-BAP31 antibody significantly suppressed HCC cell xenograft tumor formation. Our findings suggest that targeting BAP31 may be an effective strategy for HCC treatment.



MATERIALS AND METHODS


Cell Cultures

The human HCC cell lines Hep3b and MHCC97h were used in this study; Hep3b cell line was purchased from GeneChem Co., Ltd. (Shanghai, China), and MHCC97h cell line was obtained from the Department of Hepatological Surgery, Xijing Hospital (Xi'an, China). Both cell lines had been authenticated by STR profiling and tested for mycoplasma contamination. Cells were cultured in high-glucose Dulbecco's Modified Eagle's Medium (DMEM) (HyClone, USA) supplemented with 10% FBS (Gibco, Gaithersburg, MD, USA) and 1% penicillin/streptomycin (Solarbio, China) under 5% CO2 at 37°C.



BAP31 Overexpression and Knockdown by Lentivirus Infection

Full-length BAP31 cDNA (NCBI Reference Sequence: NM_005745.7) was cloned into the pCDH-CMV-MCS-EF1-GFP-Puro vector. The GFP-BAP31 lentivirus and vector control were constructed by GeneCreate Co., Ltd. (Wuhan, China). BAP31-specific shRNA (GGTGAACCTCCAGAACAAT) was inserted into the hU6-MCS-Ubiquitin-EGFP-IRES-Puro vector. The BAP31-shRNA lentivirus and vector control were constructed by GeneChem Co., Ltd. (Shanghai, China).

Hep3b and MHCC97h cells were seeded in 96-well plates. After 24 h, 10 μl of virus [diluted in enhanced infection solution (ENi.S.), 1 × 108 TU/ml] and 10 μl of polybrene (E) (diluted polybrene in ENi.S., 50 μg/ml) was added to 80 μl of ENi.S. per well. After 12 h, the infection solution was removed and replaced with fresh medium containing 10% FBS. Puromycin (5 μg/ml) (MP Biomedicals, Shanghai, China) was added into the supernatant to select transfected cells. BAP31 expression was validated by qPCR and western blot.



RNA Isolation, Quantitative Real-Time RT-PCR, and RNA-Sequence Analysis

Total RNA was isolated using TRIzol reagent (Invitrogen, USA). cDNA was generated by PrimeScript RT Master Mix (TaKaRa, Tokyo, Japan), and quantitative real-time PCR was performed using SYBR-green PCR Master Mix (TaKaRa). Human β-actin gene was used as an internal control. PCR assays were performed three times, and the expression of the genes was calculated using the comparative Ct method (ΔΔCt). PCR primers for BCAP31 were 5′-CGGCTGGTGGAGTTGTTAGT-3′ (sense) and 5′-CGGGATTGTTCTGGAGGTT-3′ (antisense) (Sangon Biotech, China).

The differentially expressed genes in BAP31-knockdown cells were identified using RNA-sequence (RNA-Seq) analysis. Total RNA was extracted and sent to LC-Bio Technology Co., Ltd. for sequencing (Hangzhou, China).

The raw sequence data reported in this paper have been deposited in the Genome Sequence Archive (Genomics, Proteomics, and Bioinformatics 2017) in the National Genomics Data Center (Nucleic Acids Res 2020), Beijing Institute of Genomics (China National Center for Bioinformation), Chinese Academy of Sciences, under accession number CRA003471 that is publicly accessible at https://bigd.big.ac.cn/gsa/s/5N91IqLS (Wang et al., 2017; National Genomics Data Center Members and Partners, 2020).



siRNA Interference and Transfection

SERPINE2-siRNA was purchased from GenePharma (Shanghai, China); the siRNA sequences for SERPINE2 were as follows: si-SERPINE2 #1, 5′-GCUAACGCCGUGUUUGUUATT-3′ (sense) and 5′-UAACAAACACGGCGUUA-GCTT-3′ (antisense) and si-SERPINE2 #2, 5′-CCAGGGAUAUGAUUGACAATT-3′ (sense) and 5′-UUGUCAAUCAUAUCCCUGGTT-3′ (antisense). All transient transfections were performed using Attractene Transfection Reagent (QIAGEN, Germany) for 72 h.



Cell Proliferation and Colony Formation Assays

Cells were seeded into a 96-well plate at a density of 5 × 103 cells per well for 1, 2, or 3 days. Cell counting kit-8 (CCK-8) reagent (EnoGene, China) was added at a dilution of 1:10 to each well and incubated for 3 h. The absorbance was then measured at a wavelength of 450 nm using a SpectraMax plate reader (Molecular Devices, USA).

A total of 500 cells were seeded into 60-mm dishes and cultured in DMEM for 2 weeks. The colonies were then fixed with precooled ethanol and stained with a 0.5% crystal violet solution (Xi'an Hat Biotechnology, China). Each experiment was performed in triplicate and repeated three times.



Western Blot and Immunoprecipitation Assays

For detection of the protein levels of BAP31, SERPINE2, β-actin, Erk1/2, phospho-Erk1/2, p38, and phospho-p38, total protein was extracted using RIPA lysis buffer with protease and phosphatase inhibitors (Beyotime, China) from HCC cell lines. Protein concentrations were determined using a BCA protein assay kit. Proteins with different molecular weight were separated using 10% SDS-PAGE (Epizyme, China) and then transferred to a nitrocellulose membrane. After blocking with 5% non-fat milk (BD Biosciences, USA), the membranes were incubated with antibodies against BAP31 (Proteintech, China; 11200-1-AP; 1:2,000), SERPINE2 (Proteintech; 66203-1-Ig; 1:1,000), β-actin (Proteintech; 60008-1-Ig; 1:5,000), Erk1/2, p38 (Cell Signaling Technology, USA; 9926; 1:1,000), and phospho-Erk1/2, phospho-p38 (Cell Signaling Technology; 9910; 1:1,000).

For immunoprecipitation, a lysis buffer was prepared as follows: 20 mM HEPES, 150 mM NaCl, 2 mM EDTA, 1.5 mM MgCl2, 0.5% NP-40, and protease and phosphatase inhibitor (TargetMol, China). Cells were lysed using lysis buffer, and the supernatant was collected after centrifugation. Anti-BAP31 mouse monoclonal antibody (FMU-BAP31-2, preserved in our laboratory), anti-SERPINE2 antibody (Proteintech; 11303-1-AP), and mouse IgG isotype were added to the lysates with protein A beads and incubated overnight. The beads were collected and subjected to western blot.



Immunofluorescence Assays

Cells were seeded into a 15-mm glass bottom cell culture dish at a cell density of 30%. After three washes with phosphate-buffered saline (PBS), the cells were fixed with 4% formaldehyde and permeabilized with 0.2% Triton X-100 for 10 min. After blocking with 1% BSA, the cells were incubated with an anti-SERPINE2 rabbit polyclonal antibody for 2 h at room temperature. Cells were washed three times in PBS and incubated with mixed Cy5-labeled anti-BAP31 mouse monoclonal antibody and Cy3-labeled donkey anti-rabbit IgG for 1.5 h at room temperature. Cells were rinsed with PBS three times, stained with 4′,6-diamidino-2-phenylindole (DAPI), and analyzed with a confocal laser scanning microscope (Nikon, Japan).



Multiplex Immunohistochemistry Staining

The HCC tissue microarrays LV2089 and LV1221 (Alenabio, China) were deparaffinized in xylene and rehydrated in an ethanol gradient. Microarrays were stained according to Opal 7-plex technology (PerkinElmer) to simultaneously visualize five markers (DAPI was used to stain the nuclei) on the same slide. During each of the six cycles of staining, antigen retrieval (AR) was performed via microwave treatment in AR solution pH 6 or pH 9 (AR6 or AR9) suggested by immunohistochemistry (IHC) validation; blocking was followed by incubation for 15 min at room temperature (RT); primary antibodies [anti-BAP31 mouse monoclonal antibody, anti-SERPINE2 antibody, anti-LRP1 antibody (Abcam; ab92544), and anti-Ki67 antibody (Immunoway; YM6189)] were then incubated for 1 h at RT or overnight at 4°C. Then, HRP-labeled polymer goat anti-mouse and rabbit antibodies were incubated at RT for 10 min followed by 10-min incubation with tyramide signal amplification (TSA) opal fluorophores (Opal 520, Opal 570, Opal 620, or Opal 690). Microwave treatment was performed to remove the antibody–TSA complex at each cycle of staining with AR solution (pH 9 or pH 6). Finally, both microarrays were counterstained with DAPI for 5 min and enclosed in ProLong antifade mounting liquid (Solarbio). The slides were scanned using a PerkinElmer Mantra system (PerkinElmer), and the multispectral images were unmixed using spectral libraries that were previously built from the images stained for each fluorophore (mono-plex) using the inForm advanced image analysis software (inForm 2.4.1, PerkinElmer).



Animal Experiments

For tumor xenograft, stable BAP31-overexpressing and -knockdown Hep3b cells were injected subcutaneously (2 × 106 cell per site) into the right flanks of nude mice (8-week-old) (Department of Laboratory Animal Medicine of the Fourth Military Medical University). Hep3b cells transfected with the vector and control shRNAs were used. Five mice were randomly included in each group; mice were examined every 3 days to monitor tumor development. The size of the tumors was estimated with FUSION FX Spectra (Vilber, France), measured using calipers, and calculated as follows: length × width × height; the size was expressed in cubic centimeters. The differences in survival time were observed with 10 mice in each group.

For antibody treatment, anti-BAP31 mouse monoclonal antibody (10 mg/kg), mouse IgG isotype (10 mg/kg), and PBS (same volume as antibody) were intraperitoneally injected two times a week after Hep3b cell injection. This study was approved by the institutional review board of the Fourth Military Medical University.



Statistical Analysis

All experiments were repeated at least three times, and graphs were created by GraphPad Prism software 8.0 (San Diego, CA, USA). Student's t-test was used to compare the mean between two groups, and one-way analysis of variance (ANOVA) was used to compare three or more groups. Survival curves were evaluated using the Kaplan–Meier method. Correlations between two genes were analyzed using Pearson's correlation. P < 0.05 was considered statistically significant.




RESULTS


BAP31 Expression Is Increased in HCC Patients and Is Involved in HCC Cell Proliferation in vitro

To explore BAP31 characteristics in HCC, immunohistochemistry (IHC) staining was performed to determine the expression patterns of BAP31 using two tissue microarrays (LV2089 and LV1221) of 248 available HCC samples and 12 normal controls. The BAP31 expression was significantly increased in HCC tissue compared with that in normal liver tissue and was correlated with the clinical stage (Figures 1A,B). To evaluate the clinical significance of BAP31, the relationship between BAP31 expression levels and general characteristics of HCC patients was analyzed, including gender, age, tumor size, lymph node, grade, and tumor stage. The HCC patients were divided into high- and low-expression groups based on the median expression level of BAP31. Statistical analyses indicated that BAP31 expression was associated with the tumor size, lymph node metastasis, and tumor stage (Table 1).
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FIGURE 1. BAP31 expression is increased in HCC patients and involved in HCC cell proliferation in vitro. (A) Expression of BAP31 in normal liver and HCC tumor tissues at various clinical stages monitored by IHC analysis. (B) Expression of BAP31 in 12 normal liver and 248 HCC tumor tissue samples. (C) Western blot analysis of BAP31expression in Hep3b and MHCC97h cells after stable transfection using lentivirus. (D) Colony formation assay using Hep3b and MHCC97h cells. Representative images were acquired, and the colonies were counted. (E) Cell viability of Hep3b and MHCC97h cells detected by the cell counting kit-8 assay. *p < 0.05; **p < 0.01; ****p < 0.0001. BAP31, B-cell receptor-associated protein 31; HCC, hepatocellular carcinoma; IHC, immunohistochemistry.



Table 1. Correlation between the expression of BAP31 and clinicopathological parameters in HCC.
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To evaluate the function of BAP31 in HCC cells, stable Hep3b and MHCC97h cell lines transfected with BAP31-overexpressing and BAP31-knockdown vectors were established. Western blot assay was performed to test the efficiency of the overexpression and knockdown systems (Figure 1C). BAP31 knockdown significantly inhibited the colony formation of Hep3b and MHCC97h cell lines; however, the number of colonies was substantially increased in BAP31-overexpressing cells (Figure 1D). Moreover, the effect of BAP31 on HCC cell proliferation was investigated. BAP31 knockdown inhibited proliferation of Hep3b and MHCC97h cells, and ectopic BAP31 expression enhanced proliferation of HCC cells (Figure 1E).



BAP31 Promotes HCC Cell Proliferation in vivo

To investigate the function of BAP31 in vivo, stable BAP31-overexpressing, BAP31-knockdown, and control Hep3b cells were subcutaneously injected in nude mice. Twenty days after the injection, the tumor formation in four groups of mice was estimated with a FUSION FX Spectra imaging system. The tumor size was significantly decreased by BAP31 knockdown in Hep3b cells; the tumor size was substantially increased by BAP31 overexpression (Figure 2A). A similar result was observed in the tumors 30 days after the injection (Figure 2B). Moreover, the tumor weight of BAP31 knockdown group was significantly lower than that in the control group; conversely, the tumor weight of BAP31 overexpression group was substantially higher than that in the control group (Figures 2C,D). Additionally, the tumor growth curve indicated that the depletion of BAP31 expression inhibited tumor formation and development compared with that in the control groups (Figure 2E). To evaluate the effect of BAP31 expression on survival of mice, additional four animal groups were included in the study. The Kaplan–Meier survival curve showed that knockdown of BAP31 significantly increased the survival of mice in the xenograft model (Figure 2F).
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FIGURE 2. BAP31 promotes HCC cell proliferation in vivo. (A) BAP31 overexpression, BAP31 knockdown, and the corresponding control Hep3b cells were injected into the right flanks of nude mice. Images of tumors were acquired with FUSION FX Spectra after 20 days. (B–D) Images of tumors and tumor weight of nude mice 30 days after subcutaneous injection of Hep3b cells. The results represent the mean ± SD, and **p < 0.01 was considered significant; Student's t-test was used. (E) Growth curve of xenografts of Hep3b cells transfected with BAP31, vector, BAP31shRNA, and scramble shRNA (n = 5, mean ± SD). (F) Kaplan–Meier survival curve representing the overall survival of the injected mice with BAP31 overexpression or knockdown and control Hep3b cells (n = 10, **p < 0.01 by log-rank test). BAP31, B-cell receptor-associated protein 31; HCC, hepatocellular carcinoma; IHC, immunohistochemistry. *p < 0.05, **p < 0.01, and ***p < 0.001.




Identification of SERPINE2 as a Novel Downstream Gene Regulated by BAP31 in HCC Cells

To investigate the molecular mechanism of BAP31-mediated regulation of HCC cell proliferation, RNA-Seq was performed in BAP31-knockdown and control Hep3b and MHCC97h cells. The expression heat map profiled that mRNA levels of various genes were changed (Figure 3A). An overlap in the Venn diagram showed that 108 genes were upregulated or downregulated after knockdown of BAP31 expression. A total of 13 genes out of 108 were downregulated in both HCC cell lines (Figure 3B). These genes included SERPINE2, which is actively involved in tumor cell proliferation and invasion (Buchholz et al., 2003; Fayard et al., 2009; Bergeron et al., 2010; McKee et al., 2012; Wang et al., 2015; Zhang et al., 2020). Therefore, SERPINE2 was selected for further investigation. To confirm these results, qRT-PCR was used to determine that the SERPINE2 mRNA level was significantly decreased after BAP31 knockdown in Hep3b and MHCC97h cells (Figure 3C).
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FIGURE 3. Identification of SERPINE2 as a novel downstream gene regulated by BAP31 in HCC cells. (A) Identification of the genes regulated by BAP31 in HCC cells using RNA-Seq analysis. A heat map was constructed based on the genes differentially expressed between the control and BAP31-knockdown cells. (B) Comparative intersection analysis of differentially expressed genes in the BAP31-knockdown and control Hep3b and MHCC97h cells. (C) qRT-PCR analysis of SERPINE2 expression in the BAP31-knockdown and control HCC cells. (D) Lysates of HCC cells expressing the indicated proteins were immunoprecipitated with anti-BAP31, anti-SERPINE2, or mouse IgG isotype antibody, and the immunoprecipitates were probed with the indicated antibodies. (E,F) Colocalization of BAP31 (green) with SERPINE2 (red) in wild-type (E) and BAP31-overexpression and -knockdown and control (F) HCC cells according to confocal microscopy. BAP31, B-cell receptor-associated protein 31; HCC, hepatocellular carcinoma; SERPINE2, serpin family E member 2. **p < 0.01.


To investigate how BAP31 influences SERPINE2, coimmunoprecipitation (co-IP) assay was performed. The results indicated that BAP31 directly interacted with SERPINE2 in Hep3b and MHCC97h cells (Figure 3D). Confocal microscopy demonstrated colocalization of BAP31 with SERPINE2 in both HCC cell lines (Figure 3E). Moreover, the colocalization area was increased in BAP31-overexpressing HCC cells and decreased in BAP31-knockdown HCC cells compared with that in the corresponding control cells (Figure 3F).



Inhibition of SERPINE2 Attenuates BAP31-Promoted Cell Proliferation

SERPINE2 may be a downstream gene regulated by BAP31 in HCC cells; thus, the effect of SERPINE2 on the proliferation of HCC cells was investigated. The SERPINE2-knockdown and control Hep3b and MHCC97h cells were generated using transient transfection with SERPINE2 siRNA or control siRNA. The plate colony formation assay revealed that SERPINE2 contributed to cell proliferation in HCC cells because colony numbers were reduced with SERPINE2 deficiency (Figure 4A). Similarly, the CCK8 assay results showed that inhibition of SERPINE2 significantly decreased the HCC cell proliferation (Figure 4B). Considering the crucial roles of phosphorylated Erk1/2 and p38 in cell proliferation, the expression levels of these markers were analyzed in SERPINE2-knockdown cells. Western blot showed that the expression levels of Erk1/2, phospho-Erk1/2, and phospho-p38 were significantly decreased when SERPINE2 was knocked down; however, the BAP31 expression was not different in these cells, thus suggesting that SERPINE2 is a downstream gene of BAP31 and may regulate cell proliferation by influencing the phosphorylation of Erk1/2 and p38 (Figure 4C).
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FIGURE 4. Inhibition of SERPINE2 attenuates BAP31-promoted cell proliferation. (A) Colony formation assay using Hep3b and MHCC97h cells that were transiently transfected with SERPINE2 siRNA or control siRNA. Representative images were acquired, and the colony numbers were counted. (B) Cell viability of transiently transfected Hep3b and MHCC97h cells detected by the cell counting kit-8 assay. (C) Protein levels of SERPINE2, BAP31, β-actin, Erk1/2, phospho-Erk1/2, p38, and phospho-p38 were monitored by western blot. (D) Colony formation assay using BAP31-overexpressing HCC cells that were transiently transfected using SERPINE2 siRNA and control siRNA. (E) Cell viability of transiently transfected Hep3b and MHCC97h cells detected by the cell counting kit-8 assay. **p < 0.01. BAP31, B-cell receptor-associated protein 31; SERPINE2, serpin family E member 2.


To investigate the role of SERPINE2 in BAP31-promoted cell proliferation, the function of SERPINE2 in HCC cells was inhibited using SERPINE2 siRNA. The colony formation assay showed that inhibition of SERPINE2 decreased BAP31-induced colony formation (Figure 4D). Additionally, CCK8 assay results indicated that inhibition of SERPINE2 attenuated BAP31-promoted cell proliferation (Figure 4E).



Multiplex IHC Staining Reveals That BAP31 Is Positively Correlated With SERPINE2, LRP1, and Ki67 in HCC

To determine the relationship between the BAP31 and SERPINE2 expression levels in human HCC, the expression patterns of BAP31, SERPINE2, LRP1 (a downstream gene regulated by SERPINE2), and Ki-67 were analyzed using multiplex IHC staining technology. The HCC tissue microarrays LV2089 and LV1221 were stained using Opal 7-plex technology yielding in the simultaneous visualization of five markers (DAPI was used to stain the nuclei) on the same slide (Figures 5A,B). The merged-channel multispectral image and single-channel images of the A5 core of LV2089 are shown in Figure 5B. A typical analysis process of a composite image is shown in Figure 5C. Briefly, each core was under a supervised successive four-step exploration. First, at the tissue segment stage, the malignant tumor and tumor stroma were distinguished as red and green, respectively; second, at the cell segment stage, all cell nuclei were identified and labeled with green; third, at the phenotype segment stage, the tumor, interstitial, and immune cells were distinguished as red, green, and blue, respectively; finally, at the scoring stage, the expression levels of indicated markers in the tumor cells were calculated. Blue represents no expression, yellow represents 1+ expression, orange represents 2+ expression, and tan represents 3+ expression; each result is presented with a comprehensive H-score.
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FIGURE 5. Multiplex IHC staining indicates that BAP31 is positively correlated with SERPINE2, LRP1, and Ki67. (A) The HCC tissue microarrays LV2089 and LV1221 were stained using Opal 7-plex technology. (B) The merged-channel multispectral image was captured after four-cycle TSA staining and DAPI counterstain and separated by single channels. Fake colors are assigned as DAPI: blue, BAP31: green, SERPINE2: pink, LRP1: red, and Ki-67: brown (A5 point of LV2089 is shown). (C) The typical analysis process of composite image is as follows: first, at the tissue segment stage, the malignant tumor and tumor stroma are distinguished as red and green, respectively; second, at the cell segment stage, the cell nuclei are identified and labeled with green; third, at the phenotype segment stage, the tumor, interstitial, and immune cells are distinguished as red, green, and blue, respectively; finally, at the scoring stage, blue represents no expression, yellow represents 1+, orange represents 2+, and tan represents 3+; each result was assigned a comprehensive H-score. (D–F) The correlation between the expression levels of BAP31 and SERPINE2, Ki-67, and LRP1 in HCC tumor tissue. (G,H) The correlation between the expression levels of SERPINE2 and Ki-67 and LRP1. (I) The correlation between the expression levels of LRP1 and Ki-67. BAP31, B-cell receptor-associated protein 31; HCC, hepatocellular carcinoma; IHC, immunohistochemistry; SERPINE2, serpin family E member 2; TSA, tyramide signal amplification; DAPI, 4′,6-diamidino-2-phenylindole.


After the analysis of the expression levels of four markers in all available tissue samples, the correlations between the levels of BAP31, SERPINE2, and other markers were calculated. The expression level of BAP31 was positively associated with the expression levels of SERPINE2, its downstream gene LRP1, and tumor cell proliferation marker Ki-67 (Figures 5D–F). Moreover, the SERPINE2 expression level was positively associated with LRP1 and Ki-67 (Figures 5G,H). Additionally, the LRP1 expression level was correlated with Ki-67 (Figure 5I).



Anti-BAP31 Antibody Inhibits HCC Cell-Induced Tumor Formation

To investigate the potential of BAP31 as a molecular target for HCC therapy, the effect of anti-BAP31 antibody on HCC cell-induced tumor formation was assessed. Hep3b cells were subcutaneous injected into mice, and tumor formation was observed on day 22 after the injection. Starting from day 3, mice were intraperitoneally injected twice a week with anti-BAP31 antibody, mouse IgG isotype, or PBS. The anti-BAP31 antibody treatment group developed smaller tumors compared with those in the two control groups (Figure 6A). The tumor growth curve indicated that anti-BAP31 antibody significantly inhibited the formation of Hep3b tumor xenograft (Figure 6B). Moreover, the tumor weight in the anti-BAP31 antibody treatment group was significantly less than that in the two control groups; the tumor weight in the IgG isotype group was also lower than that in the PBS group (Figure 6C). Then, the subcutaneous Hep3b tumors were stained to evaluate the expression levels of BAP31, Ki-67, and SERPINE2. The IHC results showed that anti-BAP31 antibody decreased the number of Ki-67-positive cells and the expression level of SERPINE2 (Figure 6D).
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FIGURE 6. Anti-BAP31 antibody inhibits HCC cell-induced tumor formation. (A) Hep3b cells were injected subcutaneously into the right flank of nude mice on day 0. Starting from day 4, anti-BAP31 antibody, mouse IgG isotype, and PBS were administered intraperitoneally twice a week. Images of the xenograft tumors are shown. (B) Growth curve of xenografts of Hep3b cells treated with anti-BAP31, mouse IgG isotype, and PBS (n = 5, mean ± SD). (C) Weight of the xenograft tumors was measured. The results represent the mean ± SD, and **p < 0.01 was considered to be significant according to Student's t-test. (D) Expression levels of BAP31, Ki-67, and SERPINE2 in Hep3b subcutaneous tumors were monitored by IHC analysis. (E,F) Kaplan–Meier survival curve representing the overall survival of mice injected with Hep3b cells and treated with anti-BAP31 antibody, mouse IgG isotype, and PBS (n = 10, **p < 0.01 by log-rank test). (G) Hematoxylin and eosin staining of the heart, liver, lung, and kidney in various groups of mice. BAP31, B-cell receptor-associated protein 31; HCC, hepatocellular carcinoma; IHC, immunohistochemistry; SERPINE2, serpin family E member 2; PBS, phosphate-buffered saline.


To evaluate the effect of anti-BAP31 antibody on the survival of tumor-bearing mice, another three groups of mice were injected with Hep3b and administered with anti-BAP31 antibody, IgG isotype, and PBS. The Kaplan–Meier survival curve showed that the anti-BAP31 antibody treatment group had longer survival time than that in the control groups (Figures 6E,F). Finally, to evaluate the safety of anti-BAP31 antibody, hematoxylin and eosin (HE) staining was performed using the heart, liver, lung, and kidney samples of mice. The results showed that there were no significant differences in the histomorphology between the three groups (Figure 6G).




DISCUSSION

At present, the common methods of HCC treatment include surgical resection, liver transplantation, vascular intervention, radiofrequency ablation, etc. (Grandhi et al., 2016). However, these treatment methods provide additional benefit for the patients with early stages of HCC (Forner et al., 2018). For the patients diagnosed at an advanced stage, molecular targeting treatment and immunotherapy are more effective treatment options (Sim and Knox, 2018). BAP31 is a cancer/testis antigen that plays important roles in promotion of tumor development and can be a potential treatment target in malignant tumors (Dang et al., 2018). In the present study, the function of BAP31 was investigated in HCC using in vitro and in vivo experiments; the data demonstrated that targeting BAP31 may be an effective strategy for treatment of advanced HCC.

BAP31 is a membrane protein located on the ER and cell surface that acts as an important molecular chaperone (Kim et al., 2015). Early studies have reported that BAP31 is involved in the vesicular transport of transmembrane proteins: MHC-1, CD81, CD44, cellubrevin, etc. (Annaert et al., 1997; Abe et al., 2009; Eric et al., 2010). Wang et al. (2008) identified the sorting factor role of BAP31: it can recognize newly synthesized CFTRΔF508 and promote its retro-translocation from the ER and degradation by the 26s proteasome system in the cytoplasm. Moreover, Namba et al. (2013) reported that BAP31 could interact with CDIP1 to realize ER stress-mediated mitochondrial apoptosis, and it could also form a complex with mitochondria-localized protein Tom40 to enhance the communication between the ER and mitochondria (Namba, 2019). Of note, Xu J. L. et al. (2018) found deletion of BAP31 in the liver may destroy the ER homeostasis and then induce ER stress. Besides, Xu et al. (2019) demonstrated that silencing BAP31 can induce ER stress in colorectal cancer cells via upregulation of ER stress-related protein GRP78/BIP and activation of its downstream PERK/elF2α/ATF4/CHOP signaling pathway. Our results indicate that BAP31 is expressed at a high level in HCC patients, and its expression is positively correlated with clinical stage of HCC. Moreover, in vitro and in vivo functional experiments demonstrated that BAP31 can promote cell proliferation and tumor formation of HCC, suggesting that BAP31 may also maintain the ER homeostasis of HCC cells, protect cells from ER stress, and realize the promotion of cell proliferation and tumor formation. However, this hypothesis needed to be validated in further studies.

Moreover, SERPINE2 was identified as a novel downstream gene regulated by BAP31 in HCC, suggesting that BAP31 may influence the development of HCC by directly regulating the transport of SERPINE2. SERPINE2 belongs to the serine protease inhibitor superfamily and is a secreted protein that can inhibit the activity of thrombin, urokinase, plasmin, trypsin, and other serine proteinases (Li et al., 2016).

Previous studies have shown that the abnormal expression of SERPINE2 is involved in the occurrence and development of various cancers: mammary, pancreatic, prostatic, esophagus, gastric, colorectal cancer, etc. Fayard et al. (2009) reported that SERPINE2 can bind to LRP1, stimulate extracellular kinase signal, and regulate the invasion and metastasis of mammary tumor. Buchholz et al. (2003) found that SERPINE2 can enhance the invasion of pancreatic cancer cells by increasing ECM production. McKee et al. (2012) demonstrated that SERPINE2 can decrease the expression of Hh ligand Sonic, regulate Hh signaling, and eventually inhibit cell proliferation in prostate cancer. Moreover, Bergeron et al. (2010) demonstrated that activation of Ras, BRAF, and MEK1 increased the SERPINE2 expression, and SERPINE2 stimulated the ERK signaling to promote the colorectal cancer tumorigenesis. Additionally, Wang et al. (2015) identified SERPINE2 as a prognostic factor and anticancer target for gastric cancer due to its promotion of invasion. Recently, Zhang et al. (2020) reported that SERPINE2 promotes metastasis of esophageal cancer by activating BMP4. In our study, inhibition of SERPINE2 significantly decreased the BAP31-induced cell proliferation and colony formation of HCC cells and the phosphorylation of Erk1/2 and p38, suggesting that SERPINE2 may promote tumor cell proliferation through activation of the MAPK pathway.

In recent years, immunotherapy has gradually become one of the main therapies for various cancers due to beneficial enhancement of the immune function, decrease in the recurrence, and extension of survival (Xu F. et al., 2018; Gavrielatou et al., 2020; Schizas et al., 2020; Topalian et al., 2020; Wculek et al., 2020; Xu et al., 2020). Considering the cancer/testis antigen role of BAP31, the effect of an anti-BAP31 monoclonal antibody developed in-house and produced by a hybridoma on tumor formation in HCC was investigated. The antitumor effect of IgG observed in the study could be caused by the opsonophagocytosis, antibody-dependent cell-mediated cytotoxicity, or complement activation (Shen et al., 1981; Aderem and Underhill, 1999; Hester and Frank, 2019). Anti-BAP31 antibody significantly suppressed the tumor formation of HCC cells in vivo compared with that in the IgG isotype and PBS control groups; thus, BAP31 may be a new therapeutic candidate for HCC treatment.

In conclusion, our study demonstrated that BAP31 expression is upregulated in HCC and correlates with the clinical stage. BAP31 promoted cell proliferation by direct regulation of SERPINE2 and activation of the MAPK pathway. Moreover, anti-BAP31 antibody significantly inhibited the tumor formation of HCC cells, suggesting that targeting BAP31 may be a good candidate therapeutic strategy in patients with HCC.
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Background

Metastasis-associated protein 1 (MTA1) has been considered as a transcriptional regulator, which is significantly related to the prognosis in various types of tumors. However, whether MTA1 is a potential prognostic index of gastrointestinal cancer (GIC) remains controversial. The current meta-analysis was performed to evaluate the role of MTA1 expression in the prediction of the clinicopathological features and survival in GIC cases. And the results of gastric cancer were verified by immunohistochemistry (IHC).



Methods

Eligible studies assessing the relationship between MTA1 and GIC by IHC were searched in the PubMed, Cochrane, Ovid, Web of Science and CNKI databases by various search strategies. The STATA 16.0 software was applied to gather data and to analyze the potential relationship between MTA1 and GIC. The expression level of MTA1 was examined in 80 GC samples by IHC assay. SPSS 20.0 was applied for statistical analysis, and the survival curves were calculated by the Kaplan-Meier method. The data of 95% CI was displayed as “[a-b]”.



Results

According to the meta-analysis, the expression level of MTA1 was tightly associated with the tumor size (OR=1.82 [1.16–2.84], P=0.009), tumor tissue differentiation (OR=1.71 [1.24–2.37], P=0.001), depth of invasion (OR=3.12 [2.55–3.83], P<0.001), lymphatic metastasis (OR=2.99 [2.02–4.43], P<0.001), distant metastasis (OR=4.66 [1.13–19.24], P=0.034), TNM stage (OR=4.28 [2.76–6.63], P<0.001). In addition, MTA1 played the negative effects in 1- (RR=2.48 [1.45–4.25], P=0.001), 3- (RR=1.66 [1.30–2.11], P<0.001) and 5-year (RR=1.73 [1.37–2.20], P<0.001). Study in subgroup, grouped by language and tumor type, we reached similar conclusions. Further validation by IHC yielded similar conclusions. Tumor size (P=0.008), lymph node metastasis (P=0.007) and distant metastasis (P=0.023) significantly accompanied with higher expression of MAT1 in GC cases. Besides, the expression level of MTA1 was statistically significantly correlated with OS in GC cases (HR=2.061 [1.066–3.986], P=0.032), which suggested that MTA1 might be an independent prognostic marker for GC. Finally, we verified the correlation between the expression level of MTA1 and prognosis of GC in 80 GC samples.



Conclusions

MTA1 is tightly associated with metastasis-related factors and may constitute a promising prognostic factor of GIC.
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Background

Gastrointestinal cancer (GIC) is a group of malignant tumors, including esophageal squamous cell carcinoma (ESCC), gastric cancer (GC) and colorectal cancer (CRC), which account for more than 27% of the total newly diagnosed tumors worldwide, and account for about 37% of tumor-related death events among all types of tumors (1, 2). ESCC is one of the most common tumors in the world, and its 5-year overall survival rate is less than 30% (3, 4). Gastric cancer (GC) is also one of the most common malignant tumors, the incidence of which at the 6th position reported by the “2012 Global Cancer Statistics” (1). In Europe, CRC is the second most common malignant tumor and the second most common cause of cancer death (5). As we all know, the occult distant metastasis of gastrointestinal tumors is one of the important reasons for tumor recurrence post-surgical resection, as well as one of the important reasons for the low quality of life and high mortality of tumor patients. Nevertheless, current assessment methods for tumor prognosis cannot meet our needs, to find out the patients who may have a high risk of tumor recurrent and disease progression. Therefore, the work of finding the new biomarkers for gastrointestinal tumor prognosis prediction is necessary.

GIC is always associated with a high risk of metastasis, with its occurrence accompanied by lymphatic metastases and distant metastases. The evaluations of lymph node, distant metastasis and tumor size are taken into consideration both in clinical and pathological diseases staging, among which the first two indexes are considered as the pivotal indicators for predicting clinical outcomes. Nevertheless, developed evidences imply that current staging criteria are weakening in differentiating the prognostic features of GIC cases. Metastasis is not a one-step process, which contains the dissemination of primary cancer cells into surrounding tissues and cycle system, and colonization at distant metastatic sites (6). These contribute to morbidity and mortality in cancer cases. So, further understanding the bimolecular procedure of metastasis and developing new prevention strategies may improve clinical treatment effect.

Various kinds of factors (miRNA, LncR NA, DNA and protein) are associated with prognosis in cancer, some of which are involved in the regulation of cancer invasion and metastasis. Metastasis-associated proteins (MTAs) playing prominent roles in that, especially MTA1. MTAs are consisting of MTA1, MTA2, and MTA3, all of which can directly bind with the nucleosome remodeling and histone deacetylation (NuRD) complex, which plays a transcriptional regulatory role via histone deacetylation and chromatin remodeling (7). MTA1 is firstly found at a higher level in metastatic rat breast adenocarcinoma cell lines as compared with poorly metastatic counterparts, and is considered a tumor invasion and metastasis-related gene for its over-expression is positively associated with tumor invasion and metastasis (8). Toh et al. (9) demonstrated that the higher expression level of mRNA of MTA1 was tightly associated with the depth of tumor invasion and lymphatic metastasis, especially for lymph node metastasis. Song et al. (10) pointed out that the expression level of MTA1 was an independent risk factor in cancer prognosis. Indeed, a higher expression level of MTA1 accompanies with worse disease-free survival and 5-year survival rate in cancer patients.

To our knowledge that few reports summarized the prognostic significance of MTA1 in solid tumors by meta-analysis, and the role of MTA1 in the evaluation of GIC prognosis remains inconclusive and unclear. Thus, this meta-analysis was a necessity to assess the MTA1 expression for patterns and associations with prognosis and survival in patients with GIC. Similar results were also obtained through further validation by IHC.



Methods


Search Strategy

The method of this meta-analysis refers to an article published before (11), and the specific analysis process is as follows. Relevant articles were searched by two researchers independently in the PubMed, Cochrane, Ovid, Web of Science and CNKI databases, from inception to Oct 2020.The search strategies included (“MTA1” OR “Metastasis-associated protein 1”) AND (“esophagus” OR “esophageal” OR “esophagus” OR “gastric” OR “stomach” OR “cardia” OR “colon” OR “colorectal” OR “gastrointestinal” OR “sigmoid” OR “sigmoidal” OR “rectal” OR “anal” OR “rectum” OR “digestive tract”) AND (“carcinoma” OR “cancer” OR “tumor” OR “neoplasm” OR “tumor” OR “malignancy”). Full texts were reviewed to assess whether the reports met the inclusion criteria.



Inclusion and Exclusion Criteria

Studies were considered to be relevant if they met the following criteria (1): GIC diagnosis (2); immunohistochemistry (IHC) as evaluation method (3); association of MTA1 with GIC assessed (4); English and Chinese as publication language. Exclusion criteria were (1): data repetition (2); reviews (3); case reports (4); evaluation method not IHC (5); erroneous data.



Data Extraction and Quality Evaluation

According to the above selection criteria, all selected data in each study were rigorously extracted independently by two researchers (Pengping Li and Wei Cao). All disagreement has got consensus by a team discussion. The extracted data included 1st author’s name, the time of publication, count of patient, clinical and pathological parameters, and survival status. Two investigators independently evaluated the quality of eligible studies by the Newcastle- Ottawa scale (12).



Gastric Cancer Sample Preparation

The whole work in this paper was approved by The No.1 Affiliated Hospital of Anhui Medical University (AMU) Review Board and the Ethics Committees of AMU. Eighty matched gastric cancer paraffin-embedded sections and three paired fresh-frozen samples of gastric cancer were collected. All samples came from the patients, whoever got gastrectomy at the No.1 Affiliated Hospital of AMU from 2013 to 2015. Each of the above gastric cancer samples got a consistent pathological diagnosis by at least two pathologists. Clinical outcome was evaluated and recorded from the surgical treatment day to that of an event (i.e. patient death or tumor recurrence) or withdrawal.



Immunohistochemistry

Simply put, as in our previous work. GC tissues were washed by pre-cooling phosphate-buffered saline (PBS) (1X) to remove the blood and any other impurities. Then these issues were fixed in formalin (10%) for 30 min and followed by being embedded in paraffin for making eligible sections. Next, these sections were de-paraffinized and hydrated by xylene and serially diluted ethanol under the protocol. The endogenous peroxidase was inactivated by being treated with H2O2 (3%) for 10 min. Following, a citrate solution was applied for antigen retrieval with a microwave oven. And then, these sections were incubated with the required primary antibody for an appropriate time (12h to 16h) at 4°C. Then, these sections were treated with three 5-min mild washing in PBS (1X), followed by 20-min-treatment of secondary antibody. Finally, diaminobenzidine tetrahydrochloride (DAB) was applied before counterstaining with hematoxylin.



Evaluation of Immunohistochemistry

Two independent pathologists evaluated the expression intensity of MTA1 in IHC staining sections, basing on a semiquantitative grading system (includes the proportion of stained cells and the staining intensity). Staining intensity was scored in four degrees as: 0 (negative,-), 1 (weak, +), 2 (moderate, ++), and 3 (strong, +++). The proportion of positive epithelial cells was scored in four degrees as: 0 (no staining, -), 1(<1/3 staining, +), 2 (1/3 to 2/3 staining, ++), and 3 (>2/3 staining, +++). And the histological score was performed basing on the above results. Finally, 3–4 score is defined as positive expression, while the 0–2 score is defined as a negative expression.



Statistical Analysis

In this paper, the meta-analysis was carried out with the help of STATA software (version 16.0, StataCorp LP, College Station, TX, USA). Two parameters as Crude odds ratios (ORs) and 95% conﬁdence intervals (CIs) were applied to evaluate the strength of the correlation between the expression level of MTA1 and clinic-pathological indexes in GC cases. Both risk ratios (RRs) and 95% CIs were carried out in estimating the potential correlation between MTA1 status and overall survival (OS). The I2 index was applied to assess statistical heterogeneity across the studies. A random-effects model was applied in case with significant heterogeneity (I2>50% or P<0.1); otherwise, a fixed-effects model was employed. To estimate the potential publication bias, Begg’s rank correlation test and Egger’s weighted regression method were applied, with P<0.05 indicating statistically significant publication bias.

SPSS 16.0 (USA) was applied for any other statistical analysis. All experimental data are displayed as the mean ± SD. Chi-square (χ2) test was also performed for the data without normal distribution. Survival curves were performed by the Kaplan–Meier method, and the statistical significance was evaluated via the log-rank test. Statistical significance was defined as P< 0.05.




Results


Research Characteristics

The results of searching contained 356 eligible studies that can evaluate the potential relationship between the expression level of MTA1 and disease characteristics of GICs. After primary evaluation with titles, 60 reports were retained. Then, according to the description in abstracts and full texts, we found 15 studies assessed MTA1 and ESCC (10, 13–26), 6 evaluated MTA1 and GC (27–32), and 6 analyzed MTA1 and CRC (33–38), and all of which met the inclusion criteria (Figure 1). The included studies are described in detail in Supplementary Table 1. Antibodies (used for IHC) and assessment methods (MTA1 expression in IHC) in the eligible studies are displayed in Supplementary Table 2. MTA1 expression in 2,952 GIC patients was determined, and the sample size ranged from 44 to 436 in the 27 included reports. All of the above eligible studies applied IHC biotechnology to explore the relationship between the MTA1 of GIC. The overall positive expression rate of MTA1 in GIC samples was 57.5% (1,490/2,952), in which 51.8% (798/1,541) of ESCC samples with over-expression of MTA1, 43.8% (389/889) of GC specimens with over-expression of MTA1, and 58.0% (303/522) of CRC samples with over-expression of MTA1.




Figure 1 | Flow diagram of the study selection procedure.





Associations of MTA1 Expression With Clinicopathological Parameters in Gastrointestinal Cancer Patients

The expression of MTA1 was statistically significantly related to some metastasis-associated clinical indexes. As displayed in Table 1, over-expression of MTA1 was close to tumor size (OR=1.82 [1.16–2.84], P=0.009, Figure 2A), tumor tissue differentiation (OR=1.71 [1.24–2.37], P=0.001, Figure 2B), depth of invasion (OR=3.12 [2.55–3.83], P<0.001, Figure 2C), lymph node metastasis (OR=2.99 [2.02–4.43], P<0.001, Figure 2D), distant metastasis (OR=4.66 [1.13–19.24], P=0.034, Figure 2E) and TNM stage (OR=4.28 [2.76–6.63], P<0.001, Figure 2F). These results demonstrated that the higher expression level of MTA1 conferred the higher risk of digestive tract wall invasion, lymphatic metastasis and distant metastasis, which lead to advancing TNM stage. However, other clinicopathological variables had no associations with MTA1 expression, including gender, age, and vascular invasion.


Table 1 | Meta-analysis of a putative association between clinicopathological parameters and MTA1 expression in gastrointestinal cancer.






Figure 2 | Forest plots of odds ratios for associations of metastasis-associated protein 1 (MTA1) with tumor size (A) and differentiation (B), depth of invasion (C), lymph node metastasis (D), distant metastasis (E) and TNM stage (F).





Associations of MTA1 Over-Expression With Survival

Survival datum was extracted from Kaplan-Meier survival curves by the Engauge Digitizer software. In the current study, the expression level of MTA1 was significantly associated with OS in ESCC, GC, CRC and GIC cases (Table 2). GIC patients with positive expression of MTA1 all showed worse OS; indeed, MTA1 was significantly associated with 1- (RR=2.48 [1.45–4.25], P=0.001, Figure 3A), 3- (RR=1.66 [1.30–2.11], P<0.001, Figure 3B) and 5-year (RR=1.73 [1.37–2.20], P<0.001, Figure 3C) OS.


Table 2 | Meta-analysis of a putative association between OS and metastasis-associated protein 1 (MTA1) expression in gastrointestinal cancer.






Figure 3 | Forest plots of risk ratios for associations of metastasis-associated protein 1 (MTA1) with 1-year overall survival (OS) (A), 3-yearOS (B) and 5-yearOS (C) in the gastrointestinal cancer (GIC) patients.



In the ESCC subgroup, MTA1 was also associated with 1- (RR=1.48 [1.11–1.95], P=0.007, Figure 4A), 3- (RR=1.60 [1.12–2.28], P=0.009, Figure 4B) and 5-year (RR=1.55 [1.14–2.11], P=0.006, Figure 4C) OS. In the GC subgroup, MTA1 was also associated with 1- (RR=7.30 [3.14–16.99], P<0.001, Table 2), 3-(RR=3.23 [1.12–9.34], P=0.03, Table 2) and 5-year (RR=2.08 [1.80–2.41], P<0.001, Table 2) OS. In the CRC subgroup, MTA1 was also associated with 3- (RR=2.037 [1.29–3.22], P=0.002, Table 2) and 5-year (RR=2.01 [1.39–2.92], P<0.001, Table 2) OS.




Figure 4 | Forest plots of risk ratios for associations of metastasis-associated protein 1 (MTA1) with 1-year overall survival (OS) (A), 3-year OS (B), and 5-year OS (C) in the esophageal squamous cell carcinoma (ESCC) subgroup patients.



A meta-analysis was considered to explore the potential correlation between MTA1 and the OS, and it was analyzed by the pooled HRs and their corresponded 95% CIs from each eligible study. The results of pooled HRs and 95% CIs were displayed with details in Table 3. Among the 27 eligible studies, the terrible prognosis of GIC cases was showed in the pooled HR estimate (HR=1.81 [1.36–2.39], P<0.001, Figure 5). A significant association was observed in univariate analysis (HR=1.82 [1.35–2.45], P<0.001, Table 3), but not in the multivariate analysis (HR=1.89 [0.98–3.64], P=0.059, Table 3). Moreover, the relationship between MTA1 and OS vary in the different cancer types subgroup. As displayed in Table 3, MTA1 was related to prognosis of ESCC (HR=1.56 [1.04–2.33], P=0.03, Table 3), GC (HR=2.30 [1.61–3.27], P<0.001, Table 3) and CRC patients (HR=2.11 [1.34–3.30], P=0.001, Table 3). A significant association was observed in the more than 100 patients subgroup (HR=1.83 [1.35–2.47], P<0.001, Table 3), but not in the less than 100 patients subgroup.


Table 3 | A meta-analysis of the pooled HRs to investigate the association between MTA1 expression and OS in patients with gastrointestinal cancer.






Figure 5 | Forest plot of the association between metastasis-associated protein 1 (MTA1) over-expression and the overall survival (OS) which analyzed by the pooled HRs and their corresponded 95% conﬁdence intervals (CIs) from each eligible studies.





Subgroup Analysis

To further assess the correlation between the expression of MTA1 and prognosis of GIC patients, the selected studies were rigorously divided into subgroups based on language and tumor types. In these subgroups, MTA1 expression was meticulously assessed by different language (SCI articles and CNKI articles) groups and patients with ESCC, CRC and GC (Supplementary Table 3).

Among the articles in SCI and CNKI subgroups, the positive expression of MTA1 was close to clinical parameters. In the SCI articles subgroup, over-expression of MTA1 was tightly related to tumor size (OR=1.87 [1.10–3.18], P=0.021, Supplementary Table 3), depth of tumor invasion (OR=2.95 [2.36–3.68], P<0.001, Supplementary Table 3), lymphatic metastasis (OR=2.59 [1.57–4.27], P<0.001, Supplementary Table 3), and TNM stage (OR=4.14 [2.10–8.18], P<0.001, Supplementary Table 3), vascular invasion (OR=3.44 [1.84–6.42], P<0.001, Supplementary Table 3). A similar conclusion can be seen in the CNKI articles subgroup.

In the ESCC subgroup, higher expression of MTA1 conferred a higher risk of depth of invasion (OR=2.96 [2.28–3.84], P<0.001, Supplementary Table 3), increased odds of lymphatic metastasis (OR=2.79 [1.82–4.27], P<0.001, Supplementary Table 3) and advanced tumor stage (OR=3.30 [2.42–4.51], P<0.001, Supplementary Table 3). However, the expression of MTA1 showed no association with the remaining clinical parameters.

The expression of MTA1 was also close to clinical metastatic variables in patients with GC. MTA1 showed close associations with tumor tissue differentiation (OR=2.37 [1.21–4.64], P=0.012, Supplementary Table 3), depth of invasion (OR=2.84 [1.25–6.44], P=0.013, Supplementary Table 3), lymphatic metastasis (OR=5.80 [3.05–11.01], P<0.001, Supplementary Table 3), distant metastasis (OR=9.40 [5.06–17.46], P<0.001, Supplementary Table 3) and TNM stage (OR=14.69 [9.06–23.84], P<0.001, Supplementary Table 3) in GC.

Moreover, MTA1 expression was significantly related to metastasis-related clinical parameters in CRC patients. Indeed, high MTA1 expression always resulted in poor differentiation (OR=3.05[1.84–5.07, P<0.001, Supplementary Table 3), deep invasion (OR=2.25[1.04–4.89, P=0.04, Supplementary Table 3), increased odds of lymphatic metastasis (OR=2.51[1.57–4.02, P<0.001, Supplementary Table 3), and advanced tumor stage (OR=2.91[1.87–4.53, P<0.001, Supplementary Table 3).



Sensibility Analysis

In the main studies which held heterogeneity, sensitivity analysis was used to determine whether the conclusions were stable. After deleting any of the studies, there was no significant change in the combined indicators of the remaining studies. It can be concluded that associations of MTA1 expression with tumor size (Figure 6A), differentiation (Figure 6B), lymph node metastasis (Figure 6C), TNM stage (Figure 6D), 1- (Figure 6E), 3- (Figure 6F), 5-year (Figure 6G) OS, HR (Figure 6H) are stable.




Figure 6 | Sensibility analysis of metastasis-associated protein 1 (MTA1) expression with tumor size (A), differentiation (B), lymph node metastasis (C), TNM stage (D), 1-year (E) overall survival (OS), 3-year (F) OS, 5-year (G) OS, HR (H) in the gastrointestinal cancer (GIC) patients.





Publication Bias

Both of the Begg’s Rank Correlation test and Egger’s Weighted Regression method were simultaneously applied to statistically assess publication bias. The Begg’s (P=0.980) and Egger’s (P=0.796) test gave out clear evidence of publication bias. These above results showed the credibility of the findings reported in this meta-analysis.



MTA1 Expression and Prognosis in Gastric Cancer Patients Through Immunohistochemistry

The potential relationships between the expression level of MTA1 and clinicopathological parameters were displayed in Table 4. In this paper, we found that the expression level of MTA1 was significantly higher in GC samples than it in adjacent non-tumor samples through analyzing 80 paired IHC-treated paraffin-embedded sections of GC samples. Here no statistical difference of MTA1 expression was found in some clinical parameters, such as gender (P=0.216, Table 4), age (P=0.861, Table 4) and tissue differentiation grade (P=0.379, Table 4). However, as Table 4 showed, higher expression of MTA1 accompanied with larger tumor size (P=0.008, Table 4), higher rate of lymph node metastasis (P=0.007, Table 4), and higher rate of distant metastasis (P=0.023, Table 4). According to the IHC staining results, increased expression of MTA1 was accompanied by the worse tumor TNM stage (Figure 7). Furthermore, Kaplan-Meier analysis of 80 GC samples, grouped by the MTA1 expression, which measured by IHC, showed that higher expression of MTA1 with worse prognosis in GC patients (P<0.01, Figure 7).


Table 4 | The correlations between MTA1 protein over-expression and clinicopathological parameters in GC.






Figure 7 | The results of immunohistochemistry (IHC) staining confirmed the expression of metastasis-associated protein 1 (MAT1) is correlated with the TNM stage (A) and overall survival OS (B) of gastrointestinal cancer (GC) patients.





Univariate and Multivariate Analysis of Overall Survival

The potential interaction, which determined GC prognosis, between the expression level of MTA1 and clinical factors was assessed with the help of univariate and multivariate analysis, respectively. In the results of univariate analysis, tumor size (HR = 1.922 [1.119–3.548], P= 0.019, Table 5), lymph node metastasis (HR = 1.927 [1.054–3.523], P = 0.033, Table 5), distant metastasis (HR = 5.572 [2.660–11.671], P< 0.001, Table 5) and MTA1 expression (HR = 2.778 [1.550–4.977], P = 0.001, Table 5) were associated with OS in GC patients. The multivariate Cox proportional hazard model showed that distance metastasis (HR = 4.077 [1.835–9.058], P = 0.001, Table 5) and MTA1 expression (HR = 2.061 [1.066–3.986], P = 0.032, Table 5) were tightly close to the OS in GC patients, which suggested that the expression of MTA1 might be an independent prognostic factor for gastric cancer.


Table 5 | Univariate and multivariate analysis of clinicopathological variables and MTA1 expression associated with overall survival.






Discussion

The depth of tumor invasion (T), lymphatic metastasis (N), distant metastasis (M) stages and TNM stage are wildly considered the pivotal important prognostic index of GIC, including GC (39). Although patients undergo the complete surgical resection whose postoperative pathologic stage of GIC are same, clinical evidence demonstrates that survival is different among them, which indicates that the current tumor evaluation system misses the accurate prediction of prognosis. Prognosis of GIC patients is usually predicted by TNM staging in the clinic, although low sensitivity is sometimes encountered. To our knowledge that different digestive tract cancers show a high risk of tumor recurrence and metastasis. And even accepted with complete surgical resection or targeted therapy, lots of GIC patients still meet death events caused by local recurrence and/or distant metastasis. So, finding new predictors with good prognostic value that can timely find out the patients who may hold poor survival is urgently needed.

The members of the MTA family hold pivotal roles in both pathological and physiological processes, especially in cancer progression (such as invasion and distant metastasis), and their role as master regulators has been reported. Proteins of the MTA family are involved in metastasis regulation and comprise MTA1, MTA2, and MTA3, which are found in different isoforms such as MTA1, MTA1s, MTA2, MTA3, MTA3L, and MTA-ZG29p (40, 41). The primary founding of MTA1 was in rat metastatic tumors, and it is considered as a metastasis-associated gene (42). Since then, abnormal expression level of MTA1 has been wildly reported in various types of cancers. Nevertheless, its biomolecular roles in the carcinogenic process remain unclear until it is identified as an integral component of the NuRD complex (43). Luo et al. (44) performed a meta-analysis to further carry out the functions of MTA1 in solid tumors and pointed out that the expression level of MTA1 was tightly close to the prognosis. In addition, Ning et al. (45) demonstrated that the expression level of MTA1 is close to tumor invasion and lymph node metastasis in GIC. However, the role of MTA1 in the prediction of prognosis is not yet well understood in GIC. Indeed, several studies have implied that MTA1 without worth in the evaluation of OS in cancers, such as in esophageal squamous cell carcinoma and breast cancer (14, 46).

In this study, IHC results showed that tumor size, lymph node metastasis and distant metastasis were associated with MTA1 expression in GC patients. The K-M curve showed that GC patients with high expression of MTA1 had lower OS. The multivariate Cox proportional hazard model showed that MTA1 expression may be an independent prognostic factor in gastric cancer. In addition to gastric cancer, we also obtained similar results in GIC in meta-analysis. However, there was no statistical correlation between differentiation and MTA1 expression in the results of IHC, contrary to the conclusion reached by meta-analysis. The contradiction between the two conclusions may be caused by too few IHC samples.

From a clinical perspective, the expression level of MTA1 holds close associations with depth of invasion, lymph node metastasis, distant metastasis and TNM stage, which are separate and independent but internally linked parameters. Tumor tissues with MTA1 expression shows increased invasion, which traverses the lymphatic network under the mucosa, with a higher possibility of vascular invasion; finally, the tumor stage becomes advanced, resulting in reduced OS. Furthermore, the following molecular mechanisms are obtained for MTA1. As shown in previous studies, MTA1 may act as a transcriptional regulator; in fact, MTA1 mediates transcription repression through interacting with NuRD which facilitates the association between repressor molecules and chromatin (41, 47, 48). For example, MTA1 can directly bind to HDAC1 (49); both of them are the main components of the NuRD complex, by which it contains histone deacetylase, and acts as a pivotal role in histone deacetylation, chromatin alteration and transcriptional control. Toh et al. (13) pointed out that MTA1 is close to H4 histone deacetylase activity in ESCC. Of note, tumor suppressor genes, including p53, p21, and the Bcl-2 family of proteins, are regulated by histone acetylation (50, 51).

In a meta-analysis conducted in 2017 (52), we have preliminarily confirmed that the expression of MTA1 is statistically related to clinicopathological features and survival rates in patients with GIC. However, only 13 articles were included in previous studies, which may lead to errors in the results. On the basis of the original study, 14 new articles (27 articles in total) were included in this study, and the original results were updated. We found that the tumor size, differentiation, distant metastasis and high expression of MTA1 in GIC patients had no statistical correlation in the previous study, but the updated data showed all of them had a statistical correlation. Meantime, we found that vascular invasion and high expression of MTA1 in GIC patients had a statistical correlation in the previous study, but the updated data showed no statistical correlation between the two. Previous studies and current studies have shown that high MTA1 expression indicates low OS in patients with GIC. In this study, we also concluded that high expression of MTA1 indicates low HR in patients with GIC, which provides the latest evidence for the above conclusion.

The limitations of this meta-analysis should be noted (1): some eligible non-English and non-Chinese publications may have been excluded (2); IHC assessments of MTA1 remain discordant. Meanwhile, this study has several advantages (1): it is the first available study that applies meta-analysis to evaluate associations between MTA1 and HRs in GIC (2); we updated the data from previous studies and draw more reliable conclusions (3). we detected the expression of MTA1 in gastric cancer and verified the prognostic value of MTA1.

In conclusion, the expression level of MTA1 is obviously associated with clinical and pathological parameters and OS in GIC patients. And, it may make contributions in predicting aggressive tumor behavior and poor prognosis as an independent factor. The results of this study also imply that MTA1 is a potential target for anticancer therapy. Further research is required to unveil the mechanisms underlying MTA1 function.



Data Availability Statement

All datasets generated for this study are included in the article/Supplementary Material.



Author Contributions

GC and PL conceptualized the study. BC, GC, PL, and WC contributed to the methodology. GC, WC, RD, and MC were in charge of the software. PL, WC, GC, and MC conducted the formal analysis. GC, BC, and SC conducted the investigation. GC, RD, XX, WC,and MC performed the data curation. BC and MX were in charge of the project administration. GC wrote and prepared the original draft. SC, BC, MX wrote, reviewed, and edited the manuscript. GC and XX conducted the visualization. BC and MX acquired the funding. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Key Research and Development Plan Projects of Anhui Province (Project No. 201904a07020045).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.542330/full#supplementary-material



References

1. Torre, LA, Bray, F, Siegel, RL, Ferlay, J, Lortet-Tieulent, J, and Jemal, A. Global cancer statistics, 2012. CA Cancer J Clin (2015) 65:87–108. doi: 10.3322/caac.21262

2. Glade, MJ. Food, nutrition, and the prevention of cancer: a global perspective. American Institute for Cancer Research/World Cancer Research Fund, American Institute for Cancer Research, 1997. Nutrition (1999) 15:523–6. doi: 10.1016/s0899-9007(99)00021-0

3. Sano, A, Kato, H, Sakurai, S, Sakai, M, Tanaka, N, Inose, T, et al. CD24 expression is a novel prognostic factor in esophageal squamous cell carcinoma. Ann Surg Oncol (2009) 16:506–14. doi: 10.1245/s10434-008-0252-0

4. Ren, Y, Cao, B, Law, S, Xie, Y, Lee, PY, Cheung, L, et al. Hepatocyte growth factor promotes cancer cell migration and angiogenic factors expression: a prognostic marker of human esophageal squamous cell carcinomas. Clin Cancer Res (2005) 11:6190–7. doi: 10.1158/1078-0432.CCR-04-2553

5. Siegel, R, Ma, J, Zou, Z, and Jemal, A. Cancer statistics, 2014. CA Cancer J Clin (2014) 64:9–29. doi: 10.3322/caac.21208

6. Nguyen, DX, Bos, PD, and Massagué, J. Metastasis: from dissemination to organ-specific colonization. Nat Rev Cancer (2009) 9:274–84. doi: 10.1038/nrc2622

7. Toh, Y, and Nicolson, GL. The role of the MTA family and their encoded proteins in human cancers: molecular functions and clinical implications. Clin Exp Metastasis (2009) 26:215–27. doi: 10.1007/s10585-008-9233-8

8. Toh, Y, Pencil, SD, and Nicolson, GL. Analysis of the complete sequence of the novel metastasis-associated candidate gene, mta1, differentially expressed in mammary adenocarcinoma and breast cancer cell lines. Gene (1995) 159:97–104. doi: 10.1016/0378-1119(94)00410-T

9. Toh, Y, Kuwano, H, Mori, M, Nicolson, GL, and Sugimachi, K. Over-expression of metastasis-associated MTA1 mRNA in invasive oesophageal carcinomas. Br J Cancer (1999) 79:1723–6. doi: 10.1038/sj.bjc.6690274

10. Song, L, Wang, Z, and Liu, X. MTA1: A Prognosis Indicator of Postoperative Patients with Esophageal Carcinoma. Thorac Cardiovasc Surg (2013) 61:479–85. doi: 10.1055/s-0032-1304545

11. Cao, GD, Chen, K, Xiong, MM, and Chen, B. HER3, but Not HER4, Plays an Essential Role in the Clinicopathology and Prognosis of Gastric Cancer: A Meta-Analysis. PloS One (2016) 11(8):e0161219. doi: 10.1371/journal.pone.0161219

12. Stang, A. Critical evaluation of the Newcastle–Ottawa scale for the assessment of the quality of nonrandomized studies in meta-analysis. Eur J Epidemiol (2010) 25:603–5. doi: 10.1007/s10654-010-9491-z

13. Toh, Y, Ohga, T, Endo, K, Adachi, E, Kusumoto, H, Haraguchi, M, et al. Expression of the metastasis-associated MTA1 protein and its relationship to deacetylation of the histone H4 in esophageal squamous cell carcinomas. Int J Cancer (2004) 110:362–7. doi: 10.1002/ijc.20154

14. Yang, H, Xu, L, Qian, H, Niu, X, Zhao, D, Zhao, Z, et al. Correlation between insulin−like growth factor binding protein 3 and metastasis−associated gene 1 protein in esophageal squamous cell carcinoma. Mol Med Rep (2016) 13:4143–50. doi: 10.3892/mmr.2016.5046

15. Li, SH, Tian, H, Yue, WM, Li, L, Gao, C, Li, WJ, et al. Metastasis-associated Protein 1 Nuclear Expression is Closely Associated with Tumor Progression and Angiogenesis in Patients with Esophageal Squamous Cell Cancer. World J Surg (2012) 36:623–31. doi: 10.1007/s00268-011-1421-z

16. Li, SH, Wang, Z, and Liu, XY. Metastasis-Associated Protein 1 (MTA1) Over-expression is Closely Associated with Shorter Disease-Free Interval After Complete Resection of Histologically Node-Negative Esophageal Cancer. World J Surg (2009) 33:1876–81. doi: 10.1007/s00268-009-0119-y

17. Liu, XC, and Zhou, B. Expression and significance of MTA1 and FLIP in Esophageal Squamous Cell Cancer. Shanxi Med J (2013) 42:1299–301.

18. Zheng, WF, Li, YX, Chen, KS, and Wen, HT. Expression of USP22, MTA1 and Ki-67 in esophageal squamous cell carcinoma. World Chin J Gastroenterol (2013) 21:2915–21. doi: 10.11569/wcjd.v21.i28.2915

19. Tao, SB, Zhang, L, Zhang, YH, Gao, DL, Zhao, AH, Mao, XY, et al. Expression and clinical pathological significance of MTA1, MMP-9 and MVD in human esophageal squamous cell cancer. J Henan Univ (2010) 29:29–33. doi: 10.15991/j.cnki.41-1361/r.2010.01.026

20. Honjo, H, Toh, Y, Sohda, M, Suzuki, S, Kaira, K, Kanai, Y, et al. Clinical Significance and Phenotype of MTA1 Expression in Esophageal Squamous Cell Carcinoma. Anticancer Res (2017) 37:4147–55. doi: 10.21873/anticanres.11802

21. Zhang, Q, and Wan, T. Relationship of MTA expression with clinical features and prognosis in esophageal carcinoma. J Clin Exp Med (2017) 16:873–5.

22. Karamagkiolas, S, Giotakis, I, Kyrodimos, E, Giotakis, EI, Kataki, A, Karagianni, F, et al. Expression of vimentin (VIM) and metastasis-associated 1 (MTA1) protein in laryngeal squamous cell carcinoma are associated with prognostic outcome of patients. Am J Otolaryng (2019) 40(4):487–93. doi: 10.1016/j.amjoto.2019.04.002

23. Liu, J, Xia, J, Zhang, Y, Fu, M, Gong, S, and Guo, Y. Associations between the expression of MTA1 and VEGF-C in esophageal squamous cell carcinoma with lymph angiogenesis and lymph node metastasis. Oncol Lett (2017) 14(3):3275–81. doi: 10.3892/ol.2017.6530

24. Chen, WY, GY, L, Xin, C, Fu, YQ, and Fu, CZ. The Expression of MTA1 and SOX2 in Esophageal Cancer Tissues and the Relationship betweenMTA1, SOX2 and Prognosis.Chinese. J Modern Operative Surg (2017) 21(04):251–6. doi: 10.16260/j.cnki.1009-2188.2017.04.003

25. Zhang, DS. MTA1 protein, AEG-1 expression and TNM staging in esophageal cancer patientsRelationship and clinical significance. Henan Med Res (2018) 27(06):1019–20.

26. Zhu, GXP, Meng, QJ, and Wang, BS. Relationship between MTA1 protein expression in esophageal cancer tissue with clinicopathological features and 3-year survival rate. Chongqing Med (2017) 46(31):4378–80.

27. Deng, X, Du, L, Wang, C, Yang, Y, Li, J, Liu, H, et al. Close Association of Metastasis-Associated Protein 1 Over-expression with Increased Angiogenesis and Poor Survival in Patients with Histologically Node-Negative Gastric Cancer. World J Surg (2013) 37:792–8. doi: 10.1007/s00268-012-1898-0

28. Yao, Y, Feng, S, Xiao, M, Li, Y, Yang, L, and Gong, J. MTA1 promotes proliferation and invasion in human gastric cancer cells. Onco Targets Ther (2015) 8:1785–94. doi: 10.2147/OTT.S85383

29. Meng, QB, Kang, WM, Yu, JC, Liu, YQ, Ma, ZQ, Zhou, L, et al. Over-expression of Eukaryotic Translation Initiation Factor 5A2 (EIF5A2) Correlates with Cell Aggressiveness and Poor Survival in Gastric Cancer. PloS One (2015) 10:e0119229. doi: 10.1371/journal.pone.0119229

30. Sang, HQ, and Wang, Q. Expression of metastasis associated gene 1, PTEN and E-cadherin in gastric carcinoma. World Chin J Gastroenterol (2007) 15:1096–102.

31. Zhou, F. Expression and significance of MTA1 in gastric cancer. Shandong Med J (2008) 48:72–3.

32. Lv, ZY, Zhao, ZS, Ye, ZY, Wang, YY, Wang, HJ, and Yang, Q. Metastasis-associated protein 1 (MTA1) in gastric cancer tissues is positively associated with poorer prognosis. Pathol Res Pract (2018) 214:536–41. doi: 10.1016/j.prp.2018.02.011

33. Higashijima, J, Kurita, N, Miyatani, T, Yoshikawa, K, Morimoto, S, Nishioka, M, et al. Expression of histone deacetylase 1 and metastasis-associated protein 1 as prognostic factors in colon cancer. Oncol Rep (2011) 26:343–8. doi: 10.3892/or.2011.1312

34. Du, B, Yang, ZY, Zhong, XY, Fang, M, Yan, YR, Qi, GL, et al. Metastasis-associated protein 1 induces VEGF-C and facilitates lymph angiogenesis in colorectal cancer. World J Gastroenterol (2011) 17:1219–26. doi: 10.3748/wjg.v17.i9.1219

35. Xu, H, Zhou, XL, and Du, B. Expression and significance of MTA1 in gastric cancer. J Pract Med (2005) 21:2148–9.

36. Li, Y, Zhang, T, Gao, H, Wei, D, and Cheng, P. Correlation between the expression of MTA1, VEGF-C and lymph node metastasis in colon cancer. Modern Med J (2009) 37:401–4.

37. Chen, XL, Wu, YJ, Lu, Z, Zhao, HM, and Han, BJ. Expression and significance of MTA1 and RECK in the carcinogenesis of colon adenoma. J Clin Exp Pathol (2017) 33:432–4. doi: 10.11569/wcjd.v24.i33.4514

38. Zou, HM, Zhang, LL, Cai, YT, Wang, BJ, Yu, C, and Zhu, LM. Expression of metastasis-associated gene 1 in colorectal carcinoma tissues and correlation with clinicopathologic characteristics and prognosis. Modern Oncol (2019) 27(21):3839–42.

39. Yamashita, K, Sakuramoto, S, Kikuchi, S, Katada, N, Kobayashi, N, and Watanabe, M. Validation of staging systems for gastric cancer. Gastric Cancer (2008) 11:111–8. doi: 10.1007/s10120-008-0466-7

40. Fujita, N, Jaye, DL, Kajita, M, Geigerman, C, Moreno, CS, and Wade, PA. MTA3, a Mi-2/NuRD complex subunit, regulates an invasive growth pathway in breast cancer. Cell (2003) 113:207–19. doi: 10.1016/S0092-8674(03)00234-4

41. Kumar, R, Wang, RA, and Bagheri-Yarmand, R. Emerging roles of MTA family members in human cancers. Semin Oncol (2003) 30:30–7. doi: 10.1053/j.seminoncol.2003.08.005

42. Toh, Y, Pencil, SD, and Nicolson, GL. A novel candidate metastasis-associated gene, mta1, differentially expressed in highly metastatic mammary adenocarcinoma cell lines. cDNA cloning, expression, and protein analyses. J Biol Chem (1994) 269:22958–63.

43. Xue, Y, Wong, J, Moreno, GT, Young, MK, Côté, J, and Wang, W. NURD, a novel complex with both ATP-dependent chromatin-remodeling and histone deacetylase activities. Mol Cell (1998) 2:851–61. doi: 10.1016/S1097-2765(00)80299-3

44. Luo, H, Li, H, Yao, N, Hu, L, and He, T. Metastasis-associated protein 1 as a new prognostic marker for solid tumors: a meta-analysis of cohort studies. Tumour Biol (2014) 35:5823–32. doi: 10.1007/s13277-014-1772-9

45. Ning, Z, Gan, J, Chen, C, Zhang, D, and Zhang, H. Molecular functions and significance of the MTA family in hormone-independent cancer. Cancer Metastasis Rev (2014) 33:901–19. doi: 10.1007/s10555-014-9517-1

46. Jang, KS, Paik, SS, Chung, H, Oh, YH, and Kong, G. MTA1 over-expression correlates significantly with tumor grade and angiogenesis in human breast cancers. Cancer Sci (2006) 97:374–9. doi: 10.1111/j.1349-7006.2006.00186.x

47. Nicolson, GL, Nawa, A, Toh, Y, Taniguchi, S, Nishimori, K, and Moustafa, A. Tumor metastasis-associated human MTA1 gene and its MTA1 protein product: role in epithelial cancer cell invasion, proliferation and nuclear regulation. Clin Exp Metastasis (2003) 20:19–24. doi: 10.1023/a:1022534217769

48. Mazumdar, A, Wang, RA, Mishra, SK, Adam, L, Bagheri-Yarmand, R, Mandal, M, et al. Transcriptional repression of oestrogen receptor by metastasis-associated protein 1 corepressor. Nat Cell Biol (2001) 3:30–7. doi: 10.1038/35050532

49. Toh, Y, Kuninaka, S, Endo, K, Oshiro, T, Ikeda, Y, Nakashima, H, et al. Molecular analysis of a candidate metastasis-associated gene, MTA1: possible interaction with histone deacetylase 1. J Exp Clin Cancer Res (2000) 19:105–11.

50. Roy, S, Packman, K, Jeffrey, R, and Tenniswood, M. Histone deacetylase inhibitors differentially stabilize acetylated p53 and induce cell cycle arrest or apoptosis in prostate cancer cells. Cell Death Differ (2005) 12:482–91. doi: 10.1038/sj.cdd.4401581

51. Mahoney, MG, Simpson, A, Jost, M, Noé, M, Kari, C, Pepe, D, et al. Metastasis-associated protein (MTA)1 enhances migration, invasion, and anchorage-independent survival of immortalized human keratinocytes. Oncogene (2002) 21:2161–70. doi: 10.1038/sj.onc.1205277

52. Cao, GD, Chen, B, and Xiong, MM. Role of metastasis-associated protein 1 in prognosis of patients with digestive tract cancers: A meta-analysis. PloS One (2017) 12(6):e0176431. doi: 10.1371/journal.pone.0176431



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Li, Cao, Ding, Cheng, Xu, Chen, Chen, Cao and Xiong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 23 December 2020

doi: 10.3389/fonc.2020.616628

[image: image2]


An Integrated Network, RNA Sequencing, and Experiment Pharmacology Approach Reveals the Active Component, Potential Target, and Mechanism of Gelsemium elegans in the Treatment of Colorectal Cancer


Lin Wang, Hai-li Xu, Jing-wei Liang, Ying-ying Ding and Fan-hao Meng *


School of Pharmacy, China Medical University, Liaoning, China




Edited by:
 Ruowen Zhang, Stony Brook University, United States

Reviewed by: 
Weihua Jiao, Shanghai JiaoTong University, China
 Lixia Chen, Shenyang Pharmaceutical University, China

*Correspondence:
 Fan-hao Meng
 fhmeng@cmu.edu.cn

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


Received: 12 October 2020

Accepted: 20 November 2020

Published: 23 December 2020

Citation:
Wang L, Xu H-l, Liang J-w, Ding Y-y and Meng F-h (2020) An Integrated Network, RNA Sequencing, and Experiment Pharmacology Approach Reveals the Active Component, Potential Target, and Mechanism of Gelsemium elegans in the Treatment of Colorectal Cancer. Front. Oncol. 10:616628. doi: 10.3389/fonc.2020.616628



In this study, a combination of network pharmacology, bioinformatics analysis, molecular docking and transcriptomics was used to investigate the active ingredient and potential target of Gelsemium elegans in the treatment of colorectal cancer. Koumine was screened as the active component by targeting PDK1 through network pharmacology and reverse docking. RNA-Seq, enrichment analysis and validation experiment were then further employed to reveal koumine might function in inhibiting Akt/mTOR/HK2 pathway to regulate cell glycolysis and detachment of HK2 from mitochondria and VDAC-1 to activate cell apoptosis both in vitro and in vivo. In the present study, we provide a systematical approach for the identification of effective ingredient and potential target of herbal medicine. Our results have important implication for the intensive study of koumine as novel anticancer agents for colorectal cancer and could be supportive in its further structural modification.
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Introduction

Herbal medicine shows promising potential in clinic and plays an important role in disease prevention and treatment (1, 2). Various beneficial effects of herbal medicine have been reported for cancer prevention and treatment, such as extract of the aerial part of Scutellaria barbata BZL101 for patients with advanced breast cancer (3) and PHY906 (a pharmaceutical-grade formulation of four traditional Chinese herbs) in the treatment of advanced hepatocellular carcinoma (4). However, it is rather difficult to clarify the pharmacological effect of herbal medicine because it contains multiple chemical constituents. Therefore, the search for a targeted, effective ingredient is an urgent need.

Gelsemium elegans (Gardner&Champ.) Benth. (G. elegans) belonging to the Gelsemiaceae family is an extremely poisonous plant (5). It has attracted more attention for various therapeutic effects on anti-inflammatory, analgesic, anxiolytic and immunostimulatory activity (6–10). In recent years, a rich body of evidence has also demonstrated that G. elegans possesses anti-tumor effects in vivo and in vitro (11–13). Remarkably, it has also been applied in the treatment of colorectal cancer (CRC) in the folk for hundred years. Nevertheless, G. elegans has been greatly limited because of its toxicity and narrow therapeutic window. So far, almost 200 compounds have been separated from G. elegans, including alkaloids, iridoids, triterpenes, phenolic acids, steroids, coumarins, lignans, megastigmane glycosides, and other ingredients (14). Despite the extensive and rapid progress in active ingredient research, there is still an ever-growing need for efficient strategies to identify the effective ingredient and potential target of G. elegans for CRC treatment.

In the present study, an integrative pharmacology method including network, molecular docking, transcriptomics, bioinformatics analysis and immunoblot analysis was used to reveal the active component, potential target and mechanism of G. elegans on CRC. As a result, koumine (KM) which is the most abundant molecule among the alkaloids of G. elegans with relatively low toxicity was identified the active agent by targeting 3-phosphoinositide-dependent protein kinase-1 (PDK1). It inhibited glycolysis and interaction of hexokinase 2 (HK2) with voltage-dependent anion channel-1 (VDAC-1) on the mitochondria via suppressing its downstream Akt/mTOR/HK2 pathway. KM exhibited good lead compound properties and provide a great potential scaffold for future structure modification in developing highly efficient anti-CRC agents.



Method


Network Construction and Enrichment Analysis

The network construction and enrichment analysis was conducted according to our previous research method with minor improvements (15). A total of seven compounds (Figure 1) with significant pharmacological activities and high contents from G. elegans were selected. We imported the components’ chemical structure into the public network server of the database PharmMapper (http://www.lilab-ecust.cn/pharmmapper/) which employs pharmacophore mapping strategy for the identification of the potential targets. The top 50 targets of each compound were selected for further study of the comprehensive network pharmacology analysis. The compound targets were imported into UniProt knowledgebase (https://www.uniprot.org/uploadlists/) to obtain official symbols for the following enrichment analysis.




Figure 1 | Seven effective components of G. elegans.



The online database STRING (https://string-db.org/) was applied to construct the protein–protein interactions (PPI) analysis by importing the potent targets. The minimum required interaction score was set higher than 0.4. KEGG and GO enrichment analysis were carried out to identify the candidate targets. The cut-off criterion was set with the P values less than or equal 0.05 and the result of GO enrichment was only showed by the Biological Process terms.



Molecular Docking

The molecular docking study was conducted on Molecular Operating Environment package (MOE 2015.10). The structure of compounds was drawn and converted into 3D structure by ChemBio 3D Ultra 14.0 and the candidate targets crystal structure was extracted from the Protein Data Bank (http://www.rcsb.org/pdb/home/home.do). The ligand conformations were generated with the bond rotation method. The placement and refinement were set as “Triangle matcher” and “Induced Fit” respectively. The best docking conformation was selected from 30 predicted poses with the best binding affinity according to their E-strain and the London dG score was applied to evaluate ligand binding capacity to the receptor.



Cell Culture

The human CRC cell lines including HCT116 and HT29 were obtained from American Type Culture Collection (ATCC, Mansassas, VA, USA). All cells were grown in culture utilizing RPMI-1640 medium supplemented with 10% fetal bovine serum (Gibico; Thermo Fisher Scientific, Inc.), 100 μg/ml streptomycin and 100 U/ml penicillin (Sigma Aldrich, St. Louis, MO, USA). Cells were maintained in a humidified atmosphere with 5% CO2 at 37°C.



MTT Assay

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was carried out to evaluate the viability of HCT116 and HT29 cells. Cells in log phase was seeded in a 96-well plate at a density of 3 × 103 cells/well in 100 μl of complete culture medium and incubated in the presence of KM with increasing concentrations (0, 5, 10, 25, 50, 75, 100, 125 μM) at 37°C for 24 h, respectively. After incubation, MTT solution (10 μl of 5 mg/ml) (Boster Biotechnology Limited Company, Wuhan, China) was added to each well and maintained at 37°C for additional 4 h. Subsequently, the supernatant was removed and 100 μl dimethylsulfoxide (DMSO) was added to dissolve the formazan crystal. The optical density (OD) at 490 nm was measured on microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).



Flow Cytometry Analysis of Apoptosis

HCT116 and HT29 cells were seeded in six-well plates overnight, and then treated with different concentration of KM (0, 25, 75, and 125 μM) for 24 h. The cells were harvested, washed twice with ice-cold PBS, and evaluated for apoptosis by double staining with 5 μl Annexin-V FITC (Promega Corporation, Madison, WI, USA) and 5 μl propidium iodide (Promega Corporation, Madison, WI, USA) in 500 μl binding buffer for 15 min in the dark. Stained cells were analyzed by flow cytometer (BD Biosciences, CA, USA).



PDK1 Kinase Assay

Different concentration of KM in 50 μl kinase reaction buffer (50 mM HEPES, pH 7.5, 10 mM MgCl2, 0.1 mg/ml BSA, 2 mM DTT, 1% DMSO) were incubated with 5 ng/ml human recombinant PDK1 kinase (Invitrogen Corporation, Carlsbad, USA). The reaction was subsequently initiated by the addition of 5 μM ATP and 50 μM PDKtide substrate with the sequence: KTFCG TPEYL APEVR REPRI LSEEE QEMFR DFDYI ADWC. Kinase-Lumi™ Luminescent Kinase Assay Kit (Beyotime Biotechnology Company, Shanghai, China) was used for the PDK1 inhibitory activity as described in the manufacturer’s protocol. After incubation for 30 min at room temperature, the luminescence value was measured by chemiluminescence module of a full-wavelength multi-function microplate reader (PerkinElmer, Singapore). The amount of luminescence from each reaction is inversely correlated with PDK1 kinase activity.



RNA Sequencing

After DMSO or KM treatment, HCT116 cells were collected and washed with cold PBS for twice. A total of six samples were available, including three samples of KM group and three sample of control group. Total RNA was extracted by TRIzol reagent following the manufacturer’s instructions (Takara, Dalian, China). Library construction and mRNA sequencing were carried out by Personal Gene Technology Company (Nanjing, China). mRNA was enriched from total RNA by Oligo (dT) beads. The enriched mRNA underwent fragmentation and was reverse transcribed into cDNA. Then the cDNA fragments were purified with AmPure XP system (Beckman coulter, Beverly Hills, California, USA) and poly-A was added and ligated to Illumina sequencing adapters. The ligation products were evaluated using the Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA) and sequenced on Illumina Hiseq Xten platform.

The differentially expressed genes (DEGs) were calculated by DESeq (version 1.30.0). The P-value was adjusted by the false discovery rate (FDR). P-value <0.05 and the fold change ≥2 were set to be statistically significant. Gene ontology (GO) functional enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed for the bioinformatics analysis.

Details of reverse transcription-quantitative polymerase chain reaction (RT-qPCR) are given in Supplementary Materials.



Glucose Uptake Level and ATP Production Assay

The cells were incubated in 6-well plates at a density of 70–80% and treated with various concentrations of KM for 24 h. The glucose level in the medium was measured by glucose assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions. Then the concentrations of glucose uptake in each sample were calculated. Intracellular ATP level was estimated using an ATP assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), strictly following the manufacturer’s instructions. The relative glucose consumption rate and ATP production were normalized by the cell counts and protein concentration of samples, respectively. All experiments were performed for three times.



Western Blotting Analysis

Cells were harvested in RIPA lysis buffer (Thermo, MA, USA) containing protease and phosphatase inhibitors at 4°C. Protein extract was prepared according to the instruction of extraction kit (Beyotime Biotechnology Company, Shanghai, China). BCA protein assay kit (Beyotime Biotechnology Company, Shanghai, China) was used to quantify the protein. Then equal total amounts of proteins were separated by sodium dodecyl sulfate-poly-acrylamide gel electrophoresis and transferred onto the PVDF membrane (Bio-Rad Company, USA). After blocking with 5% non-fat milk, the membranes were incubated with specific primary antibodies against the indicated protein overnight at 4°C, and washed with PBST, followed by HRP-conjugated secondary antibodies for 1 h at room temperature. Protein bands were developed using the enhanced chemiluminescence reagent and scanned by the Bio-Rad Gel Doc 2000 gel imaging system with β-actin band as the reference.



Immunofluorescence Staining

Cells cultured on glass coverslips were washed with PBS, fixed in 4% paraformaldehyde for 30 min and permeabilized with 0.5% Triton X-100 for 20 min. Then cells were washed twice with PBS and blocked with 3% BSA for 30 min at room temperature, followed by incubation with primary antibody overnight at 4°C. After washing three times for 5 min, the cells were stained with FITC/Texas Red-conjugated secondary antibodies (1:200 dilution; Proteintech, Chicago, IL, USA) for 1 h in the dark. The mitochondria of the cells were exposed to Mitotracker Red (Molecular Probes, Inc., Eugene, OR) at a final concentration of 150 nM for 10 min at 37°C prior to fixation in the dark. After washing three times for 5 min, cells were counterstained with DAPI for 5 min in the dark and examined under confocal fluorescence microscopy (C2; Nikon, Tokyo, Japan).



Tumor Xenograft Model

All the experimentation for animals was complied with the approval and guidelines of the China Medical University Institutional Animal Care and Use Committee. BALB/c nude mice (six-week-old, male) were obtained from Huafukang Bioscience. CO. Inc (Beijing, China). HCT116 cells in 200 μl (5 × 107 cells/ml) were implanted subcutaneously into the left axillary of each nude mice. When the tumor volume reached about 100 mm3, the mice were randomly divided into two groups (n = 8) and intraperitoneally injected with vehicle control (saline) or KM (2 mg/kg) every two days for 3 weeks. The body weight and tumor sizes were measured every other day. The tumor volume was determined by measuring length (L) and width (W) and calculated by the formula: tumor volume (mm3) =L*W2/2. After the experiment, mice were sacrificed and the tumors were weighed and photographed. The freezing tissues were fixed with 4% paraformaldehyde in 4°C in the purpose of preparing for subsequent immunohistochemical studies.



Immunohistochemistry Assay

After fixation, dehydration, and transparency, the tumor was embedded in paraffin and cut into 5 um thick sections. Tumor tissue sections were dewaxed in xylene, hydrated with gradient alcohol, 3% hydrogen peroxide blocked endogenous peroxidase and then 0.01 M citrate buffer solution (pH6.0) was used for antigen retrieval. Next, the sections were blocked with 3% fetal bovine serum, and incubated the primary antibody at 4°C overnight. After washed and incubated with the biotinylated secondary antibodies for 1 h at 37°C, the sections were added the horseradish peroxidase-labeled streptomycin avidin working solution to incubate at 37°C for 30 min. Then sections were washed with PBS, developed with diaminobenzidine (DAB), counterstained with hematoxylin, and finally imaged with a light microscope (ECLIPSE E600; Nikon, Tokyo, Japan).



Statistical Analysis

All statistical analysis was performed by SPSS20.0 software. All the presented data and results were confirmed in at least three independent experiments and expressed as mean ± SD. Statistical analysis of data was made by the student’s t-test or one way ANOVA. P < 0.05 is considered statistically significant.




Results


Acquisition of Potential Active Component and Target of G. elegans

After overlapping the results of seven ingredients from the PharmMapper database, structure of 289 predicted targets were downloaded from the PDB database by employing the Retrieve/ID mapping. As shown in Figure 2A, a total of 244 nodes, and 678 edges were mapped in the PPI network of the target genes.




Figure 2 | (A) Clusters of screened PPI networks (B) The 20 representative terms with the lowest P value of biological process (BP) gene ontology enrichment. (C) The top 20 pathways with P <0.05 of KEGG pathway enrichment. (D) Molecular interaction of KM with PDK1. (E) The 2D representation of KM docking pose with PDK1. (F) The effect of KM on PDK1 kinase activity. Data were shown as mean ± SD (n = 3); significance: *P < 0.05, **P < 0.01 vs control.



GO analysis was performed to understand the relationship between functional units and their underlying significance in biological system networks. According to the GO enrichment analysis, 561 gene ontology terms were significantly associated with a large number of biological processes (Supplementary Materials Table 1), the 20 representative terms with the lowest P value in biological process groups was exhibited in Figure 2B. The results revealed that the target genes were mainly enriched in the biological process related to the metabolism including metabolic process, organic substance metabolic process and cellular metabolic process. Moreover, through KEGG analysis constructed on P value less than 0.05 (Supplementary Materials Table 2), top 20 pathways were also obtained (Figure 2C), which were associated with metabolic pathways, pathways in cancer and so on. After integrating the results of GO and KEGG analysis, the genes TP53 and PDK1 enriched in the above signaling pathway and closely related to metabolism were picked as candidate targets for further docking research.

The docking results of seven compounds from G. elegans were screened out by sorting the docking scores in descending order (Supplementary Materials Table 3). KM exhibited adequate spatial orientation in the active site and superior binding capacity to PDK1 with the score −9.1004. It is apparent KM formed hydrogen bond with the backbone of Lys111 and Glu130 located in the kinase domain (Figures 2D, E). The kinase activity assay also validated KM possessed the potential inhibitory effect on PDK1 (Figure 2F). These results provided great support that KM contributes to the potential anti-CRC effect via targeting PDK1.



KM Induced Apoptosis of CRC Cells

The MTT assay was performed to validate the effect of KM on cell viability. KM treatment exhibited loss of cell viability to HCT116 and HT29 cells with IC50 value of 70.56 and 62.82 μM, respectively (Supplementary Materials Figure 1). The cells were evaluated by V-FITC and PI double labeling for apoptosis evaluation. Significant increase in the rate of apoptosis was observed from 8.1% (control group) to 33.0% for HCT116 cells after treatment with KM at 125 μM. The effect exhibited a concentration-dependent increase. Similar results were obtained for another CRC cell line HT29 (Figure 3A).




Figure 3 | KM promoted CRC cells apoptosis in a dose-dependent manner. (A) Flow cytometric analysis of HCT116 and HT29 cell apoptosis after incubation with KM for 24 h. (B) Western blot and quantification of proteins associated with apoptosis (Bcl-2, Bax, Cyt-C and caspase 3) in HCT116 and HT29 cells after incubation with KM for 24 h. Data were presented as mean ± SD (n = 3); significance: *P < 0.05, **P < 0.01 vs control.



In order to confirm this cell death was apoptotic, apoptosis-related proteins were assessed by western blotting with the absence or presence of KM. The results showed the hallmark protein of apoptosis, including Bax, CytC and Caspase-3 expressed a significantly dose-dependent increase. Moreover, Bcl-2, known as a cell survival protein, remarkably decreased depending on the concentration of KM (Figure 3B). These results showed that KM activated the apoptotic pathway via decreasing Bcl-2 expression associated with an increase in Bax, CytC and Caspase-3.



KM Suppressed Glycolysis of CRC Cells

The total gene expression was analyzed by RNA-Seq of HCT116 cells. The genes and pathways changed in response to KM treatment were revealed by this high-throughput method. A total of 306 differential expression genes (DEGs) were identified, including 153 downregulated genes and 153 upregulated genes (using twofold as the cut off value, Supplementary Materials Tables 4 and 5). The volcano plot map showed significant genes expressed in the KM treated group compared to the control group (Figure 4A). The heatmap used for hierarchical clustering analysis (HCA) exhibited distinct gene expression between control and treated group (Figure 4B).




Figure 4 | (A) Volcano plot of the DEGs with FDR ≤0.05 and the fold change ≥2. Red dots indicate upregulated DEGs; blue ones indicate downregulated DEGs, and gray ones indicate no significant difference. (B) Heatmap of expression profile for the 306 DEGs (153 upregulated and 153 downregulated). Each row represents a mRNA and each column represents a sample. (C) Gene ontology (GO) enrichment analysis of DEGs. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs. (E) Effect of KM on glucose consumption. (F) Effect of KM on production of cellular ATP. Data were presented as mean ± SD (n = 3); significance: *P < 0.05, **P < 0.01 vs control.



GO functional enrichment was performed to explore the potential molecular or biological functions affected by KM treatment. All the DEGs were categorized into three major categories: cellular components, molecular functions, and biological process. The significantly enriched GO biological processes by the KM treatment included sterol, steroid and cholesterol metabolic and biosynthetic process (Figure 4C). Treatment with KM also altered glycometabolism by regulating key genes involved in glucose binding and fructose-bisphosphate aldolase activity like HKDC1, HK2, ALDOA and ALDOB. These results suggested KM might function in regulating the cell energy metabolism. These findings were further confirmed by KEGG pathway analysis. The top 20 pathways of KEGG assignments are listed in Figure 4D. At the transcriptomic level, 17 pathways were significantly (P < 0.05) enriched for gene expression in the KM treated and control group comparisons which showed that glycolysis/gluconeogenesis, fructose and mannose metabolism and steroid biosynthesis were highly enriched among the DEGs resulting from KM treatment. To confirm the DEGs identified by RNA-Seq, qRT-PCR validation was performed on the representative genes in metabolism pathway. The mRNA expressions of these genes were all consistent with the results of RNA-Seq (Supplementary Table 6 and Figure 2).

To further confirm the results of RNA-Seq, glucose concentration in the medium and intracellular ATP level were examined after both HCT116 and HT29 cells were exposed to KM for 24 h. As shown in Figures 4E, F, the glucose uptake in KM treated cells was significantly lower than that in untreated control group (P < 0.05), meanwhile, the intracellular ATP generation of KM treated group was significantly decreased compared to control group (P < 0.05). An integrated analysis of mentioned above revealed that KM may facilitate the CRC cell apoptosis effect via suppression of the glycolysis process.



KM Inactivated the Akt/mTOR/HK2 Pathway and Promotes HK2 Disassociation to VDAC-1 via Targeting PDK1

In accordance with the suppression of tumor glycolysis, the expression of HK2 which is the key enzymes of glucose metabolism was markedly decreased in a dose-dependent manner (Figure 5A). In order to further understand the potential molecular mechanism by which KM modulating HK2 expression on CRC cell lines, we focused on the Akt/mTOR pathway, which is a widely acknowledged signaling cascade interacting with a wide variety of cellular processes including glucose metabolism of cancer cells and serve as a functional link between PDK1 and HK2. As shown in Figure 5A, phosphorylation of Akt and mTOR was dramatically downregulated, while KM had no effect on the expression levels of PDK1, total Akt, and mTOR after KM treatment. Taking these results together, KM might inhibit glycolysis through suppressing Akt/mTOR/HK2 pathway via targeting PDK1 in CRC cells.




Figure 5 | KM repressed glycolysis and promoted the dissociation of HK2 from mitochondria and VDAC by downregulating Akt/mTOR/HK2 pathway in CRC cells. (A) Effect of KM on the expression level of Akt/mTOR/HK2 pathway by targeting PDK1. Protein levels were measured by Western blot analysis. (B) Representative immunofluorescence confocal images of CRC cells labelled with HK2, VDAC antibody and Mito-Tracker. Data were presented as mean ± SD (n = 3); significance: *P < 0.05, **P < 0.01 vs control.



HK2 is particularly important for the catabolism of glucose as it is the first enzyme of glycolysis (16). Moreover, HK2 is located on the outer membrane of the mitochondria via its binding to VDAC-1 to exert it biological function (17). The immunofluorescence was performed to detect the change of both HK2-mitochondria and HK2-VDAC-1 association of CRC cells. Intense green staining of HK2 was detected in the control group while HK2 staining co-localized with red Mitotracker staining in merged images. The HK2 intensities were dramatically decreased in response to KM exposure and a significant attenuation of HK2 associated with mitochondria was observed in merged images. Meanwhile, formation of the HK2 dot-like structures became lower pronounced and less of these structures co-localized to the VDAC-1 foci (Figure 5B). The above observations together suggested that the suppression of Akt/mTOR pathway is responsible for the downregulation of HK2 and resulted in the disruption of HK2-VDAC combination which is conducive to metabolic activity and survival.



KM Inhibited Tumor Growth in an HCT116 Xenograft Mouse Model

To assess the effect of KM against CRC, a subcutaneous xenograft model of HCT116 cells was established in BALB/c nude mice. After 21 days treatment, the average tumor size of the control group was 1,200 ± 237 mm3 compared with 650 ± 253 mm3 of KM-treated group which resulted in a significant decrease in tumor volume (P < 0.05, Figures 6A, B). The average tumor weights of KM-treated group were significant smaller than those in the control group (P < 0.05, Figure 6C). Meanwhile, no obvious toxicity was observed as evaluating the change of body weight (Figure 6D). Moreover, immunohistochemistry staining assay showed intensity of staining of p-AKT, p-mTOR and HK2 were substantially lower after KM-treated group (Figure 6E) which indicated the expression of them was decreased after KM treatment. Taken together, these results indicated that 2 mg/kg KM showed effective inhibition on the xenograft tumor growth which was in accordance with the mechanisms in vitro.




Figure 6 | KM inhibited colorectal tumor progression by Akt/mTOR/HK2 pathway in CRC xenograft mouse models. (A) Photograph of tumors in vehicle and KM treated group. (B) Tumor growth curve of control and KM treated group. (C) Tumor weight of control and KM treated group (D) The change of body weight of tumor bearing mice. (E) Immunohistochemical staining detection of p-Akt, p-mTOR and HK2 in tumor sections from control and KM-treated mice. All panels are of the same magnification. Data were shown as mean ± SD (n = 8). significance: *P < 0.05, **P < 0.01 vs control.






Discussion

Herbal medicine has long been recognized for their therapeutic properties and serves as an important source for chemical entities supporting drug discovery (18). Even though, the active ingredient and its mechanism have not been extensively investigated that limits their application, especially for the herbal medicine with toxicity. The traditional methods for these studies were based on the separation and random screening with lower reproductive and throughput. It is of great significance and economic value to provide fast, efficient and high throughput approach to acquire the active ingredient and its targets of herbal medicine. The chemical constituents of G. elegans have been studied since the early 1930s and it has attracted a great deal of attention on cancer treatment because of their novel structures and diverse biological activities. However, the molecular mechanism of its action on CRC still was obscure. In the present study, we aimed of providing a novel, efficient and systematic strategy to identify the active ingredient and its potential molecular mechanism. Network-based pharmacology coupled with molecular docking and bioinformatics analysis were successfully applied in predicting the active ingredient and its target of G. elegans on CRC. As a result, KM, the most abundant molecule among the alkaloids of G. elegans, was deemed to be the potential effective compound with targeting PDK1.

PDK1 has been implicated in cancer progression, including proliferation, apoptosis and invasion and involved in signaling pathways altered in cancer, such as PI3K/Akt, Ras/MAPK and Myc (19). Moreover, over-expression of PDK1 was observed at both mRNA and protein levels in CRC specimens and cell lines (20). Thus, targeting PDK1 provides great therapeutic strategy for CRC. PDK1 is a soluble and globular protein composed of 556 amino acid and possesses an N-terminal Ser/Thr kinase domain and a C-terminal pleckstrin homology (PH) domain. The kinase domain contains two crucial elements for the regulation of kinase activity. One is the phosphorylation of serine 241 in the large C-terminal lobe that is catalyzed by PDK1 in trans and necessary for its kinase activity. Another is the PIF pocket located at the N-terminal lobe which could bind a hydrophobic motif on many PDK1 substrates (21). KM was a monoterpene indole alkaloid with a cage structure composed of six rings. Notably, KM exhibited the highest distribution in intestine in vivo in our previous study (22) which was consistent with the predicted results. Molecular docking result reveals that KM formed a stable complex with PDK1 at the adjacent domain of the ATP catalytic core region. The piperidine nitrogen atom establishes a hydrogen bond interaction with the backbone of Lys111. Lys111 which coordinates the α and β-phosphate of ATP with hydrogen bond has an ion pair interaction with absolutely conserved Glu130 located within the αC-helix (23). The integrity of Lys111 and Glu130 is crucial for the catalytic activity. There is another hydrogen bond interaction between the oxygen atom and Ser92. As a result, we speculated KM had a competitive interaction with ATP in the ATP catalytic site. In addition, it may also bind to the kinase domain in an allosteric pocket adjacent to the ATP-binding site. The specific mechanism remains to be further explored.

RNA-seq mainly focused on transcribed regions of genomes, serves as a powerful tool for exploring differentially expressed genes following treatment with various compounds and evaluating interactions between compounds and biological systems to reveal molecular mechanism (24). Our studies had shown that induction of apoptosis was a key molecular mechanism responsible for the anti-CRC activity of KM. To explore the possible downstream signaling of KM related to PDK1-induced CRC cell apoptosis, both RNA-seq associated with bioinformatics data-mining tools and experimental verification was performed. The DEGs were mainly enriched in the GO analysis corresponded to biological process such as the steroid metabolic and biosynthetic process and KEGG pathways related to metabolism including glycolysis/gluconeogenesis and fructose, mannose metabolism and steroid biosynthesis. The growth of malignancies including CRC prefers to metabolize glucose by glycolysis even in normoxic condition to meet high biogenetic demands in support of rapid and uncontrolled growth (25, 26). Such a reprogrammed cellular metabolism, known as ‘‘Warburg effect’’, is now recognized as a key hallmark of cancer which not only promotes tumor cell growth and spread but also relapse and chemotherapy resistance (27). As a result, targeting tumor glycolysis pathway has the potential to be a scientifically cancer treatment approach (28, 29). It is worth pointing out that KM determined a dramatically dose-dependent glucose uptake and ATP generation reduction. We also observed KM significantly downregulated the mRNA and protein levels of HK2, an enzyme responsible for the first step of glycolysis. These results revealed that KM has the capacity to suppress glycolysis by decreasing HK2 expression. It is generally accepted that HK2 has a dual role in tumor cells that HK2 could not only result in cell growth via enhanced glycolysis but also inhibit apoptosis via binding of VDAC-1 to the mitochondrial outer membrane. With HK2 dissociating from VDAC-1, the integrity and permeability of mitochondria membrane was disrupted which activated a release of pro-apoptotic enzyme, such as cytochrome C. It was well documented in our study that exposure to KM resulted in the decrease of the interaction between HK2 and VDAC-1, which could induce CRC cells to undergo apoptosis.

Furthermore, we investigated the pathway of KM involved in the inhibition of HK2 by targeting PDK1. Protein kinase B (Akt), one of the most defined PDK1 targets relevant in human cancer, is involved in the regulation of cellular survival through promoting glucose metabolism by stimulating the activity of hexokinase (30). Of note, studies have documented Akt/mTOR pathway has been a metabolic regulator center of cancer that could impede glycolysis and restrain cancer progression by modulating HK2 (31, 32). To further clarify whether the Akt/mTOR pathway was involved in mediating the effect of KM, the expression levels of p-Akt, Akt, p-mTOR, mTOR were assessed. With the inhibition of HK2 expression, the p-mTOR and p-Akt also reduced that indicated Akt/mTOR pathway could be of great importance during the downregulation of HK2.

Although herbal medicine has provided enormous potential lead compound to be applied to healthcare because of their structural diversity, complex scaffolds of compounds, low solubility, metabolic instability and ambiguous mechanisms of action has impeded them to achieve the final candidate drug (33, 34). It is interesting to optimize the structure of KM to increase the binding ability to receptor, raise the activity strength and selectivity. Vinyl is present in the active site which is a large space and mainly composed of hydrophobic amino acid. It is quite possible that substitution vinyl with favorable lipophilic groups, such as phenyl or benzoyl group is beneficial to better affinity as well as greater activity. Furthermore, it is also reasonable to design KM analogue by replacing the tricyclo fragment linking a vinyl group with lipophilic side chain to simplify the complicated ring system. Such further structure development and optimization of KM may contribute to the superior anti-CRC potency.



Conclusion

Effective ingredient and corresponding target validation are the key steps in herbal drug development chain. In this study, it adopts synthetically network pharmacology, molecular docking, transcriptomics and bioinformatics approach for mapping the anti-CRC ingredient and mechanism of G. elegans. It gives a novel and efficient strategy to explore the pharmacological mechanism of herbal medicine. As a result, we found that KM had a potent anti-CRC capacity through regulating glycolysis and VDAC-1 association via targeting PDK1. AKT/mTOR/HK2 signaling down-regulation may play an essential role in this process. Replacement of vinyl group with lipophilic group will provide rational direction for structure optimization study in the future.
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Beclin 1 is encoded by Becn1, and plays a role in tumorigenesis, neurodegeneration, apoptosis and autophagy. Here, the aggressive phenotypes and relevant proteins were examined after Beclin 1 expression was altered in gastric cancer cells. We also observed the effects of Beclin 1 on gastric carcinogenesis using Becn1 knockout mice. Finally, clinicopathological significances of Beclin 1 expression were analyzed using meta- and bioinformatics analyses. Becn1 overexpression was found to inhibit proliferation, glucose metabolism, migration and invasion of gastric cancer cells, whereas its knockdown caused the opposite effects. Beclin 1 suppressed the tumor growth by decreasing proliferation and increasing apoptosis. The heterozygous abrogation of Becn1 in gastric pit, parietal and chief cells could not cause any epithelial lesion. Beclin 1-mediated chemoresistance was closely linked to the autophagy, Bax underexpression, and the overexpression of Bcl-2, LRP1, MDR1, and ING5. Bioinformatics analysis showed higher Becn1 mRNA expression in intestinal- than diffuse-type carcinomas (P<0.05), and in male than female gastric cancer patients (P<0.05). Becn1 hyperexpression was positively associated with both overall and progression-free survival rates of the cancer patients (P<0.05). Meta-analysis showed that down-regulated Beclin 1 expression in gastric cancer was positively with lymph node metastasis, TNM staging, dedifferentiation and poor prognosis (P<0.05). Becn1-related signal pathways in gastric cancer included prostate, lung, renal, colorectal, endometrial and thyroid cancers, glioma, and leukemia, the metabolism of amino acid, lipid and sugar, and some signal pathways of insulin, MAPK, TRL, VEGF, JAK-STAT, chemokine, p53, lysosome, peroxidome and ubiquitin-mediated protein degradation (P<0.05). These suggested that Beclin 1 might be considered as a potential marker of gastric carcinogenesis, aggressiveness and prognostic prediction, and as a target of gene therapy in gastric cancer.
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Introduction

There are a worldwide decrease in morbidity and mortality and rapid development in diagnostic and operative techniques, but gastric cancer still challenges the human health. The clinical outcome and prognosis of gastric cancer are generally worse because it has often metastasized by the time of discovery and most cancer patients are elderly at presentation (1, 2). Therefore, deep clarification of molecular mechanisms about gastric carcinogenesis and subsequent progression may remarkably improve early finding, diagnosis and treatment.

Autophagy is a conserved intracellular degradation pathway via autophagosomes formation, essential for protein development, homeostasis and survival, and mainly mediated by Beclin 1 (3, 4). EHMT2/G9a hypoexpression reduced H3K9me2 level, and dissociation of EHMT2 with H3K9me2 from Becn1 promoter, and epigenetically up-regulated Becn1 transcription via a high ROS level and NF-κB activation (5). Additionally, Beclin 1 binds to Bcl-2, Bcl-w, and Bcl-xL via BH3 receptor domain by phosphorylation and ubiquitination of Beclin 1 (6). Beclin 1 is phosphorylated at ser-90 by PP2A and DAPK3 to control autophagy (7). The phosphorylated Beclin 1 at S409 by CK1 is essential for p300 binding and Beclin 1 acetylation at lysine 430 and 437 (8). RNF216 interacts with and ubiquitinates Beclin 1 at lysine 48, thereby contributing to Beclin 1 degradation, while SLC9A3R1 and USP19 blocks ubiquitin-dependent Beclin 1 degradation by interacting with Beclin 1 and removing the K11-linked ubiquitin respectively (9, 10). Liu et al. (11) found that Beclin 1, the core molecule of the Becn1-PIK3C3 complex, could be SUMO3-conjugated by PIAS3 predominantly at K380 and deSUMOylated by SENP3. Tang et al. (12) reported that 14-3-3ζ bound to and stabilized phospho- Beclin 1(S295), and induced autophagy and chemoresistance in hepatocellular carcinoma cells. Caspase 3-mediated hydrolysis of Beclin 1 suppresses autophagy or enhances apoptosis by translocating Bax to the mitochondria for the release of cytochrome c (13, 14), whereas ABHD5 directly competes with Caspase 3 for binding to Beclin 1, and consequently prevents Beclin 1 from cleavage (15).

Previously, Beclin 1 overexpression in ovarian cancer was reported to negatively correlate with the differentiation and higher cumulative and relapse-free survival rates (16). Either Beclin 1 mRNA or protein hyperexpression was seen in colorectal and gastric cancers in comparison to precancerous lesion or mucosa. Beclin 1 expression was inversely associated with liver metastasis and distant metastasis of colorectal cancer, or venous invasion, lymph node metastasis, TNM staging, dedifferentiation and favorable prognosis of gastric cancer (17, 18). In colorectal cancer cells, Beclin 1 inhibited cell viability, migration and invasion, lamellipodia formation, and tumor growth, induced autophagy and apoptosis (19). Reportedly, Beclin 1 overexpression augmented the apoptotic induction of cis-diamminedichloroplatinum via enhancing Caspase-9 activity in gastric cancer cells (18). Gao et al. (20) reported that radiotherapy also induced autophagy and increased Beclin-1 expression via p53 pathway. Biallelic loss of Becn1 is embryonically lethal for knockout mice, and promotes spontaneous tumorigenesis of lymphomas, liver and lung cancers (21–24). Here, we analyzed the effects of Beclin 1 expression on the aggressive behaviors and phenotypes of gastric cancer cells, and clarified relevant mechanisms. To explore the role of Becn1 knockout in gastric carcinogenesis, we established conditional Becn1 knockout mice in gastric pit, parietal and chief cells using the Capn8, Atp4b and PGC promoter to initiate Cre recombination respectively. Finally, clinicopathological significances were analyzed using meta- and bioinformatics analyses.



Materials and Methods


Cell Line and Culture

Gastric cancer cell lines (BGC-823 and MKN28) were kindly presented by Prof. Su of Jinzhou Medical University. These cells were grown in RPMI 1640 medium containing FBS, penicillin, and streptomycin in 5% CO2 at 37°C. BGC-823 and MKN28 cells were subjected to pcDNA3.1-Becn1 or pcDNA3.1 vector transfection, and selected by G418 with monoclone collection. The target sequences of sh-Becn1 were 5’-CACCGGAATGGAATGAGATTAATGCTTCAAGAGAGCATTAATCTCATT CCATTCCTTTTTTG-3’ and 3’-CCTTACTTACTCTAATTACGAAGTTCTCTCGTAATTAGAGTAA GGTAAGGAAAAAACCTAG-5’. Additionally, we treated cells with MG132 (proteasome inhibitor), paclitaxel (mitotic inhibitor), or SAHA (histone deacetylase inhibitor).



Proliferation Assay

We used cell counting kit-8 (CCK-8) to determine cell proliferation. In brief, 2.0 × 103 cells/well were cultured on 96-well plate. After adhering to plate.10 μl of CCK-8 solution was added into each well of the plate at different time points, and the absorbance was measured at 450 nm after 3 h incubation.



Cell Cycle Analysis

We trypsinized, collected, and fixed the cell using ethanol for 2 h. After RNase treatment for 1 h, cells were pelleted and stained by propidium iodide (PI) for 30 min. At final, flow cytometry was used to examine PI signal.



Apoptosis Assay

FITC-labeled annexin V staining (Kagen, China) was employed to indicate phosphatidylserine externalization of early apoptosis in terms of manufacturer’s instructions.



Measurement of Extracellular Acidification Rate and Oxygen Consumption Rate

We measured the metabolic parameters using wing discs of abxUbxFLPase of Seahorse metabolic flux analyzer. Discs were measured in bicarbonate-free Schneider medium with 12 mM glutamine and 11 mM glucose. The glycolysis can be indicated by extracellular acidification rate (ECAR), and the mitochrondrial respiration by oxygen consumption rate (OCR). We also normalized ECAR and OCR values using protein amount according to BCA assay.



Transwell Chamber Assay

To assess invasion, we cultured 2.0 × 105 cells in FBS-free medium in the matrigel-coated insert on the chamber top, and added 10%-FBS-containing medium to the chamber bottom as a chemoattractant. After 24-h incubation, the upper member of insert was scrubbed, and the lower portion fixed in methanol and followed by Giemsa dye. To measure migration, we repeated the above-mentioned protocol excluding membrane-control insert.



Animals

We housed three mice per plastic cage with paper chips, standard rodent food and water in pathogen-free and temperature-controlled condition with a 12-h light/dark illumination cycle. All animal experiments were conducted using protocols approved by the Committee on Animal Experimentation of The Affiliated Hospital of Chengde Medical University. Female 8-week Balb/c nude mice were used for subcutaneous implantation by injection of 2.0× 106 cells per mouse to axilla (n=10 mice/group). Finally, the mice were anesthetized, photographed, and killed for tissue sampling. The part of tumors was subjected to routine pathological block preparation, and the remaining was stored in liquid nitrogen until protein, RNA or protein extract. The tumor volume was calculated as width2× length ×0.52.

Additionally, we performed cre-mediated deletion of floxed alleles by mating Becn1 conditional mutant mice (Mouse Biology Program, University of California, Davis USA) with Capn8-cre, Atp4b-cre (kindly presented by Prof. Yang) or PGC-cre (prepared in our Lab., unpublished) transgenic mice. At least 5 mice were killed at 9 month, and their stomachs were analyzed.



DNA Analysis

DNA was extracted from mouse tail and stomach using phenol-chloroform method. We performed genotyping by PCR. The PCR primer sequences were CSD-lacF: 5’-CTACCATTACCAGTTGGTCT GGTGTC-3’, CSD-neoF: 5’-GGGATCTCATGCTGGAGTTCTTCG-3’, CSD-Becn1 -F: 5’-TTGTAC CGTGATTTAGGGCGTTTGC-3’, CSD-Becn1-R: 5’-CAGAGTGAGTTCCAAGACAGCCAGG-3’, CSD-Becn1-ttR: 5’-CTCCCAAGTGCTGGGATTAAAGACG-3’ and cre: 5’-GCCTGCATTACCGG TCGATGC-3’ and 5’-CAGGGTGTTATAAGCAATCCC-3’. The truncated Becn1 and cre were confirmed by the tail DNA PCR. The deletion of Becn1 was confirmed by PCR amplification of gastric mucosa DNA.



Real-Time RT-PCR

We extracted total RNA from cells or tissues using Trizol (Takara). Reverse transcription of 1 µg RNA was performed using random primers and AMV reverse transcriptase. PCR primers were designed according to the sequences in GenBank. Oligonucleotide primers for PCR were 5’-TTACCACAGC CCAGGCGA-3’ and 5’-GCCACCATCAGATGCCTC-3’ for mouse Becn1, and 5’-ACATACTCAG CACCGGCCTC-3’ and 5’-TATGACTCCACTCACGGCAAA-3’ for mouse GAPDH. SYBR Premix Ex Taq II kit (Takara) was employed to amplify target cDNAs using GAPDH as an internal control.



Western Blot

Protein was extracted in RIPA lysis buffer and determined by BCA assay. We separated denatured protein in SDS-polyacrylamide gel and transferred to Hybond membrane. After blocked in 5% skim milk, the membranes were incubated with primary antibodies (Table 1) and then with anti-rabbit, or anti-mouse IgG conjugated to horseradish peroxidase (Dako). We visualized bands using ECL-Plus detection reagents.


Table 1 | The antibodies used in the present study.





Histological Analysis

Tissues block were sectioned and consecutive 5μm-thick sections were stained with HE, alcian blue, PAS and HID. Sections were deparaffinized, dehydrated, and subjected to immunostaining using primary antibodies (Table 1) as previously described (17), or TUNEL using ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (Millipore) as reported (19).



Identification of Eligible Studies

We searched the articles using BIOSIS, PubMed, SciFinder, and Web of Science until July 10, 2020. The following strategy was (Becn1 OR Beclin 1) AND (stomach OR gastric) AND (adenocarcinoma OR carcinoma OR cancer). The articles were included to observe Beclin 1 immunostaining in gastric cancers and compare Beclin 1 expression with their pathobiological features and prognosis. We excluded the abstract, comment, review and meeting, and papers about Western blot, RT-PCR, cDNA chip, or transcriptomic data for Beclin 1 expression.



Data Extraction and Quality Score Assessment

Both reviewers independently collected useful information from all eligible articles, including first author, publication year, ethnicity, country, histological subtypes, control source, antibody company, numbers of cases and controls, and survival times. Engauge Digitizer software was employed to mine information from Kaplan-Meier curves and calculate Hazard ratios. We discussed to resolve disagreement until consensus. Publication quality was evaluated according to Newcastle Ottawa Scale.



Bioinformatics Analysis

The transcriptomic and clinicopathological data of gastric cancer patients were downloaded from TCGA database by TCGA-assembler of R software. We analyzed Becn1 mRNA level between gastric normal and cancer tissues using Oncomine and TACGA data. Becn1 expression was compared with clinicopathological and prognostic data of gastric cancer patients. GSEA was performed with GSEA-3.0. We used Becn1 level as a phenotype label and analyzed pathway enrichment. Kaplan- Meier plotter was employed to analyze the prognostic significance of Becn1 mRNA.



Statistics Analysis

We used Revman software 5.3 to carry out Meta-analysis, and evaluated HWE using Chi-square test. If there was no significant heterogeneity, the fixed effect model would be employed. Experimental and TCGA data was handled with SPSS 10.0 software using t test or survival analysis. We regarded P<0.05 as statistically significant.




Results


The Effects of Beclin 1 Overexpression on the Aggressiveness of Gastric Cancer Cells

Beclin 1 was successfully overexpressed in BGC-823 and MKN28 cells according to real-time RT-PCR and Western blot (Figure 1A, P<0.05). Beclin 1 overexpression suppressed the proliferation of both cancer cells, evidenced by CCK-8 (Figure 1B, P<0.05). Becn1 transfectants showed the chemoresistance to MG132, paclitaxel and SAHA at both time- and dose-dependent manners (Figure 1C, P<0.05). After transfected with Becn1-expressing plasmid, the appearance of gastric cancer cells became irregular, vacuolar, polynucleate and protrudent (Figure 1D). Flow cytometry showed G1 or S arrest, and apoptotic induction in Becn1 transfectants of gastric cancer cells (Figures 1E, F, P<0.05). Beclin 1 overexpression decreased glycolysis and following mitochondrial oxidization, cell migration and invasion according to oxygen consumption and transwell assays respectively (Figures 1G, H, P<0.05). As shown in Figure 1I, Becn1 overexpression up-regulated the expression of LC-3B, Bax, Akt, p-Akt, PI3K, p-PI3K, E-cadherin, GST-π, MDR1, LRP1, ING5 and CD147, but down-regulated the expression of Bcl-2, p38, p-p38, NF-κB, Twist, Zeb2 and β-catenin. There was no difference in the expression of Cdk4 and MRP1 between gastric cancer cells and their Becn1 transfectants.




Figure 1 | The effects of Beclin 1 expression on aggressiveness of gastric cancer cells. Beclin 1 expression in BGC-823 and MKN28 cells was examined after transfection with pcDNA3.1-Becn1 by real-time RT-PCR and Western blot (A). The transfectants showed a decrease in growth (B) and chemosensitivity to MG132, Paclitaxel and SAHA (C) in comparison with the control or mock. After Becn1 was overexpressed, the morphological appearance was observed under microscope (D). Flow cytometry showed that Beclin 1 expression induced the G1 arrest of BGC-823 cells, but S arrest of MKN28 cells (E). Apoptosis was increased by Beclin 1 overexpression, as evidenced by Annexin V assay (F). Oxygen consumption and transwell assays were used to monitor the glucose metabolism, migration and invasion of gastric cancer cells respectively (G, H). The phenotype-related proteins were screened by Western blot (I). *P < 0.05, compared with the transfectants.



Becn1 was successfully silenced in SGC-7901 cells, evidenced by real-time RT-PCR (Figure 2A, P<0.05) and Western blot (Figure 2B, P<0.05). Becn1 knockdown promoted the cell viability (Figure 2C, P<0.05) and the chemosensitivity against MG132, 5-FU, and SAHA (Figure 2D, P<0.05), induced S phase progression (Figure 2E, P<0.05), and inhibited the apoptosis (Figure 2F, P<0.05). Down-regulated Becn1 expression promoted migration and invasion according to transwell chamber assay (Figure 2G). Becn1 knockdown decreased the expression of p-Akt, p-PI3K, LC-3B, E-cadherin, MRP1, MDR1, LRP1 and ING5, but increased the expression of Bcl-2, Akt, PI3K, p-p38, Cdk4, Zeb2, and β-catenin. No alteration was observed in the expression of GST-π, NF-κB and CD147 (Figure 2H).




Figure 2 | The in vitro and in vivo effects of Beclin 1 silencing on aggressive phenotypes of gastric cancer cells. After transfection of shRNA-Becn1, its expression became weak in SGC-7901 cells by real-time RT-PCR (A) and Western blot (B). The cell viability was measured in SGC-7901 cells and their shBecn1 transfectants using CCK-8 kit (C), even treated with 5-FU, MG132, and SAHA (D). Cell cycle and apoptosis were examined by propidium iodide (PI) (E) and Annexin-V (F) staining respectively. Both migration and invasion were determined in SGC-7901 and shBecn1 transfectants by transwell chamber assay (G). The phenotype-associated proteins were screened by Western lot (H). *P < 0.05, compared with the transfectants.



Moreover, Beclin 1 overexpression suppressed tumor growth of gastric cancer cells in nude mice (Figure 3A, P<0.05). There was a higher Beclin 1 expression, a stronger signal of TUNEL and a weaker ki-67 expression in tumors of Becn1-overexpressing BCG-823 (Figures 3B, C). Beclin 1 down-regulated the expression of VEGF, E-cadherin, Bcl-2, but up-regulated the expression of LC-3B, NF-κB, PI3K, Akt1/2/3 and MDR in xenograft tumor of gastric cancer cells (Figure 3C). Moreover, we matched the conditional Becn1-knockout (KO) mice with Atp4b-cre, Capn8-cre or PGC-cre mice, and designed the primers to confirm the monoallelic deletion of Becn1 using DNA from tail and gastric mucosa (Figure 4A). According to PCR results, we obtained the monoallelic deletion of Becn1 in gastric mucosa in Becn1-PGC-cre, Becn1-Capn8-cre and Becn1-Atp4b-cre mice (Figure 4B). There was a weaker expression of Becn1 in gastric epithelium of Becn1-PGC-cre, Becn1-Capn8-cre and Becn1-Atp4b-cre than those of wild-type (WT) mice at both mRNA and protein levels (Figure 4C, D). However, no remarkable lesions were observed in the gastric mucosa of these three kinds of mice although weaker Beclin 1 was immunohistochemically observed in gastric chief, pit and parietal cells of Becn1-PGC-cre, Becn1-Capn8-cre, and Becn1-Atp4b-cre than those of WT mice (Figures 4E–G). Additionally, there were no differences in sialic acid, neutral and sulfuric acid mucus between conditional KO and WT mice according to alcian blue, PAS and HID staining (Figure 4H).




Figure 3 | The effects of Becn1 expression on tumor growth of gastric cancer. The growth of gastric cancer cells was faster and heavier than their Becn1 transfectants by gross appearance, and measuring tumor volume and weight [(A), P < 0.05]. The transfectant cells showed stronger signals of Beclin 1 and apoptosis than the control in subcutaneous tumor, but versa for ki-67 immunoreactivity (B). The phenotype-related proteins were screened using xenograft tumor tissues by Western blot (C). *P < 0.05, compared with the transfectant.






Figure 4 | The effects of Becn1 expression on gastric carcinogenesis. PCR primers were designed (A) and subjected to PCR of tail and stomach DNA (B). Monoallelic deletion of Becn1 was confirmed by real-time PCR (C) and Western blot (D), and couldn’t cause any gastric lesions although Beclin 1 expression was reduced with Capn8, Atp-4B, and PGC immunoreactivity as control according to HE and immunohistochemistry (E–G). There was no difference in alcian blue, PAS and HID staining between three conditional knock-out mice and wild-type mice (H). *P < 0.05, compared with the knockout mice. WT, wild-type mice; Cabe, Capn8-cre +; Becn1 +/−; 4bbe, Atp-4b-cre +; Becn1 +/−; PGbe, PGC-cre +; Becn1 +/−.





Characteristics of Eligible Studies

We retrieved fifteen articles about the relationship between Beclin 1 expression and cancer risk, clinicopathological or prognostic features of gastric cancer for meta-analysis (Table 2). Five pieces of paper had the samples of normal gastric mucosa and cancer (18, 28, 31, 35, 37). In 12 articles, Beclin1 expression was compared with age, invasive depth, lymph node involvement, TNM staging and Lauren’s classification (18, 25–37). Ten pieces of paper described the prognostic significance of Beclin 1 expression (18, 25–27, 30–34, 36).


Table 2 | Main characteristics of eligible studies.





Association Between Beclin 1 Expression and Clinicopathological Parameters of Gastric Cancer

We collected 986 cancers and 786 controls and found down-regulated Beclin 1 expression in gastric cancer (Figure 5A, P=0.02). As shown in Figure 5B, there was no difference in Beclin 1 expression between age >60 year and <60 year cancer patients (P>0.05), between male and female ones (Figure 5C, P>0.05) or between T1-2 than T3-4 gastric cancer (Figure 5D, P=0.19). Beclin 1 expression was negatively associated with lymph node involvement (Figure 5E, P=0.03), TNM staging (Figure 5F, P=0.03), and dedifferentiation (Figure 5G, P=0.01). Well-moderately adenocarcinoma had a higher Beclin 1 expression than the poorly-differentiated subtype (Figure 5H, P=0.0004). As indicated in Figure 5I, there was significant association between Beclin 1 expression and favorable overall survival in patients with gastric cancer (OR=1.34, 95% CI: 1.15–1.56, P=0.0002). Sensitivity analysis was performed to evaluate individual study’s influence on the pooled results by deleting one single study (data not shown).




Figure 5 | Forest plot for the relationship between Beclin 1 expression and clinicopathological parameters of gastric cancer. (A) gastric carcinogenesis (cancer vs normal mucosa); (B) correlation between age and Beclin 1 expression (<60 years vs ≧60years); (C) correlation between gender and Beclin 1 expression (female vs male); (D) correlation between T staging and Beclin 1 expression (Tis-1 vs T2-4); (E) correlation between lymph node metastasis (LN) and Beclin 1 expression (LN- vs LN+); (F) correlation between TNM staging and Beclin 1 expression (stage I–II vs II–IV); (G) correlation between Lauren’s classification and Beclin 1 expression (intestinal-type vs diffuse-type); (H) correlation between WHO’ classification and Beclin 1 expression (Well-moderately differentiated vs poorly-differentiated); (I) correlation between prognosis and Beclin 1 expression (Beclin 1- vs Beclin 1+).





The Clinicopathological and Prognostic Significances of Becn1 Expression in Gastric Cancer

According to TCGA databases, Becn1 mRNA expression was found to be lower in gastric cancer than normal mucosa (Figure 6A, P<0.05). There was a higher Becn1 mRNA expression in intestinal- than diffuse-type adenocarcinoma according to DErricodata (Figure 6B, P<0.05). In TCGA data, Becn1 expression was higher in male than female cancer patients (Figure 6C, P<0.05). According to Kaplan-Meier plotter, Becn1 expression was found to positively correlate with overall and progression-free survival rates of all cancer patients (Figure 6D, P<0.05), even stratified by Lauren’s classification, TNM staging and treatment (Table 3, P<0.05). Female, male, T2, T3, N1-N3, M1, M0 and Her-2-negative cancer patients with high Becn1 mRNA expression had a high overall survival rate than those with its low expression (P<0.05), while it was the same for progression-free survival rate in the male, T2, T4, N1-3, N1, M0, Her2-negative and -positive cancer patients (P<0.05).




Figure 6 | Becn1 mRNA expression in gastric carcinogenesis and subsequent progression. A lower Becn1 mRNA expression was detectable in gastric cancer than that in normal gastric mucosa according TCGA data [(A), P < 0.05]. There was Becn1 overexpression in intestinal-type than diffuse-type carcinoma according to DErrico’s database [(B), P < 0.05]. TCGA database showed a higher Becn1 mRNA expression in male than female patients with gastric cancer [(C), P < 0.05]. According to the data from Kaplan-Meier plotter, Becn1 mRNA expression was positively related to both overall and progression-free survival rates of the patients with gastric cancer [(D), P < 0.05]. HR, hazard ratio. *P < 0.05, compared with the cancer.




Table 3 | The prognostic significance of Becn1 mRNA in gastric cancer by Kaplan–Meier plotter.





Becn1-Related Signal Pathways in Gastric Cancer

As summarized in Table 4, we conducted a GSEA to analyze Becn1-related signal pathways in gastric cancer. The significant enriched pathways included prostate, lung, renal, colorectal, endometrial, thyroid cancers, glioma, and leukemia, the metabolism of amino acid, lipid and sugar, and some signal pathways of insulin, MAPK, TRL, VEGF, JAK-STAT, chemokine and p53, lysosome, peroxidome and ubiquitin-mediated protein degradation (P<0.05).


Table 4 | Becn1-enriched signal pathway in gastric cancer according to the KEGG analysis.







Discussion

Beclin 1 expression was reported to cause apoptosis via Bax activation and Bcl-2 suppression in HeLa cells, inhibited proliferation and increased the chemosensitivity to Taxol (38). In lung cancer cells, Beclin 1 induced apoptosis and weakened invasion by up-regulating ECRG4 (39). In breast cancer cells, Beclin 1 overexpression improved cellular autophagy, inhibited cell proliferation, decreased cell apoptosis, mediated G1 arrest and promoted epithelial-mesenchymal transition (EMT) via Wnt/β- catenin pathway (40), but Becn1 knockdown induced EMT by via posttranscriptional up-regulation and stabilization of Zeb1 mRNA (41). RelA-mediated Becn1 expression was essential for ROS-induced autophagy in oral cancer cells irradiated by laser (42). Hasan et al. (43) found that HSP90 inhibitor (Gedunin) suppressed interaction between Hsp90:Beclin-1:Bcl-2, finally to inhibit autophagosome formation (Beclin-1, Atg5-12 complex, and LC3). Hu et al. (44) observed that Becn1 knockdown markedly promoted motility and invasion of colorectal cancer cells with STAT3 phosphorylation via the interaction between STAT and JAK2. Cheng et al. (45) found that Beclin 1 increased the migration of non-small cell lung cancer cells via interaction with Vimentin, followed by its K48-linked ubiquitination via ubiquitin-specific peptidase 14. Here, Beclin 1 was demonstrated to suppress proliferation, migration, invasion and tumor growth, and induce cell cycle arrest, apoptosis, autophagy and chemoresistance in gastric cancer cells, whereas versa for Becn1-silencing cells, suggesting that Beclin 1 can be used as a gene therapy target of gastric cancer if its chemoresistant induction could be avoided or alleviated. Additionally, gastric lesions were not observed from monoallelic conditional KO mice of Becn1 in pit, parietal and chief cells respectively although spontaneous lymphomas, liver and lung cancers were detected in Becn1-/+ mice (23). Reportedly, microadenoma, macroadenoma to invasive well-differentiated adenocarcinoma were rapidly observed in the gastric Lgr5+ stem cells with the double deletion of Smad4 and PTEN using Lgr5-Cre mice (46). Our findings support the opinion that Becn-1-mediated gastric cancer might originate from local stem cells with genetic alteration, but not the differentiated cells. Additionally, Becn1-induced gastric carcinogenesis possibly needs the exposure to chemical carcinogen.

Bax can open the mitochondrial voltage-dependent anion channel during apoptosis, which is inhibited by interaction with Bcl-2 on the mitochondrial membrane (47). Consequently, Bax overexpression and Bcl-2 underexpression in gastric cancer cells may account for the inductive effect of Beclin 1 on apoptosis via mitochondrial pathway. Reportedly, activated p38 MAPK phosphorylates MAPKAP kinase 2 to phosphorylate the transcription factors (e.g. ATF2, Mac, and MEF2) and subsequently to mediate cell survival. PI3K/Akt activation results in drug resistance and cell proliferation. We observed p-p38 overexpression in Becn1-ovexpressing or silencing gastric cancer cells, but both p-PI3K and p-Akt hyperexpression was seen in Becn1-ovexpressing, but not Becn1-knockdown cells, suggesting that PI3K/Akt signal pathway might be involved in the effects of Beclin 1, but not p38. According to the literature, MDR1 and LRP1 are mainly responsible for drug resistance due to their ATP-dependent efflux pumping (47). ING5 overexpression also caused chemoresistance in neuroblastoma, glioma, gastric cancer, lung cancer, ovarian cancer and breast cancer cells (48–52). Cellular stress or increased metabolic demand activates autophagy, which can cause therapeutic resistance (47). Our results hinted that the Beclin 1-mediated chemoresistance might be due to autophagy and the hyperexpression of MDR1, LRP1, and ING5. Becn1 overexpression was found to markedly attenuate the ability of gastric cancer cells to migrate and invade possibly due to VEGF hypoexpression because VEGF may promote mobility and proliferation of gastric cancer cells. In the study, E-cadherin hyperexpression, and Twist1 and Zeb2 hypoexpression in gastric Becn1 transfectants were closely linked to MET because Zeb2 and twist promote EMT process with E-cadherin underexpression. Therefore, the inhibitory of Beclin 1 on migration and invasion was dependent on MET in gastric cancer cells.

TGF-β1-induced autophagy linked β-catenin and Smad signaling to promote EMT of mouse kidney proximal tubular epithelial C1.1 (SV40 transformed) cells by disrupting E-cadherin/β-catenin- mediated cell-cell contact via ILK overexpression (53). SIRT1, SIRT6 and SPHK1 induced EMT by up-regulating autophagy-linked lysosomal degradation of E-cadherin in melanoma and hepatocellular cells via Beclin 1-E-cadherin cascade respectively (54–56). FSTL1 was demonstrated to induce EMT and airway remodeling by activating autophagy in asthma (57). HMGB1 also induced apoptosis and EMT in association with autophagy through the upregulated expression of DDR1 and the downregulation of the phosphorylation of mTOR following H/R injury in H9c2 cells (58). Persistent hypoxia induced autophage disorders, which could cause down-regulated E-cadherin and down-regulated MMP-9, thus promoting invasiveness of placenta trophoblasts (59). GRIM-19 suppressed hypoxia-triggered invasion and EMT by inhibiting hypoxia-induced autophagy through inactivation HIF-1α/STAT3 signaling axis (60). HIF-1α-mediated autophagy promoted EMT and metastatic ability of CD133+ pancreatic cancer stem-like cells during intermittent hypoxia (61). Endoplasmic reticulum stress induced EMT through autophagy via c-src kinase activation (62). In contrast, Catalano et al. (63) reported that autophagy induction impaired migration and invasion by reversing EMT in glioblastoma cells, in line with our inductive effects of Beclin 1 overexpression on E-cadherin expression in gastric cancer. In combination of these findings, we speculated that the regulatory correlation between Beclin 1 and E-cadherin depended on the cell types.

Reportedly, loss and down-regulation of Beclin 1 expression was immunohistochemically observed in esophageal adenocarcinoma (64), colorectal cancer (65), breast cancer (66), but versa in pancreatic cancer (67). Here, we performed meta-analysis and found that down-regulated Beclin 1 expression in gastric cancer was positively linked to lymph node metastasis, TNM staging, dedifferentiation and poor prognosis, in agreement with our bioinformatics findings. Reportedly, loss of Beclin-1 in cancer cells and Beclin 1 overexpression in stromal mesenchymal cells were closely linked to local recurrence and lymph node metastasis in breast cancer (68). Beclin-1 expression was related to HBV infection status and the grade of hepatocellular carcinoma (HCC) (69). In the hypoxic group, it was negatively correlated with high tumor grade, advanced stage, large size, and multifocal tumors of HCC, while positively with TNM stage and liver metastasis of gallbladder carcinoma (70), and with worse recurrence in intrahepatic cholangiocarcinoma (71). Beclin 1 expression was reported negatively correlate with tumor grade, lymph node involvement, TNM stage, tumor size, dedifferentiation, and recurrence of lung cancer (72). These findings indicated that its down-regulation contributed to gastric carcinogenesis and progression as a molecular marker.

Becn1 expression loss was demonstrated to act as a negative prognosticator in ovarian cancer patients receiving platinum-based chemotherapy (73). Tang et al. (74) found that low Becn1 expression was associated with poor prognosis in breast cancer as an independent predictor, but the converse was true for breast cancer patients receiving tamoxifen treatment (75). Beclin 1 was considered as a dependent factor for favorable prognosis of the colorectal cancer patients (65). It was the same for ovarian clear cell carcinomas (76) and multiple myeloma (77). In contrast, Beclin 1 was significantly correlated with short disease-free survival and overall survival of pancreatic ductal adenocarcinoma (67). Here, meta- or bioinformatics analysis showed that either Beclin 1 protein or mRNA expression was positively linked to the favorable prognosis of the patients with gastric cancer. Taken together, Beclin 1 might be considered as a potential marker for the prognosis of the gastric cancer patients at either mRNA or protein level.

Down-regulated Becn 1 expression in gastric cancer was positively correlated with aggressiveness and worse prognosis at either mRNA or protein level as a molecular marker. Becn1 KO in pit, parietal or chief cells couldn’t induce gastric carcinogenesis. It might be employed as a potential target for gene therapy of gastric cancer patients if its chemoresistant induction would be avoided and alleviated.
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Gastric cancer (GC) is one of the most common cancers in the world, and the incidence of gastric cancer in Asia appears to increase in recent years. Although there is a lot of improvement in treatment approaches, the prognosis of GC is poor. So it is urgent to search for a novel and more effective treatment to improve the survival rate of patients. Both innate immunity and adaptive immunity are important in cancer. In the innate immune system, pattern recognition receptors (PRRs) activate immune responses by recognizing pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). Toll-like receptors (TLRs) are a class of pattern recognition receptors (PRRs). Many studies have reported that TLRs are involved in the occurrence, development, and treatment of GC. Therefore, TLRs are potential targets for immunotherapy to gastric cancer. However, gastric cancer is a heterogeneous disorder, and TLRs function in GC is complex. TLRs agonists can be potentially used not only as therapeutic agents to treat gastric cancer but also as adjuvants in conjunction with other immunotherapies. They might provide a promising new target for GC treatment. In the review, we sort out the mechanism of TLRs involved in tumor immunity and summarize the current progress in TLRs-based therapeutic approaches and other immunotherapies in the treatment of GC.
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INTRODUCTION

Gastric cancer (GC), is the second leading cause of cancer death worldwide according to the latest WHO statistics in 2018 (Bray et al., 2018). Early gastric cancer can be removed by EMR (endoscopic mucosal resection) or ESD (endoscopic submucosal dissection), the long-term prognosis is good at present (Ko et al., 2016). What makes GC difficult to treat is due to the patients with GC usually without any early symptoms. GC is usually diagnosed in the late stage when metastasis (Maeda et al., 2015). There are several standard treatments to treat advanced gastric cancer: surgical resection, chemotherapy, radiotherapy, chemoradiation, and targeted therapy. But the 5-year survival rate of patients with GC had no significant improvement. Besides, the patients had some side effects during and after treatment, including nausea, vomiting, reflux, malnutrition, etc. The quality of life of the patients decreased significantly. This makes people with gastric cancer suffer both physically and mentally. How to improve the survival rate and quality of life of GC patients is an urgent problem to be solved. GC is a heterogeneous disorder and some molecular subsets of it exhibit certain characteristics, suggesting that immunotherapy may be an effective treatment (Jones and Smyth, 2020). According to The Cancer Genome Atlas (TCGA) network, GC is classified into the four following molecular subgroups: Epstein Barr virus (EBV), microsatellite instability (MSI), chromosomal instability (CIN) and genomic stable (GS) gastric cancers. In the MSI and EBV subgroups, programmed death-ligand 1 (PD-Ll) is higher expressed, that demonstrate the potential of immune checkpoint inhibitors to treat these GC subtypes (Cancer Genome Atlas Research Network, 2014).

The diseases treated by immunotherapy are through inducing, enhancing, or suppressing immune responses. Compared with currently used drugs, immunomodulatory therapy has fewer adverse side effects and develop less resistance in the treatment of microbial diseases (Masihi, 2001). Active immunotherapy uses the parts of the immune system to enhance tumor immunity (Jeremy et al., 2016). In tumor immunity, the immune system suppresses tumor growth by recognizing and removing tumor cells (Keir et al., 2008). However, tumors can achieve malignant reproduction by immune escape (Hanahan and Weinberg, 2011). Tumorigenesis usually involves inflammatory responses, both innate and acquired immune systems (Akira et al., 2006). It is shown that activating the innate immune system can offset tumor-induced immunosuppression partly and may improve the prognosis of cancer patients (Marcus et al., 2014).

The highly conserved PRRs are a significant component of the innate immune system. PRRs family includes TLRs, nucleotide oligomerization domain (NOD)-like receptors (NLRs), a retinoic acid-inducible gene I (RIG-I) like receptors (RLRs), and C-type lectin receptors (CLRs) (Castaño-Rodríguez et al., 2014). Potential natural immune targets include TLRs, RLRs, and stimulator of interferon genes (STING) (Li et al., 2017). Furthermore, The activation of TLRs is necessary for inducing the adaptive immunity. Therefore, the induction of the innate immune system may work in identifying and antagonizing tumor cells. Although immunotherapy has not become a standard therapy like surgery or chemoradiotherapy, its role in cancer treatment could be significant. Especially TLRs-based strategy has greatly promoted the immunotherapy of lung cancer, melanoma, and renal cell carcinoma, etc., but the function of TLRs in gastric cancer immunotherapy has just attracted more studies. However, there is no previous review on the immunotherapeutic effect of TLRs in gastric cancer. Thus, we summarized the research status and mechanism of TLRs in immunotherapy of gastric cancer.



TLR STRUCTURE AND SIGNALING PATHWAYS

TLRs are type I transmembrane glycoproteins, whose structure includes a leucine-rich repetitive sequence in the extracellular domain, a transmembrane domain, and a conserved Toll/ IL-1R homologous domain (TIR) in the cytosolic region, as they are homologous with the signaling domain of IL-1R family members. Extracellular domain induces homo-dimerization of intracellular TIR by recognition of ligands (except for TLR1/2 and TLR2/6). Then TLRs recruit TIR domain-containing adaptor proteins including myeloid differentiation primary response protein 88 (MyD88) and TIR-domain containing adaptor-inducing interferon-β (TRIF) that initiate signaling pathways to activate the transcription factors nuclear factor-kappa B (NF-κB), interferon regulatory factor (IRFs), or mitogen-activated protein kinase (MAPK) to regulate the expression of cytokine and chemokine genes including interleukin-2 (IL-2), IL-6, IL-12, monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor-α (TNF-α) (Barton and Kagan, 2009), ultimately involved in establishing a regulatory innate and adaptive immune response (Goutagny et al., 2012; Kawasaki and Kawai, 2014).

Ten TLRs have been determined expressed in various human innate immune cells, such as macrophages and dendritic cells. TLRs may be retained or abnormally expressed in cancer cells (Goutagny et al., 2012; Braunstein et al., 2018). Several TLRs have been expressed in human gastric cancer cells. For example, TLR2 expression was up-regulated in human GC cell SGC7901, which was associated with Pam3CSK4 stimulation, indicating that TLR2 might be involved in the proliferation and metastasis of GC, indicating that TLR2 might serve as a novel therapeutic target against GC (Yang et al., 2014). TLR4 was highly expressed in gastric cancer cells related to the aggressiveness of gastric cancer. The activation of TLR4 by lipopolysaccharide (LPS) promoted cancer proliferation but did not influence apoptosis (Yuan et al., 2013). TLR5 activated by flagellin can increase the proliferation of GC cells. The subsequent antagonism of TLR5 appears to counteract this effect, suggesting that TLR5 signaling can significantly enhance the proliferation of GC cells (Song et al., 2011). However, another study found that GC patients with high TLR5 tissue expression can have a better prognosis, particularly who has stage II disease or intestinal-type GC (Kasurinen et al., 2019). Studies have explored that TLR7 expression is low in GC tissues, and stimulating TLR7 could promote the secretion of pro-inflammatory cytokines, and inhibit the proliferation of GC cells (Jiang et al., 2016). Thus, it can be seen that the function of different TLRs in GC is complex and different.



THE MECHANISM UNDERLYING THE ROLE OF TLRS IN TUMOR IMMUNITY

TLRs are the family of transmembrane receptors on innate immune cells such as dendritic cells (DCs) and macrophages. They can recognize PAMPs and DAMPs of necrotic and apoptotic cells from a foreign specific microbe, including antigens from various tumor sources, to initiate an immune response (Barton and Kagan, 2009; Tartey and Takeuchi, 2014). The immune system recognizes tumor cells through tumor antigens. Tumor-specific antigen (TSA) is expressed only in tumor cells. Tumor-associated antigen (TAA) is expressed in both tumor and normal cells. Dendritic cells (DCs) belong to antigen-presenting cells (APCs). TAA/TSA was presented to CTLs by DCs via the MHC class I pathway (Kurts et al., 2010). Antigen presentation triggers CD8+ T cells to differentiate into cytotoxic T lymphocytes (CTLs) and induces CTLs proliferation. Subsequently, CTLs are attracted to the tumor microenvironment. Through T cell receptor (TCR) and MHC class I-bound antigen, CTLs recognize tumor cells then kill them (Hanson et al., 2000). Immune checkpoints including CTLA-4 and PD-1 can suppress the immune attack. CD4+ T cells are activated by DCs via the MHC class II pathway, differentiating into Th1 and Th2 cells. Th1 cells promote antitumor immunity by secreting proinflammatory cytokines (Kalams and Walker, 1998). Regulatory CD4+ T cells (Tregs) are anti-inflammatory cells suppressing the priming, activation, and cytotoxicity of other effector immune cells including Th1 T cells, CTLs and etc. (Ward-Hartstonge and Kemp, 2017). TLR agonists who have anti-tumor effects activate tumor-specific T cell responses by stimulating antigen-presenting cells (APC), including dendritic cells (DCs) (Li et al., 2017). T lymphocyte activity, as the main involved molecules in tumor immune response, can synergistically act on stimulating molecules and inhibiting molecules (Pardoll, 2012). In humans, most TLRs expression is found on DCs and mature macrophages (Hennessy et al., 2010). There is growing evidence that TLRs can be expressed or induced on multiple cells, such as T cells and tumor cells. Along with the anti-tumor effect of TLRs on DCs, new researches have shown that TLR signals from other cell types can play a crucial role in tumor growth, promotion or inhibition (Fukata and Abreu, 2008; So and Ouchi, 2010; Kaczanowska et al., 2013). This also indicates that the role of TLRs in immunotherapy against GC is very important, might represent a new strategy for patients with GC (Figure 1).


[image: Figure 1]
FIGURE 1. The mechanism underlying the role of TLRs in tumor immunity. TLRs are expressed on different immune cells and cancer cells. The roles of immune cells in tumor immunity. As a class of antigen-presenting cells (APCs), dendritic cells (DCs) recognize tumor antigen and present the antigen to CD8+ T cells through the MHC class I pathway and CD4+ T cells through the MHC class II pathway. After activated by DCs, CD8+ T cells differentiate into cytotoxic T lymphocytes (CTLs) and CD4+ T cells differentiate into Th1 and Th2 cells. CTLs are recruited to the tumor microenvironment (TME) and recognize tumor cells through T cell receptor (TCR) and MHC class I-bound antigen, then kill them. Th1 cells secreting proinflammatory cytokines such as IL-2, TNF-α, and IFN-γ to promote immunity. Immune checkpoints—CTLA-4 and PD-1, can suppress T cell response. NK cells inhibit cancer by directly kill tumor cells and secreting several inflammatory factors. M1 macrophages are pro-inflammatory and M2 Macrophages are anti-inflammatory. Regulatory CD4+ T cells (Tregs) are anti-inflammatory cells suppressing of CTLs, Th1 cells, macrophages, and NK cells. TLRs are expressed both on immune cells and gastric cancer cells. Different TLRs agonists act on different immune and cancer cells to affect tumor immunity—pro-tumor or anti-tumor. Th1 cells, T helper type 1 cells; Th2 cells, T helper type 2 cells; IL-2, interleukin-2; TNF-α, tumor necrosis factor-α; IFN-γ, interferon-γ; CTLA-4, The cytotoxic T-lymphocyte-associated antigen-4; PD-1, Programmed cell death protein 1; PD-L1, Programmed death ligand 1 (PD-L1).The agonists and adjuvants of TLRs are shown in Tables 1, 2.



Table 1. The agonists of TLRs in the immunotherapy of gastric cancer.
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Table 2. The adjuvants of TLRs in the immunotherapy of gastric cancer.
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TLRS IN IMMUNOTHERAPY OF GASTRIC CANCER

TLRs have been detected in both tumor cells and immune cells. They recognize different ligands, respectively, such as lipopolysaccharide (LPS) of bacteria, bacterial flagellin, unmethylated CpG motif of bacterial, etc. So, the activation of TLRs on different cells is complex, which may be anti-tumor, pro-tumor, or dual effects.


TLR2

It has been reported in several literatures that TLR2 is associated with the occurrence of GC. TLR2 is expressed on the plasma membrane and recognizes peptidoglycan, a part of the cell wall of Gram-positive bacteria, thus activating innate immunity. It was shown that TLR2-activated APCs can promote effector cells to attack tumor cells (Akazawa et al., 2010; Prajeeth et al., 2010). The extract of LarixLeptolepis (ELL) may activate TLR2 and fight cancer. It can also activate bone marrow-derived-dendritic cells (BMDCs) to promote a tumor-specific signal and tumor-specific cytotoxic T lymphocytes (CTLs) to fight cancer (Koizumi et al., 2012). Coley's toxin (a mixture of inactivated Streptococcus pyogenes and Serratia marcescens) and BCG (Bacillus Calmette-Guerin), a TLR2 and TLR4 agonist have been used as a drug for long-term cancer treatment (Galluzzi et al., 2012). Also, the BCG cell wall skeleton (BCG-CWS) vaccine has been used as a vaccine and TLR2 ligand for the prevention of tuberculosis and has been demonstrated to enhance immune effect strongly through DCs and is helpful for cancer immunotherapy, including GC (Tsuji et al., 2000).

However, the underlying mechanism remains unclear although some information has been uncovered. After BCG and lymphocyte co-culture, the apoptosis rate, caspase-3 level, LC-3, and Atg-3 protein level were significantly higher than those in BCG and lymphocyte group alone. BCG induces lymphocyte to secrete interferon-γ (IFN-γ). BCG and IFN-γ can also enhance the level of cleavage of caspase-3, LC-3, and Atg-5. Studies have shown that BCG may induce apoptosis and autophagy of gastric cancer cell line MGC-803 by inducing the release of IFN-γ from peripheral blood lymphocytes (Yao et al., 2018).

Glycoprotein 130 (gp130) binds to IL-6 to form a trimer and transmit downstream signals (Tebbutt et al., 2002). In gp130 mutant mice, TLR2 was absent and gastric cancer lesion shrank (Tye et al., 2012). And the study indicated that the expression of TLR2 in gastric epithelial cells and/or GC tissues may be involved.

A cancer vaccine is a new approach to treat a tumor, and a vaccine essentially consists of a tumor-associated antigen (TAA) and adjuvant. TLR2 ligands are potential adjuvants. Gijs et al. demonstrated that conjugation of new TLR2-L Amplivant (TLR2-ligand, a modified Pam3CSK4) to synthetic long peptides (SLPs) induced dendritic cells(DCs) maturation, T cell priming, and anti-tumor immunity strongly (Zom et al., 2018). BPPcysMPEG (TLR2/6 heterodimer agonist) was proved to be a potent stimulus to generate cytotoxic T lymphocytes (CTLs) via cross-priming (Prajeeth et al., 2010). Hu et al. designed and synthesized a conjugated stimulator of interferon genes (STING) and TLR1/2 agonist, Pam3CSK4-CDGSF, which can serve as a adjuvant for vaccine construction to augment antitumor immunotherapy (Hu et al., 2020).

ANXA2m is an O2-regulated protein binding and signaling through TLR2, acting as an adjuvant by inducing DCs maturation, enhancing antigen cross-presentation, and inducing the secretion of proinflammatory cytokines (Andersen et al., 2016). Wu et al. found that lipo-OVA (Ovalbumin fused with the TLR2 agonist, the lipid part of the bacteria) showed a strong anti-tumor effect by activating BMDCs maturation, promoting cross-presentation of tumor antigen, inducing CTL responses, increasing the numbers of CD8+ T cells (Wu et al., 2016). A vaccine comprising bacteria-mimicking tumor cells (BMTC) and P2CSR11/P2CSK11 (TLR2 ligand) promoted anti-tumor immunity by stimulating DCs and enhancing antigen presentation (Akazawa et al., 2018).

Above all, TLR2 and its agonists have been proved in many studies to attack gastric cancer cells. The next step is to apply it to clinical trials and verify the efficacy of TLR2-related immunotherapy.



TLR3

The expression of TLR3 is primarily intracellular. TLR3 was regarded as a potential therapeutic target for multiple cancers. Poly(I:C) which is a classical TLR3 agonist was studied for immunotherapy in recent years. Poly(I:C) was reported that the immune potency of it may be limited by insufficient cellular penetration. Novel immunotherapy was designed based on the cancer vaccine. The Poly(I:C)-DOTAP liposome composite nanoparticles can promote Poly(I:C) into cells and generated corresponding TLR3 signals in BMDCs. In this way, poly(I:C) nanoparticles promoted the tumor properties of TLR3 signals (Wang et al., 2012). The poly(I:C) ligand-receptor complex was internalized into cells by the specific ligand-binding receptors on the surface of tumor cells. TLR3, PKR, RIG-1, and MDA5 was activated by the internalized poly(I:C) simultaneously. The activation of these signaling proteins promotes tumor cells secreting cytokines by the bystander effect and led to the rapid death of tumor cells (Levitzki, 2012). Shime et al. found that TLR3 activated by injection of poly(I:C) to tumor-implant mice converted tumor-supporting macrophages into tumor-killing effectors to shrink the tumor (Shime et al., 2012). Perret et al. demonstrated adding the adjuvant Poly(I:C) to the vaccine increased ratios of tumor antigen-specific effector T cells: regulatory T cells that enhanced the infiltration of CD8+ T-cell, thus promoting anti-tumor immunity. And after treated with OVA+Poly(I:C) vaccine, the tumor growth of EG7 lymphoma was controlled and the survival rate of tumor-bearing mice has enhanced (Perret et al., 2013). Intravaginal (IVAG) instillation of Poly(I:C) after subcutaneous HPV E6/E7 vaccination promoted the proliferation of vaccine-specific CD8+ T cells in the genital mucosa (GM), which may suppress cervical cancer (Domingos-Pereira et al., 2013).

Polyadenylic–polyuridylic acid [poly(A:U)] is also the agonist of TLR3 which can promote immune responses. After surgery for locally advanced gastric cancer, the final results of the 15-year follow-up of phase III clinical trial with 5-fluorouracil and adriamycin vs. 5-fluorouracil, Adriamycin, and poly(A:U) showed that immunochemotherapy had a survival advantage over chemotherapy alone. But this treatment regimen hasn't become standard therapy for GC patients, which may be due to the lack of platinum drugs in the regimen despite its positive effects (Jeung et al., 2008).

However, poly(I:C) has the opposite effect on cancer. The immune system is overstimulated by poly(I:C), leading to autoimmune and chronic inflammatory diseases. Therefore, we strongly recommend the use of poly(I:C) with alow dose and local injection of particle preparation (Anders et al., 2005; Lang et al., 2005; Jiang et al., 2008; Zhao et al., 2012; Hafner et al., 2013). To overcome the effect, a safe adjuvant, called ARNAX, has been developed which targets for TLR3 in dendritic cells (DCs). Compared to poly(I:C), ARNAX hardly induces the production of proinflammatory cytokines, so it does not result in systemic cytokinemia. The combined use of ARNAX/TAA and anti-PD-L1 Ab can induce the resistance of anti-PD-1 (Takeda et al., 2017). It can enhance anti-tumor immunity by promoting DC-priming and CTL proliferation (Seya et al., 2019).

As an adjuvant, TLR3 agonist is a double-edged sword in gastric cancer. However, it still needs a long time to further perfect the research in vivo and in vitro before it can be used clinically for gastric cancer.



TLR4

TLR4 is expressed in both tumor and immune cells. The influence of TLR4 on cancer is two-sided, depending on where it is expressed.

Several studies have demonstrated that the expression of TLR4 is increased in various cancer cells and tissues, including gastrointestinal cancers, hepatic cancer, pancreatic cancer, and ovarian cancer (Mai et al., 2013). In gastric cancer, TLR4 is the recognition receptor of helicobacter pylori LPS on gastric epithelial cells (Kawahara et al., 2001; Maeda et al., 2001; Su et al., 2003; Basak et al., 2005). The pro-cancer mechanisms of TLR4 expressing on cancer cells include promoting an environment suitable for the continued proliferation of cancer cells and helping to evade cancer cells from immune surveillance (Huang et al., 2005; Tang and Zhu, 2012; Fu et al., 2013; Wang et al., 2013). For example, LPS-stimulated MC26 (colon cancer) cells supernatants significantly inhibited the function of T cell and NK cell. And in the supernatants, the levels of nitric oxide and IL-6 were higher than controls. So, the production of factors induced by TLR4 signaling is a way to tumor evasion from immune surveillance (Huang et al., 2005). LPS first forms complexes with LPS binding proteins (LBP) and then interacts with monocyte differentiation antigen CD14 and myeloid differentiation protein 2 (MD-2) in turn (Thomas et al., 2002). The complex and TLR4 synergistically induce the MyD88-dependent signaling pathways that lead to transcription factors, which promote inflammation and cancer (Takeda et al., 2003).

Several immune modulators targeting TLR4 have been reported. By binding to and forming a chelate complex with LPS, the TLR4 regulators (antagonists and inhibitors) antagonize the interaction of LPS with CD14 and MD2. TLR4 inhibitors suppress NF-κB signaling, thus reducing inflammation-induced carcinogenesis. For instance, in preclinical models, there is evidence that TLR4 inhibitors can effectively inhibit the development of colon cancer (Kuo et al., 2016) and breast cancer (Yang et al., 2014). It is also suggested as a treatment method for liver cancer (Toffanin et al., 2012). The TLR4 antagonist Ibudilast (AV4II) inhibits the secretion of pro-inflammatory cytokines in neuroinflammation (Ledeboer et al., 2006). This suggests that TLR4 could even be widely used as a primary target for suppressing inflammation-related cancers.

At the same time, activated-TLR4 expressed on immune cells is essential to anti-cancer immunity. Compared with wild-type mice, TLR4-deficient mice grew more tumors after oral tube feeding with carcinogenic polyaromatic aromatic hydrocarbons (PAHs) (Naseemuddin et al., 2012). TLR4 agonists induce maturation of dendritic cells (DCs), promoting the immune response of cancer-antigen specific cytotoxic T cells (Fang et al., 2014), which ultimately kill cancer cells. Mainly based on the mechanism, TLR4 agonists have immunomodulatory effects as adjuvants in vaccines, chronic viral infection therapy, and cancer therapy. Jang et al. identified 60S acidic ribosomal protein P2 (RPLP2) by pull-down assay using human cancer derived proteins that binds to TLR4. Recombinant RPLP2 induced maturation and activation of DCs in vitro. This DC-based vaccine has been shown to improve both tumor prevention and tumor treatment in vivo (Jang et al., 2020). Monophosphoryllipids A (MPLA) with low toxicity, a modified lipopolysaccharide derivative, retains most of the immune-stimulating activity. It is an immunomodulatory agent that stimulates T cell priming by activating the TRIF-associated TLR4 signaling pathway, not MyD88 (Casella and Mitchell, 2008). MPLA has been approved as part of the hepatitis B and human papillomavirus vaccines (Krieg, 2007), but whether it can have the same effect in gastric cancer remains to be seen. OK-432(Picibanil), an anticancer agent, was reported acting at least partly via TLR4-MD2 signaling pathway and inducing maturation of DCs (Ryoma et al., 2004). In a case report, a squamous cell carcinoma patient was treated with intratumoral injection of OK-432, then the tumor size diminished and no metastasis occurred during a follow-up of 5 years (Akeda et al., 2012). Studies have shown that OK-432 adjuvant immunochemotherapy may have marginal and significant efficacy in stage III or IV patients after radical gastrectomy of gastric cancer (Oba et al., 2016).

As the most classical TLR in gastric cancer caused by helicobacter pylori, TLR4 has great value in immunotherapy of gastric cancer. From the current background, TLR4 stimulation is a double-edged sword, so more researches should be done on gastric cancer patients, and then search for the balance of anti-tumor and pro-tumor in the future.



TLR5

Many studies have suggested that TLR5 is an effective target for antitumor immunotherapy. Bacterial flagellin, a TLR5 agonist, has been demonstrated strong anti-cancer effect in lots of animal models (Soto et al., 2003; Sfondrini et al., 2006; Rhee et al., 2008; Cai et al., 2011; Burdelya et al., 2012; Garaude et al., 2012). The anti-cancer effects of TLR5 agonists stem from the dependence on TLR5 to activate NF-κB. Flagellin is a potent catalyst for NF-κB signaling that mediates natural and acquired anti-tumor immune responses. Nucleoside diphosphate kinase 3(NME3) can enhance flagellin signaling. The expression of NME3 is highly associated with the expression of TLR5 in GC. High NME3 expression reduces the overall survival rate of gastric cancer. In summary, NME3 may strengthen cancer immunotherapy as an unrecognized pro-inflammatory cytokine in TLR5 downstream signaling (Flentie et al., 2018). An adenovirus-based tumor-specific delivery vector, called Mobilan, drives the expression of the TLR5 signaling cassette, which is composed of salmonella flagellin and humanTLR5, which is similar in structure to the clinical-stage TLR5 agonist entolimod. The injection of Mobilan was injected into the primary tumors of transgenic adenocarcinoma mice susceptible to prostate cancer (TRAMP), resulting in a powerful induction of a couple of genes involved in inflammation and mobilization of natural immune cells, to suppress tumor progression (Mett et al., 2018). The high expression of TLR5 in the tissues may determine the better prognosis of patients with GC, especially those with intestinal-type and stage II advanced GC (Kasurinen et al., 2019). Conversely, TLR5 agonist was reported that can induce an inflammatory response and inhibited some tumor progression. Therefore, the mechanism of TLR5 in immunotherapy of GC deserves further study.



TLR7

TLR7 is expressed on the endosomal membrane (Takeda and Akira, 2015). TLR7 was found low expressed in GC tissues (Jiang et al., 2016). Activating TLR7 can strengthen anti-cancer immunity. Ma et.al developed a bi-functional vector containing a Bcl-2-silencing shRNA and a TLR7-stimulating ssRNA, which promoted apoptosis and inhibited cell growth in MFC cells (a mouse gastric cancer cell line) (Minaga et al., 2017). UC-1V150 which is a TLR7 agonist binds to phospholipids to increase levels of pro-inflammatory cytokines (Wu et al., 2007). A typical TLR7 agonist-imiquimod who has a non-nucleoside imidazolquinoline structure, can be used in immunotherapy of superficial basal cell carcinoma (Papadavid et al., 2007). Imiquimod can induce the expression of TLR7 protein, promote inflammatory cytokines secreting, and inhibited cell proliferation in one of the human gastric cancer cell lines (Jiang et al., 2016). It is also being studied as an adjuvant to anti-tumor vaccines. However, imiquimod lacks the chemical groups that are associated with proteins or peptides. Another TLR7 agonist (T7) has a free carboxyl group that can be attached to amino peptides (Chan et al., 2009). Small molecule T7 was covalently attached to gastric cancer antigen to construct a series of vaccines. After being introduced into animal models, the vaccines could generate immunogenic stimulation and tumor inhibition (Wang et al., 2015). Tumor-associated antigen (TAA) is a target of anti-cancer immunotherapy (Zhang et al., 2006). The monoclonal gastric cancer 7 antigen (MG7-Ag), a TAA in GC, has higher specificity and selectivity compared with existing antigens. T7 and MG7-Ag were conjugated together to construct a new gastric cancer vaccine T7–MB. The inhibition effect of 5-Fu and T7–MB on tumor size and volume by treatment regimen was higher than that of 5-Fu or T7–MB alone (Wang et al., 2018). Overall, either used alone or used as an adjuvant, TLR7 agonist has been shown as an anti-tumor agent in immunotherapy of gastric cancer currently.



TLR9

TLR9 is expressed in many cancer tissues and cell lines, including gastric, hepatocellular, prostate, and colorectal cancers (Damiano et al., 2007; Brignole et al., 2010; So and Ouchi, 2010). TLR9 can play the role of both anti-tumor and pro-tumor. For example, in hepatocellular carcinoma cell lines, the activation of TLR-9 inhibits apoptosis by IL-8, IL-1, IL-6 up-regulation, thereby increasing proliferation and inflammation. In neuroblastoma cells, the activation of TLR-9 results in increased cystatin-dependent apoptotic cell death (Brignole et al., 2010).

TLR-9 can enhance anti-tumor immunity by recognizing Oligodeoxynucleotide(ODN) containing cytosine–guanine dinucleotide (CpG), which is a potential therapeutic agent. Immunosuppressive cells characteristically exist in the immune microenvironment, one of which is Myeloid suppressor cells (MDSC). A large number of MDSCs cluster near the tumor and inhibit the activity of T cells and NK cells. Several reports showed that the agonist CpG ODN of TLR9 can kill tumors by reducing the immunosuppressive activity of monocyte MDSC11-12. At the same time, CpG ODN can be used as a powerful adjuvant to many antigens. CpG ODN promotes the Th1 response (Weiner, 2000; Mccluskie et al., 2002), and when used in combination with the immunogen, enhances immune responses (Yamamoto et al., 2000). It directly activates monocytes/macrophages, DCs, etc., and inducts pro-inflammatory cytokines (Wagner et al., 2000; Gramzinski et al., 2001; Liu et al., 2003). Especially when CpG ODN is tightly bound to the antigen, the activity will be improved. Xu et al. first conducted polyethyleneimine-CpG nanocomplex (CpG@PEI) as an in situ vaccine for melanoma in vivo therapy (Xu et al., 2020). Shi et al. constructed a nanoscale vaccine that simulates epitope of gastric cancer-specific antigen MG7 and adjuvant CpGODN1645, may have important significance for tumor treatment (Shi et al., 2005).

Kauppila et al. found that Helicobacter pylori DNA can promote the invasion of gastric adenocarcinoma cell line AGS, while chloroquine (non-specific TLR9 inhibitor) can inhibit the invasion induced by Helicobacter pylori DNA (Kauppila et al., 2013). Qin et al. found that in human gastric cancer cells, H. pylori DNA can up-regulate TLR9 expression, promoting cell proliferation, migration, and invasion. In a word, TLR9 is involved in the occurrence and development of gastric cancer (Qin et al., 2019).

A TLR9 agonist can be used as an adjuvant in immunotherapy to make the checkpoint inhibitors more effective. Fumi et al. confirmed that intratumoral administration of 1V270 (TLR7 agonist) or SD-101(TLR9 agonist) and blocking PD-1 can suppress the development of primary tumors and prevent tumor metastasis in the head and neck squamous cell carcinoma (HNSCC) model. This treatment is more effective than any drug alone (Sato-Kaneko et al., 2017). Reilley et al. demonstrated that intratumoral administration of ODN1826 (TLR9 agonist) can synergistically block ctLA-4 and promote the rejection of bilateral implantation of B16 ovalbumin (B16-OVA) melanoma (Reilley et al., 2019).

Above all, we can see that no matter whether the function of TLR9 is pro- or anti-cancer, it is important in the immunotherapy of cancer. How to use its function to treat gastric cancer deserves further study.




CURRENT IMMUNOTHERAPIES FOR GASTRIC CANCER

According to TCGA network classification, gastric cancer is divided into four molecular subtypes: Epstein-Barr virus (EBV), microsatellite instability (MSI), genomically stable (GS), and chromosomal instability (CIN)gastric cancers (Sohn et al., 2017). PD-L1 is more likely expressed on the EBV and MSI subtype (Ma et al., 2016).

At present, trastuzumab targeting HER2 has become the standard therapeutics for advanced gastric cancer as a molecular targeted therapy (Abrahao-Machado and Scapulatempo-Neto, 2016), but the prognosis of patients is still poor. Therefore, immunotherapy for gastric cancer has emerged recently.


Immune Checkpoint Inhibitors

The immune system eliminating cancer cells depends on the cancer-immune cycle, including recognition, stimulation, recruitment, amplification, and final memory to inhibit cell growth. T lymphocytes work together to stimulate and inhibit molecules, which act as immune checkpoints. Through immune checkpoint pathways, T cell suppression signals are released allowing tumors to evade immune surveillance and destruction, thus achieving malignant proliferation (Hanahan and Weinberg, 2011; Pardoll, 2012). Programmed death receptor-1 (PD-1) is mainly expressed on the surface of activated T cells and B cells, and is the receptor involved in cell death. Programmed death receptor-ligand 1 (PD-L1) is binding to PD-1, expressed in antigen-presenting cells(APC), such as macrophages, DCs, and cancer cells. Prolonged TCR stimulation induces the secretion of interferon-γ (IFN-γ) to increased PD-L1 in cancer cells (Buchbinder and Desai, 2016). PD-L1 binding to PD-1 decreases the function and cytotoxicity of effector T cell. The interaction of CD28 on T cells with B7-1/2 on APCs is essential for T cell activation. Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) has a much higher binding affinity with B7, but not promoting T cell activation (Leach et al., 1996). So the molecule has a non-overlapping inhibitory effect against tumor immunity and participates in the early stage of an immune response of lymphoid organs (Abrahao-Machado and Scapulatempo-Neto, 2016). When immune checkpoint inhibitors are combined with PD-1, PD-L1, and CTLA-4, the function of T lymphocytes can't be suppressed, and the immune response is activated against cancer (Coutzac et al., 2019).

An anti-PD-1 antibody binds to PD-1 to prevent the combination of PD-1 and PD-L1. Blocking the PD-1 pathway inhibits the negative immune regulation of the PD-1 pathway on T cells, then the anti-tumor response is stimulated (Ribas et al., 2015; Nghiem et al., 2016; Bellmunt et al., 2017; Eggermont et al., 2018; Fuchs et al., 2018; Gandhi et al., 2018; Zhu et al., 2018; Chung et al., 2019). Pembrolizumab is a high-affinity anti-PD-1 humanized monoclonal antibody targeting the PD-1 receptor and is already approved for treating GC. A phase 1 study of patients with advanced PD-1 positive GC has shown that pembrolizumab had good antitumor activity and controlled toxicity, which needs further verification in phase 2 and 3 trials (Muro et al., 2016).

Nivolumab, a humanized monoclonal immunoglobulin G4 antibody, is also a PD-1 receptor blocking antibody. It has been approved as a treatment for advanced gastric cancer in Japan. In a phase III randomized study, the ONO-4538-12 (ATTRACTION-2) trial, patients receiving chemotherapy for unresectable late-stage gastric esophageal cancer were divided into the nivolumab 3 mg/kg group and the placebo group (Kang et al., 2017). Nivolumab improved the median overall survival rate. Of patients treated with nivolumab, the recurrence rate was 12% and the tumor reduction rate was 40%. Nivolumab can improve the survival of patients regardless of whether there is PD-L1 expression (Boku et al., 2017). Therefore, regardless of the state of PD-L1, nivolumab is effective for chemotherapeutic gastric cancer.

Anti-PD-L1 antibodies reverse the anti-inflammatory effect of PD-1/PD-L1 pathway and contribute to the anticancer response by binding to PD-L1. Comparative study of Avelumab (anti-PD-L1 antibody) and chemotherapy in the treatment of gastric cancer/gastroesophageal junction cancer showed that the clinical activity of avelumab is not superior to chemotherapy, but avelumab is safer than chemotherapy (Bang et al., 2018).

Durvalumab (the anti–PD-L1 antibody) and tremelimumab (the anti–CTLA-4 antibody) can enhance T cells response to the tumor by blocking the immune checkpoint together, thus generating anti-tumor activity. A Phase Ib/II study in patients with advanced GC showed durvalumab and tremelimumab have a manageable safety profile in the second-line and third-line treatment, with encouraging survival rate compared to durvalumab alone (Kelly et al., 2020).

Ipilimumab is a monoclonal antibody binding to CTLA-4, which can enhance T cells activation and promote tumor immunity. A report compared ipilimumab monotherapy with best supportive care in GC patients who have stabilized during first-line chemotherapy. Compared with the latter, the progression-free survival of the former wasn't improved. In ipilimumab group, the median overall survival rate is ~1 year and ipilimumab has good safety. So, the drugs combined with other therapies for advanced GC is worth for futherstudies (Bang et al., 2017).

It can be seen that not all patients can benefit from immune checkpoint inhibitor therapy alone. As many patients with GC are CIN and GS, the immune signal expresses lowly, and the response to immunotherapy may be weak, but the safety is an advantage compared with traditional radiotherapy and chemotherapy. The combination of immunotherapy inhibitors has been used more and more to improve the response of immunotherapy and has achieved remarkable results.



Checkpoint Blockade Immunotherapy

Checkpoint blocking immunotherapy revolutionizes cancer treatment and improves patient survival and quality of life. However, the effects of this immunotherapy are highly heterogeneous between patients (Chuang et al., 2020). Response rates of patients to checkpoint blockade range from 15 to 30% in most solid tumors (Das and Johnson, 2019). It is urgent to find effective adjuvant treatments to improve the efficacy of immune checkpoint inhibitors. Tumors with low numbers of tumor-infiltrating T cells tend to respond poorly to immune checkpoint blockade therapy (Tsukamoto et al., 2019). As mentioned earlier, TLRs play an important role in immune response. So TLRs agonists may be potential adjuvants for treating overcome checkpoint blockade resistance, to increase efficacy of checkpoint blockade therapy.

It has been shown that the infiltration of CD8+ T cells in tumor site is essential to anti-tumor effect of PD-1 blockade therapy (Tumeh et al., 2014). Many studies have confirmed that TLRs agonists can increase the level of CD8+ T cells or activate CD8+ T cells.

Pam3CSK4, a TLR1/2 ligand, increased Fcγ receptor IV expression on macrophages. The macrophage mediated depletion of Tregs. Through the mechanism, Pam3CSK4 can increase efficacy of anti-CTLA-4 antibody (Chuang et al., 2020). A unique structural domain (UNE-C1) was identified as a novel TLR2/6 ligand that can activate dendritic cells to produce a powerful humoral and cellular immune response in vivo. UNE-C1 also showed synergistic effects in vivo with tumor antigens and checkpoint inhibitors in different cancer models (Cho et al., 2020). ARNAX, a TLR3 agonist, promoted full priming and proliferation of CTLs and enhanced CD8+ T cell infifiltration into the tumor site through TLR3-TIR domain-containing adaptor molecule-1 (TICAM-1)-IRF3-IFN-β axis in DCs. Therapy using ARNAX/TAA can overcome anti-PD-L1 resistance (Takeda et al., 2017). OVA/TLR4 mAb can enhance the anti-tumor effect of anti-PD-1 mAb by activating OVA-specific CD8+ T-cells (Tsukamoto et al., 2019). CIRP is a TLR4 ligand. SIIN-CIRP up-regulated the expression of PD-L1 on DC, but at the same time enhanced T cell response. It was finally confirmed that the combination of the SIIN-CIRP vaccine with antibodies against PD-1 can inhibit tumor growth (Villanueva et al., 2018).

Combining anti-PD-1 with CMP-001 (a TLR-9 agonist) to treat head and neck squamous cell carcinoma (HNSCC) had a better effect and prolonged the survival time of mouse, compared with anti-PD-1 alone. And CMP-001+anti-PD-1 induced anti-tumor response depends on activation of CD8+ T cells (Cheng et al., 2020). In addition to depending on CD8+ cells, there are other mechanisms that promote the efficacy of checkpoint blockade therapy. CpG is a TLR9 ligand. It can down-regulate PD-1 expresssion on CD8+ T cells by inducing the production of IL-12 from dendritic cells (Yin et al., 2016). Thomas et al. confirmed the combination of CpG with CTLA-4 or PD-1 blockade not only increased the levels of circulating tumor-specific CD8+ T cells, but also reduced the number of Tregs at the tumor site (Mangsbo et al., 2010). Lefitolimod, also a TLR9 agonist, can induce the secretion of IFN-α by qDC. IFN-α increased the number of CD8+ T cells and anti-tumoral M1 macrophages, activated NK-cells and decreased pro-tumoral M2 macrophages inside the TME. In colon carcinoma CT26 model, the combined treatment with lefitolimod and anti-PD-L1 inhibited tumor growth and prolonged survival of the mice (Kapp et al., 2019). Radiation can directly induce upregulation of PD-L1 on tumor cells, and also act as an adaptive resistance mechanism for T cells to release IFNγ in tumor microenvironment. There is a hypothesis that the addition of targeted immunosuppressive PD-1/PD-L1 checkpoint to the radiation /TLR regimen may enhance the antitumor immune response (Walshaw et al., 2020).

In conclusion, TLRs agonists can promote efficacy of checkpoint blockade therapy by inducing or activating CD8+ T cells, M1 macrophages and NK-cells, decreasing M2 macrophages and Tregs, and down-regulating PD-1 expresssion on CD8+ T cells. TLRs agonists are potential adjuvants for checkpoint blockade therapy (Figure 2).


[image: Figure 2]
FIGURE 2. How TLR agonist promotes the efficacy of checkpoint blockade therapy. CTLA-4 is expressed on the surface of CD8+ T cell, combining with B7 on dendritic cells (DCs), to regulate T cell responses. CTLA-4 pathway can be blocked by anti-CTLA-4 antibodies. TLR agonist activates TLR on DC. Activated TLRs pathway can induce proliferation or activation of CD8+ T cells, M1 macrophages and NK-cells, and depletion of M2 macrophages and Tregs. CD8+ T cells, M1 macrophages and NK-cells recognize and kill tumor cells in TME. PD-1 is expressed on CD8+ T cell. PD-L1 is expressed on tumor cell. The combination of PD-1 with PD-L1 inhibits the anti-tumor effect of T cells, that can be blocked by anti-PD-1 or anti-PD-L1 antibodies. TLR agonist and anti-CTLA-4/anti-PD-1/anti-PD-L1 antibodies play a synergistic role in anti-tumor immunotherapy. TLR, toll-like receptor; TCR, T cell receptor; CTLA-4, The cytotoxic T-lymphocyte-associated antigen-4; PD-1, Programmed cell death protein 1; PD-L1, Programmed death ligand 1; TME, Tumor microenvironment.




Tumor Antigen Vaccine

Tumor-associated antigen (TAAs) can activate the immune response. By generating an immune response, cancer vaccines transform tumor-specific T cells into effector T cells. Therapeutic vaccines can enhance autoimmunity, leading to a stronger anti-tumor immune response. In order to induce tumor-specific T cells, peptides produced by TAAs must be provided to T cells by antigen-specific presenting cells to play an immune role and destroy tumor cells. The peptides derived from TAAs are presented to the T cells by APCs to play an immune role and destroy tumor cells (Steinman, 1991). Specific immune response in GC can be activated by protein and peptide targets. These studies are based on TAA peptide extracted from HER2/neu and MAGE. TAA peptide induces cytotoxic T cells to fight cancers, restricted to MHC class I (Tanaka et al., 1997; Kono et al., 1998). Typical HER2/neu overexpression in gastric cancer and dendritic cells immunizing HER2/neu peptide pulses can lead to tumor regression. The MAGE-3 peptide/chitosan-deoxycholic acid inoculation nanoparticles have been successfully used to stimulate an anti-tumor immune response and inhibit the growth of tumors in mice with GC (Yang et al., 2010). The potential of combining tumor antigen vaccines with conventional chemotherapy to strengthen the anti-cancer response has been the focus of current research.

TLR agonists have been reported that they can contribute to anti-tumor immunity as adjuvants in conjunction with other immunotherapies. It seems that combination therapy is more effective in immunotherapy.




CONCLUSION

The immunotherapy of gastric cancer is a hot topic in recent years. TLRs are expressed not only in natural immune cells but also in non-immune cells, like tumor cells. TLRs play a crucial role in innate immunity. Many studies show that TLRs have complex functions in tumor immunity including pro-tumor and anti-tumor. There is considerable evidence that TLRs play an important role in the occurrence and development of GC, can recognize the composition of Helicobacter pylori, a major cause for GC. TLRs are increasingly being used as immunotherapeutic targets for cancer and infectious diseases. TLR ligands show their anti-tumor activity not only as therapeutic agents directly but also as adjuvants in conjunction with tumor-associated antigen (TAA) or immune checkpoint inhibitors. TLRs agonists are potential adjuvants for checkpoint blockade therapy. Although TLR-based immunotherapy is imperfect and has not been widely used in the clinic yet, elucidating the mechanism of TLR signaling in anti-tumor response and its interaction with other signaling pathways is meaningful. TLRs may provide a promising novel strategy for gastric cancer treatment.
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Tumor cells develop a series of metabolic reprogramming mechanisms to meet the metabolic needs for tumor progression. As metabolic hubs in cells, mitochondria play a significant role in this process, including energy production, biosynthesis, and redox hemostasis. In this study, we show that 4-hydroxyphenylpyruvate dioxygenase-like protein (HPDL), a previously uncharacterized protein, is positively associated with the development of pancreatic ductal adenocarcinoma (PDAC) and disease prognosis. We found that overexpression of HPDL in PDAC cells promotes tumorigenesis in vitro, whereas knockdown of HPDL inhibits cell proliferation and colony formation. Mechanistically, we found that HPDL is a mitochondrial intermembrane space localized protein that positively regulates mitochondrial bioenergetic processes and adenosine triphosphate (ATP) generation in a glutamine dependent manner. Our results further reveal that HPDL protects cells from oxidative stress by reprogramming the metabolic profile of PDAC cells toward glutamine metabolism. In short, we conclude that HPDL promotes PDAC likely through its effects on glutamine metabolism and redox balance.
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Introduction

Of all the cancer types, pancreatic cancers have the lowest 5-year survival rate at 9% (1). Pancreatic ductal adenocarcinoma (PDAC), as the most common type of pancreatic cancer, is a lethal cancer type as it is typically diagnosed late resulting in poor prognosis (2, 3). Increased biosynthetic demand for proliferation drives tumor cells to reprogram cellular metabolism (4). In PDAC, composed of a minority of malignant ductal cells with a dearth of blood vessels and an existence of extensive desmoplastic stroma originating from cancer-associated fibroblasts (CAFs), tumor cells live in a microenvironment of poor perfusion, poor nutrient, hypoxia and acidosis (5–7). To survive in this environment, PDAC tumor cells develop a series of metabolic reprograming mechanisms involving aerobic glycolysis, glutaminolysis, fatty acid oxidation, and protein scavenging to fuel the energy demand and biosynthetic process essential for cell growth (8–10). The oncogene KRAS and tumor suppressor genes TP53, CDKN2A, and SMAD4 play a significant role in pancreatic neoplasia (11). As PDAC progresses to malignancy, called acinar-to-ductal metaplasia (ADM), oncogenic mutations of KRAS essentially initiate precursor lesions called pancreatic intraepithelial neoplasias (PanINs) (12).

The role of mitochondria is not typically considered important in tumor cells because they predominantly utilize glucose to generate ATP via aerobic glycolysis rather than mitochondrial oxidative phosphorylation (OXPHOS) (13). Since the mitochondria is the central organelle in cell metabolism where most bioenergetic and biosynthetic processes take place, they play a pivotal role in driving metabolic reprogramming (14, 15). oncogenes and tumor suppressor genes tightly regulate mitochondrial metabolism to meet metabolic need in the neoplasia process (16). Glutamine is a non-essential amino acid that can be used as a substrate in the tricarboxylic acid (TCA) cycle in mitochondria. Glutaminase (GLS), which converts glutamine to glutamate in the TCA cycle, is upregulated by the oncogene MYC-mediated mTOR pathway (17). Moreover, oncogenic mutation of KRAS reprograms glutamine metabolism by upregulating aspartate transaminase (GOT1) and downregulating glutamate dehydrogenase (GLUD1) at the transcription level (18).

We previously showed that the mitochondrial proteins COX6B2 and HSP60 play significant roles in the promotion of PDAC (19, 20). In addition, a recent study revealed that overexpression of the mitochondrial protein UQCRC1 from the electron transfer chain (ETC) promotes PDAC growth by enhancing OXPHOS and ATP generation (21). Since reactive oxygen species (ROS) production occurs in the ETC, redox balancing is required in all cancer cells with glutamine responsible for generating antioxidant NADPH and glutathione (GSH) (22). To account for this, a mitochondrion-localized protein SLC1A5 variant, functions as a glutamine transporter in the mitochondria, and mediates redox balancing in mitochondria (23). More and more studies have shown a close relation between PDAC and mitochondrion-localized proteins, and suggest that the role of mitochondrial proteins in the progression of PDAC cannot be ignored.

According to the subcellular map of the Human Protein Atlas (HPA), mitochondrial proteins account for 6% of all proteins and play an essential part in various cellular processes (24). There are abundant publications and experimental evidence for the function of mitochondrial proteins, but there are still 170 proteins whose functions remain to be defined (Figure 1A). In this study, we describe a mitochondrion-localized protein, 4-hydroxyphenylpyruvate dioxygenase like protein (HPDL). The function of HPDL has not been previously defined, apart from its association with neurodegenerative diseases (25). For this study we performed a series of experiments to test the effects of HPDL, including its effect on PDAC progression, mitochondrial function, and cellular metabolism.




Figure 1 | HPDL is upregulated in pancreatic ductal adenocarcinoma and associated with poor prognosis. (A) Mitochondrial proteins that experimentally detected in the mitochondria by the Human Protein Atlas (http://www.proteinatlas.org). The functional definitions of these mitochondrial proteins were based on the annotation of Uniprot (https://www.uniprot.org). (B) Gene expression profile of function-unknown mitochondrial proteins based on the data generated by the TCGA (https://www.cancer.gov/tcga) and GTEx (https://commonfund.nih.gov/GTEx) datasets. The genes were plotted with expression of PDAC/normal duct and adjusted p-value. The red points refer to genes up-regulated in PDAC and the blue points refer to genes down-regulated in PDAC. (C, D) Expression plot and survival plot of HPDL in pancreatic adenocarcinoma (PAAD) made by GEPIA server (http://gepia.cancer-pku.cn). For expression plot (C), threshold was set as follows: log2FoldChange <1, p-value <0.01. For survival plot (D), high and low expression groups were split by quartile, and the hazards ratio (HR) was calculated based on Cox PH model. (E) Western blot analysis of HPDL in different human pancreatic adenocarcinoma cell lines and human immortalized pancreatic duct cell line hTERT-HPNE. β-Tubulin was used as loading control. (F) Immunohistochemical (IHC) analysis of tissue microarray (TMA). TMA was incubated with anti-HPDL and stained with DAB and hematoxylin. HPDL expression in normal and malignant pancreatic ducts was shown in different zoom levels. (G, H) Quantitative analysis of HPDL expression in TMA. Quantification of HPDL expression was represented as average optical density (AOD). Comparisons between normal and malignant pancreatic ducts (G) was performed. Survival curve (H) was performed between low HPDL group and high HPDL group which were split by median. (*P < 0.05. **P < 0.01.)





Materials and Methods


Cell Lines and Cell Culturing

Human pancreatic cell lines, PaTu 8988t, MIA PaCa-2, PANC-1, SW1990, Capan-2, and the immortalized pancreatic ductal cell line hTERT-HPNE, were obtained from the Cell Bank of the Chinese Academy of Science (Shanghai, China). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) containing 4.5 g/L glucose, 4 mM glutamine, 110 mg/L sodium pyruvate, supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich), 100 U/ml penicillin (Beyotime, Shang, China), 0.1 mg/ml streptomycin (Beyotime), and 0.25 μg/ml amphotericin B (MP Biomedicals, Santa Ana, CA, USA). Cells were cultured in a CO2 incubator (Thermo Fisher Scientific, Waltham, MA, USA) at 37°C under 5% CO2.



Generation of Stable Knockdown and Overexpression Cell Lines

Stable knockdown (KD) and overexpression (OE) models were generated based on a previous protocol using second-generation lentiviruses (26). Lentiviral particles were generated by co-transfection of 5×105 HEK293T cells (Cell Bank of Chinese Academy of Science) in a 6-well plate with packaging vectors psPAX2 (1 μg), envelope vectors pMD2.G (0.5 μg), and shRNA sequence containing knockdown vectors pLVSHG01 (1 μg) or HPDL protein coding sequence NM_032756.3 containing overexpression vectors pLVEXP01 (1 μg) (Cyagen, Santa Clara, CA, USA). Transfection was performed using Lipofectamine 3000 (Thermo Fisher Scientific). The HPDL shRNA and scramble shRNA sequences are shown as follows: 5’-AGTCCGTACAGGAGCAATCTG-3’ (HPDL), 5’-CCTAAGGTTAAGTCGCCCTCG-3’ (scramble). Monoclonal selection of stable cell lines was performed based on a previously described limiting dilution method (27).



Immunohistochemical Analysis of Tissue Microarray

Immunohistochemical (IHC) analysis of tissue microarray (TMA) was performed as previously described (28). Ninety-one malignant tumor pancreatic tissue sample and 13 non-cancerous tumor pancreatic tissue samples were obtained from Zhejiang Provincial People’s Hospital. Experimental procedures were approved by Ethical Committee of Wenzhou Medical University (grant number: 2019-084). In short, paraffin-embedded tissues were punched into the recipient block to make the TMA, and the TMA section were then placed on a slide. After deparaffinization and hydration, endogenous peroxidase was blocked with 0.3% hydrogen peroxide (H2O2) and heat-induced epitope retrieval (HIER) was performed. Finally, the TMA was incubated with anti-HPDL (1:250) and stained with diaminobenzidine (DAB) and hematoxylin.



Immunofluorescence Staining

Cells in φ14mm slides were fixed with 4% paraformaldehyde and permeabilized with 0.1 mM digitonin (Sigma-Aldrich). Then, permeabilized cells were blocked with 5% goat serum, followed by primary antibodies and fluorescent-conjugated secondary antibodies. Primary and secondary antibodies was shown in Supplementary Table 1. The nucleus was stained by DNA binding stain 4,6-diamidino-2-phenylindole (DAPI). The fluorescence in cells was detected using an A1 confocal laser microscope (Nikon, Minato-ku, Tokyo, Japan).



SDS PAGE, Blue Native PAGE, and Immunoblotting

For SDS PAGE, cells were lysed in RIPA buffer (Cell Signaling Technology, Danvers, MA, USA) supplemented with protease inhibitor phenylmethylsulfonyl fluoride (PMSF, 1mM, Sangon Biotech, Shanghai, China), and heated to 95°C for 5 min. Blue native PAGE was performed according to a previously described protocol (29). For blue native PAGE, cells were lysed in solubilization buffer (50 mM NaCl, 50mM imidazole, 2 mM 6-aminohexonic acid, 1mM EDTA, pH 7.00) and supplemented with 2.5% digitonin (w/v, Sigma-Aldrich) and 1mM PMSF (Sangon Biotech). Proteins resolved by SDS-PAGE or blue native PAGE were transferred to a PVDF membrane (Bio-Rad, Hercules, CA, USA). Membranes were then immunoblotted with primary antibodies and secondary antibodies. Primary and secondary antibodies was shown in Supplementary Table 1.



Cell Proliferation, Colony Formation, and Wound Healing Assay

Cell proliferation was analyzed by counting cells in a 12-well plate with a NovoCyte flow cytometer (Agilent, Santa Clara, CA, USA). Colony formation was analyzed by seeding 1,000 cells in a 6-well plate for 10 days, and cells were fixed with 4% paraformaldehyde and stained with crystal violet (Beyotime). The size of the clones was measured using ImageJ (30). The wound healing assay was performed as previously described (31). 1×106 cells were seeded in a 6-well plate and the gaps were created by scratching on the monolayer of cells with a pipette tip. The gap size was measured using the Wound Healing Coherency Tool in ImageJ.



Isolation of Mitochondria

Mitochondrial isolation was performed as previously described (32). Cells was suspended in a hypotonic isolation buffer (0.1×IB, 3.5 mM Tris-HCl, 2.5 mM NaCl, 0.5 mM MgCl2, pH 7.80) on ice to break the cell membrane integrity and then homogenized 20-30 strokes with a Dounce homogenizer (WHEATON, Millville, NJ, USA). The homogenate was then incorporated with 1/10 volume of hypertonic buffer (10×IB, 350 mM Tris-HCl, 250 mM NaCl, 50 mM MgCl2, pH 7.80) to restore the isotonic solution. Centrifugation was performed to eliminate the contamination from nuclei, unbroken cells, and other debris. Multiple centrifugations under a low speed (1,200 × g × 3 min) were performed to remove the waste in the pellets. Finally, the mitochondria were pelleted down at 15,000 × g for 2 min and washed with homogenization buffer A (10mM Tris-HCl, 320mM sucrose, pH 7.40) to yield crude mitochondria.



Cell Component Separation and Mitochondrial Sub-Fractionation Analysis

The cell components were separated using a Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime) according to the manufacturer’s instructions. After treatment with hypotonic extraction buffer, cells were fully swollen, and cytoplasmic proteins were released. Nuclear pellets were obtained by centrifugation at 16,000 × g for 10 min. Nuclear extraction buffer was added to nuclei and a vortex was used several times to obtain the nuclear protein.

For mitochondrial sub-fractionation analysis, two different methods were performed as previously described (33, 34). To separate the soluble components (mitochondrial intermembrane space and matrix) and insoluble components (mitochondrial outer membrane and inner membrane), isolated mitochondria were treated with 0.1 M Na2CO3 on ice for 30 min, followed by ultracentrifugation (Beckman Coulter, Brea, CA, USA) at 100,000 g for 45 min. To further separate the mitochondrial components, mitochondria were treated with hypotonic buffer (10 mM HEPES/KOH, pH 7.40) on ice for 20 min to break the outer membrane. Broken mitochondria were deposited at 1,900 g for 15 min, and the supernatant was subsequently centrifuged at 50,000 × g for 30 min to separate the proteins in the outer membrane and the intermembrane space.



Oxygen Consumption Rate Assay

OCR was measured using Oxygraph-2k (OroborOSX, Innsbruck, Austria) according to the manufacturer’s instructions (35). Cells (1×106) were added to the chamber, and the basal respiration of cells was measured. ATP synthase inhibitor oligomycin (2.5 μM, Sigma-Aldrich) and uncoupler carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 5 μM, Sigma-Aldrich) were added to measure the non-phosphorylating proton leak and maximum non-coupled flux, respectively.



Adenosine Triphosphate Assay and Hydrogen Peroxide Assay

ATP determination was performed using an ATP Bioluminescent Assay Kit (Sigma-Aldrich) according to the manufacturer’s instructions. Intracellular ATP was released by treating 5×105 cells with ATP-releasing reagent. Free ATP was detected by light produced through a luciferin-based reaction.

H2O2 determination was performed using a Hydrogen Peroxide Assay Kit (Beyotime) according to the manufacturer’s instructions. Cells (1×106) were sonicated in H2O2 extraction buffer and intracellular H2O2 oxidized Fe2+ in xylenol orange solution to generate color. The absorbance was measured at 560 nm.



Mitochondrial DNA Copy Number Analysis

Quantitative PCR was performed using SYBR Green Supermix (Bio-Rad) with Quantagene q225 (Kubo Tech, Beijing, China). Primers for mtDNA and nuclear DNA-encoded ACTIN are shown as follows. F: 5’-CACCCAAGAACAGGGTTTGT-3’, R: 5’-TGGCCATGGGTATGTTGTTAA-3’ (mtDNA). F: 5’-AGCTGTCACTCCAGGGTCC-3’, R:5’-GATCCACATCTGCTGGAAGGT-3’ (ACTIN).



Citrate Synthase Assay

Citrate synthase activity was determined using a previously described protocol (36). Acetyl-CoA (0.3 mM, Sigma-Aldrich) and oxaloacetic acid (0.5 mM, Sigma-Aldrich) were used as substrates for citrate synthase and 5,5-dithiobis (2-nitrobenzoic acid) (DTNB, 0.1mM, Sigma-Aldrich) were used to generate color. The reaction was activated with 10 μg snap-freeze cell lysate in reaction buffer (0.1 M Tris-HCl, pH 8.00). The absorbance was measured at 412 nm using a SpectraMax iD3 Multi-Mode Microplate Reader (Molecular Devices, Shanghai, China).



Mitochondrial Morphology Analysis

Mitochondrial morphology was analyzed by immunofluorescence staining and transmission electron microscopy (TEM). For immunofluorescence staining, analysis was performed as stated above, with HSP60 used as a mitochondrial indicator. Mitochondrial morphology was analyzed using a macro tool MINA (37) in the ImageJ software (30).

For TEM, 5×106 cells were fixed with 2.5% glutaraldehyde and 1% osmic acid at 4°C and stained with uranyl acetate for 1 h. Gradient dehydration was performed in 30%, 50%, 70%, 80%, 90%, and 100% acetone for 15 min each. Then, a resin-based gradient embedding was performed at 37°C followed by 65°C overnight. Finally, sectioned slides were observed under a H-7500 electron microscope (Hitachi, Chiyoda-ku, Tokyo, Japan).



Transcriptome Sequencing

RNA library construction was performed using a NEBNext Ultra RNA Library Prep Kit (New England Biolabs, Ipswich, MA, USA). mRNA was enriched with oligo(dT) beads and fragmented in fragmentation buffer. Then, reverse transcription was done using the M-MuLV system with random hexamer primer. cDNA fragments (200–250 bp) were purified with AMpure XP beads (Beckman Coulter, Beverly, CA, USA). Clustering and sequencing were performed using a TruSeq PE Cluster Kit and NovaSeq platform (Illumina, San Diego, CA, USA).



Liquid Chromatography-Mass Spectrometry Analysis

Quasi-targeted metabolic profiling analysis of cells was performed on a QTRAP6500+ mass spectrometer coupled with an ExionLC AD system (all from SCEIX, Framingham, MA, USA). Cells (1×107) were sonicated in 80% methanol and the centrifuged supernatant was subsequently injected into LC/MS. For the positive ion mode, samples were injected into a BEH C8 column (100×2.1 mm, 1.9 μm), and for the negative ion mode, samples were injected into an HSS T3 column (100×2.1 mm, 1.8 μm). A 25-min gradient containing flow phase A (0.1% formic acid-water) and flow phase B (0.1% formic acid-acetonitrile) was performed at a flow rate of 0.35 ml/min. For MS, the IonSpary Voltage was set at 5500V and -4500V, respectively. Metabolites were identified using multiple reaction monitoring (MRM) based on the Novogene self-built database (Novogene, Beijing, China).

Targeted metabolite analysis was performed on a Xevo G2-XS QTof mass spectrometry coupled with an ACQUITY UPLC system, and data analysis was done with Progenesis QI (all from Waters, Milford, MA, USA). Metabolites in a homogenate of 1×106 cells were extracted using chloroform, methanol, and water at a ratio of 8:4:3 and resuspended in 1% acetonitrile. For UPLC, samples were injected on an HSS T3 column (100×2.1 mm, 1.8 μm) using an 8-min gradient containing flow phase A (0.1% formic acid-water) and flow phase B (0.1% formic acid-acetonitrile) at a flow rate of 0.5 ml/min. For the negative ion mode, the capillary energy and sample cone were set as 2000V and 20V, respectively. Scan time was set at 0.1 s intervals for 60 s.



Bioinformatic Analysis and Statistical Analysis

Gene expression analysis and survival analysis from TCGA and GTEx databases were performed using the GEPIA server (38). The mitochondrial targeting sequence was predicted by the MitoProt server (39). Bioinformatic analysis was performed using R package. The enrichment of differentially expressed genes or metabolites was based on the KEGG pathways (40). All quantitative experiments were performed using a minimum of three independent replicates. The quantitative results are presented as mean ± SD, and the p value was calculated using a student’ s t test with SPSS v22.0 (IBM, Chicago, IL, USA). Statistical graphs were made using Prism 8 (GraphPad Software, San Diego, CA, USA).




Results


HPDL Is Upregulated in Pancreatic Ductal Adenocarcinoma and Is Associated With Poor Prognosis

We profiled gene expression in PDAC using data from TCGA and GTEx databases (Figure 1B). Our results found that HPDL (HGNC:28242) was significantly upregulated, with considerable fold change, in PDAC. HPDL, also known as GLOXD1 (Glyoxalase Domain-Containing Protein 1), is a paralog of HPD (4-Hydroxyphenylpyruvate Dioxygenase). It is a protein coding gene for 4-hydroxyphenylpyruvate dioxygenase like protein. Until now, the function of HPDL has been unclear.

We plotted HPDL expression and overall survival rate (OS) in PDAC and found upregulation was associated with poor prognosis in PDAC (Figures 1C, D). In pancreatic tumor cell lines, HPDL was also detected at the protein level, especially in MIA PaCa-2, compared with immortalized normal pancreatic duct cell line hTERT-HPNE (Figure 1E). We also performed immunohistochemistry (IHC) staining of 91 malignant tumor pancreatic tissue samples and 13 non-cancerous tumor pancreatic tissue samples. We quantified the staining intensity in selected ductal areas and found that the protein level of HPDL was upregulated in pancreatic malignant tumors (Figures 1F, G). We followed up on 26 cases and split them into two groups by median HPDL staining intensity. The survival plot showed that the high HPDL group had a lower overall survival rate (Figure 1H). Collectively, HPDL is upregulated in PDAC at both the mRNA and protein levels, in both tumor cell lines and tumor tissues, and high expression of HPDL is associated with poor prognosis in PDAC patients.



HPDL Promotes Pancreatic Ductal Adenocarcinoma In Vitro

To further investigate HPDL in PDAC, we generated two cell models in pancreatic tumor cell lines (Figures 2A, B). The overexpression (OE) model was generated in PaTu 8988t due to its relatively low expression among other pancreatic tumor cell lines (Figure 1E), which may imitate the functional effect of HPDL. For the same reason, a knockdown (KD) model was generated in the MIA PaCa-2 line which demonstrated high HPDL expression. In accordance with our bioinformatical analysis and IHC data, HPDL OE cells demonstrated better proliferation and HPDL KD cells had worse proliferation compared to control cells (Figures 2C, D). In colony formation assays, HPDL OE and KD cells followed the same pattern (Figures 2E, F).




Figure 2 | HPDL promotes pancreatic ductal adenocarcinoma in vitro. (A, B) Validation of HPDL overexpression (A) and knockdown (B) cells with theirs paired control cells. HPDL overexpression (OE) model and its empty vector control (Vector) were generated in PaTu 8988t, HPDL knockdown (KD) model and its scramble control (Ctrl) were generated in MIA PaCa-2. Cell lysate was separated with SDS-PAGE and immunoblotted with antibodies as indicated. β-Tubulin was used as loading control. (C, D) Cell proliferation of HPDL OE (C) and KD (D) cells with theirs paired control cells. Cells were seeded in 12-well plate and counted for 4 days. (E, F) Colony formation analysis of HPDL OE (E) and KD (F) cells with theirs paired control cells. Cells were seeded in 6-well plate and stained with crystal violet after 10-day culture. (G, H) Wound healing analysis of HPDL OE (G) and KD (H) cells with theirs paired control cells. Cells were seeded in 6-well plate and scratched with a pipette tip. Wound closure was measured at 0, 12, and 24 h. (**P < 0.01. ***P < 0.001. ****P<0.0001. n.s., no significance.)



HPDL was observed to promote PDAC growth in these two experiments, and we next tested cell migration using a wound healing assay. We found that neither OE nor KD cells were distinct from the paired control cells (Figures 2G, H). These results suggest that HPDL had a positive effect on the progression of PDAC in vitro but did not influence migration.



HPDL Localizes to the Mitochondrial Intermembrane Space

To probe the molecular function and biological process of HPDL, we performed domain and subcellular localization analyses. A domain analysis by the Conserved Domain Database (CDD) (41) is shown in a schematic diagram (Figure 3A). HPDL was predicted to contain two 4-hydroxyphenylpyruvate dioxygenase (HppD) like domains that belongs to the vicinal oxygen chelate (VOC) superfamily, which consists of structurally related metalloproteins with distinct functions (42). We further searched out active sites in HPDL and found that HPDL contained an iron biding site like other members in VOC superfamily. Moreover, there are 37 amino acid residues in the N-terminal targeting to mitochondria as predicted by the MitoProt server (39), which further strengthens our expectation that HPDL is a mitochondrial protein.




Figure 3 | HPDL localizes to mitochondrial intermembrane space. (A) Schematic diagram of HPDL protein domain structure. HPPD_N_like and HPPD_C_like, C-terminal or N-terminal domain of 4-hydroxyphenylpyruvate dioxygenase (HppD) and hydroxymandelate synthase (HmaS). (B) Immunofluorescence colocalization analysis of HPDL in PaTu 8988t and MIA PaCa-2. Cells were immunolabeled with HPDL (Alexa flour 488, green) and HSP60 (Alex flour 594, red), and nuclear was stained with DAPI (blue). (C) Subcellular fractionation analysis of HPDL in MIA PaCa-2. Cytosolic and nuclear protein was extracted and immunoblotted with antibodies as indicated. (D) Carbonate extraction analysis of HPDL in MIA PaCa-2. Isolated mitochondria were subjected to 0.1 M Na2CO3. Mitochondrial proteins in membrane and plasm was separated with ultracentrifugation. Proteins were separated with SDS-PAGE and immunoblotted with antibodies as indicated. Mito, isolated crude mitochondria. P, pellet. S, supernatant. (E) Submitochondrial fractionation analysis of HPDL in MIA PaCa-2. Isolated mitochondria were subjected to hypotonic buffer (10 mM HEPES/KOH, pH 7.40) to break the integrity of mitochondrial outer membrane. Mild broken mitochondria were separated with low-speed centrifugation. Proteins in mitochondrial outer membrane and intermembrane space were subsequently separated with ultracentrifugation. Proteins were separated with SDS-PAGE and immunoblotted with antibodies as indicated. Mito, isolated crude mitochondria. P1, pellet in first centrifugation. P2, pellet in second centrifugation. OM, outer membrane. S, supernatant in second centrifugation. IMS, intermembrane space.



We then performed an immunofluorescence colocalization analysis in the pancreatic tumor cell lines PaTu 8988t and MIA PaCa-2. In the colocalization analysis, HSP60 was used as a mitochondrial tracker and had a strong overlap with HPDL (Figure 3B). In the fractionation of cellular components, we found HPDL colocalized with cytoplasmic protein GAPDH (Figure 3C). In addition, submitochondrial localization of HPDL was performed using carbonate extraction analysis, a method used to separate hydrophobic membrane proteins and soluble proteins in mitochondria (43). The carbonate extraction analysis showed HPDL localized in the aqueous compartments, including the intermembrane space (IMS) and matrix (Figure 3D). To discriminate between IMS and matrix proteins, we performed hypotonic treatment to mitochondria to break the outer membrane and release the IMS proteins, following ultracentrifugation to yield IMS proteins. Finally, HPDL was found to be localized to the intermembrane space using this more delicate submitochondrial fractionation analysis (Figure 3E).



HPDL Promotes Mitochondrial Respiration and Adenosine Triphosphate Generation

Having established solid confirmation of HPDL’s localization in mitochondria, we next focused on understanding its possible effects on mitochondria. We first performed an oxygen consumption rate (OCR) assay with HPDL OE and KD cells (Figures 4A, B). As an inhibitor of ATP synthase, oligomycin was added to disrupt OXPHOS and then the non-phosphorylation proton flux of cells can be measured. In addition, FCCP was used as an OXPHOS uncoupler to transport protons freely through mitochondrial membrane and then the maximum uncoupled respiration can be measured. As a result, overexpression of HPDL enhanced basal respiration and knockdown of HPDL diminished basal respiration and maximum uncoupled respiration. Consistent with the OCR results, cellular ATP was also increased in OE cells and decreased in KD cells (Figures 4C, D). Considering the ATP generated in glycolysis, we further deprived glucose in the culture medium and added pyruvate or glutamine instead. Unlike glucose, pyruvate and glutamine will directly enter the TCA cycle in mitochondria and generate ATP. As a result, a consistent pattern was observed in the glutamine group (Figures 4F, H), but not in the pyruvate group (Figures 4E, G), indicating that glutamine-dependent ATP generation was promoted by HPDL.




Figure 4 | HPDL promotes mitochondrial respiration and ATP generation. (A, B) Oxygen consumption rate of HPDL OE (A) and KD (B) cells with theirs paired control cells. Basal, basal respiration with endogenous substrates solely. Oligomycin, respiration in the presence of ATP synthase inhibitor oligomycin (2.5 μM). FCCP, respiration in the presence of uncoupler FCCP (5 μM). (C, D) Relative ATP level of HPDL OE (C) and KD (D) cells with theirs paired control cells. (E–H) Relative ATP level of HPDL OE (E, F) and KD (G, H) cells with theirs paired control cells in different culture conditions. Cells were cultured in medium supplemented with 5 mM pyruvate only (E, G) or 4 mM glutamine only (F, H) for 12 h and subsequently the cellular ATP was measured. (*P < 0.05. **P < 0.01. ***P < 0.001. n.s., no significance.)



To further determine the effect of HPDL on mitochondrial respiration, we also performed blue native PAGE (BNG) analysis with digitonin-permeabilized cells to determine the steady level of mitochondrial OXPHOS complexes and supercomplexes. In BNG, HPDL only had a modest effect on respiratory complexes and supercomplex assembly (Supplementary Figures 1A, B), suggesting that the promotive effects of HPDL on OCR are separate from OXPHOS complexes. Moreover, the mitochondrial DNA (mtDNA) copy number was shown to be unchanged in the results of quantitative PCR (Supplementary Figures 1C, D). Additionally, a cellular citrate assay, a quantitative marker for the cellular mitochondria number, was performed to exclude the possible change in mitochondrial number (Supplementary Figures 1E, F). Confocal and transmission electron microscopy used to investigate mitochondrial morphology found that neither individual mitochondria nor mitochondrial networks showed any significant differences (Supplementary Figure 2). Taken together, these results showed that HPDL promotes mitochondrial respiration and ATP generation in PDAC but does not affect the steady level of OXPHOS complexes. Furthermore, HPDL does not affect mtDNA or mitochondrial morphology.



HPDL Reprograms Metabolic Profiles in PDAC Cells

To obtain a general understanding of HPDL, we performed gene expression profiling on HPDL OE cells. Gene expression profiling revealed 6838 differentially expressed genes (DEGs), of which 3,088 were upregulated and 3,750 were downregulated (Figure 5A). To identify and interpret these DEGs, gene set enrichment analysis (GSEA) was performed to enrich common pathways of DEGs (Figure 5B). As expected, we found that HPDL was strongly associated with genes associated with in mitochondria, including the TCA cycle, OXPHOS, and a series of metabolic diseases with mitochondrial dysfunction, such as Parkinson’s disease, Alzheimer’s disease, nonalcoholic fatty liver disease(NAFLD), and Huntington’s disease (44–47). Moreover, genes involved in amino acid metabolism and carbon metabolism were enriched, indicating a possible change in the cellular metabolism of HPDL OE cells. Apart from GSEA, we also found 23 DEGs in the pancreatic cancer pathway of KEGG, including 17 oncogenes and 5 tumor suppressor genes, demonstrating the promotive effect of HPDL on PDAC (Supplementary Figure 3).




Figure 5 | HPDL reprograms metabolic profiles in PDAC cells. (A) DEGs in the gene expression profiling results of HPDL OE and control cells. Threshold was set as follows: p-adj<0.05, |log2(OE/Vector) |>0. (B) GSEA in the gene expression profiling results of HPDL OE and control cells. Gene size refers to the count of genes enriched in certain pathways. FDR, false discovery rate. The GSEA was performed based on KEGG database (https://www.genome.jp/kegg/). (C) Differentially metabolites in metabolomic profiling results of HPDL OE and control cells. Threshold was set as follows: p<0.05, OE/Vector>1.2 or < 0.83. (D) MSEA in metabolomic profiling results of HPDL OE and control cells. Different metabolic pathways were plotted with p-value and impact. The MSEA was performed based on KEGG database (https://www.genome.jp/kegg/).



Pancreatic cells develop metabolic reprograming in the malignant progression of PDAC (9). To further determine the metabolic effect of HPDL, we performed metabolomic profiling on HPDL OE cells and found 91 differential metabolites (Figure 5C). Metabolite set enrichment analysis (MSEA) is a method designed to analyze metabolomic data (48). In line with the results of GSEA, we also found an association between HPDL and metabolites in glutamate and glutamine metabolism in MSEA (Figures 5B, D). It has been reported that PDAC cells increase glutamine utilization in ATP generation (49). Together with our data on ATP generation (Figures 4F, H), it is likely that HPDL is associated with glutamine utilization in mitochondria, however, we found that glutamine and glutamate shuttle machineries including SLC1A5_variant (23) and SLC25A12/13 (50), respectively, were not interact with HPDL (Supplementary Data Sheet 2). This result indicates that HPDL role in glutamine metabolism is independent of classic mitochondrial glutamine and glutamate shuttle machineries.

We also found differential metabolites in glutathione metabolism and nicotinate metabolism. Together with DEGs in glutathione metabolism, these data strongly suggest that HPDL may be associated with redox balance (Figures 5B, D). Collectively, our results support HPDL’s role in reprograming metabolic profiles in PDAC, especially glutamate and glutamine metabolism as well as the metabolism of cellular antioxidants in PDAC.



HPDL Regulates Redox Balance via a Glutamine-Dependent Antioxidative Pathway

GSH is an antioxidant and acts as a scavenger of ROS in cells. In the progression of tumor cells, GSH is positively associated with tumor proliferation (51). Looking to our metabolomic data generated from HPDL OE and vector cells, we found that GSH and its oxidized form glutathione disulfide (GSSG) underwent a dramatic change (Figures 6A, B). Increased GSH level and GSH/GSSG ratio in HPDL OE cells may suggest that HPDL plays a positive role in redox balance. We also found that H2O2 levels decreased in OE cells and increased in KD cells (Figures 6C, D). Glutamine is used as a material for glutathione synthesis (52). In the presence of the glutamine antagonist 6-diazo-5-oxo-l-norleucine (DON), the H2O2 level remained unchanged in both HPDL OE and KD cells (Figures 6E, F). In short, our data showed that HPDL is involved in the maintenance of redox balance, which is dependent on glutamine-derived GSH. In the biosynthesis of GSH, nicotinamide adenine dinucleotide phosphate (NADP+) and reduced NADP+ (NADPH) act as cofactors for glutathione reductase (GR) (53). Glutamine-derived aspartate is essential for generating NAPDH, and aspartate partially maintains redox balance (18). Our data showed that aspartate levels increased in OE cells (Figure 6E). We further cultured OE cells in medium supplemented with either pyruvate or glutamine as the only carbon source and tested their aspartate levels. We found that the aspartate levels of cells using glutamine increased in a similar manner to cells cultured in complete medium, suggesting that the increase in aspartate was derived from glutamine (Figures 6H, I).




Figure 6 | HPDL regulates redox balance via a glutamine-dependent antioxidative pathway. (A, B) Relative GSH, GSSG level (A) and GSH/GSSG ratio (B) in metabolome results of HPDL OE and control cells. (C, D) Relative H2O2 level of HPDL OE (C) and KD (D) cells with theirs paired control cells. (E, F) Relative H2O2 level of HPDL OE (E) and KD (F) cells with theirs paired control cells in the presence of glutamine antagonist DON (5 mM). (G) Relative aspartate level of HPDL OE and control cells. (H, I) Relative aspartate level of HPDL OE and control cells in different culture conditions. Cells were cultured in medium supplemented with 5 mM pyruvate (H) or 4 mM glutamine (I) as the only carbon source for 12 h and subsequently the cellular aspartate was measured. (J) Schematic metabolic pathway of cellular antioxidative process. This diagram was prepared based on a previous work of Son (18). Pyr, pyruvate. Gln, Glutamine. Asp, aspartate. Mal, malate. (K) Cell proliferation of HPDL OE and control cells with NAC treatment. Cells were cultured in medium supplemented with 5 mM NAC. (*P < 0.05. **P < 0.01. ****P < 0.0001. n.s., no significance.)



In summary, we drew a schematic overview of this glutamine-dependent antioxidative pathway. Glutamine-derived aspartate is converted to malate and subsequently convert to pyruvate following generation of NADPH. NADPH will then help to reduce GSSG to GSH, which results in the removal of H2O2 (Figure 6J). In addition, we cultured OE cells in the presence of antioxidant N-acetylcysteine (NAC). NAC is a precursor of cysteine and helps in the biosynthesis of GSH (54). Intriguingly, HPDL only had a modest effect on cell proliferation in the presence of NAC (Figure 6K). Overall, our results found that HPDL regulates redox balance via a glutamine-dependent antioxidative pathway, which may be the key event in explaining the positive effect on tumor proliferation of HPDL.




Discussion

Over the past decade, numerous studies have reported that mitochondria are involved in tumor progression. The Warburg effect drives tumor cells to oxidize glucose via glycolysis but not to fuel ETC (13). However there is accumulating evidence that mitochondria still affect tumor cells pleiotropically including anabolic process, redox balance, cell signaling, and cell death (15). As hubs for metabolic processes, mitochondria also play a significant role in PDAC (55). Additionally, with regard to PDAC’s association with mitochondrial dysfunction, extensive investigation of mitochondria-targeting chemotherapeutic drugs has been performed (14). In this study, we provide a comprehensive view of HPDL, a mitochondrial protein, which has not previously been fully studied. According to bioinformatic analysis and IHC analysis, we found that HPDL was upregulated in PDAC, and high expression of HPDL was associated with poor prognosis. We also generated an overexpression model and knockdown model of HPDL on PDAC cell lines and found that HPDL promoted PDAC proliferation but not migration. To some extent, HPDL has an oncogenic effect on PDAC. This oncogenic effect was further confirmed using gene expression profiling, where the typical PDAC oncogene KRAS was upregulated in OE cells and tumor suppressor genes TP53 and CDKN2A were downregulated in OE cells (Supplementary Figure 3).

As a mitochondrial protein, HPDL also participates in the mitochondrial bioenergetic process. Our data showed that HPDL promoted mitochondrial respiration and ATP generation, suggesting a positive effect of HPDL on mitochondria. We made a preliminary attempt to explain this positive effect of HPDL on PDAC. We tested a series of possible changes in mitochondria, including the steady level of OXPHOS complexes, OXPHOS supercomplex assembly, mtDNA copy number, mitochondrial content, and mitochondrial morphology (Supplementary Figures 1 and 2), but our results did not support a specific explanation. We next focused on mitochondrial metabolism. Glutamine-dependent ATP generation was observed in our data, indicating a possible effect of HPDL on metabolic reprogramming.

Tumor cells develop a series of metabolic reprogramming mechanisms to meet the anabolic and bioenergetic demands of cells in a continually changing microenvironment (4). PDAC also develops a series of metabolic reprogramming mechanisms, in which KRAS is considered a precursor oncogene (9). The primary effect of KRAS in PDAC is promoting glucose uptake and the anabolic glucose pathway (56). In the process of glutaminolysis, by which the glutamine fluxes into metabolites in the tricarboxylic acid (TCA) cycle, KRAS redirects glutamine flux through aspartate transaminases (GOT1) other than glutamate dehydrogenase (GLUD1). At the same time, KRAS increases the NADPH/NADP+ ratio, which maintains the redox balance in PDAC (18). Although the mechanism by which HPDL affects mitochondrial respiration remains unknown, we still found evidence of its effect on metabolic reprogramming. In this study, we observed that glutamine-dependent ATP generation was enhanced by HPDL (Figures 4F, H), which could suggest that glutamine is entering the TCA cycle and subsequently contributing to mitochondrial respiration. Moreover, both gene expression profiling and metabolomic profiling of HPDL OE cells strongly implicated the metabolic reprogramming of glutamine metabolism (Figures 5B, D). As a carbon and nitrogen source for bioenergetic and biosynthesis process, glutamine plays a key role in cancer growth (18). GOT1 is a universally expressed enzyme that transfers nitrogen from glutamine-derived glutamate to oxaloacetate to produce aspartate and α-ketoglutarate (13). In our data, we observed a glutamine-dependent aspartate increase in HPDL OE cells (Figure 6I), further suggesting that HPDL reprograms glutamine metabolism in PDAC. While HPDL is not a component of classic glutamine/glutamate transporter in mitochondria (Supplementary Data Sheet 2), this protein may be involved in downstream glutaminolysis pathway; however, more works are required to validate this hypothesis.

According to our immunofluorescence colocalization analysis in PDAC cells, HPDL localizes to mitochondria. This result is in line with a previous study performed on mouse neuroblastoma cell line N2a (25). Meanwhile, we also found HPDL localized in the nuclear area in the immunofluorescence analysis, this was subsequently considered to be a result of fluorescence contamination, as western blotting analysis of nuclear protein showed no HPDL existence (Figure 3C). Through a series of submitochondrial fractionation, we have further demonstrated that HPDL is localized to the mitochondrial intermembrane space, where considerable amounts of ROS from respiratory complex III are generated (57). The redox balance in the IMS is tightly regulated (58). The IMS-localized proteins superoxide dismutase (Sod1) and cytochrome c peroxidase (Ccp1), together with glutathione redox buffer make up the IMS antioxidant system (58). Like other antioxidative enzymes in IMS, HPDL also contains an iron binding site, which may be the active site for its antioxidative capacity (Figure 3A).

In our gene expression profiling and metabolomic profiling data, we observed that HPDL OE cells experienced a metabolic alteration of glutathione (Figures 5B, D). Further experiments demonstrated that HPDL was associated with better regulation and control of redox balance in PDAC, which was in a glutamine-dependent pattern. The same pattern was observed by Son et al. (18), whose work on PDAC cells showed that glutamine deprivation resulted in ROS production. Moreover, Son et al. have shown that glutamine-derived NADPH that helps redox balance is critical for PDAC growth (18). Therefore, we propose this positive effect on the redox balance of HPDL may help explain its proliferative effect on tumor cells.



Conclusion

We conclude that HPDL has a promoting effect on PDAC, and this effect may be related to glutamine metabolism and redox balance. Although the specific pathway or enzymatic process in which HPDL participates remains unknown, we still provide a constructive direction for further study on HPDL.
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Supplementary Figure 1 | (A, B) Mitochondrial respiratory complexes analysis of HPDL OE (A) and KD (B) cells with theirs paired control cells. Cells were permeabilized with 2.5% digitonin and protein was separated by 3%-11% blue native PAGE. Mitochondrial respiratory complexes were immunoblotted with anti-Grim19 (CI), SDHA (CII), UQCRC2 (CIII), MT-CO1 (CIV) and ATP5A (CV). SCs, super complexes. CI-CV, mitochondrial respiratory complexes I-V. TOM70 was used as a loading control. Quantitative results were shown in the right panel. (C, D) Relative mtDNA copy number of HPDL OE (C) and KD (D) cells with theirs paired control cells. DNA was extracted from cell and mtDNA was determined by quantitative PCR. (E, F) Relative citrate synthase activity of HPDL OE (E) and KD (F) cells with theirs paired control cells. Cell were disrupted by snap-freeze and citrate synthase activity was determined with 0.3 mM acetyl-CoA, 0.5 mM OAA, and 0.1 mM DTNB. (n.s., no significance.)

Supplementary Figure 2 | (A, B) Mitochondrial morphology analysis of HPDL OE (A) and KD (B) cells with theirs paired control cells by immunofluorescence staining. Mitochondria were stained with green fluorescence (HSP60) using immunofluorescence staining. Median branch length of individual mitochondria and mitochondrial networks size were measured, and quantitative results was shown in lower panel. (C, D) Mitochondrial morphology analysis of HPDL OE (C) and KD (D) cells with theirs paired control cells by transmission electron microscopy. Mitochondria were shown in different zoom level. (n.s., no significance.)

Supplementary Figure 3 | Heatmap of oncogenes and tumor suppressor genes in HPDL OE cells. The heatmap was generated based on the data of gene expression profiling.

Supplementary Table 1 | Primary and secondary antibodies.

Supplementary Data Sheet 1 | Quasi-targeted metabolomic analysis of HPDL OE cells. 

Supplementary Data Sheet 2 | LC-MS analysis of immunoprecipitation of FLAG-tagged HPDL proteins.
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Long non-coding RNAs (lncRNAs) are the most heterogeneous class of non-protein-coding RNAs involved in a broad spectrum of molecular mechanisms controlling genome function, including the generation of complex networks of RNA-RNA competitive interactions. Accordingly, their dysregulation contributes to the onset of many tumors, including colorectal cancer (CRC). Through a combination of in silico approaches (statistical screening of expression datasets) and in vitro analyses (enforced expression, artificial inhibition, or activation of pathways), we identified LINC00483 as a potential tumor suppressor lncRNA in CRC. LINC00483 was downregulated in CRC biopsies and metastases and its decreased levels were associated with severe clinical features. Inhibition of the MAPK pathway and cell cycle arrest by starvation induced an upregulation of LINC00483, while the epithelial to mesenchymal transition activation by TGFβ-1 and IL-6 caused its down-modulation. Moreover, enforced expression of LINC00483 provoked a slowing down of cell migration rate without affecting cell proliferation. Since LINC00483 was predominantly cytoplasmic, we hypothesized a “miRNA sponge” role for it. Accordingly, we computationally reconstructed the LINC00483/miRNA/mRNA axes and evaluated the expression of mRNAs in different experimental conditions inducing LINC00483 alteration. By this approach, we identified a set of mRNAs sharing the miRNA response elements with LINC00483 and modulated in accordance with it. Moreover, we found that LINC00483 is potentially under negative control of transcription factor HNF4α. In conclusion, we propose that LINC00483 is a tumor suppressor in CRC that, through an RNA-RNA network, may control cell migration and participate in proliferation signaling.
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Introduction

Colorectal cancer (CRC) is the most common malignancy in the digestive system and the fourth leading cause of cancer-related death around the world, mainly from tumor metastasis (1). Although modern oncology has made great efforts to shed light on the underlying molecular mechanisms of the development of CRC, much of it is still unclear. Accordingly, it is needed to explore new regulatory mechanisms of CRC onset and progression in order to improve diagnostics and the development of innovative therapeutic strategies. The Vogelstein’s model, based on a sequence of molecular changes within protein-coding genes leading to cancer transformation, is now considered too simplistic to explain the complex heterogeneity of cancer, including and especially CRC (2, 3). Notably, only less than 2% of the human genome encodes proteins, while about 85% is pervasively transcribed in RNAs other than mRNAs, denominated non-coding RNAs (ncRNAs), including microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) (4–6). LncRNAs are more than 200 nt in length with no or limited protein-coding power and account for a large part of the human genome (7). Although lncRNAs were initially considered as unfunctional transcriptional “noise,” recent studies have revealed that they play a key regulatory role in multiple cellular processes, including stem cell pluripotency, apoptosis, cell differentiation, migration, genomic stability, and epithelial–mesenchymal transition (EMT) (8). Accordingly, it is not surprising that lncRNA dysregulation plays a very important role in tumorigenesis indeed, the oncogenic or tumor-suppressive action of lncRNAs has been largely demonstrated to participate in cancer transformation and progression (9, 10). Through binding DNA, RNAs, and proteins, lncRNAs exhibit a broad spectrum of molecular mechanisms by which they influence gene expression, such as chromatin modification, RNA transcription, pre-mRNA splicing, mRNA translation, and protein localization (11, 12). In the last few years, several pieces of evidence have been collected on the involvement of lncRNAs in CRC onset and progression. LncRNAs affect critical CRC signaling pathways by acting both as oncogenes and tumor suppressors through interactions with other regulatory molecules (13–15). Several lncRNAs have been reported to be dysregulated in CRC, suggesting promising potentiality for theranostic applications (16–18). However, the molecular mechanisms of action in CRC pathobiology were elucidated only for few of them, such as, CCAT1, CCAT2, H19, HOTAIR, MALAT1, and UCA1 (19–25). One of the most explored molecular mechanisms of lncRNAs in cytoplasm is their activity as miRNA sponges. The ability of lncRNAs to sequester miRNAs by sequence complementarity has important systemic effects on the RNA network inside cells. Indeed, the hypothesis of competing endogenous RNA (ceRNA) foresees that lncRNAs and mRNAs, sharing the same miRNA response elements (MREs), compete for binding to same miRNAs, regulating each other’s expression (26, 27). According to the hypothesis that the expressions of lncRNAs and mRNAs with the same MREs would be positively and negatively correlated to each other and to miRNAs, respectively, in this paper we propose a combined approach of in silico and experimental biology to identify an lncRNA whose dysregulated expression is associated with CRC pathobiology. More specifically, based on the hypothesis that RNA-RNA network functioning is grounded on relative stoichiometric concentrations of interacting RNA molecules, our aim was the identification and characterization of a lncRNA whose expression was linearly related to that of mRNAs dysregulated in association with most serious clinical features of CRC patients. Following its computational identification, LINC00483 was experimentally analysed to understand its involvement in CRC and its associated molecular axes.



Material and Methods


Computational Analysis

We retrieved from “R2 Genomics” (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi?&species=hs) datasets containing expression data on CRC (Table S1) in order to identify differentially expressed (DE) genes associated with the most severe features of the tumor phenotype (e.g., metastases, microsatellite instability, advanced tumor, node, metastasis [TNM] stage, KRAS, BRAF and TP53 mutations, CpG island methylator phenotype [CIMP] status). Results were filtered by p-value (≤ 0.01), using the ANOVA statistical test and the “false discovery rate” as correction criterion for multiple tests. From each dataset we recovered genes that were downregulated/upregulated in CRC, according to the above-mentioned clinical-pathological features.

By overlapping gene lists (downregulated/upregulated gene lists) retrieved from each dataset, we obtained a single list of genes showing the same type of dysregulation (i.e., up- or down-regulation) in at least 50% of consulted datasets. We employed these CRC deregulated genes as BGs to identify CRC related lncRNAs. More specifically, we selected those lncRNAs showing positive or negative correlation with BGs by calculating the Pearson coefficient (p-value < 0.01) between the expression values of the BGs and the expression values of all lncRNAs in each dataset previously analyzed. We compared the lists of lncRNAs associated with each BG for each dataset and selected only those lncRNAs shared by at least 50% of datasets.

Finally, we generated 4 lists of lncRNAs correlated with BGs associated with the most severe clinical-pathological features of CRC:

	lncRNAs showing positive correlation with downregulated genes;

	lncRNAs showing positive correlation with upregulated genes;

	lncRNAs showing negative correlation with downregulated genes;

	lncRNAs showing negative correlation with upregulated genes;



We overlapped lists 1–4, and lists 2–3, because we speculated that lncRNAs positively correlated with downregulated genes corresponded roughly with the list of lncRNAs negatively correlated with upregulated genes and, in the same way, lncRNAs positively correlated with upregulated genes were in the list of lncRNAs negatively correlated with downregulated genes. Therefore, lncRNAs shared by the two compared lists were selected. By this approach, we obtained i) a list of potential tumor-suppressor lncRNAs by overlapping of 1 and 4, and ii) a list of potential oncogene lncRNAs by overlapping of 2 and 3 (Figure 1).




Figure 1 | Workflow of the computational approach followed to identify long non-coding RNAs (lncRNAs) associated to colorectal cancer (CRC).





Long Non-Coding RNA Target Identification

Since one of the most common functions of lncRNAs is that of “miRNA sponge,” we identified miRNAs that could simultaneously bind the selected lncRNAs and the genes positively correlated with them. In this supposed “miRNA sponge” model, the lncRNA and mRNA should exhibit a mutual positive expression correlation, while the miRNA—acting as a “trait d’union” negative regulator RNA—should have a negative expression correlation with the same lncRNA and mRNA (Figure S1). To investigate this hypothesis, we retrieved miRNAs showing a negative correlation with the studied lncRNAs. MiRNA expression values were retrieved from TCGA colon cancer (COAD) (n=261), through UCSC XENA (https://xenabrowser.net/datapages/), and compared to lncRNA expression from the same dataset. We calculated the Pearson coefficient between miRNA and lncRNA expression values and selected miRNAs showing a negative correlation with the selected lncRNAs (p-value ≤0.001). We simultaneously retrieved miRNAs harboring binding sites for lncRNAs through LncBase (http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=lncbasev2%2Findex-experimental), miRcode (http://www.mircode.org/), and RNA22 v.2 tool (https://cm.jefferson.edu/rna22/Interactive/) and completed these outputs with those resulting from correlation analysis. To complete the molecular axis of the lncRNA-miRNA-mRNA interaction, we identified mRNAs targeted by these miRNAs. We interrogated the datasets selected in the early step of the study in order to identify those mRNAs that showed the strongest positive correlation with lncRNAs, as previously described. For these mRNAs were verified: a) the binding to miRNAs previously identified through TarBase v.8 (http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=tarbasev8%2Findex); b) their negative expression correlation with the same miRNAs (TCGA COAD). To make this analysis more effective and focused on our pathological model, it was performed just on those miRNAs showing an involvement in CRC by using mirCancer (http://mircancer.ecu.edu/) and mir2Disease (http://www.mir2disease.org/) databases.



Cell Lines

HCT-116 cell lines, derived from primary colon tumors, were obtained from the Interlab Cell Line Collection (ICLC), an “International Repository Authority” within the IRCCS Azienda Ospedaliera Universitaria San Martino-IST Istituto Nazionale per la Ricerca sul Cancro (Genova, Italia). HCT-116 cells were maintained in Roswell Park Memorial Institute-1640 (RPMI-1640) medium (Gibco), supplemented with 10% fetal bovine serum (FBS) (Gibco), 1% 2 mM L-glutammine (Lonza, Basel, Switzerland), and 1% penicillin/streptomycin (10,000 U/ml) (Gibco). Cells were cultured at 37°C and 5% CO2.



RNA Isolation From Cell Lines

Total RNA was extracted from cell lines with TRIzol® (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions, and quantified by GenQuant Pro Spectrophotometer (Biochrom) and Qubit fluorescence quantification system (Invitrogen). Isolated RNA was treated with DNase, according to the manufacturer’s instructions. The RNA Subcellular Isolation Kit (Active Motif) was used to analyze lncRNA expression separately in the nucleus and cytoplasm of HCT-116 cells. The lncRNAs MALAT1 and TUG1 were used as markers of nuclear and cytoplasmic fractions, respectively.



RNA Isolation From Colorectal Cancer Formalin-Fixed, Paraffin-Embedded Samples

Twenty CRC patients were recruited from “Azienda Ospedaliero—Universitaria Policlinico Vittorio Emanuele” (Catania, Italy). Formalin-Fixed, Paraffin-Embedded (FFPE) tumor tissues and adjacent normal colon mucosa were isolated at the Section of Anatomic Pathology, Department G.F. Ingrassia, University of Catania (Catania, Italy) (Table 1). RNA was extracted from FFPE samples through the PureLink FFPE RNA Isolation Kit (Invitrogen), according to the manufacturer’s instructions, and quantified by GenQuant pro spectrophotometer (Biochrom) and Qubit (Invitrogen).


Table 1 | Colorectal cancer (CRC) biopsies analyzed in this study.





RNA Isolation From Colorectal Cancer Tissues Embedded in OCT and Fresh Biopsies

A second independent group of 35 CRC samples embedded in Optimal Cutting Temperature (OCT) were analyzed. All samples were provided from “Istituto Oncologico del Mediterraneo (IOM)” Viagrande (Catania, Italy) (Table 1). OCT tumor tissues were sliced with a cryostat at the Section of Anatomic Pathology, Department G.F. Ingrassia, University of Catania (Catania, Italy). Before RNA extraction, samples were treated to remove OCT as follows:

	Wash OCT tissue samples three times with 500 µl DEPC H2O; centrifuge 4°C x 5 min at 11,000 g (Eppendorf Centrifuge 5424 R) and remove supernatant after each step;

	Wash with 500 µl ETOH 25%; centrifuge 4°C x 5 min at 11,000 g (Eppendorf Centrifuge 5424 R) and remove supernatant.



Total RNA was extracted from OCT tissue samples and from fresh biopsies through the PureLink FFPE RNA Isolation Kit (Invitrogen) and TRIzol ® (Invitrogen, Carlsbad, CA, USA), respectively, according to the manufacturer’s instructions. Isolated RNA was quantified by GenQuant pro spectrophotometer (Biochrom).



PCR Primer Design

We designed specific PCR primers for the selected lncRNAs and their target mRNAs by using the online tool Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Specific PRC primers were also designed for the housekeeping gene PPIA (peptidylprolyl isomerase A), used for normalization. Primer pairs are shown in Table S2.



Expression Analysis by Real-Time PCR

We investigated the expression of the selected lncRNAs and mRNA axis in CRC cell lines and CRC patient tissues through Real Time PCR, by using Power SYBR Green RNA-to-CT 1-Step Kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions. All reactions were performed on a 7900HT Fast Real-Time PCR System (Applied Biosystems). We used PPIA as reference gene, both for cell lines and CRC tissues. DE gene fold changes were calculated by applying the 2-ΔΔCt method. A paired T-test was used to compare FFPE sample ΔCts, while an unpaired T-test was used for evaluate all the other analyses. P-value ≤0.05 was established as statistically significance.



HCT-116 Transfection With LINC00483

We transfected the HCT-116 cell line with pcDNA3.1(+) expression vector to induce LINC00483 overexpression. The cDNA sequence of LINC00483 was cloned into pcDNA3.1(+) by EcoRV, consistent with the direction of the CMV promote. The empty pcDNA3.1(+) vector was used as a scramble molecule. Both constructs were synthesized and purchased from the GenScript company. Ten micrograms of plasmids were re-suspended in 40 µl TE buffer 1X. Cells (2 x 105 per well) were seeded in 24-well plates and transfected with 750 ng plasmid together with LipofectamineTM 2000 (Invitrogen) by using the direct transfection method, according to the manufacturer’s instructions. Cells were harvested at 48 h after transfection and lysed with TRIzol for RNA extraction. Total RNA was used both to confirm transfection efficiency (>90%) and to evaluate the expression of axis’s mRNAs by Real Time PCR. All experiments were performed in biological triplicates.



Functional Assays

The CCK-8 assay was performed to assess cellular viability/proliferation at 48 h AT, according to the manufacturer’s instructions. Absorbance values were read with Varioskan™ LUX (Thermo Scientific™). We transfected HCT-116 cell lines with an expression vector and its respective scramble molecule by seeding 2.5 x 104 cells per well in 96-well plates and appropriately scaling the amount of transfection reagents. All experiments were performed in biological triplicates.

Migration rates after transfection were evaluated by OrisTM Universal Cell Migration Assembly kit (Platypus Technologies), according to the manufacturer’s instructions. Briefly, we transfected HCT-116 cells with the expression vector and its scramble molecule by seeding 3.5 x 104 cells per well in 96-well plates—after insertion of Oris Cell Seeding Stoppers—and appropriately scaling the amount of transfection reagents. To create the detection zone at the center of the well, the stoppers were removed at 24 h AT (0 h). Detection zones for each well were photographed with a microscope, Leitz FLUOVERT (Leica Microsystems), at 0 h (premigration reference wells) and at 24, 48, 72, 96, and 144 h AT. Cells that migrated into the detection zone were quantified through the ImageJ software package. This analysis allowed us to quantify cells that had migrated into the detection zone for all the time points. All experiments were performed in biological triplicates.



TGFβ-1 Treatment

We performed an in vitro EMT by treatment with TGFβ-1, a cytokine secreted by tumor cells and stromal fibroblasts in the tumor microenvironment and considered a primary inducer of EMT (28). 5 x 104 cells per well were seeded in 24-well plates and maintained in serum starvation conditions (0.5% FBS) for 24 h. Successively, cells were treated with 20 ng/ml TGFβ-1 for 24 h. Control samples were maintained in RPMI-1640 medium (Gibco) supplemented with an equal volume of solvent. All experiments were performed in biological triplicates.



Interleukin-6 Treatment

We treated HCT-116 cell line with IL-6, a multifunctional cytokine whose signaling hyper-activation is associated with tumor onset and development. 3 x 104 cells per well were seeded in 24-well plates and maintained in serum starvation conditions (0.5% FBS) for 24 h. Successively, cells were treated with 200 ng/ml IL-6 and exposed for 24 and 48 h. Control samples were maintained in RPMI-1640 medium (Gibco) supplemented with an equal volume of solvent. All experiments were performed in biological triplicates.



Treatment With MAPK Inhibitor U0126

We performed a pharmacological inhibition of the MAPK pathway by treating the HCT-116 cell line with U0126, a highly selective ATP-non-competitive MEK1/2 inhibitor, which specifically prevents in vitro phosphorylation of MEK1/2 by binding to the inactive enzyme and blocking ERK recruitment. HCT-116 cells were seeded (3.2 x 104 per well) in 24-well plates and cultured in serum starvation conditions (no FBS) for 24 h; successively, cells were treated with 25 µM U0126 (MEK1/2 inhibitor, Merck, Darmstadt, Germany) and exposed to the drug for 12 and 24 h. Control samples were treated with an equivalent volume of DMSO (solvent of the drug used for treatment). All experiments were performed in biological triplicates.



Cell Cycle Arrest

To investigate if the expression of the selected lncRNAs is modulated during artificial cell cycle arrest, we evaluated HCT-116 response to serum starvation. 5 x 105 cells were seeded in 24-well plates. We separately treated two groups of samples: the first group of samples was exposed to serum starvation by maintaining cells in RPMI-1640 medium (Gibco) (no FBS) for 24 h. Control samples were maintained in RPMI-1640 (10% FBS). A second group of cells was synchronized by serum starvation (no FBS) for 24 h and subsequently incubated with fresh medium with 10% FBS for a further 24 h. Control samples were incubated with fresh RPMI-1640 without serum. All experiments were performed in biological triplicates.



Treatment With HNF4α Inhibitor BI6015

To verify the transcriptional regulation of LINC00483 by HNF4α, we treated the HCT-116 cell line with BI6015, a specific inhibitor of this transcription factor. 8 x 104 cell were seeded in 24-well plates and treated with 80 µM BI6015 (Focus Biomolecules) for 24 h. Control samples were treated with an equivalent volume of DMSO (solvent). All experiments were performed in biological triplicates.



Identification of Transcription Factor Binding Sites

Potential transcription factor binding sites (TFBSs) harbored on LINC00483 promoter and upstream regulatory region (1 kb) were retrieved from ENCODE tracks (i.e., transcription factor ChIP-seq clusters, DNaseI hypersensitivity clusters) and UCSC regulatory tracks (i.e., regulatory elements from ORegAnno, SwitchGear genomics transcription start sites) mapped on UCSC Genome Browser (https://genome.ucsc.edu/).




Results


Screening of Colorectal Cancer Expression Datasets, Long Non-Coding RNA Selection

By following the approach reported in methods, we identified from each CRC expression dataset those genes that were downregulated/upregulated in CRC, according to the specified clinical-pathological features.

By overlapping gene lists (downregulated/upregulated gene lists) retrieved from each dataset, we obtained a single list of upregulated genes (CYP1B1, NPR3, RGL2, SLIT2, TSPAN2) and a single list of downregulated genes (ACOT7, AGPAT5, ATP5B, AURKAIP1, CASP1, CEP55, CXCL3, FUT4, GSR, HNRNPAB, IDO1, KIF11, MCM5, PBK, PIGR, RANBP1, SCO2, TOE1, TTLL12) showing the same trend of expression alteration in at least 50% of datasets.

These CRC deregulated genes were used as “bait genes” (BGs) to identify lncRNAs showing a statistically significant positive correlation (PC) or negative correlation (NC) of expression with BGs.

We compared the lists of lncRNAs associated with each BG from each dataset and selected only those lncRNAs shared by at least 50% of datasets.

Finally, we generated four lists of lncRNAs (Table 2) correlated with BGs:

	lncRNAs showing PC with downregulated genes (Table 2, column A);

	lncRNAs showing PC with upregulated genes (Table 2, column B);

	lncRNAs showing NC with downregulated genes (Table 2, column C);

	lncRNAs showing NC with upregulated genes (Table 2, column D);




Table 2 | Long non-coding RNAs (LncRNAs) positively/negatively correlated with BGs.



Finally, as reported in methods, we overlapped these lists, in order to obtain a set of potential tumor-suppressor lncRNAs (i.e., DLEU1, LINC00261, LINC00483, LINC01207, MCF2L-AS1) and oncogene lncRNAs (MEG3, RUNX1-IT1, and TP73-AS1) to experimentally analyze.

The expression of the previously selected lncRNAs was investigated through real time PCR in 20 formalin-fixed, paraffin-embedded (FFPE) CRC biopsies and their normal adjacent tissues (NATs). The results showed a significantly differential expression of four lncRNAs. More specifically, MEG3, MCF2L-AS1, LINC00483, and TP73-AS1 were downregulated in CRC tumor tissues compared to NATs (Figure 2).




Figure 2 | Box plots showing differential expression of the selected long non-coding RNAs (lncRNAs) in 20 formalin-fixed, paraffin-embedded (FFPE) colorectal cancer (CRC) biopsies compared to normal adjacent tissues. Different primer pairs for DLEU1 did not produce any amplification. For this reason, DLEU1 data are not shown. *: p-value < 0.05; **: p-value < 0.001.





Long Non-Coding RNA Expression After TGFβ-Induced Epithelial–Mesenchymal Transition in HCT-116 Cells

To investigate the involvement of previously identified differentially expressed lncRNAs (DE lncRNAs) in cellular proliferation and metastases, we induced the EMT through TGFβ-1 (transforming growth factor beta 1). We investigated TGFβ-1 effects on HCT-116 cells analyzing the expression of DE lncRNAs 24 h after TGFβ-1 treatment. We assessed the expression of EMT gene markers (MMP7, VIM, and ZEB1) to verify the successful outcome of in vitro TGFβ-1 treatment. Results showed an increased expression of MMP7, VIM, and ZEB1 at 24 h after treatment (AT) (Figure 3A), in agreement with mesenchymal transformation. Moreover, the results showed that TGFβ-1 treatment significantly decreased the expression of lncRNA LINC00483 at 24 h AT, whereas the expression of two other lncRNAs (MCF2L-AS1, and TP73-AS1) increased, even if in a statistically non-significant way (Figure 3A).




Figure 3 | (A) Expression of epithelial–mesenchymal transition (EMT) gene markers and DE long non-coding RNA (lncRNA) expression after TGFβ-1 treatment. (B) LncRNA expression in HCT-116 cell line post treatment with U0126 12 h and 24 h (C). *p-value<0.05; **p-value<0.01.





Inhibition of MAPKs Affects Long Non-Coding RNA Expression

We performed an in vitro inhibition of the MAPK pathway in order to investigate the involvement of previously identified DE lncRNAs in proliferative signaling. LncRNA expression was assessed in HCT-116 cells at 12 and 24 h AT with the MAPK inhibitor U0126. Results showed that the expression of DE lncRNAs was affected by the inhibition of the MAPK pathway (Figures 3B, C). More specifically, U0126 treatment did not alter the lncRNA expression after 12 h of treatment (Figure 3B), however, MCF2L-AS1, MEG3, and LINC00483 significantly increased their expression at 24 h AT, although the strongest upregulation was observed for LINC00483 (Figure 3C).



LINC00483 Affects Cell Migration but Not Cell Proliferation

As LINC00483 expression was altered by in vitro modulation of proliferation and EMT, we evaluated whether its enforced expression affected cellular migration and cell count. By OrisTM Universal Cell Migration Assembly kit (Platypus Technologies), we counted the cells migrated into the detection zone at different time points: 48, 72, 96, and 144 h after cell seeding stopper removal. Results showed a significant decrease of migration rate in LINC00483-transfected HCT-116 cells compared to negative controls (MOCK), at all specified time points, but the most statistically significant difference was observed at 96 h after transfection (Figure 4A). On the other hand, the cell viability/proliferation assay 48 h after LINC00483 transfection did not show any significant difference between transfected HCT-116 cells and their negative controls (Figure 4B). Taken together, the data on functional assays suggest that the upregulation of LINC00483 directly impaired cell migration but not cell viability/proliferation.




Figure 4 | LINC00483 functional assays. (A) Number of cells migrated into the detection zone in transfected HCT-116 cells compared to negative controls (MOCK), at 48, 72, 96, and 144 h after transfection. *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001; (B) CCK-8 assay was performed to assess HCT-116 cell proliferation at 48 h after LINC00483 transfection.





LINC00483 Molecular Axis Identification

Our previous results revealed a significant downregulation of LINC00483 in FFPE CRC biopsies compared to adjacent normal mucosa; furthermore, LINC00483 expression decreased in HCT-116 cells treated with TGFβ-1, while it increased when MAPK signaling was inhibited. Accordingly, we focused our next experimental analyses on LINC00483 due to its consistent data in biopsies and in vitro treatments. We screened all the datasets (1,313 datasets) deposited on R2 Genomics for LINC00483 dysregulation (Table 3) and found an almost specific downregulation of LINC00483 in CRC; moreover, its decreased expression was frequently associated with bad prognosis. Taken together all these data suggest a potential tumor suppressor role for LINC00483.


Table 3 | LINC00483 dysregulation in several expression datasets.



As the molecular functions of lncRNAs are strictly linked to their localization inside the cell, we first investigated the subcellular localization of LINC00483. We isolated RNA from the nuclear and cytoplasmic fractions of HCT-116 cells and analyzed LINC00483 in both, together with MALAT1, predominantly nuclear, and TUG1, preferentially located in the cytoplasm. Our data showed that LINC00483 is predominantly cytoplasmic (Figure 5A). Accordingly, we hypothesized a “miRNA sponge” role for LINC00483 and retrieved miRNAs that could simultaneously bind LINC00483 and the mRNAs showing a positive correlation of expression with LINC00483. More specifically, we selected miRNAs showing a negative correlation of expression with LINC00483 by using the TCGA COAD dataset (Table S3). We also retrieved miRNAs harboring binding sites for LINC00483 through LncBase, miRcode, and the RNA22 v.2 tool and overlapped these outputs with those resulting from correlation analysis (Table S3).




Figure 5 | (A) Nucleus/cytoplasm distribution of LINC00483. LncRNAs MALAT1 and TUG1 are analyzed as markers of nuclear and cytoplasmic localization, respectively; (B) Box plot showing LINC00483 expression in metastatic colorectal cancers (CRCs) compared to non-metastatic primary tumors. **p-value < 0.01.



For each previously selected miRNA of Table S3, we identified the experimentally validated mRNA targets through TarBase v.8. This analysis did not produce any results for the following miRNAs: miR-4464, miR-4660, miR-4743-3p, and miR-7978, which were excluded from the next analyses. We also verified that the couples miRNA:mRNA target from TarBase showed a negative expression correlation (TCGA COAD). Moreover, to make this analysis more effective and focused on our cancer model, including a tumor-suppressor lncRNA, we considered just those miRNAs showing a potential involvement in CRC as oncomiRNAs by using mirCancer and mir2Disease databases. Finally, we filtered the list of miRNA targets with a set of mRNAs showing a positive correlation of expression with LINC00483 in several CRC datasets, as described in “Material and Methods.” By this approach, we obtained a list of potential LINC00483:miRNA:mRNA molecular axes. Table 4 shows miRNAs harboring binding sites for LINC00483, which also show a negative expression correlation with LINC00483. For each miRNA, mRNA targets (positively correlated with LINC00483) are shown. The table has been filtered for mRNAs showing the highest R-values (ACVR1B, ADD3, ARL4A, CC2D1A, CD9, CTNNA1, DSP, EIF6, EPCAM, GALNT3, HIGD2A, MIER3, PLS1, PRKAA1, RNF43, SH3YL1, SRPK1, TPD52, USP7, VDR, and ZDHHC9). Data including all miRNA targets and their correlations with LINC00483 are reported in Tables S4-S11.


Table 4 | Predicted LINC00483 molecular axes in colorectal cancer (CRC).





LINC00483 Expression in Colorectal Cancer Tissues Embedded in OCT and Fresh Biopsies

Our previous analysis on FFPE CRC biopsies showed a statically significant downregulation of LINC00483 in tumor tissues compared to normal mucosa. To corroborate these data and understand the potential LINC00483 association with clinical features of CRC patients, we assessed its expression on a second independent cohort of 35 CRC samples embedded in OCT (optimal cutting temperature). LINC00483 was significantly downregulated in metastatic CRCs compared to non-metastatic primary tumors (Figure 5B). We found no dysregulation of LINC00483 in association with other specific sub-groups of samples based on tumor and node staging and tumor grade.



Effects of Forced Expression of LINC00483 on the mRNA Axis

According to LINC00483 low expression in tumors tissues, we induced its in vitro overexpression by transfecting HCT-116 cells with the expression vector pcDNA3.1, including the LINC00483 cDNA sequence, in order to verify how the expression of mRNA nodes of the axes was modulated (Figure 6). The expression of 12 mRNAs statistically increased in HCT-116 cells transfected with LINC00483 compared to control samples, transfected with the scramble molecule (MOCK): ACVR1B, ARL4A, CTNNA1, EIF6, EPCAM, HIGD2A, MIER3, PLS1, SRPK1, TPD52, VDR, and ZDHHC9.




Figure 6 | The expression of messenger RNAs (mRNAs) selected as potentially involved in LINC00483 molecular axes after LINC00483 transfection in HCT-116 cells. *p-value < 0.05.





Inhibition of MAPKs Affected mRNA Expression of LINC00483 Axis

We previously observed that, after in vitro inhibition of the MAPK pathway, LINC00483 expression increased at 12 h AT, although a statistically significant variation was observed at 24 h AT. Accordingly, we evaluated if the expression of mRNAs showing increasing expression after LINC00483 enforced expression was altered by U0126 treatment. The expression of nine mRNAs statistically increased at 24 h AT: ACVR1B, ARL4A, CTNNA1, EIF6, EPCAM, HIGD2A, MIER3, PLS1, ZDHHC9 (Figure 7).The results would show that most of LIN00483-regulated mRNAs after MAPK blockage exhibited an expression modulation following that of LINC00483, thus suggesting the existence of a potential molecular relationship among these RNAs.




Figure 7 | Expression of messenger RNAs (mRNAs) of LINC00483 molecular axes in HCT-116 cells at 12 and 24 h after U0126 treatment. *p-value < 0.05.





Expression of LINC00483 and the mRNA Axis After Cell Cycle Arrest

To investigate how the expression of LINC00483 and its target genes was modulated during artificial cell cycle arrest without chemical inhibitors, we exposed HCT-116 cells to serum starvation. More specifically, we assessed the expression of LINC00483 and mRNAs (ACVR1B, ARL4A, CTNNA1, EIF6, EPCAM, HIGD2A, MIER3, PLS1, SRPK1, TPD52, VDR, and ZDHHC9) in two different ways: 1) starved cells (0% FBS) vs. 10% FBS cells; 2) starved cells (0% FBS) vs. 10% FBS cells after cell synchronization obtained by 24 h of serum starvation. The expression of LINC00483 significantly increased after 24 h serum starvation, with and without cell synchronization. Interestingly, two mRNAs belonging to the LINC00483 axes (ARL4A and HIGD2A) showed statistically significant expression variations similar to LINC00483, while ZDHHC9 was upregulated only in starved cells compared to 10% FBS cells after cell synchronization (Figure 8A). These data would suggest again that, similar to MAPK inhibition, growth arrest induced by serum starvation activated the expression of LINC00483. However, in this specific cell condition only the expression of three mRNAs was induced, suggesting that the activation of LINC00483 axes depends on functioning of specific cellular pathways.




Figure 8 | (A) Expression of LINC00483 and messenger RNAs (mRNAs) associated with its molecular axes after 24 h serum starvation, with and without cell synchronization. To make this panel more readable, we reported just significant data. The complete panel of histograms is reported in Figure S2. (B) Expression of EMT marker ZEB1, LINC00483 and mRNAs potentially involved in the LINC00483 axes after TGFβ-1 and Il-6. *p-value ≤ 0.05; **p-value ≤ 0.01.





Expression of LINC00483 and Axes’s mRNAs After In Vitro Epithelial–Mesenchymal Transition

To assess the involvement of LINC00483 and mRNAs potentially linked to it in metastasis-related mechanisms, we induced in vitro the EMT by treating HCT-116 cells with TGFβ-1 and IL-6 (interleukin-6). Both these treatments induced a downregulation of LINC00483 (Figure 8B). TGFβ-1 treatment showed a statistically significant downregulation for CTNNA1 and MIER3 while IL-6 provoked the downregulation of HIGD2A (Figure 8B). Notably, CTNNA1, HIGD2A, and MIER3 showed the same expression trends as LINC00483 in the same model of in vitro EMT. These data would show that two different signaling of EMT induction similarly repressed LINC00483. As previously observed, also in this case different cellular signaling could control different LINC00483 molecular axes.



HNF4α Transcription Factor Potentially Controls LINC00483 Expression

To get a better insight into transcriptional regulation of LINC00483, we screened the UCSC Genome Browser to find potential transcription factor binding sites (TFBSs). More specifically, by overlapping different tracks derived from ENCODE experiments to the UCSC Genome browser, we found TFBSs for HNF4α (hepatocyte nuclear factor 4α) about 180 nt upstream of the transcription start site (TSS) in correspondence with a DNase hypersensitive region (Figure 9A). Moreover, other HNF4α TFBSs were present about 1 kb upstream and downstream of TSS overlapping DNase hypersensitive regions (Figure 9A). These data suggest that HNF4α could contribute to transcriptional regulation of LINC00483. Indeed, we treated CRC cells with BI6015, an HNF4α inhibitor, and evaluated the expression of LINC00483 and the axis’s mRNAs. Chemical inhibition of HNF4α induced the significant upregulation of LINC00483 at 24 h after BI6015 treatment (Figure 9B), suggesting a potential negative control by HNF4α on LINC00483 transcription. Notably, the expression of all mRNAs strongly increased at 24 h after treatment (Figure 9B), corroborating our previous data concerning the positive expression association between LINC00483 and the mRNAs belonging to the LINC00483:miRNA:mRNA axes.




Figure 9 | Relationship between LINC00483 and the HNF4α transcription factor. (A) HNF4α binding sites and DNase hypersensitive regions upstream and downstream of the transcription start site (TSS) of LINC00483; (B) Expression of LINC00483 and messenger RNAs (mRNAs) potentially involved in LINC00483 axis at 24 h after treatment with BI6015, an HNF4α inhibitor. *p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001.





CTNNA1, HIGD2A, MIER3

As our data suggested a tighter association of expression between LINC00483 and CTNNA1, HIGD2A, and MIER3 with respect the other axis’s mRNAs, we further analyzed them. We screened the expression of CTNNA1, HIGD2A, and MIER3 in all CRC datasets deposited on R2 genomics. The results showed their stable downregulation in CRC tumor tissues compared to controls, or, in most cases, in association with the severe features of the tumor (Table S12). We investigated CTNNA1, HIGD2A, and MIER3 expression in CRC biopsies compared to adjacent normal mucosa in order to confirm their downregulation in CRC observed by dataset screening: the three mRNAs showed a statistically significant downregulation in tumor tissues compared to normal mucosa (Figure 10). Moreover, we calculated the Pearson coefficients between the expression values of LINC00483 and CTNNA1, HIGD2A, and MIER3 in the same CRC samples, obtaining significant positive correlation of expression between LINC00483 and CTNNA1 (r-value: 0.47, p-value: 0.03), LINC00483 and HIGD2A (r-value: 0.41, p-value: 0.05), LINC00483 and MIER3 (r-value: 0.53, p-value: 0.01). Positive correlations between LINC00483 and CTNNA1, HIGD2A, and MIER3 was corroborated by the analysis of expression correlation performed on all CRC datasets previously studied. As shown in Table S13, the positive correlation between LINC00483 and CTNNA1, HIGD2A, and MIER3 represents a common feature of most CRC expression datasets.




Figure 10 | Box plot showing the differential expression of CTNNA1, HIGD2A, and MIER3 in colorectal cancer (CRC) formalin-fixed, paraffin-embedded (FFPE) biopsies compared to normal adjacent mucosa. **p-value ≤0.01, ***p-value ≤0.001.






Discussion

In this work we identified LINC00483 as a long non-coding RNA with a potential role of tumor suppressor in CRC. By screening several CRC datasets, we found that LINC00483 expression correlated with several protein-coding genes whose dysregulation was associated with CRC. Expression analysis performed on CRC biopsies compared to normal adjacent tissues, revealed a statistically significant downregulation of LINC00483, as well as its low expression levels in metastatic CRCs compared to non-metastatic primary tumors. This reduced expression associated with CRC was corroborated by an additional screening of all cancer datasets deposited in the R2 genomics repository showing that LINC00483 was steadily and specifically downregulated in CRC specimens from most of the CRC datasets available. Interestingly, LINC00483 expression seems to be particularly conspicuous in the physiologic intestinal epithelium and almost absent in other tissues, according to Fagerberg et al. (29), as reported in BioProject PRJEB4337. This would suggest that LINC00483 could play a specific role in the normal intestinal epithelium. Notably, aberrant expression of LINC00483 was reported for other cancers for which this lncRNA is considered an oncogene (30–32).

With the aim of understanding the functional involvement of LINC00483 in CRC biology, we evaluated its expression in CRC cells after the artificial block or induction of specific cancer related pathways. More specifically, LINC00483 levels increased after inhibition of MAPK signaling, which is usually overactivated in CRC cells and mainly responsible for cellular hyperproliferation (33). Notably, inhibition by U0126 treatment leads to G0/G1 arrest of cell cycle (34). Moreover, we observed an upregulation of LINC00483 also after serum starvation, an artificial experimental approach causing the exit of the cells from cell cycle (G0) and reducing the expression of genes responsible for cell cycle progression (e.g., HRAS, MYC), and components of the MAPK and PI3K pathways (35). These results would suggest that proliferative signals, including those mediated by ERK pathway, could transcriptionally or post-transcriptionally lower the amount of LINC00483. These considerations could explain the downregulation of LINC00483 in CRC biopsies (36, 37). When these signals were artificially inhibited, LINC00483 expression increased. Taken together, these data would suggest that LINC00483 could have a role in the G0/G1 cell cycle status of CRC cells, participating in a complex RNA-RNA network. Moreover, we don’t exclude that LINC00483 could play a role in stress conditions that subsequently would lead to G0/G1 block. This consideration could also explain the unaffected proliferation after the ectopic expression of LINC00483. LINC00483 exhibited low levels of expression also in metastatic CRC compared to primary tumors. This observation suggested a potential involvement of this lncRNA in one of the pathways underlying the metastatic process. It is now commonly accepted that EMT is an essential process for distant metastases formation. Although the EMT program was originally described as part of morphogenesis in embryonic development, it was later observed in several pathogenic events, such as fibrosis, wound healing, tumor progression, and metastases (38, 39). According to the importance that EMT activation takes on CRC metastatic development, we artificially induced EMT in CRC cells by using TGFβ-1 and IL-6, two well-known inducers of EMT in CRC, through different molecular cascades (28, 40). As expected, EMT induction by TGFβ-1 and IL-6 caused a decrease of LINC00483 expression, suggesting that it could play a negative role in EMT activation.

We found that enforced expression of LINC00483 in CRC cells induced a slowing down of the cell migration rate, suggesting that this lncRNA may exert a negative regulation of the motile phenotype, which is a hallmark of EMT impairment. On the other hand, LINC00483 did not induce any modulation of cell proliferation. Based on the latter observation, the upregulation of LINC00483 after inhibition of proliferative signals could be the result of a joint RNA-RNA network. Accordingly, ectopic expression of LINC00483 may be functionally effective for cell proliferation under certain molecular conditions, such as specific stoichiometric concentrations of its direct or indirect interactors (9).

In the last few years there has been increasing evidence of lncRNA function as ceRNA (competitive endogenous RNA) (41–43). Since LINC00483 is predominantly cytoplasmic, we hypothesized a “miRNA sponge” role for it. According to this model, miRNAs are sponged by lncRNAs: this prevents their binding to targeted mRNAs and their subsequent degradation. According to the miRNA sponge hypothesis for LINC00483, we computationally retrieved miRNAs that could simultaneously bind LINC00483 and mRNAs showing a positive correlation of expression with LINC00483 itself. By this approach, we reconstructed potential LINC00483-miRNA-mRNA molecular axes and evaluated the expression of the latter in different experimental conditions provoking the alteration of LINC00483. We focused our analysis on those mRNAs whose expression increased after the enforced expression of LINC00483, according to the miRNA sponge model. A number of mRNAs were modulated similarly to LINC00483 in the different treatments (i.e., TGFβ-1, IL-6, U0126, serum starvation), confirming their mutual positive correlation of expression with LINC00483 during the block of proliferation and EMT induction. CTNNA1 (catenin alpha 1), HIGD2A (HIG1 hypoxia inducible domain family member 2a), and MIER3 (MIER family member 3) showed an upregulation after inhibition of the MAPK pathway and a downregulation after EMT induction, in the same way as LINC00483. Analysis of both our CRC cohort and R2 genomics expression datasets showed the downregulation of CTNNA1, HIGD2A and MIER3 (also in association with the severe features of the tumor), but also an evident positive correlation of expression with LINC00483. CTNNA1 and MIER3 have a well-known tumor suppressor function. MIER3 was downregulated in colorectal cancer tissue compared to healthy colon mucosa (44). Peng et al. reported that MIER3 was significantly reduced in human primary CRC and was associated with CRC metastasis and poor prognosis (45). Upregulation of MIER3 expression significantly inhibited CRC cell proliferation, migration, and invasion in vitro and repressed tumor growth and metastasis in vivo. Moreover, MIER3 suppressed colorectal cancer progression and inhibited epithelial-mesenchymal transition (45). Several studies have shown the tumor suppressor role of CTNNA1 in different tumors (46–48). CTNNA1 expression was markedly lower in CRC tissues compared to adjacent normal mucosa and its overexpression significantly inhibited proliferation and migration of CRC cells (49, 50). Moreover, ablation of CTNNA1 induced alterations in cell–cell adhesion and enhanced cell migration (51). HIGD2A function is not well known. However, Ameri et al., showed that a member of the same family—HIGD1A (HIG1 hypoxia inducible domain family member 1A) interacts with the electron transport chain, modulating mitochondrial ROS production, oxygen consumption, and AMPK activity to promote survival during glucose starvation, while simultaneously decreasing tumor growth in vivo (52). HIGD1A may play an important role in tumor dormancy or recurrence mechanisms during tumor cell adaptation to extreme environments (52, 53). HIGD2A could play a similar role of tumor suppressor gene in CRC and be involved in tumor proliferation processes; however, its role in cancer biology remains to be elucidated. The other mRNA nodes of LINC00483 axes (ACVR1B, ARL4A, EIF6, EPCAM, PLS1, SRPK1, TPD52, VDR, ZDHHC9) could play a role in the regulation of the cell cycle, even if they were not modulated during artificial EMT induction. We suggest that the functional role of lncRNA molecular axes may not be ubiquitous but closely associated with specific molecular contexts (e.g., the interaction with other RNA molecules or proteins), which perturb the whole ceRNA network and, accordingly, the single lncRNA axis.

We identified HNF4α (hepatocyte nuclear factor 4 alpha) as a transcription factor that could potentially regulate LINC00483 expression. Indeed, by using a HNF4α inhibitor, we found that the expression levels of LINC00483 and all axis’s mRNAs strongly increased. Thus, we could speculate that HNF4α negatively regulates this lncRNA. HNFAα regulates the expression of many genes involved in several processes, such as development, metabolism, and epithelial-mesenchymal transition (54–56). Through mechanisms not completely understood, transcription from P1 or P2 promoters, combined with alternative splicing, potentially generates 12 different transcripts and 12 HNFAα protein isoforms (57). Each isoform performs a distinct function to regulate a specific subset of genes in a tissue-dependent manner (58, 59). There are contradictory reports on whether HNF4α acts as an oncogene or a tumor suppressor in different cancer models, including CRC (60–66). The HNF4A locus is amplified in CRC tumors and its overexpression is associated with specific subtypes of colorectal cancer (64, 67). HNF4α is known to act as a transcriptional activator (68, 69). However, post-translational modifications can influence the recruitment of coactivators and corepressors in order to modify the transcriptional influence of HNF4α on its target genes (70, 71). Schwartz et al. investigated the putative role played by HNF4α in CRC by evaluating the effect of HNF4α antagonists and HNF4α small interfering RNA (siRNA) on CRC growth and proliferation in cultured CRC cells and xenotransplanted nude mice in vivo. These molecules are shown to inhibit growth and proliferation of HT29 and Caco2 CRC cells (61). Based on our data, we propose that HNF4α could exert an oncogenic role by inhibiting LINC00483 expression in CRC. Accordingly, a gain of function of oncogenic HNF4a may be involved in downregulation of LINC00483. Interestingly, a potential target of HNF4α is the well-known tumor suppressor PTEN (72), which counteracts the PI3K/Akt signaling cascade and controls cell proliferation/invasiveness (73–75). However, LINC00483 downregulation in CRC could be due also to different aberrant transcriptional or post-transcriptional regulations.

Finally, our data suggest that LINC00483 plays a role of a tumor suppressor in CRC and through the miRNA sponge mechanism potentially controls the levels of a heterogenous set of mRNAs, which, in turn, may directly or indirectly modulate cell cycle and migration.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

MR and DuB designed and conceived the experiments with the critical collaboration of MP and CP. RC, GB, and LM obtained, characterized, and curated clinical data from patients’ biopsies. DuB and CB performed the experiments. FM, AC, RB, and DaB contributed to the acquisition, analysis, and interpretation of data. MR and DuB wrote the paper. MP and CP reviewed and edited the final version of the manuscript. All authors contributed to the article and approved the submitted version.



Acknowledgments

We wish to thank the Scientific Bureau of the University of Catania for language support. This study was supported by “linea intervento 3 Open Access Piano PIACERI 2020-2022” from University of Catania.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.614455/full#supplementary-material

Supplementary Figure 1 | Schematic representation of lncRNA-miRNA-mRNA relationship based on the miRNA sponge model.

Supplementary Figure 2 | Expression of LINC00483 and mRNAs associated with its molecular axes after 24 h serum starvation, with and without cell synchronization (complete data).



References

1. Rawla, P, Sunkara, T, and Barsouk, A. Epidemiology of colorectal cancer: incidence, mortality, survival, and risk factors. Prz Gastroenterol (2019) 14(2):89–103. doi: 10.5114/pg.2018.81072

2. Fearon, ER, and Vogelstein, B. A genetic model for colorectal tumorigenesis. Cell (1990) 61(5):759–67. doi: 10.1016/0092-8674(90)90186-I

3. Arends, JW. Molecular interactions in the Vogelstein model of colorectal carcinoma. J Pathol (2000) 190(4):412–6. doi: 10.1002/(SICI)1096-9896(200003)190:4<412::AID-PATH533>3.0.CO;2-P

4. Prasanth, KV, and Spector, DL. Eukaryotic regulatory RNAs: an answer to the ‘genome complexity’ conundrum. Genes Dev (2007) 21(1):11–42. doi: 10.1101/gad.1484207

5. Hangauer, MJ, Vaughn, IW, and McManus, MT. Pervasive transcription of the human genome produces thousands of previously unidentified long intergenic noncoding RNAs. PloS Genet (2013) 9(6):e1003569. doi: 10.1371/journal.pgen.1003569

6. Jacquier, A. The complex eukaryotic transcriptome: unexpected pervasive transcription and novel small RNAs. Nat Rev Genet (2009) 10(12):833–44. doi: 10.1038/nrg2683

7. Mattick, JS. The State of Long Non-Coding RNA Biology. Noncoding RNA (2018) 4(3). doi: 10.3390/ncrna4030017

8. Yao, RW, Wang, Y, and Chen, LL. Cellular functions of long noncoding RNAs. Nat Cell Biol (2019) 21(5):542–51. doi: 10.1038/s41556-019-0311-8

9. Ragusa, M, Barbagallo, C, Brex, D, Caponnetto, A, Cirnigliaro, M, Battaglia, R, et al. Molecular Crosstalking among Noncoding RNAs: A New Network Layer of Genome Regulation in Cancer. Int J Genomics (2017) 2017:4723193. doi: 10.1155/2017/4723193

10. Ragusa, M, Barbagallo, C, Statello, L, Condorelli, AG, Battaglia, R, Tamburello, L, et al. Non-coding landscapes of colorectal cancer. World J Gastroenterol (2015) 21(41):11709–39. doi: 10.3748/wjg.v21.i41.11709

11. Hu, G, Niu, F, Humburg, BA, Liao, K, Bendi, S, Callen, S, et al. Molecular mechanisms of long noncoding RNAs and their role in disease pathogenesis. Oncotarget (2018) 9(26):18648–63. doi: 10.18632/oncotarget.24307

12. Wang, KC, and Chang, HY. Molecular mechanisms of long noncoding RNAs. Mol Cell (2011) 43(6):904–14. doi: 10.1016/j.molcel.2011.08.018

13. Siddiqui, H, Al-Ghafari, A, Choudhry, H, and Al Doghaither, H. Roles of long non-coding RNAs in colorectal cancer tumorigenesis: A Review. Mol Clin Oncol (2019) 11(2):167–72. doi: 10.3892/mco.2019.1872

14. Yang, Y, Junjie, P, Sanjun, C, and Ma, Y. Long non-coding RNAs in Colorectal Cancer: Progression and Future Directions. J Cancer (2017) 8(16):3212–25. doi: 10.7150/jca.19794

15. He, Q, Long, J, Yin, Y, Li, Y, Lei, X, Li, Z, et al. Emerging Roles of lncRNAs in the Formation and Progression of Colorectal Cancer. Front Oncol (2019) 9:1542. doi: 10.3389/fonc.2019.01542

16. Dastmalchi, N, Safaralizadeh, R, and Nargesi, MM. LncRNAs: Potential Novel Prognostic and Diagnostic Biomarkers in Colorectal Cancer. Curr Med Chem (2019) 27(30):5067–77. doi: 10.2174/0929867326666190227230024

17. Saus, E, Brunet-Vega, A, Iraola-Guzman, S, Pegueroles, C, Gabaldon, T, and Pericay, C. Long Non-Coding RNAs As Potential Novel Prognostic Biomarkers in Colorectal Cancer. Front Genet (2016) 7:54. doi: 10.3389/fgene.2016.00054

18. Jothimani, G, Sriramulu, S, Chabria, Y, Sun, XF, Banerjee, A, and Pathak, S. A Review on Theragnostic Applications of Micrornas and Long Non- Coding RNAs in Colorectal Cancer. Curr Top Med Chem (2018) 18(30):2614–29. doi: 10.2174/1568026619666181221165344

19. Barbagallo, C, Brex, D, Caponnetto, A, Cirnigliaro, M, Scalia, M, Magnano, A, et al. LncRNA UCA1, Upregulated in CRC Biopsies and Downregulated in Serum Exosomes, Controls mRNA Expression by RNA-RNA Interactions. Mol Ther Nucleic Acids (2018) 12:229–41. doi: 10.1016/j.omtn.2018.05.009

20. Han, Y, Yang, YN, Yuan, HH, Zhang, TT, Sui, H, Wei, XL, et al. UCA1, a long non-coding RNA up-regulated in colorectal cancer influences cell proliferation, apoptosis and cell cycle distribution. Pathology (2014) 46(5):396–401. doi: 10.1097/PAT.0000000000000125

21. Yang, MH, Hu, ZY, Xu, C, Xie, LY, Wang, XY, Chen, SY, et al. MALAT1 promotes colorectal cancer cell proliferation/migration/invasion via PRKA kinase anchor protein 9. Biochim Biophys Acta (2015) 1852(1):166–74. doi: 10.1016/j.bbadis.2014.11.013

22. Svoboda, M, Slyskova, J, Schneiderova, M, Makovicky, P, Bielik, L, Levy, M, et al. HOTAIR long non-coding RNA is a negative prognostic factor not only in primary tumors, but also in the blood of colorectal cancer patients. Carcinogenesis (2014) 35(7):1510–5. doi: 10.1093/carcin/bgu055

23. Nissan, A, Stojadinovic, A, Mitrani-Rosenbaum, S, Halle, D, Grinbaum, R, Roistacher, M, et al. Colon cancer associated transcript-1: a novel RNA expressed in malignant and pre-malignant human tissues. Int J Cancer (2012) 130(7):1598–606. doi: 10.1002/ijc.26170

24. Ling, H, Spizzo, R, Atlasi, Y, Nicoloso, M, Shimizu, M, Redis, RS, et al. CCAT2, a novel noncoding RNA mapping to 8q24, underlies metastatic progression and chromosomal instability in colon cancer. Genome Res (2013) 23(9):1446–61. doi: 10.1101/gr.152942.112

25. Cui, H, Onyango, P, Brandenburg, S, Wu, Y, Hsieh, CL, and Feinberg, AP. Loss of imprinting in colorectal cancer linked to hypomethylation of H19 and IGF2. Cancer Res (2002) 62(22):6442–6.

26. Zhang, J, Liu, L, Li, J, and Le, TD. LncmiRSRN: identification and analysis of long non-coding RNA related miRNA sponge regulatory network in human cancer. Bioinformatics (2018) 34(24):4232–40. doi: 10.1093/bioinformatics/bty525

27. Tang, X, Feng, D, Li, M, Zhou, J, Li, X, Zhao, D, et al. Transcriptomic Analysis of mRNA-lncRNA-miRNA Interactions in Hepatocellular Carcinoma. Sci Rep (2019) 9(1):16096. doi: 10.1038/s41598-019-52559-x

28. Katsuno, Y, Lamouille, S, and Derynck, R. TGF-beta signaling and epithelial-mesenchymal transition in cancer progression. Curr Opin Oncol (2013) 25(1):76–84. doi: 10.1097/CCO.0b013e32835b6371

29. Fagerberg, L, Hallstrom, BM, Oksvold, P, Kampf, C, Djureinovic, D, Odeberg, J, et al. Analysis of the human tissue-specific expression by genome-wide integration of transcriptomics and antibody-based proteomics. Mol Cell Proteomics (2014) 13(2):397–406. doi: 10.1074/mcp.M113.035600

30. Li, D, Yang, M, Liao, A, Zeng, B, Liu, D, Yao, Y, et al. Linc00483 as ceRNA regulates proliferation and apoptosis through activating MAPKs in gastric cancer. J Cell Mol Med (2018) 22(8):3875–86. doi: 10.1111/jcmm.13661

31. Yang, QS, Li, B, Xu, G, Yang, SQ, Wang, P, Tang, HH, et al. Long noncoding RNA LINC00483/microRNA-144 regulates radiosensitivity and epithelial-mesenchymal transition in lung adenocarcinoma by interacting with HOXA10. J Cell Physiol (2019) 234(7):11805–21. doi: 10.1002/jcp.27886

32. Yan, Y, Wang, Z, and Qin, B. A novel long noncoding RNA, LINC00483 promotes proliferation and metastasis via modulating of FMNL2 in CRC. Biochem Biophys Res Commun (2019) 509(2):441–7. doi: 10.1016/j.bbrc.2018.12.090

33. Ragusa, M, Statello, L, Maugeri, M, Majorana, A, Barbagallo, D, Salito, L, et al. Specific alterations of the microRNA transcriptome and global network structure in colorectal cancer after treatment with MAPK/ERK inhibitors. J Mol Med (Berl) (2012) 90(12):1421–38. doi: 10.1007/s00109-012-0918-8

34. Beloueche-Babari, M, Jackson, LE, Al-Saffar, NM, Workman, P, Leach, MO, and Ronen, SM. Magnetic resonance spectroscopy monitoring of mitogen-activated protein kinase signaling inhibition. Cancer Res (2005) 65(8):3356–63. doi: 10.1158/10.1158/0008-5472.CAN-03-2981

35. Wang, F, Liang, R, Soibam, B, Yang, J, and Liu, Y. Coregulatory long non-coding RNA and protein-coding genes in serum starved cells. Biochim Biophys Acta Gene Regul Mech (2019) 1862(1):84–95. doi: 10.1016/j.bbagrm.2018.11.004

36. Koveitypour, Z, Panahi, F, Vakilian, M, Peymani, M, Seyed Forootan, F, Nasr Esfahani, MH, et al. Signaling pathways involved in colorectal cancer progression. Cell Biosci (2019) 9:97. doi: 10.1186/s13578-019-0361-4

37. Urosevic, J, Nebreda, AR, and Gomis, RR. MAPK signaling control of colon cancer metastasis. Cell Cycle (2014) 13(17):2641–2. doi: 10.4161/15384101.2014.946374

38. Kalluri, R, and Weinberg, RA. The basics of epithelial-mesenchymal transition. J Clin Invest (2009) 119(6):1420–8. doi: 10.1172/JCI39104

39. Thiery, JP, Acloque, H, Huang, RY, and Nieto, MA. Epithelial-mesenchymal transitions in development and disease. Cell (2009) 139(5):871–90. doi: 10.1016/j.cell.2009.11.007

40. Mao, L, Li, Y, Zhao, J, Li, Q, Yang, B, Wang, Y, et al. Transforming growth factor-beta1 contributes to oxaliplatin resistance in colorectal cancer via epithelial to mesenchymal transition. Oncol Lett (2017) 14(1):647–54. doi: 10.3892/ol.2017.6209

41. Tang, J, Zhuo, H, Zhang, X, Jiang, R, Ji, J, Deng, L, et al. A novel biomarker Linc00974 interacting with KRT19 promotes proliferation and metastasis in hepatocellular carcinoma. Cell Death Dis (2014) 5:e1549. doi: 10.1038/cddis.2014.518

42. Yan, S, Yue, Y, Wang, J, Li, W, Sun, M, Gu, C, et al. LINC00668 promotes tumorigenesis and progression through sponging miR-188-5p and regulating USP47 in colorectal cancer. Eur J Pharmacol (2019) 858:172464. doi: 10.1016/j.ejphar.2019.172464

43. Yuan, JH, Yang, F, Wang, F, Ma, JZ, Guo, YJ, Tao, QF, et al. A long noncoding RNA activated by TGF-beta promotes the invasion-metastasis cascade in hepatocellular carcinoma. Cancer Cell (2014) 25(5):666–81. doi: 10.1016/j.ccr.2014.03.010

44. Pitule, P, Vycital, O, Bruha, J, Novak, P, Hosek, P, Treska, V, et al. Differential expression and prognostic role of selected genes in colorectal cancer patients. Anticancer Res (2013) 33(11):4855–65.

45. Peng, M, Hu, Y, Song, W, Duan, S, Xu, Q, Ding, Y, et al. MIER3 suppresses colorectal cancer progression by down-regulating Sp1, inhibiting epithelial-mesenchymal transition. Sci Rep (2017) 7(1):11000. doi: 10.1038/s41598-017-11374-y

46. Vite, A, Li, J, and Radice, GL. New functions for alpha-catenins in health and disease: from cancer to heart regeneration. Cell Tissue Res (2015) 360(3):773–83. doi: 10.1007/s00441-015-2123-x

47. Piao, HL, Yuan, Y, Wang, M, Sun, Y, Liang, H, and Ma, L. alpha-catenin acts as a tumour suppressor in E-cadherin-negative basal-like breast cancer by inhibiting NF-kappaB signalling. Nat Cell Biol (2014) 16(3):245–54. doi: 10.1038/ncb2909

48. Zhou, YN, Xu, CP, Chen, Y, Han, B, Yang, SM, and Fang, DC. Alpha-catenin expression is decreased in patients with gastric carcinoma. World J Gastroenterol (2005) 11(22):3468–72. doi: 10.3748/wjg.v11.i22.3468

49. Chen, X, Zhu, H, Wu, X, Xie, X, Huang, G, Xu, X, et al. Downregulated pseudogene CTNNAP1 promote tumor growth in human cancer by downregulating its cognate gene CTNNA1 expression. Oncotarget (2016) 7(34):55518–28. doi: 10.18632/oncotarget.10833

50. Vermeulen, SJ, Nollet, F, Teugels, E, Vennekens, KM, Malfait, F, Philippe, J, et al. The alphaE-catenin gene (CTNNA1) acts as an invasion-suppressor gene in human colon cancer cells. Oncogene (1999) 18(4):905–15. doi: 10.1038/sj.onc.1202348

51. Livshits, G, Kobielak, A, and Fuchs, E. Governing epidermal homeostasis by coupling cell-cell adhesion to integrin and growth factor signaling, proliferation, and apoptosis. Proc Natl Acad Sci U S A (2012) 109(13):4886–91. doi: 10.1073/pnas.1202120109

52. Ameri, K, Jahangiri, A, Rajah, AM, Tormos, KV, Nagarajan, R, Pekmezci, M, et al. HIGD1A Regulates Oxygen Consumption, ROS Production, and AMPK Activity during Glucose Deprivation to Modulate Cell Survival and Tumor Growth. Cell Rep (2015) 10(6):891–9. doi: 10.1016/j.celrep.2015.01.020

53. Chanrion, M, Negre, V, Fontaine, H, Salvetat, N, Bibeau, F, Mac Grogan, G, et al. A gene expression signature that can predict the recurrence of tamoxifen-treated primary breast cancer. Clin Cancer Res (2008) 14(6):1744–52. doi: 10.1158/1078-0432.CCR-07-1833

54. DeLaForest, A, Nagaoka, M, Si-Tayeb, K, Noto, FK, Konopka, G, Battle, MA, et al. HNF4A is essential for specification of hepatic progenitors from human pluripotent stem cells. Development (2011) 138(19):4143–53. doi: 10.1242/dev.062547

55. Xu, Y, Zalzala, M, Xu, J, Li, Y, Yin, L, and Zhang, Y. A metabolic stress-inducible miR-34a-HNF4alpha pathway regulates lipid and lipoprotein metabolism. Nat Commun (2015) 6:7466. doi: 10.1038/ncomms8466

56. Santangelo, L, Marchetti, A, Cicchini, C, Conigliaro, A, Conti, B, Mancone, C, et al. The stable repression of mesenchymal program is required for hepatocyte identity: a novel role for hepatocyte nuclear factor 4alpha. Hepatology (2011) 53(6):2063–74. doi: 10.1002/hep.24280

57. Huang, J, Levitsky, LL, and Rhoads, DB. Novel P2 promoter-derived HNF4alpha isoforms with different N-terminus generated by alternate exon insertion. Exp Cell Res (2009) 315(7):1200–11. doi: 10.1016/j.yexcr.2009.01.004

58. Li, K, Zhang, H, Wang, Y, Wang, Y, and Feng, M. Differential expression of HNF4alpha isoforms in liver stem cells and hepatocytes. J Cell Biochem (2006) 99(2):558–64. doi: 10.1002/jcb.20939

59. Torres-Padilla, ME, and Weiss, MC. Effects of interactions of hepatocyte nuclear factor 4alpha isoforms with coactivators and corepressors are promoter-specific. FEBS Lett (2003) 539(1-3):19–23. doi: 10.1016/S0014-5793(03)00174-1

60. Chellappa, K, Robertson, GR, and Sladek, FM. HNF4alpha: a new biomarker in colon cancer? Biomark Med (2012) 6(3):297–300. doi: 10.2217/bmm.12.23

61. Schwartz, B, Algamas-Dimantov, A, Hertz, R, Nataf, J, Kerman, A, Peri, I, et al. Inhibition of colorectal cancer by targeting hepatocyte nuclear factor-4alpha. Int J Cancer (2009) 124(5):1081–9. doi: 10.1002/ijc.24041

62. Consortium, UIG, Barrett, JC, Lee, JC, Lees, CW, Prescott, NJ, Anderson, CA, et al. Genome-wide association study of ulcerative colitis identifies three new susceptibility loci, including the HNF4A region. Nat Genet (2009) 41(12):1330–4. doi: 10.1038/ng.483

63. Chellappa, K, Deol, P, Evans, JR, Vuong, LM, Chen, G, Briancon, N, et al. Opposing roles of nuclear receptor HNF4alpha isoforms in colitis and colitis-associated colon cancer. Elife (2016) 5. doi: 10.7554/eLife.10903

64. Zhang, B, Wang, J, Wang, X, Zhu, J, Liu, Q, Shi, Z, et al. Proteogenomic characterization of human colon and rectal cancer. Nature (2014) 513(7518):382–7. doi: 10.1038/nature13438

65. Chang, HR, Nam, S, Kook, MC, Kim, KT, Liu, X, Yao, H, et al. HNF4alpha is a therapeutic target that links AMPK to WNT signalling in early-stage gastric cancer. Gut (2016) 65(1):19–32. doi: 10.1136/gutjnl-2014-307918

66. Kim, JH, Eom, HJ, Lim, G, Park, S, Lee, J, Nam, S, et al. Differential effects, on oncogenic pathway signalling, by derivatives of the HNF4 alpha inhibitor BI6015. Br J Cancer (2019) 120(5):488–98. doi: 10.1038/s41416-018-0374-5

67. Guinney, J, Dienstmann, R, Wang, X, de Reynies, A, Schlicker, A, Soneson, C, et al. The consensus molecular subtypes of colorectal cancer. Nat Med (2015) 21(11):1350–6. doi: 10.1038/nm.3967

68. Odom, DT, Zizlsperger, N, Gordon, DB, Bell, GW, Rinaldi, NJ, Murray, HL, et al. Control of pancreas and liver gene expression by HNF transcription factors. Science (2004) 303(5662):1378–81. doi: 10.1126/science.1089769

69. Eeckhoute, J, Formstecher, P, and Laine, B. Hepatocyte nuclear factor 4alpha enhances the hepatocyte nuclear factor 1alpha-mediated activation of transcription. Nucleic Acids Res (2004) 32(8):2586–93. doi: 10.1093/nar/gkh581

70. Ruse, MD Jr., Privalsky, ML, and Sladek, FM. Competitive cofactor recruitment by orphan receptor hepatocyte nuclear factor 4alpha1: modulation by the F domain. Mol Cell Biol (2002) 22(6):1626–38. doi: 10.1128/MCB.22.6.1626-1638.2002

71. Ungaro, P, Teperino, R, Mirra, P, Longo, M, Ciccarelli, M, Raciti, GA, et al. Hepatocyte nuclear factor (HNF)-4alpha-driven epigenetic silencing of the human PED gene. Diabetologia (2010) 53(7):1482–92. doi: 10.1007/s00125-010-1732-x

72. Boyd, M, Bressendorff, S, Moller, J, Olsen, J, and Troelsen, JT. Mapping of HNF4alpha target genes in intestinal epithelial cells. BMC Gastroenterol (2009) 9:68. doi: 10.1186/1471-230X-9-68

73. Salvatore, L, Calegari, MA, Loupakis, F, Fassan, M, Di Stefano, B, Bensi, M, et al. PTEN in Colorectal Cancer: Shedding Light on Its Role as Predictor and Target. Cancers (Basel) (2019) 11(11). doi: 10.3390/cancers11111765

74. Furnari, FB, Huang, HJ, and Cavenee, WK. The phosphoinositol phosphatase activity of PTEN mediates a serum-sensitive G1 growth arrest in glioma cells. Cancer Res (1998) 58(22):5002–8.

75. Kotelevets, L, van Hengel, J, Bruyneel, E, Mareel, M, van Roy, F, and Chastre, E. The lipid phosphatase activity of PTEN is critical for stabilizing intercellular junctions and reverting invasiveness. J Cell Biol (2001) 155(7):1129–35. doi: 10.1083/jcb.200105109



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Brex, Barbagallo, Mirabella, Caponnetto, Battaglia, Barbagallo, Caltabiano, Broggi, Memeo, Di Pietro, Purrello and Ragusa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 05 February 2021

doi: 10.3389/fonc.2020.610545

[image: image2]


MiR-21-5p Induces Pyroptosis in Colorectal Cancer via TGFBI


Rilei Jiang 1†, Xiaolei Chen 1†, Shaohua Ge 2†, Qin Wang 3, Yichang Liu 2, Haijun Chen 2, Jiatuo Xu 1* and Jiang Wu 2*


1 School of Basic Medicine Science, Shanghai University of Traditional Chinese Medicine, Shanghai, China, 2 Department of Oncology, Kunshan Hospital of Traditional Chinese Medicine Affiliated to Nanjing University of Chinese Medicine, Kunshan, China, 3 First Clinical Medical College, Nanjing Medical University, Nanjing, China




Edited by:
 Ruowen Zhang, Stony Brook University, United States

Reviewed by:
 Parimal Samir, St. Jude Children’s Research Hospital, United States
 Yow-Ling Shiue, National Sun Yat-Sen University, Taiwan

*Correspondence:
 Jiatuo Xu
 xjt@fudan.edu.cn
 Jiang Wu
 wujiangkunshan@163.com

†These authors have contributed equally to this work

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


Received: 26 September 2020

Accepted: 18 December 2020

Published: 05 February 2021

Citation:
Jiang R, Chen X, Ge S, Wang Q, Liu Y, Chen H, Xu J and Wu J (2021) MiR-21-5p Induces Pyroptosis in Colorectal Cancer via TGFBI. Front. Oncol. 10:610545. doi: 10.3389/fonc.2020.610545



Pyroptosis is a distinct form of programmed cell death in eukaryotic cells that has garnered increasing attention in cancer-related research. Moreover, although miR-21 has been reported as abnormally expressed in colorectal cancer, due to a lack of in-depth research on the transcriptional regulation mechanisms of miR-21, its clinical usage remains limited. Our study is the first, to our knowledge, to compare the clinical manifestations and laboratory phenotypes associated with miR-21-3p and miR-21-5p. Morphologically, the transfection of miR-21-3p or miR-21-5p inhibitors, as well as miR-21-5p mimics into HCT-116 and HT-29 cell lines, induced cell death. Surprisingly, overexpression of miR-21-5p induced cell death more strongly than its knockdown. Mechanistic studies of miR-21-5p overexpression revealed that various inflammatory factors including IL-1β and IL-18 were released, while pyroptosis-associated mRNAs were upregulated and proteins were activated. Moreover, miR-21-5p was found to act as a downstream factor to significantly and directly regulate transforming growth factor beta-induced (TGFB1). Specifically, miR-21-5p overexpression caused downregulation of TGFBI, which may have led to pyroptosis. Collectively, we revealed that miR-21-5p induces pyroptosis in colorectal cancer via TGFBI regulation, thereby providing important mechanistic insights into its antitumor effects and expanding its potential for clinical applications.
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Introduction

Colorectal cancer (CRC) was among the most common cancers diagnosed in men and women in 2019 (1); while the difficulties associated with its early detection, as well as its strong tendency for metastasis, and resistance to conventional therapies (2–4) makes its treatment challenging. In fact, in 2015, approximately 376,300 new CRC cases were reported with an estimated 191,000 associated mortalities in China alone (5).

Pyroptosis is recognised as a distinct form of programmed cell death in eukaryotic cells (6), and has recently become a new frontier in cancer-associated research (7). Pyroptosis is characterised by cell swelling with large bubbles emerging from the plasma membrane (8). In cells undergoing pyroptosis, mature caspase-1 cleaves a protein from the gasdermin family and activates inflammatory cytokines, such as IL-18 and IL-1β7, which recruit inflammatory cells and expand the inflammatory response (9).

Programmed cell death (PCD) depends on specific genes encoding proteins associated with various signalling pathways or functions (8). Regarding pyroptosis specifically, studies on its underlying mechanisms have primarily focused on non-coding RNAs (ncRNAs), such as long non-coding RNAs (lncRNAs) and microRNAs (miRNAs), that are upstream of both the canonical and noncanonical inflammasome pathways. For instance, knockdown of lncRNA RP1−85F18.6, which represents a tumour promoter in CRC, decreases the expression of ΔNp63 and inhibits tumour growth and metastases by inducing pyroptosis (10). Moreover, metformin has been reported to induce pyroptosis of oesophageal carcinoma cells through the miR-497/PELP1 axis (11). MiRNA-214 also induces pyroptosis in glioma cells by targeting caspase 1 (12). Although some studies have reported on the role of pyroptosis in various cancers, compared to the detailed mechanisms reported for other types of PCD, such as apoptosis, those related to pyroptosis are lacking with only the proverbial tip of the iceberg exposed. Hence, the detailed mechanism underlying pyroptosis in cancer requires further elucidation.

Generally, miRNAs repress the expression of target genes by binding to complementary sequences at the 3ʹUTR of mRNAs to prevent their translation (13). Since the discovery of miRNAs two decades ago, their biological functions have been extensively studied (14), particularly in the field of cancer. miR-21, specifically, has been extensively studied in various diseases, including renal fibrosis (15), hepatocellular carcinoma (16), atherogenesis (17), and cancer. In fact, miR-21 has been reported as overexpressed in many cancerous tissues compared to normal tissues and was briefly recognised as an onco-predictive biomarker (18, 19). However, due to a lack of in-depth understanding of miR-21 transcriptional regulatory mechanisms, target genes, and associated mechanisms, the clinical application of miR-21 is limited.

As a precursor, pre-miR-21 is processed by an RNase III complex to generate two mature miRNAs, namely, miR-21-3p and miR-21-5p (20). Currently, reports on CRC have primarily focused on miR-21-5p (guide strand), with the most commonly reporting pathways being those associated with the miR-21-5p/PTEN-regulatory networks which seem to intersect with the PI3K/Akt pathway (21, 22). However, minimal research has been undertaken on miR-21-3p in CRC or on the comparison of miR-21-3p and miR-21-5p networks in the context of CRC.

In this study, we first compared the clinical manifestations and laboratory phenotypes of miR-21-3p and miR-21-5p in CRC cells. The overexpression of miR-21-5p was found to induce cell death more strongly than its knockdown. Meanwhile, mechanistically, inflammatory factors were observed to be released, thereby activating pyroptosis. Downstream analysis further determined that miR-21-5p directly downregulates TGFBI leading to subsequent pyroptosis.



Materials and Methods


Reagents, Cell Lines, and Clinical Tissues

HCT-116 and HT-29 cell lines were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co. Ltd. (Shanghai, China). The 293T cell line was provided by Stem Cell Bank, Chinese Academy of Sciences (Shanghai, China). Human colonic epithelial cells (HCECs) were kindly provided by the Traditional Chinese Medicine Hospital of Kunshan (Kuanshan, China). The HCECs, HCT-116 and 293T cells were cultured in DMEM-high glucose (HyClone, USA) supplemented with 10% foetal bovine serum (FBS; Gibco, South America) and 1% penicillin/streptomycin (P/S; Gibco, Australia). HT-29 cells were cultured in McCoy’s 5A (Gibco, Australia) with 10% FBS and 1% P/S.

Five colon cancer patients were random selected from the Department of Oncology, Kunshan Hospital of Traditional Chinese Medicine Affiliated with Nanjing University of Chinese Medicine. Patient demographic information is provided in Supplementary Table 6. From each patient, tissues were obtained from colonic tumours as well as from adjacent normal tissue (2 cm away from tumour). All protocols were approved by the Ethics Review Committee of Kunshan Hospital of Traditional Chinese Medicine (Approval No: KZY2017-16).



Plasmid Construction and Cell Transfection

The mimics and inhibitors for hsa-miR-21-3p, hsa-miR-21-5p, and non-specific control (NC; Supplementary Table 1) were constructed by Genomeditech Co. (Shanghai, China). Three individual short hairpin RNA plasmids for TGFB1 (sh-TGFBI-1, sh-TGFBI-2, and sh-TGFBI-3) and a negative control (sh-NC) (Supplementary Table 2) were purchased from Genomeditech Co. (Shanghai, China). The wild-type and mutant type dual-luciferase reporter plasmids (Supplementary Table 3), constructed using pmirGLO vector, were also purchased from Genomeditech Co. (Shanghai, China). The plasmids were transfected according to the manufacturer’s instructions using Lipofectamine 2000 (Invitrogen, USA).



qRT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen). Next, miRNA quantification was performed using miRNA First Strand cDNA Synthesis (Stem-loop Method; Sangon Biotech, Shanghai, China) and the microRNA qPCR Kit (SYBR Green Method; Sangon Biotech, Shanghai, China). Quantification of mRNA was performed as previously described (23). The amount of cDNA template used in each reaction was between 20~200 ng (10 μl). The reaction conditions were as follows: denaturation at 95°C for 5 min (Hot-Start) followed by 40 cycles of amplification at 95°C for 10 s and 60°C for 30 s. Ct values between 20 and 30 were regarded as valid results. The primer sequences used are listed in Supplementary Table 4. The value of 2-ΔΔCT was used for analysis. GAPDH was used as internal control mRNA, U6 was used as an internal control for miRNA.



Western Blot Analysis

The proteins were isolated using a radio-immunoprecipitation assay (RIPA) protein extraction reagent (Beyotime, Shanghai, China) with 1% phenylmethanesulfonyl fluoride (PMSF, Beyotime). Next, proteins were suspended in 10%–15% SDS-PAGE gels (Beyotime) and transferred to PVDF membranes (Invitrogen), followed by incubation with the following primary antibodies: Caspase-1 (1:1,000, #3866, CST, USA), cleaved Caspase-1 (1:1,000, #4199, CST, USA), GSDMD (1:1,000, #93709, CST, USA), cleaved GSDMD (1:1,000, #36425, CST, USA), interleukin (IL)-1β (1:1,000, #12703, CST, USA), cleaved IL-1β (1:1,000, #83186, CST, USA), TGFBI (1:500, 10188-1-AP, Proteintech, Wuhan, China), and β-actin (1:2,000, #4970, CST, USA).



Cell Counting Kit-8 Assay

The viability of CRC cells was assayed using the Cell Counting Kit-8 (CCK-8; Dojindo, Beijing, China) assay. After transfecting cells with mimics or inhibitors, 5 × 103 cells/well were seeded in a 96-well plate, with 100 μl of suspension in each well. After culturing for 24 h, the cells were stained with CCK-8 solution and incubated for 30 min. Cell viability was calculated after measuring the absorbance at 450 nm.



TUNEL Assay Analysis

Cells cultured in confocal dishes were fixed with 4% paraformaldehyde for 20 min and were subsequently stained with the TUNEL kit on ice followed the manufacturer’s protocol (One-step TUNEL Detection Kit, Beyotime, Shanghai, China). TUNEL-positive cells were counted under a laser scanning confocal microscope (Leica, TCS SP5, Germany).



Flow Cytometric Analysis

The FITC-Annexin V apoptosis detection kit (MEILUN, Dalian, China) was used to detect the cell apoptosis ratio according to the manufacturer’s protocol. In brief, the CRC cells were double-stained with propidium iodide (PI) and Annexin V for 30 min in the dark. The cell apoptosis ratio was then detected using a FACS ARIA II SORP Flow Cytometer (BD, USA).



ELISA Assays

IL-1β and IL-18 levels in the cell culture medium were detected by using a Human IL-1β High Sensitivity ELISA kit (EK101BHS-01, Multi Science, China) and Human IL-18 ELISA kit (EK118-01, Multi Science, China), according to the manufacturer’s instructions. The optical density was measured at a wavelength of 450 nm, while measurement at 570 nm were screened as an internal control.



Immunofluorescence

Cells were treated with 4% buffered paraformaldehyde for 20 min at room temperature. Next, 1% BSA and 0.1% Triton-X were used to block the membrane for 2 h at room temperature. The membranes were then treated with primary antibodies against ASC/TMS1 (1:200, 10500-1-AP, Proteintech, Wuhan, China) or TGFBI (1:200, 10188-1-AP, Proteintech, Wuhan, China) at 4°C overnight. The secondary antibody (anti-rabbit IgG (H+L), F(ab’)2 fragment (Alexa Fluor® 488 Conjugate, #4412, CST, US), or anti-rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 594 Conjugate, #8889, CST, US) were added to the cells for 1 h at room temperature. Cells were incubated with Antifade Mounting Medium with 4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI; Beyotime, Shanghai, China) to detect ASC specks or TGFBI expression and distribution using a laser scanning confocal microscope (Leica, TCS SP5, Germany).



Dual-Luciferase Reporter Assays

The fragments of wild-type and mutant type TGFBI were amplified by PCR and cloned into a pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega, USA) to generate pmirGLO-TGFBI-wt and pmirGLO-TGFBI-mut reporter vectors. The above vectors with miR-21-5p mimics and NC mimics were co-transfected into 293T, HCT-116, and HT-29 cells by Lipofectamine 2000 (Invitrogen, US). Finally, the cells were lysed using the Dual-Luciferase Reporter Assay System (Promega, USA) and luciferase activity was detected. Renilla luciferase activity was used as an internal control.



Statistical Analysis

Experimental groups were compared with controls using the Student unpaired, two-tailed t-test. Multiple groups were expressed as mean ± SD and analysed by Kruskal-Wallis analysis. P < 0.05 was considered as statistically significant. Graph Pad Prism 6.0 was used for statistical analysis.




Results


miR-21-3p and miR-21-5p Expression in CRC and Model Establishment

By using clinical colon tissues from CRC patients’ tumours (n = 5) and adjacent normal tissues (n = 5), we found that the expression of miR-21-3p did not differ significantly between the normal and tumour tissues, while miR-21-5p was more highly expressed in the tumours (Figure 1A). Similarly, the expression of miR-21-3p was low in the CRC cell lines while that of miR-21-5p showed a high expression trend in the HT29 and HCT116 cells by PCR (Figure 1B). To further investigate the roles of these miRNAs in CRC, we constructed miR-21-3p/miR-21-5p mimics and inhibitor vectors. After transfection of these vectors, the expression levels of the two miRNAs changed as expected, mimicking the results described above (Figures 1C, D).




Figure 1 | MiR-21-3p and miR-21-5p expression in colorectal cancer (CRC) and model establishment. (A) The expression levels of miR-21-3p and miR-21-5p in CRC patients’ tumours (n = 5) and normal tissues (n = 5). (B) The expression levels of miR-21-3p and miR-21-5p in normal colon cell, HT29, and HCT116. (C, D) Validation of miR-21-3p mimics/inhibitors (C) and miR-21-5p mimics/inhibitors (D) efficiency in HT29 and HCT116 cells as determined by qRT-PCR. The bars and error bars indicate the mean ± SD. n.s.p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.





Overexpression of miR-21-5p Induced Cell Death and Repressed Cell Viability in the CRC Cells Lines

In an attempt to identify the precise roles of miR-21-3p and miR-21-5p in CRC cells, we transfected the miR-21-3p/miR-21-5p mimics and inhibitor vectors into HCT-116 and HT-29 CRC cells. TUNEL staining showed that transfection of miR-21-3p inhibitors and miR-21-5p mimics induced nuclear fragmentation in both the HCT-116 and HT-29 cells, while other transfections did not have an effect (Figure 2A). Flow cytometric analysis also indicated that the death rate of CRC cells was upregulated in the treated with the miR-21-5p mimic (Figures 2B, C). Meanwhile, the cell counting kit-8 assay showed that the miR-21-5p mimic reduced the cell viability while the other groups had less of an impact on the CRC cells (Figure 2D).




Figure 2 | Overexpression of miR-21-5p induced cell death and repress cell viability in colorectal cancer (CRC) cells lines. (A) HT29 and HCT116 cells were transferred by miR-21-3p/miR-21-5p mimics and inhibitors, and cell death was determined by TUNEL stain assay. (B, C) Annexin V and PI staining flow cytometric analysis of cell death in miR-21-3p/miR-21-5p mimic and inhibitor transfected HT29 and HCT116 cells. (D) CCK-8 assay of HT29 and HCT116 cell viability changes with miR-21-3p/miR-21-5p mimics and inhibitors transfection. The bars and error bars indicate the mean ± SD. **p < 0.01, ****p < 0.001.





Evidence that the miR-21-5p Pathway Induces Pyroptosis in CRC Cells

In an attempt to determine the mechanism of cell death, we assayed inflammation-related indicators in the cell culture medium. Interestingly, the levels of IL-1β and IL-18 were significantly upregulated in the cells transformed with the miR-21-5p mimic compared to the other plasmids in both the HT29 and HCT116 cell lines (Figure 3A). As pyroptosis was the most immune-related cell death method, we detected pyroptosis-associated mRNAs and proteins. As suspected, the mRNAs related to pyroptosis were upregulated in the miR-21-5p transformed cells (Figure 3B) as were the cleavage products of caspase 1, IL-1β, and GSDMD (Figures 3C, D), indicating that the pyroptosis signalling pathway was activated. Furthermore, ASC oligomerization, as detect by immunofluorescence was apparent as ASC specks in cells transfected with miR-21-5p mimic (Figure 3E). It provided the final piece of evidence to pyroptosis.




Figure 3 | Pathway evidence of miR-21-5p induced pyroptosis of colorectal cancer (CRC) cells. (A) ELISA assay tested the IL-1β and IL-18 which released in HT29 and HCT116 cell culture mediums by the transfection of miR-21-5p mimics and inhibitors. (B) Pyroptosis-associated mRNA levels in HT29 and HCT116 cells after miR-21-5p mimics and inhibitors transfection as determined by qRT-PCR. (C, D) Expression of Pyroptosis-associated proteins in HT29 and HCT116 cells after miR-21-5p mimics and inhibitors transfection as determined by western blot analysis. (E) Immunofluorescence staining of ASC specks expression in miR-21-5p mimics and inhibitors transfected HT29 and HCT116 cells. The bars and error bars indicate the mean ± SD. n.s.p > 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.





TGF-β1 Is a Potential Target of miR-21-5p

To further elucidate the molecular mechanism underlying how miR-21-5p exerts its effect on pyroptosis in CRC cells, we used bioinformatic tools to predict candidate downstream targets. After applying a target score ≥ 90, we identified 70 candidate targets (Figure 4A; Supplementary Table 5) and performed PCR to verify the target with the most potential using the more stringent inclusion criteria of a target score ≥ 98 in the HT29 and HCT116 cells (Figure 4B). The TGFBI mRNA was extremely changed following the variation tendency of complementary base pairing (Figure 4B). An analysis of data from the Cancer Genome Atlas (TCGA) demonstrated that higher TGFBI levels in CRC patients were always associated with poor overall survival and disease-free survival outcomes (Figure 4C). Moreover, western blotting analysis revealed that TGFBI expression increased as miR-21-5p decreased, and vice versa in the HT29 and HCT116 cells (Figure 4D). Meanwhile, immunofluorescence confirmed the western blot results (Figure 4E). Thus, we suspect that TGFBI is a potential target influenced by miR-21-5p.




Figure 4 | TGFBI is a potential target of miR-21-5p. (A) Bioinformatic prediction for candidate downstream targets of miR-21-5p. (B) Verification of miR-21-5p downstream targets by qRT-PCR in HT29 and HCT116. (C) Association of TGFBI expression with colorectal cancer (CRC) patient disease-free survival and overall survival. The areas between the same colour dotted lines represent 95% confidence interval for low/high TGFBI. (D) TGFBI expression in miR-21-5p mimics and inhibitors transfected HT29 and HCT116 cells as determined by western blot analysis. (E) Immunofluorescence staining of TGFBI expression in miR-21-5p mimics and inhibitors transfected HT29 and HCT116 cells. The bars and error bars indicate the mean ± SD. n.s.p > 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.





Binding Sites Between miR-21-5p and TGFBI and the Function of TGFBI in Pyroptosis

With the rigorous bioinformatic prediction, we sub-cloned the wild-type (WT) or mutated-type (MUT) binding regions (predicted to have miR-21-5p binding sites; Supplementary Table 3) of TGFBI mRNA downstream of the firefly luciferase gene in the pmirGLO vector (Figure 5A). The evaluation of luciferase activity after co-transfection of cells with the miRNA mimics and luciferase plasmids revealed that overexpression of miR-21-5p significantly reduced the luciferase activity of pmirGLO-WT in the HT29, HCT116, and 293T cell lines (Figure 5B).




Figure 5 | Binding sites between miR-21-5p and TGFBI and function research of TGFBI in pyroptosis. (A) Predicted binding sites for miR-21-5p on TGFBI and a diagram depicting the construction of the wild-type (WT) and mutant type (MUT) pmirGLO plasmids. (B) 293T, HT29, and HCT116 cells were co-transfected with miR-21-5p/NC mimics and pmirGLO/pmirGLO-WT/pmirGLO-MUT plasmids. Luciferase activity was detected 24 h after transfection using a dual-luciferase assay. (C) Validation of TGFBI sh-RNA knockdown efficiency in HT29 and HCT116 cells as determined by qRT-PCR. (D) Pyroptosis-associated mRNA levels in HT29 and HCT116 cells after sh-TGFBI-3 transfection as determined by qRT-PCR. (E–F) Expression of Pyroptosis-associated proteins in HT29 and HCT116 cells after sh-TGFBI-3 transfection as determined by western blot analysis. (G) TUNEL stain assay of cell death in sh-TGFBI-3 transferred HT29 and HCT116 cells. (H) Immunofluorescence staining of ASC specks expression in sh-TGFBI-3 transfected HT29 and HCT116 cells.The bars and error bars indicate the mean ± SD. n.s.p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.



To further demonstrate the function of TGFBI, we constructed three short hairpin RNA plasmids to knockdown TGFBI (sequences are listed in Supplementary Table 2), and selected the knockdown efficiency of sh-TGFBI-3 as the best (Figure 5C). The qRT-PCR and western blot assays for HT29 and HCT116 cells with knockdown TGFBI revealed an overexpression of pyroptosis-associated mRNA (Figure 5D) and further cleavage of pyroptosis-related proteins (Figures 5E, F). Functionally, the TUNEL staining assay demonstrated that transfection of sh-TGFBI-3 exacerbated cell death (Figure 5G), while immunofluorescence of ASC specks demonstrated that cell death was primarily caused by pyroptosis (Figure 5H).




Discussion

In this study, we compared miR-21-3p and miR-21-5p expression in CRC tissues and cell lines. The miR-21-5p levels in the patients’ tissues and HCT116 cells were significantly higher when compared to the other groups, however, the same effect was not observed in HT29 cells. This is consistent with the findings of a previous study (23). Surprisingly, we found that phenotypically CRC cell death was induced when the miR-21-3p inhibitor and miR-21-5p mimic/inhibitor were transfected into cells. In a previous CRC study, the apoptotic mechanism induced via inhibition of miR-21-3p was considered to be associated with multiple splicing through the Smad4/extra cellular signal-regulated protein kinase signalling pathway (24). There have also been various studies on miR-21-5p (25–27), however, currently the consensus is that repressing miR-21-5p suppresses proliferation and promotes apoptosis by modulating the PTEN/PI3K/AKT pathway (21, 22). Surprisingly, the miR-21-5p mimic also induced cell death and had a stronger effect than the miR-21-5p inhibitor. We, therefore, designed subsequent experiments based on these observations.

Various types of cell death have been discovered in cancers. The immunogenicity of cancer cells is an emerging determinant of anticancer immunotherapy (28). Recently, investigators have focused on the immunobiology of dying cancer cells and attempted to determine their relevance for the success of anticancer therapies (29–31). To verify whether miR-21-5p activates the immune responses associated with cell death, we investigated the levels of IL-1β and IL-18 and found that only miR-21-5p mimic upregulated inflammatory factors, suggesting that miR-21-5p-induced cell death occurs via a completely different mechanism from the apoptosis induced by the inhibitors. Interestingly, qRT-PCR revealed that caspase 1, caspase 4, and caspase 5 mRNA were upregulated, while western blot analysis showed that the caspase 1, GSDMD, and IL-1β proteins were cleaved; both of which indicate activation of the pyroptosis pathway.

Pyroptosis was previously referred to as caspase-1-induced PCD process (32). The induction factors of pyroptosis were regarded as immunopathological, including a range of microbial infections and non-infectious stimuli, such as host factors (33). The question then became how miR-21-5p induces pyroptosis in CRC cells. Accordingly, we screened the potential targets of miR-21-5p and used qRT-PCR to identify the genes with a target score ≥ 98. TGFBI was found to strongly follow the miRNA regulatory mechanism. Previously, TGFBI was considered to be a high-risk factor for increased incidence of spontaneous tumours in gastrointestinal tract cancers (34). In addition, mechanistic studies have shown that TGFBI is strongly associated with chemotherapy in NSCLC (35) and ovarian cancer (36). Similarly, the data from TCGA showed high expression of TGFBI in CRC patients, often resulting in low survival. In addition, western blot and immunofluorescence showed a high degree of consistency with the TGFBI qRT-PCR results, while dual-luciferase reporter assays in three cell lines suggested direct binding between miR-21-5p and mRNA of TGFBI.

As the nomenclature implies, TGFBI was first identified as a TGF-β-inducible gene (37), which has since been reported to regulate the premetastatic activity of TGF-β in some cancers (38, 39). In breast cancer research, distant metastases tend to develop when TGFBI and CD44 were expressed at high levels (40), which verifies the relationship between TGFBI and immune responses. Moreover, a previous report on CRC highlighted that TGFBI promotes metastasis by enhancing cell extravasation (41). In our study, with the establishment of the TGFBI-knockdown model, pyroptosis-associated mRNAs were upregulated and showed high levels of cleavage; whereas, the TUNEL assay further corroborated the presence of pyroptosis cell death.

However, pyroptosis cannot occur without inflammasome sensors. Inflammasome complexes become assembled upon activation of certain nucleotide-binding domain, leucine-rich repeat-containing proteins (NLR), AIM2-like receptors, or pyrin. Of these, NLRP1, NLRP3, NLRC4, NLRP6, and AIM2 influence the pathogenesis of cancer using various mechanisms of action (42). Specifically, NLRP3, which assembles the NLRP3-ASC-Caspase-1 inflammasome complex, activates pyroptosis of CRC cells (43). Meanwhile, the NAIP-NLRC4 inflammasome complex can also induce caspase-1-dependent cleavage of IL-1β, IL-18, and the pore-forming protein, gasdermin, D, leading to pyroptosis (44). However, recent studies demonstrated that the regulation and suppression of NLRC4 is not always consistent between cancer models or even within the same CRC model (45, 46). Still further, AIM2 has been reported as exhibiting tumour-suppressive functions in colon cancer (47) by suppressing the PI3K/AKT pathways to inhibit proliferation of colonic stem cells and promote cell death (48, 49). In our study, various inflammatory indicators, including IL-1β and IL-18 were upregulated and ACS specks were observed. These results provide evidence for the activation of the NLRP3-ASC-Caspase-1 inflammasome complex; however, the precise inflammasome sensor that becomes activated by miR-21-5p requires further exploration.

The first reported research on miR-21 in CRC was 13 years ago (50). Several clinical researchers have since performed miRNA microarray expression analysis between colon adenocarcinoma and normal tissues, and have reported high levels of miR-21 to be associated with poor survival and poor therapeutic outcome (51). Even the precursory clinical statistics of prognostic and predictive value of a miRNA signature in stage II colon cancer declared that miR-21-5p is strongly relevant to CRC (52). However, the precise role of miR-21-5p remains to be characterised. In other words, it is necessary to determine if miR-21-5p is simply a characteristic of tumours, or if it promotes CRC as the malignancy grade of CRC has been found to be positively correlated with the level of miR-21-5p.

In conclusion, our data demonstrated that overexpression of miR-21-5p could induce pyroptosis in CRC cells. Moreover, TGFBI may serve as an intermediate of this biological process. But the further mechanism of TGFBI in pyroptosis still unknown. Especially, the inflammasome sensor of the biological progress is the next focus point in our study. Furthermore, the mechanism certification on animal model and even on clinic is the next step on our scheme.

Combined with previous studies, we believe that miR-21-5p plays a distinct role in CRC. The sensitivity of CRC cells to the level of miR-21-5p is highly expressed in vitro. Thus, it might be suggested that miR-21-5p has great potential as a therapeutic target in CRC, however, the mechanism requires further elucidation.
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Cisplatin is an important agent in first-line chemotherapy against gastric cancer (GC). However, consequential drug resistance limits its effectiveness for the treatment of GC. In this study, a cisplatin resistant gastric cancer cell line SGC7901R was determined by LC-MS/MS with increased exosomal levels of RPS3 protein. SGC7901R cell-derived exosomes were readily taken up by cisplatin-sensitive SGC7901S cells, thus triggering off a phenotype of chemoresistance in the receptor cells. Subsequently, it was demonstrated that exosomal RPS3 was essential for inducing chemoresistance of receptor cells as shown by the acquisition of this phenotype in SGC7901S cells with enforced expression of RPS3. Further mechanism study demonstrated that cisplatin-resistant gastric cancer cell-derived exosomal RPS3 enhanced the chemoresistance of cisplatin-sensitive gastric cancer cells through the PI3K-Akt-cofilin-1 signaling pathway. All these findings demonstrated that cisplatin-resistant gastric cancer cells communicate with sensitive cells through the intercellular delivery of exosomal RPS3 and activation of the PI3K-Akt-cofilin-1 signaling pathway. Targeting exosomal RPS3 protein in cisplatin-resistant gastric cancer cells may thus be a promising strategy to overcome cisplatin resistance in gastric cancer.
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INTRODUCTION

Gastric cancer ranks as the second most common malignant disease and the third leading cause of cancer-associated mortality in developing countries (Bray et al., 2018). Chemotherapy is one of the principal therapeutic approaches used for the treatment of gastric cancer. Chemoresistance has been identified as a major problem in the process of cancer treatment. Cisplatin (DDP) is widely used as a front-line chemotherapeutic agent for gastric cancer; however, chemoresistance limits the effectiveness of chemotherapy and results in treatment failure in the majority of cases (Guo et al., 2015; Zhang and Fan, 2017). In the past few years, some reports have partly shown the underlying mechanisms of cisplatin resistance in gastric cancer. However, the molecular mechanisms underlying cisplatin resistance remain to be further investigated.

Exosomes are a subset of extracellular microvesicles secreted from different types of cells (Zhang J. et al., 2015). More and more reports have indicated that exosomes play important roles in tumor growth, metastasis, angiogenesis, and immune regulation by acting as information communicators between different types of cells (Brinton et al., 2015; Meehan and Vella, 2016; Ruivo et al., 2017). Importantly, exosomes have recently been discovered anticipating in the regulation of chemoresistance in cancers (Sousa et al., 2015; Sharma, 2017; Butera et al., 2018). As is known to all, exosomes are nanosized vesicles (about 100 nm) loading a variety of kinds of cargo, including DNA, mRNA, miRNA, circRNA, and proteins (Colombo et al., 2014). Some reports have demonstrated that chemotherapy can change the exosomal composition secreted from tumor cells (Kreger et al., 2016; Ning et al., 2017; Bandari et al., 2018), however, which exosomal cargos play key roles in regulating chemoresistance is not well understood.

In this study, a cisplatin-resistant gastric cancer cell line SGC7901 (SGC7901R) was established, and the exosomal protein expression levels in SGC7901R cells and sensitive (SGC7901S) cells were investigated by LC-MS/MS and compared. RPS3 (ribosomal protein S3) was one of the highly expressed proteins in the exosome of SGC7901R cells in comparison with SGC7901S cells, which sparked our interest to explore the role and mechanism of exosomal RPS3 protein in transmitting a chemoresistance phenotype from cisplatin-resistant to cisplatin-sensitive gastric cancer cells.

It has been proposed that many ribosomal proteins (RPs) may act as cancer genes in human, such as high expression of RPL6 in human gastric cancer cell (Wu et al., 2011). RPL11 expression is a potential biomarker for predicting 5-FU sensitivity (Kawahata et al., 2020). Moreover, RPS15A could promote GC progression via activation of the Akt pathway (Liu et al., 2019). RPS3 has been demonstrated to be involved in DDP resistance of oral squamous cell carcinoma (Huang et al., 2019). However, the effects of RPS3 in DDP resistance of GC were unknown. Our previous study demonstrated that the PI3K/Akt pathway functions as a crucial pathway in the regulation of DDP resistance of GC by modulating PP1- and PP2A-mediated mitochondrial translocation of cofilin-1 (Tang et al., 2016). In addition, it was reported that RP mutations suppress the activity of the AKT pathway (Antunes et al., 2015). Therefore, we speculated that the mechanism of RPS3-related GC resistance to DDP may be associated with the PI3K/Akt signaling pathway, which finally induced PP1- and PP2A-mediated mitochondrial translocation of cofilin-1.



MATERIALS AND METHODS


Establishment of Cisplatin-Resistant Cell Lines

The human gastric cancer cell lines SGC7901 and BGC-823 were obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in RPMI1640 medium (Gibco, Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientifics, Inc.) and incubated at 37°C in a humidified incubator with 5% CO2. Cisplatin-resistant SGC7901R and BGC823R cells were established by continuous exposure to stepwise-increasing concentrations of cisplatin (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). Cells that were viable in the cell culture medium with a high concentration of cisplatin (1,000 μg/L) were designated as cisplatin-resistant cells. Parental cells, denoted as SGC7901S and BGC-823S, were cultured under the same conditions without treatment.



Exosome Isolation and Characterization

Gastric cancer cells were cultured in freshly prepared RPMI1640 medium containing exosome-free FBS for 48 h until cells had reached 90% confluence. Cell culture supernatants were collected and filtered using 0.22-μm pore filters (Merck KGaA), followed by differential centrifugation at 4°C: 300 × g for 10 min to remove cells, 2,000 × g for 15 min to remove cell debris, and 10,000 × g for 30 min to remove large particles. Then, the pellets containing exosomes were collected by spinning at 100,000 × g for 70 min. After washing with PBS, the pellets were dealt using ultracentrifugation (Beckman 70Ti rotor). The morphology of exosomes was examined via transmission electron microscopy. The number and size distribution of exosomes were detected by a LM10 nanoparticle characterization system (NanoSight, Malvern Instruments). The exosomal protein concentration was measured by the BCA method, and exosome-associated protein markers of HSP70, CD63, and CD9 expression were analyzed by Western blotting.



Exosome Labeling and Treatment

8 × 104 of SGC7901S cells were seeded in 12-well plates and incubated at 37°C with red fluorescent dye CM-Dil (Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for 1 h, washed with PBS, and centrifuged at 110,000 × g at 4°C for 70 min to remove excess dye. Exosomes from SGC7901R cells were pre-labeled with the green fluorescent dye PKH-67 (Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for 1 h, washed with PBS, and centrifuged at 110,000 × g at 4°C for 70 min to remove excess dye. Unlabeled exosomes were used as a negative control. The CM-Dil-labeled SGC7901S cells were incubated with PKH-67-labeled exosomes or unlabeled control exosomes for 4 h. Then, SGC7901S cells were fixed with 4% paraformaldehyde at room temperature for 1 h. Nuclear staining was performed with DAPI (40, 6-diamidino-2-phenylindole) at room temperature for 10 min. Incorporation of exosomes into targeted SGC7901S cells was visualized by fluorescence microscopy (Zeiss AG, Germany).



Cell Proliferation Analysis

Cells were seeded in 96-well plates (5,000 cells/well) [MULTISCIENCES (LIANKE) BIOTECH, China] and exposed to increasing concentrations of cisplatin for 48 h at 37°C. The concentrations of cisplatin used for the drug dose-response curve analysis of cells were 0, 125, 250, 500, 1,000, 2,000, 4,000, 8,000, and 16,000 μg/L. The proliferative ability of cells was determined with a Cell Counting Kit-8 (CCK-8) (MedChemExpress, Monmouth Junction, United States) according to the manufacturer’s protocols. Exosomes were isolated from cells and cancer cells following transfection with oligonucleotides (described below). For exosome treatment analysis, each well in a 96-well plate was seeded with 1,000 cells and loaded with exosomes at 100 μg/mL for 48 h for functional analysis at 37°C, and the untreated cells served as the control. The cell culture medium was then removed, and a fresh medium containing the IC50 concentration of cisplatin was added to each well for 48 h. At the end of treatment, cell proliferation was measured.



LC-MS/MS Analysis

20 μg proteins from each sample was denatured using 8 M urea, reduced with 10 mM dithiothreitol (DTT), and alkylated using 100 mM iodoacetamide. The samples were then proteolytically digested with endoproteinase LysC overnight at room temperature, followed by digestion with trypsin for 15 h at 37°C. The resulting peptide mixtures were extracted using a peptide extract solution (50% ACN, 0.1% TFA) for 30 min at 37°C. Then, the samples were dried and solubilized in the sample loading buffer containing 0.1% formic acid. Each sample of about 3–5 μg was analyzed by reversed-phase nano-liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Thermo Scientific). The source data from three technical replicates of each sample were analyzed by searching the Uniprot human database with MaxQuant and Perseus software. Label-free quantitative (LFQ) values represent protein abundance. The false discovery rate (FDR) values at the protein and peptide levels were set to 1%. Only those proteins quantified in at least two out of three replicates in at least one group remain for further analysis. The multiple-sample ANOVA test was executed and corrected for multiple-hypothesis testing using a cutoff of FDR < 0.05.



RT-qPCR

Total RNA from cells was extracted using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was produced by reverse transcription using the SuperScript® III RT-PCR kit according to the manufacturer’s instructions (Thermo Fisher Scientific, Inc.). The amplification of fluorescence signals was detected by a fluorescence thermal cycler (Bio-Rad Laboratories, Inc., United States). RT-qPCR was performed (Novoprotein, Shanghai, China) using the following primers: RPS3 sense, 5′-GCGAGTTACACCAACCAGGA-3′ and antisense, 5′-ATGAACCGCAGCACACCATA-3′; β-actin sense, 5′-AGCAGCATCGCCCCAAAGTT-3′ and antisense, 5′-GGGCACGAAGGCTCATCATT-3′. B -Actin was set as an internal control for cellular mRNAs. The parameters for PCR quantification were as follows: 2 min at 95°C, followed by 40 cycles of 15 s at 95°C and 30 s at 60°C. The results of qPCR were defined using the quantification cycle (Cq), and 2–ΔΔCq was used to calculate the relative expression levels (Livak and Schmittgen, 2001).



Western Blotting

Cellular proteins were extracted with RIPA lysis buffer (Beyotime Institute of Biotechnology). Protein concentration was determined by the BCA method. A total of 40 μg of protein for each group was separated on 12% SDS-PAGE gels and transferred to 0.45-μm PVDF membranes (EMD Millipore). Membranes were then blocked with 5% BSA and incubated with primary antibodies at 4°C overnight against HPS70 (4876, CST), CD9 (ab92726, CST), CD63 (ab193349, Abcam), RBP4 (ab233138, Abcam), RPSA (ab133645, Abcam), RPS3(9538, CST), RPS20 (ab133776, Abcam), RPS14 (ab246916, Abcam), RPL4 (ab234829, Abcam), RPL13 (ab134961, Abcam), HSPD1 (ab46798, Abcam), HSPA8 (8444, CST), P-gp (13342, CST), p-cofilin-1 (3313, CST), cofilin-1 (5175, CST), PP1 (sc-7482, Santa Cruz), PP2A (9780, CST). Anti-β-actin (ab179467, Abcam) and anti-GAPDH (2118, CST) were used as the internal control. Anti-COX IV (11967, CST) was used as loading control for mitochondrial proteins. The membranes were then incubated at 37°C for 1 h with an HRP-conjugated secondary antibody (ab97051, Abcam). Bands were visualized by chemiluminescence according to the manufacturer’s protocols.



Plasmid Construction and Cell Transfection

The recombinant plasmids containing the pcDNA3.1 empty vector, pcDNA3.1-RPS3, pLV4-shRNA/RPS3, and the non-targeting control pLV4-shRNA-negative control (NC) were produced by GeneChem, Inc. (Shanghai Genechem Company Ltd., China). All the transfections were performed using Lipofectamine 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with the manufacturer’s instructions.



ICP-MS Analysis

SGC-7901R or SGC-7901S cells were digested and collected. 500 μL ddH2O was added, and the cells were broken by freezing and thawing with liquid nitrogen repeatedly followed by sonication. The samples were centrifuged at 14,000 rpm/min for 10 min, and the supernatant was collected, dried under vacuum for 24 h, and dissolved in PBS. The dissolved samples were digested by 2 mL nitric acid followed by 1 mL perchloric acid, cooled down, set to a constant volume of 10 mL, and ultrafiltrated. The ultrafiltrated samples (10 mL) were diluted using a Gilson ASPEC XLi program to deliver 1.8 mL of iridium internal standard (0.005 mg/mL, in 1% nitric acid) and mixed thoroughly. Intracellular accumulation of DDP in each cell sample was determined by ultrasensitive multi-collector inductively coupled with mass spectrometry (ICP-MS) as previously described (Lavilla et al., 2009).



Flow Cytometry Analysis

Cells were plated in 6-well plates at 2 × 105 cells/well in RPMI 1,640 medium with 10% FBS. The cells were collected and re-suspended gently in 400 μL binding buffer. 5 μL Annexin V FITC was added to the above cell solution, gently vortexed, and incubated for 10 min at 4°C avoiding the light. 10 μL propidium iodide (PI) was added and cultured for another 5 min. Flow cytometry was then conducted using FACSCalibur Flow Cytometry (BD Biosciences, United States), and the results were analyzed with CellQuest software.



Tumor Mouse Model

SGC-7901S cells were harvested in serum-free PBS, and 100 μL single-cell suspensions (2 × 107 cells/mL) were injected into the subcutaneous area of male BALB/c nude mice (4–6 weeks old, SLAC Laboratory Lab, Shanghai, China). When the tumors reached an average size of 100 mm3, the mice were randomized into 5 groups (n = 5). Mice in group 1 were administered with normal saline daily, mice in group 2 were administered with 10 μg/mL DDP, and mice in groups 3, 4, and 5 proceeded administration of control exosomes, shRNA/RPS3 exosomes, and over/RPS3 exosomes, plus 10 μg/mL DDP, respectively. The length and width of tumors were recorded every 7 days. After 35 days, animals were sacrificed by cervical dislocation in deep anesthesia of CO2, and primary tumors were surgically removed and weighed. Tumor sizes were evaluated using the formula: length × width2 × 0.52. The primary tumors were analyzed by TUNEL assay, and p-PI3K, p-AKT, PP1, and PP2A proteins were detected by immunohistochemistry. All experimental protocols were reviewed and approved by the Animal Experimentation Ethics Committee of Shanghai University of Traditional Chinese Medicine.



TUNEL Assay

TUNEL assay (a DeadEndTM Colorimetric TUNEL System kit, Promega Corp.) was performed to detect the apoptosis of the subcutaneous tumors in accordance with the manufacturer’s instructions.



Immunohistochemistry (IHC)

Paraffin-embedded tumor tissue samples were selected for IHC. IHC for p-PI3K (ab182651, Abcam), p-AKT (4060, CST), PP1 (sc-7482, Santa Cruz), and PP2A (9780, CST) was carried out using a rabbit monoclonal or polyclonal primary antibody overnight at 4°C, an HRP-conjugated goat anti-rabbit IgG secondary antibody (1: 1,000, ab150077, Abcam) for 1 h at 37°C, and DAB staining solution (ab64238, Abcam) for 10 min at room temperature. The staining results were assessed with a Nikon E80i microscope (Nikon Corp.).



Tissue Immunofluorescence

Dissected tissues were fixed in a mixture of 2% PFA and 20% sucrose solution for 24 h at room temperature and then embedded in Tissue-Tek O.C.T. (Electron Microscopy Sciences). Blocks were frozen in a dry ice and ethanol bath. For immunofluorescence, 6-μm O.C.T. tissue cryosections were stained with antibodies against P-cofilin-1 (3313, CST). Secondary antibodies conjugated to Alexa Fluor 594 (A-11032, 1: 1,000) were used (Life Technologies). Nuclear staining was done with DAPI (40, 6-diamidino-2-phenylindole). Immunofluorescence images were taken with fluorescence microscopy (Zeiss AG, Germany) (Qin et al., 2020).



Statistical Analysis

All data are presented as the mean ± standard error of the mean from at least three independent experiments. A Student’s t-test, one-way analysis of variance, and a Tukey’s post hoc test were performed using GraphPad Prism 8.0 software. P < 0.05 was considered as statistically significant difference.




RESULTS


SGC7901R Exosomes Induce a Cisplatin-Resistant Phenotype in SGC7901S Cells

Several studies have demonstrated that chemoresistant tumor cells can release exosomes to chemosensitive tumor cells and transmit drug resistance during tumorigenesis (Kreger et al., 2016; Ning et al., 2017; Bandari et al., 2018). To analyze whether SGC7901R cell-derived exosomes may confer a malignant phenotype on cisplatin-sensitive tumor cells, exosomes from the culture medium of SGC7901R and SGC7901S cells were isolated. Purified exosomes from the cultures exhibited typical cup-shaped morphology by transmission electron microscopy analysis (Figure 1A). Using the LM10 nanoparticle characterization system, we detected the size and particle number of the purified exosomes. The mean size of SGC7901R exosomes and SGC7901S exosomes were both between 100 and 200 nm (Figure 1B), which corresponded with the reported size of exosomes (Kim et al., 2011). Moreover, the particle numbers for two tumor cell-derived exosomes were both more than 2.0 × 107 particles/ml (Figure 1B). No significant difference in exosome quantities extracted from SGC7901R and SGC7901S cells was discovered. Next, the exosome markers were detected by Western blotting. Both of the two tumor cell-derived exosomes showed positive expression of exosome markers, including HSP70, CD63, and CD9 (Figure 1C).
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FIGURE 1. Effect of exosomes derived from SGC7901R cells on the proliferation of SGC7901S cells. (A) Exosome isolation from the cell culture medium of SGC7901R and SGC7901S cells was analyzed for the phenotype (purity and shape) by transmission electron microscopy. The red frames indicate the representative exosomes. Scale bar, 500 nm. (B) SGC7901R and SGC7901S cells were analyzed for size and particle number by the LM10 nanoparticle characterization system. Representative images were provided. (C) Western blotting was performed to detect the exosome markers, including HSP70, CD63, and CD9. β-Actin was used as an internal control. (D) Fluorescence imaging showed the delivery of PKH67-labeled exosomes (green) to CM-Dil-labeled SGC7901S cells (red). Cellular nuclei were stained with DAPI. Exosomes were derived from SGC7901R cells. Yellow arrows represented delivered exosomes in the representative images. Scale bar, 25 μm. (E) CCK-8 assay was performed to observe the effect of cisplatin (DDP) on the proliferation of indicated cells (SGC7901S cells or SGC7901S cells pretreated with exosomes derived from SGC7901R cells). The concentrations of cisplatin (DDP) used for the drug dose-response curve analysis of indicated cells was 0, 125, 250, 500, 1,000, 2,000, 4,000, 8,000, and 16,000 μg/L. Each experiment was performed in triplicate. All the data are shown as mean ± SD.


To demonstrate that exosomes could be taken up by the recipient cells, CMDil-labeled SGC7901S cells (Red) were incubated with PKH67-labeled exosomes (green) derived from SGC7901R cells. In Figure 1D, we showed that PKH67 green fluorescence signals were visible around the nuclei and were also in the cytoplasm of SGC7901S cells following exposure to SGC7901R-derived exosomes. However, the negative control did not exhibit any green fluorescence (data not shown). This suggested the effective uptake of PKH67-labeled exosomes by SGC7901S cells. Subsequently, to investigate whether SGC7901R exosomes were responsible for the spread of chemoresistance, SGC7901S cells were incubated with SGC7901R exosomes for 48 h and then treated with DDP for chemosensitivity analysis. CCK-8 assays revealed that SGC7901R-exosome treatment significantly reduced the chemosensitivity of SGC7901S cells (Figure 1E). DDP had significantly lower inhibitory effects on SGC7901 + SGC7901/DDP-exos (IC50 = 3.145 μg/mL), relative to SGC7901 (IC50 = 0.8341 μg/mL) (p < 0.001). We used another gastric cancer cell line BGC823 to investigate whether BGC823R exosomes were responsible for the spread of chemoresistance. We detected BGC823R exosome treatment significantly reduced the chemosensitivity of BGC823S cells (Supplementary Figure 4).



Cisplatin-Resistant Gastric Cancer Cell Line SGC7901R Exhibits Upregulated Levels of RPS3 Protein

Since SGC7901R exosomes can induce the cisplatin-resistant phenotype of SGC7901S cells, it was very necessary to compare the contents in the exosomes of SGC7901R and SGC7901S cells. Although the exosomes contain a variety of kinds of cargo, including DNA, mRNA, miRNA, circRNA, and proteins, here in our study we just consider the protein contents that might play key roles in cisplatin-resistance delivery. By LC-MS/MS analysis methods (Figure 2A), we detected the differentially expressed proteins in SGC7901R cell exosomes and SGC7901S cells exosomes. The cluster analysis in Figure 2B demonstrated that many differentially expressed proteins were discovered between SGC7901R cell exosomes and SGC7901S cell exosomes. By GO function and KEGG pathway analysis, many important proteins were screened out, including RBP4, RPSA, RPS3, and RPS20 (Supplementary Figures 1–3). Next, Western blotting was performed to validate the significant differentially expressed proteins in the exosomes of SGC7901R and SGC7901S cells (Figures 2C–E). Considering that the difference was the most significant and acting as an important joint of the PPI network, as well as the preliminary experiments (data not shown), RPS3 was selected as the targets for further research. RPS3 protein level was also significantly upregulated in the exosomes of BGC823R cells when compared to BGC823S cells (Supplementary Figure 5).
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FIGURE 2. RPS3 was an important differentially expressed protein between SGC7901R cells exosomes and SGC7901S cells exosomes. (A) The schematic procedure of searching the differentially expressed proteins between SGC7901R cells exosomes and SGC7901S cell exosomes by LC-MS/MS analysis methods. (B) LC-MS/MS and cluster analysis of the differentially expressed proteins between SGC7901R cell exosomes and SGC7901S cell exosomes. Red represents high scores, and green represents low scores. The color brightness of each unit is associated with differences in multiples (log 2[AR/N]). (C–E) Western blotting was performed to validate the differentially expressed proteins in the exosomes of SGC7901R and SGC7901S cells. Each experiment was performed in triplicate. All the data are shown as mean ± SD. Student’s t-test was used to analyze the data. ∗P < 0.05, ∗∗P < 0.01 vs. SGC7901/R-Exo.




Exosomal Transfer of RPS3 Promotes the Cisplatin Chemoresistance in SGC7901S Cells

To further validate that exosomal RPS3 is involved in the induction of a cisplatin-resistant phenotype, RPS3 was overexpressed or knockdown in SGC7901R cells (Figures 3A,B). Then, the exosomes derived from RPS3-overexpressing or -silencing SGC7901R cells were isolated. Western blotting results showed that RPS3 protein was enriched in exosomes derived from RPS3-overexpressing SGC7901R cells but downregulated in exosomes derived from RPS3-silencing SGC7901R cells (Figures 3C,D).
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FIGURE 3. RPS3 overexpression confers DDP-resistant phenotypes from SGC7901R cells to SGC7901S cells. (A) RT-qPCR was performed to observe the effect of RPS3 knockdown and overexpression on the mRNA expression of RPS3 in SGC7901R cells. (B) Western blotting was performed to observe the effect of RPS3 knockdown and overexpression on the protein expression of RPS3 in SGC7901R cells. (C,D) Western blotting and quantitative analysis were performed to observe the effect of RPS3 knockdown and overexpression on the exosomal expression of RPS3 protein in SGC7901R cells. β-Actin was used as cellular control, and CD9 was set as the marker of exosomes. (E) CCK-8 assay was performed to observe the effect of cisplatin (DDP) on the proliferation of indicated cells: SGC7901S, SGC7901S + SGC7901R-shRNA/NC-exos, SGC7901S + SGC7901R-shRNA/RPS3-exos, SGC7901S + SGC7901R-pcDNA3.1-exos, SGC7901S + SGC7901R-pcDNA3.1-RPS3-exos. The concentrations of DDP used for the drug dose-response curve analysis of indicated cells were 0, 125, 250, 500, 1,000, 2,000, 4,000, 8,000, and 16,000 μg/L. Each experiment was performed in triplicate. (F) ICP-MS analysis was applied to see the effect of exosomes from indicated cells (SGC7901SR-shRNA/NC, SGC7901SR-shRNA/RPS3, SGC7901SR-pcDNA3.1, and SGC7901SR-pcDNA3.1-RPS3) on the DDP concentration in the cellular of SGC7901S cells. (G,H) Western blotting and quantitative analysis were performed to observe the effect of exosomes from indicated cells (SGC7901SR-shRNA/NC, SGC7901SR-shRNA/RPS3, SGC7901SR-pcDNA3.1, and SGC7901SR-pcDNA3.1-RPS3) on the P-gp protein expression in SGC7901S cells. β-Actin was used as cellular control. All the data are shown as mean ± SD. Student’s t-test was used to analyze the data. ∗∗P < 0.01 vs. SGC7901R-shRNA/NC.


To evaluate whether the exosomal transfer of RPS3 promotes the DDP chemoresistance in SGC7901S cells, SGC7901S cells were pretreated with exosomes isolated from RPS3-overexpressing or -silencing SGC7901R cells. The results of CCK-8 assay revealed that the proliferation of SGC7901S cells was significantly reduced by RPS3-silencing SGC7901R cell exosome treatment but increased by RPS3-overexpressing SGC7901R cell exosome treatment following incubation with cisplatin (Figure 3E). Then, using ICP-MS for determination of the changed intracellular cisplatin concentration in SGC-7901S cells, we found that, when 6.73 μg/mL cisplatin exposed to above cells for 48 h, the intracellular accumulation of cisplatin increased in SGC7901S cells pretreated with RPS3-silencing SGC7901R cell exosomes but reduced in SGC7901S cells pretreated with RPS3-overexpressing SGC7901R cell exosomes compared with the control exosomes (Figure 3F). In addition, RPS3 and P-gp were both reduced in SGC7901S cells pretreated with RPS3-silencing SGC7901R cell exosomes but increased in SGC7901S cells pretreated with RPS3-overexpressing SGC7901R cell exosomes (Figures 3G,H). These results indicated that exosomal transfer of RPS3 protein may be involved in the induction of a cisplatin-resistant phenotype.



RPS3-Rich Exosomes From SGC7901R Cells Decreased the Apoptosis of SGC7901S Cells Induced by Cisplatin via Affecting the Mitochondrial Translocation of Cofilin-1

Flow cytometry was performed to see the effect of exosomes derived from RPS3-overexpressing or -silencing SGC7901R cells on the cell cycle and apoptosis of SGC-7901S cells following incubation with cisplatin. The results showed that pretreatment of exosomes derived from RPS3-silencing SGC7901R cells led to the reduction of SGC-7901S cells in G2/M phages compared with the control exosomes, while the exosomes derived from RPS3-overexpressing SGC7901R cells did the opposite effect (Figures 4A,B). In addition, pretreatment of exosomes derived from RPS3-silencing SGC7901R cells increased cisplatin-induced cell apoptosis of SGC-7901S cells compared with the control exosomes, while the exosomes derived from RPS3-overexpressing SGC7901R cells did the opposite effect (Figures 4C,D). Exosomes derived from RPS3-silencing BGC823R cells also induced cisplatin-related cell apoptosis in BGC823S cells compared with the control exosomes (Supplementary Figure 6). Furthermore, by Western blotting analysis, we showed that RPS3-rich exosomes from RPS3-overexpressing SGC7901R cells reduced the mitochondrial translocation of cofilin-1 in SGC-7901S cells compared with the control exosomes, while RPS3-reduced exosomes from RPS3-silencing SGC7901R cells did the opposite effect (Figures 4E–H). Immunofluorescence analysis also demonstrated that RPS3-rich exosomes from RPS3-overexpressing SGC7901R cells inhibited the translocation of cofilin-1 into the mitochondria (Supplementary Figure 8). These data implied that RPS3-rich exosomes from SGC7901R cells decreased the apoptosis of SGC7901S cells induced by cisplatin via affecting the mitochondrial translocation of cofilin-1.
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FIGURE 4. RPS3-rich exosomes from SGC7901R inhibited the apoptosis of SGC7901S via mitochondrial translocation of p-cofilin-1. (A,B) Flow cytometry method and quantitative assay were performed to observe the shift of cell cycles in SGC7901S cells treated with exosomes derived from RPS3-overexpressing or -silencing SGC7901R cells, or their respective controls. (C,D) Flow cytometry method and quantitative assay were performed to observe the change of cell apoptosis in SGC7901S cells treated with exosomes derived from RPS3-overexpressing or -silencing SGC7901R cells, or their respective controls. (E–H) Whole-cell lysates and mitochondrial and cytosolic proteins were prepared for the detection of p-PI3K, p-AKT, PP1, PP2A, p-cofilin-1, and cofilin-1 in the SGC7901S cells treated with exosomes derived from RPS3-overexpressing or -silencing SGC7901R cells, or their respective controls using western blotting. The levels of each protein were normalized against those of GAPDH (total and cytosolic proteins) or COXIV (mitochondrial proteins). Each experiment was performed at least in triplicate and all the data are shown as mean ± SD. Student’s t-test was used to analyze the data. ∗P < 0.05, ∗∗P < 0.01.




Overexpression of RPS3 Directly in SGC7901S Cells Exhibits Similar Effects to Treatment With SGC7901R Exosomes

Our above data suggested that RPS3 expression levels were significantly elevated in SGC7901R cells, and SGC7901R-exosome treatment was proposed to confer cisplatin-resistant phenotypes to SGC7901S cells. To further investigate the role of RPS3 in the regulation of cisplatin chemoresistance, RPS3 was directly overexpressed or knockdown in SGC7901S cells. RT-qPCR and Western blotting analysis demonstrated that RPS3 was successfully overexpressed or knockdown in RPS3-overexpressing or -silencing SGC7901S cells (Figures 5A,B). Next, the CCK-8 assay revealed that the proliferation of SGC7901S cells was significantly reduced by RPS3 silencing but increased by RPS3 overexpressing following incubation with cisplatin compared with the controls (Figure 5C). Then, the ICP-MS analysis demonstrated that, when 6.73 μg/mL cisplatin was exposed to the above cells for 48 h, the intracellular accumulation of cisplatin increased in RPS3-silencing SGC7901S cells but reduced in RPS3-overexpressing SGC7901S cells compared with their controls (Figure 5D). Subsequently, we detected the protein expression of P-gp in RPS3-overexpressing or -silencing SGC7901R cells; the results showed that P-gp was reduced in RPS3-silencing SGC7901S cells but increased in RPS3-overexpressing SGC7901S cells compared with their controls (Figures 5E,F). These results indicated that overexpression of RPS3 directly in SGC7901S cells also exhibits similar effects to treatment with SGC7901R exosomes.
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FIGURE 5. RPS3 overexpression directly in SGC7901S cells increases the DDP resistance of SGC7901S cells. (A) RT-qPCR was performed to observe the effect of RPS3 knockdown and overexpression on the mRNA expression of RPS3 in SGC7901S cells. (B) Western blotting was performed to observe the effect of RPS3 knockdown and overexpression on the protein expression of RPS3 in SGC7901S cells. (C) CCK-8 assay was performed to observe the effect of cisplatin (DDP) on the proliferation of indicated cells: SGC7901S, SGC7901S-shRNA/NC, SGC7901S + SGC7901S-shRNA/RPS3, SGC7901S-pcDNA3.1, and SGC7901S-pcDNA3. 1-RPS3. The concentrations of DDP used for the drug dose-response curve analysis of indicated cells were 0, 125, 250, 500, 1,000, 2,000, 4,000, 8,000, and 16,000 μg/L. Each experiment was performed in triplicate. (D) ICP-MS analysis was applied to investigate the effect of RPS3 knockdown and overexpression on the DDP concentration in the cellular of SGC7901S cells. (E,F) Western blotting and quantitative analysis were performed to observe the effect of RPS3 knockdown and overexpression on the P-gp protein expression in SGC7901S cells. β-Actin was used as cellular control. (G) Flow cytometry and quantitative assay were performed to observe the shift of cell cycles in SGC7901S cells treated with RPS3-overexpressing or -silencing, or their respective controls. (H) Flow cytometry and quantitative assay were performed to observe the change of cell apoptosis in SGC7901S cells treated with RPS3-overexpressing or -silencing, or their respective controls. (I,J) Western blotting and quantitative assays of p-PI3K, p-AKT, PP1, PP2A, p-cofilin-1, and cofilin-1 proteins in the SGC7901S cells treated with RPS3-overexpressing or -silencing, or their respective controls. The level of each protein was normalized against those of β-actin (total proteins) or COXIV (mitochondrial proteins). Each experiment was performed at least in triplicate, and all the data are shown as mean ± SD. Student’s t-test was used to analyze the data. ∗P < 0.05, ∗∗P < 0.01.


Next, flow cytometry results showed that knockdown of RPS3 directly in SGC7901S cells led to the reduction of SGC-7901S cells in G2/M phages, while the overexpression of RPS3 directly in SGC7901S cells did the opposite effect (Figure 5G). In addition, knockdown of RPS3 directly in SGC7901S cells increased cisplatin-induced cell apoptosis of SGC-7901S cells, while the overexpression of RPS3 in SGC7901S cells did the opposite effect (Figure 5H). Furthermore, RPS3-overexpressing SGC7901S cells reduced the mitochondrial translocation of cofilin-1, while RPS3-silencing SGC7901S cells did the opposite effect (Figure 5J). Additionally, we also found that RPS3-overexpressing SGC7901S cells reduced the expression of PP1 and PP2A and increased the expression of p-PI3K and p-Akt, while RPS3-silencing SGC7901S cells did the opposite effect (Figures 5I,J); these results were consistent with that in BGC823S cells (Supplementary Figure 7). These data suggested that RPS3 overexpression directly in SGC7901S cells decreased the apoptosis of SGC7901S cells induced by cisplatin via affecting the mitochondrial translocation of cofilin-1 and the expression of PP1 and PP2A, which were closely associated with PI3K-Akt signaling pathway. LY294002 was then used to inhibit the PI3K-Akt signaling pathway of SGC7901S cells. Western blotting analysis indicated that the RPS3 overexpression significantly inhibited cofilin-1(M) expression in SGC7901S. However, the levels of cofilin-1(M) did not noticeably change in LY294002-treated RPS3-overexpressed SGC7901S cells (Supplementary Figure 9), suggesting that RPS3 enhances the chemotherapy resistance of cells through the PI3K-AKt signaling pathway.



Impact of RPS3-Rich Exosomes From SGC7901R Cells on the Growth of Subcutaneous Xenograft of SGC-7901S Cells in Nude Mice

To explore whether RPS3-rich exosomes from SGC7901R cells inhibited the pro-apoptotic effect of cisplatin in vivo, we employed a subcutaneous xenograft of SGC7901 cells in nude mouse models. As shown in Figure 6A, pretreatment of exosomes derived from RPS3-overexpressing SGC7901R cells reduced the inhibitory effect of cisplatin on the tumor growth in compared with cisplatin (0.6 mg/kg) alone, while the pretreatment of exosomes derived from RPS3-silencing SGC7901R cells did the opposite effect (Figure 6A). The final tumor resection and weight calculation also showed that pretreatment of exosomes derived from RPS3-overexpressing SGC7901R cells following incubation with cisplatin showed the highest tumor weight compared with cisplatin alone, while the pretreatment of exosomes derived from RPS3-silencing SGC7901R cells following incubation with cisplatin did the opposite effect (Figures 6B,C). Next, ICP-MS analysis was applied to investigate the cisplatin concentration in the subcutaneous xenograft of SGC7901S cells with indicated treatments. The results showed that pretreatment of exosomes derived from RPS3-overexpressing SGC7901R cells following incubation with cisplatin showed the highest levels of cisplatin concentration in the xenograft tumor compared with cisplatin alone, while the pretreatment of exosomes derived from RPS3-silencing SGC7901R cells following incubation with cisplatin did the opposite effect (Figure 6D).
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FIGURE 6. Impact of RPS3-rich exosomes from SGC7901R on the growth of subcutaneous xenograft of SGC-7901S. (A) Xenografts of SGC-7901S cells with indicated treatments performed on nude mice. SGC-7901S cells were pretreated with exosomes from RPS3-overexpressing or -silencing SGC-7901R cells, or control SGC-7901R cells. The length and width of the subcutaneous tumors were measured every 7 days. (B,C) Tumors were surgically removed from nude mice and weighed after administration for 35 days. ∗P < 0.05, ∗∗P < 0.01, in contrast to model groups treated with DDP alone. (D) ICP-MS analysis was applied to investigate the DDP concentration in the subcutaneous xenograft of SGC7901S cells with indicated treatments. (E) TUNEL assay was performed to observe the apoptosis of tumor cells in the subcutaneous xenograft of SGC7901S cells with indicated treatments. Scale bar, 100 μm. (F) The xenograft tumor tissues in mice of all groups were subjected to immunohistochemistry analysis using the antibody of p-PI3K, p-AKT, PP1, and PP2A. Scale bar, 100 μm. (G) Immunofluorescence detection of the expression of p-cofilin-1 in the subcutaneous xenograft of SGC7901S cells with indicated treatments. Scale bar, 100 μm. Each experiment was performed at least in triplicate and all the data are shown as mean ± SD. Student’s t-test was used to analyze the data. ∗P < 0.05, ∗∗P < 0.01.


In Figure 6E, pretreatment of exosomes derived from RPS3-overexpressing SGC7901R cells following incubation with DDP showed the least apoptotic tumor cells in the xenograft tumor compared with DDP alone, while the pretreatment of exosomes derived from RPS3-silencing SGC7901R cells following incubation with DDP did the opposite effect. Additionally, we detected the expression of p-PI3K, p-Akt, PP1, and PP2A in the xenograft tumor tissues by immunohistochemistry (IHC). The IHC images demonstrated that pretreatment of exosomes derived from RPS3-overexpressing SGC7901R cells following incubation with DDP showed the highest expression levels of p-PI3K and p-AKT and the lowest expression levels of PP1 and PP2A in the xenograft tumor compared with DDP alone, while the pretreatment of exosomes derived from RPS3-silencing SGC7901R cells following incubation with DDP did the opposite effect (Figure 6F). Finally, we detected the p-cofilin-1 expression by immunofluorescence in the subcutaneous xenograft of SGC7901S cells with indicated treatments. The results showed that pretreatment of exosomes derived from RPS3-overexpressing SGC7901R cells following incubation with DDP showed the highest expression levels of p-cofilin-1 in the xenograft tumor compared with DDP alone, while the pretreatment of exosomes derived from RPS3-silencing SGC7901R cells following incubation with DDP did the opposite effect (Figure 6G).

All the above data suggested that RPS3-rich exosomes from SGC7901R cells blocked the inhibitory effect of DDP on the growth of subcutaneous xenograft in nude mice by enhancing the cisplatin chemoresistance in SGC7901S cells.




DISCUSSION

Cisplatin has been widely used in tumor therapy, but the development of chemoresistance is often observed in patients with tumors (Guo et al., 2015; Zhang and Fan, 2017). At present, cisplatin resistance in tumors has been reported to be associated with underlying mechanisms, including increased drug efflux, alteration of intercellular signaling, tubulin mutation, and overexpression of β-tubulin isotype composition (Kavallaris, 2010; Vergara et al., 2012). Recently, it has been demonstrated that drug-resistant cancer cells could transmit chemoresistant phenotypes to chemosensitive cancer cells via exosomes (Sharma, 2017). Whether the acquisition of cisplatin resistance by gastric cancer cells occurs in this way remains unknown.

Among the main components in exosomal cargo, some molecules have been discovered acting as the vital regulating effect on chemoresistance (Cui et al., 2013; Soldevilla et al., 2014; Liu et al., 2016; Zeng et al., 2017). Exosomal miRNAs, lncRNAs, mRNA, and proteins could be shuttled from chemoresistant to chemosensitive cancer cells to transmit chemoresistance. For example, exosomal miR-222-3p from the gemcitabine-resistant lung cancer line A549 enhanced gemcitabine resistance in parental sensitive cells (Wei et al., 2017). Qu et al. (2016) identify lncARSR as a mediator of sunitinib resistance in renal cell carcinoma by acting as a competing endogenous RNA for miR-34 and miR-449, thereby increasing the expression of their targets AXL and c-MET. Exosomes from glioblastoma cancer cells harboring a protein tyrosine phosphatase receptor type Z1-MET fusion conferred temozolomide resistance on parental cells (Zeng et al., 2017). These findings demonstrated that exosomes could transfer intercellular drug resistance from drug-resistant to drug-sensitive cancer cells.

To investigate the mechanism of cisplatin resistance in gastric cancer cells, the cisplatin-resistant gastric cancer cell line SGC7901R was established in the present study. SGC7901R cell-derived exosomes could be effectively taken up by cisplatin-sensitive SGC7901S cells, and the receptor cells exhibited remarkably chemoresistance phenotypes. Consistently, it was demonstrated that SGC7901R-derived exosomes conferred a cisplatin-resistant phenotype in SGC7901S cells. Presently, a large number of differentially expressed molecules in the exosomes are discovered by RNA sequencing or proteomics, many of which are potentially associated with chemoresistance; however, quite a lot of them are little investigated.

In this study, cisplatin-resistant gastric cancer cell line SGC7901R was determined by LC-MS/MS with increased exosomal levels of RPS3 protein. RPS3, a component of the 40S ribosomal small subunit, is mainly involved in ribosomal maturation and initiation of translation (Schafer et al., 2006). RPS3 has various extra-ribosomal functions, including cell signaling (Kim et al., 2011), transcriptional regulation (Wan et al., 2007), and DNA repair (Kim et al., 2013). In addition, both upregulation and intrinsic dysfunctions in ribosomes result in an increased incidence of tumors, and RPS3 is involved in radioresistance or invasion of tumor cells (Kim et al., 2007; Kool et al., 2008). Huang et al. (2019) showed that Vitamin D promotes the cisplatin sensitivity of oral squamous cell carcinoma by inhibiting LCN2-modulated NF-κB pathway activation through RPS3. Zhao et al. (2019) unveiled a novel extra-ribosomal role of RPS3 in facilitating hepatocarcinogenesis via the posttranscriptional regulation of SIRT1 expression and proposes that the RPS3/SIRT1 pathway serves as a potential therapeutic target in HCC. A previous study showed that RPS3 was secreted into the extracellular environment in a dimeric form. All the reported data suggested that RPS3 may be a putative marker for malignant tumors.

Our data demonstrated that RPS3 protein was enriched in SGC7901R exosomes and could be delivered into SGC7901S cells. Overexpression of RPS3 directly in SGC7901S cells can also result in similar phenotypic effects as treatment with SGC7901R exosomes, which are then capable of inducing the malignant phenotype in the sensitive cells. A further mechanism study demonstrated that cisplatin-resistant gastric cancer cell-derived exosomal RPS3 could enhance the chemoresistance through the PI3K/Akt-mediated mitochondrial translocation of cofilin-1. The suppression of PI3K/Akt (LY294002) dramatically attenuated RPS3-induced DDP resistance and cofilin-1 mitochondrial translocation in GC. Cofilin-1, a 19-kDa ubiquitous actin-modulating protein, exists in two states, activated (cofilin-1) and inactivated (p-cofilin-1) (Vartiainen et al., 2002). The de-phosphorylation of p-cofilin-1 can induce degradation of F-actin to G-actin and promote the translocation of cofilin-1 to the mitochondria, triggering mitochondrial apoptosis (Tang et al., 2016). Many studies demonstrated that high-expression levels of cofilin-1 in many cancers correlated with tumor metastasis, chemotherapy resistance, and poor prognosis (Zhang Y. et al., 2015; Wang et al., 2019). In our previous studies, we have demonstrated that activation of PI3K/Akt can reduce the expression of the phosphoric acid lipases, PP1, PP2A, and SSH, then activate the de-phosphorylation of p-cofilin-1 and mitochondrial translocation of cofilin-1 and finally activate mitochondrial damage and induce the mitochondrial apoptosis of cisplatin-resistant gastric cancer cells (Tang et al., 2016). Previous studies demonstrated that changes in cofilin-1 or p-cofilin-1 patterns played an important role in multidrug resistance in tumor cells (Zhang et al., 2012; Li et al., 2013). All the findings demonstrated that cisplatin-resistant gastric cancer cells communicate with sensitive cells through the delivery key exosomal protein RPS3 and the activation of PI3K-Akt-cofilin-1 signaling pathway.



CONCLUSION

In summary, our present study demonstrated that RPS3 protein expression levels were significantly elevated in SGC7901R cells, which was selectively sorted into SGC7901R cell-derived exosomes. Exosomal delivery of RPS3 protein may induce chemoresistance phenotypes from cisplatin-resistant gastric cancer cells to sensitive cancer cells by regulating the PI3K-Akt-cofilin-1 signaling pathway. Therefore, exosomal RPS3 protein in cisplatin-resistant gastric cancer cells may thus be a promising strategy to overcome cisplatin resistance in gastric cancer.
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Gastric cancer (GC), a leading cause of cancer-related death, is a heterogeneous disease. We aim to describe clinically relevant molecular classifications of GC that incorporate heterogeneity and provide useful clinical information. We combined different gene expression datasets and filtered a 7-gene signature related to the extracellular matrix (ECM), which also exhibited significant prognostic value in GC patients. Interestingly, putative CCCTC-binding factor (CTCF) regulatory elements were identified within the promoters of these ECM-related genes and were confirmed by chromatin immunoprecipitation sequencing (ChIP-Seq). CTCF binding sites also overlapped with histone activation markers, indicating direct regulation. In addition, CTCF was also correlated with the Wnt signaling pathway. A comparison of human GC cell lines with high or low expression of ECM-related genes revealed different levels of tumor aggressiveness, suggesting the cancer development-promoting functions of ECM-related genes. Furthermore, CTCF regulated COL1A1 and COLA31 expression in vitro. Silencing CTCF or COL1A1/COL1A3 markedly inhibited cell growth and migration in the metastatic GC cell line BGC823. Collectively, this ECM-related 7-gene signature provides a novel insight for survival prediction among GC patients. The zinc finger protein CTCF regulates ECM-related genes, thereby promoting GC cell growth and migration.
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Introduction

Gastric cancer (GC) is the fourth most common cancer in the world and causes approximately 738,000 deaths each year, making it the third leading cause of cancer-related death worldwide (1–4). East Asia is recognized as a high-risk region probably due to the high incidence of Helicobacter pylori (H. pylori) infection and cancer-associated dietary habits. The 5-year relative GC survival rate of all Surveillance, Epidemiology, and End Results (SEER) stages combined is approximately 32%. Early detection and reliable screening are of vital importance in improving the survival rate. Although there are more new insights into the molecular basis of GC than ever before, currently available diagnostic and therapeutic methods do not significantly improve the overall survival (OS) of GC patients. The use of disease risk stratification (tumor-node-metastasis (TNM) stage) and histological grade based on tumor size, lymph node or distant metastasis is not sufficient to determine the prognosis of a given GC patient. The discovery and identification of molecular subtypes and novel biomarkers play an important role in clinical decision making for more effective and selective treatment. Molecular biomarkers have potential values as diagnostic and prognostic tools in GC. It is worthwhile to investigate the molecular mechanisms of GC and to identify novel and specific biomarkers and targets.

Significant progress has been made in identifying novel molecular subtypes of GC over the last few years. The mechanism of GC pathogenesis in these subsets remains unclear and relies on multiple factors. Activation of multiple oncogenic signaling pathways, including the Wnt/β-catenin, PI3K/Akt, ERK/MAPK, and JAK/STAT3 pathways, is common in the process of carcinogenesis. Among these abnormal carcinogenic signaling pathways, the Wnt/β-catenin signaling pathway has attracted considerable attention, and its dysregulation plays an important role in the tumorigenesis of GC. The Wnt signaling pathway is a central regulatory pathway that regulates gene expression. The pathway has an essential role in embryonic development but also functions in a variety of cellular processes, including proliferation, differentiation, migration, and stemness. The Wnt family currently contains 19 members and regulates three pathways: the canonical pathway, the planar cell polarity pathway, and the Ca2+ pathway (5). Genomic statistics indicate that deregulation of the Wnt/β-catenin pathway is noted in 46% of gastric tumors (6). Studies have demonstrated that WNT6 and Cav1 together react positively in the chemoresistance of cells to DNA-damaging anthracycline drugs through the activation of the canonical Wnt/β-catenin pathway (7). Cancer generally demonstrates rapid and anomalous growth through extracellular matrix (ECM) remodeling by collagen type I α 1 (COL1A1) and its collagen family members, and the ECM is also highly activated by the Wnt pathway (8, 9). Cell surface receptors transduce signals into cells from the ECM, which regulate diverse cellular functions, such as survival, growth, migration, and differentiation, and are vital for maintaining normal homeostasis; dysregulation of the ECM could lead to cancer progression. However, the underlying Wnt-regulated ECM target gene expression programs in GC are unknown. Further, there is a lack of knowledge regarding how Wnt regulates target gene expression via transcription factors (TFs) and histone modifications (HMs).

CTCF, a well-known transcription factor that is essential in organizing chromatin into highly self-interacting, topologically associated domains, has recently become of great interest to researchers in the cancer field (10). CTCF overexpression has been identified in breast cancer (11), cervical cancer (12), ovarian cancer (13), and hepatocellular carcinoma (14). Some mutations are related to tumors (15). In particular, hotspot binding site mutations occur at quite a high frequency (25%) in GC, and these mutations are associated with alterations in gene expression (16). However, the expression pattern of CTCF and its target genes and its roles in GC growth and metastasis remain unknown. Thus, work sought to identify and characterize the initiating molecular subtypes for GC tumors. Indeed, a recent chromatin profiling study to identify enhancers revealed molecular subtypes in other cancers, but no comparable dataset currently exists for GC.

In the current study, we systematically integrated RNA sequencing (RNA-Seq), chromatin immunoprecipitation sequencing (ChIP-Seq) and tissue microarray (TMA) data to identify ECM subtype gene signatures regulated by the zinc finger protein CTCF transcription factor, which is also linked to the Wnt signaling pathway. CTCF target genes that have an important impact on tumor phenotype and prognosis were validated using GC cell line experiments. Cell viability and migration assays showed that silencing CTCF, COL1A1, and COL1A3 inhibited the growth and migration of GC tumor cells.



Materials and Methods


Gene Expression Profile Data

The microarray dataset GSE79973 was downloaded from the GEO database (Gene Expression Omnibus (GEO), RRID : SCR_005012). This dataset contained 10 paired GC tissues and adjacent nontumor tissues from GC patients who underwent radical gastrectomy for GC at Zhejiang Provincial People’s Hospital from May 2011 to June 2012.

Raw RNA sequencing data were downloaded from the TCGA (The Cancer Genome Atlas, RRID : SCR_003193). A total of 375 GC samples and 32 matched nontumor samples were obtained for further analysis. Clinical parameters, including age, gender, grade, H. pylori infection status and TNM stage (8th edition in 2016), were also downloaded.



Identification of DEGs

For analysis of the validation cohort from the GEO GC dataset, the LIMMA (17) package (LIMMA, RRID: SCR_010943) of the Bioconductor project in R software was applied to screen the differentially expressed genes (DEGs). We set the cut offs as |log2 fold change (FC)| ≥1 and false discovery rate (FDR) < 0.01 for filtering the DEGs. To analyze the validation cohort from the TCGA GC dataset, we used the edgeR (18) Bioconductor project package (edgeR, RRID : SCR_012802). Genes with |log2FC| ≥ 2 and FDR < 0.01 were considered to be significantly differentially expressed. The overlapping DEGs between the GEO dataset and the TCGA dataset were retained for further study.



Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment, Protein-Protein Interaction (PPI) Network and Module Analyses

KEGG analysis was conducted using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (DAVID, RRID : SCR_001881). The PPI network was constructed using a widely used online database, the Search Tool for the Retrieval of Interacting Genes (STRING) (STRING, RRID : SCR_005223). Cytoscape software was used to visualize the PPI networks (19). The molecular complex detection (MCODE) (MCODE, RRID : SCR_015828) plugin with degree cutoff = 2, node score cutoff = 0.2, k-score = 3, and max depth = 100 was utilized for subset clustering (20).



Survival Analysis of Hub Genes

The Kaplan-Meier method was used for survival analysis and was performed using the Gene Expression Profiling Interactive Analysis (GEPIA) (Gene Expression Profiling Interactive Analysis, RRID : SCR_018294) web server (21).



Transcription Factor Binding Site Prediction

Profiles of the transcription factor binding sites were retrieved from the JASPER database. CiiiDER was used to predict transcription factor binding sites across regions of interest (22). Overlapping genes were analyzed to identify common regulatory transcription factors with an upstream scan limit=2,000 bases, a downstream scan limit=500 bases, and deficit threshold=0.15.



Mapping Transcription Factor Binding Sites

We downloaded the call set from the Encyclopedia of DNA Elements (ENCODE) portal (https://www.encodeproject.org/) (Encode, RRID : SCR_015482) with the following identifiers: ENCBS630AAA. UCSC Browser (http://genome.ucsc.edu/) (UCSC Genome Browser, RRID : SCR_005780) was used to visualize the mapping results.



Single-Sample Gene Set Enrichment Analysis (ssGSEA) of Transcription Factors

CTCF gene expression was input into the GSEA tool (http://www.broadinstitute.org/gsea/index.jsp) (Gene Set Enrichment Analysis, RRID : SCR_003199) to calculate the separate enrichment score.



Pathology Analysis of Hub Genes

The immunohistochemistry (IHC) staining images of COL3A1, SPP1, and THBS2 from GC tumor and normal gastric tissues were downloaded from the Human Protein Atlas (HPA) (HPA, RRID : SCR_006710) database (http://www.proteinatlas.org/) for further analysis (23–25). QuPath software (QuPath, RRID : SCR_018257) is used for image analysis (26).



Cell Culture and Transfection with siRNA

The human GC cell lines HGC27, TGBC11TKB, LMSU, NCC-StC-K140, FU97, MKN45, AGS, HGC27, and BGC823 were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) (ATCC, RRID : SCR_001672), CellBank Australia, or Sigma-Aldrich and cultured in RPMI 1640 medium (Invitrogen, CA, USA) supplemented with 10% fetal bovine serum (Invitrogen, CA, USA) and incubated at 37°C and 5% CO2. CTCF, COL1A1, and COL3A1 were selected from the upregulated gene groups. A commercially available RNA interfering panel targeting the above genes using SMARTpool siRNA, non-target siRNA, and negative control siRNAs were purchased from GenePharma (Shanghai, China). Individual siRNA sequences are presented in Supplementary Table 1. siRNA was used at a concentration of 50 pM and transfected into HGC27 and BGC823 cells to account for the influence of transfection itself. Real-time qRT-PCR was performed to detect the expression of the above genes to verify the effectiveness of knockdown.



Quantitative Real-Time PCR Analysis

Total RNA was extracted using TRIzol reagent (Invitrogen, USA) according to the instructions. The concentration and quality of RNA were determined using a Nanodrop spectrophotometer (Thermo Fisher Scientific, USA). Reverse transcriptional mRNA expression was analyzed using PrimeScript RT Master Mix (TaKaRa, Japan). For RNA expression analysis, total RNA was first transcribed using the Mir-X™ RNA first-strand synthesis kit (TaKaRa, Japan). Real-time PCR SYBR Premix Ex Taq (TaKaRa, Japan) was replicated thrice in a 7900 HT Real-Time PCR system (Applied Biosystems, USA), and GAPDH expression levels were used as an endogenous control. The results were determined using the 2-ΔΔct calculation method. See Supplementary Table 2 for primer information.



MTT Assay

The cells were plated in culture plates and incubated in a CO2 incubator. Next day, according to the experimental requirement, at respective time points, 50 µl MTT solutions from the stock (5 mg/ml) was added, and cells were incubated in a CO2 incubator in the dark for 2 h. The medium was removed, and formazan crystals that formed in the cells were dissolved using 500 µl of DMSO followed by transfer to a 96-well plate. Metabolically active cells reduced the MTT to blue formazan crystals, which were dissolved in DMSO. Absorbances were measured at 560 nm. Cell viability was calculated as a percentage of vehicle control using GraphPad Prism v.5.0.



Cell Wound Healing Assay

Cells were plated at confluence in 24-well plates. A wound was created by scraping the confluent monolayer with a p200 pipette tip, and cells were grown in medium supplemented with 1% FBS. The migration of the cells was recorded at 0, 24, and 48 h using a MicroFire camera fitted to an Olympus Inverted Phase Microscope (Olympus) at 10X magnification. The area of the uncovered wound gap was measured using ImageJ software, and details are described in our previous studies (27, 28). All experiments were repeated in triplicate.



Statistical Analysis

All statistical analyses were performed in R software (version 3.6.3) and GraphPad Prism 7 software. All statistical tests with P < 0.05 were statistically significant.




Results


Workflow to Identify Key Genes and Pathways in GC

We aimed to identify the DEGs between tumor and normal tissues, establish clinically relevant molecular subtypes and identify significant signatures for GC. First, RNA-Seq data from the GEO and TGCA databases were used to identify DEGs. The overlapping DEGs from two databases were used for KEGG pathway and PPI network analyses. The top 12 up-regulated pathways from TCGA and GEO datasets as well as the pathways from KEGG pathway and PPI network were further analyzed to filter two shared up-regulated pathways. Seven genes (COMP, COL10A1, COL11A1, COL3A1, THBS2, and COL1A1) that were shared by both pathways were defined as hub genes. Next, the correlation among the seven key genes and clinicopathological features were evaluated. The expression of the seven key genes was validated using immunohistochemistry staining and qPCR assays. Then, we used CiiiDER to identify the common transcription factor binding sites of the seven hub genes. Further in vitro experiments were applied to validate the role of CTCF in tumorigenesis and regulating these key genes (Figure 1).




Figure 1 | Flow chart of the systematic comprehensive analysis of differentially expressed genes (DEGs) from The Cancer Genome Atlas (TCGA) cohort and the Gene Expression Omnibus (GEO) series of gastric cancer (GC) patients and correlation of DEG expression with overall survival (OS). Further investigation revealed that the extracellular matrix (ECM) signature regulates gastric cancer (GC) progression through the Wnt pathway, and this result was validated by mRNA expression, cell viability and migration assays using a siRNA strategy in aggressive GC cell lines.





Gene Expression Programs in Tumors Recapitulate Clinically Distinct ECM Subtypes

The GSE79973 gene expression profile and the TCGA GC dataset were used to identify the shared key genes and pathways that may play a pivotal role in the development of GC (Supplementary Table 3). A total of 869 DEGs were obtained from the GSE79973 dataset, which contains 10 gastric tumor samples and 10 paired adjacent normal samples. These 869 DEGs included 425 upregulated genes and 444 downregulated genes. The DEGs acquired from the TCGA GC dataset consisted of 1,019 upregulated and 1031 downregulated genes. A total of 221 DEGs were present in both the GSE79973 and TCGA GC datasets, including 95 upregulated genes and 116 downregulated genes (Figure 2A). To explore the potential biological effects of these genes, KEGG pathway analysis was conducted using the DEGs from each dataset. KEGG analysis showed that a total of 26 pathways were enriched in the GC group (Figure 2B). The DEGs from the GSE79973 dataset were significantly enriched in 10 pathways, including human papillomavirus infection, PI3K-Akt signaling, focal adhesion, ECM-receptor interaction, and protein digestion and absorption (Figure 2C, Supplementary Table 4). The top 10 upregulated enriched pathways from TCGA GC dataset included cytokine-cytokine receptor interaction, neuroactive ligand-receptor interaction, transcriptional dysregulation in cancer, complement, and coagulation cascades, viral protein interaction with cytokine and cytokine receptor, the IL-17 signaling pathway, the Wnt signaling pathway, signaling pathways regulating pluripotency of stem cells, ECM-receptor interaction and protein digestion and absorption (Figure 2D, Supplementary Table 5). We further assessed the pathways in which the 95 upregulated overlapping DEGs were enriched. Interestingly, the results indicated that the ECM-receptor interaction and protein digestion and absorption pathways were significantly upregulated in GC samples compared to normal samples (Figure 2E, Supplementary Table 6). These two pathways were also listed among the most enriched pathways in the individual GSE79973 and TCGA DEGs (Figures 2C–D).




Figure 2 | Identification of the extracellular matrix (ECM) subtype. (A) Venn diagrams of the differentially expressed genes (DEGs) between the GSE79973 dataset and the The Cancer Genome Atlas (TCGA) gastric cancer (GC) dataset. Ninety-five DEGs were upregulated and 116 DEGs were downregulated in the two datasets. (B) Venn diagrams of the overlapping pathways. A total of two enriched pathways overlapped the two datasets: ECM-receptor interaction and protein digestion and absorption. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the DEGs in the GSE79973 dataset. (D) KEGG pathway enrichment analysis of the DEGs in TCGA GC dataset. (E) KEGG pathway enrichment analysis of overlapping DEGs between the GSE79973 dataset and the TCGA dataset. (F) KEGG pathway enrichment analysis of the genes in the protein-protein interaction (PPI) module. The overlapping pathways are marked in red.



To determine the potential interactions between these 95 upregulated overlapping genes in GC, we input these genes into the STRING website to construct a PPI network. The results showed that the upregulated DEGs formed a network with 92 nodes and 326 edges (Supplementary Figure 1). In total, two modules were enriched by protein–protein interaction network analysis, which included 20 genes (Supplementary Figure 2). KEGG pathway enrichment analysis of the genes from the PPI module revealed 10 upregulated enriched pathways (Figure 2F, Supplementary Table 7). Interestingly, ECM-receptor interaction and protein digestion and absorption were the only two shared up-regulated pathways across all the pathway analyses. By filtering the significant DEGs in these two pathways, a total of seven hub genes, including COL1A1, COL3A1, COL10A1, COL11A1, COMP, SPP1, and THBS2, were identified. These seven genes are all ECM-related genes.



Elevated ECM Subtype Gene Expression is Significantly Correlated With Advanced Clinicopathological Indicators and Poor Prognosis

We next evaluated whether these seven genes could be used as a gene signature for predicting prognostic results in GC patients. Based on the median gene expression, we divided all GC samples from the TCGA into two groups (high score versus low score). Intriguingly, GC patients with high gene signature score exhibited significantly (P=0.028) poorer survival outcomes compared to patients with low gene signature score (Figure 3A). We then asked whether each of these seven genes exhibited a high correlation with patients’ clinical features. As shown in Figure 3B, significantly higher expression of COL1A1, COL3A1, COL10A1, COL11A1, COMP, and THBS2 was observed in GC with advanced clinical and TNM stage compared with early-stage GC. In contrast, SPP1 expression only correlated with TNM stage, not clinical stage. This finding was further validated by one-way ANOVA in Figure 3C. The expression of these genes only significantly correlated with clinical stage and T stage but did not significantly correlate with patients’ age, gender, grade, M/N stage or H. pylori infection status.




Figure 3 | Clinical pathological indicators and prognostic characteristics of elevated extracellular matrix (ECM) subtype genes: Analysis of the correlations between ECM subtype gene expression and survival and clinical characteristics. (A) Survival analysis for the ECM subtype genes COMP, SPP1, THBS2, COL1A1, COL3A1, COL10A1, and COL11A1. (B) Correlations between the seven hub genes and clinical characteristics. The numbers in each small rectangle indicate the P-value for the correlation. (C) The relationship between the hub genes and clinical stage and T stage. *P < 0.05, **P < 0.01, ***P < 0.001.





Validation of the Expression of ECM-Related Genes at the Protein Level Between GC Tissues and Normal Tissues and at the Transcriptional Level Between Aggressive and Less Aggressive GC Cells

To validate the expression of the 7 genes in GC samples, we further confirmed the IHC staining results of COL1A1, COL3A1, SPP1, and THBS2 in both GC tumor and adjacent normal tissues using the HPA website (Figures 4A–D). The quantification results suggested that COL1A1, COL3A1, SPP1, and THBS2 protein levels were significantly increased in GC tumor tissues compared to normal adjacent tissues. We further investigated the mRNA levels of these genes in seven different GC cell lines (HGC27, TGBC11TKB, LMSU, NCC-StC-K140, FU97, MKN45, and AGS). The mRNA expression levels of these genes were significantly higher in the highly aggressive gastric carcinoma cell lines TGBC11TKB, LMSU, NCC-StC-K140, and HGC27 compared with the less aggressive adenocarcinoma cell lines FU97, MKN45 and AGS (Figure 4E). Overall, our results suggested that the transcript and protein expression levels of ECM subtype genes were upregulated in GC tumor samples, which validated our findings from the above analyses.




Figure 4 | Exploration of the biological relevance of expression differences in the extracellular matrix (ECM) subtype genes: (A–D) Representative immunohistochemistry (IHC) images of ECM subtype genes in gastric cancer (GC) tissues and normal tissues [Human Protein Atlas (HPA) database]. The quantification results suggested that the protein levels of COL1A1, COL3A1, SPP1, and THBS2 were significantly increased in GC tumor tissues compared to normal gastric tissues. (E) Expression levels of the ECM subtype genes were determined in seven GC cell lines (aggressive cell lines: BGC823, HGC27, LMSU, and NCCStCK140; and less aggressive cell lines: FU97, MKN45, and AGS).





ECM Subtype Genes Exhibit Unique CTCF Binding Motif and Histone Modification Patterns

CTCF is a well-known transcription factor that is essential in organizing chromatin and regulates target genes related to cancer (29). To explore the upstream transcription factors of the above hub genes, CiiiDER, a tool for predicting and analyzing transcription factor binding sites, was utilized to analyze mutual transcription factors of these hub genes. CiiiDER operates through an intuitive graphical user interface with interactive, high-quality visual output that makes it accessible to all researchers. CiiiDER predicts transcription factor binding sites (TFBSs) in different regulatory regions, such as promoters and enhancers from any species. CiiiDER can be used to identify TFs that are significantly under- or overexpressed compared to customized background sets; thus, it is useful to identify gene sets of pathophysiological importance (22). We scanned 2 kb upstream and 500 bp downstream from the transcription start site (TSS) for CTCF binding sites. Overlapping genes, including COL1A1, COL3A1, COL10A1, COL11A1, COMP, SPP1, and THBS2, were analyzed to identify common regulatory transcription factors based on three criteria: an upstream scan limit=2,000 bases, a downstream scan limit=500 bases, and deficit threshold=0.15. Moreover, the profiles of the transcription factor binding sites were retrieved from the JASPER database (Figure 5A). Given that these six key genes were significantly upregulated in GC, we wanted to understand whether the active histone modifications were associated with these genes. CHIP-Seq data of two common active markers, H3K27Ac and H3K4me3, were visualized using the ENCODE platform (Figure 5B). The results confirmed that H3K27Ac and H3K4me3 peaks were present in the promoter regions of COL1A1, COL3A1, COL10A1, COL11A1, SPP1, and THBS2 and overlapped with CTCF binding sites, indicating that the upregulation of these genes might be associated with H3K27Ac and H3K4me3.




Figure 5 | CCCTC-binding factor (CTCF) transcription factor binding motifs are present in a subset of extracellular matrix (ECM) candidate genes. (A) Computational predictions of binding sites of CTCF and other transcription factors are shown upstream of the ECM-related gene transcription factor binding sites (TFBSs); COL1A1, COL3A1, and COL11A1 genes have a common transcription factor: CTCF. (B) ChIP-Seq data of two common active markers, H3K27Ac and H3K4me3, in the promoter region of ECM subtype genes that overlapped with the CTCF binding sites.





CTCF Expression Was Correlated With the Wnt Signaling Pathway

CTCF expression in GC was assessed using Gene Expression Profiling Interactive Analysis (GEPIA) and verified with the TCGA database. CTCF was significantly overexpressed in GC tissues compared to adjacent normal tissues (Figure 6A). To explore the molecular mechanisms of CTCF in GC, ssGSEA analysis was performed to identify the enriched pathways related to CTCF. The top six enriched pathways were cell cycle, ubiquitin-mediated proteolysis, oocyte meiosis, insulin signaling, lysine degradation, and Wnt signaling (Figure 6B, Supplementary Table 8). In addition, we analyzed the DEGs in the whole Wnt signaling pathway and classified the GC patients into two groups. We found that patients with low expression (relative to the median) of Wnt signaling pathway proteins exhibited significantly better survival outcome compared with those with high expression (Figure 6C). Therefore, the Wnt signaling pathway could be an important pathway involved in the progression of GC. The heatmaps in Figure 6D illustrated the expression levels of individual genes involved in the Wnt pathway correlated to high CTCF expression. Further analyses showed CTCF expression was correlated with some keys genes in the Wnt pathways, including GSK3B, LRP6, NLK, APC, SMAD4, DVL3, TCF7L2, and AXIN1 (Figure 6E). The top three genes co-expressed with CTCF were (a) SMAD4 (R = 0.61), (b) NLK (R = 0.55), and (c) LRP6 (R = 0.5) (Figure 6E). Our data shown the CTCF expression correlated APC expression in the one of most affected pathways.




Figure 6 | CCCTC-binding factor (CTCF) expression correlated with the Wnt signaling pathway: (A) The CTCF transcript was highly expressed in GC tissues compared with normal tissues. (B) The top six enriched pathways in GC samples with high CTCF expression were identified by gene set enrichment analysis (GSEA). (C) The prognostic value of the Wnt signaling pathway in gastric cancer (GC). Kaplan-Meier curves demonstrate the correlation between Wnt signaling protein expression and overall survival. (D) Gene Set Enrichment Analysis (GSEA)-generated heat map for highly enriched genes in samples with high CTCF expression vs. those with low CTCF expression. (E) Pearson’s correlation analysis of CTCF and Wnt pathway-related genes. We used the service provided by the website Gene Expression Profiling Interactive Analysis (GEPIA) (http://gepia.cancer-pku.cn/index.html) to examine the correlations among GSK3B, LRP6, NLK, APC, SMAD4, DVL3, TCF7L2, AXIN1, and CTCF.





CTCF Regulates ECM-Related Genes and Contributes to Promoting Cell Growth and Migration in GC Cell Lines

The ECM regulates diverse cellular functions, including cell survival, migration, and dysregulation of the ECM could lead to cancer progression (30). First, we selected the human gastric cell lines BGC-823 and HGC27 based on their cell migration, invasion and epithelial-mesenchymal transition (EMT) features to represent aggressive tumor cell lines. To evaluate the potential clinical relevance of CTCF and these ECM-related genes, we first examined the mRNA expression of CTCF and other two key ECM-related genes COL1A1 and COL3A1 in BGC823 and HGC27 human GC cell lines (Figure 7A). Given that the BCG823 cell line exhibited increased CTCF, COL1A1, and COL3A1 expression, we generated single siRNA to interfere with CTCF signaling in the BGC823 cell line. CTCF siRNA interference not only significantly reduced CTCF mRNA levels but also resulted in reduction of COL1A1 and COL1A3 mRNA expression in BCG823 cells (Figure 7B). This finding further demonstrated that CTCF might regulate COL1A1 and COL1A3 expression in GC cells in vitro. To explore the cellular function of CTCF, COL1A1, and COL1A3, we further used siRNA to interfere with CTCF, COL1A1, and COL1A3 expression, respectively, in BGC823 cells. MTT assay results demonstrated that BGC823 cell viability was significantly decreased in cells transfected with CTCF siRNA, COL1A1 siRNA or COL1A3 siRNA when compared with siRNA control cells after 48 or 72 h (Figure 7C). Similarly, the migration ability of cells transfected with CTCF siRNA, COL1A1 siRNA, or COL1A3 siRNA was decreased compared to siRNA control cells (Figure 7D). Overall these results indicated that CTCF could regulate the expression of COL1A1 and COL1A3 in vitro and silencing CTCF, COL1A1, and COL3A1 expression led to decreased cell viability and migration in BGC823 cells.




Figure 7 | CTCF, COL1A1, and COL3A1 promote gastric cancer (GC) cell viability and migration in vitro. (A) Comparison of CTCF, COL1A1, and COL3A1 mRNA expression between BGC823 and HCG27 by RT-qPCR. (B) Real-time qRT-PCR was performed to detect the expression of the indicted genes to verify the effectiveness of knockdown. (C) BGC823 cells were treated with siRNA for 24, 48, and 72 h, and the MTT index was measured based on the MTT assay. The result is presented as fold change of metabolic viability/cell and normalized with respect to control. (D) Wound−healing assays were used to determine the effects of single siRNAs targeting CTCF, COL1A1, or COL3A1 on BGC823 cell migration. The bar chart represents the wound width (%) at 24 or 48 h divided by the width at 0 h. Data are presented as the mean ± SD of three independent experiments. **P < 0.001.






Discussion

GC is a leading cause of cancer-related death due to a lack of knowledge about the relevant molecular classification of subtypes in pathogenic development. Thus, identifying key transcription factors that regulate the molecular signature associated with GC progression will definitely be useful. Here, an integrative strategy was used to comprehensively analyze the variable patterns of GC based on RNA-Seq, ChIP-Seq, gene profiling and molecular signature studies. We discovered a key molecular subtype, namely, a 7-gene signature related to ECM subtype that is linked to distinct patterns of molecular alterations and to disease progression and prognosis. In addition, ECM-related genes in this subtype are regulated by an important transcription factor, the zinc finger protein CTCF. Furthermore, we validated the expression of proteins and mRNAs related to CTCF and the ECM in tumor tissues and in aggressive and less aggressive GC cell lines. We found that the silencing of CTCF decreased mRNA expression of COL1A1 and COL1A3, two key ECM-related genes included in the 7-gene signature. Furthermore, silencing CTCF and two ECM-related genes caused reductions in cell viability and migration. These results reveal that the ECM-related 7-gene signature could be a useful prognostic factor for survival. The zinc finger protein CTCF regulates ECM-related genes and plays an important role in promoting GC cell growth and migration in vitro.

The combination of ChIP-Seq and transcriptomic analysis is gradually becoming the standard for molecular spectrum analysis of various cancers. The challenge is now to combine these different molecular biological data to obtain a more comprehensive and informative view of key biological processes in cancer progression. Our objective was to systematically analyze RNA-Seq, ChIP-Seq, gene map, and molecular marker data in GC to understand the major regulatory factors and target genes in this disease. Our study identified differences in mRNA expression between tumors and adjacent normal tissues from different clinical cohorts. The identified DEGs were filtered through KEGG, PPI network and functional pathway analyses. We were the first to identify a key molecular subtype, referred to as the ECM subtype, and provide prognostic factors. The expression of ECM-related genes was also correlated with the clinical status of cancer progression. GC pathway analysis results were consistent with known processes in GC, such as ECM-receptor interaction and protein digestion and absorption. Furthermore, our ChIP-Seq and histone modification analysis results suggested that the expression of these target ECM-related genes is influenced by the distance from the transcription start site (TSS) to their CTCF binding sites. Of note, KEGG pathway analysis identified transcription factor binding site motifs and histone modification markers, demonstrating that DEGs with CTCF-binding motif modifications exhibiting functional enrichment during cancer development. The expression of these target genes is closely related to OS in GC patients. Kaplan-Meier survival analysis confirmed this findings (Figures 3 and 6). We found that CTCF may modulate previously unreported ECM target genes and mediate their possible roles. In summary, combining data from different sources is a promising strategy for identifying major regulators and target genes for cancer.

The chromatin‐organizing CCCTC‐binding factor (CTCF) encodes a transcription regulator protein with 11 highly conserved zinc finger domains that binds to more than 20,000 DNA loci in the human genome (31). CTCF plays indispensable roles in transcriptional inhibition/activation, insulation, gene imprinting, and regulation of 3D chromatin structure (32). Studies have previously demonstrated that chromosomal architecture is largely mediated by the CTCF/cohesin complex (33, 34) because it is of vital importance in promoting the formation of cohesin-mediated loops and boundaries that are necessary for gene regulation. This process enables the organization of chromatin into highly self-interacting topologically associated domains (10). Its expression pattern and roles in different tumor types vary greatly. For instance, CTCF overexpression was previously reported in breast cancer (11), cervical cancer (12), ovarian cancer (13), and hepatocellular carcinoma (14) and is often related to tumor features with adverse prognostic impacts. Additionally, mutations in CTCF or defects in CTCF function have been observed in GC (16). However, the clinical impact of CTCF expression in GC is unclear. In this study, we identified CTCF as an important contributor to GC progression, survival and prognosis. Then, we conducted ssGSEA to perform hallmark analysis, which defines an enrichment score that represents the degree of absolute enrichment of a gene set in each sample within a given dataset (35). This analysis demonstrated that the Wnt/signaling pathway was a key pathway that was highly related to CTCF.

Here, we sought to determine whether CTCF was regulated by a signaling pathway or associated with another pathway involved in gastric cancer. The Wnt signal transduction pathway is a highly conserved extracellular signal transduction pathway that is implicated in many vital cellular functions, such as stem cell regeneration and organogenesis. Several intra-cellular signal transduction pathways are induced by Wnt, notably the Wnt/beta-catenin dependent pathway, which is known as the canonical pathway, and the non-canonical or beta-catenin-independent pathway. The latter includes the Wnt/Ca2+ and Planar Cell Polarity pathway (PCP) (36–39). Colorectal cancers exhibit evidence of Wnt signaling pathway activation associated with loss of function of the tumor regulator APC. Our data also demonstrated that CTCF expression correlated with APC expression in the one of most affected pathways (Figure 6). This finding indicated the some ECM genes are linked to the Wnt signaling pathway through the CTCF transcription factor. Taken together, these data confirm that Wnt signaling is an important mechanism driving GC metastasis and can therefore be considered an attractive therapeutic target.

Major efforts have been made to elucidate the molecular mechanisms that regulate the Wnt signaling pathway and its role in development, homeostasis, and cancer. However, there is a lack of understanding about the relationships between Wnt signaling and ECM adhesion. WNT7A depletion in 5637 HMI and T24 cells reduced urinary bladder cancer (UBC) cell invasion and decreased the levels of active β-catenin and its downstream target genes involved in ECM degradation, but these studies lacked detail on the regulatory mechanism between Wnt and ECM. ECM is an important component of the tumor microenvironment and plays critical roles in cancer development and metastasis, in which collagen is the major structural protein. Collagen type I alpha 1 (COL1A1) reportedly promotes cancer cell migration. In our study, knockdown of COL1A1 or COL3A1 inhibited GC cell metastasis with low levels of CTCF and WNT5 or CTCF and WNT3 (Supplementary Figure 3), which is independent of the epithelial-mesenchymal transition (EMT) process. Our results have identified a CTCF/WNT axis that controls GC migration through ECM regulation via the canonical Wnt/β-catenin signaling, which may offer prognostic and therapeutic opportunities.

There are several limitations in this study. First, although the Wnt signaling pathway was highly correlated with CTCF expression, we did not have sufficient experimental evidence to elucidate the detailed relationships between CTCF and the Wnt signaling pathway. Second, more experiments were needed to double-confirm whether CTCF could regulate the expression of other ECM-related genes besides COL1A1 and COL1A3. Protein level validations should be performed. Third, more experiments were needed to determine whether CTCF-mediated regulation of COL1A1/COL1A3 occurred directly or indirectly.



Conclusion

In the present study, we systematically analyze the RNA-Seq, ChIP-Seq, gene profiling, and molecular signature data of GC and performed experimental validation to obtain insight into the main regulators and target genes in GC. We identified that the zinc finger protein CTCF regulates the ECM-related genes COL1A1 and COL1A3 via a novel mechanism and that this pathway could be used to evaluate GC progression. Overall, using a combination of multiple omics analyses and wet lab experimental data, the present study provides a potential prognostic factor for survival prediction among GC patients.
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Gastric cancer is one of the most common cancers, while the current treatment options for gastric cancer are relatively scarce due to insufficient understanding of molecular characteristics and subtypes of gastric cancer. Different gene rearrangements of anaplastic lymphocyte kinase (ALK) have been reported in several types of cancer, especially in NSCLC. The first-generation ALK tyrosine kinase inhibitor (TKI) crizotinib, second-generation (ceritinib, alectinib, and brigatinib) and third-generation (lorlatinib) ALK-TKIs have been widely used for NSCLC patients with ALK rearrangement. However, little was reported about ALK mutation in gastric cancer (GC). Here we identified a novel form of ALK fusion, a case of GC with RAB10-ALK fusion, and this is the first report of ALK fusion in gastric cancer.
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Introduction

In recent years, ALK tyrosine kinase inhibitor (TKI) therapy has received great attention in solid tumors such as non-small cell lung cancer. However, few was reported about gene rearrangement of ALK in GC. Here we firstly present a case of GC with RAB10-ALK fusion, which is the first report of ALK fusion in GC.



Case Presentation

A 66-year-old male patient who is a minority (Lisu nationality) in Yunnan, China, was admitted to the hospital due to abdominal pain. The patient has no history of smoking and drinks alcohol occasionally. He has a history of hemorrhoids for many years without special treatment, has no history of infectious diseases such as hepatitis, tuberculosis, malaria, has no history of hypertension, and has no history of surgery. Both his parents are dead; the cause of death is unknown. He has no family history of infectious diseases and genetic diseases. The patient has symptoms of dry mouth, bitter mouth, no nausea, no acid reflux, no melena, mucus pus and blood in the stool, no fever. The mental state is fair, the physical strength is decreased, the appetite is poor, and the sleep is poor. There was no swelling and tenderness of superficial lymph nodes throughout the body.

Examination after admission showed a significant increase in serum biomarkers, including carcinoembryonic antigen, carbohydrate antigen, carbohydrate antigen CA199, carbohydrate antigen CA125, Cytokeratin-19-fragment CYFRA21-1. Gastroscopy revealed unevenness, ulcers, congestion, and edema at the lesser curvature and antrum of stomach (Figure 1A). Magnetic resonance examination displayed a large amount of fluid in the abdominal cavity and multiple lymph nodes adjacent to the abdominal aorta and enlarged (Figure 1B). Pathological examination revealed poorly differentiated adenocarcinoma of the stomach (signet ring cell carcinoma) (Figure 1C). In addition, the needle biopsy specimen was subjected to next generation sequencing (NGS) analysis in a laboratory accredited by the College of American Pathologists (CAP) and Clinical Laboratory Improvement Amendment (CLIA) (3D Medicines Inc., Shanghai, China), covering whole exon regions of 733 cancer related genes; as a result, fusion of RAB10-ALK with frequency of 15.23% and ALK amplification with frequency of 16% were detected in the stomach tissue of the patient (Figures 2A, B). In addition, several other genetic variants were also found, including KDM6A, TP53 mutation, and increased copy number of gene FGF19, BTK, IRS2, FGF3, EMSY(C11orf30), FGF4. Furthermore, immunocytochemistry (IHC) and fluorescence in situ hybridization (FISH) were also performed to verify the above mutation (Figures 3A–E). Immunohistochemical staining (Ventana Medical Systems, Tucson, AZ) showed an increased signal of ALK expression (Figure 3C), and ALK amplification was also verified by FISH (Figure 3E). However, the results of FISH excluded the common ALK fusion form EML4-ALK fusion (Figures 3D, E).




Figure 1 | Gastroscopy (A), Magnetic Resonance Imaging (MRI) (B) displayed the tumor lesion, pathological diagnosis (C), Immunohistochemical (IHC) staining for cytokeratin (CK) 6 and hematoxylin–eosin staining (HE).






Figure 2 | Next-generation sequencing findings for the tumor tissue samples of the patient with gastric cancer. (A) RAB10-ALK fusion was validated manually using the Integrated Genomics Viewer (IGV); (B) a novel intergenic region between RAB10 and ALK exon 20 fusion variant was identified.






Figure 3 | ALK detected by Ventana-D5F3 IHC assay and FISH. (A) HE staining (200×); (B) ALK negative control 200×; (C) ALK IHC staining of the patient (200×), (D) EML4-ALK fusion positive control; (E) ALK detection of the patients, amplification of ALK was displayed (16%).





Discussion

ALK is one of the membrane-bound receptor tyrosine kinases, which consist of an extra-cellular ligand binding domain, a single transmembrane domain, and a cytoplasmic tyrosine kinase domain.

In ALK fusions such as EML4-ALK, the amino-terminal fusion partner is fused to the intracellular tyrosine kinase domain of ALK, resulting in activation of downstream signaling. ALK signals activate numerous downstream pathways, including PI3K–Akt activation, MEKK2/3/MEK5/ERK5 pathway, RAS-MAPK, CRKL-C3G-RAP1, JAK-STAT and JUN pathway (1). In fact, almost all the ALK fusion proteins usually retain the cytoplasmic tyrosine kinase domain of ALK at the C-terminus, while the N-terminus is composed of a different protein. Several clinical trials have now confirmed that patients with ALK positive NSCLC can benefit from treatment with ALK-TKIs such as crizotinib, ceritinib, alectinib, brigatinib, and lorlatinib (2). Recent retrospective clinical researches in ALK positive NSCLC suggest different clinical outcomes based on the specific ALK fusion protein. That is, different ALK fusion form can mediate different downstream signaling and may exhibit different sensitivity to ALK tyrosine kinase inhibitors (TKIs) (2). The NGS method has expanded the different fusion partners identified in ALK positive NSCLC to 90, including Potential Fusion Partners RAB10 (3). However, except for EML4-ALK, which is the most prevalent ALK gene rearrangement in the ALK-positive NSCLC patients, there are few in-depth studies on most of other ALK fusions. The currently known evidence about ALK fusion proteins mainly originates from some of clinical cohorts of patients with ALK-positive NSCLC. Here, we firstly report the RAB10-ALK fusion and ALK amplification that are identified in patients with gastric cancer. This is the first report of an ALK fusion case in gastric cancer, and this is a novel type of ALK fusion. Regrettably, the patient refused to use the drug ALK-TKI of cross-indications, such as crizotinib, ceritinib etc.

Different ALK inhibitors have been used to the majority of ALK-positive patients, and all have shown a certain effect in controlling disease progression, especially in NSCLC (4). Well use of different ALK-TKIs will benefit the patient more. As reported, according to the different ALK mutation sites detected by NGS, a female patient with metastatic ALK rearrangement NSCLC received treatment of different ALK-TKIs, and finally the patient survived more than 48 months (5). However, rare cases of ALK mutations have been observed among GC patients, and there is no applications of ALK-TKIs in the GC treatment at present. For the efficacy of ALK-TKIs in NSCLC, crizotinib was also recommended to the patient reported in this case, but he refused because of his own reasons.

GC is one of the most common cancers worldwide. Although the incidence of GC has been steadily declining in the past few decades, due to the current lack of understanding of GC molecular characteristics and subtypes, the current treatment options for gastric cancer patients are relatively monotonous. Previous studies on the gene fusion mutations in gastric or signet ring adenocarcinoma are few, which may be related to the usual use of methods other than NGS in the past. For example, in 42 cases of signet ring cell carcinoma of the gastrointestinal tract, two different ALK antibody based IHC did not detect the “possibly positive” cases with ALK translocation detected by FISH (6). With the application of NGS technology and other genomic technologies, GC is currently being studied and typed in more detail at the molecular level. Gene fusions were also found in gastric cancer through NGS technology. Some researchers conducted whole-genome sequencing on 32 pairs of gastric signet ring cell carcinoma samples and found frequent CLDN18-ARHGAP26/6 fusion protein (25%), which was associated with a poor prognosis (7). Accordingly, based on the wider application of NGS detection technology, GC can be diagnosed and treated more accurately in the future. ALK rearrangements have been reported in several types of cancer, such as NSCLC, breast cancer, renal cell carcinoma (RCC), diffuse large B-cell lymphoma (DLBCL), serous ovarian carcinoma (SOC), inflammatory myofibroblastic tumor (IMT), renal medulla carcinoma (RMC), colon cancer, and to a lesser extent, esophageal squamous cell carcinoma (ESCC) (8); however, data on ALK rearrangement in GC is rare now.

About 90 different ALK fusion partners have been already identified, such as EML4, TPM-3/-4, TFG, CLTC, PRKAR1A, LMNA, KIF5B, RANBP2, FN1 (3). Although these partner genes have been described for ALK, little data is currently addressed on how different fusion partners affect the efficacy of ALK-TKIs. Therefore, the therapy of ALK positive cancers is currently determined regardless of which fusion partner is present. However, with the development of NGS technology and the advancement of precision medicine, more fusion partners will be identified and clinical evidence will be accumulated; based on these, different clinical strategies will be applied to patients with different ALK fusions. RAB10 is a novel ALK fusion partner that has been associated with cancer. RAB10 is a key regulator of endocytic recycling, belongs to the RAS oncogene superfamily, and it is reported to be an oncogene in HCC and is associated with poor prognosis (9). ALK fusion usually leads to abnormal activation of the ALK kinase domain and induces the activation of downstream signal transduction, leading to the growth of tumor cells. Since RAB10-ALK is a novel fusion mode, whether the domains reserved in RAB10 may contribute to the activation of RAB10-ALK remains unknown. Therefore, it is necessary to further research and verify the function of RAB10-ALK and the response to TKI.



Conclusion

This case provides a new reference for understanding ALK fusion mutations, discovers new molecular characteristics of GC patients, and provides the possibility for the future application of ALK-TKIs in GC patients. NGS can be performed as a routine test to explore more opportunities for treating GC patients.
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Background: NOS3 (endothelial NOS, eNOS) is a member of the nitric oxide synthase (NOS) enzyme family, mainly participating in nitric oxide (NO) generation. NOS3 has been reported to inhibit apoptosis and promote angiogenesis, proliferation, and invasiveness. However, the expression pattern of NOS3 and its diagnostic and prognostic potential has not been investigated in a pan-cancer perspective.

Methods: Data from the Genotype-Tissue Expression (GTEx), the Cancer Genome Atlas (TCGA), the Cancer Cell Line Encyclopedia (CCLE), and the Cancer Therapeutics Response Portal (CTRP) were employed and NOS3 expression was comprehensively analyzed in normal tissues, cancer tissues, and cell lines. Immunohistochemical staining of tissue sections were used to validate the prognostic role of NOS3 in gastric cancer patients. GSVA and GSEA analyses were performed to investigate signaling pathways related to NOS3 expression.

Results: In normal tissues, NOS3 was expressed highest in the spleen and lowest in the blood. NOS3 expression was increased in stomach adenocarcinoma (STAD) and significantly associated with poor prognosis of patients. Immunohistochemical staining validated that NOS3 was an independent prognostic factor of gastric cancer. Several canonical cancer-related pathways were found to be correlated with NOS3 expression in STAD. The expression of NOS3 was related to the response to QS-11 and brivinib in STAD.

Conclusions: NOS3 was an independent prognostic factor for patients with STAD. Increased expression of NOS3 influenced occurrence and development of STAD through several canonical cancer-related pathways. Drug response analysis reported drugs to suppress NOS3. NOS3 might be a novel target for gastric cancer treatment.

Keywords: NOS3, pan-cancer, gene expression, gastric cancer, eNOS


INTRODUCTION

NOS3 (endothelial NOS, eNOS) is a member of the nitric oxide synthase (NOS) enzyme family, which is a cluster of catalytic enzymes that mainly participate in nitric oxide (NO) generation (1). The NOS3 protein is encoded by the NOS3 gene, located on chromosome 7q36.1. Usually, NOS3 protein is constitutively expressed in cells in an inactive state. Following the increase in calcium (Ca2+) concentration in cells, it can be activated by combining with the CaM protein. In addition, the direct combination of NOS3 with caveolin-1 (CAV-1) and heat shock protein 90 (HSP90) and the phosphorylation (Ser-1177) of NOS3 by PI3K/Akt signaling can modulate the activity of NOS3 protein (2–4).

NOS3 protein was initially found to participate in NO generation, mainly in endothelial cells, and is associated with cardiovascular diseases such as hypertension, atherosclerosis, and diabetes mellitus (5). In recent years, NOS3 has been found to play various roles in malignant tumors, such as inhibiting apoptosis and promoting angiogenesis, proliferation, invasiveness, and immunosuppression (6–8). Circulating NOS3 levels were inversely correlated with progression-free survival and overall survival (OS) of metastatic colorectal cancer patients (9). Another research in mesenchymal colorectal cancer patients reported that NOS3 upregulation occurs after Apc loss, which was associated with poor prognosis (10). In breast cancer, the increasing expression of NOS3 was reported to be a pro-angiogenic factor (11). It was found to promote angiogenesis via PI3K/Akt/mTOR pathway, and enhance the migration and invasion via NOS3-NO-sGC-cGMP signaling in breast cancer cells (12, 13). In pancreatic cancer, NOS3 promoted tumor maintenance through the PI3K-Akt-NOS3-RAS (wild type) pathway (14). NOS3 inhibition by the inhibitor N(G)-nitro-L-arginine methyl ester (L-NAME) could suppress pancreatic ductal adenocarcinoma cancer (PDAC) tumor growth (15). NOS3 activation was reported to promote the antiandrogen-resistant growth through NO-mediated AR suppression in prostate cancer (PCa) (16). And NOS3 was found to participate in promoting aggressive phenotype of PCa, resulting in poor prognosis in PCa patients (17). In addition, Trachootham et al. found that non-tumorigenic epithelial cells from oral and ovarian tissue could be induced to become invasive in stroma containing p53-deficient fibroblasts, through NOS3/RNS/ICAM1 signaling (18). NOS3 was also found to participate in oncogenic inflammation and immunosuppression of tumors through NOTCH1-PI3K/AKT-NOS3 axis (19). NOS3 expression inhibition was involved in cervical cancer cell sensitivity to radiotherapy (20). Additionally, many studies have reported that NOS3 gene polymorphisms are associated with risk for cancer progression, cancer susceptibility and drug response (21–23). However, research by Smeda et al. reported that NOS3 activity and phosphorylation reduction was an early event in the lung metastasis of breast cancer, preceding the onset of the mesenchymal phenotype (EndMT) (24). NOS3 participated in the enhancement of Taxol chemosensitivity with astragaloside IV treatment in breast cancer as a downstream target of caveolin-1 (25). These studies suggest that NOS3 may perform multiple functions depending on different tumor types, and genetic background. Studies on NOS3 expression in tumors are still scarce, and the functions of NOS3 in tumor pathogenesis, especially in gastric cancer, are not comprehensively understood.

By applying data from the Genotype-Tissue Expression (GTEx; https://www.gtexportal.org/home/), the Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov/) and the Cancer Cell Line Encyclopedia (CCLE; https://portals.broadinstitute.org/ccle/), the expression level of NOS3 in 30 different normal human tissues and 33 different tumors types, as well as the corresponding normal tissues and 1,457 cancer cell lines was systematically analyzed. We investigated the relationship between NOS3 expression and the clinical phenotypes of patients for all cancers and then separately for each cancer type. Subsequently, GSVA and GSEA analyses were performed to investigate signaling pathways related to NOS3 expression. Subsequently, NOS3 protein level was individually assessed in gastric cancer tissues. Ultimately, the correlation between NOS3 expression level in 664 cancer cells and cell response to 544 drugs was analyzed to explore the potential of NOS3 as a therapeutic target.



MATERIALS AND METHODS


Download of TCGA and GTEx Datasets

TOIL GTEx and TCGA (primary tumor and normal tissues) gene expression RNA-seq data (IlluminaHiSeq: log2-normalized_count+ 1) and TCGA phenotype data, containing 9359 TCGA tumor tissues, 727 TCGA normal tissues and 7792 GTEx normal tissues, were obtained from UCSC Xena (https://xena.ucsc.edu/). TOIL reprocesses raw GTEx and TCGA RNA-seq data to correct for batch effects and to allow for the merging of samples across GTEx and TCGA datasets for pan-analyses (26).



Analyses of NOS3 Differential Expression in Tumor and Normal Tissues

To analyze the differential expression of NOS3 between TCGA tumors and normal tissues, t-test was applied for tumor types with at least two normal tissues. The median gene expression level was employed to calculate the fold change. Then, the log2-fold change (cancer vs. normal) was employed as the x-axis and -log10 p-value was employed as the y-axis to produce a Volcano plot for each tumor type. The expression profiles NOS3 mRNA within and between tumor types were graphed using GraphPad Prism (version 7) (San Diego, CA, USA).



Analyses of NOS3 Expression and Clinical Phenotypes

NOS3 expression levels among different tumor stages (TNM stage) were assessed by t-test (for two groups) and ANOVA analyses (for three and more groups). To assess the relationship of NOS3 expression to overall survival (diagnosis to death), the median of NOS3 expression in each tumor was used as cutoff value to divide patients into two groups, and Cox proportional hazards models were employed. OS time was defined as the time from the day at diagnosis to the date of death (dead patients) or the date of the last follow-up. Cox proportional hazards model was used to generate hazard ratio (HR) and 95% confidence interval (CI) for each cancer types. Kaplan-Meier survival analysis and the log-rank test was applied to calculate p-value. A forest plot was constructed to visually display the hazard ratio (HR) and 95% CI for each tumor type. p < 0.05 was considered a significant correlation. The survival curve and forest plot were generated by GraphPad Prism.



GSEA and GSVA Analyses

Gene Set Enrichment Analyses (GSEA) was performed by GSEA v4.1.0 (www.broadinstitute.org/gsea) to detect discrepantly enriched signaling pathways between NOS3 higher and lower group. The gene set “c2.cp.kegg.v7.1.symbols.gmt” from MSigDB gene set was selected as reference gene set. Signaling pathways with normalized p < 0.05, normalized enrichment score (NES) >1.5 and false discovery rate (FDR) q < 0.25 was considered as statistically significant.

We utilized the R package “GSVA” to perform Gene Set Variation Analysis (GSVA) analyses of NOS3 expression to find the pathways most associated with NOS3 expression. P < 0.05 was regarded as statistically significant. The gene set “c2.cp.kegg.v7.1.symbols.gmt,” was selected as the reference gene set. Signaling pathways commonly enriched by GSEA and GSVA analysis were considered to be potential pathways related to NOS3 expression.



Cell Lines NOS3 Expression

NOS3 mRNA expression, promoter DNA methylation, and copy number data were downloaded from the Cancer Cell Line Encyclopedia (CCLE, https://portals.broadinstitute.org/ccle/), which contained RNA-seq data, DNA methylation data from the matching reduced representation bisulfite sequencing (RRBS) and copy number data of 1,457 human cancer cell lines. NOS3 expression levels among different cell lines of different cancer types were investigated. Box plots and scatter plots were downloaded from the CCLE website. The relation of NOS3 mRNA to promoter DNA methylation and copy number was evaluated by Spearman correlation analysis.



Drug Responses

The drug response data were obtained from the Cancer Therapeutics Response Portal (CTRP, https://portals.broadinstitute.org/ctrp.v2.1/), which contained the responses of 664 cell lines to 482 drugs. Spearman correlation analyses was also performed to evaluate the association of NOS3 expression with drug responses (area under the curve, AUC) first for all cell lines together and then individually in STAD. Then, correlation r-value was employed as the x-axis and -log10 p-value was employed as the y-axis to produce a Volcano plot. NOS3 mRNA was used as x-axis and AUC was used as y-axis to generate a scatter plot. The volcano and scatter plots were plotted using GraphPad Prism.



Immunohistochemical Staining and Result Analysis of Patients

In total, 90 clinical samples from gastric cancer patients were collected from the First Affiliated Hospital of China Medical University (Shenyang, China) from January 2013 to December 2014. Demographic and clinical characteristics such as age at initial diagnosis, gender, initial diagnosis date, and tumor stage were also collected. All the patients provided informed consent. And this study was approved by the ethics committee of the First Affiliated Hospital of China Medical University.

Formalin-fixed tissues were embedded in paraffin and cut into 5-μm thick sections for H&E staining and immunohistochemical staining. The expression level of NOS3 was detected by streptavidin-peroxidase method. Antigen of de-waxed sections were exposed to 3% H2O2 for 10 min at room temperature to quench the endogenous peroxidase activity. Then the tissues were blocked with goat serum for 30 min at room temperature. After incubation with NOS3 primary antibody (Abcam, 1:100) overnight at 4°C, tissues were incubated with the secondary antibody (10 min) and biotin-labeled horseradish peroxidase (10 min). Next, 3,30-diaminobenzidine tetrahydrochloride (DAB) kit (Maixin, China) was used to visualize the antibody binding. Eventually, immunohistochemical staining was observed under an inverted phase contrast microscope.

Immunoreactivity was dependently evaluated using semi-quantitatively method by two investigators. Five representative regions were randomly selected from the 400-fold field of view of the microscope. The immunoreactive score was determined by the proportion of positive cells and the staining intensity. The proportion of positive cells was scored as follows: <9%, 0; 10–25%, 1; 26–50%, 2; 51–75%, 3; 76–100%, 4. The staining intensity was scored as follows: 0 for no staining, 1 for light yellow, 2 for yellow, and 3 for brown. The final immunoreactive score was the product of the two scores.



Statistical Analyses

For all statistical analyses, a p < 0.05 was considered statistically significant. All statistical analyses and visualization were accomplished by using GraphPad Prism 7 and R software (R version 3.6.0).




RESULTS


NOS3 mRNA Expression in Various Normal Tissues and Tumors

To comprehensively analyze NOS3 expression and distribution in human normal tissues and tumor tissues, we first analyzed NOS3 mRNA expression level in 30 different normal tissues from GTEx and 33 different tumor tissues from Xena (https://xenabrowser.net/). The expression of NOS3 was highly variable across different normal tissues and tumor tissues (Figure 1, Supplementary Figure 1). In normal tissues, the median NOS3 expression levels varied from 5.624 (blood) to 12.8 (spleen). Tissues with the highest NOS3 expression were spleen (12.8 ± 1.391), heart (10.64 ± 1.099), testis (10.59 ± 0.532). Tissues with the lowest NOS3 expression were blood (5.624 ± 1.325), skin (7.904 ± 1.753), pancreas (8.363 ± 1.159).


[image: Figure 1]
FIGURE 1. NOS3 mRNA expression in various normal tissues and tumors. NOS3 is differentially expressed between tumor and normal tissues in some cancers from TCGA and GTEx databases. Each boxplot represents NOS3 expression [RNA-seq RSEM, log2(normalized count +1)] across different cancers. Red is for tumors and blue is for normal tissues. The bar represents median expression of tumors or normal tissues and lower and upper box ends represent the 25th and 75th percentile expression. ns, without statistical significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, based on Student's t-test.


In tumor tissues, NOS3 expression levels varied from 9.85 (stomach adenocarcinoma, STAD) to 5.071 (acute myeloid leukemia, LAML). Tumor tissues with the highest NOS3 expression were STAD (9.85 ± 1.018), kidney renal clear cell carcinoma (KIRC, 9.848 ± 0.9791), pancreatic adenocarcinoma (PAAD, 9.297 ± 0.8167). Tumor tissues with the lowest NOS3 expression were LAML (5.071 ± 1.591), kidney renal papillary cell carcinoma (KIRP, 7.173 ± 1.14), uveal melanoma (UVM, 7.278 ± 0.9764).



NOS3 mRNA Expression in Tumor Cell Lines

Considering that tissue-based RNA expression detection might be complicated by the non-tumor tissues that are adjacent to tumor cells, we analyzed NOS3 mRNA expression in 1457 cell lines derived from 26 tumor types in the CCLE database. Initially, NOS3 expression in different cell lines was checked and the results showed that cell lines from STAD and COAD were the top two cell lines expressing the highest levels of NOS3 mRNA, and cell lines from nerve system tissues (e.g., GBM and neuroblastoma) and bone tissues (e.g., chondrosarcoma and osteosarcoma) expressed relatively lower NOS3 mRNA (Figure 2A). Interestingly, NOS3 in STAD was expressed at the highest level both in stomach tissues from TCGA and in stomach cell lines from CCLE. Further analysis of the association between NOS3 mRNA and promoter DNA methylation level showed a weak correlation (Spearman correlation coefficient = 0.1282, p = 0.0002, Figure 2B). Spearman correlation analysis between NOS3 mRNA and copy number did not show statistical significance (p = 0.1193, Figure 2C). These results indicated that promoter DNA methylation and copy number variants of the NOS3 gene might not be the main determinant of NOS3 mRNA levels. Tumor necrosis factor (TNF)-α was reported to decrease functional activity of NOS3 mRNA 3′-untranslated region (3′-UTR), regulating the translation process (27). In this research, we further determined the correlation between TNF-α mRNA and NOS3 mRNA to verity if TNF-α affect transcription process of NOS3. However, there was only a weak correlation between them (spearman r = 0.1119, p = 0.003), suggesting that TNF-α might affect expression to a certain extent, but not a decisive factor (Supplementary Figure 2).


[image: Figure 2]
FIGURE 2. NOS3 mRNA expression in tumor cell lines. (A) NOS3 mRNA expression across different cell lines from CCLE. (B) A scatter plot of promoter DNA methylation and mRNA levels of NOS3 across different cell lines is shown. (C) A scatter plot of copy number variation and mRNA level of NOS3 across different cell lines. The correlation between two variables is analyzed by Spearman analysis.




NOS3 Is Differentially Expressed in Various Tumors and Their Corresponding Normal Tissues

We analyzed NOS3 mRNA expression levels across tumors and their corresponding normal tissues in 28 tumor types that had three or more normal tissues data based on TCGA and GTEx database (Figure 1). NOS3 mRNA expression in 6 of 28 tumor types, rectum adenocarcinoma (READ), STAD, PAAD, ovarian serous cystadenocarcinoma (OV), skin cutaneous melanoma (SKCM), head and neck squamous cell carcinoma (HNSC), was much higher than that in corresponding normal tissues, with statistical significance. Furthermore, we analyzed fold change (FC) of NOS3 mRNA between tumor and corresponding normal tissues (Figures 3A,B). The FC in READ, STAD, PAAD, OV, SKCM, and HNSC ranged from 1.276 to 2.180. In cancer tissues and cancer cell lines, NOS3 mRNA expressed highest in STAD. The differential analysis results showed that expression of NOS3 in cancer tissues is 1.765-fold higher than that of corresponding normal tissues (p < 0.0001).


[image: Figure 3]
FIGURE 3. NOS3 is differentially expressed in various tumors and their corresponding normal tissues. (A) Scatter plot of log2 FC and minus log10(p-value) across different cancers. The horizontal line on the Y-axis represents a p-value of 0.05. Points above the horizontal line have statistical significance. The vertical line on the X-axis represents log2 FC was−1 or 1, respectively. (B) The log2 FC and p-value in the six tumor types, which expressed higher NOS3 mRNA level.




Association Between NOS3 mRNA Expression and Clinical Phenotypes

We analyzed the association between NOS3 expression and tumor stage in 6 tumor types that had stage information in TCGA. Stages I and II were combined as early stage, and stages III and IV were combined as advanced stage. The result of t-test showed that in SKCM, patients with advanced tumor stage expressed higher NOS3 mRNA levels, indicating that NOS3 mRNA might positively related to later tumor stage (Figure 4A). However, NOS3 expression in STAD patients did not show difference in early and advanced tumor stage (early stage: mean of NOS3 expression = 9.888 ± 0.9934; advanced stage: mean = 9.872 ± 1.025, p = 0.6653) (Supplementary Figure 3). NOS3 mRNA in READ, PAAD, OV, and HNSC also showed no correlation with tumor stage.


[image: Figure 4]
FIGURE 4. Association between NOS3 mRNA expression and clinical phenotypes. (A) NOS3 expression between the early and advanced stages in SKCM. T-test was applied to analyses in the early stage and advanced stage. *p < 0.05. (B) The NOS3 expression level is related to overall survival in STAD. In the survival curves, the red line represents high NOS3 expression levels and the blue line represents low NOS3 expression levels. (C) A forest plot for survival association of each cancer is shown. The X-axis is the HR, the small points are the estimate of HR for each tumor and the bar represents the 95% confidence interval. Cox proportional hazards models were used to evaluate the association of NOS3 expression levels on overall survival.


To analyze the relationship between NOS3 expression and overall survival of tumor patients, log-rank test was performed in six tumor types. We found that among the six tumor types expressed higher NOS3 level, NOS3 mRNA was related to a worse prognosis in patients with STAD (median survival: 1,686 vs. 801, p = 0.0133385, HR = 1.394) (Figure 4B). However, NOS3 mRNA did not show correlation with OS in READ, PAAD, OV, SKCM, HNSC (Figure 4C).



Increased Expression Level of NOS3 Was Related to Poor Prognoses of Gastric Cancer Patients

Through the above pan-cancer analysis, we found that NOS3 has a higher expression level in gastric cancer tissues, and it is significantly related to the poor prognosis of gastric cancer patients. Furthermore, the expression pattern of NOS3 protein was explored in clinical tissue samples to validate the role of NOS3 in gastric cancer. Based on NOS3 protein expression levels, gastric cancer patients (N = 90) were divided into NOS3 positive (N = 45) and NOS3 negative (N = 45) group. The relationship of demographic and clinicopathological parameters with NOS3 expression was analyzed using Chi square analysis. The results showed that NOS3 expression was related to survival state (p = 0.049), but other parameters (gender, age, tumor stage, and grade) showed no correlation with NOS3 expression (Table 1). Kaplan-Meier curves and log-rank test analyses confirmed that patients with positive NOS3 expression had significantly shorter overall survival (OS) than patients with negative NOS3 expression (p = 0.0278, Figures 5A,B). Furthermore, cox proportional-hazards model was used to validate the potential of NOS3 as a prognostic factor in gastric cancer. Univariate cox regression suggested that NOS3 expression (HR = 2.166, 95% CI: 1.065–4.405, p = 0.033) and tumor stage (HR = 4.775, 95% CI: 2.213–10.302, p < 0.001), were related to OS. Multivariate cox regression indicated that NOS3 expression (HR = 2.416, 95% CI: 1.181–4.941, p = 0.016) and tumor stage (HR = 5.101, 95% CI: 2.353–11.058, p < 0.001) were independent prognostic factors for OS (Figure 5C). In summary, NOS3 was an independent prognostic factor for patients with gastric cancer.


Table 1. Demographic and clinicopathological parameters of patients with gastric cancer.
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FIGURE 5. NOS3 was independent prognostic factor of patients with gastric cancer. (A) Representative images of positive and negative NOS3 protein expression in gastric cancer tissues. NOS3 was expressed in cytoplasm (yellow arrow) and nucleus (red arrow) of tumor cells. There were 45 patients stained positive and 45 patients stained negative. The scales bars indicate 20 μm. (B) Kaplan-Meier analysis of NOS3 protein in gastric cancer patients. Patients with higher NOS3 expression had shorter OS compared with patients with lower NOS3 expression (p = 0.0278, HR = 2.162). (C) Univariate and multivariate cox regression showed that higher NOS3 protein expression and advanced pathological stage were independent prognostic factor in gastric cancer patients.




Mechanism of NOS3 Influencing the Clinical Outcome in STAD

In order to explore the mechanism underlying NOS3 affecting clinical outcome of patients with STAD, GSEA and GSVA analyses were performed. Under the conditions of p < 0.05, FDR q < 0.25 and NES more than 1.5, GSVA and GSEA analyses commonly enriched 27 KEGG signaling pathways (Figures 6A–H, Table 2). Several canonical signaling pathways generally acknowledged to promote pathological behavior of malignant tumors were involved, such as “KEGG_ABC_TRANSPORTERS,” “KEGG_CALCIUM_SIGNALING_PATHWAY,” “KEGG_ECM_ RECEPTOR_INTERACTION,” “KEGG_CYTOKINE_ CYTOKINE_RECEPTOR_INTERACTION,” “KEGG_ CHEMOKINE_SIGNALING_PATHWAY” and “KEGG_MAPK_ SIGNALING_PATHWAY.” These results indicated that NOS3 might participate in multiple canonical cancer-related signaling pathways to facilitate STAD.


[image: Figure 6]
FIGURE 6. GSEA and GSVA analyses in STAD. (A) Top 15 differentially enriched KEGG signaling pathways in higher and lower NOS3 expression groups analyzed by GSVA in STAD. (B) Seven signaling pathways commonly enriched by GSEA and GSVA in STAD. (C–H) Signaling pathways enriched by GSEA analyses in STAD.



Table 2. GSVA and GSEA analyses revealed mechanism of NOS3 participant in occurrence and development of STAD.

[image: Table 2]



Association Between NOS3 Expression and Drug Sensitivity

To investigate the correlation between NOS3 mRNA expression and drug sensitivity, NOS3 expression in 664 cell lines and drug response to 482 drugs were analyzed. Spearman correlation analysis revealed that, “SR8278” was considered to moderately correlate with NOS3 mRNA expression, with a correlation coefficient >0.3 (Figure 7A). A negative correlation indicated that a better response (smaller response AUC value) was correlated with increased expression of NOS3. “SR8278” is an antagonist of the transcription factor REV-ERBα, affecting its circadian and metabolic functions. Two other drugs, “GSK.J4” and “CIL55A” had a correlation coefficient >0.2 and were also negatively correlated. Subsequently, Spearman analysis were performed to investigate the correlation of NOS3 expression with drug response individually in STAD. The results showed that response of cells to QS-11 (correlation coefficient r = −0.8986, p = 0.0278) and brivanib (correlation coefficient r = −0.7182, p = 0.0162) was significantly correlated with NOS3 mRNA level (Figures 7B,C).


[image: Figure 7]
FIGURE 7. Association between NOS3 expression and drug sensitivity. (A) Volcano plot of the correlation coefficient and minus log10(p-value) between NOS3 expression in all cell lines and 482 drugs. Most of correlations are not significant and in negative direction. The correlation coefficient of “SR8278” is >0.3 (negative, higher expression is correlated with better response represented by smaller AUC). Blue dots are the drugs with correlation coefficients >0.2. (B,C) Spearman analysis performed individually in STAD. Volcano plot of the correlation coefficient and minus log10(p-value) between NOS3 expression in STAD cell lines was shown in B (including 23132-87, NCI-N87, MKN-45, MKN-1, HS746T, NUGC-3, MKN-7, IM-95, HGC-27, OCUM-1, FU-97, and AGS cells). The response of cells to QS-11 (correlation coefficient r = −0.8986, p = 0.0278) and brivanib (correlation coefficient r = −0.7182, p = 0.0162) was significantly correlated with NOS3 mRNA level. The scatter plots of QS-11 and brivanib were shown in (C).





DISCUSSION

NOS3 has been found to inhibit apoptosis and promote angiogenesis, proliferation, invasiveness, and immunosuppression of malignant tumors. However, because of the limited number of studies on NOS3 expression in malignant tumors, NOS3 functions in tumor pathogenesis and development are still not fully understood. And the expression pattern of NOS3 and its diagnostic and prognostic potential has not been investigated in a pan-cancer perspective. In this study, the expression level of NOS3 (mainly mRNA) in 30 different normal human tissues, 33 different tumors types as well as their corresponding normal tissues, and 1,457 cancer cell lines was systematically analyzed, to determine the expression level of NOS3 in tumor and normal tissues and its role in malignant tumors. We also explored its potential association with clinical characteristics (pathological stage, OS and drug response).

Pan-cancer analysis focused on whole genome can reveal genes that are associated with the occurrence and development of cancer, providing insights into cancer diagnosis, monitoring and treatment (28–30). By analyzing NOS3 mRNA levels in normal tissues from GTEx, we found that NOS3 was expressed at the highest level in the spleen and was expressed at the lowest level in the blood. According to the Human Protein Atlas (www.proteinatlas.org) database, the NOS3 protein level in the spleen was also the highest, which was consisted with our results. And research has reported that NOS3 is mainly upregulated in endothelial progenitor cells (EPCs) of the spleen, exerting beneficial functions on atherosclerosis, angiogenesis, and vascular repair (31, 32). And in 33 tumor types involved in this study, NOS3 mRNA was expressed highest in STAD. Analyses in cancer cell lines showed that NOS3 was expressed at quite high levels in COAD and STAD cell lines. Previous research showed that NOS3 promoter DNA methylation could reduce NOS3 mRNA level (33). Copy number variations (CNVs) could also modify gene mRNA expression (34). However, further analyses about promoter DNA methylation and CNVs of NOS3 gene suggested that neither of the two factors showed a strong statistical correlation with NOS3 mRNA, indicating that promoter DNA methylation and CNVs of the NOS3 gene might not be the main determinant of NOS3 mRNA levels in tumors.

Analyses of TCGA data showed that NOS3 expression increased in six tumor tissues compared with their corresponding normal tissues. Among the six tumor types, NOS3 related to advanced tumor stage in SKCM. Previous research reported by Panich et al. suggested that NOS3 inhibition could effectively protect against UVA-dependent melanogenesis (35). In addition, patients with higher NOS3 levels were diagnosed with a later tumor stage in COAD (Supplementary Figure 4A). This was consistent with the observation that L-NIO (a NOS3 inhibitor) inhibited cell growth and angiogenesis in colorectal cancer (36, 37). In BRCA, we also found that the higher expression of NOS3 mRNA was related to advanced tumor stage (Supplementary Figure 4B). These results were consistent with previous researches, which reported that NOS3 promoted angiogenesis and enhance the migration and invasion in breast cancer cells (11–13).

There are few researches have reported NOS3 in STAD. Doi et al. reported in 1999 that the quantity of NOS3 in gastric cancer tissues was negatively correlated with serosal invasion (38). And NOS3 has been reported to promote the angiogenic phenotype and predict poor prognosis in STAD (39). In our research, expression level of NOS3 was significantly increased in STAD tumor tissues, and its expression level was the highest among the tumor types and cancer cell lines involved in this study. Analyses of clinical parameters also showed that NOS3 predicted poor prognosis, consistent with previous research. These results confirmed the important role of NOS3 in the development of STAD. Furthermore, experiments and analyses in our gastric cancer tissues also indicated that higher NOS3 protein level was closely related to shorter OS of gastric cancer patients. NOS3 was an independent prognostic factor for patients with gastric cancer. However, NOS3 showed no correlation with tumor stage in mRNA and protein level. It may be due to the limitation of sample size. The sample size needs to be increased for further verification in future research. At present, the mechanism of NOS3 promoting STAD progression was not clear. Therefore, we further analyzed the potential signaling pathways participating in NOS3 promoting gastric cancer. The results of GSEA and GSVA analyses suggested that in STAD, several canonical cancer-related pathways were enriched in higher NOS3 expression group. As key members of “KEGG_ABC_TRANSPORTERS,” ATP binding cassette (ABC) transporters were identified to mediate multidrug-resistance (MDR) in acute myeloid leukemia (AML), OV, BRCA, and lung cancer (40, 41). And researches also reported that ATP-binding cassette transporter G1 (ABCG1), a member of ABC transporter family, could modulate the interaction of Cav-1 and NOS3 protein in endothelial cells (ECs), and increase cell migration through Lyn/Akt/NOS3 in endothelial progenitor cells (EPCs). “KEGG_CALCIUM_SIGNALING_PATHWAY” contributes to many crucial tumor pathology processes, including proliferation, invasion, cell death, and autophagy in many tumors (42–45). As described above, the increased concentration of Ca2+ could induce the combination of CaM protein and NOS3 protein, and subsequently stimulate the activity of NOS3 protein (2, 46). We also enriched “KEGG_ECM_RECEPTOR_INTERACTION.” Specific interactions between the extracellular matrix (ECM) and cells are mediated by transmembrane molecules, including integrins, proteoglycans, and other cell-surface-associated components. These interactions can lead to malignant biological behavior of tumor cells, such as adhesion, migration, proliferation, and apoptosis (47, 48). A study by Njah et al. found that Agrin interacted with Lrp4-Integrin β1-FAK axis in ECs. This interaction could sustain the VEGFR2 pathway as well as stimulate NOS3 signaling, and ultimately promote angiogenesis in tumor (49). In addition, “KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION,” “KEGG_CHEMOKINE_SIGNALING_PATHWAY,” and “KEGG_MAPK_SIGNALING_PATHWAY” were also generally recognized as cancer-related signaling pathway. These pathways were widely involved in tumor occurrence and development. The mechanism of these signaling pathways involved in NOS3 regulation of gastric cancer needs further study.

Currently, research on NOS3-targeted medicine is mainly concentrating on cardiovascular and cerebrovascular disease. Many inhibitors and agonists have been found to have satisfactory therapeutic effects. For example, ursolic acid, which has an anti-tumor effect, has been proven to promote NOS3 phosphorylation and inhibit NOS3 uncoupling, thereby preventing doxorubicin-induced cardiac toxicity (50). However, the research on and application of NOS3-targeted medicine in malignant tumors are still extremely limited. The NOS3 inhibitor L-NIO was reported to inhibit COAD cell growth and angiogenesis. Another NOS3 inhibitor, N(G)-nitro-L-arginine methyl ester (L-NAME) was also reported to inhibit PAAD tumor growth (15). In addition, L-NIO could promote the anti-tumor effect of lenvatinib (36, 37). The NOS3 level was significantly correlated with outcomes of bevacizumab-based chemotherapy in COAD (9, 51). Unfortunately, bevacizumab, L-NIO, and L-NAME were not included in the CTRP database. Our research showed that “SR8278,” an antagonist of Rev-ErbAα was negatively correlated with NOS3 expression, indicating that NOS3 was the potential target of “SR8278.” “SR8278” targeted NR1D1, a nuclear hormone receptor (52), reiterating the potential relationship between NOS3 and NR1D1. Further analyses in STAD showed that response of STAD cancer cells to QS-11 and brivanib were strongly correlated with NOS3 expression. QS-11 is an inhibitor of GTPase activating protein of ARF (ARFGAP), increasing ARF1-GTP and ARF6-GTP levels (53). Currently, studies on QS-11 in malignant tumor are very few. Only one research by Zhang et al. reported that the combination of QS-11 and ARFGAP1 protein could stimulate Wnt/β-catenin signaling pathway, resulting in the regulation of cell differentiation, proliferation, and apoptosis (54). Our research suggested that QS-11 may play an important role in STAD by inhibiting NOS3, which requires further research in the future. Brivanib is a dual tyrosine kinase inhibitor used to treat solid tumor in advanced stages. It can selectively target vascular endothelial growth factor receptor (VEGFR) and fibroblast growth factor receptor (FGFR) (55, 56). However, the response of NOS3 expressed cell to brivanib has not been reported. NOS3 was a downstream molecular of VEGFR signaling pathway. Thus, we guessed that brivanib might regulate NOS3 through VEGFR signaling pathway. These results about drug response warrant further investigation.

In conclusion, this research showed that the expression level and clinical significance of NOS3 was highly cancer-dependent. Analyses in public data sets gastric cancer tissues demonstrated that higher NOS3 expression was related to poor prognosis of patients with STAD. NOS3 was an independent prognostic factor for patients with STAD. Increased expression of NOS3 might influence occurrence and development of STAD through several canonical cancer-related pathways. In addition, NOS3 expression was related to some therapeutic drugs, such as “SR8278” and “brivanib,” which warrant further investigation. These results reported that NOS3 might participate in occurrence and development of gastric cancer by canonical signaling pathways, suggesting that NOS3 might a novel target for gastric cancer treatment.
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Background

Exosomes derived from cancer cells encapsulate various kinds of tumor-specific molecules and thus can interact with adjacent or distant cells to mediate information exchange. Long non-coding RNAs (lncRNAs) in exosomes have the potential as diagnostic and prognostic biomarkers in different types of cancers. The current study was aimed to identify circulating exosomal lncRNAs for the diagnosis of colorectal cancer (CRC).



Methods

Exosomes were isolated from the serum by ultracentrifugation and verified by transmission electron microscope (TEM), qNano, and immunoblotting. Exosomal lncRNAs FOXD2-AS1, NRIR, and XLOC_009459 were selected by lncRNA microarray and validated by qPCR in 203 CRC patients and 201 healthy donors. The receiver operating characteristic curve (ROC) was used to assess the diagnostic efficiency of serum exosomal lncRNAs.



Results

Exosomal FOXD2-AS1, NRIR, and XLOC_009459 (TCONS_00020073) levels were significantly upregulated in 203 CRC patients and 80 early-stage CRC patients compared to 201 healthy donors, possessing the area under the curve (AUC) of 0.728, 0.660, and 0.682 for CRC, as well as 0.743, 0.660, and 0.689 for early-stage CRC, respectively. Notably, their combination demonstrated the markedly elevated AUC of 0.736 for CRC and 0.758 for early-stage CRC, indicating their potential as diagnostic biomarkers for CRC.



Conclusions

Our data suggested that exosomal lncRNAs FOXD2-AS1, NRIR, and XLOC_009459 act as the promising biomarkers for the diagnostics of CRC and early-stage CRC.
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Introduction

Colorectal cancer (CRC) remains one of the most common cancers worldwide, ranking third in men and second in women overall (1, 2). Early detection of CRC provides the best chances to prevent deaths from CRC, since the 5-year survival rate is 90% after surgical removal of localized tumor when diagnosed early, but dramatically decreases to 10% once it has metastasized (2, 3). Therefore, it is extremely important to find new non-invasive biomarkers with high sensitivity and specificity to improve different aspects of CRC management, just as fluid biopsy based on blood contents including cell-free DNA, circulating tumor cells, and exosomes.

Exosomes are extracellular vesicles with a diameter of approximately 30–100 nm (4). They can be secreted into the body fluid by many cells, including tumor and normal cells (5, 6). Exosomes derived from cancer cells encapsulate various kinds of tumor-specific molecules, such as nucleic acid and proteins (7, 8). Therefore, they can reflect biological characteristics of parental cells and interact with adjacent or distant cells to mediate information exchange (9–12). Recently, a number of studies have revealed that long noncoding RNAs (lncRNAs) are enriched and more stable in exosome, playing the crucial role in tumorigenesis and tumor development.

LncRNAs with a length of more than 200 base pairs do not encode proteins due to a lack of open reading frames. They can exert regulatory functions at different gene expression levels, including chromatin modification, transcription, and post-transcription. It can weaken the inhibitory or promotion effect of microRNAs on their downstream target genes by competitive binding, and thus affect their expression and function (13). Aberration expression of lncRNAs is observed in many cancers and plays a crucial role in tumorigenesis and tumor development. More importantly, lncRNAs seem to be measurable in body fluids, including the plasma, serum, and urine, empowering their potential as the non-invasive biomarkers for diagnostics of malignancies. For example, lncRNA XLOC_009167 can serve as a novel diagnostic biomarker for distinguishing lung cancer from benign lung disease and healthy controls (14); LINC00310, upregulated in breast tumors, is detected in the serum of breast cancer patients and serves as a promising diagnostic biomarker (15).

Accumulating evidence suggests that exosomal lncRNAs have an essential role in growth, metastasis, and invasion (16, 17). For example, a recent study has shown that exosomal lnc-Sox2ot acts as a ceRNA (competing endogenous RNA) by competitively binding to the miR-200 family to regulate the expression of Sox2 in pancreatic ductal adenocarcinoma (PDAC), promoting EMT, metastasis, and stem cell-like features of PDAC cells (18); Shujun et al. investigated the stability of exosomal lncRNAs. He revealed that expression levels of exosomal lncRNAs remained unchanged upon RNase A treatment and room temperature incubation test (19). Lin et al. confirmed that exosomal lncUEGC1 might be used as sensitive and stable circulating biomarkers for early-stage gastric cancer (20). Consequently, exosomal lncRNAs have potential as novel biomarkers for cancers (21–23).

In the present study, we aimed to identify circulating exosomal lncRNAs for CRC diagnosis. Exosomal lncRNAs FOXD2-AS1, NRIR, and XLOC_009459 were selected by lncRNA microarray and validated by qPCR in 203 CRC patients and 201 healthy donors. Our data demonstrated they were significantly upregulated in CRC and early-stage CRC with the favorable diagnostic efficiency, thus acting as the promising biomarkers for the diagnostics of CRC and early-stage CRC.



Materials and Methods


Patients and Healthy Donors

A total of 207 CRC patients, 203 healthy donors, and 20 patients with benign intestinal diseases (BIDs) admitted to Shandong Cancer Hospital and Institute between February 2018 and September 2019 were enrolled in the current study. All patients didn’t receive any anti-tumor treatment before sampling, or suffer from any other endocrine, immune, or metabolic diseases. Healthy donors did not present any disease. TNM classification was estimated according to the AJCC Cancer Staging Handbook of the American Joint Committee on Cancer 2010. This study was approved by Ethics Committee of Shandong Cancer Hospital affiliated to Shandong First Medical University and Shandong Academy of Medical Sciences. Informed consent was obtained from all individuals.



LncRNA Sequence Data Sets and Analysis

Arraystar Human LncRNA Microarray V4.0 (KangCheng, Shanghai, China) was used for lncRNA microarray analysis. Total RNA was extracted from serum exosomes of 4 CRC patients and 2 healthy volunteers. RNA quantity and quality were measured by NanoDrop ND-1000 (Agilent Technology, California, USA), followed by Sample labeling using Arraystar RNA Flash Labeling Kit (Agilent Technology) as well as array hybridization using Agilent SureHyb (Agilent Technology). Agilent Gene GX v12.1 software was used to perform chip standardization and screen out differential lncRNAs.



Exosomes Isolation

Exosomes were extracted from 1 mL human serum using ultracentrifugation as previously described (24, 25). In brief, the serum was centrifuged at 10,000×g for 30 min at 4°C to remove the cellular debris, followed by ultracentrifugation (Beckman Coulter, Brea, CA, USA) at 100,000×g for 2 h at 4°C, after which exosomal pellets were re-suspended in PBS for further analysis.



Transmission Electron Microscopy (TEM)

The extracted exosomal samples were dissolved in 100 μL PBS, instantaneously centrifuged, after which 15 μL specimen was pipetted on copper wire for 1 min (copper tweezers were used to lightly clamp the copper mesh and to prevent it from breaking). The specimen was dried with filter paper and stained using 15 μL of 2% uranyl acetate for 1 minute at room temperature. The stained samples were dried and roasted under the lamp for 10 minutes. The morphology of isolated exosomes was visualized by transmission electron microscopy (Tecnai, Oregon State, USA).



qNano

Isolated exosomes were diluted with PBS and thoroughly mixed. The exosomes’ size and particle concentration were analyzed by qNano (Izon Science Ltd, Christchurch, New Zealand). Particle concentration was standardized by calibration beads of 1.0 × 1013 particles/mL. Data were analyzed using Izon Control Suite v.3.3.2.2000 (Izon Science Ltd).



Immunoblotting

Total exosomal and cellular proteins were separated using 12% SDS-PAGE and transferred onto a PVDF membrane (Millipore, Billerica, MA, USA). The membranes were blocked with 5% evaporated skimmed milk in TBST (50 mmol/L Tris-HCl, pH 7.5, 150mmol/L NaCl) containing 0.1% Tween-20 for 1 hour. Samples were then incubated overnight at 4°C with the appropriate primary antibodies, including antibodies against CD9, TSG101, and GM130 (Cell Signaling Technology, USA), followed by incubation with HRP-coupled secondary antibodies (Proteintech Group, China) for 1 hour at room temperature. Furthermore, the protein bands were visualized on photographic film using ECL blotting detection reagents (Bio-Rad, USA).



RNAs Extraction and qRT-PCR

Total RNA was extracted from exosomes using Trizol reagent (Thermo Fisher Scientific, Carlsbad, CA, USA) according to the manufacturer’s protocol. The extracted RNA was reverse-transcribed into cDNA using the PrimeScript™ RT reagent Kit (Takara Bio, Kusatsu, Japan) according to the manufacturer’s instructions. qRT-PCR was performed using TB-Green Premix Ex Taq II Reagent (TaKaRa Bio) on an LC480 (Roche Diagnostics, Germany) according to the manufacturer’s instructions. ACTB was used as an internal control. Each sample was analyzed in duplicate. The relative expression levels of exosomal lncRNAs were normalized to ACTB using the ΔCT method (CtlncRNA-CtACTB) as previously described (26). The primers (Biosune biotechnology, Shanghai) sequences used in this study are shown in Table 1.


Table 1 | Sequence Information of the primers for qRT-PCR.





Statistical Analysis

Graphpad prism version 6.0 (Graphpad, San Diego, CA, USA) and SPSS 22.0 software (IBM, Ehningen, Germany) were used for statistical analysis. The Shapiro-Wilk test was used to verify the distribution characteristics of the experimental data. Levene’s test was used to verify the homogeneity of variance. Unpaired t-test, ANOVA analysis, and paired t-test were used for data that followed normal distribution and homogeneity of variance; numerical results were expressed in mean and interquartile range. For data with non-normal distribution, the Mann-Whitney test was used between two groups; the Wilcoxon rank-test was used between two paired groups of data; the Kruskal-Wallis test was used among multiple groups; numerical results are expressed in median and interquartile range. The area under the curve (AUC) was calculated according to the receiver operating characteristic (ROC) curves to determine the efficiency of the diagnostic. P-value < 0.05 was considered as statistically significant difference, and all tests were set as double-tailed.




Results


Identification of the Differential Exosomal lncRNAs

First, the isolated exosomes were verified by TEM, qNano, and western blot analysis. As shown in Figures 1A, B they displayed special vesicles with double-layer membrane structure under transmission electron microscopy and measured 50–150 nm in diameter by qNano. The expressions of exosomal specific markers (CD9 and TSG101) were verified in the exosomes but were not detected in the cell lysis, whereas GM130 (the negative control) was only expressed in the cell lysis but not in exosomes (Figure 1C). In general, these results suggested that exosomes were successfully isolated by ultracentrifugation.




Figure 1 | Identification of the differential exosomal lncRNAs (A) TEM images showed that exosomes were oval or bowl-shaped capsules without the nucleus. (B) QNano results suggested that the isolated exosome enriched from serum was about 50–150 nm in diameter. (C) Exosome markers TSG101 and CD9 were detected in the exosomes isolated from the serum; GM130, a negative marker of the exosome, was absent in our isolated exosome. (D) Hierarchical clustering analysis of differentially expressed lncRNAs among CRC patients and healthy donors using lncRNAs microarray. (E) Differential expression analysis between CRC patients and healthy donors were expressed with hybridization signals. The red dot represents upregulated lncRNAs expression in colorectal cancer, and the green dot represents downregulated lncRNAs expression.



To explore the differential lncRNAs, exosomes isolated from 4 CRC primary patients and 2 healthy donors were subjected to microarray analysis. As show in Figures 1D, E, 1,131 upregulated and 808 downregulated lncRNAs with significantly different expression (fold change≥2.0 and P<0.05) were screened out. Among them, 16 lncRNAs with the most significance were selected including 7 upregulated genes (FOXD2-AS1, NRIR, XLOC_009459, MIAT, LINC001481, AP000892.4, FAM197Y9) and 9 downregulated genes (DICER1-AS1, LINC00570, MIRLET7BHG, LINC00885, HOTAIR, AC012456.3, DSCAM-AS1, MIR503HG, POC1B), then subjected to primer design and specificity verification, and 8 of them were excluded due to poor primer specificity; others were subjected to a cohort with 48 healthy people and 48 CRC patients, and 5 of them were excluded due to no difference. Finally, FOXD2-AS1 and NRIR and XLOC_009459 were identified and then subjected to a more expanded cohort for future validation (Figure S1).



Stability of Exosomal lncRNAs FOXD2-AS1, NRIR, and XLOC_009459

To prove the stability of exosomal lncRNAs, the isolated exosomes were incubated with RNase A and stored at room temperature. As shown in Figures 2A–D the expression levels of FOXD2-AS1 and NRIR and XLOC_009459 confirmed that exosomes could protect its contained lncRNAs from degradation by RNase A, as well as room temperature incubation for 0, 6, 12, 18, and 24 hours, indicating the exosomal membrane could maintain the stability of lncRNAs.




Figure 2 | Stability of Exosomal lncRNAs FOXD2-AS1 and NRIR and XLOC_009459. (A) qRT-PCR analysis of the three lncRNAs in the exosomes or exosomes deleted with Rnase A (B–D) The expressions of the three serum exosomal lncRNAs when incubated at room temperature (ns, not significant).





Exosomal lncRNAs FOXD2-AS1, NRIR, and XLOC_009459 Were Upregulated in CRC Patients

We then analyzed the expression levels of serum exosomal FOXD2-AS1, NRIR, and XLOC_009459 in 203 CRC patients, 201 healthy donors, and 20 BIDs. As shown in Figures 3A–C, they were significantly upregulated in CRC patients compared with those in the healthy donors or in BIDs (P<0.0001, respectively). Nevertheless, no significant differences of their expression were observed between healthy donors and BIDs. The correlation between these three exosomal LncRNAs expression and clinicopathological characteristics was also evaluated. As shown in Table 2, exosomal XLOC_009459 was obviously associated with age but not with others.




Figure 3 | Exosomal lncRNAs FOXD2-AS1, NRIR, and XLOC_009459 were upregulated in CRC patients (A–F) Mann-Whitney U test indicated that the expression levels of serum exosomal FOXD2-AS1 and NRIR and XLOC_009459 were significantly upregulated in CRC patients (n=203) and early CRC patients (n=80) as compared to healthy donors (n=201) and benign intestinal diseases (BIDs) (n=20). The expression levels of FOXD2-AS1, NRIR, and XLOC_009459 showed no difference between benign intestinal diseases (BIDs) (n=20) and healthy donors (n=201). (G–I) The expression levels of exosomal FOXD2-AS1 and NRIR and XLOC_009459 were significantly different in 21 preoperative (Pre-OP) patients and paired postoperative (Post-OP) patients. ns, no significance.




Table 2 | Correlation between exosomal FOXD2-AS1, NRIR and XLOC_009459 expression and clinicopathologic characteristics of CRC patients.



The differential expression of exosomal FOXD2-AS1, NRIR, and XLOC_009459 was also analyzed between 80 early-stage CRC patients (TNM stage I+II) and 201 healthy donors or 20 BIDs. Consistently, all of them were significantly higher in early-stage CRC patients than those in healthy donors or BIDs (Figures 3D–F). Moreover, exosomal FOXD2-AS1 and NRIR and XLOC_009459 expression seemed irrelated with clinicopathological characteristics of 80 early-stage CRC patients including age, gender, drinking status, history of diabetes mellitus, tumor position, histological type, lymph node metastasis status, and TNM stage as shown in Table 3.


Table 3 | Correlation between exosomal FOXD2-AS1 and NRIR and XLOC_009459 expression and clinicopathologic characteristics of early-stage CRC patients.



Moreover, we also searched and analyzed the expression of lncRNAs FOXD2-AS1 and NRIR in cancer and paracancerous tissues in the TCGA database. As shown in Figure S2, FOXD2-AS1 was upregulated in CRC tissues compared with the paracancerous, whereas NRIR had no difference in CRC and paracancerous tissues. However, the data of XLOC_009459 was absent in TCGA database since it was newly identified.

Finally, we studied the relationship between exosomal lncRNAs expression and tumor occupying via detecting the differences of these three lncRNAs expression pre- and post-operation of CRC. The expression levels of exosomal FOXD2-AS1 and NRIR and XLOC_009459 were significantly decreased after resection of the primary tumor (Figures 3G–I), suggesting that tumor burden may have an impact on the expression level of exosomal FOXD2-AS1 and NRIR and XLOC_009459.



Exosomal lncRNAs FOXD2-AS1 and NRIR and XLOC_009459 as Diagnostics Biomarker for CRC

To evaluate diagnostic performance of exosomal FOXD2-AS1 and NRIR and XLOC_009459 for CRC, a ROC curve was calculated via comparing the 203 CRC patients and 201 healthy donors. The AUC of exosomal FOXD2-AS1 and NRIR and XLOC_009459 were 0.728 with 72.6% sensitivity and 62.3% specificity, 0.660 with 77.1% sensitivity and 69.2% specificity, and 0.682 with 76.1% sensitivity and 67.2% specificity, respectively (Figures 4A–C). We also calculated diagnostics accuracy of their combination, possessing the most powerful efficiency with an AUC of up to 0.736 with 61.2% sensitivity and 75% specificity (Figure 4D), indicating that these three exosomal lncRNAs potentially act as the non-invasive circulating biomarkers for CRC.




Figure 4 | Exosomal lncRNAs FOXD2-AS1 and NRIR and XLOC_009459 as diagnostics biomarker for CRC (A–D) Individual and combined diagnosis value of serum exosomal FOXD2-AS1 and NRIR and XLOC_009459 in 203 CRC patients and 201 healthy donors. (E–H) An individual and combined diagnosis value of exosomal FOXD2-AS1 and NRIR and XLOC_009459 in 80 early-stage CRC patients and 201 healthy donors.



ROC curves were also employed to evaluate diagnostic performance for early-stage CRC. As shown in Figures 4E–G, the AUC of serum exosomal FOXD2-AS1 and NRIR and XLOC_009459 were 0.743 with 70.6% sensitivity and 59.4% specificity; 0.660 with 68.7% sensitivity and 70.1% specificity; and 0.689 with 73.1% sensitivity and 65.6% specificity. Besides, the diagnostics accuracy of their combination possessed an AUC of up to 0.758 with 67.2% sensitivity and 73.8% specificity (Figure 4H).




Discussion

CRC is the third most common cancer and the third leading cause of cancer-related death worldwide, particularly in China (27). The discovery of new biomarkers for detecting CRC with high sensitivity and specificity might improve different aspects of CRC management. In the current study, our result demonstrated that exosomal FOXD2-AS1, NRIR, and XLOC_009459 were significantly upregulated in CRC and early CRC, thus revealing their potential as diagnostic biomarkers for CRC.

FOXD2-AS1, a 2527 bp lncRNA located on chromosome 1p33, is a promising candidate among all tumor-related lncRNAs (28). Related studies have shown that FOXD2-AS1 is upregulated in various malignancies, including gastric, lung, bladder, colorectal, etc., thus contributing to proliferation, migration, and invasion of tumor cells in various pathways (29), such as through their interaction with microRNA-185-5p (30); NRIR, also known as lncRNA-CMPK2, is a spliced, polyadenylated nuclear transcript induced by IFN in diverse cell types from human and mouse. It was upregulated in CRC tissues and positively correlated with clinical stages (31), as well as differentially expressed in hepatocellular carcinoma (HCC) patients with or without fibrosis and effectively predicted survival in HCC patients with or without fibrosis (32); XLOC_009459, a 607 bp lncRNA located on chromosome 11q13.1, was recently identified (33); nevertheless, its role and functions in cancer still remain undefined.

In the current study, several lines of evidence validated that exosomal lncRNAs FOXD2-AS1, NRIR, and XLOC_009459 acted as diagnostic biomarkers for CRC. First, three exosomal lncRNAs were significantly upregulated in CRC patients and early-stage CRC patients compared with healthy donors. Besides, they were significantly decreased after surgery, indicating they were closely correlated with tumor occupying. Second, these three exosomal LncRNAs possessed rather high diagnostic efficiency, not only for CRC but also for early CRC. Finally, this study also confirmed that exosomes could protect lncRNAs from degradation caused by RNase A and make lncRNAs stable in serum, thus suggesting that exosomal lncRNAs FOXD2-AS1, NRIR, and XLOC_009459 could serve as non-invasive tumor markers for CRC diagnosis and early-stage CRC patients.

However, there are several limitations in the present study that should be pointed out. First, our study included 207 CRC patients, 201 healthy donors, and 20 BIDs, thus the total sample size was small and short of statistically vigorous power. In addition, the roles of FOXD2-AS1, NRIR, and XLOC_009459 in the prognosis evaluation of CRC were not analyzed as we lacked long-term clinical follow-up data. Second, we failed to analyze the combined diagnosis efficacy of the three exosomal lncRNAs with the common tumor biomarker, such as CEA, because the relative information was missing in the healthy donor cohort. In the future, we plan to investigate the mechanisms and prognostic value of these three serum exosomal lncRNAs in CRC.

In summary, we found that serum exosomal FOXD2-AS1, NRIR, and XLOC_009459 were significantly upregulated in 203 CRC patients and 80 early-stage CRC patients compared to 201 healthy donors, showing higher upregulation with favorable diagnostic efficiency. Also, the relative lncRNAs expression was significantly decreased postoperatively as compared to the baseline levels determined before surgery, thus providing evidence that exosomal FOXD2-AS1, NRIR, and XLOC_009459 could be used as biomarkers for diagnosis of patients with CRC.
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Background

CD4+ memory T cells are an important component of the tumor microenvironment (TME) and affect tumor occurrence and progression. Nevertheless, there has been no systematic analysis of the effect of CD4+ memory T cells in gastric cancer (GC).



Methods

Three datasets obtained from microarray and the corresponding clinical data of GC patients were retrieved and downloaded from the Gene Expression Omnibus (GEO) database. We uploaded the normalize gene expression data with standard annotation to the CIBERSORT web portal for evaluating the proportion of immune cells in the GC samples. The WGCNA was performed to identify the modules the CD4+ memory T cell related module (CD4+ MTRM) which was most significantly associated with CD4+ memory T cell. Univariate Cox analysis was used to screen prognostic CD4+ memory T cell-related genes (CD4+ MTRGs) in CD4+ MTRM. LASSO analysis and multivariate Cox analysis were then performed to construct a prognostic gene signature whose effect was evaluated by Kaplan-Meier curves and receiver operating characteristic (ROC), Harrell’s concordance index (C-index), and decision curve analyses (DCA). A prognostic nomogram was finally established based on the CD4+ MTRGs.



Result

We observed that a high abundance of CD4+ memory T cells was associated with better survival in GC patients. CD4+ MTRM was used to stratify GC patients into three clusters by unsupervised clustering analysis and ten CD4+ MTRGs were identified. Overall survival, five immune checkpoint genes and 17 types of immunocytes were observed to be significantly different among the three clusters. A ten-CD4+ MTRG signature was constructed to predict GC patient prognosis. The ten-CD4+ MTRG signature could divide GC patients into high- and low-risk groups with distinct OS rates. Multivariate Cox analysis suggested that the ten-CD4+ MTRG signature was an independent risk factor in GC. A nomogram incorporating this signature and clinical variables was established, and the C-index was 0.73 (95% CI: 0.697–0.763). Calibration curves and DCA presented high credibility for the OS nomogram.



Conclusion

We identified three molecule subtypes, ten CD4+ MTRGs, and generated a prognostic nomogram that reliably predicts OS in GC. These findings have implications for precise prognosis prediction and individualized targeted therapy.





Keywords: gastric cancer, prognostic signature, CD4+ memory T cell, tumor microenvironment, weighted gene co-expression network analysis



Introduction

Gastric cancer (GC) is the fifth most diagnosed malignancy and is the third highest cause of cancer mortality worldwide (1). The incidence of GC greatly varies among regions, with more than 70% of cases occurring in developing countries, mainly in Eastern Asia (2). The prognosis of GC patients is still not optimistic owing to genetic heterogeneity and the difficulty of early-stage screening, especially in China (3). Therefore, the identification of effective biomarkers is of great importance to better evaluate tumor progression, predict overall survival and enhance therapeutic efficacy.

After years of in-depth research, the scientific understanding of tumor progression has become more comprehensive and recognizes single malignant cells and the very complex niche called the tumor microenvironment (TME). The TME has a considerable impact on the occurrence and development of GC (4). Disorders of the immune system can enable tumor cells to evade immune surveillance. Molecular profiles of immune cells and immune-related genes (IRGs) within their TME represent promising candidates for predictive and prognostic biomarkers (5, 6). Recently, T cell immunity has been an area of active research. T cells progressively lose function and become exhausted during cancer; however, effective T cell responses are essential to ultimately controlling tumors (7). Several studies have revealed a relationship between T cell immunity and tumor development. This has been found in lung cancer (8), breast cancer (9), and ovarian cancer (10). CD4+ memory T cell has been reported to be an important role in TME. In colorectal cancer, it has been suggested in more infiltrated than normal tissue (11); in triple-negative breast cancer, CD4+ memory T cell enrichment score seem higher in invasive tumors (12); in lung adenocarcinoma, it seemed relative hypometabolism and favorable prognosis (13), but the relationship is not yet clear in the case of GC. Subsequently, through the bioinformatics tool of CIBERSORT and Kaplan-Meier survival curves, we explored the relationship between immune infiltration and outcome of patients with gastric cancer according to the gene expression profiles from the GEO database and found that prognosis were closely associated to memory CD4+ T cells.

Collectively, in this study, we investigated the effects of CD4+ memory T cells in GC patients. We explored the potential role of CD4+ memory T cells, CD4+ memory T cell-related genes, and molecular subtypes in GC using bioinformatics models. The results will contribute to the development of precision therapy strategies for gastric cancer patients.



Materials and Methods


Datasets and Patients

The public microarray data sets and corresponding clinical data of GC patients were retrieved and downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). Clinical data contained the age, gender, pathologic TNM stage, and survival information. Three datasets were selected to merge into a single cohort for further analysis: GSE34942, GSE57303, and GSE62254, for a total of 426 gastric cancer samples. Another three datasets (GSE26899, GSE84437, and GSE26901) and the Cancer Genome Atlas (TCGA) transcriptome data which was downloaded from https://portal.gdc.cancer.gov/repository, were performed as external validation. Series matrix files and data tables of the microarray platform were downloaded from the GEO website. The preprocessing of data was as follows: (1) GC samples without clinical survival information were removed; (2) data on normal GC tissue samples were removed; (3) and only the expression profile of immune-related genes was included.



Estimation of Immune Cell Type Fractions

Batch effects and noise were inherent in the three datasets (GSE34942, GSE57303, and GSE62254), which were from multiples studies spanning diverse cell lines and different platforms; therefore, combat normalization in the “sva” R package was used to co-normalize the three datasets into a single cohort. To quantify the proportion of immune cells in the GC samples, we uploaded the normalize gene expression data with standard annotation to the CIBERSORT web portal (https://cibersort.stanford.edu/), and the algorithm was run using 1000 permutations and the LM22 gene signature as previously described (14). Only samples that had a CIBERSORT output of P < 0.05 were considered in the subsequent Kaplan-Meier (K-M) analysis (Supplementary Figure 2).



WGCNA Network Analysis

The WGCNA R package was used to build a gene co-expression network to mine their module membership associated with immune cells. Immune-related gene (IRG) data were obtained from the InnateDB (https://www.innatedb.ca/). The soft threshold parameter was first applied to ensure a scale-free network. To further identify the functional blocks in the co-expression network of the immune-related genes, the topological overlap measure (TOM) was then performed to calculate the correlation between genes. Finally, connecting modules with the immune cells identified the key module that was most associated with OS.



Bioinformatics Analysis

After the key module had been identified, the genes were input to Metascape (https://metascape.org/) for gene annotation and gene list enrichment analysis (15), which included biological process (BP), cellular component (CC), molecular function (MF), and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The top 20 terms were selected for visualization; however, more than 20 GO terms or pathway annotations were identified. Unsupervised clustering analysis via the “ConsensusClusterPlus” R package was used to perform consensus molecular subtyping of immune subtypes (16). Differentially expressed gens (DEGs) analysis of the three clusters which took the intersection after comparing the two groups separately including intersection of up-regulated IRGs and intersection of down-regulated IRGs, was carried out using the “limma” R package, according to the thresholds of |log2-fold-change| > 0.5 and an adjusted false discovery rate (FDR) P-value of < 0.01. The differentially expressed IRGs (DEIRGs) were obtained by intersecting the list of previously acquired immune-related genes with the list of DEGs. The “clusterProfiler” R package was used to perform Gene Ontology function enrichment, which has been descried in detail in a previous study (17, 18).



Construction and Validation of Immunoscore Prognostic Model

Univariate Cox regression analysis was used to calculate the hazard proportions for genes of the yellow module; these were considered statistically significant at p<0.05. Least absolute shrinkage and selection operator (LASSO) regression analysis was performed with the “glmnet” R package (19) to select the most useful gens with the best predictive performance using 10-fold cross validation. An immunoscore model of GC patients was then established based on linearly combining the multiplication of the Cox coefficient (β) derived from the LASSO regression analysis by its scale expression value, i.e., immunoscore = Σ Cox coefficient of gene Xi × scale expression value of gene Xi. Patients were classified into high- or low-risk groups according to the optimal cutoff value. The cutoff value was determined based on the association with overall survival (OS) using the “survminer” R package. Time independent receiver operating characteristic (ROC) curves were used to depict the sensitivity and specificity of the survival prediction based on the immunoscore, with quantification of the area under the curve (AUC) using the “timeROC” R package.



Construction and Validation of Nomogram Model

Multivariate Cox regression analysis was employed via the “rms” R package to determine independent prognostic factors, resulting in an immunoscore-based prognostic nomogram with three factors (p < 0.05); only patients with complete clinical data were included. The predictive accuracy of the nomogram was measured and compared through the AUC of the ROC curve, Harrell’s concordance index (C-index), and decision curve analysis (DCA).




Results


Composition of Immune Cells in GC

The proportions of 22 immune cell types in GC assessed by the CIBERSORT algorithm are displayed in a box plot (Figure 1A) and heatmap (Figure 1B). The 22 tumor immune cell types were weakly or moderately correlated with each other (Figure 1C).




Figure 1 | Tumor microenvironment (TME) composition of GC. (A) Box plot of immune cell composition. (B) Relative proportion of immune cells in each sample. (C) Correlation matrix of immune cells.





Identification and Functional Enrichment Analysis of CD4+ MTRM

The K-M survival curves with log-rank tests for the 22 immune cell types are presented on Supplementary Figure 2. These results indicated that high CD4 memory resting T cells, low CD4 memory activated T cells and low M1 macrophages were significantly associated with poorer OS, p = 0.002, p < 0.001, p = 0.029, respectively (Figure 2A). WGCNA was then performed to select modules of highly correlated genes related to external sample characteristics (prognostic immunocytes). After placing the IRGs with similar expression patterns into modules by average linkage clustering and determining the soft threshold parameter, we finally identified 8 modules; each colour represents a different module (Figures 2B, C). In addition, the relationships between genes and immunocytes in each modules were identified and are displayed in a heatmap (Figure 2D). The yellow module is identified as the CD4+ memory T cell-related module (CD4+ MTRM). This module was most negatively associated with resting CD4+ memory T cells, while it was most positively associated with activated CD4+ memory T cells and M1 macrophages, as assessed by the heatmap and scatter plot scores (Figure 3A). Interaction network of gene in the CD4+ MTRM were shown in Figure 3B. These results suggested that the genes in CD4+ MTRM were closely related with OS; therefore, CD4+ MTRM was chosen for further analysis. We loaded the genes in the CD4+ MTRM into Metascape to explore the underlying biological processes. The Metascape results revealed functional categories mainly related to immune regulation, such as the negative regulation of the immune system process and antigen processing and presentation (Figures 3D, F). Moreover, the enriched processes were highly associated and clustered into an intact network (Figures 3C, E).




Figure 2 | Identification of key gene module associated with overall survival (OS). (A) Kaplan-Meier survival curve of two immune cells: CD4 memory resting T cells, CD4 memory activated T cells, and M1 macrophages. (B) Sample clustering and corresponding external traits. (C) Average linkage hierarchical clustering dendrogram of the genes. (D) Heatmap of the correlation between module eigengenes and immunocytes.






Figure 3 | Functional and pathway enrichment analysis in the CD4+ MTRM. (A) Scatter plot of gene significance versus module membership in the CD4+ MTRM. (B) Subnetwork of gene in the CD4+ MTRM. (D, F) GO and KEGG enrichment analysis for genes in the CD4+ MTRM. (C, E) Interaction network of enriched biological processes in the CD4+ MTRM.





CD4+ MTRM-Based Clusters Were Significantly Associated With Prognosis, Clinicopathological Characteristics, and Immunocytes

The abundance of tumor-infiltrating immunocytes varied considerably by individual. To gain greater insight into the molecular heterogeneity of GC, we performed unsupervised consensus analyses with the k-means algorithm of the yellow module patient samples based on the immunocyte proportion (Figure 4B). Three distinct molecular clusters were identified (k-means = 3, Figure 4D). The cell proportions of each immune subtype are shown in Figure 4A. To further elucidate the clinical significance of the identified clusters, we explored the correlation between the cluster and clinicopathological features. The clusters were related with distinct patterns of survival in the Kaplan-Meier analysis (Figure 4C). For example, cluster 1, defined by high levels of activated CD4+ memory T cells and M1 macrophages and low levels of CD4+ memory resting T cells (all p < 0.001), was significantly associated with a better prognosis compared with the other clusters (p = 0.0056).




Figure 4 | CD4+ MTRM-based clusters significantly associated with prognosis, clinicopathological characteristics and immunocytes. (A) Violin plot comparing immunocyte proportions between the three clusters. (B) Unsupervised hierarchical clustering of CD4+ MTRM gene subsets in patients with gastric cancer. (C) Kaplan-Meier analysis with log-rank test of the three clusters. (D) Consensus matrixes of GC samples in CD4+ MTRM.



Using the “limma” R package, we screened 222 DEGs among the three clusters by taking the intersection after comparing the two groups separately, including 133 up-regulated genes and 89 down-regulated genes that met the thresholds of |log2 FC| > 0.5 and adjusted P < 0.01 (Figure 5A). Upon further comparison with the list of IRGs, 108 DEIRGs were obtained; 86 were upregulated and 22 were downregulated (Figures 5B, C). To understand how these DEIRGs might drive GC development, functional enrichment analyses were performed. The results revealed that upregulated DEIRGs were mainly involved in T cell activation, regulation of responses to biotic stimuli, and regulation of the innate immune response. Downregulated DEIRGs were closely associated with receptor ligand activity, signalling receptor activator activity, and cytokine activity based on the top three terms confirmed in the GO analyses (Figures 5D, E). According to the KEGG pathway analysis results, we identified most significantly enriched pathways (Figures 5F, G). The cytokine-cytokine receptor interaction was the most enriched pathway in both the up- and downregulated DEIRGs. A difference of P < 0.05 indicated statistical significance. Moreover, the expression levels of seven immune checkpoint genes (PD-L1, CTLA4, HAVCR2, IDO1, PD1, PD-L2, and TIGIT) were analyzed in the 3 clusters (Supplementary Figure 3A). Cluster 1 showed more enrichment in immune checkpoint genes (all p < 0.05) and therefore might be more responsive to immunotherapy.




Figure 5 | Expression and enrichment analyses of DEIRGs between the three clusters. (A) Volcano plot of DEGs. (B, C) Venn diagram of up- and downregulated DEIRGs. (D, E) Dot plot showing the top 10 most significant GO terms of up- and downregulated DEIRGs, including BP, CC, and MF. (F, G) The top 20 KEGG pathways of up- and downregulated DEIRGs that are shown in the dot plot.





Construction and Validation of Immunoscore Prognostic Model

Each gene in the CD4+ MTRM was analyzed by univariate Cox regression analysis. We identified 105 genes that were significantly associated with the prognosis of gastric cancer (Figure 6A and Supplementary Table 1) that were defined as CD4+ memory cell-related genes (CD4+ MTRGs). In the subsequent LASSO regression analysis and multivariate Cox analysis (Figures 6B, C), 10 CD4+ MTRGs were identified (Table 1), which indicated that these CD4+ MTRGs would be selected to establish a prognostic model. The downregulated expression of IL-1, CTSW, NR1H3 and CCR8 (with HR < 1) indicated these molecules as tumor suppressors, whereas the upregulated expression levels of LY86, RABGEF1, CYFIP2 and SERINC3 (with HR > 1) indicated these molecules as oncogenes. The patients were separated into training and validation cohort in a ratio of 1:1 using the stratified randomization method. We constructed a prognostic model in training cohort that divided patients into high- and low-risk groups based on the optimal cutoff value of the immune-risk score that was calculated by the “survminer” R package (Figure 6D). The Immune-risk score = 0.87096 × LY86 expression + (−0.446079131) × IL7 expression + (−1.182540714) × CTSW expression + (−0.690489234) × NR1H3 expression + (−1.49913792) × CCR8 expression + 0.728725268 × RABGEF1 expression + 0.420982806 × CYFIP2 expression + 0.800957561 × SERINC3 expression + 0.649569536 × TIMD4 expression + (−0.565943213) × MAP3K5 expression. The results showed that high score patients had a worse OS than those of low score patients (p < 0.0001). The area under the ROC curves (AUC) of the prognostic model for OS, assessed as a continuous variable, was investigated in the training cohort by using time‐dependent ROC analysis at the time points 1, 3 and 5 years (AUC: 0.774, 0.6875–0.8610, 95%CI; 0.774, 0.7114–0.8368, 95%CI, and 0.806, 0.7431–0.8680, 95%CI, respectively, Figure 7A). To determine if the immune-risk score model is solid in different populations, the same formula was applied to the validation cohort and also to the entire cohort. The patients were then divided into high- or low-risk groups using the cut off value obtained from training cohort. Consistent with the findings in the training cohort, in both the validation cohort and entire cohort the K-M curves illustrated that the high-risk group was associated with a notably poorer prognosis than the low-risk group (all p < 0.001). The results revealed that the predictive potential of the immune-risk score model is applicable in different populations. The prognostic accuracy of the immunoscore in the validation cohort and the entire cohort was also evaluated; the AUC achieved 0.58 (0.4741–0.6861, 95%CI); 0.663 (0.5858–0.7404, 95%CI), and 0.694 (0.6154–0.7719, 95%CI) in the validation cohort and 0.68 (0.6086–0.7520, 95%CI); 0.722 (0.6721–0.7716, 95%CI) and 0.751 (0.7002–0.8012, 95%CI) in the entire cohort at 1, 3, and 5 years, respectively (Figures 7B, C).




Figure 6 | Identification of survival-associated genes in CD4+ MTRM. (A) Forest plot of prognosis-related genes with univariate Cox regression analysis. (B, C) LASSO analysis result. (D) Immune risk score distribution of 10 CD4+ MTRG signature.




Table 1 | The results of multivariate Cox regression analyses.






Figure 7 | Establishment of a prognostic model based on CD4+ MTRGs in GC, including Kaplan-Meier analysis between high-risk and low-risk groups of patients with GC; risk score distribution of patients in high- versus low-risk group; the scatter plots for survival status in GC high-risk group and low-risk group; the heatmaps of CD4+ MTRG expression between the high-risk and low-risk groups; time-dependent ROC curves of the OS signatures at 1, 3, and 5 years. Ten CD4+ TRG prognostic model constructed using training set (A), testing set (B), and the entire sample set (C).



Furthermore, three external datasets GSE26899, GSE84437, and GSE26901 and the TCGA transcriptome data were used to confirm the association between the immunoscore prognostic model and survival outcomes in GC patients. Immune-risk scores were calculated with the same formula for each patient. Patients were divided into high- and low-risk groups according to the optimal cutoffs identified for each dataset. The KM survival curves revealed significant difference in OS between groups in both datasets. High-risk groups had markedly poorer outcomes than low-risk groups (Supplementary Figure 5).

All these suggested that the 10 DEIRG signature had high sensitivity and accuracy and could be used for monitoring survival. The expression of five immune checkpoint genes (PD-L1, CTLA4, HAVCR2, IDO1, PD1, PD-L2, and TIGIT) were assessed in the high- and low-risk groups (Supplementary Figure 3B). The patients in the low-risk group were more enriched in these immune checkpoint genes (all p < 0.05) and therefore might be more responsive to immunotherapy.



Relationship Between Immune Infiltration and the Prognostic Signature

To further explore whether CD4+ MTRGs reflected the status of GC TME, an association analysis was used to evaluate the relationship between CD4+ MTRGs in the prognostic model and immune cell infiltration. The risk factors based on the model were positively associated with naive B cells (r = 0.296, P < 0.001), activated mast cells (r = 0.137, P = 0.005), M2 macrophages (r = 0.234, P < 0.001), naive CD4 T cells (r = 0.097, P < 0.05), and resting memory CD4 T cells (r = 0.136, P = 0.005). They were negatively related with memory B cells (r = −0.110, P = 0.024), M1 macrophages (r = −0.113, P = 0.020), plasma cells (r = −0.169, P < 0.001), CD8 T cells (r = −0.186, P < 0.001), and activated memory CD4 T cells (r = −0.247, P < 0.001) (Supplementary Figure 4).



Construction and Validation of CD4+ MTRG-Clinical Nomogram Model

Several clinicopathological variables are independent features in GC patient prognosis; these include tumor site, tumor size, and TNM stage (20, 21). Therefore, we used clinicopathological variables and the risk score to construct a nomogram to obtain a more accurate prediction of GC prognosis. First, we used univariate and multivariate Cox regression analysis to identify three independent OS factors: Lauren histologic type, stage, and risks score (Figure 8A). A CD4+ MTRG-clinical nomogram was then developed based on these independent factors for OS are shown in (Figure 8C). AUCs for the nomogram at 5 years were 0.611 (55.92–66.36%, 95%CI), 0.744 (69.51–79.23%, 95%CI), and 0.753 (70.27–80.37%, 95%CI) for Lauren histologic type, stage, and risk score, respectively (Figure 8B). The C-index was 0.73 (95% CI: 0.697–0.763) for the OS nomogram. We also established calibration curves and the DCA of the nomogram at 1, 3, and 5 years (Figures 8D, E). These results presented high credibility.




Figure 8 | Development of a CD4+ MTRG clinical nomogram to predict OS in GC patients. (A) Forest plot visualization of prognosis-related factors based on the univariate and multivariate Cox regression analysis. (B) ROC curve analysis of the independent prognostic factors. (C) Nomogram of GC patient OS combining the risk score and two clinicopathological variables. Calibration curves (D) and DCA (E) of the nomogram at 1, 3, and 5 years.






Discussion

Gastric cancer is a prevalent malignant tumor with high recurrence. The prognosis of GC exhibits a wide range, from less than 5 months to over 10 years (1, 22). Precise prognosis prediction and risk stratification can help to determine which patients would benefit from more radical treatment, such as immunotherapy. The efficacy of adjuvant therapy for GC was controversial for many years until Macdonald and Smalley et al. (23, 24). found that postoperative chemotherapy and chemoradiotherapy was a rational standard therapy strategy for GC. Unfortunately, due to tumor heterogeneity, the prognosis can vary widely among patients of the same GC stage who undergo the same adjuvant therapy (25, 26). Therefore, a sensitive and reliable prognostic signature is desired to identify patients who might benefit from adjuvant treatment. Tumor progression develops in the complex tissue microenvironment on which they rely to support their proliferation, infiltration and metastasis (27–29). Different from cancer cells, stromal cell types of TME are stable at the genetic level, which indicates that the TME is a potential therapeutic target (30). Furthermore, accumulating research has confirmed that the TME plays a significant role in predicting patient prognosis (31–33). Owing to this particular insight of the TME, this study selected key genes by screening for gene modules that were significantly correlated with prognostic-related immunocytes. Immune subtypes were then identified and classified, and a risk score model was established on the basis of 10 CD4+ MTRGs in the key gene module to evaluate patient prognosis. The efficacy of this prediction strategy was proved in two internal datasets. Nomograms can fit several independent prognostic factors, including molecular and clinicopathological features, which are widely used to assess prognosis in clinical oncology (34). With the ability to calculate an individual numerical probability of a clinical event, nomograms may be more effective than individual prognostic factors for prognosis prediction.

Three immune molecular subtypes were identified in the present study, cluster 1/2/3, by unsupervised clustering analysis based on the expression of the most aberrant immune genes belonging to the yellow module. There were significant differences among the three immune subtypes, including differences in immune status, biological processes and prognosis. Patients in the cluster 1 subtype with the best prognosis suffered from a hyperactivated immunocompetent status. Functional enrichment analyses were applied to the DEIRGs among the three subtypes to elucidate underlying mechanisms. The DEIRGs were found to be significantly associated with T cell activation and cytokine-cytokine receptor interaction, consistent with previous reports. CD8+ cytotoxic T cells bind MHC I-presented antigens; these antigens enable the T cells to target tumor cells. Additionally, CD4+ T cells have complex and important biological functions in the TME. Clinical research has indicated that combined immunotherapy strategies are effective in treating metastatic cancers because they promote T cell activation (35). Gastric cancer is associated with immune system evasion. Immune checkpoints are inhibitory pathways that can prevent tissue damage by controlling the intensity of the physiological immune response. Especially when the immune system is fighting an infection, these inhibitory pathways are essential for maintaining self-tolerance and physiological homeostasis. In addition, immune checkpoint pathways may also cause immune escape of cancer cells (36). We evaluated the distribution of immune checkpoint gene expression among the three clusters. The subtype with the highest expression of programmed death ligand 1 (PD-L1) provided the best prognosis, and a similar conclusion was obtained in previous research (37, 38). However, others have indicated that programmed cell death protein-1 (PD-1)/PD-L1 expression in cancer cells is significantly associated with poor prognosis (39, 40), and Kawazoe et al (41) found that PD-L1 had no effect on gastric cancer prognosis. To achieve precision therapy, a larger cohort and more controlled research should be applied to clarify the function of PD-L1 in GC.

The heterogeneity of immune cell proportions in different cancers results in a complex immune network in the TME and differentially affects tumor occurrence and progression. Some studies have reported an association between immune cell populations and the prognosis of cancer progression (42–45). CD4 T cells act on tumor immunity by secreting various cytokines or by activating other immune cells (7). CD4+ regulatory T cells are the main cells involved in self-tolerance and inhibit tumor immunity (46, 47). Regarding the impact of CD4+ T cells in GC patient prognosis, several opposite conclusions have been reported. Shen et al. indicated that CD4+ T cells were related with more advanced stages of gastric cancer (48); Kindlund et al. also found that CD4+ regulatory T cells can enhance tumor proliferation mediated by IL-10 and TGF-β (49). However, Wang et al. showed that GC patients with higher levels of CD4+ T cells were associated with a good prognosis (50), which was consistent with the findings of the current study.

A novel CD4+ MTRG signature that can predict OS in GC patients was constructed through the use of univariate Cox regression analysis and LASSO regression analysis. This CD4+ MTRG signature was an independent prognostic factor of GC. Patients with a high immune risk score had significantly poorer outcomes than those in the low-risk group. IL-7, CTSW, NR1H3 and CCR8 were downregulated; these were considered to be protective genes. LY86, RABGEF1, CYFIP2 and SERINC3 were upregulated and were related with a poor outcome. IL-7 has been found to play an anti-tumor role in melanoma (51). By contrast, others have shown that IL-7 might have a pro-tumor function. By limiting p27kip, IL-7 was shown to promote lung cancer proliferation (52) and accelerate bladder cancer invasion and migration (53). Nathan suggested that blocking the CCR8-CCL1 interaction, alone or combined with other immune checkpoint inhibitors, was a therapeutic strategy for malignant diseases (54). However, the role of IL-7 and CCR8 in gastric cancer development has not yet been clarified. Furthermore, there are few studies of the other eight genes in the ten-gene signature. The potential biological function of these genes in GC requires further clarification through experimental research.

A nomogram is a practical and intuitive evaluation approach. Here, we established a nomogram with meaningful AUC values based on the expression levels of genes in a selected panel. The nomogram was used to evaluate the deterioration and outcome of patients in this study, which is more economical and clinically practical than whole-genome sequencing. DCA and calibration curves showed the efficacy of this nomogram. A ten-gene signature and clinicopathological variables were integrated into the graphical scoring system, which was easy to understand. This scoring system could be used to facilitate individual treatment and determine a medical strategy. To be the best of our knowledge, this is the first study to report the feasibility and accuracy of a risk assessment model based on the identified ten CD4+ MTRGs for predicting GC prognosis. These findings provide novel ideas for risk assessment in gastric cancer patients.

Despite the significant results obtained in this study, several limitations must be acknowledged. First, all data series were obtained from the GEO database in which the population distribution is mainly Caucasians, Africans, and Latinos. Therefore, caution should be taken in extrapolating the findings to patients with Asian heritage. In addition, several clinical features were not available from these databases, including severity, complications, and details of the individual treatment of each patient; therefore, we did not conduct a longitudinal analysis. Furthermore, it will be necessary to validate the ten-gene signature using external datasets. Finally, as a retrospective bioinformatic analysis study, the potential functional mechanisms of these molecular subtypes and CD4+ MTRGs need to be further verified in basic experimental research and clinical trials.



Conclusion

In conclusion, three immune molecular clusters and a ten CD4+ MTRG signature were established for gastric cancer patients. The clusters showed significant relationships with immune status, biological processes and patient prognosis. Furthermore, a prognostic nomogram was constructed that incorporated a gene signature and independent clinical risk factors to predict the overall survival of GC patients. This nomogram might accurately identify GC patients who would benefit from immunotherapy.
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Many types of gastrointestinal cancer have shown promising outcomes after checkpoint blockade immunotherapy; however, it remains largely unclear about the expression profiles of programmed death 1 (PD-1) ligands (CD274 and PDCD1LG2) in the context of human pan-cancer. This work comprehensively analyzed the expression pattern of the PD-1 ligands and the clinical significance in the prognosis prediction among the seven types of gastrointestinal malignancies collected from The Cancer Genome Atlas (TCGA) and the Cancer Cell Line Encyclopedia (CCLE) database. Furthermore, the correlation of CD274/PDCD1LG2 with cancer immunity was also explored. The patients with liver hepatocellular carcinoma (LIHC) receiving cytokine-induced killer (CIK) cell immunotherapy at our cancer center were enrolled. CD274 and PDCD1LG2 displayed inconsistent gene expression levels among the diverse cancer cell lines. Typically, the abnormal expression level of CD274 and PDCD1LG2 was detected in both esophageal carcinoma (ESCA) and stomach adenocarcinoma (STAD), where PDCD1LG2 was related to the overall survival (OS) of the patients in ESCA (p = 0.015) and STAD (p = 0.025). High-serum CD274 and PDCD1LG2 levels predicted a worse survival in the patients with LIHC receiving CIK therapy. More importantly, the expression level of CD274 and PDCD1LG2 was significantly correlated with the degree of Estimation of STromal and Immune cells in MAlignant Tumor tissues using the Expression data (ESTIMATE). In addition, we found that CD274 and PDCD1LG2 were correlated with gene markers in tumor-infiltrating immune cells. Furthermore, the expression of CD274 and PDCD1LG2 was correlated with tumor mutation burden (TMB), microsatellite instability (MSI), mismatch repair (MMR), and DNA methyltransferase (DNMT) of different types of cancers. The present work comprehensively analyzed a RNA sequencing of the PD-1 ligands across the seven distinct types of gastrointestinal cancers, which provided clues for further studies in cancer immunity and development.

Keywords: gastrointestinal cancer, CD274, PDCD1LG2, prognosis, cancer immunity


INTRODUCTION

Gastrointestinal malignant tumor is a leading cause of death (1). The development of immunotherapy using immune checkpoint inhibitors has achieved breakthroughs in treating cancers. Programmed death 1 (PD-1) and its ligands, programmed death ligand 1 (PD-L1, or CD274) and PD-L2 (PDCD1LG2), are known as an immune checkpoint axis available to the cancer cells escaping from the immune destruction of T cells (2). In other words, PD-1 binds two ligands CD274 and PDCD1LG2 to inhibit the T-cell activation and invalidate immune surveillance. The results from experimental investigations and clinical studies showed that PD-1/PD-L1 blockers were demonstrated to be effective in gastrointestinal cancers (3, 4). However, a specific gene expression of CD274/PDCD1LG2 in gastrointestinal cancers at a pan-cancer level remains largely unknown.

A pan-cancer analysis is initially utilized in the field of cancer research to shed more light on the common features and heterogeneities of various human malignancies (5). A pan-cancer analysis, which is also referred to as an analysis of molecular abnormalities among several cancer types, is able to identify the common features and heterogeneities of some vital dysregulated biological processes in diverse cancer cell lineages. The project of a pan-cancer analysis, including Cancer Cell Line Encyclopedia (CCLE) and The Cancer Genome Atlas (TCGA), has been established based on the different human cancer cell lines and tissues at epigenomic, genomic, proteomic, and transcriptomic levels (6–8). Recently, a pan-cancer analysis is adopted to identify certain functional and pathway genes, which allows to specifically, comprehensively, and thoroughly understand human cancers. Considering as an example, the tumor hypoxia-associated multi-omic molecular characteristics were investigated, and some molecular alterations were suggested to be correlated with the sensitivity or resistance to antitumor agents. It contributed to a comprehensive understanding of tumor hypoxia at the molecular level and has certain implications for cancer treatment in clinical practice (9). The updated data regarding the frequency, etiology, and outcomes of the forkhead box protein M1 (FOXM1) upregulation in human cancers were defined among 33 cancer types derived from TCGA databases (10). Notably, the information obtained from these 33 TCGA-derived cancers had systemically revealed the long non-coding RNA- (lncRNA-) mediated dysregulation in cancers, which also provides the precious approach and resources to investigate the lncRNAs functions in cancers (11). It is beneficial to characterize the frequency of occurrence and variability of immune phenotypes within and among various cancer types, so as to understand the immune status for those untreated cancers. Typically, this method has been applied in more than 9,000 expression data of TCGA-derived cancer genes (12). Therefore, a pan-cancer analysis helps to illustrate the patterns that are beneficial for developing the combination treatments and individualized therapies.

In this regard, taking advantage of the large data sets from TCGA, this study aimed to examine the expression profiles of CD274/PDCD1LG2 and the prognostic significance in human gastrointestinal tumors. In addition, the association between CD274/PDCD1LG2 and the tumor infiltration level, tumor mutation burden (TMB), microsatellite instability (MSI), mismatch repair (MMR), and DNA methyltransferase (DNMT) were analyzed in the different tumor types. Our study helps to understand the vital roles of CD274/PDCD1LG2 in gastrointestinal tumor-immune interactions.



MATERIALS AND METHODS


Patient Data Sets and Processing

The Cancer Genome Atlas, a milestone of the cancer genomics project, characterizes thousands of primary cancer samples and matched the characterized samples with the adjacent non-carcinoma samples from seven types of cancers, including cholangiocarcinoma (CHOL, N = 45), colon adenocarcinoma (COAD, N = 521), esophageal carcinoma (ESCA, N = 173), liver hepatocellular carcinoma (LIHC, N = 424), pancreatic adenocarcinoma (PAAD, N = 182), rectum adenocarcinoma (READ, N = 177), and stomach adenocarcinoma (STAD, N = 407). In this study, the TCGA level three RNA sequencing processed data and the corresponding clinical annotations were acquired by using the University of California Santa Cruz (UCSC) cancer genome browser (https://tcga.xenahubs.net, accessed April 2020). The gene expression data of healthy samples from the Genotype-Tissue Expression (GTEx) database (https://gtexportal.org/home/) was also downloaded for a comparison. The CCLE public project is established through a comprehensive characterization of tremendous human tumor models at both genetic and pharmacological levels. To examine the differential gene expression in cancers at a larger scale, the CCLE database containing the RNA-sequencing data sets for over 1,000 cell lines (https://portals.broadinstitute.org/ccle) was used in this study. Meanwhile, the approval from the Ethics Committee was exempted since only the open-access data were used. A total of 122 consecutive patients with LIHC receiving an adjuvant cytokine-induced killer (CIK) cell immunotherapy after a curative resection at our center were retrospectively enrolled, which were approved by the Ethics Committee of Sun Yat-sen University Cancer Center. A detailed treatment workflow is described in our previous study (13).



Gene Expression and Survival Analysis

To compare the gene expression levels between cancer and adjacent non-carcinoma samples, the data regarding the gene expression profiles of CD274 and PDCD1LG2 were extracted from the seven cancer types in TCGA to form an expression matrix. Thereafter, the formed expression matrix and clinical information were matched with a patient ID. Receiver operating characteristic (ROC) curve was drawn to evaluate the ability of CD274 and PDCD1LG2 to distinguish the tumor sample from the normal sample. Moreover, the Kaplan–Meier (KM) analysis was conducted to compare the overall survival (OS) of the patients with TCGA cancer stratified based on the gene expression level of CD274 and PDCD1LG2 using a log-rank test.



PD-1 Ligands and Tumor Immunity

The Estimation of STromal and Immune cells in MAlignant Tumor tissues using the Expression data (ESTIMATE) is an approach that uses gene expression profiles to predict the tumor purity and the infiltrating stromal cells/immunocytes in tumor tissues (14). The ESTIMATE algorithm produces three scores based on the gene set enrichment analysis (GSEA) of a single sample, including (1) stromal score, which determines stromal cells in tumor tissues, (2) immune score, which stands for the immunocyte infiltration level in tumor tissues, and (3) estimate score, which infers the tumor purity. In this study, we used the ESTIMATE algorithm to estimate the immune and stromal scores in tumor tissues according to the corresponding transcriptional data. Later, we calculated the correlation of these scores with the expression of CD274 and PDCD1LG2.

Additionally, we examined the association of the expression level of CD274 and PDCD1LG2 with the gene markers in the selected tumor-infiltrating immunocytes with reference to the previous research studies (15–17). The estimated statistical significance and the Spearman's correlation coefficient were generated through a correlation analysis. Thereafter, we plotted an expression heatmap between a pair of genes in a specific type of cancer.

Tumor mutation burden measures the number of mutations in a specific cancer genome. Numerous articles have been conducted to explore the significance of using the TMB status as a biomarker to predict the patients with the highest response to checkpoint inhibitors (18). In this study, the somatic mutation data of all patients with TCGA were downloaded (https://tcga.xenahubs.net), their TMB scores were calculated, and the correlation between TMB and CD274/PDCD1LG2 was determined. MSI is characterized by the widespread length polymorphisms of microsatellite sequences resulting from DNA polymerase slippage. Recently, it was suggested that the patients with high MSI cancers can gain benefits from immunotherapy, and MSI was used as the genetic instability index for cancer detection (19). In this study, we calculated the MSI score for each patient, followed by a correlation analysis between MSI and CD274/PDCD1LG2. Notably, MMR, also referred to as the normal tissue DNA repair system, can correct errors in the process of DNA replication. However, due to the lack of MMR genes in tumor cells or the defects during the replication repair, the possibility of gene mutation has increased (19). Later, we performed a correlation analysis between MMR genes (including MLH1, MSH2, MSH6, PMS2, and EPCAM) and CD274/PDCD1LG2. DNMT participates in the process of tumorigenesis and development, whereas DNMT1, DNMT3A, and DNMT3B are the major key enzymes that catalyze DNMT (20). We also analyzed a correlation between DNMTs and CD274/PDCD1LG2.



Statistical Analysis

In the present work, the clinical survival types, including OS and progression-free interval (PFI), were selected for analysis. Generally, OS is deemed as the duration from the date of diagnosis to the date of death due to any cause, while PFI is defined as the disease progression or death from any cause.

The Wilcox log-rank test was adopted to determine the presence or absence of a markedly increased sum of the gene expression z-scores in cancer tissues compared with the adjacent normal tissues. The area under the ROC curve was calculated to evaluate the ability of CD274 and PDCD1LG2 in distinguishing the tumor sample from the normal sample. Meanwhile, the Kruskal–Wallis test was employed to compare the difference in the expression of CD274 and PDCD1LG2 in cell lines. Survival was analyzed by the KM curves and a log-rank test. The Spearman test was utilized for a correlation analysis. The R language (version 3.6.0; R Foundation) was used for all analyses. A two-sided difference of p < 0.05 indicated statistical significance.




RESULTS


Pan-Cancer Expression Landscape of CD274 and PDCD1LG2

According to the results of CCLE analysis, CD274 and PDCD1LG2 showed inconsistent gene expression levels among the diverse cancer cell lines (p = 6.1e-20 and 6.9e-20, Figures 1A,D), where pancreas cells had a relatively higher gene expression. Consistent with the different gene expression levels in CCLE, CD274, and PDCD1LG2 also displayed distinct expression in TCGA. For the seven TCGA-derived cancer types, we detected that ESCA, PAAD, and STAD showed a relatively higher gene expression. The expression landscapes of CD274 and PDCD1LG2 in TCGA cohorts are presented in Figures 1B,E, respectively. In addition, CD274 and PDCD1LG2 also exhibited a higher gene expression when more samples from GTEx were added Figures 1C,F. Figure 2A shows the AUC values of CD274 (0.812) and PDCD1LG2 (0.543) in the patients with CHOL, and the AUC results of the other six cancer types are presented in Supplementary Figures 1–6.
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FIGURE 1. CD274/PDCD1LG2 expression level in human pan-cancer. (A) The messenger RNA (mRNA) level of CD274 in Cancer Cell Line Encyclopedia (CCLE). (B) The mRNA level of CD274 in The Cancer Genome Atlas (TCGA). (C) CD274 mRNA level in TCGA and genotype-tissue expression (GTEx). (D) The mRNA level of PDCD1LG2 in CCLE. (E) The mRNA level of PDCD1LG2 in TCGA. (F) PDCD1LG2 mRNA level in TCGA and GTEx. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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FIGURE 2. CD274/PDCD1LG2 expression and its correlation with cholangiocarcinoma (CHOL) patient survival. (A) Receiver operating characteristic (ROC) curves CD274/PDCD1LG2 of distinguishing tumor from normal samples. (B,C) The Kaplan–Meier (KM) analysis shows the association between the CD274/PDCD1LG2 expression and overall survival (OS). (D,E) CD274/PDCD1LG2 expression and progression-free interval (PFI).




Screening of the Survival-Associated Cancers

In the OS analysis, KM analysis showed that the subjects with high CD274 levels had short OS compared with those with low CD274 levels in PAAD (p = 0.012, Supplementary Figure 4B) whereas those with an increased CD274 expression showed superior OS to those with a decreased CD274 expression in COAD (p = 0.001, Supplementary Figure 1B); the subjects with a high PDCD1LG2 expression had poorer OS than those with a low PDCD1LG2 expression in STAD (p = 0.025, Supplementary Figure 6D) while the subjects with an increased PDCD1LG2 expression showed superior OS to those with a decreased PDCD1LG2 expression in ESCA (p = 0.015, Supplementary Figure 2D). In CHOL, no significant overall survival difference was seen between high and low gene expression patients (both p values of CD274 and PDCD1LG2 were more than 0.05, Figures 2B,D).

In the PFI analysis, according to the results of KM analysis, the subjects with a high CD274 expression had poor PFI relative to those with a low CD274 expression in PAAD (p = 0.027, Supplementary Figure 4C); whereas the subjects having an increased CD274 expression showed superior PFI than those having a decreased CD274 expression in CHOL (p = 0.025, Figure 2C), as shown in Supplementary Figure 3; high PDCD1LG2 predicted superior prognosis for CHOL (p = 0.005, Figure 2E) and LIHC (p = 0.003, Supplementary Figure 3E).

In our cancer center patients with LIHC, the median serum CD274 and PDCD1LG2 level were 5.1 and 14.7 μg/μl, respectively. When patients were classified using the best statistical cutoff values (CD274 = 11.22 μg/μl and PDCD1LG2 = 27.67 μg/μl), survival analysis showed that the patients with LIHC with a high level of CD274 and PDCD1LG2 had worse disease-free survival after CIK immunotherapy (both p < 0.01, Supplementary Figure 7).



Expression of CD274/PDCD1LG2 Was Related to the Immune Infiltration Level

The ESTIMATE method is developed to calculate the immune and stromal scores of cancer tissues. By adopting the ESTIMATE method, we calculated the immune, stromal, and estimate scores, respectively. Later, we evaluated the relationships between the immune/stromal scores and CD274/PDCD1LG2 expression. Figure 3 exhibits the results in these seven cancer types. Clearly, CD274/PDCD1LG2 expression was significantly correlated with the stromal, immune, and estimate scores (all values of p < 0.05).


[image: Figure 3]
FIGURE 3. CD274/PDCD1LG2 expression is correlated with cancer immunity in Estimation of STromal and Immune cells in MAlignant Tumor tissues using the Expression data (ESTIMATE). (A) ESTIMATE predicting CD274 expression is correlated with tumor immune infiltration level across seven cancer types. Top panel, stromal score; middle panel, immune score; and bottom panel, estimate score. (B) ESTIMATE predicting PDCD1LG2 expression is correlated with tumor immune infiltration level across seven cancer types. Top panel, stromal score; middle panel, immune score; and bottom panel, estimate score.


To better investigate the association of CD274/PDCD1LG2 expression with different immune infiltrating cells, we analyzed the relationship of CD274/PDCD1LG2 expression with the gene markers in diverse immunocytes, as shown in Figure 4. Our results suggested that CD274/PDCD1LG2 expression was significantly correlated with many immune markers in diverse immunocytes and distinct T cells.


[image: Figure 4]
FIGURE 4. CD274/PDCD1LG2 expression is correlated with immune markers. (A) Heatmap shows that the CD274 expression is correlated with the tumor immune marker level across seven cancers. For each pair, right top triangle is colored representing a p-value; left bottom is colored representing a correlation coefficient. (B) Heatmap shows that the PDCD1LG2 expression is correlated with the tumor immune marker level across seven cancers. *p < 0.05; **p < 0.01; ***p < 0.001.




Correlation Analysis on TMB, MSI, MMR, and DNMT

Moreover, we evaluated the association of TMB/MSI with CD274/PDCD1LG2 expression as shown in Figure 5. We discovered that the CD274 expression was correlated with the TMB in STAD (p = 1.8e-5), and COAD (p = 3.3e-14); while PDCD1LG2 expression was correlated with the TMB in ESCA (p = 0.035), and COAD (p = 3.4e-7), as presented in Figures 5A,C. Moreover, CD274 expression was found to be related to the MSI in COAD (p = 1.5e-11), and READ (p = 0.027); whereas PDCD1LG2 expression was associated with the MSI in COAD (p = 7.7e-10), LIHC (p = 0.009), and STAD (p = 0.001), as displayed in Figures 5B,D.


[image: Figure 5]
FIGURE 5. CD274/PDCD1LG2 expression is correlated with tumor mutation burden (TMB) and microsatellite instability (MSI). (A) Radar chart displaying a correlation between CD274 and TMB across seven cancers. Red line representing the Spearman correlation coefficient. (B) Radar chart displaying a correlation between CD274 and MSI. Blue line representing the Spearman correlation coefficient. (C) PDCD1LG2 expression and TMB. (D) PDCD1LG2 and MSI.


Further, we performed a correlation analysis between MMR genes (MLH1, MSH2, MSH6, PMS2, and EPCAM) and CD274/PDCD1LG2 as shown in Figures 6A,C. In all seven cancer types, CD274/PDCD1LG2 was correlated with at least one MMR gene. Besides, we also conducted a correlation analysis between DNMT (DNMT1, DNMT2, DNMT3A, and DNMT3B) and CD274/PDCD1LG2. As a result, in all seven cancer types, CD274/PDCD1LG2 was correlated with at least one DNMT gene (Figures 6B,D). Detailed correlation results are summarized in Table 1.


[image: Figure 6]
FIGURE 6. CD274/PDCD1LG2 expression is correlated with mismatch repair (MMR) and DNA methyltransferase (DNMT). (A) Circle chart displaying the overlap between CD274 and MMR across seven cancers. The first outer ring representing cancer types; the second outer ring representing five MMR genes; the third outer ring representing a correlation coefficient; and the fourth outer ring is colored representing a p-value. (B) CD274 and DNMTs. (C) PDCD1LG2 and MMRs. (D) PDCD1LG2 and DNMTs.



Table 1. Correlation analysis of CD274/PDCD1LG2 expression with mismatch repair (MMR) and DNA methyltransferase (DNMT).
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DISCUSSION

The present work illustrated a comprehensive workflow for a pan-cancer analysis and thoroughly investigated the role of CD274/PDCD1LG2 in gastrointestinal cancers. The CD274/PDCD1LG2 expression among the different cancer cell lines was reported. It was found that most cancer types showed a CD274/PDCD1LG2 alteration frequency, and the abnormal expression served as a prognostic factor in some cancer types. Serum CD274/PDCD1LG2 levels could predict disease-free survival after the CIK cell therapy in patients with LIHC. More importantly, the CD274/PDCD1LG2 expression was associated with the cancer immunity. Furthermore, CD274/PDCD1LG2 was identified to be correlated with TMB, MSI, MMR, and DNMT.

It is significant to identify the abnormal gene expression among the different types of cancers. Also, it is of great significance to identify the tumor-specific targets or tumor-related features in individualized treatment, thus enhancing the possibility of curing among the patients with cancer (21). A pan-cancer analysis of CD274/PDCD1LG2 is valuable for identifying a differential expression and its role in many cancer types (22, 23). Using CCLE and TCGA databases, a large number of diverse types of cancers are obtained, which contributes to discovering the abnormal CD274/PDCD1LG2 expression among the different types of cancers. Besides, a thorough pan-cancer cellular analysis of gene expression can be performed through CCLE, which sheds light on the future cellular experiments. On the other hand, TCGA genomic and survival analyses may provide guidance for clinical practice and future studies.

In recent years, immunotherapy has achieved prominent efficacy in the treatment of tumors. Notably, the present work also demonstrated that the expression of CD274/PDCD1LG2 was related to cancer immunity. According to this study, the CD274/PDCD1LG2 level was related to the immune infiltration levels in cancers. ESTIMATE has been reported as a metric for the evaluation of the prognosis for the patients with cancer (24). Numerous recent studies have employed the ESTIMATE method to assess various tumors, and it has been successfully applied to the genome data. For instance, ESTIMATE is used to predict the outcomes among the patients with glioblastoma and cutaneous melanoma (25, 26). Using a TCGA cohort, the ESTIMATE method was utilized to generate the immune and stromal scores. As a result, CD274/PDCD1LG2 was correlated with the ESTIMATE scores. Furthermore, CD274/PDCD1LG2 was also detected to be correlated with the gene markers in infiltrating cells as observed from Figure 4.

Gene mutation is a major cause of cancer formation (27). Typically, mutations in some specific genes may predict the patient prognosis and treatment response (28, 29). An adaptive immune system can identify and detect cancers through the non-self neoantigens associated with somatic mutations. Therefore, TMB affects the possibility of generation of an immunogenic peptide, thus impacting the patient response to immune checkpoint inhibitors (30, 31). Consequently, it is of great significance to comprehensively investigate the association of the CD274/PDCD1LG2 expression with TMB levels among the patients with cancer, using the TCGA-derived high-quality matched data. Moreover, TMB and MSI also indicate the production of new antibodies. Noteworthily, a number of cases with high MSI (MSI-H) show increased TMB levels (32). Further, as discovered by Bonneville et al. (33), the MSI-H cervical squamous cell carcinoma and adrenocortical carcinoma showed abnormally high mutation frequencies. On the other hand, MSI is a vital index to predict the tumor genesis and development (19). The National Comprehensive Cancer Network (NCCN) guidelines have recommended an MSI testing for all READ subtypes, and the READ mortality can be reduced by the early detection of MSI (34). Some studies have shown that the MMR defect (dMMR) in cancer cells produces antigens that can be easily recognized by T cells, in this way, the PD-1 inhibitors are highly effective on the MSI-H solid tumors (35). In this regard, FDA has approved the use of Keytruda for the treatment of MSI-H/dMMR solid tumors (36). Therefore, TMB, MSI, and MMR can serve as a predicting factor for the efficacy of immunotherapy at present. We found in this study that the CD274/PDCD1LG2 expression was correlated with TMB and MSI in some cancer types. Moreover, the gene DNA methylation can regulate gene expression, while such a change can be utilized by tumor cells to destroy the immunogenicity and the immune recognition mechanisms, thus obtaining the immune escape phenotypes. Notably, the application of a methylase inhibitor in combination with an immunocheckpoint inhibitor has achieved initial advantages (20). An analysis between CD274/PDCD1LG2 and a methylase inhibitor is expected to inject a new vitality into the cancer treatment. Taken together, our findings provide clues for the association between CD274/PDCD1LG2 and cancer immunity, which require further experiment investigations to clarify.

Collectively, our comprehensive pan-cancer analysis has characterized CD274/PDCD1LG2 in different cancer cell lines and tissues of seven gastrointestinal cancer types. Our new integrative omics-based workflow might provide novel insights into the patients with gastrointestinal cancer regarding immunotherapy.
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SYVN1-MTR4-MAT2A Signaling Axis Regulates Methionine Metabolism in Glioma Cells
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Methionine is one of the essential amino acids. How tumor cells adapt and adjust their signal transduction networks to avoid apoptosis in a methionine-restricted environment is worthy of further exploration. In this study, we investigated the molecular mechanism of glioma response to methionine restriction, providing a theoretical basis for new treatment strategies for glioma.

Methods: We constructed methionine-restriction-tolerant cells in order to study the response of glioma to a methionine-restricted environment. The transcriptome analysis of the tolerant cells showed significant changes in MAT2A. Western blotting, immunohistochemistry, quantitative real-time PCR, colony formation assays, and other experiments were used to verify the role of MAT2A in glioma genesis. In addition, the regulatory mechanism of MAT2A mRNA nuclear export was investigated by transfection, plasma nucleation separation, and co-immunoprecipitation.

Results: Under methionine restriction, glioma cells showed high expression of MAT2A, and an inhibitor of MAT2A reduced the proliferation of tumor cells. The expression of MAT2A was positively correlated with World Health Organization-grade glioma. High expression of MAT2A was related to increased transfer of its mRNA out of the nucleus. The expression of nuclear export regulatory molecule MTR4 could affect the export of MAT2A mRNA. In a methionine-restricted environment, ubiquitination of MTR4 was enhanced, and thus its protein level was reduced. The E3 ubiquitin ligase was verified to be SYVN1.

Conclusion: In summary, methionine restriction leads to increased ubiquitination of MTR4, which promotes the transfer of MAT2A mRNA out of the nucleus and MAT2A protein expression. MAT2A promotes histone methylation, prompting cells to proliferate in a methionine-restricted environment.

Keywords: methionine metabolism, glioma, MAT2A, MTR4, SYVN1


INTRODUCTION

Glioma is the most common type of primary brain tumor, accounting for approximately 81% of primary intracranial tumors (Ostrom et al., 2014). Although relatively rare, glioma causes significant mortality and morbidity. Currently, surgery and chemoradiotherapy are the main treatments for patients with glioma. However, patients have poor survival despite these treatments, and no major breakthrough has been made in glioma treatment recently (Riabovol et al., 2019). Therefore, there is a vital and urgent need to identify the molecular mechanisms underlying glioma occurrence to enable the exploration of novel strategies for glioma treatment.

In recent years, the role of metabolic reprogramming in tumors has captured increasing attention owing to the development of metabolomics technology and the discovery of tumor metabolites through metabolomics (Poljsak et al., 2019). Metabolites, in addition to serving as substrates for energy generation and anabolism, can regulate the expression of oncogenes and tumor suppressor genes and change epigenetic status (Kaelin Jr., and McKnight, 2013; Pavlova and Thompson, 2016; Ducker and Rabinowitz, 2017). Therefore, the causal relationship between gene expression and metabolism plays an important part in tumor development (Jain et al., 2012; Xia et al., 2017; Nencioni et al., 2018).

Methionine is one of the essential amino acids in the human body and is involved in the synthesis of many important proteins (Sanderson et al., 2019). The rapid proliferation of glioma cells requires abundant protein; therefore, large amounts of methionine must be ingested and utilized. Based on this theory, 11C-MET computed tomography (CT) can serve as a crucial measure for glioma diagnosis and treatment (Glaudemans et al., 2013; Luckerath et al., 2015; He et al., 2019). Methionine reacts with adenosine triphosphate (ATP) to generate S-adenosylmethionine (SAM) under the catalysis of MAT2A (LeGros Jr., Halim et al., 2000). Then SAM, catalyzed by methyltransferase, transfers its methyl group to methyl group receptors such as proteins, DNA, RNA, and other biological macromolecules, thereby methylating them. Moreover, the methionine cycle enables SAM to regenerate methionine through multiple enzymatic reactions (Wang et al., 2019; Figure 1A); MAT2A is the first rate-limiting enzyme of this cycle. The role of MAT2A in a variety of cancers has been elucidated, in particular, liver cancer (Anstee and Day, 2012; Pajares et al., 2013); however, its counterpart in glioma remains unclear.


[image: image]

FIGURE 1. Establishment of MRT glioma cells. (A) Schematic of the methionine cycle. Methionine reacts with ATP under the catalysis of MAT2A to produce the universal methyl donor SAM. SAM provides methyl groups for DNA histone and protein methylation, which is then transferred to SAH. SAH is hydrolyzed by the catalyzation of SAHH to generate homocysteine, which is then converted to methionine with methyl donation from tetrahydrofolate (THF). (B) Schematic of construction of MRT glioma cells. (C) Proliferation of U251-M and U87-M cells cultured with CM and MRM was analyzed by cell counting (n = 3 biologically independent experiments). Differences between the two groups were calculated by two-way ANOVA. Data are presented as mean ± s. d., and P-values are indicated. (D) Changes of several amino acids between U251 and U251-M cells. *p < 0.05.


Whether a newly synthesized RNA is exported to the cytoplasm or degraded is of extreme significance to the precise expression of genes. A competition model has been introduced to explain the mechanism that determines these outcomes. In this model, nuclear RNA export factor 1 (NXF1)/nuclear transport factor 2-like export factor 1 (NXT1) and the TREX complex (Chi et al., 2013), the key factor of which is ALYREF (Masuda et al., 2005; Shi et al., 2017), work together to mediate the mRNA nuclear export process (Strasser et al., 2002; Carmody and Wente, 2009). Furthermore, the multi-subunit exosome complex, which has endonuclease and 3′-to-5′ exonuclease activity, is responsible for degrading RNA of aberrant structure or quantity (Andersen et al., 2013). RNA helicase MTR4 is a dispensable cofactor of the exosome complex (Lubas et al., 2011; Meola et al., 2016). When RNA becomes mature, ALYREF competes with MTR4 to bind to ARS2, a component of the 5′-cap-binding complex; the “winner” is recruited to the mature mRNA (Fan et al., 2017). In other words, the competition between ALYREF and MTR4 determines the destiny of the RNA inside the nucleus. However, little is known about the balance between RNA export to the cytoplasm and RNA degradation in the process of tumor metabolism regulation.

Here, in order to explore the metabolic reprogramming of glioma cells in a low-methionine environment, methionine-restriction-tolerant (MRT) cells were constructed. Sequencing showed that their metabolites and mRNA expression profiles were significantly changed, with MAT2A expression significantly increased in the tolerant cells. We demonstrated the important roles of MAT2A in promoting glioma tumorigenesis and cancer metabolic reprogramming. In addition, we found that ubiquitination of MTR4 in a low-methionine environment was the cause of the high levels of export of MAT2A mRNA to the cytoplasm, leading to MAT2A overexpression. Our results provide a new molecular mechanism for understanding the response of glioma cells to methionine restriction.



MATERIALS AND METHODS


Reagents and Inhibitors

RPMI-1640 medium powder (31800-105) and fetal bovine serum (FBS, 11011-8611) were purchased from Gibco (Invitrogen, United States). Streptomycin and penicillin (GNM15140) were purchased from Genome (Hangzhou, China). RPMI-1640 medium w/o amino acids powder (R8999-04A) was obtained from United States Biological (United States).

PF9366 (25 μM final concentration), actinomycin D (5 μg/mL final concentration), cycloheximide (a general inhibitor of protein synthesis; 25 μM final concentration), MG-132 (25 μM final concentration), CQ (25 μM final concentration), and PS-341 (25 μM final concentration) were purchased from MCE (China).



Cell Culture

Human glioma cell lines U251, U87, and HEK293T were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). U251 and U87 cells were cultured in RPMI-1640 medium containing 10% FBS, 100 μg/mL streptomycin, and 100 U/mL penicillin and used to prepare cells in the complete medium (CM) group. The methionine-restriction cell model was established as follows: RPMI-1640 w/o amino acids medium powder with 19 amino acids was added as standard, the amount of methionine was reduced from 15 mg/L to 3.75 mg/L (Moore et al., 1967) to prepare a methionine-restricted medium (MRM). Cells cultured in MRM for ∼20 days were denoted U251-M or U87-M, whereas those cultured with MRM for a short time were used to prepare the MRM group. All cell cultures were maintained in a 5% CO2 humidified incubator at 37°C.



Cell Proliferation, Edu, and Colony Formation Assays

For the cell proliferation assay, glioma cell lines were plated in 24-well plates at a density of 3 × 104 cells per well and cultured in 500 μL medium for 24 h. Subsequently, the medium was replaced with fresh CM or MRM. Cell numbers were counted at multiple time points (1, 3, 5, 7, and 9 days). The Edu assay was performed using a Cell Proliferation Detection Kit (Beyotime, China) following the manufacturer’s protocol. Briefly, glioma cells were seeded at a density of 3 × 104 cells per well in 24-well plates and treated for 24 h. Then, the medium was replaced with 20 μM Edu solution for 2 h. Cells were fixed with 4% paraformaldehyde, then incubated with phosphate-buffered saline (PBS) containing 0.3% Triton X-100 for 15 min. After the addition of 100 μL/well Click solution for 30 min, cells were rinsed three times with PBS and then observed with a fluorescence microscope.

For colony formation analysis, cells were grown in six-well plates at a density of 500 cells per well. After ∼2 weeks of culture, the colonies were fixed with 4% paraformaldehyde and stained with crystal violet. A low-power microscope was used to count the number of colonies, with 50 cells designated as a colony. The size of a colony was analyzed using colony counting software.



Quantitative PCR Analysis

Total RNA was isolated using TRIzol reagent (Life Technologies, CA, United States) according to the manufacturer’s instructions. A NanoDrop 2000 (Thermo Fisher Scientific) instrument was used to quantify total RNA. First, 1 μg of total RNA was reverse transcribed to cDNA using a PrimeScript RT Master Mix kit (Takara). Then, the mRNA expression level was determined by quantitative real-time PCR (qRT-PCR) using SYBR Green Master Mix (Takara) on a Light Cycler 480 II system (Roche), followed by calculation with the standard 2–ΔΔCt relative quantification method. The primers for MAT2A, SAHH, MTR, MTR4, METTL16, and β-actin were synthesized by TSINGKE Biological Technology (Beijing, China). β-actin was used as an internal reference for RNA integrity.

For the preparation of cytoplasmic and nuclear extracts, cells were processed according to a slightly modified version of a previously published protocol (Vermeulen et al., 2010). Briefly, cells were harvested, washed once with PBS, resuspended in 100 μL of lysis buffer A (10 mM HEPES-KOH pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.2% NP-40, 1X Roche protease inhibitors, 1 U/mL NEB RNase inhibitors) and left for 10 min on ice. After 40 strokes with a Dounce homogenizer, cells were centrifuged for 15 min at 3750 rpm. The supernatant (representing the cytoplasmic extract) was collected, 1 mL TRIzol was added, and mRNA was extracted by the above method.

The PCR primers were as follows:

MAT2A-F 5′-ATGAACGGACAGCTCAACGG-3′,

MAT2A-R 5′-CCAGCAAGAAGGATCATTCCAG-3′,

SAHH-F 5′-GCATGTCTGACAAACTGCCC-3′,

SAHH-R 5′-ACCACTGCACCTCAGCA-3′,

MTR-F 5′-TGCTCTCACTGCTCCCAAAAA-3′,

MTR-R 5′-CATCAAAACGTTTCCCTGCCT-3′,

MTR4-F 5′-AACGGGAGGCGTCAAAAGAC-3′,

MTR4-R 5′-TCTTCAGACCTTCGGGTTGC-3′,

METTL16-F 5′-TCAATTGGAAGCCAAGGGAGT-3′,

METTL16-R 5′-ACCCCTTGTATGCGAAGCTC-3′,

β-actin-F 5′-ACTCTTCCAGCCTTCCTTCC-3′, and

β-actin-R 5′-CGTCATACTCCTGCTTGCTG-3′.



Immunohistochemistry Analysis of Tumor Samples

A tumor tissue microarray was obtained from the Affiliated Hospital of Xuzhou Medical University. Anti-MAT2A (ab189208) from Abcam was used for immunohistochemistry analyses. Immunohistochemistry was performed by the Department of Pathology of the Affiliated Jinhua Hospital, Zhejiang University School of Medicine. Samples were subsequently scored by visual assessment as “+1,” “+2,” or “+3,” according to the staining intensity for MAT2A. Associations between MAT2A staining and clinicopathological factors of patients with glioma, including age, gender, World Health Organization (WHO) grade, and histologic type, were evaluated by χ2-test.



Gene Transfection and RNA Interference

The flag-MTR4 plasmid was constructed by TSINGKE Biological Technology (Beijing, China). The SYVN1 plasmid was purchased from Sino Biological (China). Glioma cells were plated overnight in six-well plates at a density of 3 × 101 cells per well, and then the plasmid was transfected into cells with Lipofectamine® 2000 reagent (Invitrogen, United States). DNA was diluted to a final concentration of 1 μg plasmid DNA per 100 μL medium before supplementation with 2 μL DNA transfection reagent. After incubation for 15 min, the DNA complex was added to the cells in a dropwise manner. After incubation for 1–3 days at 37°C, the transfected cells were harvested for further analysis.

Cells were seeded in six-well plates at 40–60% confluence and transfected with short interfering RNA (siRNA) (50 nM) with Lipofectamine RNAiMAX reagent (Life Technologies, CA, United States) in Opti-MEM medium (Invitrogen) according to the manufacturer’s protocol. The transfected cells were incubated at 37°C for 1–3 days before harvesting. The siRNAs for MAT2A were designed by and purchased from RiboBio (Guangzhou, China); their sequences were as follows:

si-MAT2A#1 GAGCAACAGTCACCAGATA

si-MAT2A#2 GTGGCAAAATCCCTTGTTA

si-MTR4#1 GCAAGTGCTTCGAGATGCA

si-MTR4#2 GCAGCATAATTCGTTGTAT

si-SYVN1#1 CCATCTTCATCAAGTATGT

si-SYVN1#2 CCGTATGGATGTCCTTCGT

si-METTL16#1 GCCGGACAGTACCTGTTTA

si-METTL16#2 CCGCCTAGTTCTGTTAATA



Western Blotting and Co-immunoprecipitation

To prepare whole protein samples, cells were lysed and extracted with RIPA lysis buffer containing 1% PMSF (Phenylmethanesulfonyl fluoride). Then, lysates of 20–30 μg were loaded onto 8% or 12% sodium dodecyl sulfate polyacrylamide gels for electrophoresis, and the separated proteins were transferred to polyvinylidene fluoride membranes. After being blocked with 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 2 h at room temperature, the membranes were incubated with primary antibody overnight at 4°C. On the second day, the membranes were washed with TBST and then incubated with peroxidase-labeled secondary antibodies for 1 h. Immunoreactivity was determined using enhanced chemiluminescence reagents and visualized on a Bio-Rad ChemiDoc XRS system. β-actin served to normalize protein levels.


Protein Antibodies Used for Western Blotting

For the co-immunoprecipitation assay, glioma cells were washed with PBS and lysed with lysis buffer (Thermo Fisher Scientific, United States), and the lysates were pretreated with protein A/G beads (Thermo Fisher Scientific, United States) for 1 h at 4°C. The cell lysates were incubated with anti-MTR4 (10 μg) and anti-SYVN1 (10 μg) antibodies overnight at 4°C. Then, the supernatant was precipitated with protein A/G overnight at 4°C to precipitate the immune complexes. After washing the complexes six times with cell lysis buffer, the samples were analyzed via western blotting.
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Metabolomic Analyses


Sample Preparation and Extraction of Quality Control (QC) Samples

To guarantee the quality of the non-targeted bioanalytical data, QC samples were used for method validation. QC samples were prepared from a mixture of 20 μL per sample. QC samples were extracted using the sample extraction method described above. The QC specimens were analyzed every six samples throughout the whole analysis procedure.



Data Processing

Raw data files were pretreated with procedures including peak finding, alignment, filtering, and normalization to total area. A three-dimensional data set consisting of sample information, peak intensities, peak retention time, and mass-to-charge ratio (m/z) was obtained. Retention time and m/z data were used as identifiers of each ion. Moreover, peaks with missing values (ion intensity = 0) in more than 80% of samples were removed in order to obtain consistent variables. Then, the resultant data matrices were imported into SIMCA14.1 (Umetrics, Umeå, Sweden) software for multivariate statistical analysis. Analytic methods including principal components analysis and orthogonal partial least-squares discriminant analysis (OPLS-DA) were used for metabolite profile analysis.



Biomarker Identification and Metabolic Pathway Analysis

The OPLS-DA model was used to visualize the metabolic differences between the model group and control group. Variables with VIP > 1 in the OPLS-DA model, as well as those with p| corr| value > 0.58 in the S-plot and those with confidence interval crossing zero in the jack-knifed loading plot, were considered to be potential biomarkers. The potential biomarkers were identified using Agilent Mass Hunter Qualitative Navigator (Agilent, United States) combined with the HMDB database2, Kyoto Encyclopedia of Genes and Genomes (KEGG)3, and lipid maps database4. The pathway analysis used MetaboAnalyst 3.05.



RNA-Sequencing Analysis

TRIzol reagent (Carlsbad, CA, United States) was used to extract total RNA from three independent samples of cells. RNA sequencing was performed by KaiTai-Bio (Hangzhou, China). RNA-seq libraries were constructed using an Illumina TruSeq RNA sample preparation kit (RS-122-2001) and sequenced using an Illumina HiSeq 2000 system with a read length of 50 base pairs with paired ends. RNA-seq reads were mapped to the human genome (hg19) using TopHat (Trapnell et al., 2009). Only those reads mapped to unique genomic locations and with <5% mismatches were analyzed further. We used FPKM (Trapnell et al., 2010) to measure gene transcripts, and DEGSeq (Wang et al., 2010) to identify differentially expressed genes. The differentially expressed genes were counted and annotated using the NCBI, UniProt, gene ontology, and KEGG databases to obtain detailed descriptions.



Quantification and Statistical Analysis

The data were presented as mean ± SEM of at least three independent experiments. Statistical analyses were performed via GraphPad prism software (San Diego, CA, United States). One-way analysis of variance (ANOVA), which was followed by a post hoc test, was used for multiple comparisons. P < 0.05 was considered to be statistically significant.



RESULTS


Establishment of MRT Glioma Cells

Methionine is an essential amino acid, and its lack causes cell growth arrest. In order to explore the reaction of glioma cells to a methionine-restricted environment, MRM (with a methionine concentration of 3.75 mg/L in contrast to 15 mg/L in normal medium) was used to culture glioma cells. In this way, MRT glioma cells were established and denoted U251-M and U87-M, respectively (Figure 1B). After cultivation in MRM for 9 days, there was no apparent increase in the numbers of parental cells (U251 and U87). However, MRT cells (U251-M and U87-M) had a stronger proliferation ability than the corresponding parental cells (Figure 1C). To thoroughly investigate the mechanism underlying this phenomenon, we performed metabolomic sequencing on parental U251 cells and MRT U251-M cells. The sequencing results showed statistically significant differences in levels of 45 metabolites between the two cell types (Supplementary Figure 1A), including 36 metabolites that were downregulated and nine that were upregulated (Supplementary Table 1). Levels of multiple amino acids were changed, including methionine, leucine, and valine (Figure 1D). Many metabolites related to lipid metabolism and glucose metabolism, including trihydroxystearic acid, pantothenic acid, folic acid, furfuryl thioacetate, and nicotinamide, also showed changes (Supplementary Table 1). These results indicated that the MRT glioma cells had been successfully constructed and that their metabolism had been remodeled.



Transcriptome Comparison Showed Upregulation of MAT2A in MRT Glioma Cells and Parental Glioma Cells

To further reveal the genes whose expression levels changed with metabolic reprogramming, transcriptome sequencing was performed on U251 and U251-M cells. The results showed that 363 genes were upregulated and 655 genes were downregulated (Supplementary Figures 1B,C). KEGG pathway analysis of these differentially expressed genes showed that they were markedly enriched in metabolic pathways, as illustrated in the bubble plot in Figure 2A. Further gene set enrichment analysis (GSEA) of the sequencing results showed that methionine metabolism pathways were downregulated (Figure 2B), whereas pathways related to glucose and lipid metabolism were upregulated (Supplementary Figure 1D). Based on analysis of the high-throughput data, the 50 genes with the largest fold change in expression levels were used to plot a heatmap. Among them, the metabolic enzyme of the methionine cycle, MAT2A, attracted our attention (Figure 2C). Therefore, we tested the expression levels of MAT2A and two other metabolic enzymes of the methionine cycle, SAHH, and MTR, in U251-M by qRT-PCR and found that the mRNA level of MAT2A was significantly elevated, whereas those of SAHH and MTR increased comparatively less (Figure 2D). Furthermore, as the cultivation time in MRM was increased up to 24 h, the mRNA level of MAT2A in U251 gradually increased (Figure 2E). Besides, both mRNA and protein levels of MAT2A in U251 and U87 cells showed marked increases after cultivation in MRM for 24 h (Figures 2F,G). Based on these findings, we speculated that MAT2A might have a crucial role in the response of U251 and U87 cells to a methionine-restricted environment.
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FIGURE 2. Transcriptome comparison showing upregulation of MAT2A in MRT glioma cells and parental glioma cells. (A) KEGG enrichment of different signaling pathways in U251 and U251-M glioma cells. (B) GSEA plot depicting enrichment of downregulated genes in cysteine and methionine metabolism. (C) Heatmap of the top 50 differentially expressed genes between U251 and U251-M. (D) Expression of MAT2A, SAHH, and MTR in U251 and U251-M glioma cells, evaluated via RT-PCR. mRNA was normalized to β-actin and plotted relative to the control. (E) U251 cells were cultured in MRM for the indicated times (4, 8, 12, and 24 h), and MAT2A mRNA was detected by RT-PCR. (F) Relative mRNA of MAT2A was evaluated by RT-PCR in U251 and U87 glioma cells cultured in CM or MRM. (G) Western blotting for MAT2A in U251 and U87 glioma cells following culture in CM or MRM. β-actin was used as an internal control. The left graph is a quantized graph. *p < 0.05.




MAT2A Is Required for Glioma Cells

Previous studies have reported that MAT2A was able to promote the proliferation, invasiveness, and metastasis of various tumor cells and was closely related to patients’ prognosis (Marjon et al., 2016; Murray et al., 2019), but its role in glioma cells remained unknown. Consequently, preliminary research was carried out to investigate this. PF9366 is known to inhibit MAT2A by embedding into its spatial structure (Quinlan et al., 2017). Treatment with PF9366 at a concentration of 25 μM (Supplementary Figure 2A) significantly inhibited the proliferation ability of U251-M and U87-M cells (Figures 3A,B). We then transiently transfected siRNA into U251 and U87 glioma cells, which were harvested 48 h after transfection for qRT-PCR and cell proliferation assays. The qRT-PCR results confirmed that there was a significant decrease in MAT2A expression in both U251-M and U87-M cells compared with the control group (Supplementary Figure 2B). The transfected U251-M and U87-M cells exhibited decreased cellular growth (Figures 3C,D). We also investigated the role of MAT2A in glioma migration. The results of the wound-healing assays showed no significant difference in healing speed between the PF9366-processed and MAT2A-knockdown cells and the corresponding controls (Supplementary Figure 2C). These results suggest that MAT2A is an important molecule that enables glioma cells to survive in a methionine-restricted environment. We performed transcriptome sequencing analysis to determine the differences in gene expression between untreated U251-M cells and those treated with PF9366 and found 186 upregulated genes and 125 downregulated genes (Supplementary Figures 2D,E). KEGG pathway analysis of these differentially expressed genes showed that they were involved in pathways including Wnt signaling, TNF signaling, MAPK signaling, and glioma (Figure 3E). GSEA analysis of the data showed that metabolic pathways including methionine metabolism and glucose metabolism were downregulated, whereas metabolic pathways related to DNA replication were upregulated (Supplementary Figure 2F). We further performed metabolomic analysis on U251-M cells with and without PF9366 treatment. Differences were observed between the two groups for more than 100 metabolites, and 12 differentially identifiable metabolites were identified (Supplementary Table 2 and Supplementary Figure 2G). The differential metabolites were mainly enriched in sphingolipid metabolism (Figure 3F). Changes in MAT2A will directly affect levels of SAM, thereby influencing the methylation of biomolecules. Therefore, we examined the abundance of methylated histones. In comparison with U251-M cells, the majority of histone methylation marks in both PF9366-processed and MAT2A-knockdown cells were greatly downregulated (Figure 3G). The above results show that in a methionine-restricted environment, glioma cells regulate the methylation of biological macromolecules by regulating the expression of MAT2A, enabling the cells to survive in a methionine-restricted environment.
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FIGURE 3. MAT2A is required by glioma cells. (A) Proliferation of cells with MAT2A inhibited by PF9366 and control cells was analyzed by cell counting. (B) Colony formation assay for control cells and cells with MAT2A inhibited by PF9366. Differences between the two groups were calculated by a two-tailed, unpaired t-test. Data are presented as mean ± s. d., and P-values are indicated (n = 3 biologically independent samples). (C) Proliferation of MAT2A-knockdown and control cells was analyzed by cell counting. (D) Colony formation assay for control and MAT2A-knockdown cells. (E) KEGG enrichment of different signaling pathways in U251 and PF9366-processed U251-M cells. (F) Enrichment of differential metabolites in signaling pathways in U251 and PF9366-processed U251-M cells. (G) Protein levels of modified histones in MAT2A-knockdown and PF9366-processed U251-M cells. Histone H3 was used as a loading control. Independent blots were repeated at least three times with similar results. A quantized graph is shown below. *p < 0.05.




Increased MAT2A Expression Was Significantly Associated With WHO Grade in Glioma

To determine the clinical significance of MAT2A in patients with glioma, we performed data mining and analyzed MAT2A expression data downloaded from the publicly available Oncomine database (an online cancer microarray database)5. MAT2A gene expression analysis based on seven databases exhibited four databases with a significant P-value (P < 0.01) and gene ranks in the top 10% among all differentially expressed genes. In these databases, MAT2A was upregulated in tumor tissues of glioma compared with normal tissues (Figure 4A). We evaluated MAT2A expression in microarray tissues from 410 glioma cancer patients using immunohistochemistry staining (Supplementary Figure 3A). As shown in Figure 4B, MAT2A protein was found to be intracellularly localized. The intensity of staining in glioma tissue varies from patient to patient. In addition, histological type and WHO grade are important factors affecting the prognosis of glioma patients. We investigated whether the expression of MAT2A was related to these factors. As shown in Figure 4B, the tissue staining intensity was classified into weak (1), moderate (2), and strong (3) levels; of the 410 histological glioma tissues analyzed, 154 tissues (37.5%) showed weak immunostaining, 206 tissues (50.2%) showed moderate immunostaining, and 50 tissues (12.3%) showed strong immunostaining (Figure 4C). Statistical analysis of the staining results and patient information showed that the expression of MAT2A in glioma tissues was significantly positively correlated with WHO grade (P < 0.001) but not with age or histological type. To further study the effects of MAT2A on the clinical outcomes of patients with glioma, we constructed Kaplan–Meier survival curves for overall survival (Figure 4D). The high MAT2A expression group had a shorter survival time than the low expression group. The difference in the overall survival rate between patients with low and high MAT2A expression was statistically significant (P < 0.05).
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FIGURE 4. Increased MAT2A expression was significantly associated with WHO grade of glioma. (A) Oncomine data mining analysis of MAT2A mRNA levels in four different datasets between normal tissues and glioma. (B) Representative images of MAT2A immunohistochemical staining. From top to bottom: weak, moderate, and strong MAT2A staining in glioma tissue. (C) MAT2A staining and clinicopathological characteristics of 410 glioma patients. Categorical variables were compared using χ2-test or Fisher’s exact test. (D) Kaplan–Meier overall survival curves for glioma patients with low (“+1,” “+2”) and high (“+3”) expression of DKC1 (P < 0.05, log-rank test).




MTR4 Regulates the Release of MAT2A mRNA From the Nucleus

Fan et al. (2017) discovered that competition between ALYREF and MTR4 determines whether mRNA inside the nucleus is destined for export or degradation (Figure 5A). Thus, we detected protein levels of MTR4 and ALYREF in U251 and found an apparent reduction in MTR4 in the MRM group (Figure 5B). We also overexpressed the MTR4 through transfection with a Flag-MTR4 plasmid and noted that levels of MAT2A protein declined (Figure 5C). To further identify the reason for the change in MAT2A expression, we treated U251 cells with MRM for different times and separated the cytoplasm from the nucleus so that the level of MAT2A mRNA in the cytoplasm could be examined. The results showed that the level of MAT2A mRNA in the cytoplasm progressively increased over time (Figures 5D,E). In addition, Flag-MTR4 at several concentrations was transfected into the U251 cells to elevate the expression of MTR4 to different extents; as the expression of MTR4 increased, the level of MAT2A mRNA in the cytoplasm decreased (Figure 5F and Supplementary Figures 3C,D). This indicated that the increased level of MAT2A was due to reduced expression of MTR4 in glioma cells, which boosted the combination of MAT2A mRNA with ALYREF, resulting in the export of MAT2A mRNA.
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FIGURE 5. MTR4 regulates the release of MAT2A mRNA from the nucleus. (A) Schematic diagram of the fate of RNA in the nucleus. If an mRNA can effectively recruit ALYREF, it will exit the nucleus smoothly and efficiently. Conversely, MTR4 may bind to ARS2, and then recruit exosomes to degrade it. (B) Western blotting for MAT2A, MTR4, and ALYREF in U251-M and U251 cells following culture in CM or MRM. β-actin was used as an internal control. (C) U251 cells were transfected with MTR4, and immunoblotting analysis was performed with the indicated antibodies. (D,E) U251 and U87 cells were cultured with MRM for 0, 4, 8, 12, and 24 h; the cytoplasm and nucleus were separated; and cytoplasm mRNA levels of MAT2A were analyzed by qRT-PCR. (F) U251 cells were transfected with MTR4 (0, 1, 2, 3, or 4 μg); again the cytoplasm and nucleus were separated, and cytoplasm mRNA levels of MAT2A were analyzed by qRT-PCR. *p < 0.05.




SYVN1 Interacts With and Ubiquitinates MTR4

Next, we considered the reason for the decreased expression level of MTR4 in glioma cells in response to methionine restriction. Generally, the expression of genes is regulated by transcriptional regulation (Salminen et al., 2016), post-transcriptional regulation, and protein post-translational modification (Lamoliatte et al., 2017). Hence, we first measured levels of MTR4 mRNA in a methionine-restricted environment; no obvious decrease was observed compared with the CM group (Figure 6A). Next, glioma cells were treated with cycloheximide, which is a general inhibitor of protein synthesis (Chesnokov and Mertvetsov, 1990). The subsequent half-life analyses showed a more marked decline in MTR4 protein levels in the MRM group (Figure 6B). This suggested that protein post-translational modification might play a substantial part in regulating dynamic changes of MTR4.
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FIGURE 6. SYVN1 interacts with and ubiquitinates MTR4. (A) qRT-PCR analysis of MTR4 mRNA in U251 cultured in MRM. (B) U251 and U87 cells stably expressing MTR4 were treated with cycloheximide (25 μg/mL), cultured in CM or MRM, and harvested at the indicated times; protein levels of MTR4 were analyzed by immunoblotting. β-actin was used as an internal control. (C) U251 stably expressing MTR4 were treated with MG132, CQ, and PS341 for 6 h following culture in CM or MRM, and cell lysates were immunoblotted as indicated. β-actin was used as an internal control. (D) Immunoblotting analysis of MTR4 protein expression in U251 cells depleted of SYVN1 by siRNA. A quantized graph is shown below the immunoblots. (E) U251 cells transfected with control and SYVN1 were left untreated or treated with MG132 (25 μmol/L) for 4 h, followed by immunoblotting of cell lysates as indicated. β-actin was used as an internal control. (F) HEK293T cells were transfected with Flag-MTR4 and SYVN1. Extracts were immunoprecipitated with anti-Flag treated protein A/G beads and examined by immunoblotting. (G) HEK293T cells were transfected with Flag-MTR4 and SYVN1. Extracts were immunoprecipitated with anti-Flag-treated protein A/G beads and examined by immunoblotting. SYVN1 was found to interact with MTR4. (H) HEK293T cells were transfected with Flag-MTR4 and SYVN1 and cultivated with MRM for 24 h. Extracts were immunoprecipitated with anti-Flag treated protein A/G beads and examined by immunoblotting.


Ubiquitination is the most universal means of protein degradation in eukaryotic cells. The ubiquitination reaction catalyzed by specific ubiquitin enzymes is capable of efficiently mediating the target protein into the 26S proteasome to complete the degradation reaction. We found that proteasome inhibitors MG-132 and PS341 could completely reverse the decrease in MTR4 protein levels caused by methionine restriction stimulation, whereas the autophagy inhibitor CQ could not (Figure 6C). These results implied that the decrease in MTR4 protein was probably mediated by the ubiquitination pathway. The E3 ubiquitin ligase of MTR4 protein was predicted using the UbiBrowser website6; the possibilities included SYVN1, ZEB2, TRIM5, NEDD4L, and MDM2 (Supplementary Figure 3E). A series of screening experiments showed that there were no significant changes in levels of MTR4 protein in the cells with knockdown of E3 ubiquitin ligase SYVN1 following treatment with MRM (Figure 6D). Meanwhile, overexpression of SYVN1 could enhance ubiquitination of MTR4, thereby reducing MTR4 protein levels of U251, whereas MG-132 restored them (Figures 6E,F).

We then asked whether SYVN1 modulated MTR4 by directly interacting. We co-transfected exogenous MTR4 and SYVN1 into HEK293T cells; a co-immunoprecipitation assay showed that MTR4 indeed physically interacted with SYVN1 (Figure 6G). At the same time, we tested the expression of SYVN1 in resistant cells and MRM-cultured cell species (Supplementary Figure 3F) and found that SYVN1 did not change much, but SYVN1 bound to MTR4 increased in MRM-cultured cells (Figure 6H). In conclusion, it is SYVN1 that directly interacts with MTR4 to ubiquitinate it in a methionine-restricted environment.



DISCUSSION

In recent years, our understanding of malignant tumors has undergone a gradual change from “genetic disease” to “metabolic disease” (Wishart, 2015), and metabolic reprogramming has been recognized as one of the ten characteristics of tumors (Sun et al., 2018). Metabolic changes constitute a selective advantage for tumor growth, proliferation, and survival. Metabolic processes produce energy and anabolic substrates to sustain cell survival and proliferation. Tumor cells metabolize to meet the energy, biosynthesis, and oxidation-reduction reaction requirements of rapid and continuous proliferation. Methionine is an essential amino acid involved in protein synthesis, regulation of protein function, and methylation reactions (McIsaac et al., 2016). Dietary restriction of methionine has anti-aging and anti-obesogenic properties and influences cancer outcomes through controlled and reproducible changes to one-carbon metabolism (Hasek et al., 2013; Lees et al., 2014; Ables et al., 2015; Gao et al., 2019). Tumor cells are generally methionine dependent owing to the nature of their continuous proliferation. In our study, MRT cells were constructed to simulate a deficiency of methionine in glioma cells. Detection of the proliferation of MRT cells showed that they could proliferate normally in MRM, whereas their proliferation in CM was faster than that of parental cells. Sequencing of the transcriptome showed that MAT2A was enriched in multiple signaling pathways, including cell growth pathways. The metabolome of the MRT cells was detected, showing that metabolite levels changed significantly, including those involved in amino acid metabolism, sugar metabolism, and lipid metabolism. This confirmed the successful construction of the MRT cells and demonstrated that their metabolism was altered.

Methionine adenosyltransferase genes encode enzymes responsible for the biosynthesis of SAM – the principal biological methyl donor and precursor of polyamines and glutathione (Pajares and Markham, 2011; Maldonado et al., 2018). Mammalian systems express two genes, MAT1A and MAT2A, which encode MATα1 and MATα2, the catalytic subunits of the MAT isoenzymes, respectively. MAT1A is mainly expressed in the liver. Conversely, MAT2A is widely distributed in non-parenchymal cells of the liver and extrahepatic tissues (Maldonado et al., 2018; Murray et al., 2019). Changes in MAT2A directly affect levels of SAM, thereby affecting the methylation of biological macromolecules. Histone methylation plays an important part in regulating gene transcription (Gong and Miller, 2019). In liver cancer, MAT2A is closely related to cell proliferation signals, thereby regulating cell cycle progression (Zhao et al., 2018). Silencing the expression of MAT2A in the HepG2 cell line could reduce intracellular SAM and limit polyamine biosynthesis, preventing leptin’s pro-survival signal, which is essential for cell growth. However, MAT2A has not been studied extensively in glioma. We found that MAT2A was significantly increased in a low-methionine environment. After inhibiting MAT2A with PF9366 or knocking out MAT2A with siRNA, cell proliferation was significantly inhibited. Combined with database and tissue microarray analysis, these results showed that MAT2A expression was positively correlated with glioma WTO grade. Survival curves showed that the expression of MAT2A was also related to the prognosis of patients. MAT2A may thus be used as a therapeutic target for glioma and an indicator to predict prognosis.

Subsequently, we explored the mechanism underlying the increase in expression of MAT2A in a methionine-restricted environment. This process starts with transcription. After the pre-mRNA produced by transcription is processed and matured in the nucleus, it is translated into protein in the ribosome following a controlled exit process. RNA that cannot exit the nucleus smoothly is degraded in the nucleus (Carmody and Wente, 2009). Pendleton et al. (2017) confirmed that in a methionine-deficient environment, m6A modification of METTL16-mediated MAT2A pre-mRNA increases, thereby promoting its maturity. Shima et al. (2017) confirmed that in a methionine-deficient environment, cells increase their expression of MAT2A mRNA to maintain SAM levels by enhancing the stability of MAT2A mRNA. We verified the conclusions of these two studies through simple experiments (Supplementary Figures 3G,H). We found no report on the controlled nucleation process of MAT2A mRNA. According to the current mainstream theory of RNA-controlled export, competition between MTR4 and ALYREF determines the nuclear export or degradation of mRNA in the nucleus (Fan et al., 2017). Yu et al. (2020) demonstrated the important roles of MTR4 in promoting hepatocellular carcinoma (HCC) tumorigenesis and cancer metabolic reprogramming by regulating HCC-relevant alternative splicing events through recruiting PTBP1 to its target pre-mRNAs. In the current study, we found that MTR4 expression was downregulated in a low-methionine environment. Furthermore, levels of MAT2A mRNA in the cytoplasm of cells cultured in MRM and CM were detected at different times; levels of mRNA in the MRM group increased significantly compared with those in the CM group. High expression of MTR4 also affected levels of MAT2A mRNA in the cytoplasm. Therefore, we propose that MTR4 regulates the nuclear export of MAT2A mRNA. We also found that MTR4 regulates not only MAT2A but also other proteins. We believe that MTR4 plays an important part in the adaptation of glioma cells to a low-methionine environment. Owing to the lack of methionine, which is an important raw material for protein synthesis, the RNA nuclear regulation mechanism may preferentially allow genes related to cell survival and growth to be transcribed and translated, while mRNAs of genes that are relatively unimportant to cells will undergo accelerated degradation. This research group will conduct in-depth research on this issue in future studies.

Then, we investigated the mechanism by which MTR4 expression is decreased in the response of glioma cells to methionine restriction. Gene expression is regulated mainly through transcription regulation (Salminen et al., 2016), post-transcription regulation, and regulation of protein post-translational modification (Lamoliatte et al., 2017). We found that MTR4 responded to the methionine-restricted environment through ubiquitination. We also identified its E3 pantothenate ligase as SYVN1.

In summary, methionine restriction leads to enhanced binding of MTR4 and SYVN1, and increased ubiquitination; promotes the transfer of MAT2A mRNA out of the nucleus; increases MAT2A protein expression; accelerates the methionine cycle; and promotes cell proliferation in a methionine-restricted environment. This study provides a scientific basis for revealing the methionine metabolism characteristics of glioma cells and corresponding targeted therapy strategies (Figure 7).


[image: image]

FIGURE 7. Schematic hypothesis.
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Coiled-coil domain-containing 68 (CCDC68) plays different roles in cancer and is predicted as a tumor suppressor in human colorectal cancer (CRC). However, the specific role of CCDC68 in CRC and the underlying mechanisms remain unknown. Here, we showed that CCDC68 expression was lower in CRC than that in corresponding normal tissues, and CCDC68 level was positively correlated with disease-free survival. Ectopic expression of CCDC68 decreased CRC cell proliferation in vitro and suppressed the growth of CRC xenograft tumors in vivo. CCDC68 caused G0/G1 cell cycle arrest, downregulated CDK4, and upregulated ITCH, the E3 ubiquitin ligase responsible for CDK4 protein degradation. This increased CDK4 degradation, which decreased CDK4 protein levels and inhibited CRC tumor growth. Collectively, the present results identify a novel CDK4 regulatory axis consisting of CCDC68 and ITCH, which suggest that CCDC68 is a promising target for the treatment of CRC.
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Introduction

Colorectal cancer (CRC), one of the three most common cancers worldwide, has the third highest incidence rate (10%) and the second highest mortality rate (9.4%), and is therefore a considerable threat to human life and health (1). Currently, approximately one in ten CRC patients die from the disease each year despite undergoing treatment (1). Understanding the molecular mechanisms underlying the occurrence and development of CRC and exploring new approaches to the treatment of CRC are important research objectives.

The occurrence and development of CRC are mediated by a complex process that involves multiple pathways (2, 3), such as the EGFR, Wnt/β-catenin, TGF-β, and Sonic Hedgehog pathways. The factors and/or genes involved in these pathways may be potential therapeutic targets in CRC (4, 5). The combination of panitumumab, a human monoclonal antibody against EGFR, with supportive therapy is a common strategy for the treatment of metastatic CRC (6). Several inhibitors of the Wnt/β-catenin signaling pathway have been developed for the treatment of CRC (7). Identifying and understanding the factors and/or genes implicated in CRC occurrence and development would facilitate the early diagnosis or treatment of CRC patients.

Coiled-coil domain-containing (CCDC) proteins are a large family of proteins possessing a unique α-helical coiled coil that mediates multiple functions, including cytoskeleton formation, regulation of cell polarity and movement, transportation of intracellular substances, molecular recognition, and signal transduction (8). Many members of this family are involved in the progression of multiple cancers, such as CCDC43 in gastric cancer (9), CCDC8 in lung cancer (10), and CCDC34 in bladder cancer (11). CCDC68, a member of the CCDC family, is an important component of mother centriole subdistal appendages; it is a centrosome protein and is thus involved in cell cycle progression (12–14). CCDC68 also plays a role in cancer. Radulovich et al. found that CCDC68 is downregulated and acts as a tumor suppressor in pancreatic ductal adenocarcinoma (15). However, CCDC68 is upregulated in non-small cell lung cancer (NSCLC) and promotes cell proliferation (16). Therefore, the role of CCDC68 in cancer remains controversial. There is only one article reporting that CCDC68 is downregulated in 89% of patients with primary CRC, suggesting that CCDC68 might be a new candidate tumor suppressor gene in CRC (17). The specific biological role of CCDC68 in CRC and the underlying mechanism remain largely unclear.

In this study, we demonstrated that CCDC68 suppresses CRC cell proliferation in vitro and in vivo by promoting ITCH transcription. This was mediated by upregulation of the transcription factor RXRα and alterations of cyclin-dependent kinase (CDK)-4 protein degradation. We showed that CCDC68 downregulation promoted the growth of CRC cells through the RXRα/ITCH/CDK4 axis, thereby identifying a new mechanism underlying the development of CRC and providing a theoretical basis for targeted therapy for CRC.



Materials and Methods


Plasmids, Antibodies, and Reagents

The HA-CCDC68 plasmid, a set of shRNA plasmids specifically targeting ITCH, and the Flag-RXRα plasmid were purchased from MiaoLingBio (Wuhan, China). The pEGFP-CDK4 plasmid was constructed as described in our previous study (18). The luciferase reporter driven by the ITCH promoter was constructed by inserting the ITCH promotor sequence into the pGL3-basic vector (E1751; Promega) with the primers (F) 5′;-TCTATCGATAGGTACCTGACTTTCCAGATGGCAAAATACT-3′; and (R) 5′;-CCGGAATGCCAAGCTTTTCGCCCACGGGGGTTTA-3′;. Antibodies against CDK2 (sc-6248), CDK4 (sc-260), CDK6 (sc-177), cyclinD1 (sc-20044), P21 (sc-397), and P27 (sc-1641) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against CDC37 (4793S), cyclin E2 (4132S), HA (3724S), BTRC (11984S), and RXRα (3085S) were purchased from Cell Signaling Technology (Boston, MA, USA). Antibodies against α-Tubulin (ab7291), FBXO4 (ab230302), and SOCS7 (ab224589) were purchased from Abcam (Cambridge, UK). Antibodies against CCDC68 (PA5-61687) and FZR1 (34-2000) were purchased from Invitrogen (Grand Island, NY, USA). Antibody against ITCH (20920-1-AP) was purchased from Proteintech (Chicago, IL, USA). The chemicals cycloheximide (CHX) and MG132 were purchased from Calbiochem (San Diego, CA, USA).



Clinical Specimens

This study was approved by the Ethics Committee of Wenzhou Medical University. Tumor tissues and corresponding adjacent normal tissues were obtained from patients with colorectal cancer treated at the First Affiliated Hospital of Wenzhou Medical University (Zhejiang, China). A total of 150 pairs of tumor and normal tissues were collected and confirmed by histological and pathological diagnosis (Table S1). Each specimen was divided into two parts: RNA was extracted from one third of the material, and cDNA was synthesized and stored at -80°C until analysis. Two thirds of the material were fixed in formalin, embedded in paraffin, and stored at room temperature.



Cell Culture and Transfections

The human CRC cell lines HCT116 and HT29 were obtained from the Cell Bank of Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences. SW480 cells were bought from ATCC. HCoEpiC and RKO cells were bought from Cobioer (Nanjing, China). HCT116 and HT29 cells were maintained in McCoy’s 5A medium supplemented with 10% fetal bovine serum (FBS); RKO and SW480 cells were cultured in 1640 medium (Gibco, 11875–093) containing 10% FBS; and HCoEpiC cells were cultured in minimum essential medium (MEM; Gibco, 11095–080) containing 10% FBS. All cells were grown in a 5% CO2 cell culture incubator at 37°C. For stable cell line construction, HCT116 and RKO cells were transfected with plasmids using PolyJet™ DNA In Vitro Transfection Reagent (SignaGen Laboratories, SL100688). After 48 h, cells were subjected to selection with puromycin (4–6 μg/mL; J593, Amresco Inc) or G418 (1000–1500 μg/mL; sc-29065, Dallas, TX, USA) according to the antibiotic resistance of different transfected plasmids.



Lentivirus Packaging and Infection

Lentivirus packaging and infection experiments were performed as described previously (18). HA-CCDC68 stable expression cells and vector control cells were constructed by lentivirus infection. Briefly, two packaging vectors, 1.2 μg pMD2.G (12259, Addgene) and 1.2 μg psPAX2 (12260, Addgene), and 2.0 μg HA-CCDC68-PLVX-puro or HA- PLVX-puro plasmid, were transfected into 293T cells. The viral supernatants were then collected after 48 h, filtered, and used to infect HCT116 and RKO cells. Stable cell lines were screened by puromycin.



Immunohistochemistry (IHC)

IHC assays were performed to detect CCDC68 expression in formalin fixed paraffin embedded CRC specimens obtained from humans. An antibody specific against CCDC68 (PA5-61687; Invitrogen, Grand Island, NY, USA) was used for IHC staining, which was performed using a kit from Boster Bio-Engineering Company (SA1022; Wuhan, China). Immunostained images were captured with the Nikon Eclipse Ni microsystem (DS-Ri2) and analyzed with Image-Pro Plus version 6.0 (Media Cybernetics, Rockville, MD, USA) by calculating the integrated optical density (IOD) of each stained area (IOD/area). At least five images per specimen were counted.



Western Blotting

The cells were lysed with a lysis buffer containing 10 mM Tris-HCl, 1 mM Na3VO4, and 1% SDS (pH 7.4) on ice. The samples were then collected and heated at 100°C for 5 min, and nucleic acids were broken with ultrasound. Protein samples were separated on SDS-PAGE gels, followed by transfer to polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% non-fat milk and probed with the indicated primary antibodies overnight at 4°C, and then incubated with AP-conjugated secondary antibody. The ECF western blotting system (RPN5787; GE Healthcare, PA, USA) was used to detect the protein signal, and images were captured using a phosphorimager (Typhoon FLA 7000, GE Healthcare) (19).



Anchorage-Independent Growth Assay

The potential inhibitory effect of CCDC68 on the anchorage-independent growth of human CRC cells was assessed in the HCT116 and RKO cell lines. First, 0.5% agar in Basal Medium Eagle (BME) containing 10% FBS was used to cover the bottom layer of 6-well plates. Then, 1 × 104 HCT116 (Vector), HCT116 (CCDC68), RKO (Vector), and RKO (CCDC68) stable transfectants were suspended in 1 mL of 0.33% agar in 10% FBS-BME and seeded on the bottom layer. After culturing in a 5% CO2 incubator for 2–4 weeks, the number and size of cell colonies were determined under a microscope (DMi1; Leica Microsystems, Germany) (20).



Cell Proliferation

A Cell Titer-Glo Luminescent Cell Viability Assay kit (G7572; Promega) was used to determine the effect of CCDC68 on the proliferation of CRC cells. The assay was performed as described previously (18). Briefly, 2000 HCT116 (Vector), HCT116 (CCDC68), RKO (Vector), and RKO (CCDC68) cells were seeded into each well of 96-well plates. After adherence, the cells were synchronized for 12 h by exposure to 0.1% FBS medium and then cultured in complete medium for the indicated days. Cell viability was detected at 1, 3, and 5 days using a Centro LB 960 luminometer (Berthold Technologies, Berthold, Germany). Cell proliferation rate was defined as the relative absorbance of cells cultured for 3 and 5 days versus that of cells cultured for 1 day. Each experiment was repeated at least three times.



Cell Cycle Analysis

Cell Cycle Analysis was performed by flow cytometry (FCM). Cells were collected and fixed with 70% ethanol at 4°C overnight, and then washed and stained with a mixed solution of propidium iodide and RNase A (9:1) (KGA511; KeyGen Biotech, Nanjing, China) for 1 h at room temperature. Immediately thereafter, the cell cycle was detected by CytoFLEX (Beckman Coulter, San Diego, CA, USA), and the results were analyzed with the CytExpert software.



Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted using TRIzol (15596018, Invitrogen), and cDNAs were synthesized using the SuperScript™ First-Strand Synthesis system (18091200, Invitrogen). qRT-PCR assays were performed using the Fast SYBR Green Master Mix kit (4385614, Applied Biosystems) in the Q6 real-time PCR system (Thermo Fisher Scientific, Waltham, MA, USA). The primers used in this assay were as follows: human CCDC68 (forward, 5′-TCTGCCTTGTATGAGTCTACGTCC-3′; reverse, 5′- A GGATCCATTTCAGAATCAGAGCC-3′), human CDK4 (forward, 5′-CTACAGCTACCAGATGGCACTTAC-3′; reverse, 5′-CAAAGATACAGCCAACACTCCACA-3′), human ITCH (forward, 5′-GGAAGCAACCCCTTACAGTTATC-3′; reverse, 5′-CTAATGCAGCAGTTCCCAACAA-3′), and human GAPDH (forward, 5′-GACTCATGACCACAGTCCATGC-3′; reverse, 5′-CAGGTCAGGTCCACCACTGA-3′).



Dual-Luciferase Reporter Assay

HCT116 (Vector), HCT116 (CCDC68), RKO (Vector), and RKO (CCDC68) cells were transiently co-transfected with the ITCH promoter-driven luciferase reporter and pRL-TK for 24 h. After washing twice with PBS, cells were lysed with passive lysis buffer for 10 min at room temperature. Then, 20 μL cell lysate was transferred to a 96-well plate, and 40 μL Luciferase Assay Reagent II was added to detect ITCH promoter activity. Thereafter, Stop & Glo Buffer (Promega, USA) was added to each well to detect TK activity, which was measured in a Centro LB 960 luminometer (Berthold).



Protein Degradation Assay

To evaluate the potential effects of CCDC68 on the degradation of CDK4 in CRC cells, 5 × 105 stably transfected HCT116 (Vector) and HCT116 (CCDC68) cells were added into each well of a 6-well plate and cultured in complete medium at 37°C in a 5% CO2 incubator. The medium was replaced by 0.1% FBS medium after the cell density reached 50–60%, and cells were then starved for 12 h, followed by culture in 10% FBS medium for 12 h. Thereafter, cells were treated with medium containing 10 µM MG132 for 5 h before exposure to CHX (50 μg/mL) for 0, 3, 6, and 12 h. The protein stability of CDK4 was evaluated by western blotting at each time point.



Immunoprecipitation

293T cells were transiently transfected with GFP-CDK4 plasmid. At 36 h after transfection, cells were harvested, and total cell lysates were extracted using cell lysis buffer (9803, Cell Signaling Technology, USA) containing a complete protein inhibitor cocktail (04693116001, Roche, Germany) on ice. The obtained lysates were incubated with rotation at 4°C for 30 min. After centrifugation, the supernatant (1000 μL) was divided into two aliquots: 450 μL (50 μL was removed, denatured, and stored to check the input by western blotting) was incubated with 2 µg anti-CDK4 antibody (sc-260); and 450 μL (50 μL was removed, denatured, and stored to check the input by western blotting) was incubated with a nonspecific antibody (rabbit IgG, sc-2749). After incubation overnight at 4°C, 30 µL protein A/G-coated magnetic beads (Thermo Fisher Scientific) were added to each sample and incubated for 2–4 h at 4°C. Extracts were sequentially washed five times with 1× Cell Lysis Buffer using a magnetic stand. Finally, 60 µL protein elution buffer and 0.6 µL DTT were added, and samples were heated at 37°C for 2 h to denature and separate the magnetic beads. The samples without magnetic beads were subjected to western blotting analysis.



Xenograft Model in Nude Mice In Vivo

Animal experiments were performed in the animal institute of Wenzhou Medical University according to the protocols approved by the Laboratory Animal Center of Wenzhou Medical University and the Laboratory Animal Ethics Committee of Wenzhou Medical University, as described in our previous publication (21). Female BALB/c athymic nude mice (3 or 4 weeks old) were purchased from Shanghai Silaike Experimental Animal Company (license no. SCXK, Shanghai 2010-0002). After 1–2 weeks of acclimatization, mice were randomly allocated to one of two groups (five mice/group) and then subcutaneously injected into the right flank with 5 × 106 HCT116 (Vector) or HCT116 (CCDC68) cells suspended in 100 μL Serum-free medium McCoy’s 5A. After 4 weeks, mice were sacrificed, and tumors were surgically removed, imaged, and weighed. Two third of the tumor was fixed in 4% paraformaldehyde for IHC, and the remaining third was frozen at -80°C to extract RNA if necessary.



Bioinformatic Analysis

UbiBrowser database was used to screen possible E3 ligases related to CDK4 (http://ubibrowser.ncpsb.org/). The potential transcription factors binding to the ITCH promoter were predicted by the JASPAR database (http://jaspar.genereg.net/), with a profile score threshold of 95%.



Statistical Analysis

All experimental data are expressed as the mean ± standard deviation (mean ± SD). Graphs and statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). The Kaplan–Meier method was used to draw the survival curve, and the log-rank test was used to compare the differences between groups. Comparisons between the control group and the experimental group were performed using the Student’s t-test. P < 0.05 was considered statistically significant.




Results


CCDC68 is Downregulated in CRC and Related to Patient Prognosis

To investigate the potential role of CCDC68 in human CRC progression, the Cancer Genome Atlas (TCGA) database was used to analyze the expression levels of CCDC68 in 41 pairs of cancerous and normal tissues from CRC patients. The results showed that CCDC68 was markedly downregulated in CRC (Figure 1A). Furthermore, we analyzed the expression levels of CCDC68 in 150 fresh CRC samples and matched adjacent (normal) colorectal tissues by qRT-PCR and IHC assays. The results showed that CCDC68 was significantly downregulated in tumor tissues, which was consistent with TCGA data (Figures 1B–D).




Figure 1 | CCDC68 is downregulated in CRC tissues and cells. (A) CCDC68 mRNA levels in CRC according to the Cancer Genome Atlas (TCGA) data. (B) The mRNA expression level of CCDC68 in 150 pairs of CRC tissues and paracancerous tissues (normal). (C) Representative IHC images of CCDC68 protein expression in CRC tissues and adjacent normal tissues. (D) Quantification of CCDC68 expression in 150 pairs of CRC tissues and adjacent normal tissues. (E) CCDC68 mRNA expression levels and disease-free survival of patients from TCGA CRC data. (F) Expression of CCDC68 in human CRC cell lines (HCT116, HT29, RKO, and SW480) and in the normal colorectal epithelial cell line HCoEpiC. Data are presented as the mean ± SD, *P < 0.05.



To assess the role of CCDC68 in CRC, we analyzed the relationship between CCDC68 expression levels and disease-free survival (DFS) data from the TCGA database. Kaplan–Meier survival analysis revealed that CCDC68 downregulation was associated with a poor prognosis in CRC patients (Figure 1E). In addition, CCDC68 expression was lower in human CRC cell lines (HCT116, HT29, RKO, and SW480) than that in the human immortalized normal colorectal epithelial cell line HCoEpiC (Figure 1F).



CCDC68 Overexpression Suppresses Human CRC Cell Growth In Vitro and In Vivo

To evaluate whether CCDC68 is involved in the development of CRC, we constructed four stable transfectants, HCT116 (CCDC68), HCT116 (Vector), RKO (CCDC68), and RKO (Vector), which were examined by western blotting (Figure 2A). CCDC68 overexpression significantly decreased the monolayer growth of HCT116 and RKO cells compared with that of control vector transfectants (Figures 2B, C). CCDC68 overexpression also significantly decreased the anchorage-independent growth of CRC cells (Figures 2D, E). These data indicate that CCDC68 inhibited CRC cell growth in vitro.




Figure 2 | CCDC68 overexpression inhibits CRC cell growth in vitro and in vivo. (A) Stable transfectants of HCT116 (Vector) vs. HCT116 (HA-CCDC68) and RKO (Vector) vs. RKO (HA-CCDC68) were identified by western blotting. (B, C) Cell proliferation was detected by ATP assay. Data were analyzed Student′s t-test. (D, E) Anchorage-independent growth was examined by soft agar assay. Cell colonies were counted, and data were presented as colonies per 10,000 cells and analyzed by Student′s t-test. (F) Tumor growth curve for each group. Data were analyzed by Student′s t-test. (G) Representative images of tumors in each group. (H) Statistical analysis of tumor mass in each group; n = 5, Student′s t-test. Data are presented as the mean ± SD. *P < 0.05.



To extend our findings in vivo, a xenograft nude mouse model was established by subcutaneous injection of equal numbers of HCT116 (Vector) and HCT116 (CCDC68) cells into nude mice. Tumor size was measured periodically, and a tumor growth curve was drawn (Figure 2F). The results showed that the weight and size of the subcutaneous tumors were significantly reduced in mice injected with HCT116 (CCDC68) cells than that in the HCT116 (Vector) control group (Figures 2G, H). These data confirmed that overexpression of CCDC68 decreased the growth ability of CRC cells.



Overexpression of CCDC68 Induces G0/G1 Phase Arrest in CRC Cells and Downregulates the Expression of the CDK4 Protein

Uncontrolled cell cycle progression and cell proliferation are two important biological characteristics of tumor cells (22). We therefore used FCM to analyze cell cycle progression in HCT116 (Vector or CCDC68) and RKO (Vector or CCDC68) cells, and to explore the potential molecular mechanism underlying the effect of CCDC68 on inhibiting CRC cell growth. As shown in Figures 3A, B, CCDC68 overexpression induced cell cycle G0/G1 arrest, suggesting that the inhibition of CRC cell growth by CCDC68 is related to its ability to induce G0-G1 growth arrest.




Figure 3 | Overexpression of CCDC68 induces G0/G1 phase arrest and downregulates CDK4 in CRC cells. (A, B) Cell cycle of HCT116 (Vector/HA-CCDC68) and RKO (Vector/HA-CCDC68) cells examined by flow cytometry. (C) Expression of positive cell cycle regulators in the G0/G1 phase of HCT116 (Vector/HA-CCDC68) and RKO (Vector/HA-CCDC68) cells.



To elucidate the molecular mechanism underlying the effect of CCDC68 on inducing G0/G1growth arrest in CRC cells, the expression of G0/G1 phase-related proteins was detected in HCT116 and RKO cells by western blotting. Ectopic expression of CCDC68 did not significantly affect the expression of the cell cycle regulatory proteins CDK2, CDK6, cyclin D1, cyclin E2, P21, and P27 (Figure 3C). However, CDK4 expression was lower in HCT116 (CCDC68) and RKO (CCDC68) cells than in the corresponding control cells. These results suggest that CDK4 is a key downstream molecule associated with the inhibition of CRC cell proliferation by CCDC68.



CCDC68 Inhibits the Proliferation of CRC Cells by Targeting CDK4

To further explore the role of CDK4 as a downstream effector of CCDC68, CDK4 was ectopically expressed in HCT116 (CCDC68) and RKO (CCDC68) cells (Figures 4A, D). The effect of CDK4 overexpression on the anchorage-independent proliferation of HCT116 (CCDC68) and RKO (CCDC68) cells was examined by soft agar assay. As shown in Figures 4B, C, E, F, ectopic expression of GFP-CDK4 increased anchorage-independent growth. The results of FCM analysis confirmed that CCDC68-induced G0/G1 growth arrest was reversed by CDK4 overexpression compared with that in the control vector (Figures 4G, H). Collectively, these results suggest that CDK4 is a downstream regulator mediating the inhibition of CRC cell proliferation by CCDC68.




Figure 4 | CCDC68 inhibits malignant CRC cell proliferation by downregulating CDK4. (A, D) Stable transformation efficacy was assessed by western blotting in HCT116 (CCDC68) and RKO (CCDC68) cells overexpressing GFP-CDK4. (B, E) A soft agar colony formation assay was used to detect the effect of CDK4 on the proliferation of CRC cells. (C, F) Diagrams comparing the number of cell clones between the control and experimental groups. (G, H) Effect of CDK4 on the G0/G1 phase in HCT116 (CCDC68) and RKO (CCDC68) cells. Data are presented as the mean ± SD and analyzed by Student′s t-test, *P < 0.05.





ITCH might Serve as an E3 Ubiquitin Ligase Targeting CDK4 for Degradation

To elucidate the molecular mechanism underlying the effect of CCDC68 on downregulating CDK4 expression, the mRNA levels of CDK4 were measured in HCT116 (CCDC68) and RKO (CCDC68) cells by qRT-PCR. The results showed that the mRNA levels of CDK4 did not differ significantly between the CCDC68 overexpression group and the control group (Figure 5A). This suggests that CCDC68 regulates CDK4 expression at the protein level rather than at the mRNA level. Cells were treated with MG132 (10 µM) and CHX (50 μg/mL) (23), and harvested at different time points, and CDK4 protein levels were detected by western blotting. As shown in Figures 5B, C, the rate of degradation of the CDK4 protein was significantly higher in HCT116 cells overexpressing CCDC68 than in the control group. These results indicate that CCDC68 downregulates CDK4 by promoting its ubiquitination.




Figure 5 | ITCH may function as an E3 ubiquitin ligase targeting CDK4 for degradation. (A) Relative CDK4 mRNA expression in HCT116 (Vector/HA-CCDC68) and RKO (Vector/HA-CCDC68) cells. Student′s t-test, ns, not significant. (B) CDK4 protein degradation was monitored in HCT116 (CCDC68) and HCT116 (Vector) cells pretreated with MG132 for 5 h followed by CHX for various times. (C) CDK4 protein degradation rates in HCT116 (CCDC68) and HCT116 (Vector) cells. Three independent degradation experiments were performed, and the results were analyzed using ImageJ software and analyzed by Student′s t-test. *P < 0.05. (D) Molecules potentially involved in the regulation of CDK4 protein degradation were predicted by the UbiBrowser database. (E) Venn diagram screening the E3 enzymes involved in the regulation of CDK4 protein degradation. (F) Expression of CDK4, ITCH, BTRC, CDC37, FBXO4, and SOCS7 in HCT116 (Vector/HA-CCDC68) and RKO (Vector/HA-CCDC68) cells.



Next, we examined the mechanism by which CCDC68 regulates the ubiquitination of CDK4. FBXO4 is an E3 ubiquitin ligase for CDK4 (24), and cell division cycle 37 (Cdc37), a partner of heat stress protein 90 (HSP90), enhances CDK4 stability and promotes CRC cell survival (25). In addition, we used the UbiBrowser database to screen for possible E3 ligases related to CDK4 degradation (Figure 5D). Potential E3 enzymes acting as tumor suppressors in CRC and related to cell growth were selected from the top 20 E3 enzymes identified (Figure 5E), and the expression levels of these proteins were examined in HCT116 and RKO cells overexpressing CCDC68 by western blotting. The results showed that the expression of ITCH was significantly higher in the HCT116 (CCDC68) and RKO (CCDC68) transfectants than in the control groups, whereas other enzymes showed no significant differences in expression (Figure 5F). We speculated that CCDC68 may accelerate the degradation rate of CDK4 through ITCH, ultimately inhibiting the malignant proliferation of CRC cells.



CCDC68 Promotes the Degradation of CDK4 by Upregulating ITCH Expression

To verify the role of ITCH in CCDC68-regulated cell growth, four stable ITCH knockdown clones of HCT116 (CCDC68) cells were established (Figure 6A). The effect of ITCH knockdown on cell proliferation and cell cycle progression was examined by soft agar assay and FCM in HCT116 (CCDC68) cells. The results showed that ITCH knockdown markedly reversed the inhibitory effects of CCDC68 on HCT116 anchorage-independent growth and G0/G1cell cycle arrest (Figures 6B–D).




Figure 6 | CCDC68 accelerates the degradation of CDK4 by regulating ITCH expression. (A) Western blotting analysis of the efficacy of HCT116 (CCDC68) transfection with shITCH lentivirus or Nonsense lentivirus. (B, C) HCT116 (CCDC68/shITCH#3, #4) and HCT116 (CCDC68/Nonsense) cells were tested for anchorage-independent growth. Cell colonies were counted, and the results are presented in the diagram. Data are presented as the mean ± SD and analyzed by Student′s t-test, *P < 0.05. (D) Analysis of HCT116 (CCDC68/shITCH#3, #4) and HCT116 (CCDC68/Nonsense) cell cycles by flow cytometry. (E) Western blotting analysis of CDK4 levels in HCT116 (CCDC68/shITCH #3 and #4), and HCT116 (CCDC68/Nonsense) cells. (F) Effect of ITCH knockdown on CDK4 degradation rate in HCT116 (CCDC68) cells detected by western blotting. (G) The interaction between CDK4 and ITCH was analyzed by co-immunoprecipitation in 293T cells transfected with the GFP-CDK4 plasmid.



To further investigate whether ITCH mediates CDK4 degradation, the effect of ITCH knockdown on CDK4 expression was examined by western blotting in HCT116 (CCDC68) cells; a protein degradation assay and IP assay were also performed. As shown in Figures 6E, F, knockdown of ITCH in HCT116 (CCDC68) cells significantly upregulated CDK4 and dramatically decreased the rate of CDK4 protein decay. The results of IP with an antibody that specifically pulls down the CDK4 protein showed that ITCH was present in the immune complex (Figure 6G), suggesting that ITCH binds to and interacts with CDK4 to trigger its degradation. These results suggest that CCDC68 promotes CDK4 protein degradation by regulating ITCH protein expression, thereby inhibiting the malignant proliferation of CRC cells.



CCDC68 Promotes ITCH Transcription by Upregulating RXRα Protein Expression

To elucidate the potential mechanisms underlying the upregulation of ITCH by CCDC68 in CRC cells, the mRNA expression level of ITCH was measured in transfectants. As shown in Figure 7A, ITCH mRNA levels were markedly higher in CCDC68-overexpressing stable transfectants than in vector transfectants, suggesting that the upregulation of ITCH occurs at the transcriptional level or by modulating mRNA stability.




Figure 7 | CCDC68 promotes ITCH transcription by upregulating RXRα expression. (A) CCDC68 overexpression increased the mRNA levels of ITCH. (B) ITCH promoter activity in CCDC68 overexpression cells compared with vector control cells. (C) Bioinformatics and proteomics analysis of transcription factors potentially involved in the regulation of ITCH transcription. (D) RXRα expression levels in HCT116 (Vector/HA-CCDC68) and RKO (Vector/HA-CCDC68) cells. (E) ITCH mRNA levels in HCT116(RXRα) and HCT116(Vector) cells. (F) ITCH promoter activity in HCT116 (RXRα) and HCT116 (Vector) cells. (G) Expression levels of ITCH in HCT116 (RXRα) and HCT116 (Vector) cells. (H) Schematic diagram of the molecular mechanism underlying the effect of CCDC68 on regulating the proliferation of colorectal cancer cells. Data are presented as the mean ± SD and analyzed by Student′s t-test. *P < 0.05.



To determine whether CCDC68 regulates ITCH promoter activity, we detected the promoter activity of ITCH in HCT116 (CCDC68) and RKO (CCDC68) cells, and in the corresponding control groups using a dual-luciferase reporter assay. The results showed that CCDC68 overexpression significantly promoted the transcriptional activity of the ITCH promoter (Figure 7B), indicating that CCDC68 upregulates ITCH expression at the transcriptional level. Transcription factors regulate the expression of target genes by binding to the promoter region. Therefore, we predicted the transcription factors that may bind to the ITCH promoter using the JASPAR dataset with a profile score threshold of 95%.

Next, quantitative proteomics analysis was performed to identify the transcription factor involved in the regulation of ITCH expression by CCDC68. The transcription factors that play an inhibitory role in CRC were identified, and the data were combined with the results of website prediction and proteomics analysis. The results indicated that RXRα might be involved in the regulation of ITCH expression by CCDC68 at the transcriptional level (Figure 7C). Analysis of RXRα expression in HCT116 (CCDC68) and RKO (CCDC68) cells and control cells by western blotting showed that RXRα was upregulated in CCDC68-overexpressing cells (Figure 7D). RXRα was overexpressed in HCT116 cells, and the mRNA level, promoter activity, and protein levels of ITCH were analyzed. RXRα overexpression significantly increased ITCH mRNA levels, promoter activity, and the expression of the ITCH protein (Figures 7E–G). Collectively, these results identified RXRα as a critical transcription factor involved in the regulation of ITCH transcription by CCDC68.




Discussion

CCDC68 is upregulated in NSCLC, and downregulating CCDC68 expression decreases cell proliferation and increases apoptosis, suggesting that CCDC68 is a candidate biomarker for the detection of malignant transformation in lung cancer (16). However, CCDC68 plays a tumor-inhibitory role in pancreatic cancer (15), which is inconsistent with the tumor-promoting function of CCDC68 in NSCLC. This suggests that CCDC68 plays different roles in various human cancers. CCDC68 copy number is decreased in CRC (17), although its specific biological function and underlying molecular mechanism remain unclear. In this study, we confirmed the role of CCDC68 in inhibiting the growth of human CRC cells, and clarified the molecular mechanism underlying the effect of CCDC68 on the progression of CRC. The results showed that CCDC68 expression was lower in human CRC than in paired non-tumor tissues, and analyses of a human CRC database and cell lines supported the low expression of CCDC68 in CRC. The data suggested that CCDC68 acts as a tumor suppressor in CRC and has a potential prognostic role in predicting survival.

Overexpression of CCDC68 inhibited the monolayer growth and adhesion-independent growth of CRC cells in vitro, and the growth of transplanted tumors in vivo. In addition, CCDC68 promoted the transcription of ITCH by upregulating the transcription factor RXRα, and increased levels of ITCH downregulated CDK4 expression by inducing its degradation. Thus, CCDC68 inhibits the malignant transformation of cells by inhibiting G0/G1 cell cycle phase transition, thereby playing an important role in inhibiting the growth of CRC. These findings provide important insight into the role of CCDC68 in the development of human CRC. Consistent with the inhibitory function of CCDC68 in pancreatic cancer, it plays a tumor suppressor role in CRC, providing a potential new target for early diagnosis and treatment of CRC.

CDKs are endogenous cell cycle regulators that modulate cell division and proliferation (26). CDK4 is an important regulator of the G1 phase of the cell cycle. CDK4/6 bind to cyclin D to form a kinase-active complex, which phosphorylates retinoblastoma protein and drives the progression from G1 to S phase (27). Several studies have demonstrated that CDK4 is upregulated in cancer (28–33) and inhibiting CDK4 expression increases the efficacy of clinical treatments for breast cancer, melanoma, liposarcoma, and mantle cell lymphoma (34–37). This indicates that CDK4 could be a target for the treatment of malignant tumors. However, current CDK4 inhibitors are not clinically effective in treating CRC. Therefore, looking for specific inhibitors that regulate CDK4, developing highly selective drugs for CDK4, and preparing reasonable and effective combined strategies for specific patients are of great significance for improving the clinical treatment effect of CRC patients (38). However, the mechanism underlying the regulation of CDK4 protein degradation in human CRC has not been fully elucidated. Ubiquitin-mediated degradation is essential for controlling CDKs. Studies have shown that PAQR4 controls the steady-state level of CDK4 by regulating the Skp2-mediated ubiquitination of CDK4 (24). In CRC, Cdc37 activates the RB1 signaling pathway by increasing the stability of CDK4, which plays a key role in promoting the survival of CRC cells (25). In addition, Bury et al. showed that DUX4, a direct inhibitor of CDK1 activity, can also bind to CDK4, but it is unclear whether DUX4 inhibits CDK4 activity (39). The present results indicate that CCDC68 is a key upstream regulator of CDK4 in CRC. CCDC68 overexpression accelerated the degradation rate of the CDK4 protein. A bioinformatics screening of E3 ubiquitin ligases interacting with CDK4 showed that ITCH was involved in CDK4 degradation mediated by CCDC68.

Ubiquitination is a post-translational modification involved in the regulation of signaling pathways (40), and E3 ubiquitin ligases catalyze the ubiquitination of target proteins (41). ITCH is a member of the Nedd4 family of HECT-type E3 ligases, which mediate the ubiquitination of multiple targets (42–44). ITCH acts as a cancer-promoting factor in breast cancer, pancreatic cancer, hepatocellular carcinoma, and chronic lymphocytic leukemia (45–47). However, studies analyzing the expression and function of ITCH in CRC show that ITCH is downregulated in CRC and acts as a tumor suppressor by inhibiting the Wnt/β-catenin pathway (48, 49). In addition, Kathania et al. found that ITCH can inhibit IL-17-mediated colon inflammation and tumorigenesis through ROR-γt ubiquitination (50), and Ko et al. reported that ITCH can form a destruction complex to antagonize tumor necrosis factor receptor I (TNFRI), thereby inhibiting TNF-NF-κB signal transduction and tumorigenesis (51). In this study, we found that overexpression of CCDC68 significantly upregulated ITCH and downregulated CDK4 in CRC cells, resulting in G0/G1 phase arrest. Knockdown of ITCH in HCT116 (CCDC68) cells decreased the degradation rate of the CDK4 protein, thereby promoting the formation and proliferation of CRC cell colonies. Co-immunoprecipitation assays confirmed the interaction between ITCH and CDK4, revealing a new mechanism underlying the role of CCDC68 in regulating CDK4 protein degradation through ITCH. The results indicated that ITCH acts as a downstream effector of CCDC68 to inhibit the growth of CRC, which is consistent with reports that ITCH plays a negative regulatory role in the progression of CRC (48, 49). Taken together, these findings indicate that upregulating ITCH may provide therapeutic benefits for CRC patients.

The regulation of ITCH expression has not been studied extensively. Studies show that ITCH expression is regulated by microRNAs in cancer (46–52). We showed that CCDC68 upregulated the expression of ITCH at the transcriptional level. RXRα is a member of the nuclear receptor (NR) superfamily, which functions in the regulation of transcription, and in controlling the development, homeostasis, and metabolism of organisms (53). RXRα is downregulated in cervical cancer and inhibits its progression (54). In this study, proteomics analysis and bioinformatics prediction showed that the ITCH promoter contains a DNA binding site for RXRα, and ITCH and RXRα were consistently upregulated. Western blotting experiments indicated that CCDC68 overexpression significantly increased the levels of RXRα, suggesting that RXRα is involved in the transcription of ITCH. Low expression levels of RXRα are closely related to the pathogenesis and progression of CRC (55). Volate et al. reported that low concentrations of green tea are sufficient to de-silence RXRα and inhibit intestinal tumorigenesis in the ApcMin/+ mouse (56). Therefore, epigenetic regulation of RXRα may be a new strategy for the prevention and treatment of CRC. However, the exact mechanisms underlying the regulation of RXRα by CCDC68 need to be further studied.

In summary, as shown in Figure 7H, the present study identified a new CCDC68/RXRα/ITCH/CDK4 regulatory axis involved in CRC progression. CCDC68 was downregulated in CRC, and functional experiments showed that CCDC68 inhibited CRC cell growth in vitro and tumor formation in vivo. CCDC68 overexpression increased the transcription and expression of ITCH by upregulating RXRα, thereby promoting the binding of ITCH to CDK4 and the degradation of CDK4. This led to the inhibition of G0/G1 phase transition and cell growth in human CRC cells. The present results indicate that CCDC68 is an important tumor suppressor molecule in CRC, and CCDC68 and its downstream effectors may become potential targets for the early diagnosis and/or treatment of CRC.
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It has been shown that aberrant activation of the Hedgehog (Hh) and nuclear factor-kappa B (NF-κB) signaling pathways plays an important role in the pancreatic carcinogenesis, and KRAS mutation is a hallmark of pancreatic ductal adenocarcinoma (PDAC). Until now, the role of KRAS mutation in the context of crosstalk between Hh and NF-κB signaling pathways in PDAC has not been investigated. This study was to determine whether the crosstalk between the Hh and NF-κB pathways is dependent on KRAS mutation in PDAC. The correlation between Gli1, Shh, NF-κB p65 expression and KRAS mutation in PDAC tissues was firstly examined by immunohistochemistry. Next, Western blotting, qPCR, and immunofluorescence were conducted to examine the biological effects of interleukin-1β (IL-1β) and tumor necrosis factor-alpha (TNF-α) as NF-κB signaling agonists, Shh as an Hh ligand alone or in combination with KRAS small interfering RNA (si-KRAS) in KRAS-mutant PDAC cells (MT-KRAS; SW1990 and Panc-1), wild-type KRAS PDAC cells (WT-KRAS; BxPC-3) and mutant KRAS knock-in BxPC-3 cells in vitro as well as tumor growth in vivo. KRAS mutation-dependent crosstalk between Hh and NF-κB in PDAC cells was further assessed by Ras activity and luciferase reporter assays. The aberrant Hh and NF-κB pathway activation was found in PDAC tissues with KRAS mutation. The same findings were confirmed in MT-KRAS PDAC cells and MT-KRAS knock-in BxPC-3 cells, whereas this activation was not observed in WT-KRAS PDAC cells. However, the activation was significantly down-regulated by KRAS silencing in MT-KRAS PDAC cells. Furthermore, MT-KRAS cancer cell proliferation and survival in vitro and tumor growth after inoculation with MT-KRAS cells in vivo were promoted by NF-κB and Hh signaling activation. The pivotal factor for co-activation of NF-κB and Hh signaling is MT-KRAS protein upregulation, showing that positive crosstalk between Hh and NF-κB pathways is dependent upon KRAS mutation in PDAC.




Keywords: KRAS mutation, hedgehog pathway, NF-κB pathway, crosstalk mechanism, pancreatic ductal adenocarcinoma



Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal malignancies, with an overall 5-year relative survival rate below 9% (1). Its development and progression are multistep processes involving numerous aberrant genes and signaling pathways (2). Based on global genomic analyses, 12 core signaling pathways and processes have been identified as having clear involvement in PDAC carcinogenesis, suggesting that deregulation of these core pathways are involved in the tumorigenesis of pancreatic cancer (3–5). Among these pathways, the Hedgehog (Hh), nuclear factor-kappa B (NF-κB), and KRAS signaling pathways have been the most studied and their aberrant activation has been shown to play an important role in the pancreatic carcinogenesis (6, 7).

Hh signaling was first discovered in the Drosophila fruit fly by Nusslein-Volhard and Wieschaus, and has since been linked to many aspects of tumor development and disease (8). Specifically, the Hh signaling pathway plays a critical role in pancreatic embryological development, but is inhibited in the mature pancreas. In addition, the Hh signaling pathway is aberrantly activated in the tumor microenvironment of pancreatic cancer to promote the growth of tumor stroma (9). Recent studies, including ours, have suggested that the activation of the Hh pathway has malignant characteristics of the canonical Hh pathway in the tumor stroma and non-canonical Hh-pathway in tumor cells (10–14). Sonic hedgehog (Shh) is the key molecule in the Hh signaling pathway, exerting its role by binding to the target cell member receptor. Shh can induce the activation of the Gli family of transcription factors including Gli1, by the classical pathway as well as the nonclassical pathway (15).

KRAS mutation is a hallmark of PDAC and is detected in 75–95% of these malignancies (16, 17). The role of aberrant KRAS signaling caused by mutation in pancreatic cancer has been clearly demonstrated in genetically engineered mouse models, with the oncogene KRAS G12D mutation conditionally activated in the embryonic pancreas (7). However, in pancreatic epithelial cells, the KRAS G12D activation can induce the development of pancreatic intraepithelial neoplasia (PanIN) precursor lesions, which eventually progress to invasive PDAC after a long period of latency (18–20). If the expression of oncogenic KRAS transgenes is silenced during pancreas development and only activated in adult animals, neither PanIN development nor tumor will develop (21). In addition, KRAS mutations arise presumably in the adult pancreas (2). In that case, KRAS mutation may facilitate or amplify the aberrant activation of other genes or pathways and their interactions, leading to PDAC progression (16, 22, 23).

Stromal hyperplasia is the distinct pathological feature of PDAC, which results in a pronounced pro-inflammatory microenvironment which is driven by the secretion of multiple tumor-derived pro-inflammatory cytokines for cancer cells (18, 24). Indeed, pivotal pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β), may be secreted by tumor-associated macrophages to further promote tumor cell growth, migration, invasion, and the epithelial to mesenchymal transition, mainly via the NF-κB pathway (10, 24–26).

Our previous study indicated that pro-inflammatory cytokines, mainly TNF-α and IL-1β, played a key role in the activation of both canonical and non-canonical Hh pathways in an NF-κB activation-dependent manner in PDAC (10). Intrigued by and built upon these previous findings, we attempted to illuminate the specific mechanisms for the KRAS dependent mutual activation of NF-κB and Hh signaling in PDAC.



Materials and Methods


Patients and Samples

Forty patients diagnosed with PDAC and confirmed by histopathology were selected for this study. The study included 14 females and 26 males with a median age at surgery of 58.30 years (range, 50–65 years). Tissue samples were obtained from 2012–2014 at the time of surgery at Changhai Hospital (Shanghai, China). Informed consents were obtained from all patients, and the study was approved by Changhai Hospital Ethics Review Committee. Tissue samples were formalin-fixed and paraffin-embedded, sliced in 3 μm sections, and stained with hematoxylin and eosin (H&E) for routine pathological examination.



Immunohistochemistry

For immunohistochemical (IHC) staining, tissue sections were deparaffinized in xylene, hydrated in a series of diluted ethanol, and subsequently immersed in 3% hydrogen peroxide for 10 min to inactivate endogenous peroxidases. After antigen retrieval, slides were incubated at 4°C overnight with primary antibodies, including rabbit anti-Gli1 polyclonal antibody (1:100, ab49314; Abcam), mouse anti-NF-κB p65 monoclonal antibody (1:50, SC-8008; Santa Cruz), or rabbit anti-Shh monoclonal antibody (1:200, ab53281; Abcam). The next day, slides were washed three times with phosphate-buffered saline (PBS) and incubated for 45 min at room temperature with the appropriate goat anti-rabbit secondary antibody (1:500, ab7090; Abcam) or goat anti-mouse secondary antibody (1:500, ab97040; Abcam). Then the slides were washed with PBS, immersed in liquid 3,3’-diaminobenzidine (DAB) for 5 min, and counterstained with hematoxylin. PBS instead of primary antibody was used for the negative controls. Nuclear expression of Gli1, NF-κB p65, and Shh expression were assessed independently by two pathologists. Staining intensity and distribution were quantified by semi-quantitative scoring. Staining intensity was defined as weak, moderate, or intense while staining distribution was defined as focal (≤10%), regional (11–50%), or diffuse (>50%).



Cell Culture and Treatment

PDAC cell lines (SW1990, Panc-1, and BxPC-3) were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA) and 100 U/mL penicillin-100 ng/mL streptomycin solution (Hyclone, USA). Recombinant human sonic hedgehog (rh-Shh; 1845-SH-100), recombinant human IL-1β (rh-IL-1β; 201-LB-025), and recombinant human TNF-α (rh-TNF-α; 210-TA-100) were purchased from R&D Systems (USA). Human KRAS small interfering RNA (si-KRAS) was purchased from Dharmacon Company. In brief, 2×106 cells were seeded in 10 cm dishes (Corning, USA). When a 50% cell density was reached, cells were starved with 1% FBS-DMEM and then treated with 100 ng/mL Shh, 5 ng/mL IL-1β, 10 ng/mL TNF-α (in 1% FBS-DMEM), and si-KRAS alone or in combination for 48 h, while the medium was freshly replaced every 6 h.



Detection of KRAS Mutations in Codons 12 and 13

For further testing of KRAS mutations, Genomic DNA was extracted from tissue samples using the DNeasy Blood & Tissue Kit (Qiagen, Germany). DNA quantification was done with the Qubit 2.0 Fluorimeter with dsDNA High Sensitivity Assay Kit (Thermo, Germany). Sequencing of KRAS codons 12/13 was performed by Shanghai Life Technologies Biotechnology Co., Ltd in China.



RNA Extraction and Quantitative PCR

For analysis of mRNA expression, total RNA was extracted from PDAC cells using trizol reagent and purified through digestion with DNase I for 15 min. RNA was recovered using the RNeasy Kit (Qiagen, Germany). Reverse transcription of 1 µg purified RNA was conducted in a 20 µL reverse transcription system for 15 min at 37°C according to the manufacturer’s protocol. Gli1, NF-κB, Shh, KRAS, and GAPDH Taqman primers were purchased from Invitrogen (Shanghai Life Technologies Biotechnology Co., Ltd.). For quantitative PCR (qPCR), 20 μL mixture reactions including gene-specific taqman primers were run the Roche LightCycler® 480 instrument (Roche, Switzerland). The amount of each target gene in a given sample was normalized to the level of GAPDH in that sample. All experiments were run in triplicate.



Extraction of Nuclear and Cytoplasmic Proteins and Western Blotting

For protein analysis, adherent cells were collected with 0.25% trypsin (Gibco; USA) and centrifuged at 1,000 rpm for 5 min. Next, cells were washed twice with PBS and nuclear and cytoplasmic proteins were extracted with the NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit (Thermo, USA). Protein concentration was then determined using the bicinchoninic acid (BCA) protein assay kit (Thermo, USA) according to the manufacturer’s instructions. Both nuclear and cytoplasmic proteins were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to 0.45 μm polyvinylidene difluoride membranes (PVDF, Bio-Rad; USA), and blocked with 1% bovine serum albumin for 1 h. Then, membranes were incubated overnight at 4°C with rabbit anti-Shh monoclonal antibody (1:2000, ab53281; Abcam), rabbit anti-Gli1 polyclonal antibody (1:1000, ab49314; Abcam), mouse anti-NF-κB p65 monoclonal antibody (1:500, SC-8008; Santa Cruz), rabbit anti-KRAS polyclonal antibody (1:1000, ab180772; Abcam), rabbit anti-GAPDH polyclonal antibody (1:2000, ab9485; Abcam), rabbit anti-phosphorylated ERK1/2 (p-ERK1/2) (1:2000, #4376; CST) and anti-total ERK1/2 (t-ERK1/2) monoclonal antibodies (1:2000, #4695; CST), rabbit anti-phosphorylated AKT1 (p-AKT1) (1:1000, #9018; CST) and anti-total-AKT1 (t-AKT1) monoclonal antibodies (1:1000, #2938; CST) and rabbit anti-histone H3 polyclonal antibody (1:3000, ab1791; Abcam), followed by secondary antibody with a dilution of 1:2000 (goat anti-rabbit antibody, ab7090, Abcam; goat anti-mouse antibody, ab97040, Abcam). The amount of each target gene was normalized to GAPDH or histone H3 in each sample. The blots were visualized using an enhanced chemiluminescence reagent (Thermo, USA).



Immunofluorescence Analysis

For immunofluorescence analysis, SW1990, Panc-1 and BxPC-3 cells were seeded in 24-well plates containing a sterile glass slide. Cells were treated with different stimuli: 100 ng/mL Shh, 5 ng/mL IL-1β, 10 ng/mL TNF-α (in 1% FBS-DMEM) and si-KRAS alone or in combination for 48 h, and then washed three times with ice-cold PBS, fixed in 4% paraformaldehyde for 20 min at room temperature, and finally treated with 0.1% triton for 30 min. After blocking in 1% bovine serum albumin for 1 h at room temperature, the slides were incubated at 4°C overnight with the indicated primary antibody, including rabbit anti-Gli1 (1:100, ab49314; Abcam), rabbit anti-NF-κB p65 subunit (1:50, SC-8008; Santa Cruz) and rabbit anti-Shh (1:200, ab53281; Abcam). Subsequently, fluorescein Dylight 488 or Dylight 594 conjugated donkey anti-rabbit secondary antibody (Jackson Laboratories, USA) at a dilution of 1: 200 was added into cells for 1 h at room temperature. Finally, slides were washed and examined under a fluorescence microscope (Olympus, Japan).



Ras Activity Assay

Ras activity was measured using Ras Activation Assay Kit (Millipore, USA) according to the manufacturer’s protocol. Briefly, cells were homogenized in 1× lysis buffer on ice, then sonicated and centrifuged at 12,000 rpm at 4°C for 10 min. Protein concentration was determined by the BCA Protein Assay Kit. Then 1/10 of the lysate was set aside to allow quantification of total Ras and protein concentration. GAPDH was used as an internal control. Equal amounts of lysate were incubated for 1 h at 4°C with agarose beads coated with the Raf-Ras binding domain provided in the kit. Beads were washed three times with ice-cold lysis buffer, and then boiled for 5 min with loading buffer.



Luciferase Assay

For the luciferase assay, cells in 6-well plates were co-transfected with 10 ng pRL-TK (Promega, USA) and 500 ng pGL3-8×Gli1 binding site (BS) luciferase reporter plasmids (wild-type, WT or mutant-type, MT) by FuGENE HD Transfection (Promega, USA). After 8 h, the medium was changed to 1% FBS-DMEM (control), 100 ng/mL Shh, 5 ng/mL IL-1β, or 10 ng/mL TNF-α in 1% FBS-DMEM for treatment. Luciferase assays were performed 48 h later according to the protocol of the Dual Luciferase Assay Kit (Promega, USA). The luciferase activities were normalized to the Renilla luciferase activity. MT pGL3-8×Gli1 BS luciferase report plasmids were used as control. pGL3-8×Gli1 BS luciferase reporter plasmids (WT or MT) were kindly gifted by Doctor Lei Li from the Shanghai Changhai Hospital.



Cell Counting Kit-8 Assay

Cell viability was determined using the Cell Counting Kit-8 Assay Kit (Dojindo, Japan). Briefly, cells were seeded into 96-well plates at a density of 2×104 cells per well overnight and treated with 1% FBS-DMEM, 100 ng/mL Shh, 5 ng/mL IL-1β, 10 ng/mL TNF-α or si-KRAS (0.15 ng) transfected alone or in combination. At 0, 24, 36, and 48 h post-stimulation, cells were treated with 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium mono-sodium salt (WST-8) in the dark according to the protocol. Absorbance values were measured at 450 nm by an enzyme-linked immunosorbent assay. All experiments were performed in triplicate.



Apoptosis Assay

Apoptosis was detected and quantified using the Annexin V/FITC staining kit (eBioscience, USA). At 48 h after stimulation, cells were collected and washed twice with PBS. Then cells were centrifuged, resuspended in 100 μL binding buffer, and stained with Annexin V (5 μL) for 15 min at room temperature in the dark. Next, samples were stained with propidium iodide (10 μL) for 5 min in the dark before flow cytometry (Miltenyi Biotec, Germany). The results were analyzed by FlowJo software (Tree Star Inc., USA).



MT-KRAS Plasmid Transfection

MT-KRAS plasmid (KRAS (G12D) mutation) was purchased from Addgene (Watertown, USA). Cells in 6-well plates were transfected with MT-KRAS plasmid using FuGENE HD Transfection Reagent (Promega, USA). Specifically, cells in each well were transfected with 2 μg plasmid, and vehicle was used as control. After 8 h, cells were treated with 1% FBS-DMEM, 100 ng/mL Shh, 5 ng/mL IL-1β, or 10 ng/mL TNF-α in 1% FBS-DMEM. After 48 h, cells were collected for further analysis.



Mouse Xenograft Models

All animal procedures were approved by the Institutional Animal Care and Use Committee of Shanghai Changhai Hospital and conducted in accordance with NIH guidelines for the care and use of laboratory animals. Four-week-old male athymic nude mice were purchased from the Shanghai Laboratory Animal Center in China and raised under specific pathogen-free conditions. SW1990, Panc-1, and BxPc-3 cells (4×106) were respectively resuspended in 100 μL PBS, and then injected subcutaneously into the right flank of mice. After mice developed tumors (for SW1990 and BxPC-3 after 1 week, and for Panc-1 after around 4 weeks), they were randomly assigned into control group (n = 5), Shh group (n = 5), IL-1β group (n = 5), or TNF-α group (n = 5). The administered treatments were as follows: the control group received 200 μL PBS intraperitoneally (ip) daily (QOD); the Shh group received 300 ng Shh (200 μL ip QOD); the IL-1β group received 10 ng IL-1β (200 μL ip QOD); and the TNF-α group received 500 ng TNF-α (200 μL ip QOD) (27–29). After 2 weeks, mice were sacrificed and tumor volumes (V) were calculated (V = [L × W2] × 0.5, [L - length, W - width]) (30). Next, tumor tissues were fixed in formalin for IHC staining, and staining intensity was scored as follows: 0, no staining; 1, mild staining, weak yellow; 2, moderate staining, dark yellow; 3, strong staining, brown; 4, very strong staining, dark brown. The percentage of stained cells was also determined. Finally, the immunoscore was obtained by calculating the product of the proportion of positive cells at each intensity and the corresponding intensity value (31, 32).



Statistical Analysis

All calculations were performed using the Statistical Package for the Social Sciences (version 18.0; USA). The Student’s t-test was used to compare the groups and determine the statistical significance. Pearson’s correlation was used to calculate the correlation coefficient. All data are expressed as the mean ± standard deviation. P < 0.05 was considered statistically significant.




Results


Positive Correlation of Hh and NF-κB Pathway Activation on the Presence of KRAS Mutations in PDAC Tissues

In 40 PDAC tissue samples, KRAS codons 12 and 13 were sequenced and the IHC expression of Shh, Gli1, and NF-κB p65 was examined. KRAS mutation (MT-KRAS) in 32 PDAC tissue samples was detected and no mutation (WT-KRAS) in 8 PDAC tissue samples was detected by sequencing technology. Meanwhile, a significant positive correlation in Gli1, Shh, and NF-κB p65 expression in MT-KRAS tissues was observed, whereas there was no correlation in WT-KRAS tissues by IHC staining (Figure 1). These results suggest that there is a KRAS mutation-dependent positive correlation in aberrant activation of Hh and NF-κB pathways in PDAC.




Figure 1 | Gli1, NF-κB p65 and Shh protein expression in PDAC tissues with or without KRAS mutation. (A) Typical serial PDAC tissue section. HE staining and IHC staining for Gli1, NF-κB p65 and Shh proteins in the normal tissue (A1, B1, C1 and D1), MT-KRAS PDAC tissues (A2, B2, C2 and D2) and WT-KRAS PDAC tissues (A3, B3, C3 and D3). (B) Correlation of Gli1, NF-κB p65 and Shh protein expressions in the MT-KRAS and WT-KRAS PDAC tissues. **p < 0.01, n=40.





Crosstalk Between Hh and NF-κB Pathways Relies on KRAS Mutation as a Type of Switch in PDAC Cells

To further determine whether crosstalk between Hh and NF-κB pathways is indeed dependent on the presence or absence of KRAS mutation, three different PDAC cell lines (SW1990, Panc-1, and BxPC-3) were chosen based on their specific traits. SW1990 and Panc-1 cell lines have the G12D KRAS mutation whereas the BxPC-3 cell line is negative for KRAS mutation (Figure S1). In addition, Shh, Gli1, and NF-κB p65 mRNA and protein expression were detected in all cell lines (Figure S2). In this study, cells were treated with IL-1β, TNF-α and Shh and different responses were observed based on the presence or absence of KRAS mutation. Treatment with IL-1β and TNF-α, NF-κB signaling agonists, significantly upregulated NF-κB p65, Shh, and Gli1 mRNA [Figures 2A(a, b)], nuclear Gli1 and NF-κB protein, and Shh protein [Figures 2B (a, b)] expression in SW1990 and Panc-1 cells. After we demonstrated that si-KRAS transfections are effective in downregulating KRAS expression in the chosen cell lines (Figure S4), the combined treatment of si-KRAS with either IL-1β and TNF-α significantly downregulated the stimulatory effects caused by either stimulus alone [Figures 2A(a, b) and 2B (a, b)]. However, no significant changes in the mRNA and protein expression of Gli1, NF-κB, and Shh were observed in BxPC-3 cells treated with IL-1β, TNF-α, or the combination of si-KRAS with either of these two cytokines [Figures 2A(c) and 2B(c)]. The above original Western blots images were shown in Figure S3. Next, Shh as an Hh signaling ligand not only significantly upregulated the mRNA and protein expression of Shh and nuclear Gli1 but also NF-κB p65 mRNA and nuclear protein expression in SW1990 and Panc-1 cells, whereas the combined treatment with si-KRAS significantly abrogated the observed stimulatory effects [Figures 3A(a, b), 3B(a, b)]. However, no significant changes in Gli1, NF-κB, and Shh mRNA and protein expression were observed in BxPC-3 cells treated with Shh alone or in combination with si-KRAS [Figures 3A(c), 3B(c)]. The above original Western blots images were shown in Figure S5 Similar effects on NF-κB p65 expression were observed with combined treatment of Shh and si-KRAS as detected by immunofluorescence staining in MT-KRAS cell lines SW1990 and Panc-1 and WT-KRAS cell line BxPC-3 (Figure S6). In addition, the pGL3-8×Gli1 BS luciferase reporter assay showed that the observed Gli1 gene promoter enhancement after this combined treatment was due to upregulated Gli1 gene expression in MT-KRAS cell lines SW1990 and Panc-1 whereas no significant changes were observed in BxPC-3 (Figure 4). To determine whether introduction of KRAS mutation in WT-KRAS PDAC cells could result in positive crosstalk between Hh and NF-κB signaling pathways in a similar manner as seen in MT-KRAS cells, an expression plasmid with KRAS (G12D) mutation (MT-KRAS) was constructed and its potency was validated in BxPC-3 cells (Figure S7). Subsequently, transfected cells were treated with IL-1β, TNF-α, or Shh. The results showed that IL-1β and TNF-α could upregulate Gli1 and Shh mRNA expression, and Shh stimulation enhanced NF-κB p65 mRNA expression in BxPC-3 transfected cells (Figure S8). But no significant protein expression changes were observed (Data not shown). These results suggest that the KRAS mutation knock-in can confer the WT-KRAS cell line BxPC-3 with similar traits as those of MT-KRAS cell lines SW1990 and Panc-1. These data indicate the positive crosstalk between Hh and NF-κB signaling pathways in PDAC cells, which is dependent upon the gain-of-function KRAS mutation.




Figure 2 | Stimulatory effects on mRNA and protein expression of Gli1, NF-κB and Shh on PDAC cell lines treated with IL-1β and TNF-α alone or in combination with si-KRAS. (A) represented mRNA expression in three PDAC cell lines; (B) represented gray analysis of relative protein expression; [a. SW1990, b Panc-1, c BxPC-3]. All data were obtained from three independent experiments. *p < 0.05; **p < 0.01.






Figure 3 | Stimulatory effects on mRNA and protein expression of Gli1, NF-κB and Shh on PDAC cell lines treated with Shh as Hh activating ligand treatment alone or in combination with si-KRAS transfection. (A) mRNA expression of Gli1, NF-κB and Shh in three PDAC cell lines; (B) Gray analysis of relative protein expression [a. SW1990, b. Panc-1, c. BxPC-3]. All data were obtained in three independent experiments. *p < 0.05; **p < 0.01.






Figure 4 | Results of the pGL3-8×Gli1 BS luciferase reporter assay in the MT-KRAS cells (SW1990 and Panc-1) and WT-KRAS cells (BxPC-3) after treatment with: IL-1β, TNF-α alone or in combination with si-KRAS transfection (A). Shh alone or in combination with si-KRAS transfection (B). All data were obtained in three independent experiments. *p < 0.05; **p < 0.01.





KRAS Protein Activity Is Essential for the Positive Interaction Between Hh and NF-κB Signaling Pathways

KRAS protein acts like a binary molecular switch, and can regulate cell activities only when bound to guanosine triphosphate (GTP). Mutations in KRAS protein render it insensitive to the function of GTP and lead to its constitutive activation (33). Therefore, the alteration of KRAS downstream signaling, such as p-/t-ERK1/2 and p/t-AKT1, and the Ras enzymatic activity were detected in MT-KRAS cells (SW1990 and Panc-1) and WT-KRAS cells (BxPC-3) treated with IL-1β, TNF-α, or Shh alone or in combination with si-KRAS. The expression of p-/t-ERK1/2 and p-/t-AKT1 was increased in SW1990 and Panc-1 cells after either IL-1β, TNF-α, or Shh stimulation, whereas the stimulating effects were significantly decreased by si-KRAS transfection in the combination treatments [(Figures 5A (a, b), 5B (a, b)]. However, the effects of IL-1β, TNF-α, and Shh stimulation on KRAS downstream effector molecules were not clearly observed in BxPC-3 cells treated either with IL-1β, TNF-α, Shh alone or in combination with si-KRAS [(Figures 5A (c), 5B (c)]. In addition, the stimulatory effects of IL-1β, TNF-α, Shh, and si-KRAS as combination treatments on Ras enzymatic activity were similar to alterations in KRAS downstream effector molecules under the same stimulus (Figures 5C, D). Original Western blots images were shown in Figure S9. Taken together, these data indicate that KRAS protein activity caused by KRAS mutation is an essential factor for the positive interaction between Hh and NF-κB signaling pathways in PDAC cells.




Figure 5 | The effect of IL-1β, TNF-α, Shh treatment in combination with si-KRAS on KRAS down-stream molecules (p-/t-ERK1/2 and p-/t-AKT1) and Ras enzymatic activity in the MT-KRAS cell lines (SW1990 and Panc-1) and WT-KRAS cell line (BxPC-3). The protein expression of p-/t-ERK1/2 and p-/t-AKT1 at Shh treatment in combination with si-KRAS treatment (A); The effect of combined IL-1β or TNF-α with si-KRAS transfection on p-/t-ERK1/2 and p-/t-AKT1 (B); Ras enzymatic activity at Shh treatment in combination with si-KRAS treatment (C); The effect of combined IL-1β or TNF-α with si-KRAS transfection on Ras enzymatic activity (D) [a. SW1990, b. Panc-1, c. BxPC-3]. All data were obtained in three independent experiments. *p < 0.05; **p < 0.01.





KRAS Mutation Supports the Malignant Features of PDAC Cells Promoted by IL-1β, TNF-α, or Shh Treatment

Next, we examined the effects of IL-1β, TNF-α, and Shh treatment alone or in combination with si-KRAS on the cellular processes of the three PDAC cell lines. As shown in Figure 6, in SW1990 and Panc-1 cells, malignant features such as cell proliferation and survival as indicated by apoptosis were significantly promoted by IL-1β, TNF-α, and Shh treatment compared with the controls. By contrast, malignant features were significantly less induced when cells were treated with those agents in combination with si-KRAS. Furthermore, although si-KRAS transfection in combination with those agents inhibited the features of malignant cells, treatment of SW1990 cells with Shh and Panc-1 cells with TNF-α still had a little effect on promoting malignant features such as proliferation and survival. However, all malignant features were unaltered in BxPC-3 cells treated with either IL-1β, TNF-α, Shh alone or in combination with si-KRAS, except for apoptosis in TNF-α treated Panc-1 cells, which may be caused by TNF-α specialty. These results suggest that the malignant features of PDAC cells are correlated with KRAS mutation, which acts through positive interaction between Hh and NF-κB signaling pathways.




Figure 6 | The proliferation and apoptosis effect on PDAC cell lines and PDAC tumor growth in a nude mouse xenograft tumor model treated IL-1β, TNF-α or Shh, in combination with si-KRAS transfection. (A) The effect on cell proliferation; (B) The effect on the apoptosis. *p < 0.05; **p < 0.01.





KRAS Mutation Induces PDAC Tumor Growth Promoted by IL-1β, TNF-α, and Shh Stimulation in a Xenograft Tumor Model

The nude mouse xenograft tumor model was used to further validate the KRAS mutation-dependent PDAC tumor growth promoted by IL-1β, TNF-α, and Shh stimulation. After mice were inoculated with specific PDAC cells and developed tumors, they were treated with PBS Shh, IL-1β, or TNF-α, and the tumor size was measured every week. After IL-1β, TNF-α, and Shh treatment, tumor growth from the MT-KRAS cell lines SW1990 and Panc-1 was significantly induced compared to the control animals, whereas tumor growth from BxPC-3 cells was not stimulated (Figure 7). Similarly, nuclear protein expression of Gli1 and NF-κB p65 was significantly enhanced in tumor tissues from SW1990 cells treated with IL-1β, TNF-α and Shh, whereas no significant expression was observed in the tissues from BxPC-3 cells (Figure S10). These results confirm that the dependence of PDAC tumor growth on KRAS mutation is promoted by positive crosstalk between Hh and NF-κB signaling pathways.




Figure 7 | Tumor growth was significantly promoted by IL-1β, TNF-α, and Shh in mice inoculate d with MT-KRAS cells compared with those inoculated with WT-KRAS cells; *p < 0.05; **p < 0.01.






Discussion

KRAS gene mutations are quite common in PDAC and appear early in pancreatic carcinogenesis (16). In our study, KRAS mutation was present in 80% (32 of 40) of PDACs. However, KRAS mutation alone in the mature pancreas is not enough to induce PDAC formation (21). In addition, a recent study showed that Hh signaling is required for KRAS-induced pancreatic tumorigenesis (34). Moreover, NF-κB expression is positively associated with Shh expression in PDAC, and NF-κB activation induces the upregulation of Hh signaling (6). In this study we stratified tumor samples according to the KRAS mutation status, and found that Hh signaling and NF-κB were positively correlated only in tumors with KRAS mutation. Thus, our findings support the importance of KRAS mutation in PDAC development, and demonstrate it in another yet not presented context of signaling crosstalk between the Hh and NF-κB pathways.

Based on the results in PDAC tissues, we assumed that KRAS mutation may provide a facilitating environmental milieu for the aberrant activation and interaction of signaling pathways in the stromal cells as well. Desmoplasia or dense fibrotic stroma is atypical feature of PDAC tissues, and stromal activation is usually found around precancerous lesions (35). Indeed, stromal tissue is not a mere bystander in tumor progression since it has been established that tumor–stroma interactions affect tumorigenesis, angiogenesis, therapy resistance, and possibly the metastatic spread of tumor cells (35). Cells that constitute the tumor stroma provide many factors to initiate and/or support tumorigenesis, including the pro-inflammatory cytokines IL-1β and TNF-α.

Whether Hh pathway activation can up-regulate NF-κB expression has rarely been reported, and the influence of KRAS mutation in this context has not been explored. To verify our hypothesis, we first used rh-IL-1β and rh-TNF-α to stimulate PDAC cells, and tested Hh pathway expression in cell lines with different KRAS mutation status. Our data showed that only in cells with KRAS mutation, rh-IL-1β and rh-TNF-α could initiate Hh pathway activation. These findings suggest that KRAS mutation is a necessary condition for NF-κB/Hh pathway interaction, in keeping with our results obtained from patients’ tumor samples.

Embryonic patterning and organ morphogenesis can be regulated by Hh signaling, which is also involved in the regeneration and repair of tissues in normal physiological conditions (11). Aberrant Hh pathway activation is a hallmark of PDAC. Hh pathway activation is mostly induced by Hh ligands that can generate tumor-stromal signaling crosstalk in an autocrine or paracrine manner (36). To further explore the relationship between the Hh pathway and NF-κB, we used rh-Shh to stimulate all three PDAC cell lines. Not surprisingly, NF-κB activation induced by Hh overexpression was only achieved in cell lines with KRAS mutation.

To confirm the necessity of KRAS mutation for Hh/NF-κB interplay in PDAC, we performed knocked down KRAS gene expression in all PDAC cell lines and constructed a knock-in of MT-KRAS plasmid in WT-KRAS cells. Our results showed that KRAS downregulation almost blocked the Hh/NF-κB interplay in MT-KRAS cells, whereas in WT-KRAS cells, MT-KRAS knock-in showed Hh/NF-κB interplay. Collectively, these data suggest that MT-KRAS expression is the key to Hh/NF-κB interplay in PDAC.

The MT-KRAS gene leads to constitutively active KRAS protein (33). Therefore, we decided to examine the expression of KRAS downstream genes and Ras enzymatic activity in PDAC cells treated with IL-1β, TNF-α, Shh alone or in combination with si-KRAS. As a result, KRAS activity was unaltered in WT-KRAS cells but not in MT-KRAS cells. In addition, we did not observe any change in protein expression of nuclear Gli1, nuclear NF-κB, and Shh when MT-KRAS plasmid was knocked into WT-KRAS cells. This might be due to the low level of MT-KRAS protein, which was not sufficient to enhance KRAS activity.

Interestingly, once KRAS was knocked down in Panc-1 cells, TNF-α reduced rather than promoted cell growth. This may be related to the effects of TNF-α, since TNF-α not only activates NF-κB to enhance cell proliferation, but also increases apoptosis. In this study, when KRAS was downregulated, TNF-α was more likely to increase apoptosis than promote cell growth.

Another interesting finding was that when Hh pathway was activated by rh-Shh, other than enhanced nuclear Gli1 and NF-κB expression, Shh itself was also upregulated. Shh is not a target gene of the Hh pathway, so increased Shh expression might be induced by NF-κB expression or some other non-classical Hh activation pathway. Thus, this finding may also be attributed to KRAS mutation in PDAC cells.

In our research, the correlation coefficients between Gli1 and NF-κB, Shh and NF-κB were only slightly over 0.5 in PDAC tissues, and this may be due to inter- and intra-tumor heterogeneity. Hh and NF-κB pathways are crucial in MT-KRAS PDACs, but there are also other pathways involved in PDAC progression. These findings need to be confirmed in a larger patient group.

In a nude mouse xenograft tumor model, tumor developed from SW1990 and Panc-1 cells stimulated with IL-1β, TNF-α, and Shh was significantly promoted compared to control animals, whereas no stimulating effect was observed on tumor development from BxPC-3 cells. This finding suggests that Hh and NF-κB pathways interact in MT-KRAS PDAC. In addition, tumors developed from BxPC-3 were smaller than those from MT-KRAS PDACs, which may suggest the importance of the KRAS gene in PDAC development. Similar alteration on SW1990 cells derived tumors’ Gli1 and NF-kB nuclear protein expression in the nucleus were observed with IL-1β, TNF-α and Shh by IHC assay. However, BxPC-3 derived tumors’ Gli1 and NF-kB protein were also expressed in the nucleus but no alteration was founded on the condition of IL-1β, TNF-α and Shh treatment. This suggests that the progress of BxPC-3 is much more complex than previous thought.

This study may have limitations. Firstly, we found that mut-KRAS knock-in led to significant increases in the Gli1, NF-kappaB, and Shh expression at the RNA level but not at protein level. With the existing data, the mechanisms underlying the differential effects on the RNA and protein levels remain unclear. Secondly, BxPC-3 cells displayed a constitutive intra-nuclear localization of NF-κB/p65, future study on the expression levels of phospho-p65 is needed to help in assessing the effect of mut-KRAS knock-in in WT-KRAS BxPC-3 cells. Thirdly, it was of note in this study that TNF-α treatment in combination with si-KRAS showed a significant increase of apoptosis compared with si-KRAS alone in Panc-1 cells, but not in SW1990 and BxPC-3 cells. At this point, we could not explain why the differential effects exist in various cells. It has also to be pointed out that the significant difference in the total number of cases with or without KRAS mutation may represent a bias in statistical interpretation. This is mainly because that KRAS mutation occurred in a majority of PDAC patients, accounting for as high as 80% (32/40) in this study. Further study with a larger sample size is underway in our center.

In conclusion, KRAS mutation is important for PDAC progression but its effects are not sufficient to initiate PDAC. In addition to the pathways analyzed in this study, KRAS mutations may facilitate activation and positive crosstalk between other pathways in PDAC tumorigenesis, which will need to be examined in future studies.
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Supplementary Figure 1 | SW1990 and Panc-1 cell lines are positive for KRAS G12D mutation (MT-KRAS) while BxPC-3 cell line is negative for KRAS mutation (WT-KRAS).

Supplementary Figure 2 | Detection of Shh, Gli1 and NF-κB p65 mRNA and protein expression in Panc-1, SW1990 and BxPC-3 cells. (A) The mRNA expression analysis of Gli1, NF-κB and Shh. Western blot protein expression analysis was repeated three times (1, 2 and 3). (C) Gray analysis of relative protein expression for the Gli1, NF–κB and Shh. *p<0.05; **p<0.01.

Supplementary Figure 3 | Original protein Western blots image about stimulatory effects on protein expression of Gli1, NF-κB and Shh on PDAC cell lines treated with IL-1β and TNF-α alone or in combination with si-KRAS.

Supplementary Figure 4 | Two kinds of si-KRAS were used to knock down KRAS expression in all three cell lines, Negative control (NC) siRNA was used as control. The mRNA (A) and protein (B, C) expression were significantly decreased by both the si-KRAS1 and si-KRAS2. The si-KRAS1 silencing was stronger than effects obtained with si-KRAS2, and thus si-KRAS1 was selected for further experiments. *p<0.05; **p<0.01.

Supplementary Figure 5 | Original protein Western blots image about stimulatory effects on protein expression of Gli1, NF-κB and Shh on PDAC cell lines treated with Shh as Hh activating ligand treatment alone or in combination with si-KRAS transfection.

Supplementary Figure 6 | Effect of the treatment of PDAC cells with Shh as the Hh signaling ligand depending upon the presence or absence of KRAS mutation. Shh upregulated the NF-κB p65 nuclear expression in the SW1990 and Panc-1 cell lines, while these effects were significantly decreased when cells were treated with Shh in combination with si-KRAS. However, no change was observed after treatment of BxPC-3 cell line either with Shh alone or in combination with Shh si-KRAS.

Supplementary Figure 7 | Plasmid expressing KRAS (G12D) mutation (MT-KRAS plasmid) was constructed and transfected into BxPC-3 cell line. The mRNA (A) and protein expression (B, C) were tested by qPCR and Western blotting, respectively. As shown, MT-KRAS plasmid transfection significantly increased KRAS expression in BxPC-3. *p<0.05; **p<0.01.

Supplementary Figure 8 | The effect of WT-KRAS BxPC-3 PDAC cell line treatment with IL-1β, TNF-α, Shh, in combination with mut-KRAS transfections on Gli1, NF-κB and Shh mRNA expression. All data were obtained in three independent experiments. *p<0.05; **p<0.01.

Supplementary Figure 9 | Original protein Western blots image about effect of IL-1β, TNF-α, Shh treatment in combination with si-KRAS on KRAS down-stream molecules (p-/t-ERK1/2 and p-/t-AKT1) and Ras enzymatic activity in the MT-KRAS cell lines (SW1990 and Panc-1) and WT-KRAS cell line (BxPC-3). The protein expression of p-/t-ERK1/2 and p-/t-AKT1 at Shh treatment in combination with si-KRAS treatment (A); The effect of combined IL-1β or TNF-α with si-KRAS transfection on p-/t-ERK1/2 and p-/t-AKT1 (B); Ras enzymatic activity at Shh treatment in combination with si-KRAS treatment (C); The effect of combined IL-1β or TNF-α with si-KRAS transfection on Ras enzymatic activity (D) [a. SW1990, b. Panc-1, c. BxPC-3]. All data were obtained in three independent experiments

Supplementary Figure 10 | The nuclear protein expression of Gli1 and NF-κB p65 in mice inoculated with MT-KRAS cells compared with those inoculated with WT-KRAS cells. All data were obtained in three independent experiments. *p<0.05; **p<0.01.



Abbreviations

H&E, hematoxylin and eosin; Hh, Hedgehog; si-KRAS, Human KRAS small interfering RNA; IHC, immunohistochemical; IL-1β, interleukin-1-beta; ip, intraperitoneally; DAB, liquid 3,3’-diaminobenzidine; NF-κB, nuclear factor-kappa B; PDAC, pancreatic ductal adenocarcinoma; PBS, phosphate-buffered saline; PVDF, polyvinylidene difluoride membranes; TNF-α, tumor necrosis factor-alpha.
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Accumulating evidence suggested that calcium release-activated calcium modulator 1(ORAI1), a key calcium channel pore-forming protein-mediated store-operated Ca2+ entry (SOCE), is associated with human cancer. However, its role in colorectal cancer (CRC) progression has not been well studied. Epithelial-mesenchymal transition (EMT) is a multistep process that occurs during the progression of cancers and is necessary for metastasis of epithelial cancer. Transforming growth factor-β (TGF-β) is a pleiotropic cytokine that has been shown to induce EMT. In this study, we are aimed at exploring the effects of ORAI1 on TGF-β1-induced EMT process in CRC cells. Herein, we confirmed ORAI1 expression was higher in CRC tissues than in adjacent non-cancerous tissues by using immunohistochemical staining and Western blot analysis. Higher ORAI1 expression was associated with more advanced clinical stage, higher incidence of metastasis and shorter overall survival. We compared ORAI1 expression in SW480 and SW620 cells, two CRC cell lines with the same genetic background, but different metastatic potential. We found ORAI1 expression was significantly higher in SW620 cells which exhibited higher EMT characteristics. Furthermore, knockdown of ORAI1 suppressed the EMT of SW620 Cells. After induced the EMT process in SW480 cells with TGF-β1, we found treatment of TGF-β1 showed a significant increase in cell migration along with the loss of E-cadherin and an increase in N-cadherin and Vimentin protein levels. Also, TGF-β1 treatment increased ORAI1 expression and was closely associated with the increase of SOCE. Silencing ORAI1 significantly suppressed Ca2+ entry, reversed the changes of EMT-relevant marks expression induced by TGF-β1, and inhibited TGF-β1-mediated calpain activation and cell migration. Finally, we blocked SOCE with 2-APB (2-Aminoethyl diphenylborinate), a pharmacological inhibitor. Interestingly, 2-APB and sh-ORAI1 both exhibited similar inhibition effects to the SW480 cells. In conclusion, our results demonstrated that ORAI1 could mediate TGF-β-Induced EMT by promoting Ca2+ entry and calpain activity in Colorectal Cancer Cells.
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Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in the world. The incidence and mortality show wide geographical variations (1). It has become a predominant type of cancer and now accounts for approximately 10% of cancer-related mortality in western countries (2). And in Asian countries, the incidence of colorectal cancer has experienced an increase of two to four times during the past few decades (3). According to 2015 data from the National Cancer Center, China ranks third in the incidence and fifth in mortality of colorectal cancer (4). A growing number of studies support the notion that metastasis rather than the primary tumor is the principal cause of cancer-associated deaths (5). However, the exact molecular mechanism of tumor metastasis is still poorly understood.

Metastasis is a multi-step process beginning with the invasion of the cancer cells into surrounding tissue, intravasation of cells into the blood stream, extravasation to the secondary site, and finally, regrowth of the tumor cells as secondary metastases (6, 7). For metastasis to occur, a tumor cell shifts from a polarized epithelial state to an invasive mesenchymal phenotype through a process known as Epithelial-to-Mesenchymal Transition (EMT) (8). The EMT morphological changes transform the cell from a stationery form to a motile form, and several studies show that EMT and cell movement are regulated by Ca2+ influx (9, 10). Ca2+ is a multifunctional secondary messenger. Intracellular Ca2+ homeostasis is required for the development and maintenance of many physiological functions, such as movement, secretion, and gene transcription (11). Intracellular Ca2+ imbalance caused by carcinogenesis has been known to deregulate cell proliferation, migration and suppression of apoptosis (12). In non-excitable cells, the predominant Ca2+ influx pathway is store-operated Ca2+ entry (SOCE) (13). Although SOCE was first proposed in 1986 to describe the process that the depletion of intracellular Ca2+ stores causes the influx of extracellular Ca2+ (14), the identity of the channels key molecular components: ORAI1 and stromal interacting molecule 1 (STIM1) were discovered during the last decade (15). ORAI1 is a pore-forming protein located on the plasma membrane and exhibits four transmembrane domains (16), which is activated by the endoplasmic Ca2+ sensor STIM1 upon Ca2+ store depletion, promoting Ca2+ influx for Ca2+ store refilling and the activation of key Ca2+-dependent processes (17, 18).

Interestingly, recent studies have shown that ORAI1 is overexpressed in many types of cancer, such as lung cancer (19), hepatocarcinoma (20), and gastric cancer (21). Clinically, ORAI1 overexpression is strongly linked to poor clinical outcomes in gastric cancer patients (21). Furthermore, the high expression of ORAI1 enhanced cell proliferation and is associated with poor prognosis in colorectal cancer (22). In vitro, EMT-like changes of the cellular phenotype were noticed in ORAI1-knockdown gastric cancer cells, EMT mark gene E-cadherin mRNA expression was upregulated by silencing ORAI1 (21). Earlier studies found that ORAI1 is shown to be critical for breast tumor cell migration and metastasis (23). Moreover, ORAI1-mediated SOCE is reported to play an important role in the progression of various cancers (24). SOCE regulates cellular functions by promoting the entry of extracellular Ca2+ to the cytosol and activating Ca2+-dependent proteinases (25). Some studies have shown that blocking SOCE by using a specific blocker or by applying siRNA that target ORAI1 can inhibit the migration, invasion, and cell movement of cancer cells (9, 21, 26). These results suggested that there should be a direct relationship between ORAI1 and EMT, but the internal mechanisms are yet to be fully clarified.

Transforming growth factor-β (TGF-β), a pleiotropic cytokine, is found in a variety of tissues and is important for cell proliferation, differentiation, and apoptosis (27). In the tumor microenvironment, TGF-β is a strong inducer of the EMT. After treatment with TGF-β, the cell undergoes rapid and dynamic changes in gene regulation with morphological and migratory changes (28). TGF-β induces EMT and promotes cell migration and invasion through the downregulation of epithelial factors and upregulation of mesenchymal factors (29, 30). Calcium signaling serves as a bridge to link signals from the tumor microenvironment with specific cellular responses. For example, TGF-β induced EMT in MCF7 breast cancer cells has also been shown to be associated with increased Ca2+ influx into the cell (9). TGF-β-treatment caused an increase in Ca2+-induced calpain activity, which reduced E-cadherin protein levels, thereby increasing cell migration (29). However, the relationship between TGF-β-induced EMT and Ca2+ signaling remains unclear, and the functions of ORAI1-mediated SOCE in the TGF-β-induced EMT in colorectal cancer cells have not been investigated sufficiently.

In this study, we investigated the expression of ORAI1 in CRC tissues and found that ORAI1 overexpression is associated with progression and poor prognosis of CRC. Knockdown of ORAI1 suppressed the EMT of SW620 Cells. Moreover, we explored the role of ORAI1 and SOCE in the TGF-β1-induced EMT of SW480 cells. By knockdown the ORAI1 expression and the use of SOCE inhibitor, we found that ORAI1 and ORAI1-mediated SOCE plays an important role in TGF-β1-induced EMT in SW480 cells. Thus, ORAI1 and SOCE may be candidates for CRC therapy.



Materials and Methods


Patients and Clinical Samples

The human colorectal cancer samples (n=80) and corresponding non-tumor tissues for immunohistochemistry were collected from each patient immediately after the surgical process at the First Affiliated Hospital of Chongqing Medical University from January to November 2014. None had received neoadjuvant therapy before surgery. All of the patients had complete clinical and follow-up data for five years. For Western blot expression studies, 40 pairs of fresh samples were frozen in liquid nitrogen immediately after surgical removal and maintained at -80°C until use.



Cell Culture

The SW480 and SW620 human CRC cell lines were respectively provided by the Cancer Laboratory and Central Laboratory of the First Affiliated Hospital of Chongqing Medical University. These cell lines were routinely maintained in RPMI-1640 medium (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA) at 37°C in a humidified air atmosphere containing 5% CO2. Before stimulation with TGF-β1 (PeproTech, Rocky Hill, NJ, USA), cells were cultured with medium supplemented with 1% fetal bovine serum for 12h, and then treated with TGF-β1(10ng/ml) for 12, 24 and 36h.



siRNA and Lentiviral Vectors Transduction

The RNA duplexes for siRNA-mediated ORAI1 silencing were synthesized by RiboBio (Guangzhou, China), and the sequences used were: 5’-CGTGCACAATCTCAACTCG-3’(siRNA1) and 5’-CCAGCATTGAGTGTGTACA-3’(siRNA2) as described previously (23, 31); control siRNA: 5’-TTCTCCGAACGTGTCACGT-3’. Transduction of the siRNAs(50nM) in CRC cells was performed using ribo FECT™ CP Reagent (RiboBio, Guangzhou, China) according to the manufacturer’s protocol. Plates were incubated for 48h until ready for assays. ORAI1-shRNA lentiviral vector, and scrambled-shRNA lentiviral vector were designed and generated by Neuron Biotech (Shanghai, China). Cells were seeded at 6-well plates. After incubating for 24 hours, lentiviruses were added to the cells at a MOI of 20. Culture media were changed after 24h. 72h after transfection, cells were photographed under a fluorescent microscope(NikonTE2000-U, Japan). After selection with puromycin (2 µg/ml, Beyotime, Shanghai, China) for 2 weeks, the transduced cells were used in further experiments.



Transwell Chamber Assay

Cell migration assays were determined using the transwell chamber (8μm pore size). 5×104 cells with 400µl serum-free medium were plated in the upper chamber, the culture medium (600µl) containing 10% FBS was placed in the lower chamber. After incubation for 24 h, the cells were removed from the upper chamber by a cotton swab. Then the invading cells were fixed with 4% formaldehyde and stained with 0.1% crystal violet and quantified with a light microscope. Five random fields were analyzed for each insert. Cell invasion was determined with Matrigel matrix (BD Biosciences, CA, USA) coated on the upper surface of the transwell chamber. Cells were treated as described above.



Measurement of Calcium Entry

The store-operated Ca2+ influx was determined using the Ca2+ sensitive fluorescent indicator Rhod-2AM (AAT Bioquest Inc, CA, USA) and an inverted laser scanning confocal microscope (LEICA, TCS SP2, Germany). In brief, cells were grown on laser confocal petri dish until 70% confluent and incubated with 5 μM Rhod-2AM in Ca2+-free Hanks’ Balanced Salt Solution (HBSS)(Sangon Biotech, Shanghai, China) at 37°C for 35 min in the dark, washed twice with Ca2+-free HBSS and incubated at room temperature for 20 min. For fluorescence measurements, 5μM nifedipine (Sigma Chemical Co, MO, USA) was included in the Ca2+-free HBSS to block voltage-dependent Ca2+ channels (VDCC) (32). After 30s of baseline recording, Ca2+-free HBSS with 2μM Thapsigargin (Tg) (Sigma Chemical Co, MO, USA) was added to deplete intracellular Ca2+ store thus trigger the opening of SOCE channels and activation of SOCE. Continue scanning every 6s until cell fluorescence intensity basically returns to baseline. Then, 5mM CaCl2 was added to induce the Ca2+ influx. Experiments were performed for 600s in the presence of 5mM Ca2+. Fluorescence imaging was carried out at the excitation and emission wavelengths of 557nm and 581nm, respectively. In fluorescence imaging analyses, Ca2+ changes were calculated as F/F0 after background subtraction, where F is the change in fluorescence signal intensity and F0 is the baseline.



Calpain Activation Assay

A calpain activity assay kit (Abcam, Cambridge, UK) was used to determine calpain activity in the cell according to the manufacturer’s instructions. In brief, cells were lysed in the lysis buffer at 4°C. Cell lysates were then incubated with Ac-LLY-AFC, a calpain substrate and reaction buffer for 1 h at 37°C in the dark. Fluorescence emission was measured at 505 nm using a fluorescence spectrometer with an excitation light at 400 nm.



Immunohistochemistry (IHC)

Immunohistochemical staining was carried out on formalin-fixed paraffin-embedded blocks, and a series of sections (4-mm-thick) were prepared. Endogenous peroxidase activity was blocked by 3% hydrogen peroxide. After antigen retrieval, non-specific binding was blocked with normal goat serum. Then, the sections were incubated with rabbit anti-ORAI1 antibody (1:100, Abcam, Cambridge, UK) at 4°C overnight. Next day, the sections were incubated with secondary antibody for 45min. After the sections were counterstained, dehydrated, and mounted, the results were evaluated by two independent operators. The staining intensity was evaluated as follows: 0 (negative), 1 (weak), 2 (moderate), or 3 (strong). The staining extent was scored based on the area percentage of positive cells: 0(0-5%), 1 (6–25%), 2 (26–50%), 3 (51–75%), or 4 (>75%). The final score was the sum of staining extent and intensity. ORAI1 expression was classified as high expression (IHC score ≥4) and low expression (IHC score ≤ 3).



Immunofluorescence Staining

Cells were grown on glass coverslips placed inside 24-well plates until 60% confluent, and then fixed with 4% formaldehyde for 15 min at room temperature, After washing, Immunostaining Permeabilization Solution with Saponin (Beyotime Biotech, Shanghai, China) was added and incubated for approximately 5min, and then blocked with 4% BSA for 1 h. Anti-E-cadherin(1:200, Santa Cruz, CA, USA) or anti-Vimentin (1:200, Santa Cruz, CA, USA) primary antibody was incubated with blocked cells overnight at 4°C. After removing the primary antibodies and washing with PBS for three times, cells were incubated with Cy3-conjugated secondary antibody (1:300, Proteintech, Wuhan, China) for 1h at room temperature, followed by incubation with DAPI (Sangon Biotech, Shanghai, China) for 5min. After washing with PBS, coverslips were sealed with anti-quenching fluorescent mounting medium. Images were captured using a fluorescence microscope (Nikon TE2000-U, Japan).



Quantitative RT-PCR

Total RNA was isolated using the Trizol reagent (Invitrogen, CA, USA) and cDNA was generated using the PrimeScript™ RT reagent Kit (Takara, Dalian, China). Quantitative real-time PCR was performed with SYBR Premix Ex Taq (Takara, Dalian, China) using CFX96 Real Time PCR System (Bio-Rad, CA, USA). The RT primers were as follows: ORAI1: forward 5’-GCTGCTCTGCTGGGTCAAGTT-3’and reverse 5’- CGATAAAGATCAGGCCGAAGG-3’, GAPDH: forward 5’-CTTTGGTATCGTGGAAGGACTC-3’ and reverse 5’- GTAGAGGCAGGGATGATGTTCT -3’. The cycling program was: Pre−denaturation at 95˚C for 30 seconds, followed by 40 cycles of 95°C for 5 seconds, 60°C for 30 seconds, and extension at 65˚C for 1min. Relative expression level of ORAI1 was normalized to GAPDH and calculated using the2−ΔΔCt method.



Western Blot

The tissue samples and cells were lysed using RIPA Lysis Buffer (Beyotime Biotech, Shanghai, China) containing PMSF (Beyotime Biotech, Shanghai, China). The protein concentration was detected using the BCA kits. Equal amounts of protein were separated by 10%SDS-PAGE and transferred onto polyvinylidene difluoride membranes. After blocking with 5% nonfat milk in Tris-buffered saline-Tween (TBST) for 2h at room temperature, membranes were incubated with primary antibodies against ORAI1(1:500, Proteintech, Wuhan, China), E-cadherin (1:1000, Santa Cruz, CA, USA), N-cadherin (1:1000, Cell Signaling Technology, MA, USA)), Vimentin (1:1000, Santa Cruz, CA, USA), β-actin (1:2000, Proteintech, Wuhan, China) overnight at 4°C. After washing with TBST, membranes were incubated with HRP-labeled secondary antibodies for 2h at room temperature. Protein bands were detected using an enhanced chemiluminescence detection kit (ECL). Densitometric analysis was performed using Fusion software (Vilber Lourmat, France). β-actin was used as loading control.



Statistical Analysis

All experiments were repeated three times and all of the data were analyzed by SPSS19.0 software. Measurement data are expressed as mean ± standard deviation (SD). Comparison was made by the Student’s t test between two groups and by the one-way ANOVA among multiple groups. The χ2 test was used to analyze the correlation between ORAI1 expression and clinicopathologic parameters. The survival curves were generated by Kaplan-Meier method and analyzed by the log-rank test. P<0.05 was considered statistically significant.




Results


ORAI1 Is Highly Expressed in Human CRC Tissues and Indicates Poor Clinical Outcomes

To investigate the expression of ORAI1 in human CRC tissues, we first examined ORAI1 expression in 80 CRC tissue samples and non-tumor tissues by immunohistochemical staining (IHC). As shown in Figure 1A, the results of IHC revealed that ORAI1 was mainly expressed in the membrane and cytoplasm. High expression (IHC score≥4) was assessed in 64 of 80 (80%) primary CRC samples compared with only in 24 of 80 (30%) paired non-tumor tissues, average staining scores of 4.85 and 2.23, respectively (Table 1, Figure 1C). Furthermore, ORAI1 expression was significantly higher in stage III and IV patients than that in stage I and II patients (5.30 vs. 3.92) (Figure 1D). We further detected ORAI1 expression in an additional 40 fresh CRC tissues and the corresponding non-tumor tissues by Western blot analysis. Consistent with IHC observations, ORAI1 was expressed at higher levels in CRC tumors compared with matched adjacent non-tumor tissues (Figures 1B, E).




Figure 1 | Expression of ORAI1 is significantly upregulated in CRC tissues. (A) Representative immunohistochemistry staining of ORAI1 expression in 80 paired CRC tissues. magnification, ×400. (B) Western blot was applied to detect protein expression levels of ORAI1 in paired CRC tumor tissues (T) and non-tumor tissues(N). (C) Immunohistochemistry average staining scores of tumor tissues and matched non-tumor tissues. **P<0.01. (D) IHC average staining scores of tumor tissues in stage I+II and stage III+IV patients. **P<0.01. (E) The protein relative expression levels of ORAI1 in tumor tissues and non-tumor tissues of 40 patients by Western blot. **P<0.01. (F) Kaplan–Meier’s analysis of the correlation between ORAI1expression and overall survival (OS) of CRC patients.




Table 1 | Upregulation of ORAI1 in CRC tissues.



Furthermore, we analyzed the association between ORAI1 expression and clinicopathological parameters in 80 CRC patients by IHC staining (Table 2). The results showed that the patients with high ORAI1 expression had a higher tendency to be with advanced clinical stage, high incidence of metastasis. But there were no statistical connections between ORAI1 overexpression and age, gender, and tumor size. Finally, we analyzed the association between ORAI1 expression and survival of CRC patients. By Kaplan-Meier survival analysis, we found that patients with higher ORAI1 expression were likely to be with significantly shorter overall survival (Figure 1F). Taken together, these results suggest that high expression of ORAI1 is associated with tumor progression and poor clinical outcomes.


Table 2 | Correlation between ORAI1 and clinical parameters of CRC patients.





Expression of ORAI1 Is Different in Primary (SW480) and Metastatic (SW620) Colon Cancer Cell Lines

Having identified the expression properties of ORAI1 in human CRC tissues, we further evaluated its expression level in two human CRC cell lines SW480 and SW620. Interestingly, Western blot analysis showed ORAI1 expression was significantly higher in SW620 cells than in SW480 cells (Figure 2A). The SW480 cell line was obtained from a primary CRC lesion, and the SW620 cell line was established from a lymph node (LN) metastasis in the same patient a year later, which exhibited higher metastasis potential (33). Therefore, the two cell lines have the same genetic background but different metastatic potential. Transwell assay also showed that SW620 cells migrate and invade more aggressively than SW480 cells (Figure 2B).




Figure 2 | SW480 and SW620 cells have different expression levels of ORAI1 and EMT-relevant markers. (A) Western blot analysis of ORAI1 and EMT-relevant markers expression in these two CRC cell lines. (B) The metastatic capability of these two cell lines was detected by transwell migration and invasion assays. magnification, ×200. (C) Immunofluorescence was performed to evaluate the expression of E-cadherin and Vimentin in these two CRC cell lines, Scale bar 75μm. All the experiments were repeated three times. *P<0.05; **P<0.01.



Importantly, a key feature of cancer metastasis is the initiation of EMT. Therefore, we detected expression of EMT-relevant markers in the two cell lines. As expected, expression of E-cadherin, an epithelial marker, was substantially lower in SW620 cells than in SW480 cells, but a significantly higher expression of Vimentin and N-cadherin, two mesenchymal markers, was observed in SW620 cells (Figure 2A). These changes in E-cadherin and Vimentin expression were confirmed by an immunofluorescent assay (Figure 2C). Combined with the distinct migratory ability, expression levels of EMT-related markers and ORAI1 between the two cell lines, these results suggest that ORAI1 might be involved in the EMT-derived migration in CRC cells.



Knockdown of ORAI1 Suppresses the EMT of SW620 Cells

As mentioned above, the SW620 cell line was obtained from a CRC lymph node (LN) metastasis, which exhibited higher EMT characteristics. To investigate the role of ORAI1 in the EMT of SW620 cells, SW620 cells were transduced with two ORAI1-specific siRNAs and a control siRNA, respectively, and we found that SW620-siRNA1 and SW620-siRNA2 cells exhibited 87% and 84% decrease in protein levels and 69% and 63% in mRNA levels (Supplementary Figure S1A). Transwell assays also showed that transduction with siRNA1 or siRNA2 in SW620 cells markedly decreased cell migration (Supplementary Figure S1C). Western blot analysis showed that both siRNA1 and siRNA2 transduction could suppress the EMT of SW620 cells(Supplementary Figure S1D). Given that siRNA1 has a slightly better knock-down effect, it was therefore selected as the target sequence for subsequent experiments. Accordingly, we used this sequence to construct the ORAI1-shRNA lentiviral vectors, and the expression of ORAI1 in the transfected cells was confirmed by QRT-PCR and Western blot. The results showed that cells transfected with ORAI1 shRNA exhibited 82% decrease in protein levels and 67% in mRNA levels (Figure 3A). By comparing the morphology of the cells under a light microscope, we observed that cells with ORAI1 shRNA showed highly organized cell-cell adhesion and cobblestone shape with epithelioid morphology appeared (Figure 3B). To further explore cell migration capacity after ORAI1 silencing, transwell assay was performed subsequently. The results showed the number of migrated cells was markedly decreased in ORAI1 silence cells compared to the negative control (Figure 3B).




Figure 3 | ORAI1 knockdown suppresses the EMT of SW620 Cells. (A) SW620 cells were infected with lentivirus containing sh-ORAI1 or control sh-RNA lentivirus (NC) for 72 hours. Knockdown efficiency was confirmed by QRT-PCR (right panel) and Western blot (left panel). (B) Representative picture showed the morphological change of SW620 cells after infecting with lentivirus for 72 h. Cell migration was assessed by transwell assay. Magnification, ×200. (C) The protein levels of E-cadherin, N-cadherin and Vimentin were analyzed by Western blot. (D) Representative traces of intracellular Ca2+ signals were assessed by Rhod-2AM Ca2+ measurement. (E) Quantitative assessment of calpain activity in SW620 and the transfected cells. All the experiments were repeated three times. *P<0.05; **P<0.01.



Next, we assessed the effect of ORAI1 knockdown on the EMT-relevant molecules in these cell models. Western blot analysis showed that the expression of E-cadherin was significantly up-regulated, and the expression of N-cadherin and Vimentin was obviously down-regulated in SW620-shORAI1 cells, compared with control cells (Figure 3C). As ORAI1 is an essential component of SOCE channel, we further investigated SOCE initiation in these cells. When the medium was absent of Ca2+, addition of thapsigargin, an ER Ca2+-ATPase inhibitor, resulted in a rapid rise in intracellular Ca2+ level, consistent with depletion of ER Ca2+ stores. Subsequently, addition of Ca2+, which initiates Ca2+ influx, triggered another significant increase in the Ca2+ level (SOCE). As shown in Figure 3D, knockdown of ORAI1 decreased Ca2+ entry in SW620-shORAI1 cells compared with control cells. Following the inhibition of SOCE, decrease of the calpain activity was also observed in SW620-shORAI1 cells (Figure 3E). These results suggest that ORAI1 plays an important role in the acquisition of EMT in CRC cells. To further investigate the mechanism of ORAI1 in TGF-β induced EMT in CRC cells, we chose the SW480 cell line, which is characterized by a modest more mesenchymal characteristics, for the subsequent experiment.



TGF-β1 Induces EMT and Enhances ORAI1 Expression in SW480 Cells

Previous studies suggested that TGF-β1 is a powerful EMT stimulus (34), which is known to induce tumor cell invasion by activating EMT in metastatic cancer thereby enhancing invasiveness and metastasis (35). For this, we induced the EMT process in SW480 cells by treatment with 10ng/ml TGF-β1 for 0, 12, 24 or 36h. Time course responses to TGF-β1 were tested as well on the expression of E-cadherin, N-cadherin and Vimentin protein. Western blot analysis confirmed significant decreases in the levels of the E-cadherin protein and increases in the expression of Vimentin and N-cadherin protein in SW480 cells that had been treated with 10ng/ml TGF-β1 for 24 or 36 h (Figure 4A). These results suggest that TGF-β1 induces EMT most significantly after 24 h treatments in SW480 cells. Therefore, cells were incubated with 10ng/ml TGF-β1 for 24h in subsequent experiments.




Figure 4 | TGF-β1 induces EMT and increases ORAI1-mediated Ca2+ entry in SW480 cells. (A) Western blot was performed to detect the expression of ORAI1 and EMT-relevant markers in SW480 cells treated with 10ng/ml TGF-β1 for 0,12,24 and 36h. (B) Representative picture showed the morphological change of SW480 cells after treatment with 10ng/ml TGF-β1 for 24 h. Cell migration was assessed by transwell assay. Magnification, ×200. (C) Immunofluorescence was performed to evaluate the expression of E-cadherin and Vimentin in SW480 cells after treatment with TGF-β1, Scale bar 75μm. (D) Representative traces of intracellular Ca2+ signals of SW480 cells with or without TGF-β1 treatment were assessed by Rhod-2AM Ca2+ measurement. (E) Quantitative assessment of calpain activity. All the experiments were repeated three times. *P<0.05; **P<0.01.



By comparing the morphology of the cells under a light microscope, we observed that cells stimulated with TGF-β1 became an elongated morphology with losing polarity and cell–cell contacts (Figure 4B). Next, we further confirmed the effects of TGF-β1 on EMT in SW480 cells, using transwell assay and immunofluorescence. Transwell assay analysis showed that the number of cells migrated indeed had a significant increase in the migration of SW480 cells treated with TGF-β1 for 24h (Figure 4B). Based on the immunofluorescence staining for EMT-related molecules, E-cadherin expression was decreased and Vimentin expression was increased in TGF-β1-treated cells (Figure 4C). TGF-β has also been shown to regulate Ca2+ signaling (29), and thus we investigated whether store-operated Ca2+ entry (SOCE) initiation is altered upon treatment with TGF-β1. As shown in Figure 4D, SOCE activity was significantly increased in TGF-β1 treatment cells. Following the increased Ca2+ influx, overall calpain activity was measured, which showed a significant increase in SW480 cells after TGF−β1 treatment (Figure 4E). We then assessed whether TGF-β1 promotes Ca2+ influx accompanied by up-regulation of ORAI1 expression. Interestingly, Western blot analysis showed the expression of ORAI1 also increased with TGF-β1 treatment for 24 or 36h (Figure 4A). These results presented above suggest that TGF-β1-induced activation of ORAI1 and SOCE could be crucial for promoting EMT.



Knockdown of ORAI1 Attenuates the TGF-β1-Induced EMT in SW480 Cells

To verify whether ORAI1 is responsible for TGF-β1-induced EMT, SW480 cells were transduced with the two ORAI1-specific siRNAs. The knockdown efficiency was confirmed by QRT-PCR and Western blot, and we found that SW480-siRNA1 and SW480-siRNA2 cells showed 78% and 72% decrease in protein levels and 81% and 76% in mRNA levels (Supplementary Figure S1B). Transwell assays also showed that the number of migrated cells was significant reduction in SW480-siRNA1 or SW480-siRNA2 cells (Supplementary Figure S1C). Western blot analysis also showed that similar changes of EMT-relevant marks expression were found in these cells (Supplementary Figure S1E). These results indicated that siRNA1 also exhibited a slightly better knock-down effect in SW480 cells. Therefore, SW480 cells were infected with lentiviral vector expressing ORAI1 shRNA or a control shRNA lentivirus (NC), and we found that 61% decrease in protein levels and 79% in mRNA levels in SW480-shORAI1 cells, and without changes in SW480-NC cells (Figure 5A). These results suggest that we successfully silenced ORAI1 expression in SW480 cells with ORAI1-targeted shRNA. First, EMT-relevant markers were evaluated by Western blot. We found that ORAI1 knockdown induced a significant up-regulation of E-cadherin expression in parallel to a significant down-regulation of the N-cadherin and Vimentin expression, and ORAI1 downregulation could rescue E-cadherin inhibition after TGF−β1 treatment and alleviate the increase of N-cadherin and Vimentin expression induced by TGF-β1 (Figure 5B). To further establish that cell migration is also affected upon ORAI1 silencing, transwell assay was performed. The results showed the number of migrated cells was clearly decreased for ORAI1 silence cells, and knockdown of ORAI1 significantly rescinded the increase in TGF-β1-induced migration (Figure 5C).




Figure 5 | ORAI1 silencing attenuates the TGF-β1-induced EMT in SW480 cells. (A) SW480 cells were infected with lentivirus containing shORAI1 or control shRNA lentivirus (NC) for 72 hours. Knockdown efficiency was confirmed by QRT-PCR (right panel) and Western blot (left panel). (B) SW480-shORAI1 cells and SW480-NC cells were stimulated with or without TGF-β1(10ng/ml) for 24h, and the protein levels of E-cadherin, N-cadherin and Vimentin were analyzed by Western blot. (C) Migration capacity of SW480-shORAI1 cells and SW480-NC cells was assessed by transwell assay. Magnification, ×200. (D) SW480 cells were treated with the Ca2+ sensitive fluorescent indicator Rhod-2AM, and fluorescence signals were detected by an inverted laser scanning confocal microscope, Scale bar 75μm. (E) Representative traces of intracellular Ca2+ signals were assessed by Rhod-2AM Ca2+ measurement. (F) Quantitative assessment of calpain activity in SW480-shORAI1 and SW480-NC cells with or without TGF-β1 treatment. All the experiments were repeated three times. *P<0.05; **P<0.01.



As ORAI1 can induce Ca2+ entry through SOCE mechanisms, we further detected SOCE initiation in SW480-shORAI1 cells and SW480-NC cells that were treated or not treated with TGF-β1 (Figures 5D, E). As shown in Figure 5E, TGF−β1 treatment also significantly increased Ca2+ entry in SW480-NC cells. Knockdown of ORAI1 not only decreased Ca2+ entry in SW480-shORAI1 cells, but also significantly attenuated TGF-β1-evoked Ca2+ entry compared with SW480-NC cells. Next we examined how a reduction in TGF-β1-induced activation of Ca2+ entry by shORAI1 affected Ca2+-dependent calpain activity. Decrease of the basal calpain activity levels was observed in SW480-shORAI1 cells, and silencing of ORAI1 abolished the increased calpain activity seen with TGF-β1 treatment (Figure 5F). These results strongly suggest ORAI1 downregulation was associated with a decrease of SOCE, and ORAI1 and ORAI1-mediated SOCE is involved in regulating TGF-β1-induced EMT.



Blockade of SOCE Alleviates the TGF-β1-Induced EMT in SW480 Cells

The results mentioned above indicated that the effect of TGF-β1 on EMT may be related to increased SOCE-related Ca2+ influx. We therefore evaluated whether blocking store-mediated Ca2+ entry with 2-APB (2-Aminoethyl diphenylborinate), a pharmacologic inhibitor which has been previously shown to block calcium entry through ORAI channels (7), can alter the effects of TGF-β1. SW480 cells pretreated with or without TGF-β1were treated with 2-APB(100µM) for 30min. Ca2+ entry, transwell migration assay, and EMT-relevant markers were detected. As shown in Figure 6A, we found that cells treated with 2-APB showed a significant reduction in Ca2+ release (addition of thapsigargin) and Ca2+ entry (addition of Ca2+). Interestingly, a dramatic decrease in Ca2+ entry and Ca2+ release were also observed in the cells treated with TGF-β1 and 2-APB compared with TGF-β1 treatment cells. According to the calpain activity assays, treatment of 2-APB also repressed the TGF-β1-mediated Ca2+–dependent calpain activity (Figure 6B).




Figure 6 | Blockade of SOCE alleviates the TGF-β1-induced EMT in SW480 cells. (A) Representative traces of intracellular Ca2+ signals of SW480 cells with 2-APB and/or TGF-β1treatment were assessed by Rhod-2AM Ca2+ measurement. (B) Quantitative assessment of calpain activity in SW480 cells treated with 2-APB and/or TGF-β1. (C) SW480 cells were treated with 2-APB and/or TGF-β1, and cell migration was assessed by transwell assay. magnification, ×200. (D) Protein levels of E-cadherin, N-cadherin and Vimentin were analyzed by Western blot in SW480 pretreatment cells. All the experiments were repeated three times. *P<0.05; **P<0.01.



As blockade of SOCE has been previously shown to prevent cellular migration associated with EMT (36), to establish that cell migration is also affected upon Ca2+ influx in SW480 cells, transwell migration assay was performed which showed that treatment of 2-APB significantly inhibited cell migration in SW480 cells. Similarly, the increased migration seen with TGF-β1 treatment was attenuated by a blockage of Ca2+ entry with 2-APB (Figure 6C). Next, we further evaluated the effect of 2-APB treatment on EMT-relevant markers by Western blot. The results showed that 2-APB treatment of SW480 cells resulted in a pronounced increase in E-cadherin expression and a decrease in N-cadherin and Vimentin. Consistent with these results, TGF-β1-induced decrease in E-cadherin expression and increase in N-cadherin and Vimentin were also abolished by the addition of 2-APB (Figure 6D). Taken together, these results suggest that SOCE-related Ca2+ influx also contributes to the EMT induced by TGF-β1 in SW480 cells. In addition, 2-APB and sh-ORAI1 both exhibited similar inhibition effects to the SW480 cells.




Discussion

According to the latest data from the American Cancer Society, CRC is the third most common cause of cancer death in both men and women in the United States, and ranks second when men and women are combined (37). Mortality from CRC is mostly due to invasion and metastasis of neoplastic cells from the primary tumors to distant organ sites (29). Hence, understanding the mechanism regulating metastasis is critical to improving colon cancer survival. EMT is an important biological hallmark for epithelial cancer (38). Although EMT was first noticed during embryonic development, it is increasingly acknowledged that EMT makes a greater contribution to the tumor progression by enhancing migratory and invasive capabilities of cancer cells (39). During EMT processes, epithelial cells lose the expression of the epithelial characteristic marker, like E-cadherin and acquire the expression of the mesenchymal cell marker, such as Vimentin (40). This process has been shown to be associated with the Ca2+ influx (10). Ca2+ has versatility as a second messenger and it regulates many cellular functions by influencing various genes, proteins and signaling pathways (21). It regulates intracellular enzyme activity and protein-protein interactions through calmodulin or other calcium-binding proteins (26). Many types of cancer have been shown to have dysregulated expression of Ca2+ channels and other molecules involved in Ca2+ homeostasis (29). But the role of Ca2+ in EMT-associated metastasis is still not well understood. Ca2+ entry into tumor cells has been confirmed to be due to SOCE mediated by ORAI1 channels and this process in malignant tumors have fascinated many investigators, and thus the channels were already designated to “onco-channels” (21, 41). ORAI1-mediated SOCE has been confirmed to regulate cancer cell proliferation and invasion (24), and it has been reported that ORAI1 has an effect on CRC cell proliferation (22), but the research on the role of ORAI1-mediated SOCE in CRC is limited. Therefore, effects of ORAI1 on CRC should be warranted to investigate.

Emerging role of ORAI1 in human cancer has been reported. Upregulation of ORAI1 expression was observed in multiple human cancers, including non-small cell lung carcinoma (19), esophageal cancer (42) and gastric cancer (20). Consistent with these observations, we found that ORAI1 expression was markedly upregulated in CRC tissues compared with matched adjacent non-tumor tissues in this study. Moreover, we further examined the clinical relevance of ORAI1, and found that high expression of ORAI1 was closely associated with advanced clinical stage, high incidence of metastasis and shorter overall survival times. A previous study agreed with these conclusions demonstrating that ORAI1 overexpression was significantly correlated with poor prognosis in breast cancer (27). These results suggested that ORAI1 may be involved in CRC progression. In addition, since different cancer cell lines have distinct gene background, the genes that impact tumor progression may be differently expressed in these cells (43). Therefore, we further evaluated ORAI1 expression level in two human CRC cell lines SW480 and SW620, which have the same genetic background but different metastatic potential. In the present study, we provided evidence that ORAI1 expression differed in the two CRC cancer cell lines: SW620 cells, with more mesenchymal like characteristics and higher metastasis potential, express ORAI1 at higher levels than the SW480 cells with modest more epithelial characteristics. A recent study also demonstrated that STIM1 and ORAI3 are upregulated in metastatic CRC cells compared to primary CRC cells (44). Moreover, we also found that knockdown of ORAI1 suppressed the EMT of SW620 cells. These results suggest that ORAI1 might be involved in the EMT of CRC cells.

TGF-β1 is one of the most abundant growth factors stored and released by bone (45). Previous studies indicated that TGF-β1 can promote cancer cell invasion by regulating the induction of EMT (37). In our studies, when incubated with TGF-β1, SW480 cells underwent morphological changes from an “epithelial” polarized morphology to a mesenchymal fibroblastoid morphology and achieved increased migratory capabilities. This phenotypic transformation was accompanied by down-regulation of epithelial signature proteins including E−cadherin and increased expression of mesenchymal markers such as E−cadherin and Vimentin. However, the underlying mechanisms for TGF-β1 induced EMT of CRC cells are unclear. Previous studies demonstrated calcium signaling plays an important role in TGF-β signaling (46), and different mechanisms have been suggested to be involved in the regulation of Ca2+ homeostasis by TGF-β1 (38). Our studies show that TGF-β1 treatment enhanced the expression of ORAI1, an essential component of SOCE channel and promotes SOCE-related Ca2+ influx in SW480 cells. This result was similar with the result from a previous research that TGF-β1-induced EMT significantly increased SOCE in MCF7 breast cancer cells (9). Ca2+-dependent calpain contributes to many pathways that control cell migration, and M-calpain activity was shown to be significantly increased in CRC (47). In the present study, we show that TGF-β1 treatment amplified the calpain activity. These results provide further evidence for the importance of ORAI1, SOCE and calpain activity in TGF-β1-induced EMT of CRC cells.

To further verify the role of ORAI1 and ORAI1-mediated SOCE is critical for TGF-β1-induced EMT of CRC cells, we examined the effects of pharmacological inhibition for SOCE or gene silencing of ORAI1. 2-APB, a nonspecific pharmacological inhibitor, was previously shown to block SOCE through ORAI1 channels (48). Interestingly, blockade of SOCE markedly mitigated TGF-β1-induced migration and prevented reduced expression of E−cadherin protein after TGF−β1 treatment. Meanwhile, our results also showed that TGF-β1-induced increases in N-cadherin and Vimentin were decreased upon inhibition of Ca2+ influx by 2-APB, both of which are major cytoskeletal component of mesenchymal cells and necessary for motility seen in EMT. In addition, genetic studies using silencing method further established that ORAI1 is the major Ca2+ homeostasis channel in CRC cells. Our data confirmed that knockdown of ORAI1 led to decrease in Ca2+ influx, and significantly suppressed cell migration and changes of EMT-relevant marks expression induced by TGF-β1. This finding is consistent with the results of a previous study reporting that knockdown of ORAI1 in glioma can significantly reduce receptor-dependent Ca2+ influx and inhibit Pyke activity, thereby inhibiting glioma cell invasion and metastasis (49). Parallel phenomena were also observed for calpain activity. Importantly, a decrease in calpain activity was observed when Ca2+ influx was inhibited by 2-APB. Furthermore, knockdown of ORAI1 or inhibition of SOCE inhibited TGF-β1-induced increase in calpain activation. These results indicate that ORAI1 and ORAI1-mediated SOCE is involved in TGF-β1–induced EMT in SW480 cells.



Conclusion

In conclusion, our study indicated that ORAI1 expression was significantly upregulated in CRC, and ORAI1 overexpression was correlated with poor prognosis. we also had demonstrated that ORAI1 knockdown suppressed the EMT of SW620 Cells, and TGF-β1 treatment induced the EMT process in SW480 cells, increased ORAI1 expression, SOCE-mediated Ca2+ entry and calpain activity. Meanwhile, the effect of TGF-β1 treatment was obviously abolished by inhibiting Ca2+ influx with 2-APB and ORAI1 knockdown. Therefore, it can be inferred that TGF-β1induces EMT of SW480 cells by enhancing ORAI1 expression, promoting ORAI1-mediated Ca2+ entry and calpain activity. This is a possible mechanism for the TGF-β1-induced EMT in SW480 cells. Hence, ORAI1-mediated Ca2+ signaling may serve as a potential therapeutic target for CRC.
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Transcribed ultraconserved regions (T-UCRs) are a new type of long non-coding RNA, and the UCR has 481 segments longer than 200 base pairs that are 100% conserved between humans, rats, and mice. T-UCRs involved in colorectal cancer (CRC) have not been studied in detail. We performed T-UCR microarray analysis and found that uc.77- was significantly downregulated in CRC tissues and cell lines. Ectopic expression of uc.77- significantly inhibited the proliferation of CRC cells in vitro and the growth of xenograft tumors in nude mice in vivo. Mechanistic studies showed that uc.77- competed with FBXW8 mRNA for binding to microRNA (miR)-4676-5p through a competing endogenous RNA mechanism and inhibited the proliferation of CRC cells by negatively regulating CDK4. The present findings highlight the role of the uc.77-/miR-4676-5p/FBXW8 axis in CRC and identify uc.77- as a potential novel target for the treatment of CRC.
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Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide. Approximately 1.93 million new cases of CRC were reported in 2020, with an incidence rate of 10.0% and a mortality rate of 9.4% (1). In China, CRC is the third most common malignant tumor and the fourth leading cause of cancer-related death (2). Elucidating the pathogenesis of CRC and identifying diagnostic markers are urgent needs.

Ultraconserved regions (UCRs) are non-coding gene sequences composed of 481 segments that are 100% conserved among mammals such as humans, rats, and mice. These segments can be located on exons or introns of the coding gene. RNAs transcribed from the UCR region are called T-UCRs or ultra-conserved (uc) RNAs. Non-coding RNAs transcribed from UCRs may regulate gene expression (3).T-UCRs are a new type of long non-coding RNAs (lncRNAs) that can function as oncogenes or tumor suppressors in different tumor types (4). uc.338 is highly expressed in liver cancer cells, and it promotes cell proliferation by affecting cell cycle progression (5). uc.338 is also expressed at high levels in CRC, and it promotes metastasis and invasion of CRC (6). On the other hand, uc.160+ is expressed at low levels in gastric cancer, where it plays a tumor suppressor role (7). The role of T-UCRs in tumor development is not well understood.

Cyclin-dependent kinase 4 (CDK4) is an important regulator of the cell cycle that forms a complex with CDK6 and cyclin D1, and phosphorylates retinoblastoma (Rb) protein. Inactivated Rb releases E2F, thereby promoting the transition from G0/G1 phase to S phase of the cell cycle (8, 9). CDK4 is frequently dysregulated in cancer, and the development of CDK4-targeted therapies is important. However, the development of CDK inhibitors is challenging, and several clinical trials have shown disappointing results (10, 11). uc.77-, a new lncRNA that was identified as a potential target for the treatment of CRC, is involved in the regulation of CDK4. In this study, we show that uc.77- competes with FBXW8 mRNA for binding to microRNA (miR)-4676-5p, thereby promoting the expression of FBXW8 and the ubiquitination of CDK4, which inhibits the proliferation of CRC cells.



Materials and Methods


T-UCR Microarray

This study was previously detected by our team at Kangcheng Bio (Shanghai, China). The total RNA of each sample was quantified with NanoDrop ND-1000 (Thermo Fisher Scientific), and RNA integrity was evaluated by standard denaturing agarose gel electrophoresis. For microarray analysis, the Agilent array platform (Agilent Technologies, Santa Clara, California) was employed. Sample preparation and microarray hybridization were performed according to the manufacturer’s standard protocol. In short, the purified mRNA and LncRNA were amplified by random primer method (Arraystar Flash RNA Labeling Kit, Arraystar) and transcribed into fluorescent cRNA along the full length of the transcript. The labeled cRNA was hybridized to human T-UCR array (8×60K, Arraystar). After cleaning the slides, the array was scanned by the Agilent scanner G2505C (Agilent Technologies). The extracted data was normalized using Agilent GeneSpring GX v12.1 software. Use GeneSpring GX v12.1 and a signal processing algorithm called Otsu method for further data analysis. Finally, the differentially expressed T-UCRs between the samples were identified by fold change filtering.



Plasmids, Antibodies, and Reagents

The plasmid overexpressing uc.77- and the corresponding control plasmid were purchased from TsingKe Biological Technology (Beijing, China). The CDK4 plasmid was constructed and used in a previous study (12). Mimics for miR-4676-5p and miR-3605-5p were purchased from Ruibo Biotechnology (Guangzhou, China). The wild-type and mutant luciferase reporter genes for the predicted miR-4676-5p binding sites at uc.77- and at the FBXW8 3′ untranslated region (3′-UTR) were purchased from TsingKe Biological Technology.

Short hairpin RNAs (shRNAs) against FBXW8 and the control plasmid were purchased from Open Biosystems (Thermo Fisher Scientific, NY, USA). Antibodies against CDK2 (sc-6248), CDK4 (sc-260), CDK6 (sc-177), cyclin D1 (sc-20044), cyclin E2 (sc-481), and FBXW8 (sc-514385) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against cyclin E2 (sc-481), FBXW11 (13149-1-AP), and HECTD3 (11487-1-AP) were purchased from Proteintech (Chicago, IL, USA). Antibody against α-tubulin (ab7291) was purchased from Abcam (Cambridge, UK). Cycloheximide (CHX) and MG132 were purchased from Calbiochem (San Diego, CA, USA).



Cell Culture and Transfection

The human CRC cell lines HCT116, HT-29, LoVo, and SW620 were purchased from the Shanghai Chinese Academy of Sciences. SW480 and CCD-18Co cells were purchased from American Type Culture Collection. HCT116 cells were cultured in M5A medium (PM150710; Procell) supplemented with 10% fetal bovine serum (FBS; 42Q8982K; Gibco), and SW620 cells were cultured in RPMI 1640 (11875–093, Gibco) supplemented with 10% FBS. The Polyjet Transfection Reagent (SL100688, SignaGen Laboratories) was used for stable transfection. According to the different antibiotic resistance plasmids transfected, selection was performed using puromycin (4–6 μg/mL; J593; Amresco Inc.) or G418 (1000–1500 μg/mL; sc-29065;Santa Cruz, Dallas, TX, USA) for 3–4 weeks.



Lentiviral Infection

The 293T cells were inoculated into 6-well plates in 2 mL DMEM containing 10% FBS and grown until reaching a density of 60–70%. A combination of 1.2 μg pMD2.G (12259, Addgene), 1.2 μg psPAX.2 (12260, Addgene), and 2 μg plasmid was mixed with 50 μL serum-free DMEM containing 6 μL Polyjet. The mixture was incubated at room temperature for 15 min and added to 293T cells in 6-well plates, which were placed in a 5% CO2 incubator at 37°C for 6–8 h. After replacing the medium with fresh DMEM containing 10% FBS, the plates were incubated for 48 h. Then, 2 mL of supernatant containing virus was collected, centrifuged at 3000 rpm for 30 min, and passed through a 0.45 μm filter with a syringe. The virus supernatant was added to the cell culture medium at a ratio of 1:1, and stable cell lines were selected with puromycin.



Anchorage-Independent Growth

To examine the anchorage-independent growth of CRC cells, a suspension culture containing 104 stably transfected HCT116 (uc.77-) or SW620 (uc.77-) cells and their control carrier cells was placed in a 6-well plate containing 0.33% agar and 10% FBS basal medium. The plates were incubated at 37°C and 5% CO2 for 2–3 weeks, and the number of colonies was counted under a DMi1 microscope (Leica Microsystems, Buffalo Grove, IL, USA). The result is presented as the mean ± SD of colonies/10,000 inoculated cells (13).



Cell Proliferation

Approximately 1500 HCT116 (vector), HCT116 (uc.77-), SW620 (vector), or SW620 (uc.77-) cells were seeded into 96-well plates in 200 μL of complete medium/well. After the cells adhered to the wall, the complete medium was replaced with 0.1% FBS medium, and cells were starved for 12 h to synchronize the cycle. The medium was then replaced with fresh complete medium, and cells were incubated for the indicated number of days. The cell proliferation index was determined using the CellTiter-Glo Luminescent Cell Viability Assay Kit (G7572; Promega). Briefly, the culture medium from 96-well plates was discarded, and 25 μL PBS mixed with 25 μL of the reagents provided in the kit were added to the cells. The plates were shaken for 2 min and incubated at room temperature for 10 min. Luminescence was detected using the Centro LB 960 luminometer (Berthold, Bad Wildbad, Germany) (14, 15).



Cell Cycle

The stably transfected HCT116 (uc.77-) and SW620 (uc.77-) cells and control vector cells seeded in 6-well plates were washed with PBS, digested with 0.25% EDTA trypsin, and then fixed in 70% ethanol at 4°C overnight. The cells were then washed with pre-cooled PBS and treated with 500 μL RNase A (KGA511; KeyGen Biotech, Nanjing, China) and propidium iodide at a ratio of 1:9. The plates were incubated at room temperature for 30–60 min and analyzed using the CytoFlex flow cytometer (Beckman Coulter, Brea, CA, USA) and CytExpert software.



qRT-PCR

Total RNA was isolated from cells using Trizol (15596018, Invitrogen), and cDNA was synthesized using the SuperScript™ First Strand Synthesis System (18091200, Invitrogen). The qRT-PCR analysis was performed using the Q6 real-time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) and the fast SYBR Green Master Mix kit (4385614, Applied Biosystems). Real-time PCR primers for uc.77- (forward, 5′-CTGTCACACTGCTCCCAAGAA-3′; reverse, 5′-GGGAGAACTCA GCCAAAGATG-3′) were purchased from Sunny Biotechnology (Shanghai, China). Other primers used in this study were synthesized by TsingKe Biological Technology, including FBXW8 (forward, 5′-CTACAGCCTGGATGAGTTCCG-3′; reverse, 5′-TGCAATCACCTTCCACGTCT-3′) and GAPDH (forward, 5′-GACTCATGACC ACAGTCCATGC-3′; reverse, 5′-CAGGTCAGGTCCACCACTGA-3′). GAPDH was used as an endogenous control.



Western Blot Analysis

Protein was extracted from cells using boiling buffer (1% SDS, 1 mM Na3VO4, 10 mM Tris-HCl [pH 7.4]) on ice. The samples were heated at 100°C for 5 min, and nucleic acid fragments were sonicated. The protein samples were separated by polyacrylamide gel electrophoresis and transferred to a PVDF membrane (Bio-Rad, Hercules, CA, USA). The membrane was blocked with 5% skim milk in TBST for 1 h, incubated with the indicated primary antibodies at 4°C overnight, and then incubated with alkaline phosphatase-conjugated secondary antibody at 4°C for 3 h. Films were processed with ECF (RPN5787; GE Healthcare, PA, USA) for signal detection, and images were captured on the Typhoon FLA 7000 scanner (GE Healthcare) (16).



Dual Luciferase Reporter Assay

Luciferase assays were performed using a dual luciferase reporter system (Promega) according to the manufacturer’s instructions. The wild-type and mutant uc.77- and FBXW8 3′-UTR fragments cloned into the pmirGLO vector were purchased from TsingKe Biological Technology. The wild-type or mutant FBXW8 3′-UTR vector and miR-4676-5p mimic were co-transfected with pRL-TK using the RiboFECT CP Transfection Kit (C10511-05, Ruibo Biotechnology). Cells were cultured for 48 h before addition of cell lysis buffer and incubation at room temperature for 15 min. Then, 20 μL aliquots were pipetted into a 96-well plate and treated with 40 μL Luciferase Assay Reagent II in the dark. The luciferase activity in each well was measured in a Centro LB 960 luminometer (Berthold). After adding 40 μL Stop&Glo reagent to the same well, the luciferase activity value was analyzed again.



Xenotransplantation Model in Nude Mice

Female BALB/c athymic nude mice (3–4 weeks old) were purchased from Jiangsu Jicui Yaokang Biotechnology Co., Ltd. Animal experiments were performed in the Animal Center of Wenzhou Medical University according to the protocol approved by the Experimental Animal Ethics Committee. After 1–2 weeks of adaptive culture, 12 nude mice were randomly divided into two groups of six mice each. A volume of 100 μL HCT116 (vector) or HCT116 (uc.77-) cell suspension in PBS containing 4 × 106 cells was subcutaneously injected into the right ventral side. After 3–4 weeks, the mice were sacrificed, and the tumors were surgically removed, photographed, and weighed. One half of each tumor was fixed in 4% paraformaldehyde for immunohistochemistry (IHC). The remaining half was frozen and stored at -80°C and used for RNA extraction (17).



Protein Degradation Experiment

HCT116 (vector) and HCT116 (uc.77-) cells were seeded in 6-well plates containing complete medium. When the cell density reached 80%, the medium was replaced with fresh medium containing 0.1% FBS, and cells were starved for 12 h. Then, the medium was replaced with fresh medium containing 10 μM MG-132 and 10% FBS for 5 h. After replacing the medium with fresh medium containing 50 μg/mL CHX, the plates were placed in a 37°C incubator with 5% CO2. Cells were collected at 0, 3, 6, and 12 h. The CDK4 degradation rate was assessed by western blotting (18).



RNA Antisense Purification (RAP)

Cell suspensions were prepared according to the instructions of the RAP kit (Bersinbio, Guangzhou, China). Briefly, a biotin-labeled 50 bp antisense probe (detailed information is provided in Table S1) was added to the lysis solution. After denaturation and hybridization, streptavidin magnetic beads were added, and the eluate was obtained after washing to remove non-specifically bound RNA. The RNA interacting with the lncRNA was collected, transcribed into cDNA, and analyzed by qRT-PCR.



Immunohistochemistry (IHC)

Ki67 expression was detected by IHC in formalin-fixed paraffin-embedded specimens from mice using a specific primary antibody against Ki67 (ab16667, Abcam). IHC staining was performed using a kit from Boster Bio-Engineering Company (SA1022; Wuhan, China). Immunostained images were captured using the Nikon Eclipse Ni microsystem (DS-Ri2), and the integrated optical density of each stained area was calculated.



Clinical Specimens

Approved by the Ethics Committee of Wenzhou Medical University, a total of 150 pairs of samples of human CRC tissue and corresponding adjacent normal tissues were isolated from patients in the First Affiliated Hospital of Wenzhou Medical University, which has been described in the accepted article (Frontiers in Oncology Manuscript ID: 668743). Each sample was quick-frozen in liquid nitrogen during separation. One third of each sample was used for RNA extraction, and synthesized cDNA was stored at -80°C. The remaining sample was fixed with 4% paraformaldehyde, embedded into a wax block, and stored at room temperature.



Statistical Analysis

GraphPad Prism 7 was used for graph production and data analysis. Experimental data are expressed as the mean ± standard deviation (mean ± SD). The significance of differences between groups was determined using the Student’s t-test. Significance was accepted at P < 0.05.




Results


uc.77- Screening and Expression in CRC Tissues and Cells

To investigate the roles T-UCRs in CRC development, we analyzed T-UCR microarray data (GSE167326) published by our group. The top two downregulated T-UCRs, uc.77- and uc.166-, were identified by real-time PCR in 150 pairs of clinical tissues (tumor/normal tissue), of which uc.77- was the most significantly downregulated transcript in CRC (Figure 1A). Therefore, uc.77- was selected for further analysis, and its biological functions and mechanisms were examined in vivo and in vitro. Analysis of uc.77- in CRC cell lines (HT-29, HCT116, LoVo, SW480, and SW620) showed that uc.77- expression was significantly lower in HCT116 and SW620 cells than in the human normal colon tissue cell line CCD-18Co cells (Figure 1B). The coding potential calculator CPC2.0 (http://cpc2.gao-lab.org/) was used to determine whether uc.77- is a non-coding RNA, we found that the coding potential of uc.77- is significantly lower than the coding genes (GAPDH;ACTB and ACTA1) and typical non-coding RNAs (Malat1 and Hotair) (Figure 1C) (19). The results showed that uc.77- is an exon from the Zinc Finger E-Box binding homeobox 2 (ZEB2) transcript (Figure 1D).




Figure 1 | uc.77- is downregulated in human CRC tissues and cell lines. (A) The expression of top two downregulated T-UCRs in CRC tissues was detected by qRT-PCR (P < 0.05). (B) Expression of uc.77- in human colorectal cancer cell lines (HT-29, HCT116, LoVo, SW480, and SW620) and human normal colorectal epithelial cells (CCD-18Co) detected by qRT-PCR. (C) Coding potential score of uc.77- measured by CPC2.0. (D) Genome structure of uc.77- from the third exon of ZEB2 located in chromosome 2q22.3. Data are presented as the mean ± SD, *P < 0.05.





Ectopic Overexpression of uc.77- Inhibits the Proliferation of CRC Cells In Vivo and In Vitro

To further investigate the role of uc.77- in the development of human CRC, real-time PCR was performed to detect the relationship between uc.77- and tumor size. As shown in Figure 2A, the uc.77- level was lower in big size tumor than in small size tumor. To ensure the biological function of uc.77- in CRC, an uc.77- overexpression plasmid was constructed and stably transfected into HCT116 and SW620 cells, and the overexpression efficiency was tested (Figure 2B). Overexpression of uc.77- inhibited the monolayer proliferation ability of HTC116 and SW620 cells (Figures 2C, D). Consistently, the anchorage-independent growth of HTC116 (uc.77-) and SW620 (uc.77-) cells was inhibited compared with that of control vector cells (Figures 2E, F). To determine whether uc.77- inhibits the growth of CRC cells in vivo, a xenograft tumor nude mouse model was used to examine the effect of uc.77- on the tumorigenicity of HTC116 and SW620 cells. The results showed that overexpression of uc.77- significantly reduced tumor growth compared with that in vector control-injected mice (Figures 2G–I). The expression of uc.77- in xenograft tumors was also confirmed by real-time PCR (Figure 2J). Immunohistochemical (IHC) staining of xenograft tumor samples was also showed that Ki67 expression was significantly lower in tumor tissues of mice injected with HCT116 (uc.77-) than in control vector tumors (Figures 2K, L). Taken together, these results indicated that uc.77- inhibits the growth of CRC cells.




Figure 2 | uc.77- promotes the growth of CRC cells in vivo and in vitro. (A). Real-time PCR was used to detect the expression of uc.77-in fresh clinical cancer tissues. (B) Detection of uc.77- stable overexpression by real-time PCR. (C, D) Effect of uc.77- on the proliferation of HCT116 (C) and SW620 (D) cells detected by ATP assays. (E, F) Effect of uc.77- on anchorage-independent growth in HCT116 and SW620 cells detected by soft agar assays. (E) Representative microscope images and (F) number of colonies per 104 cells. (G–I) HCT116 (uc.77-) and control vector cells were injected into the right lower abdomen of athymic nude mice. After 3–4 weeks, the mice were euthanized, and the tumors were surgically removed, weighed, and photographed. (J)Total RNA was extracted from mouse exnograft tumor tissue, and real-time PCR was used to detect the expression of uc.77-. (K) Representative IHC images showing the expression of Ki67 in tumor tissues of mice injected with HCT116 (uc.77-) and control vector cells. (L) Optical density of Ki67 IHC staining in mouse tumor tissues. Data are presented as the mean ± SD and analyzed by the Student’s t-test, *P < 0.05.





CDK4 Acts as a Downstream Effector of uc.77- to Regulate CRC Cell Proliferation

To explore the mechanism underlying the inhibition of CRC cell growth by uc.77-, the effect of uc.77-on cell cycle progression was detected in HCT116 and SW620 cells by flow cytometry. As shown in Figures 3A, B, uc.77- caused cell cycle arrest at the G0/G1 phase, suggesting that uc.77- inhibits CRC cell growth by blocking the cell cycle at G0/G1. The effect of uc.77- on G0/G1 cell cycle transition was further examined by assessing the expression of G0/G1 phase-related proteins (CDK2, CDK4, CDK6, cyclin D1, and cyclin E2). The results showed that overexpression of uc.77- downregulated CDK4 in HCT116 and SW620 cells consistently (Figure 3C). The results showing that uc.77- inhibits CRC cell proliferation and blocks G0/G1 transition suggested that CDK4 is a downstream effector of uc.77-.




Figure 3 | CDK4 acts as a downstream effector of uc.77-. (A, B) HCT116 (A) and SW620 (B) cells as indicated were cultured in 6-well plates, and cell cycle progression was analyzed. (C) Expression of CDK2, CDK4, CDK6, cyclin D1, and cyclin E2 in cell lysates detected by western blotting; α-Tubulin was used as a control.





uc.77- Inhibits CRC Cell Proliferation by Accelerating the Degradation of CDK4

To determine whether CDK4 is necessary for the uc.77-mediated inhibition of CRC growth, a CDK4 overexpression plasmid was stably transfected into HCT116 (uc.77-) cells to restore CDK4 expression (Figure 4A). The results showed that overexpression of CDK4 rescued the anchorage-independent growth of cells compared with that in HCT116 uc.77-/pEGFP cells (Figures 4B, C). Consistently, analysis of the cell cycle showed that overexpression of CDK4 promoted G0/G1 cell cycle transition compared with that in control HCT116 (uc.77-/pEGFP) cells (Figure 4D). These data indicate that CDK4 is the downstream effector of uc.77-.




Figure 4 | CDK4 promotes the growth of CRC, and uc.77- promotes the degradation of CDK4. (A) A CDK4 overexpression vector was stably transfected into HCT116 (uc.77-) cells, and the overexpression efficiency was evaluated by western blotting. (B, C) Effect of CDK4 overexpression on the anchorage-independent growth of HCT116 (uc.77-) cells determined by the soft agar assay. (B) Representative images and (C) number of colonies per 104 cells. (D) HCT116 (uc.77-/pEGFP-CDK4) and control cells were cultured in 6-well plates, and cell cycle analysis was performed. (E) Detection of CDK4 mRNA expression in HCT116 (uc.77-) and SW620 (uc.77-) cells and the corresponding control vector cells by real-time PCR. (F) HCT116 (uc.77-) and control carrier cells were treated with MG132 for 8 h, followed by treatment with CHX for the indicated times. CDK4 degradation was detected by western blotting. Data are presented as the mean ± SD and analyzed by the Student’s t-test, *P < 0.05, ns p > 0.05.



Next, we sought to determine whether uc.77- regulates the expression of CDK4 at the mRNA level or the protein level. First, the effect of uc.77- on the level of CDK4 mRNA was examined by real-time PCR (Figure 4E). CDK4 mRNA levels did not differ significantly between uc.77-overexpressing cells and control vector-transfected cells, suggesting that uc.77- did not affect the expression of CDK4 at the mRNA level. We hypothesized that uc.77- modulates the expression of CDK4 at the protein level. Consistent with this hypothesis, the protein level of CDK4 decreased in a time-dependent manner. As shown in Figure 4F, the rate of CDK4 protein degradation was faster in uc.77-overexpressing cells than in control plasmid transfected cells, suggesting that uc.77- affects the ubiquitination level of CDK4 by regulating an E3 ligase.



uc.77- Directly Binds miR-4676-5p and Upregulates FBXW8 in CRC Cells

To explore the downstream regulatory mechanism of uc.77-, we used RegRNA2.0 (http://regrna2.mbc.nctu.edu.tw/detection.html) to predict potential miRNAs related to uc.77- (Figure 5A). RAP experiments indicated that the binding specificity of miR-3605-5p and miR-4676-5p for uc.77- was significantly higher than that of the control sequence probe (Figure 5B), which suggested that uc.77- has a binding relationship with miR-3605-5p and miR-4676-5p. Next, we searched for potential E3 ligases using the TargetScan and Ubibrowser databases. The results identified HECTD3 as a potential E3 for miR-3605-5p, and FBXW8 and FBXW11 as potential E3s for miR-4676-5p, indicating that these ligases might affect the degradation of the CDK4 protein (Figures 5C, D). Further analysis showed that FBXW8 was the only ligase expressed at higher levels in both HCT116 (uc.77-) and SW620 (uc.77-) cells than in control plasmid transfected cells (Figure 5E). These results suggest that FBXW8 acts downstream of miR-4676-5p to affect the degradation of the CDK4 protein. The potential binding sites between uc.77- and miR-4676-5p were analyzed (Figure 5F), and a dual luciferase reporter assay was performed to detect the interaction between uc.77- and miR-4676-5p. Co-transfection of uc.77-wild-type vector and miR-4676-5p mimic significantly decreased luciferase activity (Figure 5G), indicating that uc.77- interacts directly with miR-4676-5p.




Figure 5 | uc.77- binds to miR-4676-5p and indirectly affects downstream CDK4 E3 ligases. (A) Potential interacting miRNAs were predicted using (http://regrna2.mbc.nctu.edu.tw/detection.html). (B) RNA antisense purification technology was used to detect the binding of uc.77- to selected miRNAs. (C, D) E3 ligases were predicted by TargetScan and Ubibrowser. (E) FBXW8, FBXW11, and HECTD3 expression was evaluated by western blotting. (F) Alignment between miR-4676-5p and the uc.77-seed sequence. WT and Mut represent the wild-type and mutant sequences of uc.77-. (G) Luciferase activity of pmirGLO-uc.77–wt and pmirGLO-uc.77–mut upon cotransfection with miRNA mimics NC or miR-4676-5p mimics in 293T cells.Data are presented as the mean ± SD and analyzed by the Student’s t-test, *P < 0.05.





FBXW8 Is a Direct Target of miR-4676-5p and Mediates CDK4 Protein Stabilization and CRC Cell Growth

To test the role of FBXW8 in mediating the regulatory effect of uc.77- on CRC cell growth, we established stable FBXW8 knockdown HCT116 (uc.77-) cells using a specific shRNA from Open Biosystems (Figure 6A). As shown in Figures 6B–D, knockdown of FBXW8 significantly reversed the inhibitory effect of uc.77- on HCT116-anchor-independent growth and G0/G1 cell cycle arrest. To examine whether FBXW8 causes CDK4 protein degradation, we performed a protein degradation test. As shown in Figure 6E, knockdown of FBXW8 in HCT116 (uc.77-) cells significantly reduced the CDK4 degradation rate. miRNAs bind to the 3′-UTR of a target gene, causing RNA degradation or inhibiting protein translation. IHC staining of xenograft tumor samples was also showed that FBXW8 expression is significantly higher in tumor tissues of mice injected with HCT116 (uc.77-) than in control vector tumors (Figure S1). The potential relationship between miR-4676-5p and FBXW8 was examined by analyzing the 3′-UTR of FBXW8 mRNA, including potential miR-4676-5p binding sites (Figure 6F). Wild-type and mutant FBXW8 3′-UTR plasmids were co-transfected with miR-4676-5p mimics, and a dual luciferase reporter assay was performed (Figure 6G). Mutation of the FBXW8 3′-UTR increased luciferase activity significantly. These results we predicted that miR-4676-5p interacts with the 3′-UTR of FBXW8 mRNA to inhibit FBXW8 protein translation.




Figure 6 | FBXW8 is a direct target of miR-4676-5p, and is involved in CDK4 protein stabilization and CRC cell growth. (A) Western blot detection of the knockdown efficiency of FXBW8 in HCT116 (uc.77-) cells. α-Tubulin was used as an internal reference. (B, C) Effect of FBXW8 knockdown on anchorage-independent growth detected by soft agar assays; representative microscope images are shown (B), and the number of colonies per 104 cells was counted (C). (D) HCT116 (uc.77-/shFBXW8-2), HCT116 (uc.77-/shFBXW8-3), and the corresponding controls were cultured in 6-well plates, and cell cycle analysis was performed. (E) HCT116 (uc.77-/shFBXW8-2), HCT116 (uc.77-/shFBXW8-3), and control vector HCT116 (uc.77-/pGIPZ) cells were treated with MG132 for 5 h, and then treated with CHX for the indicated times. CDK4 degradation was detected by western blotting. (F) Alignment between miR-4676-5p and the FXBW8 3′-UTR seed sequence. WT and Mut represent wild-type and mutant sequences of the FXBW8 3′-UTR. (G) Luciferase activity of pmirGLO-FXBW8 3′-UTR-wt and pmirGLO-FXBW8 3′-UTR-mut upon cotransfection with miRNA mimics NC or miR-4676-5p mimics in 293T cells. Data are presented as the mean ± SD and analyzed by the Student’s t-test, *P < 0.05.






Discussion

CRC is a common malignancy worldwide, and the number of new cases and deaths is increasing. It is estimated that the number of new cases of CRC may reach 2.5 million by 2035 (20). Surgery and chemotherapy are the primary treatments for cancer patients. Biomarkers are important for the detection and treatment of cancer, and the identification of new and sensitive biomarkers is therefore essential (21–23). In this study, we found that uc.77- is downregulated in CRC tissues, and inhibition of CDK4 ubiquitination and degradation mediated by the miR-4676-5p-FBXW8 axis leads to CRC cell growth. These data indicate that uc.77- may serve as a new biomarker and therapeutic target for CRC.

Increasing evidence suggests that T-UCRs play an important role in human diseases, and studies indicate that T-UCRs are involved in the pathogenesis of cancer (24–28). Carlin et al. reported that the expression of T-UCRs is altered in human cancers and that they play vital roles in cancer progression (4). uc.73 and uc.338 are upregulated in CRC and play oncogenic roles in CRC development (4, 5). In the present study, a T-UCR microarray of CRC identified uc.77- as a markedly downregulated T-UCR, suggesting that it could be a potential molecular target in CRC. uc.77 is upregulated in lung cancer cells and plays an oncogenic role in lung cancer by inducing EMT (29). Interestingly, our research found that ZEB2 may not be a key factor in uc77- regulation of human CRC cell proliferation (Figure S2). In this study, we demonstrated that uc.77- was significantly downregulated in CRC tissues and cells, and functional experiments in vivo and in vitro showed that overexpression of uc.77- inhibited the proliferation of CRC cells. This suggests that uc.77- plays a tumor suppressor role in the development of CRC.

The regulatory role of T-UCRs can be mediated by its sponge function through interaction with miRNAs. T-UCRs can bind to miRNAs and decrease the inhibitory effect of miRNAs on the target mRNA, similar to many lncRNAs that interact with miRNAs (30, 31). miRNAs regulate many important physiological functions, and the combination of miRNAs and T-UCRs can alter the function of cells (32). For example, uc.8+ is upregulated in bladder cancer and promotes the development of bladder cancer by interacting with miR-596 (33). uc.173 interacts with pri-miR-195 transcripts to promote the renewal of the intestinal mucosa (34). uc.416+ promotes the development of gastric cancer by interacting with miR-153 (35). uc.339 is highly expressed in non-small cell lung cancer and acts as a sponge for miR-339-3p, miR-663b-3p, and miR-95-5p, which upregulates cyclin E2, the common target of the three miRNAs, thereby promoting cancer growth (36). In this study, we identified the potential miRNA of uc.77- using the RegRNA2.0 software and confirmed it by dual luciferase reporter experiments. The results suggested that uc.77- binds directly to miR-4676-5p. However, a previous study showed that uc.77 regulates ZEB2 in human lung cancer (29). To the best of our knowledge, this study is the first to show that miR-4676-5p acts as an oncogene in CRC. miRNAs bind to the 3′-UTR of target genes to regulate translation or stability (37–39). In this study, dual luciferase reporter experiments showed that miR-4676-5p directly binds to the 3′-UTR of FBXW8 to inhibit its expression. These results not only reveal the function and mechanism of miR-4676, but also provide a potential therapeutic target for the treatment of CRC.

The cell cycle is regulated by the activity of cyclins and the chaperone kinases CDKs. CDKs that induce cell division are often active in cancer, and sustained proliferation signals are recognized as malignant tumor markers (40). Pharmacological inhibitors of CDKs have been researched extensively. However, many compounds lack potency or selectivity. Therefore, controlling the cell cycle remains an unmet goal (8, 41). In the present study, we found that uc.77- promoted the ubiquitination of CDK4 by regulating the E3 ubiquitin ligase FBXW8. The present findings indicate that uc.77- may be a target for the treatment of CRC. FBXW8-mediated ubiquitination and degradation of MRFAP1 is important for the regulation of cell cycle progression (30). However, the role of FBXW8 in CRC remains unclear. This study is the first to propose a mechanism underlying the role of FBXW8 in CRC, and to show that inhibition of FBXW8 reduces the formation of CRC cell colonies. The expression and regulation of FBXW8 and CDK4 in clinical tissues need further study.

In summary, we showed that uc.77- is downregulated in human CRC and may represent an unfavorable prognostic factor for CRC. Overexpression of uc.77- inhibited the proliferation of CRC cells in vivo and in vitro. A schematic diagram in Figure 7 shows that uc.77- competes with FBXW8 to bind miR-4676-5p through a ceRNA mechanism, thereby suppressing the inhibitory effect of miR-4676-5p on the 3′-UTR of FBXW8. The resulting increase in FBXW8 expression and CDK4 ubiquitination results in the downregulation of CDK4 and a block of the G0/G1 transition, thereby inhibiting the proliferation of CRC cells. The findings of this study provide evidence supporting the important role of T-UCRs in CRC, and indicate that uc.77- and its downstream effectors may serve as potential targets for the treatment of CRC.




Figure 7 | uc.77- schematic diagram of the molecular mechanism underlying the regulation of CRC cell proliferation.
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The CAGE–MiR-181b-5p–S1PR1 Axis Regulates Anticancer Drug Resistance and Autophagy in Gastric Cancer Cells
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Cancer-associated gene (CAGE), a cancer/testis antigen, has been known to promote anticancer drug resistance. Since the underlying mechanisms of CAGE-promoted anticancer drug resistance are poorly understood, we established Anticancer drug-resistant gastric cancer cells (AGSR) to better elucidate possible mechanisms. AGSR showed an increased expression level of CAGE and autophagic flux compared with anticancer drug-sensitive parental gastric cancer cells (AGS cells). AGSR cells showed higher invasion potential, growth rate, tumor spheroid formation, and angiogenic potential than AGS cells. CAGE exerted effects on the response to anticancer drugs and autophagic flux. CAGE was shown to bind to Beclin1, a mediator of autophagy. Overexpression of CAGE increased autophagic flux and invasion potential but inhibited the cleavage of PARP in response to anticancer drugs in CAGE CRISPR–Cas9 cell lines. TargetScan analysis was utilized to predict the binding of miR-302b-5p to the promoter sequences of CAGE, and the results show that miR-302b-5p directly regulated CAGE expression as illustrated by luciferase activity. MiR-302b-5p regulated autophagic flux and the response to anticancer drugs. CAGE was shown to bind the promoter sequences of miR-302b-5p. The culture medium of AGSR cells increased CAGE expression and autophagic flux in AGS cells. ImmunoEM showed CAGE was present in the exosomes of AGSR cells; exosomes of AGSR cells and human recombinant CAGE protein increased CAGE expression, autophagic flux, and resistance to anticancer drugs in AGS cells. MicroRNA array revealed miR-181b-5p as a potential negative regulator of CAGE. MiR-181b-5p inhibitor increased the expression of CAGE and autophagic flux in addition to preventing anticancer drugs from cleaving poly(ADP-ribose) polymerase (PARP) in AGS cells. TargetScan analysis predicted sphingosine 1-phosphate receptor 1 (SIPR1) as a potential target for miR-181b-5p. CAGE showed binding to the promoter sequences of S1PR1. The downregulation or inhibition of S1PR1 led to decreased autophagic flux but enhanced the sensitivity to anticancer drugs in AGSR cells. This study presents a novel role of the CAGE–miR-181b-5p–S1PR1 axis in anticancer drug resistance and autophagy.
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INTRODUCTION

Cancer-associated gene (CAGE), a cancer/testis gene, was initially discovered in the sera of patients with gastric cancers (Cho et al., 2002). The expression level of CAGE was closely related to the methylation status of CAGE promoter sequences (Cho et al., 2003). Anti-CAGE antibody was shown to be present in 7 of 13 (53.8%) patients with microsatellite instability-positive endometrial cancer and in 1 of 3 patients with atypical endometrial hyperplasia (Iwata et al., 2005). This suggests that CAGE could be utilized as a marker for the detection of microsatellite instability-positive endometrial cancers. There was the presence of CAGE in the sera of 12% of early-stage gastric cancer patients (Hurtado López et al., 2020). In addition, CAGE shows promise as an immunotherapeutic target in chronic myelomonocytic leukemia (Hurtado López et al., 2020).

Cancer-associated gene also enhances cellular proliferation by increasing the expression of cyclinD1 in an AP-1-dependent manner (Por et al., 2010). CAGE induces anticancer drug resistance by decreasing the expression of p53 (Kim et al., 2010). MiR-200b enhances the sensitivity of anticancer drugs by decreasing the expression of CAGE (Kim et al., 2013). CAGE is crucial to confer resistance to Taxol in cervical cancer cells (Park et al., 2018). CAGE increases cyclin D1 expression and enhances resistance to anticancer drugs through binding to glycogen synthase kinase 3 β (GSK3β) (Kim et al., 2017a). CAGE enhances the self-renewal and tumorigenic potential of anticancer drug-sensitive melanoma cells (Kim et al., 2017b).

Autophagy is closely associated with the response to anticancer drugs in many types of cancer. UTI (ulinastatin) inhibits EPI (epirubicin)-induced autophagy, promotes apoptosis, and enhances sensitivity to EPI in hepatic cancer cells (Song et al., 2015). Autophagy inhibition sensitizes breast cancer cells to paclitaxel (Wang et al., 2017). Autophagy is induced by chemotherapy and is associated with chemoresistance (Belounis et al., 2016). The inhibition of autophagy significantly enhanced AGEs (advanced glycation end products) and induced cell apoptosis (Xu et al., 2016). Thus, CAGE may play a role in autophagy.

Cancer-associated gene binds to epidermal growth factor receptor (EGFR) and increases self-renewal, in addition to increasing autophagic flux (Kim et al., 2016). The CAGE–miR-140-5p–proto-oncogene Wnt1 axis regulates autophagic flux in colon cancer cells (Yeon et al., 2019). CAGE promotes cellular interactions mediated by exosomes (Yeon et al., 2019). These reports suggest that CAGE may regulate anticancer drug resistance and autophagic flux by mediating cellular interactions.

MiR-300 activates protein phosphatase 2A (PP2A) and is necessary for anticancer drug resistance conferred by leukemic stem cells (Silvestri et al., 2020). TUG1 long noncoding RNA is necessary for the survival of these leukemic stem cells by regulating the apoptotic function of miR-300 function (Silvestri et al., 2020). MiR-200b negatively regulates CAGE expression and enhances sensitivity to anticancer drugs in melanoma cells (Kim et al., 2013). MiR-217 enhances anticancer drug sensitivity by regulating CAGE expression and the interaction between CAGE and EGFR (Kim et al., 2016). These reports imply the roles of miRNAs in anticancer drug resistance and autophagy.

In this study, we found that both anticancer drug resistance and autophagic flux were regulated by a CAGE–miR-302b-5p negative feedback loop and displayed a close relationship. We showed that CAGE regulated anticancer drug resistance and was present in the exosomes of anticancer drug-resistant gastric cancer cells (AGSR). The miR-181b-5p–S1PR1 axis acts as a negative regulator of anticancer drug resistance and autophagic flux. CAGE was shown to act as a direct regulator of sphingosine 1-phosphate receptor 1 (S1PR1) expression. Taking our data as a whole, we clearly demonstrate that the CAGE–miR-181b-5p–S1PR1 axis can be utilized as a target for the development of anticancer therapeutics.



MATERIALS AND METHODS


Materials

We purchased chemicals from Sigma Chemical Company. We purchased anti-mouse and anti-rabbit IgG-horseradish peroxidase conjugate antibody from Pierce Company (Rockford, IL, United States). Lipofectamine and PLUSTM reagent for transfection were purchased from Invitrogen (San Diego, CA, United States). Oligonucleotides, miRNA mimic, miR inhibitors, and siRNAs used in this study were purchased from Bioneer Company (Daejeon, Korea). We purchased tissue microarray from Signosis (California, United States).



Cell Lines and Cell Culture

Cancer cell lines were cultured in Dulbecco’s modified minimal essential medium (Invitrogen) supplemented with heat-inactivated 10% fetal bovine serum (Invitrogen) and antibiotics. Cells were maintained at 37°C in 5% CO2. Anticancer drug-resistant cancer cell lines were established as described (Kim et al., 2010).



Generation of Knockout Cell Line With the CRISPR/Cas9 System

To generate CAGE-deficient AGSR cells, CRISPR/Cas9-mediated gene editing was performed. A plasmid encoding Cas9 was purchased from ToolGen. For sgRNA expression, the hU6-sgRNA plasmid that targeted CAGE (5′-AGGCTAATCCAAGAGACCTTGGG-3′) was used (ToolGen). AGSR cells were transfected with Cas9, hU6-sgRNA, and hygromycin B-resistant reporter plasmid (ToolGen). After 48 h of transfection, cells were treated with hygromycin B (150 μg/ml) three times a week. Hygromycin-resistant colonies were isolated and subjected to immunoblot.



Colony Formation

Colonies were stained with 0.01% crystal violet and counted.



Cell Viability Determination

MTT assays were employed to determine the response to anticancer drugs. Viable cell number counting was carried out by trypan blue exclusion assays.



Matrigel Plug Assays

BALB/C mice (Nara Biotech) were given a subcutaneous injection with 0.1 ml of Matrigel containing culture medium and 10 units of heparin (Sigma). Hemoglobin (Hb) content in the Matrigel plugs was measured using Drabkin’s reagent (Sigma, United States).



Chemo Invasion Assays

A transwell chamber system with 8-μm pore polycarbonate filter inserts (CoSTAR, Acton, MA, United States) was employed. Trypsinized cells (5 × 103) in the serum-free RPMI 1,640 medium containing 0.1% bovine serum albumin were added to each upper chamber of the transwell. RPMI 1,640 medium supplemented with 10% fetal bovine serum was placed in the lower chamber and cells were incubated at 37°C for 16 h. The invaded cells were stained and counted as described (Kim et al., 2017a). Differences were considered significant when p < 0.05.



Tumor Spheroid-Forming Potential

Cells were plated (5 × 104 cells/well) in ultralow attachment plates (Corning Inc.) in DMEM/F12 stem cell medium. Cells were fed with 0.2 ml of fresh stem cell medium on days 2, 4, and 6. The total number of spheres was counted after 7 days by inverted microscopy (Olympus).



RNA Extraction and Quantitative Real-Time PCR

Total miRNA was isolated using the mirVana miRNA isolation kit (Ambion) and was extended by a poly(A) tailing reaction using the A-Plus poly(A) polymerase tailing kit (CellScript). CDNA was synthesized according to the manual provided by the manufacturer (Quanta Biogenesis). Levels of miRNAs were determined by a SYBR Green qRT-PCR kit (Ambion). The expression of miR-302b-5p was defined based on the threshold (Ct), and relative expression levels were determined as 2–((Ct of miR 302b–5p) – (Ct of U6)) after normalization to the expression of U6 small nuclear RNA. Primer sequences are listed in the Supplementary Tables.



MiRNA Target Analysis

Genes that contain the miRNA-binding site(s) in the UTR were obtained using the http://TargetScan program1, Diana laboratory2, and miRDB3.



Transfection

Cells were transiently transfected with the miRNA inhibitor, miRNA mimic, or siRNA (each at 10 nM) with jetPRIME® (Polyplus, cat. 114–15). The sequences of miR mimic, miR inhibitors, and siRNAs are listed in the Supplementary Tables.



Luciferase Activity Assays

PCR-amplified 3′ UTR of S1PR1 (381 bp) was cloned into the XbaI site of pGL3 luciferase plasmid. The mutant pGL3–3′ UTR–S1PR1 construct was made with the QuikChange site-directed mutagenesis kit (Stratagene). Luciferase activity assay was performed as described (Kim et al., 2019).



Immunofluorescence Staining

Cells were washed and fixed with 4% paraformaldehyde before permeabilization with Triton X-100. After blocked with goat serum (10%) in 0.1% BSA/PBS, cells were incubated with anti-LC3 or anti-CAGE at 4°C overnight and then incubated with anti-rabbit Alexa Fluor 488 (for LC3 and CAGE) secondary antibody. After removal of antibodies, cells were stained with DAPI and mounted with mounting medium. The immune fluorescent images were observed and captured using a confocal laser scanning microscope.



Immunoblot and Immunoprecipitation

Immunoblot and immunoprecipitation were performed as described (Yeon et al., 2019). Cell lysates were prepared using lysis buffer [62.5 mM Tris–HCl, pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 50 mM dithiothreitol, 0.01% (w/v) bromphenol blue, 10 mM NaF, 1% (v/v) protease inhibitor mixture (Roche), 1 mM sodium orthovanadate]. The denatured cell lysates (20 μg/well) were analyzed on a 10% SDS-PAGE and were transferred onto PVDF membrane and subjected to immunoblotting. The following primary antibodies were used in this study: CAGE (MBS2524843, MyBioSource); AMPKα (AF3194, R&D Systems); pAMPKαThr172 (2535S, Cell Signaling), PARP (9542S, Cell Signaling), pBeclin1Ser15 (84966S, Cell Signaling), LC3 (12741S, Cell Signaling), Bcl-2 (3498S, Cell Signaling), E-cadherin (3195S, Cell Signaling), vimentin (5741S, Cell Signaling), mTOR (2972S, Cell Signaling), pmTORSer2448 (2971S, Cell Signaling), Alix (2171S, Cell Signaling), and p53 (2524S, Cell Signaling); Beclin1 (sc-48341, Santa Cruz), IgG (sc-2025, Santa Cruz), SNAIL (sc-271977, Santa Cruz), ATG5 (sc-133158, Santa Cruz), PAI-1 (sc-5297, Santa Cruz), biotin (sc-101339, Santa Cruz), TSG101 (sc-7964, Santa Cruz), FAK (sc-558, Santa Cruz), and CD81 (sc-166029, Santa Cruz); actin (A2228, Sigma) and FLAG (F3166, Sigma); caspase-3 (PA05689A0Rb, Cusabio); p62 (ab56416, Abcam); and S1PR1 (55133-I-AP, Proteintech).

The following secondary antibodies were used in this study: anti-mouse HRP secondary antibody (31430, Invitrogen), anti-goat HRP secondary antibody (31402, Invitrogen), anti-rabbit HRP secondary antibody (ADI-SAB-300-J, Enzo), and anti-rabbit Alexa Fluor 488 secondary antibody (A11008, Invitrogen).



Chromatin Immunoprecipitation Assays

Assays were performed using a kit from Upstate Company. For detection of the binding of CAGE to miR-302b-5p promoter sequences, specific primers of miR-302b-5p promoter-1 sequences [5′-TCTGTTTCATTTCTGACTCT-3′ (sense) and 5′-CCAAGTCATTGTGAATGTAT-3′ (antisense)], miR-302b-5p promoter-2 sequences [5′-GCCAATTAAATTTTTGAGTGT CTG-3′ (sense) and 5′-ACGGGGTGTTTTGTTCTACT-3′ (antisense)], and miR-302b-5p promoter-3 sequences [5′-CCACCCAGGATCATACATTC-3′ (sense) and 5′-AAAGATTC GTGTTCTCCTCC-3′ (antisense)] were used. For binding of CAGE to S1PR1 promoter sequences, specific primers of S1PR1 promoter-1 sequences [5′-TGGCGGGGGGAG TACAGGAA-3′ (sense) and 5′-TCAGCACACCGATCCTCC TAGGG-3′ (antisense)], S1PR1 promoter-2 sequences [5′-GGCCGTCCTCTGCCTCCTC-3′ (sense) and 5′-TTTGTTG TTTGGGGAGGAGGGGT-3′ (antisense)], and S1PR1 promoter-3 sequences [5′-GCTTCTGCCCCAGATCTTTC CTGG-3′ (sense) and 5′-GGCCATTGGAGTGCTCCGC-3′ (antisense)] were used.



Electron Microscopic Observation of the Autophagic Process

Cells were treated with the fixation solution [2.5% glutaraldehyde in 0.1 M cacodylate solution (pH 7.0) for 1 h] and then mixed with 2% osmium tetroxide for 2 h at 4°C. The samples were dehydrated with a graded acetone series and embedded into a Spurr medium (Electron Microscopy System). The samples were sectioned (60 nm) by using an ultra-microtome (RMC MTXL, Arizona, United States). The section was stained with 2% uranyl acetate (for 20 min) followed by staining of lead citrate (for 10 min). The sections were viewed under a transmission electron microscope (JEM-2100F, Japan) at 200 kV.



Isolation of Exosomes

Cells were cultured under serum-free medium (Invitrogen, Carlsbad, CA, United States) and the culture medium was harvested after 48 h of incubation. Isolation of exosomes was carried out by using ExoQuick-TC reagent (System Biosciences, Mountain View, CA, United States). Exosomes were observed under a transmission electron microscope (JEM-2100F, Japan) at 200 kV.



Size Distribution Analysis of Exosomes

Exosomes were incubated on the ExoView chip (ExoView, United States) for 16 h. The chips were then washed three times in PBS with 0.05% Tween-20 (PBST) and then imaged with the ExoView R100 reader (ExoView, United States) using the ExoScan (ExoView, United States) acquisition software.



Internalization of Exosomes

Exosomes prepared from AGSR cells were labeled with PKH67 Fluorescent Cell Linker kits (Sigma-Aldrich, St. Louis, MO, United States). In order to examine the internalization of exosomes, AGS cells were plated out onto a coverslip (2 × 104 cells). The following day, each medium containing PKH67-labeled exosomes or PKH67-unlabeled exosomes was added into each well for 24 h. After incubation, the coverslips were washed with PBS, and 4% paraformaldehyde solution was then added to the slides and incubated for 15 min. Cells were visualized under a confocal laser scanning microscope LX70 FV300 05-LPG-193 (Olympus, Japan).



The Presence of CAGE in the Exosomes

Exosomes extracted from AGSR cells (REF, KIT model) were subjected to centrifugation at 60,000 × g for 30 min to precipitate extracellular vesicles. Collected vesicles were prefixed with 0.1% glutaraldehyde and 2% paraformaldehyde in phosphate buffer (pH 7.4) for 1 h at 4°C and then postfixed in 2% osmium tetroxide for 30 min at 4°C. Samples were dehydrated with a graded series of ethanol and then treated with graded propylene oxide series. Dehydrated samples were embedded into epoxy resin (PELCO, United States). Preparation of ultrathin sections (∼80 nm) was carried out with Ultracut UCT (Leica, Germany). Sections were mounted on copper grids and stained with 1% uranyl acetate and lead citrate (for 10 min) for the subsequent observations. For immunogold labeling electron microscopy, sections (∼80 nm) on the grids were treated with 0.02 M glycine for 10 min. Sections were then washed in deionized water, floated for 1 h in PBS containing 1% BSA, and incubated with the primary rabbit or mouse antibody (anti-CAGE or/and anti-TSG101 antibodies, respectively) at 1:20 dilutions overnight at 4°C. The grids were washed with 0.1% BSA in PBS (five times) and incubated in secondary antibody, anti-rabbit IgG conjugated to 10 nm or anti-mouse IgG conjugated to 25 nm (AURION, Holland) diluted 1:20 in 0.1% BSA–PBS. The sample grids were stained with uranyl acetate and lead citrate. The sectioned and immunogold-labeled grids were examined using a JEOL-2100F transmission electron microscope (JEOL, United States) operated at 200 kV.



Expression and Purification of CAGE Protein

Full-length CAGE gene (residues 1–631) was inserted into pETDuet-1 vector (Merck Millipore, Billerica, MA, United States) expressing N-terminal 6XHis and thioredoxin followed by TEV protease cleavage site, and then the plasmid was transformed into Escherichia coli strain BL21 Star (DE3) (Thermo Fischer Scientific, United States). Transformed cells were grown in LB media at 37°C. The media were cooled when OD600 (optical density at 600 nm) reached 0.6∼0.7 and 0.4 mM IPTG was then added into the culture media to induce CAGE expression. After overnight incubation at 15°C, the cells were harvested by using centrifugation at 3,000 × g (for 10 min). The cells were resuspended in buffer A (20 mM HEPES pH 7.5, 0.5 m NaCl, 0.2 mM TCEP, and 5% glycerol), lysed by sonication, and clarified by centrifugation at 20,000 × g for 30 min after the addition of DNase I and RNase A. CAGE was then purified by IMAC (immobilized metal affinity chromatography) and SEC (size exclusion chromatography). The clarified cell lysate was loaded onto a 5-ml HisTrap nickel chelating column (GE Healthcare Bio-Sciences, Uppsala, Sweden), and the resin was washed with buffer A containing 40 mM imidazole. Proteins bound to the resin were eluted by an imidazole gradient. Fractions that contain CAGE were pooled and treated with TEV protease overnight at 4°C. After complete cleavage, the protein solution was dialyzed against buffer A and passed through the Ni-NTA resin (Thermo Scientific, United States). CAGE was further purified by SEC using Superdex 200 preparatory grade column (GE Healthcare Biosciences, United States) pre-equilibrated with buffer A.



Tissue Microarray and Immunohistochemical Staining

Immunohistochemical staining of tissue microarray was performed using an avidin–biotin detection method (Vectastain ABC kit, Vector Laboratories Inc., Burlingame, CA, United States). The tissue microarray contains gastric tumor tissues and adjacent nontumor gastric tissues from 40 gastric cancer patients. The anti-S1PR1 antibody (55133-I-AP, Proteintech) was used at 1:500 dilution. After washing, biotinylated secondary antibody (MP-7500, Vector Inc.) was applied at 1:100 or 1:200 dilutions for 1 h. Color was developed with diaminobenzidine (SK-4100, Vector Inc.). Sections were counterstained with Mayer’s hematoxylin. IHC staining intensity was determined by using CellesteTM Image Analysis Software. Staining intensity was scored as follows: 1 = weak staining, 2 = medium staining, and 3 = strong staining. The IHC staining score was determined by measuring both the percentage of cells that stained positive for S1PR1 and the staining intensity.



Statistical Analysis

Statistical analysis was performed using the GraphPad Prism Statistics Program (Version 7, GraphPad Prism Software). All the data were obtained from experiments with adequate sample size and presented as means ± SE. Student’s t-tests were performed for comparisons between two groups. One-way ANOVA was carried out for comparisons among three or more groups and was followed by Tukey’s post hoc test. Values were considered to be significant at p < 0.05.



RESULTS


Anticancer Drug-Resistant Gastric Cancer Cells Show Enhanced Autophagic Process and Antiapoptotic Effects

To better understand the mechanism of anticancer drug resistance, AGSR (cells) were established. AGSR cells showed higher resistance to various anticancer drugs compared with parental AGS cells (Table 1). AGSR cells showed increased autophagic flux, including AMP-activated protein kinase (pAMPKaT172), pBeclin1Ser15, and LC3-II formation in comparison with AGS cells (Figure 1A). The increased LC3-II formation is a hallmark of autophagy (Klionsky et al., 2021). AGSR cells showed an increased expression of CAGE compared with AGS cells (Figure 1A). AGSR cells showed decreased levels of pAKtSer473 and p62 compared with AGS cells (Figure 1A). CAGE was shown to confer anticancer drug resistance in melanoma cells (Kim et al., 2017a). In AGSR cells, CAGE was shown to bind to Beclin1 (Figure 1A). AGSR cells displayed an increased number of LC3 puncta (Figure 1B). CAGE showed localization in the nucleus and nuclear membrane (Figure 1C). AGSR cells displayed an enhanced autophagic process when compared with AGS cells (Figure 1D). AGS cells, but not AGSR cells, showed the cleavage of PARP and caspase-3 in response to various anticancer drugs (Figure 1E). Anticancer drug-resistant melanoma cells (Malme3MR) showed a higher expression of CAGE than the anticancer drug-sensitive Malme3M cells (Kim et al., 2017a). Malme3MR cells, but not Malme3M cells, showed an increased expression of pBeclin1Ser15 and binding of CAGE to Beclin1 (Supplementary Figure 1A). CAGE induced the binding of CAGE to Beclin1 and inhibited the binding of Beclin1 to Bcl-2, an inhibitor of autophagy (Supplementary Figure 1B). Malme3MR cells also displayed an enhanced autophagic process compared with Malme3M cells (Supplementary Figure 1C). Therefore, anticancer drug resistance is closely associated with antiapoptotic effects and autophagic flux.


TABLE 1. Anticancer drug resistance of AGSR cells.
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FIGURE 1. Anticancer drug resistance is correlated with enhanced autophagy and antiapoptotic effects. (A) Cell lysates were subjected to immunoblot and immunoprecipitation. Representative blots of three independent experiments are shown. Immunofluorescence staining of LC3 (B) and cancer-associated gene (CAGE) (C) was performed. ***, p < 0.001. (D) Representative electron micrograph of AGS cells and AGSR cells is shown. The black arrows indicate autolysosomes. The white arrows indicate multivesicular bodies. (E) After 48 h of treatment, immunoblot was performed. C-PARP denotes cleaved PARP. Representative blots of three independent experiments are shown.




CAGE Regulates the Response to Anticancer Drugs and Autophagic Flux

The decreased expression of CAGE decreased autophagic flux (Figure 2A) and the number of LC3 puncta (Figure 2C). The downregulation of CAGE enhanced the effects of anticancer drugs on the cleavage of PARP in AGSR cells (Figure 2B). CAGE increased the expression of pBeclin1Ser15 and LC3-II formation but decreased the level of p62, a selective receptor of autophagy, in AGS cells (Figure 2D). CAGE inhibited the effects of anticancer drugs on the cleavage of PARP (Figure 2E) but increased the number of LC3 puncta in AGS cells (Figure 2F). CRISPR/Cas9 KO cell lines were established to further determine the role of CAGE in relation to autophagy and anticancer drug resistance. AGSR△ CAGE#5 and AGSR△ CAGE#7 cell lines showed decreased expression of CAGE, autophagic flux (Supplementary Figure 2A), and LC3 puncta compared with AGSR cells (Supplementary Figure 2B). AGSR△ CAGE#5 and AGSR△ CAGE#7 cell lines showed a lower invasion potential than AGSR cells (Supplementary Figure 2C). AGSR△ CAGE#5 and AGSR△ CAGE#7 cell lines showed decreased expression levels of SNAIL and vimentin compared with AGSR cells (Supplementary Figure 2C). AGSR△ CAGE#5 and AGSR△ CAGE#7 cell lines showed enhanced sensitivity to anticancer drugs compared with AGSR cells (Supplementary Figure 2D). AGSR△ CAGE#5 and AGSR△ CAGE#7 cell lines showed lower tumor spheroid-forming potential (Supplementary Figure 2E) and proliferation potential than AGSR cells (Figure 2F). Overexpression of CAGE increased autophagic flux (Supplementary Figure 3A), invasion potential (Supplementary Figure 3B), proliferation potential (Supplementary Figure 3C), tumor spheroid-forming potential, and the expression of SRY-Box Transcription Factor 2 (SOX2), an indicator of cancer stemness (Supplementary Figure 3D); however, it decreased the apoptotic effects of anticancer drugs in AGSR△ CAGE#5 and AGSR△ CAGE#7 cell lines (Supplementary Figure 3E). Thus, CAGE regulates both anticancer drug resistance and autophagic flux.
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FIGURE 2. CAGE regulates anticancer drug resistance and autophagic flux. (A) After 48 h of transfection with the indicated siRNA (each at 10 nM), immunoblot was performed. Representative blots of three independent experiments are shown. Ctrl. denotes control siRNA. (B) After 24 h of transfection, cells were treated with the indicated anticancer drug for 24 h. Quantification of band intensity was represented by the ratio of cleaved/full-length PARP normalized to actin. (C) Same as (A) except that immunofluorescence staining was performed. ***, p < 0.001. (D) After 48 h of transfection with the indicated construct, immunoblot was performed. Representative blots of three independent experiments are shown. (E) After 24 h of transfection, the cells were treated with the indicated anticancer drug (each at 1 μM) for 24 h. (F) Same as (D) except for the immunofluorescence staining.




Autophagy Is Accompanied by Anticancer Drug Resistance and Binding of CAGE to Beclin1

Rapamycin, an autophagy inducer, increased CAGE expression and autophagic flux but decreased p62 expression in AGS cells (Figure 3A). Rapamycin induced the binding of CAGE to Beclin1 (Figure 3A) and increased the number of LC3 puncta (Figure 3B). Rapamycin inhibited the effects of anticancer drugs on the cleavage of PARP (Figure 3C). Chloroquine (CQ), an inhibitor of autophagy, decreased the expression of CAGE, pBeclin1Ser15, and autophagy-related-5 (ATG5), but increased LC3-II formation in AGSR cells (Figure 3D). CQ inhibited the interaction between CAGE and Beclin1 (Figure 3D). Additionally, CQ enhanced the effects of anticancer drugs on the cleavage of PARP (Figure 3E). Thus, increased autophagic flux is accompanied by the increased expression of CAGE.
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FIGURE 3. CAGE expression is regulated by autophagy regulators. (A) AGS cells were treated with or without rapamycin for 24 h. Representative blots of three independent experiments are shown. (B) AGS cells were treated with or without rapamycin for 24 h, followed by immunofluorescence staining. ***, p < 0.001. (C) AGS cells were treated with or without rapamycin (5 μM) for 24 h, followed by treatment with celastrol (1 μM), Taxol (1 μM), or doxorubicin (1 μM) for 24 h. Representative blots of three independent experiments are shown. (D) AGSR cells were treated with or without chloroquine (CQ) (100 μM) for 24 h. Representative blots of three independent experiments are shown. (E) AGSR cells were treated with or without CQ (100 μM) for 24 h, followed by treatment with the indicated anticancer drug for 24 h. Representative blots of three independent experiments are shown.




MiR-302b-5p Targets CAGE

MiR-302b-5p was predicted to bind to the 3′ UTR of CAGE (Figure 4A). The miR-302b-5p mimic decreased the luciferase activity of wild-type CAGE 3′ UTR, but not the luciferase activity of the mutant CAGE 3′ UTR (Figure 4B). AGSR cells showed a lower expression of miR-302b-5p compared with AGS cells (Figure 4C). CAGE decreased miR-302b-5p expression level in AGS cells (Figure 4D), while the decreased expression of CAGE increased miR-302b-5p expression in AGSR cells (Figure 4D). MiR-302b-5p promoter displays the potential binding sites for p53, AP1, YY1, and GATA-1 (Figure 4E). CAGE was shown to bind to the promoter sequences of miR-302b-5p in chromatin immunoprecipitation (ChIP) assays (Figure 4E). Thus, CAGE and miR-302b-5p cross-regulate each other. It is likely that miR-302b-5p may regulate autophagic flux.
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FIGURE 4. CAGE and miR-302b-5p form a negative feedback loop. (A) Shows the binding site for miR-302b-5p in the 3′ UTR of CAGE. (B) After 48 h of transfection, luciferase activity assays were performed as described. ***, p < 0.001. Average values of three independent experiments are shown. Ns denotes not significant. (C) qRT-PCR analysis was performed. ***, p < 0.001. Average values of three independent experiments are shown. (D) After 48 h of transfection, qRT-PCR and immunoblot were performed. **, p < 0.01. Average values of three independent experiments are shown. (E) ChIP assays were performed as described.




MiR-302b-5p Regulates Autophagic Flux

The miR-302b-5p inhibitor increased the expression of CAGE, autophagic flux, the binding of CAGE to Beclin1 (Figure 5A), and the number of LC3 puncta (Figure 5B). The miR-302b-5p inhibitor decreased miR-302b-5p expression in AGS cells (Figure 5C). The miR-302b-5p inhibitor inhibited the effects of anticancer drugs on the cleavage of PARP (Figure 5D). The miR-302b-5p mimic decreased CAGE expression and autophagic flux but increased p62 level (Figure 5E). In AGSR cells, the miR-302b-5p mimic inhibited CAGE binding to Beclin1 (Figure 5E). MiR-302b-5p mimic decreased the number of LC3 puncta in AGSR cells (Figure 5F). Transfection of miR-302b-5p mimic increased miR-302b-5p expression in AGSR cells (Figure 5G). MiR-302b-5p mimic enhanced the effects of anticancer drugs on the cleavage of PARP (Figure 5H). Thus, miR-302b-5p regulates autophagic flux and anticancer drug resistance through a negative feedback loop with CAGE.


[image: image]

FIGURE 5. MiR-302b-5p regulates autophagic flux and anticancer drug resistance. (A) After 48 h of transfection with the indicated inhibitor (each at 10 nM), immunoblot and immunoprecipitation were performed. Representative blots of three independent experiments are shown. (B) Same as (A) except that immunofluorescence staining was performed. **, p < 0.01. (C) qRT-PCR was performed. **, p < 0.01. Average values of three independent experiments are shown. (D) AGS cells were transfected with the indicated inhibitor (each at 10 nM). The following day, cells were then treated with or without celastrol (1 μM), Taxol (1 μM), or doxorubicin (1 μM) for 24 h. Representative blots of three independent experiments are shown. (E) After 48 h of transfection with the indicated mimic (each at 10 nM), immunoblot and immunoprecipitation were performed. Representative blots of three independent experiments are shown. (F) Same as (E) except that the number of LC3 puncta was determined. **, p < 0.01. (G) qRT-PCR analysis was performed. ***, p < 0.001. Average values of three independent experiments are shown. (H) AGSR cells were transfected with the indicated mimic (each at 10 nM). The next day, cells were then treated with or without celastrol (1 μM), Taxol (1 μM), or doxorubicin (1 μM) for 24 h. Representative blots of three independent experiments are shown.




Soluble Factors Regulate Autophagic Flux

Next, we examined whether anticancer drug resistance could be transferred. The culture medium from AGSR cells increased the expression of CAGE and autophagic flux and induced CAGE binding to Beclin1 in AGS cells (Figure 6A). The culture medium from AGSR cells, but not from AGS cells, increased the number of LC3 puncta in AGS cells (Figure 6B). The culture medium of AGSR cells showed a higher expression of PAI-1 than that of AGS cells (Figure 6C). PAI-1 has been shown to promote angiogenesis (Park et al., 2014). The culture medium from AGSR also showed an enhanced angiogenic potential compared with the AGS cell culture medium based on Matrigel plug assays (Figure 6D). AGSR cells displayed a higher expression of PAI-1 than AGS cells (Figure 6E). The downregulation of CAGE led to decreased expression of PAI-1 in AGSR cells (Figure 6E). PAI-1 was necessary for increased CAGE expression and autophagic flux in AGS cells by culture medium of AGSR cells (Figure 6F). The culture medium from AGSR cells increased autophagic flux in CAGE CRISPR–Cas9 cell lines (Figure 6G). The CAGE-derived AQTGTGKT peptide inhibited CAGE binding to Beclin1 and enhanced the sensitivity to anticancer drugs in nonsmall cell lung cancer cells and melanoma cells, respectively (Kim et al., 2017a; Yeon et al., 2018). The AQTGTGKT negatively regulated autophagic flux and inhibited CAGE binding to Beclin1 in AGSR cells (Supplementary Figure 4A) and was shown to bind to CAGE in AGSR cells (Supplementary Figure 4B) and decreased the number of LC3 puncta (Supplementary Figure 4C). The culture medium from AGSR cells that were treated with the AQTGTGKT peptide did not increase the autophagic flux in AGS cells (Supplementary Figure 4D). GW4869, an inhibitor of exosome formation, inhibited the effect of the culture medium of AGSR cells on autophagic flux in AGS cells (Supplementary Figure 5A). Also, GW4869 inhibited the effect of the culture medium of AGSR cells on the number of LC3 puncta (Supplementary Figure 5B). These results suggest that soluble factors may regulate autophagic flux and anticancer drug resistance.
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FIGURE 6. Soluble factors regulate autophagic flux. (A) Culture medium of AGSR cells were added to AGS cells for 24 h. Representative blots of three independent experiments are shown. (B) Same as (A) except that the number of LC3 puncta was determined. ***, p < 0.001. (C) Cytokine array analysis was performed. (D) Matrigel plug assays using culture medium were performed. (E) Immunoblot was performed. Representative blots of three independent experiments are shown. (F) After 48 h of transfection with the indicated siRNA (each at 10 nM), culture medium was added to AGS cells for 24 h. Representative blots of three independent experiments are shown. (G) Culture medium of the indicated cancer cells was added to the CAGE CRISPR–Cas9 cell line for 24 h. Representative blots of three independent experiments are shown.




Exosomes Regulate Autophagic Flux and the Response to Anticancer Drugs

CAGE was shown to be present in the sera of various cancer patients (Cho et al., 2003). This implies the presence of CAGE in exosomes. Immunoblot and ImmunoEM revealed the presence of CAGE in the exosomes of AGSR cells (Figure 7A). Figure 7B shows the size distribution of exosomes. Exosomes from AGSR cells increased CAGE expression and autophagic flux and induced the CAGE binding to Beclin1 in AGS cells (Figure 7C). Exosomes from AGSR cells inhibited the effects of anticancer drugs on the cleavage of PARP (Figure 7D). PKH labeling showed the internalization of the exosomes from AGSR cells into AGS cells (Figure 7E). GW4869 inhibited the effects of the culture medium from Malme3MR cells on the expression of CAGE expression and autophagic flux in Malme3M cells (Supplementary Figure 6A). GW4869 inhibited the effects of the culture medium of Malme3MR cells on the cleavage of PARP and FAK in Malme3M cells (Supplementary Figure 6B). ImmunoEM (Supplementary Figure 6C) and immunoblot (Supplementary Figure 6D) analyses revealed the presence of CAGE within the exosomes. Human recombinant CAGE protein increased autophagic flux and induced CAGE binding to Beclin1 in AGS cells (Supplementary Figure 7A) and enhanced the invasion potential of AGS cells (Supplementary Figure 7B), in addition to increasing the number of LC3 puncta (Supplementary Figure 7C). Human recombinant CAGE protein prevented CQ from decreasing autophagic flux (Supplementary Figure 7D). Human recombinant CAGE protein inhibited the effects of anticancer drugs on the PARP cleavage in AGS cells (Supplementary Figure 7E). Thus, CAGE may act as a soluble mediator of anticancer drug resistance.
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FIGURE 7. Exosomes of AGSR cells enhance autophagic flux and decrease the PARP cleavage. (A) Immunoblot (left) and ImmunoEM (left) show the presence of CAGE in the exosomes. Immunogold staining images using anti-TSG101 and anti-CAGE antibody are shown. Twenty-five and 10 nm gold particles are used to indicate the localization of TSG 101 and CAGE, respectively. CAGE is present in the lumen of the exosomes. (B) Size distribution of exosomes is shown. (C) Exosomes (10 μg/ml) of the indicated cancer cells were added to AGS cells for 24 h. TCL denotes total cell lysates. Representative blots of three independent experiments are shown. (D) AGS cells were treated with or without exosomes (10 μg/ml) of AGSR cells for 24 h, followed by treatment with the indicated anticancer drug for 24 h. Representative blots of three independent experiments are shown. (E) Exosomes (10 μg/ml) of AGSR cells were labeled with or without PKH67. Exosomes were then added to AGS cells for 24 h.




MiR-181-5p Negatively Regulates the Expression of CAGE and Autophagic Flux

MiRNAs that were differentially expressed between AGS and AGSR cells were identified by miRNA array analysis Figure 8A). MiR-181-b-5p was one of those miRNAs that could act as a negative regulator of anticancer drug resistance (Figure 8A). qRT-PCR showed a higher expression of miR-181b-5p in AGS cells in comparison with AGSR cells (Figure 8B). The miR-181b-5p inhibitor increased CAGE expression and pBeclin1Ser15 but decreased p62 level (Figure 8C). The miR-181b-5p inhibitor negatively regulated the effects of anticancer drugs on the cleavage of PARP in response to anticancer drugs in AGS cells (Figure 8D).
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FIGURE 8. MiR-181b-5p negatively regulates the expression of CAGE, autophagic flux. (A) MicroRNA array analysis was performed. The red rectangles show miRNAs expressed highly in AGS cells. The blue rectangles show miRNAs expressed highly in AGSR cells. (B) qRT-PCR analysis was performed. ***, p < 0.001. Average values of three independent experiments are shown. (C) After 48 h of transfection with the indicated inhibitor (each at 10 nM), qRT-PCR and immunoblot were performed. **, p < 0.01. Average values of three independent experiments are shown. (D) AGS cells were transfected with the indicated inhibitor (each at 10 nM). The following day, the cells were then treated with or without celastrol (1 μM) or Taxol (1 μM) for 24 h, followed by immunoblot. Representative blots of three independent experiments are shown.




S1PR1 Serves as a Target of MiR-181b-5p

S1PR1 was predicted as a potential target of miR-181b-5p in TargetScan analysis. The miR-181-b-5p mimic decreased the luciferase activity of the wild-type 3′ UTR of S1PR1, but not the luciferase activity of the mutant 3′ UTR of S1PR1 (Figure 9A). AGSR cells showed a higher expression of S1PR1 compared with AGS cells (Figure 9B). S1PR1 was localized in the cytoplasm of AGSR cells (Figure 9C). Rapamycin increased S1PR1 expression in AGS cells, while CQ decreased S1PR1 expression in AGSR cells (Figure 9D). CAGE (Figure 9E), miR-181b-5p inhibitor (Figure 9F), and miR-181b-5p mimic (Figure 9G) regulated S1PR1 expression. CAGE was shown to bind to the promoter sequences of S1PR1 in ChIP assays (Figure 9H). Thus, the CAGE–miR-181b-5p–S1PR1 axis and autophagy cross-regulate each other.
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FIGURE 9. SIPR1 serves as a target of miR-181b-5p. (A) After 48 h of transfection with the indicated construct (each at 1 μg) and/or mimic (each at 10 nM), luciferase activity assays were performed. ***, p < 0.001. Average values of three independent experiments are shown. (B) Immunoblot was performed. Representative blots of three independent experiments are shown. (C) Cytoplasmic localization of S1PR1 is shown. (D) The indicated cancer cells were treated with or without rapamycin (5 μM) or CQ (100 μM) for 24 h. Representative blots of three independent experiments are shown. (E) After 48 h of transfection, immunoblot was performed. Representative blots of three independent experiments are shown. (F) After 48 h of transfection, qRT-PCR and immunoblot were performed. ***, p < 0.001. Average values of three independent experiments are shown. (G) After 48 h of transfection, qRT-PCR and immunoblot were performed. ***, p < 0.001. Average values of three independent experiments are shown. (H) ChIP assays were performed as described.




S1PR1 Regulates Autophagic Flux and the Response to Anticancer Drugs

The expression of S1PR1 in nontumor gastric tissues and gastric cancer tissues was examined. The GEPIA database showed that gastric cancer tissues had a higher expression of SIPR1 mRNA than nontumor gastric tissues (Supplementary Figure 8A). Gastric cancer tissues showed higher expression of SIPR1 compared with other nontumor gastric tissues (Supplementary Figures 8B,C). A high expression level of S1PR1 was correlated with low survival rates in gastric cancer patients (Supplementary Figure 8D). The downregulation of S1PR1 decreased CAGE expression and autophagic flux but increased p62 level in AGSR cells (Figure 10A). The downregulation of S1PR1 resulted in a decreased number of LC3 puncta (Figure 10B), while the effects of anticancer drugs on the cleavage of PARP were enhanced (Figure 10C). The inhibition of S1PR1 by FTY720 decreased the expressions of CAGE and pBeclin1Ser15, but increased p62 level and LC3-II formation in AGSR cells (Figure 10D). FTY720 increased the number of LC3 puncta in AGSR cells (Figure 10E). Just like CQ, FTY720 may inhibit the fusion of autophagosomes and lysosomes. FTY enhanced the effects of anticancer drugs on the cleavage of PARP (Figure 10F). FTY720 decreased the colony-forming potential of AGSR cells (Figure 10G). These results indicate that CAGE and S1PR1 form a positive feedback loop to regulate anticancer drug resistance and autophagic flux.
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FIGURE 10. S1PR1 regulates autophagic flux and anticancer drug resistance. (A) After 48 h of transfection, immunoblot was performed. Representative blots of three independent experiments are shown. (B) The number of LC3 puncta was determined. ***, p < 0.001. (C) After 24 h of transfection, cells were then treated with or without the indicated anticancer drug for 24 h. Representative blots of three independent experiments are shown. (D) The indicated cancer cells were treated with or without FTY720 (5 μM) for 24 h. Representative blots of three independent experiments are shown. (E) Immunofluorescence staining was performed. (F) AGSR cells were treated with or without FTY720 (5 μM) for 24 h. Cells were then treated with the anticancer drug for 24 h. Representative blots of three independent experiments are shown. (G) Colony-forming potential was determined. *, p < 0.05. Average values of three independent experiments are shown.




DISCUSSION

Anticancer drug-resistant gastric cancer cells cells displayed an increased expression of CAGE and autophagic flux compared with AGS cells (Figure 1A). Autophagy may protect tumor cells from chemotherapeutic drugs by inhibiting apoptotic cell death (Liu et al., 2018). The inhibition of autophagy by CQ enhances apoptosis (Pan et al., 2019). CAGE regulated autophagic flux (Figures 2A,D). CAGE has been shown to regulate autophagic flux in nonsmall cell lung cancer cells (Yeon et al., 2018). The downregulation of CAGE enhanced the effects of anticancer drugs on the cleavage of PARP in AGSR cells (Figure 2B). This suggests that CAGE may affect the response to anticancer drugs by regulating autophagic flux. MAPK activation results in the increased autophagic flux in EGFR tyrosine kinase inhibitor-resistant nonsmall cell lung cancer cells (Lotsberg et al., 2020). MAPK activation may lead to increased CAGE expression in AGSR cells. In future studies, it may be necessary to identify downstream targets of CAGE.

CAGE enhances the self-renewal activity of breast cancer cells (Kim et al., 2017c). Also, CAGE enhances the self-renewal and tumorigenic potential of Malme3MR cells through interaction with SOX2 (Kim et al., 2017b). AGSR cells displayed more enhanced tumor spheroid-forming potential compared with AGS cells (Supplementary Figure 2E). The binding of CAGE to SOX2 may lead to enhanced tumor spheroid-forming potential in AGSR cells.

Luciferase activity assays demonstrate that miR-302b-5p acts as a negative regulator of CAGE (Figure 4B). MiR-302b-5p regulated both the autophagic flux (Figures 5A,E) and the response to anticancer drugs (Figures 5D,H). MiR-302 members enhance the chemosensitivity of breast cancer cells by decreasing breast cancer resistance protein (BCRP) expression and may cooperatively downregulate BCRP expression to increase the chemosensitivity of breast cancer cells (Wang et al., 2016). MiR-302b suppresses gastric cancer cell tumorigenesis and metastasis by regulating the EphA2/Wnt/β-catenin/EMT pathway (Huang et al., 2017). Overexpression of CAGE activates Wnt1 signaling in colon cells (Yeon et al., 2019). MiR-302b suppresses cell proliferation by inhibiting the effects on the increased expression levels of TGFβRII, phosphorylated ERK1/2, and MMP9 by TGF-β1 (Li et al., 2016). MiR-302b-3p targets IGF-1R and decreases the expression of cell cycle regulators such as cyclin D1 and CDK6 (Guo et al., 2017). MiR-302-367 cell-to-cell transfer decreases the expression levels of CXCR4/SDF1, SHH, cyclin D, cyclin A, and E2F1 to inhibit glioblastoma growth (Fareh et al., 2017). MiR-302 directly represses cyclin D1 and suppresses the proliferation of glioblastoma cells (Debruyne et al., 2018). Other downstream targets of miR-302b may regulate autophagic flux and anticancer drug resistance.

AGSR cells revealed an increased expression of PAI-1 compared with AGS cells (Figure 6D). PAI-1 mediates pyruvate-induced angiogenesis (Jung et al., 2011) and serves as a target of HDAC3, thereby acting as an angiogenic factor (Park et al., 2014). AGSR cells displayed a lower expression of HDAC3 than AGS cells (personal observations). The downregulation of PAI-1 decreased the expression levels of LC3 and Beclin1 (Wang et al., 2014). The culture medium of AGSR cells increased autophagic flux in AGS cells in a PAI-1-dependent manner (Figure 6F). PAI-1 promotes the proliferation of head and neck cancer tumor-initiating cells (TICs) by increasing SOX2 expression (Lee et al., 2016). The effects of PAI-1 on the cancer stem cell-like properties of gastric cancer cells call for further investigation.

Soluble factors may regulate autophagic flux and anticancer drug resistance (Figure 6A). The AQTGTGKT peptide inactivates CAGE and prevents the culture medium of AGSR cells from enhancing the autophagic flux in AGS cells (Figure S4D). This suggests that soluble factors may regulate autophagic flux in a CAGE-dependent manner. Exosomes promote autophagic flux in an AMPK-dependent manner (Zeng et al., 2020) and also confer resistance to anticancer drugs (Chinnappan et al., 2020). Gastric cancer-derived exosomes remodel the tumor microenvironment and affect anticancer drug resistance (Huang et al., 2019). Next, we examined the presence of CAGE in the exosomes. CAGE was found to be present in the exosomes of AGSR cells (Figure 7A) and Malme3MR cells (Supplementary Figure 6C). Exosomes from AGSR cells increased autophagic flux (Figure 7C) and exerted antiapoptotic effects (Figure 7C). Thus, exosomal CAGE protein may confer resistance to anticancer drugs and further enhance autophagic flux. Exosomes from Taxol-resistant nasopharyngeal cancer cells show the presence of CAGE (Yuan and Zhou, 2021). In future studies, identification of miRNAs and soluble factors that could present differential expression in exosomes of AGS and AGSR cells will be necessary.

A high miR-181b level results in an improved prognosis of human lung adenocarcinomas (Tan et al., 2018). The miR-181 family regulates VCAM-1 expression, and a low level of miR-181b is observed in high-grade glioma patients (Liu et al., 2017). MiR-181b-5p inhibits cellular invasion by regulating the expression of S1PR1 (Miao et al., 2020). AGSR cells showed a lower expression of miR-181b-5p compared with AGS cells (Figures 8A,B). The miR-181b-5p inhibitor increased CAGE expression and autophagic flux in AGS cells (Figure 8C). CAGE did not affect the expression of miR-181b-5p (personal observations), implying that CAGE functions downstream of miR-181b-5p. It is possible that miR-181b-5p can predict the survival rate of gastric cancer patients.

MiR-181b-5p directly regulated the expression of S1PR1 (Figure 9A). FTY720, an inhibitor of S1PR1, overcomes resistance to ErbB inhibitors, such as afatinib (Booth et al., 2019). A high expression of S1PR1 predicts poor prognosis in breast cancer patients (Pyne et al., 2016) and gastric cancer patients (Supplementary Figure 7D). FTY720 decreased the expression of CAGE and autophagic flux (Figure 10D). It is necessary to examine the effect of sphingosine 1-phosphate on autophagic flux and identify additional targets of S1PR1. Sphingosine 1-phosphate may regulate autophagic flux and the identification of additional targets of S1PR1 is necessary.

In this study, we investigated the mechanism of CAGE-promoted anticancer drug resistance. Most importantly, we identified a novel role of the CAGE–miR-181b-5p–S1PR1 axis in the anticancer drug resistance and autophagic process. We show that CAGE can be employed as a target for the development of anticancer drugs.
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The tumor microenvironment (TME) comprises distinct cell types, including stromal types such as fibroblast cells and macrophage cells, which have recently become a critical factor in tumor development and progression. Here, we identified the TME-related gene, plexin domain containing 2 (PLXDC2), in a high-stromal-score population. And we revealed that this gene was related to poor survival and advanced (tumor-node-metastasis) stage in gastric cancer (GC) patients from The Cancer Genome Atlas database. An integrated gene profile and functional analysis of the proportions of tumor-infiltrating immune cells revealed that the expression of the M2 macrophages cell marker CD163 was positively correlated with PLXDC2 expression. In addition, the M2 macrophages gene signature and high PLXDC2 expression were associated with the inflammatory signaling pathway and the epithelial-to-mesenchymal transition (EMT)-related gene signature. Single-cell study of GC identified PLXDC2 was enriched specifically in fibroblasts and monocytes/macrophages populations, which supported its important role in the stroma. Furthermore, according to a tissue microarray immunohistochemistry analysis, the expression of PLXDC2 elevated in human GC stromal specimens compared to tumor tissue specimens. Moreover, PLXDC2 overexpression in the stromal compartment was associated with CD163-positive regulatory M2 macrophages, and its functions were related to the pathogenesis of GC. Multiplexed immunohistochemistry verified PLXDC2’s correlation with EMT markers. Our data suggested that PLXDC2 was expressed in stromal cells and that its crosstalk with tumor-associated macrophages could contribute to cancer biology by inducing the EMT process.

Keywords: tumor-associated M2 macrophages, gastric cancer, plexin domain containing 2 (PLXDC2), stroma, EMT


INTRODUCTION

Gastric cancer (GC) is one of the major causes of cancer-related mortality worldwide. It has been reported that 1.0337 million new GC cases and approximately 783,000 GC- related deaths occurred in 2018 (Bray et al., 2018; Siegel et al., 2021). This may be attributed to the high Helicobacter pylori (HP) infection rate (Hatakeyama, 2019; Kotilea et al., 2019). In total, around 679,000 new GC cases and 498,000 GC-related deaths occur each year in China; these values are second only to those of lung cancer, indicating that GC is a major health issue (Chen et al., 2016; Zong et al., 2016). Although recent studies have proposed new treatment strategies based on disease risk stratification [tumor-node-metastasis (TNM) stage] and histological grade according to tumor size, lymph node or distant metastasis (also AJCC system, T describes the size of the original tumor and whether it has invaded nearby tissue, N describes nearby lymph nodes that are involved, and M describes distant metastasis; Edge and Compton, 2010), the ability of these strategies to improve the prognosis of GC patients has been widely questioned. Further studies on the diagnosis and treatment of this type of malignancy are required. Molecular diagnosis has been previously proven to be effective. Discoveries of biomarkers, such as ERBB2 and EGFR, aid in informed treatment decision making by medical oncologists (Yasui et al., 2001). Innovations related to molecular biomarkers are likely to improve the prognosis and treatment response of GC patients. Thus, a study seeking novel GC molecular biomarkers might offer a solution to our current challenges.

Alteration of the tumor microenvironment (TME) has been proven to be a pivotal strategy for improving GC prognosis (Wu and Dai, 2017). Studies have shown that TME influences the therapeutic response and clinical outcome. A recent comprehensive analysis of the TME of GC, comprising 1524 GC samples, depicted the landscape of GC’s TME characteristics. The results proved that the TME of GC patients could help predict the response to immunotherapies and provide new strategies for treating GC (Zeng et al., 2019). The non-tumor components of TME, including borders, extracellular matrix (ECM), stromal cells, blood vessels, lymph vessels, and immune/inflammatory cells, have been recognized as affecting GC patients’ prognosis. By dynamically interacting with tumor cells, stromal cells participate in all stages of tumorigenesis, progression, metastasis, recurrence and drug response, thereby affecting the fate of patients. In the process of tumor evolution and metastasis, the stromal cells in TME have also undergone some changes and played a role in the inhibition and promotion of metastasis, and the overall function of stromal cells is conducive to survival and migration of cancer cells. Immune-related cells also play a decisive role in cell fate. Tumor suppressive immune cells, such as CD8+ T cells, and tumor progressive immune cells, such as regulatory T cells, are directly connected to tumor growth. Among all types of immune cells of different functions, T cells and macrophages, are most abundant in the TME. T cells’ mechanisms of cytotoxicity have been explored in numerous studies, whereas the behavior patterns of macrophages are less well understood. Therefore, a macrophages- related TME study of GC has the potential to provide novel insight into this malignancy.

Macrophages, which are believed to be an essential type of immune cell during inflammation, can both promote and suppress tumor growth (Lewis and Pollard, 2006; Szebeni et al., 2017). M1 macrophages have been labeled as antitumor factors, whereas M2 macrophages have been identified as protumor factors (Yunna et al., 2020). Persuasive evidence at both clinical and experimental levels indicates that M2 macrophages can promote cancer initiation and malignant progression (Jackaman et al., 2017). Nevertheless, the complexity of immune cell behaviors led us to ambiguity in macrophages M2-related characteristics. Although previous studies have explored the immune-related functions of M2 macrophages, few explorations have tried to determine whether M2 macrophages can affect tumor growth by other crucial mechanisms, including Epithelial-to-mesenchymal transition (EMT) or angiogenesis. Clarifying this particular immune cell type’s behaviors might aid in improving the prognosis of tumors such as GC.

Epithelial-to-mesenchymal transition has been proven to be a survival-related program (Zhang and Weinberg, 2018). Its function of increasing the motility or invasiveness of cancer cells suggests its involvement in metastasis, which contributes to high mortality rates among cancer patients (Pastushenko and Blanpain, 2019). EMT is a cell biological program that transforms epithelial cells to more mesenchymal cell-like cells. In a sense, the occurrence of EMT indicates the malignant process of tumors. Decreased expression of E-cadherin and cytokeratin and increased expression of N-cadherin, Twist and Zeb1 is a common EMT program signature (Krebs et al., 2017). Studies on EMT are required to better understand cancer metastasis and to gain control over this process that increases malignant potential.

Plexin domain containing 2 (PLXDC2), also known as TEM7R, is a member of the tumor endothelial marker (TEM) family, which is associated with tumor-specific angiogenesis. PLXDC2 has been identified as a regulator of several brain activities, including the coordinated control of proliferation and cell fate specification along and across the neuroaxis (Miller-Delaney et al., 2011). Studies of PLXDC2 and its closest homolog, PLXDC1, have been conducted in cancers, including breast cancer, colorectal cancer, and typical liver cancer types. They are recognized as possible targets of treatment and have certain prognostic value (Nanda et al., 2004; Rmali et al., 2005; Yamamoto et al., 2020). However, none of the previous studies examined the linkage between PLXDC2 and GC. While PLXDC2 demonstrates a clear linkage with stroma-related behaviors, the relationship between PLXDC2 and the EMT program remains unknown; however, clarification of this relationship could provide a potential breakthrough in terms of GC prognosis.

In the current study, we utilized the accessible GC patient data from The Cancer Genome Atlas (TCGA) stomach adenocarcinoma (STAD) dataset alongside an additional Gene Expression Omnibus (GEO) GSE84437 GC dataset. The ESTIMATE algorithm was used to explore stromal and immune characteristics, and PLXDC2, a gene not previously studied in the context of GC, was identified to be related to the disease. Further studies on this gene were conducted. Gene Set Enrichment Analysis (GSEA) and the novel tool CIBERSORTx provided clear evidence that PLXDC2 affects the EMT program and inflammatory response and is linked to protumor M2 macrophages. An integration of Single-cell analysis and IHC study provided solid evidence that PLXDC2 upregulation in stroma-related cells contribute to poor survival. The utilization of multiplexed immunohistochemistry (mIHC) verified PLXDC2’s correlation with EMT markers. Thus, the PLXDC2/EMT/M2 macrophages axis was established.



MATERIALS AND METHODS


Data Acquisition

RNA-seq data of 375 GC samples and 32 matched non-cancerous samples were downloaded from TCGA. Clinical data, including age, sex, tumor grade, clinical stage, TNM stage, and survival time, were also downloaded. Data extraction was conducted with R software 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria). A subsidiary GC tissue dataset was downloaded from the GEO. The GSE84437 dataset (Yoon et al., 2020), containing Illumina HumanHT-12 V3.0 beadchip microarray expression series matrix files based on the GPL6947 platform, was selected. The Single-Cell RNA samples used in this study were from a previous single cell analysis study of GC1 (Sathe et al., 2020).



Analysis of the Immune Score and Stromal Score of the TME

ESTIMATE2 (Yoshihara et al., 2013) is a well-established algorithm that generates immune and stromal scores based on RNA-seq data. A high score indicates a large proportion of the corresponding component in the TME. In this research, the ESTIMATE algorithm was employed via the “estimate” package 1.0.13 of R software.



Analysis of the Correlation Between Survival and Immune/Stromal Score

A total of 371 TCGA tumor samples and 433 GEO tumor samples were adequate for survival analysis. Kaplan–Meier plots of patients from datasets grouped by both stromal score and immune score were generated via GraphPad Prism 8.0 software with log-rank p < 0.05 as the indicator of statistical significance.



Identifying Differentially Expressed Genes Between High- and Low-Immune/Stromal Score Groups

Samples from the TCGA and GEO datasets were sorted into high score groups and low score groups according to the median immune score and stromal score. “limma” package 3.44.3 (Ritchie et al., 2015) of the Bioconductor project (Huber et al., 2015) was then utilized to determine the differences in gene expression between the high score group and the low score group. Genes with a | log2(fold change)| > 1 and a false discovery rate (FDR) < 0.05 were considered significantly differentially expressed and were selected for subsequent analysis. Heatmaps of differentially expressed genes (DEGs) were then generated via the “pheatmap” package 1.0.12.



Analysis of the Correlation of Stromal Score With Clinical Stage

The correlation of the stromal score with the clinicopathological characteristics in the TCGA dataset was explored via GraphPad Prism software. One-way ANOVA (Analysis of Variance) was conducted, and statistical significance was indicated by a p value less than 0.05.



Cox Regression Analysis

The “survival” package 3.2-7 of R software was used for univariate Cox regression analysis of the TCGA samples. Genes that passed the univariate Cox test are shown in the plot.



Exploring DEGs and Their Correlations With Survival

The second version of Gene Expression Profiling Interactive Analysis (GEPIA2)3 (Tang et al., 2019) was utilized to determine the differences in expression between tumor samples and normal gastric samples from the TCGA and Genotype-Tissue Expression (GTEx) databases. A Kaplan–Meier survival plot was also generated via Kaplan–Meier Plotter4 (Szasz et al., 2016) using GC gene chip data. A receiver operating characteristic (ROC) curve was generated via the “survival ROC” R package 1.0.3.



Gene Set Enrichment Analysis

Gene Set Enrichment Analysis was performed to investigate whether there were significant differences in the expression of the identified genes between the two groups. Hallmark gene sets v7.2 were downloaded as the target sets, and GSEA (Subramanian et al., 2005) was performed using GSEA_4.0.3 software. The nominal (NOM) p value, FDR and normalized enrichment score (NES) were used to identify the pathways enriched in each phenotype. Gene sets with NOM p < 0.05 and FDR q < 0.06 were considered significant.



Identifying Immune Cell Profiles

The novel CIBERSORTx5 (Steen et al., 2020) computational method was applied to estimate all tumor samples’ tumor-infiltrating immune cells (TICs) abundance profiles. In total, 289 samples passed the significance test. Survival and correlation analysis were conducted via TIMER 2.06.



Single-Cell Analysis

The Single-Cell RNA Sequencing (scRNA-seq) samples in this study were downloaded from https://dna-discovery.stanford.edu/research/datasets/. We used filtered output of Cellranger from scRNA-seq of GC, which consists of 8 patients’ cells from GC, paired normal tissue, and PBMCs (Sathe et al., 2020). All samples were input in Seurat V3, and a total of (43147/56167) cells were obtained after a restrict quality control (number of detected gene > 200, log10 Gene per nUMI > 0.8, percentage of mitochondrial genes < 20%; Stuart et al., 2019). We removed potential doublets cells by DoubletFinder in default, and assuming doublet formation rate was based on Single Cell 3’ Reagent Kits v2 User Guide7 (McGinnis et al., 2019). After “NormalizeData,” different samples were merged by “IntegrateData” workflow and IKAP were used to scale (batch, nUMI and percentage of mitochondrial genes), to determine nPCs (PC18K11) and to visualize in UMAP (Chen et al., 2019). NK cells and B cells were next distinguished from first determined immune cells. “FindAllMarkers” function was set (min.pct = 0.25, logfc.threshold = 1, and tes.use = “wilcox”) to find markers of all cell types. Dot plot were plotted by “Dotplot” function, and Violin plot were plotted by “Vlnplot” function.



Pathology Analysis

Tissue microarrays (TMAs) containing 90 human GC and adjacent non-tumorous specimens were obtained from the Ruijin Hospital, School of Medicine, Shanghai Jiao Tong University from April 2008 to October 2009. All the protocols using human specimens were approved by the Ethics Committee of Shanghai Jiao Tong University. The slide was deparaffinized, rehydrated and microwaved-heated. Primary antibody, CD163, was incubated at RT for 30 min. Nuclei were stained with hematoxylin, cytoplasm with eosin. A pathologist identified the interface of tumor and stromal tissue. Image recognition for tissue-component segmentation of tumor cells and stroma regions based on spectral channel was conducted with inForm (Akoya Biosciences, Marlborough, United States). The expression levels of target proteins in tissue were examined by a pathologist blinded to the patients’ clinical characteristics. According to the fluorescence intensity threshold, the positive degree was divided into 0 (negative), 1, 2, and 3 (threshold criteria: 0.0625, 0.1250, 0.1875, and 0.2500). Images were acquired with a Vectra microscope.



Multiplexed Immunohistochemistry and Immunofluorescence Analysis

Paraffin sections were dewaxed with xylene and gradient ethanol solution. Endogenous peroxidase blocking solution (Beyotime, Shanghai, China) was used for peroxidase blocking, and the blocking/antibody (Panovue, Beijing, China) was used for unrelated antibody blocking. The primary antibodies included anti-PLXDC2 (12285-1-AP, Proteintech, Chicago, United States), anti-E-Cadherin (ab76011, Abcam, Cambridge, United Kingdom), and anti-Vimentin (ab92547, Abcam, Cambridge, United Kingdom). Opal 4-color manual IHC kit (Akoya biosciences, MA, United States) was used for mIHC. The Vectra Polaris (PerkinElmer, Spokane, WA, United States) was used to capture the staining image. The inform software (Akoya Biosciences, Marlborough, United States) was used for data analyzing. PLXDC2 High Expression Region was defined as the region which had at least 95 percent of PLXDC2 positive cells. PLXDC2 Low Expression Region was defined as the region which has at most 5 percent of PLXDC2 positive cells. The percentage of PLXDC2, E-Cadherin and Vimentin positive cells was calculated as the number of positive cells divided by the total number of DAPI-positive cells. To quantify the expression levels, ten different fields were selected for the calculation.



Statistical Analyses

All statistical analyses were performed in R software (version 4.0.3) and GraphPad Prism 8 software. The threshold for statistical significance for all statistical tests was p < 0.05. The log-rank test was utilized to assess significance for Kaplan–Meier survival analysis.



RESULTS


Identification of Key Regulated Genes in GC Through the ESTIMATE Algorithm

In hopes of discovering novel regulators in GC, data including 407 samples from the TCGA STAD dataset and 433 samples from the GSE84437 dataset were downloaded and organized into two files. The ESTIMATE algorithm was conducted, and independent stromal scores and immune scores were generated. Common DEGs from the high/low immune score and stromal score comparisons were then analyzed with univariate Cox regression. Survival-related genes that were expressed differently in tumor and stromal samples were then discovered. We focused on PLXDC2, a gene that was not previously linked with GC. GSEA and CIBERSORTx analysis were conducted sequentially and proved that PLXDC2 was associated with immunity and the EMT process. Our results were ultimately confirmed with Single-Cell analysis and TMA study. The analytical procedure for the study is shown in Supplementary Figure 1.



An Elevated Stromal Score Is Significantly Correlated With Advanced Clinicopathological Indicators and a Poor Prognosis

To establish the linkage between estimated scores and the overall survival rate, Kaplan–Meier plots were generated. Higher respective scores indicated larger amounts of the immune or stromal components in the TME. Both datasets’ plots suggested a favorable prognosis for patients with low stromal scores, as shown in Figures 1A–D, which implied that GC stromal score is an independent prognostic indicator. A further linkage between stromal scores and the clinicopathological characteristics of GC patients was then explored. As the GEO dataset GSE84437 included limited clinicopathological data, analyses were only conducted with TCGA STAD samples. As shown in Figures 1E–H, the GC stromal score was positively correlated with several GC classifications, including tumor grade (p < 0.0001), clinical stage (p = 0.0009), and T classification of the TNM stage (p < 0.0001), which implied that stromal scores are associated with GC progression. The results above suggested that a high stromal score is correlated with advanced clinicopathological indicators and therefore is an adverse prognostic factor.
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FIGURE 1. Identification of GC Stromal Scores’ linkage with prognosis and clinicopathology. (A–D) Kaplan–Meier survival analysis of TCGA STAD patients and GEO GSE84437 patients grouped by immune score and stromal score. The red line indicates the high ESTIMATE score group, and the green line indicates the low ESTIMATE score group. (E–H) The relationship between the TCGA ESTIMATE stromal score and tumor grade, clinical stage, T stage and N stage. Each dot signifies the stromal score in a sample.




Identification of PLXDC2 as a Key Regulator That Promotes GC Progression

After identifying the prognostic value of the stromal scores, key genes of TME associated with survival were selected. A comparison analysis between the high score group and low score group of both datasets was first carried out. A total of 224 DEGs were screened out, including 221 up-regulated and 3 down-regulated genes. Heatmaps and Venn plots were generated to demonstrate the process (Figures 2A,B,D). The selected 224 genes were then assessed by univariate Cox regression analysis, which identified 13 genes related to survival (Figure 2C). The genes finally overlapped with genes that exhibited expression differences in STAD tumor samples and normal samples. The genes with an absolute log2(fold change) value threshold of 1.6, calculated with the limma plot, were selected. This method identified four genes, namely, CXCR4, PLXDC2, ABCA8, and RGS1, identified by this method (Figure 2E). Although ABCA8 is a DEG with survival correlation, its connection was not coordinative with survival rates, as it suggests higher expression in cancer than normal while indicating better prognosis, the gene was eliminated. The three genes screened above were then examined via different methods. Given that previous studies have recognized CXCR4 and RGS1 as prognostic markers of GC, we focused our research on PLXDC2, a gene that was not previously discovered as a GC marker. Differential expression of PLXDC2 in tumor and normal samples were first demonstrated in Figure 3A, using the GEPIA2 webtool, which combined the TCGA STAD samples with the GTEx normal samples. The Kaplan–Meier survival plot is presented in Figure 3B (p = 0.0373). An additional Kaplan–Meier plot of patient survival based on PLXDC2 expression was then generated via the Kaplan–Meier Plotter webtool (see text footnote 4) using the mRNA gene chip data of GC (p < 0.0001), and the results supported the prognostic value of PLXDC2 (Figure 3C). A ROC curve for PLXDC2 was obtained (Figure 3D). The area under the curve (AUC) represents the set of all possible statistical tests of the microarray data with equal probability for a true positive and a false positive result based on each decision threshold value. The plot suggested PLXDC2 as a preferrable gene marker for indicating GC prognosis. Further correlations between PLXDC2 expression and the clinicopathological characteristics of GC patients are shown in Figures 3E–H, indicating that PLXDC2 was positively correlated with several GC classifications, namely, tumor grade (p < 0.0001), clinical stage (p = 0.0370), and T classification of TNM stages (p = 0.0018). These results provide solid evidence that PLXDC2 acts as a key regulator and stimulates GC progression.
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FIGURE 2. Identification of prognostic gene markers according to patients’ stromal and immune scores. (A) Heatmaps of the top 20 DEGs generated by comparing the high stromal/immune score group and the low stromal/immune score groups of TCGA STAD patients. The heatmaps’ row name is the gene name, and the ID of the samples is the column name, which is not shown in the plot. DEGs were determined by the Wilcoxon rank sum test with q = 0.05 and | fold change| (FC) > 1 after log2 transformation as the thresholds for significance. (B) Heatmaps of DEGs in GEO patients, similar to (A). (C) Venn plots generated via an online tool (http://bioinformatics.psb.ugent.be/webtools/Venn/) depicting the up-regulated and down-regulated DEGs shared by the TCGA STAD and GEO datasets. (D) Forest plot of Cox regression (with 95% confidence interval), which was conducted with the 224 DEGs. (E) Venn plot depicting genes that were both related to survival and differentially expressed between tumor samples and normal samples.
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FIGURE 3. PLXDC2 is a DEG capable of propelling GC progress. (A) Differential expression of PLXDC2 in normal and tumor samples generated by GEPIA2. Analyses were performed across normal and tumor samples of TCGA STAD alongside GTEx normal samples. (B) Survival analysis of TCGA STAD patients with different PLXDC2 expression levels. Patients were sorted into high expression or low expression groups according to the median expression level (p = 0.0373 by log-rank test). (C) Survival curves of GC patients generated by Kaplan–Meier Plotter (p < 0.0001 by log-rank test). (D) ROC curve for PLXDC2. An AUC close to 1 suggests high reliability. (E–H) The relationship between PLXDC2 expression and tumor grade, clinical stage, T stage and N stage. Each dot signifies the PLXDC2 expression level in a sample.




PLXDC2 Expression Was Correlated With EMT and Inflammatory Signaling Pathways

As the PLXDC2 expression level was correlated with survival time and clinicopathological characteristics, an additional GSEA was conducted to explore its relationship with HALLMARK pathways to reveal the cellular functions of PLXDC2. The samples were separates into a high expression group and a low expression group according to the median expression level of PLXDC2. 10 up-regulated pathways and 10 down-regulated pathways were then obtained. Among them, EMT was the most correlated pathway (Figures 4A,B). Survival analyses were then conducted according to the expression of DEGs in the top 10 up-regulated pathways. EMT along with three correlated immune pathways, namely, inflammatory response, IL2-STAT5 signaling and KRAS signaling (up), were identified to be survival related (Figures 4C–F), which supported the role of PLXDC2 as a gene affecting inflammatory signaling. Additional analysis was performed to study the correlation of PLXDC2 and classic EMT markers by generating correlation scatterplots, and the results were coordinate with GSEA results. The up-regulated EMT markers displayed positive correlation with PLXDC2, while its down-regulated counterpart exhibited otherwise, with a negative correlation (Figures 4G–L). These results confirmed the function of PLXDC2 in regulating EMT and inflammation.
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FIGURE 4. PLXDC2 is relevant to EMT and several immune-related pathways. (A) Up-regulated HALLMARK pathways in samples with high PLXDC2 expression. Particular gene sets are represented with lines of unique color, and up-regulated genes are located on the left approaching the origin of the coordinates, while the down-regulated genes are on the right of the x-axis. Only gene sets with NOM p < 0.05 and FDR q < 0.06 were considered significant. Several leading gene sets are displayed in the plot. (B) Down-regulated HALLMARK pathways in samples with low PLXDC2 expression, similar to (A). (C–F) Kaplan–Meier plots according to the expression of DEGs within the top 10 up-regulated pathways. EMT and 3 other pathways, namely, inflammatory response, IL2-STAT5 signaling and KRAS signaling (up), were proven to be related to survival. (G–L) The correlation scatterplots of PLXDC2 and EMT markers. CDH2 (N-cadherin), TWIST1 and ZEB1 are up-regulated EMT markers, while CK8, CK10, and CK19 (three E- cadherin genes) are down-regulated EMT markers.




M2 Macrophages Gene Signatures Were Positively Associated With PLXDC2 Expression

We explored the correlation of PLXDC2 expression with the proportion of TICs subsets. The novel CIBERSORTx algorithm was applied to generate the profiles of 22 kinds of immune cells in STAD samples. STAD samples were grouped according to the median PLXDC2 expression level, and a violin plot was generated (Figure 5A). Within the 22 kinds of TICs, 5 of them were discovered as most differentially expressed (p < 0.001). According to the result of CIBERSORTx, the cell fractions of both T cells CD8 and Tregs are more pronounced in low PLXDC2 expression group compared to high PLXDC2 expression group, which might suggest that patients with high PLXDC2 have some suppress function to the subset T cell competent. Those results are consistent with our finding of PLXDC2 promoted CD163 M2 macrophages and our GSEA results. Those subset macrophages might trigger inflammation resolution and suppress T cell population or activation via several mechanisms (Noy and Pollard, 2014). The Tumor Immune Estimation Resource (TIMER)8 web tool was utilized for further exploration of the correlation between PLXDC2 and GC patients’ immune cells (Li et al., 2016, 2020). The results demonstrated that macrophages exhibited the highest correlation with PLXDC2 expression and survival rate among the cell types (Figure 5B and Supplementary Figure 2). The correlations between PLXDC2 and macrophages subtypes were also assessed (Figure 5C). Among the subtypes, M2 macrophages had the highest correlation, with a larger R value and a smaller p value. The correlation of PLXDC2 with macrophages M2 immune markers was demonstrated using the data of the “Gene-Corr” module of TIMER 2.0 (see text footnote 6; Figure 5D). These results provide solid evidence proving that the PLXDC2 expression level was closely associated with a particular immune cell type (M2 macrophages).
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FIGURE 5. The correlation of PLXDC2 correlation with M2 macrophages and gene markers. (A) The ratio differentiation of 22 kinds of immune cells between TCGA STAD tumor samples with high or low PLXDC2 expression relative to the median PLXDC2 expression level; the Wilcoxon rank sum test was used as the significance test. “ns” represents p > 0.05, * represents 0.05 > p > 0.01, ** represents 0.01 > p > 0.001, and *** represents p < 0.001. (B) Kaplan–Meier plots according to the proportions of 6 general types of immune cells (macrophages p = 0.004 by the log-rank test). (C) Scatter plot showing the correlation of M0, M1, and M2 macrophages proportions with PLXDC2 expression (p < 0.05) generated by TIMER 2. The blue line in each plot was a fitted linear model that indicates the proportion of immune cells and the expression of PLXDC2; the Pearson coefficient was used for the correlation test. (D) The relationship between PLXDC2 and the immune markers of M2 macrophages. A redder color suggests a better correlation according to the Spearman test generated by TIMER 2.




Identification of PLXDC2 Upregulation in Fibroblasts and Macrophages

New efforts in single-cell profiling will enable a better understanding of the microenvironment composition in GC development. To better understand PLXDC2 expression pattern in the TME, we utilized a single-cell RNA sequence of GC. The process of the single cell analysis was demonstrated in Figures 6A,B with a Uniform Manifold Approximation and Projection (UMAP) and a bubble blot that displayed the cell markers of each cell type. The expression level of PLXDC2 in a single cell study is illustrated in Figures 6C,D. The UMAP and violin plots indicated that PLXDC2 upregulates in fibroblasts and monocytes/macrophages via unique gene markers of each cell type. Comparison of PLXDC2 expression level in different samples (metaplasia, normal, PBMC, and tumor) was established, and the result showed that PLXDC2 scarcely express in the normal sample, while upregulating in PBMC and tumor samples in both macrophages and fibroblasts, and metaplasia in macrophages (Figures 6E,F). The results revealed that PLXDC2 might be of certain significance inside a stromal environment and contribute to metaplasia in macrophages.
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FIGURE 6. PLXDC2 expression level ascend in Fibroblasts and Macrophages. (A) Uniform manifold approximation and projection (UMAP) dimensionality reduction analysis. 11 cell types were identified with its unique gene marker. Other myeloid cell represents monocytes and macrophages. (B) Bubble plot demonstrating each cell type and its gene marker. (C) UMAP revealing the expression level of PLXDC2. Higher expression is indicated with a redder color. (D) Violin plot showing the expression of PLXDC2 in each cell type. (E) Violin plot showing the expression level of PLXDC2 in other myeloid cell of Metaplasia, Normal, PBMC and Tumor samples, metaplasia represents the transformation of one differentiated cell type to another differentiated cell type, and PBMC resembles peripheral blood mononuclear cell. (F) Violin plot showing the expression level of PLXDC2 in fibroblasts of Metaplasia, Normal, PBMC and Tumor samples, similar to (E).




Validation of the Correlations of PLXDC2 Expression and Metastatic Index and Its Prognostic Value

To further study the potential clinical relevance of PLXDC2 expression in tumor progression, we made use of 67 TMA with adequate PLXDC2 and CD163 staining effect of GC patient samples to compare the expression of PLXDC2 between GC tumor tissues and stromal tissues. PLXDC2 staining was more intense in the cytoplasm than in the nucleus. The whole slide photo of the TMA and staining of CD163 is attached in Supplementary Figures 3, 4. Higher PLXDC2 expression was observed in GC stromal tissues than in tumor tissues within 52 cases, the number of which is after the removal of films with poor dyeing quality (Figures 7A–C). The comparisons of PLXDC2 expression of lymphatic metastasis (high vs. low, N1-N3b of AJCC are considered to have metastasis, N0 is considered to have no metastasis) and proportion of positive lymph node (>50% vs. <50%, within the total lymph nodes removed during operation), according to the unpaired t test results, showed no significant difference (Figures 7D,E). The level of tumor invasion (T4-T4b of AJCC was considered to be of level of invasion, and T0-T3 was considered to be of low level of invasion, T4 is the demarcation point between whether the tumor invades the serosa and adjacent organs) of PLXDC2 high staining score group was significantly stronger than that of PLXDC2 low staining score group (Figure 7F). The data above might lead us to the conclusion that PLXDC2 affects tumor metastasis in a non-lymphatic manner. Afterward, we studied the correlation of PLXDC2 and M2 macrophages’ gene marker of CD163. The correlation plot indicated that PLXDC2 score in stromal is linked to CD163+ cell density in GC, therefore correlated with M2 macrophages (Figure 7G). The information of GC patients suitable for study was demonstrated in Table 1. To test whether PLXDC2 expression could be a potential prognostic predictor in GC, a Kaplan Meier plot comparing high and low PLXDC2 score in stromal according to the medium was generated (Figure 7H). The result of the plot confirmed PLXDC2 capability to assess survival of GC patients. Immunohistochemistry method verified our in silico result that PLXDC2 is a vital metastatic related gene that effect within the stroma of cancer patients. The results above approved PLXDC2’s important role of promoting cancer metastasis in the stroma.
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FIGURE 7. PLXDC2 upregulation in Stroma indicates poor survival and high tumor invasion level. (A) PLXDC2 IHC staining images of GC tumor and stromal tissues (20x). (B) PLXDC2 IHC staining images of GC stromal tissues (20x). (C) PLXDC2 IHC staining images of GC tumor tissues [20x; (D)] PLXDC2 staining scores of GC tumor tissues in samples group by whether lymphatic metastasis exist. Lymphatic Metastasis is consistent with N in AJCC standard. A paired t test was used for analysis. (E) PLXDC2 staining scores of GC tumor tissues in the samples group by comparing with 50% of the positive lymph nodes. The proportion of Positive Lymph Nodes refers to the proportion of positive lymph nodes in lymph nodes removed during operation. A paired t test was used for analysis. (F) PLXDC2 staining scores of GC tumor tissues in samples group by level of tumor invasion (high vs. low). Level of Tumor Invasion is consistent with T in AJCC standard. A paired t test was used for analysis. (G) Scatter plot showing the correlation of PLXDC2 score in the stroma and CD163+ cell density (p = 0.0332, r = 0.3418). (H) Kaplan–Meier plot assessing survival according to High and Low PLXDC2 score in the stroma. p = 0.0308 by log-rank test. (I) mIHC staining scores exhibiting the percentage of positive cells of GC tumor tissues group by PLXDC2 expression level [high vs. low, p < 0.001; (J)] mIHC staining images of GC section (Merge and PLXDC2-10x, E-Cadherin and Vimentin-40x).



TABLE 1. Patients’ information.

[image: Table 1]
To further confirm the association between PLXDC2 and EMT process, mIHC was used to demonstrate the markers associated with EMT, including epithelial marker E-cadherin and mesenchymal marker Vimentin (Figures 7I,J). The staining results showed that E-cadherin was hardly expressed in the regions with high expression of PLXDC2, while Vimentin was strongly expressed. The opposite result was found in the region with low expression of PLXDC2. The mIHC results demonstrated that the overexpression of PLXDC2 was strongly correlated with the progression of EMT.



DISCUSSION

Gastric cancer is one of the most lethal malignancies, partly for lack of knowledge regarding the molecular patterns of GC subtypes in different stages of disease progression. Thus, this study embarked on an exploration of the TME in GC patients. Identification of PLXDC2 as a key gene was enabled with TME features of both stromal and immune domains, along with survival-related analysis. Further inquiry linked PLXDC2 with multiple clinicopathological characteristics and EMT/inflammatory signaling pathways, which implied a connection between the gene and vital clinical function. In addition, with the aid of CIBERSORTx, we discovered the linkage between PLXDC2 and a particular subtype of macrophages, M2 macrophages, which were recognized as protumor cells.

The TME comprises multiple complex components capable of suppressing and promoting tumor growth and metastasis. The TME has been identified to contribute to cell growth in several tumors, as it protects tumor cells from the attack of tumor-infiltrating lymphocytes (TILs; Peranzoni et al., 2018). In our study, we assessed TME characteristics via ESTIMATE and CIBERSORTx. The former computed the ratio of immune and stromal components, which was utilized to screen and identify key genes. The latter calculated the TICs proportions, which contributed to exploring key genes linked with M2 macrophages. More recent study reported that scRNA-seq highlights the role of inflammatory cancer-associated fibroblasts in bladder urothelial carcinoma (Chen et al., 2020). TME study based on single-cell RNA sequence also aided us in exploring GC TME. Based on the given estimations, we discovered that a high stromal score could be a potential indicator of a poor prognosis in GC patients.

Furthermore, with the novel CIBERSORTx tool, we identified the close correlation between our key gene (PLXDC2) and a particular subtype of immune cells (M2 macrophages). Consistent with previous studies, a high proportion of M2 macrophages in the TME of GC was an unfavorable prognostic factor, which matched the influence of PLXDC2 on survival. Our study demonstrated the linkage of PLXDC2 and M2 macrophages and may encourage PLXDC2 and M2 macrophages markers’ clinical application in prognosis evaluation.

Plexin domain containing 2 is a vital member of the TEM family and is associated with tumor-specific angiogenesis. It encodes a type I transmembrane protein with some homology to nidogen and to plexins. Previous studies implied that it is an additional component in the network of proteins regulating proliferation and differentiation in the developing nervous system. While the functions of PLXDC2 in some tumors have been explored and demonstrated to have potential significance in the progression and molecular targeting of cancers such as colorectal cancer, few studies have focused on the behavior of PLXDC2 in GC, and our study addressed this gap (Rmali et al., 2005). Our TME-based study revealed the potential prognostic value of PLXDC2 in GC stroma as an indicator of poor outcomes, which may provide a novel line of thinking around GC prognosis evaluation. Despite the fact that PLXDC2 demonstrated a correlation with several clinicopathological characteristics and was revealed as a key regulator that promotes GC progression, the gene was discovered to have a low correlation with previously identified immune checkpoints, such as PD-L1, which may indicate that PLXDC2 acts independently of well-known immune regulatory genes, such as PD-L1. Previous studies concluded that deficiency of PLXDC2 is associated with increased inflammation, but our study shows otherwise. GSEA results in our study indicated that elevation of PLXDC2 in a GC cohort was linked with increased inflammation. Our results challenge the previous belief and may enable us to comprehend the role of PLXDC2 in inflammatory signaling while provoking further studies on this topic. The function of PLXDC2 in promoting angiogenesis has recently been discovered. Our study confirmed this previous finding and identified a new EMT-related function for PLXDC2. Epithelial-mesenchymal transition in GC have been discussed in previous studies of our lab, and this study extended our understanding of EMT in GC (Liu et al., 2021). The function of our key gene in EMT may indicate that PLXDC2 is a regulator of tumor metastasis. It has also been reported that deficiency of PLXDC2 suppresses the bacterial colonization of HP infection (Tubau-Juni et al., 2020). In our studies, however, we discovered no clear evidence that the expression level of PLXDC2 may influence HP infection in GC (Supplementary Figure 2). The relationship between PLXDC2 and HP infection could be a topic requiring further exploration. In contrast to a recent study, despite being the closest homolog of PLXDC2, PLXDC1 was not significantly differentially expressed between tumor samples and normal samples at the gene level, leaving PLXDC2 as the only TEM suitable for predicting the survival outcomes of GC (Zhang et al., 2015).

As a major component of innate immune cells, macrophages exert great influence in the TME (Davies et al., 2013). The accumulation of certain types of macrophages can indicate poor outcomes, as they hinder CD8+ T lymphocytes’ function. M2 macrophages, or alternatively activated macrophages, have been confirmed by multiple studies to play a decisive role in promoting tumor growth and cancer development. Tumor associated macrophages’ behavior pattern is a topic that our group previously looked into (Wu et al., 2020). As a portion of our study, we confirmed the protumor function of M2 macrophages and linked this particular type of macrophages with the expression of our key gene PLXDC2. The gene exhibited a strong correlation with M2 macrophages and their markers, such as CD163. In addition to the fact that PLXDC2 gene expression shows a strong correlation with cytokines’ expression levels, such as IL10, the linkage of PLXDC2 and macrophages demonstrated in this study might suggest that PLXDC2 plays some role in recruiting M2 macrophages. Single-cell analysis of our study confirmed PLXDC2’s upregulation in Macrophages. On the other hand, the phenotype of M2 macrophages was not enough to explain the function of our key gene PLXDC2 in GC samples. M2 macrophages have been well recognized as anti-inflammatory components, whereas our gene PLXDC2 demonstrated proinflammatory behaviors according to GSEA (Orecchioni et al., 2019). This might bring us to the conclusion that our gene does not influence the phenotype of M2 macrophages in an inflammatory form. Further exploration of the inflammatory function of PLXDC2 will be needed for a rigorous conclusion. Both our TCGA study and IHC study found significance in comparison of high and low levels of tumor invasion but not in metastasis through lymph nodes. Along with single-cell study’s result that PLXDC2 is an important stromal related cell and the GSEA result that PLXDC2 affects EMT, our results point to the fact that PLXDC2 supports tumor invasion via a non-lymphatic, EMT related method.



CONCLUSION

Our study identified the TME-related gene PLXDC2 in a high-stromal population and had a prognostic signature correlated to the CD163 M2 macrophages, further promoting EMT markers. Similar to the previous reporting that stromal EMT gene signature affects GC prognosis and immunotherapy responsiveness (Zheng and Li, 2020; Liu et al., 2021). The combined PLXDC2/EMT/M2 macrophages axis may affect GC outcome and immunotherapy responsiveness. The crosstalk between PLXDC2 expressed tumor stroma and CD163 macrophages and with tumor cell’s EMT process is extricate and interesting. Further study of stromal PLXDC2, CD163 related EMT, and their targeted genes will help provide potential novel targets for GC.
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Knowledge about the precise biological role and underlying mechanism of Tagln2 in tumor progression is relatively limited, especially in angiogenesis focused on tumor derived endothelial cells (ECs) has rarely been reported. Here, the function, molecular mechanism and potential clinical value of Tagln2 in gastric cancer (GC) angiogenesis were investigated. GC tissue microarrays were used to assess the expression of Tagln2 in ECs. The relationships between expression and clinicopathological features were analyzed to evaluate the clinical value of Tagln2. Gain- and loss-of-function approaches were performed in ECs to investigate the functions of Tagln2 in angiogenesis. A combination of angiogenesis antibody array, RNA-Seq analyses and a series of in vitro experiments were performed to reveal the proangiogenic mechanism mediated by NRP1. Immunohistochemistry performed on an independent tissue chip (n=75) revealed significant upregulation of Tagln2 in tumor-derived ECs which were specifically immunolabeled with CD34. Additionally, high Tagln2 levels correlated significantly with the presence of lymph node as well as distant metastases. Gain- and loss-of-function approaches highlighted the function of Tagln2 in promoting EC proliferation, motility, and capillary-like tube formation and in reducing apoptosis. Tagln2 upregulation led to significantly increased mRNA and protein levels of NRP1 and subsequently activated the NRP1/VEGFR2 and downstream MAPK signaling pathways. These data indicate the importance of Tagln2 in angiogenesis, as a potential therapeutic target, and as a candidate prognostic marker in GC.
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Introduction

Gastric cancer (GC) is one of the most common malignant tumors worldwide. Its morbidity and mortality rate ranked fifth and fourth, respectively, in 2020 (1). The incidence of GC is high in China, and the number of new cases (679,100) and deaths (498,000) in 2015 ranked second only to lung cancer (LC) among all types of tumors (2). In the last decade, several antiangiogenic drugs based on the VEGF-VEGFR2 signaling axis (the most highly recognized target for current antiangiogenic therapy), including bevacizumab (a monoclonal antibody against VEGF), ramucirumab (a monoclonal antibody against VEGFR2) and apatinib (a tyrosine kinase inhibitor targeting VEGFR2), have been introduced for GC treatment. However, the survival benefit leads only to short survival benefits, and the need to investigate molecular mechanisms and potential therapeutic targets for combating angiogenesis in GC.

Tagln2 is a 22-kDa actin stress fiber-associated protein that stabilizes actin filaments, with ~70% amino acid sequence homology to two of its isoforms, Tagln1 and Tagln3. The function of Tagln2 has not yet been clarified, but recent reports have demonstrated that certain tumors, including those of colorectal cancer (3), bladder cancer (4), uterine cervical squamous cell carcinoma (5), esophageal squamous cell carcinoma (6) and gliomas (7), exhibit Tagln2 overexpression. Tagln2 upregulation is associated with lymph node and distant metastasis, advanced stage, and poor survival in colorectal carcinoma (3). In addition, suppression of Tagln2 markedly decreased cell viability by inducing apoptosis in bladder cancer cell lines (4). Moreover, TAGLN2 is the target of certain tumor-suppressive miRNAs, such as miR-1, miR-133a (4, 6), miR-145-5p (8) and miR-133b (9). These findings suggest the roles of Tagln2 in tumor progression or metastasis. Conversely, Tagln2 is frequently downregulated in breast and prostate cancers (10). In addition, a role has been suggested for Tagln2 in impeding metastasis in metastasized Barrett’s adenocarcinoma (11). In hepatocellular carcinoma cells with PFTK1 suppression, unphosphorylated Tagln2 inhibits cell motility through its strong actin-binding ability, which possibly abolishes actin cytoskeleton dynamics (12), thereby suggesting a role as a tumor suppressor. These contradictory results reveal a complex role for Tagln2 in tumorigenesis.

Knowledge about the precise biological role and underlying mechanism of Tagln2 in tumor progression is relatively limited compared to knowledge about other Tagln isoforms. As described in previous reports, Tagln2 is essential for the formation of stable immunological synapses between cytotoxic T cells and cancer cells (13), and Tagln2-actin-lymphocyte function-associated antigen-1 (LFA-1) axis for the effects of adoptive T cell therapy (14). Tagln2 is significantly induced in hypoxic lung cancer cells, accompanied by an increase in epithelial-mesenchymal transition (EMT) and resistance to γ-radiation via activation of the IGF1Rβ/PI3K/AKT pathway (15). Our group found that Tagln2 expression was significantly higher in microvascular endothelial cells (ECs) from lung cancer tumor tissues than in their paired normal counterparts, which was associated with advanced clinical stage, increased tumor size, and histological neural invasion (16). These findings demonstrated the essential function of Tagln2 in tumor angiogenesis for the first time, but the precise molecular mechanism involved in this process has not yet been reported.

Here, GC tissue microarrays containing 75 tumor tissues and paired normal counterparts were used to assess the expression of Tagln2 in ECs, in which CD34 was used to specifically label ECs. The relationship between expression and clinicopathological features was analyzed to evaluate the clinical value of Tagln2. Gain- and loss-of-function experiments of Tagln2 in angiogenesis were performed in ECs, with a focus on proliferation, motility, apoptosis, and capillary-like tube formation. A combination of angiogenesis antibody array, RNA-Seq analyses and a series of cell-based functional experiments were performed to reveal the critical role of Neuropilin-1 (NRP1, the coreceptor with VEGFR2 for the VEGF165 isoform of VEGF-A) and downstream MAPK signaling pathways in the angiogenic activity of Tagln2.



Materials and Methods


Cells and Arrays

EC lines (Ealy926 and ED-25) were purchased from the Institute of Cell Biology (Shanghai, China) and cultured in DMEM-F12 medium supplemented with 10% fetal bovine serum (FBS, HyClone, Logan, UT). Primary human umbilical vein endothelial cells (HUVECs) were prepared by our laboratory and cultured in Medium 131 supplemented with 10% microvascular growth supplement, 50 U/ml penicillin, and 50 μg/ml streptomycin (Invitrogen, CA, USA). Cells were maintained in a humidified chamber at 37°C in 5% CO2.

A RayBiotech Human Angiogenesis Antibody Array 1000 and an Adhesion Molecule Array Q1 (Cat#QAH-ANG-2 and QAH-CAM-1) were purchased from RayBiotech Inc. (Norcross, GA, USA). Tissue microarrays of GC and paired normal counterpart tissues were obtained from Shanghai Outdo Biotech Company (Shanghai, China; Cat# HstmA150CS02).



In Vitro Assays of the Angiogenic Function of Tagln2

Full-length cDNA encoding human TAGLN2 was amplified by PCR and was cloned into the pLVX-IRES-NEO vector and verified by DNA sequencing (Invitrogen). Small interfering RNA (siRNA) targeting TAGLN2 was synthesized by Sigma. The siRNA sequences that resulted inefficient TAGLN2 knockdown were as follows: siTAGLN2#1: 5′-CCAACUGGUUCCCUAAGAA-3′, siTAGLN2#2: 5′-GGCAUUAACACCACUGACA-3′, and siTAGLN2#3: 5′-CCAACUGGCCUCUUCCUUU-3′. Plasmids (pLVX-TAGLN2 or control vector) or siRNAs (siRNA targeting TAGLN2 or a nontargeting siCtrl) were transfected for 36 h into EC cells via Lipofectamine 2000 or Lipofectamine™ RNAi MAX (Thermo, USA), respectively. Stably transfected clones were infected with lentiviral expression vector and established by G418 selection. The overexpression or knockdown efficiency was evaluated by western blotting. siTAGLN2#3 was used for the in vitro functional assays.

Cell proliferation was quantified using a CCK8 cell proliferation assay kit according to the manufacturer’s instructions. Cells were harvested and prepared for apoptosis analysis using Annexin V-FITC and propidium iodide (PI) in accordance with the instructions of the cellular apoptosis detection kit (BD) and evaluated by FACS. For Transwell migration, ECs (1× 106 cells/ml in serum-free DMEM-F12) were added to the upper chambers, and DMEM-F12 supplemented with 10% fetal bovine serum (FBS) was added to the lower chambers. After 19 h, cells on the underside of the lower membrane were fixed, stained with crystal violet, and photographed.

To assess the tube-forming activity of ECs, 200 μl of Matrigel (BD Biosciences) was added to the wells and allowed to polymerize for at least 2 h at 37°C. ECs (2×104) were resuspended in serum-free medium and added to the Matrigel, allowed to form polygonal structures for 6 h at 37°C, and imaged by light microscopy. Vascular branch crossing was counted in five nonoverlapping microscopic fields under 40× magnification for each condition. All experiments were performed in triplicate.



RNA-Seq Analysis

Total RNA was extracted from HUVECs infected with lentiviral expression vector directing the expression of TAGLN2 or with mock vectors (three replicates per group). mRNA libraries were sequenced on an Illumina sequencing platform, and bioinformatic analysis was performed by Genedenovo Biotechnology Co., Ltd. (Guangzhou, China). Differentially expressed genes (DEGs) were identified with two criteria: a false discovery rate (FDR) of < 0.05 and a |log2fold change| of > 1. To gain insight into the functional distribution of the DEGs, various bioinformatic analysis approaches, including heatmap analysis, Gene Ontology (GO) analysis, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were used. A protein-protein interaction (PPI) network was constructed based on the STRING website (https://string-db.org/).



Array Assays

HUVECs infected with lentiviral expression vector directing the expression of TAGLN2 or with mock vectors were harvested and analyzed for protein expression via the Human Antibody Array 1000 and Adhesion Molecule Array Q1, according to the manufacturer’s instructions. Blots were scanned with an InnoScan 300 Microarray Scanner and analyzed with ImageJ software (RayBiotech, USA). Proteins with blots densities exhibiting a fold increase of greater than 1.5 or a fold decrease of greater than 0.67 were defined as differentially expressed proteins.



Identification of the Mechanism Mediating the Proangiogenic Function of Tagln2

To identify the important roles of the NRP1 and MAPK signaling pathways in the proangiogenic function of Tagln2, the expression levels of NRP1, two major MAPK signaling pathway molecules (extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK)), and some differentially expressed proteins or markers involved in angiogenesis, migration and apoptosis were measured. The expression levels of NRP1 and TAGLN2 were modulated with siRNA or plasmid vector in Ealy926 cells stably expressing TAGLN2 and control cells, as appropriate. Then, the corresponding functional assays, including cell migration and tube formation assays, were conducted. EC samples (Ealy926 cell) with TAGLN2 or NRP1 expression modulation were harvested and prepared for western blot analysis. Blots were incubated with primary antibodies against Tagln2, VEGFR2, VWF, E-Cadherin, NrCAM, P-selectin, Caspase 3/cleaved Caspase 3, PARP1/cleaved PARP1 (ProteinTech, Cat#15508-1-AP, 67407-1-AP, 11778-1-AP, 60335-1-AP, 21608-1-AP, 60322-1-AP, 19677-1-AP and 13371-1-AP), NRP1, Phospho-ERK1/2, Total ERK1/2 (Abcam, Cat#ab25998, ab50011 and ab54230), Phospho-JNK, and Phospho-C-JUN (Cell Signaling Technology, Cat#4668 and 3270), respectively. Targeted proteins were detected with enhanced chemiluminescence (ECL, Millipore, USA).



Tissue Microarray Analysis

GC tissue microarrays containing a total of 75 tumor tissues and their paired normal counterparts was used to assess the expression of Tagln2 in ECs. Immunohistochemical (IHC) staining was performed using EnVision + System-HRP kits. A transgelin-2-specific polyclonal antibody was used at a 1:7500 dilution, and antibody against CD34 (Ready-to-use, DAKO, Denmark, Cat#IS632) was used to specifically label ECs. Analysis/scoring of IHC data was performed by two certified pathologists from our hospital, and the scores were averaged. In order to evaluate microvessel density (MVD), all stained sections were screened at 40×, and vessels were counted in three spots for CD34. Any brown-stained cells or in small clusters and separate from other connective tissue elements were counted as a single microvessel, even in the absence of vessel lumen. Large vessels containing muscular walls were excluded. MVD was expressed as the mean number of counted microvessels per high power field (HPF). The expression of Tagln2 in ECs identified by CD34-positive staining was scored at 40× magnification as follows: one hundred ECs were counted per slice, and the percentage of positive cells (PP) was calculated. The intensity of staining (IS) was scored as 0: negative, 1: weak, 2: moderate and 3: strong. The results were scored by multiplying the PP by the IS (immunoreactive score = PP × IS). The relationships between the expression level and clinicopathological features were analyzed to evaluate the potential clinical value of Tagln2.



Statistical Analysis

Statistical analysis was performed using SPSS Viewer 18.0 (SPSS, IL, USA) and GraphPad (version 5.0). Qualitative variables were analyzed by using the Kruskal-Wallis H test, the t-test and the Mann-Whitney U test. Two-tailed P-values of ≤0.05 were considered statistically significant. Clinical data were analyzed with Pearson correlation tests and one-way ANOVA.




Results


Tagln2 Protein Expression Was Aberrantly Increased in GC-Derived ECs

GC tissue microarrays containing 75 tumor tissues and paired normal counterparts from patients with available clinical data was used for IHC analysis of CD34 and Tagln2 (Table 1). IHC images from three patients with weak, moderate and strong Tagln2 expression in ECs from gastric cancer were shown (Figure 1A). The level of CD34+ MVD was 26.88 ± 1.30 and 22.56 ± 0.65 in tumors and paired adjacent normal tissues, respectively (P = 0.004). Significant Tagln2 staining was observed in ECs from tumors (score: 2.00 ± 0.92) compared with that from normal tissues (score: 0.66 ± 0.07; P< 0.0001, Figure 1B). High Tagln2 expression (score >2) was more frequently observed in ECs from tumor tissues (68%) than in ECs from normal tissues (6%). Statistical analysis of clinical data for patients with GC revealed that sex, age, histological grade, tumor size, T stage and overall cancer stage (Stage I-IV) were not significantly correlated with the Tagln2 expression in ECs. However, the expression of Tagln2 in ECs was significantly correlated with the presence of lymph node as well as distant metastases of patients (Figure 1C). Tagln2 expression was positively correlated with the N stage (scores for N stage N0, N1, N2 and N3: 1.66 ± 0.17, 1.93 ± 0.22, 2.20 ± 0.13, and 2.23 ± 0.14, respectively) and M stage (scores for M0 and M1: 1.93 ± 0.10 and 2.63 ± 0.16, respectively). On the other hand, in case of the CD34+ MVD, no association with lymph node status or distant metastases was observed. Results demonstrated the essential function of Tagln2 in GC tumor angiogenesis, and the proangiogenic activity and mechanism involved in the process were necessary to be studied.


Table 1 | Clinical data related to 75 gastric cancer specimens on the tissue microarray chip.






Figure 1 | Aberrantly increased Tagln2 protein expression in tumor-derived endothelial cells (ECs) was assessed by immunohistochemical (IHC) analysis of a gastric cancer (GC) tissue microarray (TMA) chip containing 75 tumor tissues and their paired normal counterparts. (A) IHC images from three patients with weak, moderate and strong Tagln2 expression in ECs from GC were shown, in which CD34 was used to specifically label ECs. (B) The microvessel density (MVD) and IHC scores of Tagln2 expression in ECs from gastric tumor tissues (t) and paired normal counterparts (N). (C) The significantly positive relationship between the expression of Tagln2 in tumor-derived ECs from GC tissues and the presence of lymph node (N stage) as well as distant metastases (M stage) of patients. For the calculation of MVD, all stained sections were screened at 40×, and vessels were counted in three spots. MVD was expressed as the mean number of counted microvessels per high power field (HPF). The expression of Tagln2 in ECs identified by CD34-positive staining was scored at 40× magnification as follows: one hundred ECs were counted per slice, and the percentage of positive cells (PP) was calculated. The intensity of staining (IS) was scored as 0: negative, 1: weak, 2: moderate and 3: strong. The results were scored by multiplying the PP by the IS (immunoreactive score = PP × IS). *P < 0.05, **P < 0.01, ***P < 0.001.





Proangiogenic activity of Tagln2

The overexpression and knockdown efficiencies of Tagln2 in the Ealy926 and ED-25 cell lines were confirmed by western blotting (Figure 2A). The results of survival assays revealed that the influence of Tagln2 to the proliferation of ECs was not very significant, unless the observation time was up to 48 h. The proliferation was significantly decreased at 48 h in both cell lines after Tagln2 knockdown, but was significantly increased at 96 h in the Ealy926 cell line, or at 72 h in the ED-25 cell line after Tagln2 overexpression, respectively. Silencing endogenous Tagln2 increased the percentage of apoptotic cells (FITC+PI- and FITC+PI+), while overexpression had the opposite effect (Figure 2B) at 48 h. Cell migration was significantly increased upon Tagln2 overexpression (by approximately two folds), whereas the opposite result was observed in knockdown cells. In the in vitro tube formation assay, with Tagln2 upregulation, the intercellular space became narrower, and many more capillary-like structures were formed; however, silencing endogenous Tagln2 resulted in abrogation of the capillary-like structures and loosening of ECs (Figures 2C, D).




Figure 2 | In vitro assays of Tagln2 functions in the Ealy926 and ED-25 cell lines with Tagln2 overexpression or knockdown. (A) Efficient Tagln2 overexpression or knockdown was confirmed by western blotting. (B) Survival and apoptosis assays with Ealy926 and ED-25 cells after Tagln2 overexpression or knockdown. (C, D) Migration and in vitro tube-forming activity of Ealy926 and ED-25 cells after Tagln2 overexpression or knockdown. Cell numbers were counted in five randomly selected fields under a microscope. *P < 0.05, **P < 0.01, ***P < 0.001.





Tagln2-Associated Molecular Mechanism

To obtain a comprehensive picture of the Tagln2-associated molecular mechanism, RNA-Seq analysis was performed for transcriptomic profiling. An average of 7.28 Gb of clean data were collected from each sample. The overall Q30 percentage was greater than 90.49%, and more than 92.76% of the reads were mapped to reference genes in all groups. The gene expression levels are presented as fragments per kilobase of transcript per million mapped reads (FPKM) values, and a correlation coefficient of greater than 0.99 was observed between samples from the same group. Overall, compared to the control, 86 DEGs (40 downregulated and 46 upregulated genes, Figure 3A and Table 2) were identified in TAGLN2 overexpression group, in which 39 DEGs were upregulated by more than 8-fold. The heatmap of RNA-Seq data shows that the expression patterns were very similar across the three samples in each group (Figure 3B). DEGs were further analyzed by the GO and KEGG databases for functional and pathway annotations. The GO analysis results indicated that TAGLN2-associated genes were most enriched in the terms methyltransferase activity, protein binding, ATPase activity, ion binding, and cytoskeletal protein binding. The top 15 KEGG pathways most significantly enriched in DEGs are displayed in Figure 3C; the greatest proportions of DEGs were enriched in the following pathways: MAPK signaling pathway, Lysine degradation, Synaptic vesicle cycle, and GABAergic synapse.


Table 2 | DEGs related to TAGLN2 overexpression in HUVECs identified using RNA-Seq analysis.






Figure 3 | Identification the potential mechanism involved in the proangiogenic activity of Tagln2 by RNA-Seq analyses. Primary HUVECs infected with lentiviral expression vector directing the expression of TAGLN2 or with mock vectors were prepared. mRNA libraries were sequenced on an Illumina sequencing platform, and bioinformatic analysis was performed by Genedenovo Biotechnology Co., Ltd. (Guangzhou, China). DEGs were identified with two criteria: a false discovery rate (FDR) of < 0.05 and a |log2fold change| of > 1. A volcano plot (A), heatmap (B) and top15 KEGG pathways enriched in the significant DEGs identified by RNA-Seq (C) were shown.





Tagln2-Derived Expression of Angiogenesis Factors and Adhesion Molecular in ECs

To detect the Tagln2-deraived changes in two main functions of ECs, namely growth factors expression and cell adhesion, angiogenesis antibody array (Figure 4A) and adhesion molecule array (Figure 4B) analyses were performed in primary HUVECs. Totally 60 angiogenesis and 17 adhesion molecular were detected, and the significantly expressed molecular were shown in Figures 4A, B, respectively. Five proteins involved in leukocyte recruitment (uPAR, RANTES, ENA-78, ANG-2 and LIF), were downregulated after Tagln2 overexpression. The levels of angiogenic cytokines and chemokines (TNFα, IL-8, IL-1b, IL-6, IL-1a, IL-12p40, IL-12p70, TGFα, IGF-1, PDGF-BB, EGF, HGF, G-CSF and GRO), and EC markers (PECAM1 (CD31), VEGFR2 and Tie-2) were upregulated by Tagln2 overexpression. Adhesion molecule including CEACAM-1, NrCAM (implicated in pro-angiogenic signaling, and enhance of vasculature permeability), ALCAM (acted in invasion and metastasis of several primary tumors), and ICAM-3 (identified on vessels in malignant tumors, correlated with the level of vascular differentiation) (17–19) were upregulated. However, E-cadherin (essential for morphogenetic movements), Leukocyte migration related P-selectin and vascular cell adhesion protein 1 (VCAM-1) were downregulated by Tagln2 overexpression (Figure 4B).




Figure 4 | The critical molecule and signaling pathway related to the angiogenic function of Tagln2. (A, B) Tagln2-derived expression of angiogenesis factors and adhesion molecular in ECs. Primary HUVECs infected with lentiviral expression vector directing the expression of TAGLN2 or with mock vectors were prepared. The RayBiotech Human Angiogenesis Antibody Array 1000 and Adhesion Molecule Array Q1 (Cat#QAH-ANG-2 and QAH-CAM-1) were purchased from RayBiotech Inc. (Norcross, GA, USA). Blots were scanned with an InnoScan 300 Microarray Scanner and analyzed using ImageJ software. Proteins with band densities exhibiting a fold increase of greater than 1.5 or a fold decrease of greater than 0.67 were defined as differentially expressed proteins. The relationship between 26 differentially expressed proteins from the angiogenesis antibody array and 47 upregulated DEGs identified by RNA-Seq were analyzed and deeply mined using the STRING website (https://string-db.org/). A protein-protein interaction network was constructed (C), and the corresponding Top 10 enriched biological processes and KEGG pathways (D) were shown. **P < 0.01, ***P < 0.001.





The Most Critical Molecule and Signaling Pathway Identification

To identify the most critical molecule and signaling pathway related to the angiogenic function of Tagln2, the relationship between 46 upregulated DEGs (identified by RNA-Seq) and 26 differentially expressed angiogenesis molecules, was analyzed and deeply mined using the STRING website. A protein-protein interaction network was constructed (Figure 4C). The corresponding top10 enriched biological processes and KEGG pathways were also determined and are shown in Figure 4D. The analyzed proteins were enriched in the terms positive regulation of cell migration, signaling receptor activity, proliferation, phosphorylation, MAPK cascade, PI3K signaling, vasculature development, angiogenesis and negative regulation of cell death and were enriched mainly in the MAPK, IL-17, TNF, PI3K-Akt, Ras, Rap1, Jak-STAT and HIF-1 signaling pathways. The MAPK signaling pathway, the most important enriched pathway identified through RNA-Seq and network analysis, has been demonstrated to play crucial roles in tumor angiogenesis in previous studies (20, 21). Thirteen of the upregulated DEGs, including HIVEP2, CASP10, PTPRK, MEF2C, NRP1, NUMA1, NSF, PTPRM, NCOR2, SEMA4D, NUP88, LMNA and RPL23A were involved in this network. Moreover, NRP1, the node with the highest degree in the network, was involved in 9 of the top 10 biological processes and had the closest relation among the proteins encoded by the above mentioned 13 genes with proteins from the angiogenesis antibody array.

In comparison the Tagln2 associated transcriptomic profiling with that of NRP1 in our previous study (22), 20 common DEGs (23%) were obtained with the similar change trends, including 11 upregulated genes (HIVEP2, SLC38A2, CASP10, ATP2C1, NSD2, PTPRK, ZNF462, SEMA4D, ELP5, NCOA4 and DNPEP), and 10 downregulated genes (SFXN3, NAGK, GPSM1, TNIP1, ATP6V0E2, ZNF839, NBPF14, PJA1, TUBGCP2 and PLEKHM1). Moreover, four genes (HIVEP2, CASP10, PTPRK and SEMA4D) were implicated in the mentioned network. Overall, these data suggested that NRP1 may be a critical molecule and MAPK signaling pathway is likely to be the most important enriched pathway mediating the angiogenic activity of Tagln2.



NRP1 Mediated the Angiogenic Function of Tagln2

To examine whether NRP1 mediated the angiogenic function of TAGLN2, a control Ealy926 cell line (pLVX-ctrl) and an Ealy926 cell line stably expressing TAGLN2 (pLVX-TAGLN2) were subjected to a series of treatments and prepared for migration and capillary-like tube formation assays (Figure 5A). Knockdown of endogenous NRP1 or Tagln2 greatly decreased the number of migratory cells, and the decrease was more significant with the Tagln2 knockdown treatment. Moreover, the decrease was partially or mostly ablated by exogenous replenishment of NRP1or Tagln2 in both pLVX-ctrl and pLVX-TAGLN2 cells. As expected, similar results were observed in the in vitro tube formation assay.




Figure 5 | NRP1 mediated the angiogenic function of Tagln2. (A) Migration and in vitro tube-forming activity of control Ealy926 cells (pLVX-ctrl) and Ealy926 cells with stable expression of TAGLN2 (pLVX-TAGLN2) subjected to a series of treatments, including knockdown of endogenous NRP1, knockdown of endogenous Tagln2, knockdown of endogenous NRP1 with exogenous replenishment of Tagln2 or knockdown of endogenous Tagln2 with exogenous replenishment of NRP1. (B, C) After modulation of TAGLN2 and NRP1 expression in ECs, levels of VEGFR2, VWF (markers of endothelial cells), NrCAM (mediating capillary outgrowth), E-cadherin, P-selectin (related to ECs adhesion and migration), Caspase 3/cleaved Caspase 3 and PARP1/cleaved PARP1 (markers of apoptosis), as well as downstream targets, including phosphorylated ERK1/2, JNK, and C-Jun, were measured by western blotting. GAPDH was used as the loading control. **P < 0.01, ***P < 0.001. ns, not significant.



After modulation of TAGLN2 and NRP1 expression in ECs, levels of proteins involved in angiogenesis, migration and apoptosis were measured. As shown in Figure 5B, forced expression of Tagln2 in Ealy926 cell resulted in significant increase of NRP1, as well as VEGFR2, VWF (markers of endothelial cells) and NrCAM (mediating capillary outgrowth) protein levels by western blotting. However, corresponding levels of E-cadherin and P-selectin (related to ECs adhesion and migration), as well as cleaved Caspase 3 and cleaved PARP1 (markers of apoptosis) were decrease. As expected, inhibition of endogenous Tagln2 expression resulted in significant decrease of NRP1, VEGFR2, VWF and NrCAM, but protein levels of E-cadherin, P-selectin, cleaved Caspase 3 and cleaved PARP1 were all upregulated. These were consistent with the pro-angiogenic, pro-migration and anti-apoptotic functions of Tagln2 in ECs mentioned above. Inhibition or overexpression of NRP1 came with the consistent results, except that modulation of NRP1 expression had no impact on the protein levels of Tagln2 and P-selectin. Moreover, in NRP1 or Tagln2 silencing group, the expression of VEGFR2, VWF, and NrCAM was recovered with exogenous replenishment of Tagln2 or NRP1, and the expression of E-cadherin, cleaved Caspase and cleaved PARP1 was downregulated again, respectively. In addition, the phosphorylation levels of downstream targets, including ERK1/2, JNK, and C-Jun, were significantly increased after Tagln2 overexpression in ED-25 and Ealy926 cells, while the inverse results were found in si-TAGLN2 cells (Figure 5C). Taken together, these results revealed that the molecular mechanism underlying the angiogenic activity of Tagln2—namely, Tagln2 upregulation—led to a significant increase in NRP1, which mediated the NRP1/VEGFR2 pathway and the downstream MAPK/ERK and MAPK/JNK signaling pathways.




Discussion

The function of Tagln2 in tumor progression has not yet been clarified; importantly, the precise biological role and underlying mechanism of this molecule in tumor angiogenesis has rarely been reported. In our previous report, we found that Tagln2 was significantly overexpressed in ECs from lung cancer tumor tissues and that its high expression was associated with advanced clinical stage, increased tumor size, and histological neural invasion (16). These data indicated the important role of Tagln2 in tumor angiogenesis, so we further explored its function specifically in GC. Recently, antiangiogenic strategies have primarily focused on targeting tumor-derived ECs, which, within the tumor microenvironment, exhibit unique characteristics during tumor progression (16). The proangiogenic functions of Tagln2 were first studied in ECs. Tagln2 overexpression significantly promoted EC proliferation, motility and capillary-like tube formation, but these processes were obviously inhibited after Tagln2 downregulation. These processes are integral components of angiogenesis and prerequisites for malignant tumor growth. Tagln2 elevated the levels of angiogenic cytokines and chemokines in ECs, including TNFα, GRO, IL-8, HGF, IL-6, IL-1, PDGF-BB, and so on, which are characterized as important promoters of angiogenesis (23–26). The increased expression of the EC markers PECAM1, VEGFR2 and Tie-2 detected in the array, confirmed the Tagln2-derived angiogenesis. VEGFR2 activation is the most potent inducer of angiogenesis and is associated with enhanced EC migration and survival (27). The Tie-2 tyrosine kinase receptor, which has been shown to be the first validated tumor vascular response biomarker for VEGF inhibitor efficacy in metastatic colorectal cancer, is expressed mainly on vascular ECs and is essential for vascular maturation (28). Upregulation of the adhesion molecules CEACAM1, and ALCAM plays an important role in regulating EC network formation, migration and permeability, implicating the function of Tagln2 in the pro-angiogenesis and invasion/metastasis of tumors (17, 29). Downregulation of proteins involved in leukocyte recruitment (uPAR, RANTES, ENA-78, ANG-2 and LIF), and leukocyte trans endothelial migration (P-selectin and VCAM-1) (30), indicated the Tagln2 associated interaction decrease between leukocyte and ECs.

Furthermore, the results of integrated analysis of antibody array and RNA-Seq data suggested that NRP1 may be the critical molecule mediating the angiogenic activity of Tagln2. NRP1, a transmembrane protein, promotes both physiological and pathological angiogenesis in ECs (31). Studies in endothelial- and VEGF binding-specific NRP1 knock-in mice demonstrate that VEGF-NRP1 signaling pathways in ECs are essential for angiogenesis (32). NRP1 has been investigated mainly as a coreceptor with VEGFR2 for the VEGF165 isoform of VEGF-A, and its overexpression enhances the affinity labeling of VEGF165 (33). Then, the complex formed by NRP1 and phosphorylated VEGFR2 trigger activation of the downstream focal adhesion kinase PI3K/Akt and the MAPK pathway to promote EC proliferation and migration and angiogenic sprout formation (34). NRP1 also acts as a receptor for class III/IV semaphorins (35) and several other growth factors, such as HGF, FGF, TGF-β, and PDGFB (36, 37). NRP1 expression was upregulated in primary tumor tissue than normal tissue of stomach adenocarcinoma from TCGA data, which was related to tumor stage, and high expression of NRP1 was significantly related to a shorter overall survival (22). Recent studies have supported NRP1 as a potential tumor anti-angiogenesis therapeutic target, and NRP1-neutralizing antibodies or small-molecule antagonists have been shown to suppress tumor growth in an additive manner to VEGF neutralization (38). In the present study, the expression of NRP1 as well as that of multiple downstream signaling mediators, including phosphorylated ERK1/2, JNK and c-Jun, was significantly upregulated by Tagln2 overexpression. In addition, cells stably expressing TAGLN2 and subjected to a series of treatments, including simultaneous knockdown of TAGLN2 and NRP1, TAGLN2 knockdown with exogenous replenishment of NRP1, or NRP1 knockdown with exogenous replenishment of TAGLN2 were prepared for migration, capillary-like tube formation and protein detection assays. The results of these assays further revealed the critical role of NRP1 in the angiogenic activity of Tagln2 and the activation of MAPK/ERK and MAPK/JNK signaling pathways. These findings indicate the potential therapeutic value of Tagln2 in combating angiogenesis in GC.

Tagln2 has been demonstrated to be upregulated and possess oncogenic functions in various solid cancers (3–7), but only one study mentioned the elevated expression of Tagln2 in GC as the target of microRNA-133a (39). High expression of Tagln2 in tumor-derived ECs from lung cancer was observed in our previous research and was associated with stage, tumor size, and histological neural invasion (16). Moreover, elevated expression of Tagln2 in tumor-derived ECs but not in the whole mixed tumor tissue was reported for the first time. In this study, Tagln2 expression was significantly upregulated in ECs from gastric tumor tissues compared with that from normal tissues, and significantly correlated with the presence of lymph node as well as distant metastases. Given the substantial resources invested in NRP1-targeted anti-angiogenesis therapies for cancer, our results will provide new insights into the regulate mechanisms of NRP1 related angiogenesis and ultimately may be integral for developing new treatment strategies.

In conclusions, we demonstrated that Tagln2 expression was significantly upregulated in ECs from gastric tumor tissues compared with ECs from normal tissues and was significantly correlated with the presence of lymph node as well as distant metastases. The results of gain- and loss-of-function approaches emphasized the function of Tagln2 in promoting EC proliferation, motility, and capillary-like tube formation and in reducing apoptosis. Tagln2 upregulation led to significantly increased mRNA and protein levels of NRP1 and subsequently activated the NRP1/VEGFR2 and downstream MAPK signaling pathways to promote angiogenesis. Tagln2 may therefore be both a therapeutic target in combination with current antiangiogenic strategies targeting VEGF-mediated pathways and a candidate prognostic marker for GC.
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The circadian machinery is critical for the normal physiological functions and cellular processes. Circadian rhythm disruption has been associated with immune suppression which leads to higher cancer risk, suggesting a putative tumor protective role of circadian clock homeostasis. CBX4, as an epigenetic regulator, has been explored for its involvement in tumorigenesis. However, little is known about the correlation between CBX4 and circadian rhythm disruption in colon cancer as well as the potential impact on the tumor immunity. A significant upregulation of CBX4 was identified in the TCGA colon adenocarcinoma (COAD) samples when compared with the normal controls (p < 0.001). This differential expression was confirmed at the protein level using colon adenocarcinoma tissue array (p < 0.01). CBX4 was up-regulated in the recurred/progressed colon cancer cases compared with the disease-free samples (p < 0.01), suggesting CBX4 as a potential predictor for poor prognosis. With regard to nodular metastasis, CBX4 was found to be associated with early onset of metastatic diseases but not late progression. The circadian rhythm is orchestrated by the alternating activation and suppression of the CLOCK/ARNTL-driven positive loop and the PER/CRY-controlled negative loop. In COAD, CBX4 was negatively correlated with CLOCK (p < 0.001), and positively correlated with PER1 (p < 0.001), PER3 (p < 0.01), and CRY2 (p < 0.001) as well as NR1D1 (p < 0.001), a critical negative regulator of the circadian clock. These interactions consistently impacted on patient survival based on the colorectal cancer cohorts GSE17536 and GSE14333 of PrognoScan. CBX4 showed significant negative correlations with infiltrating B cells (p < 0.05) and CD4+ T cells (p < 0.01), and positive correlations with myeloid derived suppressor cells (MDSCs) (p < 0.05) and cancer associated fibroblast (CAFs) (p < 0.001), as well as a low immunoscore. Moreover, CBX4 displayed significant correlations with diverse immune metagenes. PER1 and PER3, consistent with their coordinated expression with CBX4, also had strong correlations with these gene representatives in COAD, suggesting a potential interaction of CBX4 with the circadian machinery. Our studies implicate that CBX4 may contribute to colon cancer development via potential influence on circadian rhythm and immune infiltration. These findings provide new insights into deciphering the function of CBX4, and may contribute to the development of new targeting strategies.
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INTRODUCTION

Colorectal carcinoma (CRC) is one of the leading causes of morbidity and mortality worldwide. It accounted for 9.2% of total cancer deaths in 2018 (Bray et al., 2018). For incidence, it is the second frequent burden of cancer among females, and the third of that among males (Bray et al., 2018). Screening has been demonstrated to reduce both incidence and mortality of CRC (Zauber, 2015), and targeting of essential oncogenes represents an effective way for the therapies. Although numerous potential targets have been identified in CRC, the biological and molecular mechanisms underlying CRC development and progression are still far from being fully understood (Malki et al., 2020).

Polycomb group (PcG) proteins act as important transcriptional repressors that mediate epigenetic gene silencing through histone modification (Simon and Kingston, 2009). Two distinct polycomb repressive complexes (PRC), PRC1 and PRC2, play a critical role in regulation of cellular functions (Sauvageau and Sauvageau, 2010). Several polycomb chromobox (CBX) proteins including CBX2, CBX4, CBX6, CBX7, and CBX8, interact with the core PRC1 complex (Vandamme et al., 2011). The chromodomain in the N terminus and two SUMO-interacting motifs (SIMs) of CBX4 protein contribute to its polycomb- and SUMO E3 ligase-dependent functions, respectively (Luis et al., 2011). CBX4 plays oncogenic or tumor suppressive effects in a cell type dependent manner (Li et al., 2014; Wang et al., 2016; Meng et al., 2018). Despite extensive characterization of the potential mechanisms of CBX4-mediated tumorigenesis, additional partners engaged by CBX4 remain to be explored. When we focused on in-depth exploration of CBX4’s functional panorama, an interesting potential connection between CBX4 and circadian rhythm attracted our attention.

The 2017 Nobel Prize in Physiology or Medicine was awarded to Jeffrey C. Hall, Michael Rosbash and Michael W. Young for their leading discoveries of the molecular mechanisms controlling the circadian rhythm (Burki, 2017). The circadian machinery governs a remarkable variety of physiological functions and cellular processes. It is orchestrated by the regulatory feedback loops of core clock genes, which are comprised of bHLH-PAS transcription factors CLOCK (Circadian Locomoter Output Cycles Kaput) and ARNTL (Aryl Hydrocarbon Receptor Nuclear Translocator Like), as well as their downstream clock-controlled targets including Period (Per1, Per2, Per3) and Cryptochrome (Cry1 and Cry2). In the morning, the CLOCK:ARNTL heterodimer activates the transcription of PER, CRY and other Clock controlled genes (CCGs). Late in the day, PER and CRY proteins accumulate and translocate from the cytoplasm to the nucleus, where they associate and negatively regulate the circadian machinery by inhibiting the CLOCK:ARNTL complex. The alternating activation and suppression of the CLOCK:ARNT -driven positive loop and the PER/CRY-controlled negative loop result in a circadian oscillation of the molecular clock (Kettner et al., 2016; Papagiannakopoulos et al., 2016). Several studies in line with the epidemiological studies have documented the association of dysregulated circadian rhythms and increased susceptibility for developing multiple malignancies including breast (Lesicka et al., 2018; Lin and Farkas, 2018), colon (Innominato et al., 2009; Fuhr et al., 2019), prostate (Flynn-Evans et al., 2013; Wendeu-Foyet and Menegaux, 2017), lung (Papagiannakopoulos et al., 2016) cancers and hepatocellular carcinoma (Kettner et al., 2016). For example, the expression of the Per genes was deregulated in breast cancer and non-small lung cancer cells (Chen et al., 2005; Gery et al., 2007). Mice lacking the circadian genes were reported to be cancer prone (Lee et al., 2010). In addition, the rhythmic control of cell fate was found to affect cancer therapies (Dallmann et al., 2016; Lesicka et al., 2018).

The immune system imposes a profound impact on tumor progression through infiltration of both innate and adaptive immune cells into tumor microenvironment. Interactions between tumor cells and neighboring infiltrating cells affect cancer cell phenotype as well as neoplastic outcome (Colangelo et al., 2017). Immune functions are subject to the regulation of circadian rhythm. For example, leukocyte trafficking occurs in a circadian manner, and the cyclical recruitment of immune cells to tissues is critical for immune responses (Scheiermann et al., 2013). Perturbation of circadian clock can cause immune suppression and increased cancer risk, supporting a putative tumor protective role of circadian clock homeostasis (Savvidis and Koutsilieris, 2012; Labrecque and Cermakian, 2015).

Despite still a preliminary stage of this study, we anticipate to provide a new functional implication of CBX4 and direct more researchers toward the delineation of the mechanisms linking circadian rhythm disruption to cancers, which is a major public health issue that has yet to receive the recognition it deserves.



MATERIALS AND METHODS


Tumor IMmune Estimation Resource (TIMER) Analyses

Tumor IMmune Estimation Resource (TIMER) is a comprehensive resource for analysis of molecular characterization of tumor-immune interactions (Li et al., 2016, 2017). Human CBX4 expression was screened via the DiffExp module of TIMER. Distributions of the CBX4 expression levels were displayed in the box plots and the statistical significance was evaluated by Wilcoxon test. Up- or down- regulation of CBX4 in the tumors was compared to normal tissues for each cancer type.

Correlations between CBX4 expression and abundance of the immune infiltrates were investigated via the Gene module of TIMER2.0, which integrates multiple algorithms for immune infiltration estimation instead of only using one algorithm in the original TIMER (Li et al., 2020). The partial Spearman’s correlation was performed by selecting the “Purity Adjustment” option. Genes highly expressed in tumor microenvironment intend to have negative associations with tumor purity, while those with positive associations are expected to be highly expressed in tumor cells (Aran et al., 2015; Li et al., 2017).

Correlations between CBX4 and the related markers were explored via the gene correlation module of TIMER2. The scatter plots were generated using CBX4 expression as the Y-axis and the related makers as the X-axis, together with the partial Spearman’s rho coefficient and the statistical significance. The gene expression levels were displayed with log2 TPM.

Influences of the immune infiltrating subsets on the clinical outcome of colon adenocarcinoma (COAD) were evaluated by the Survival module. The Kaplan-Meier plots were output for B cells, CD4 + Th2 cells, MDSC, and CAFs to visualize the survival differences between the high and low infiltration levels. The hazard ratio and p value for Cox model and the log-rank p value for Kaplan-Meier curve were shown.



Queries of TCGA Data via Cbioportal and UALCAN Web Portals

Influences of CBX4 on clinicopathologic features of colon cancer were evaluated by UALCAN1, an interactive web tool not only to compare primary tumor with normal tissue samples, but also to analyze different tumor subgroups as defined by individual cancer stages, histological subtypes, nodular metastasis status, and other clinical parameters based on TCGA level 3 RNA-seq and clinical data from 31 cancer types (Chandrashekar et al., 2017). The individual cancer stages are categorized into Stage I (T1 or T2 N0 M0); Stage II (T3 or T4 N0 M0); Stage III (Tx N1 or N2 M0); Stage IV(Tx Nx M1) (Chandrashekar et al., 2017). The histological subtypes are divided into adenocarcinoma and mucus adenocarcinoma, and the nodular metastasis status is grouped into N0 (No regional lymph node metastasis); N1 (Metastases in 1 to 3 axillary lymph nodes); N2 (Metastases in 4 to 9 axillary lymph nodes) (Chandrashekar et al., 2017).

The cBioPortal for Cancer Genomics2 provides a web resource for integrative analysis of cancer genomics and clinical profiles (Cerami et al., 2012; Gao et al., 2013). A histogram of alteration frequencies of CBX4 across cancers, including mutations, amplifications and deletions, was summarized based on TCGA Pan Cancer Atlas studies in which 594 of the colorectal carcinoma cases were included. A frequently mutated gene (FMG) is defined as a mutation frequency greater than 5% in a type of cancer. Using the “Co-expression,” the correlations between CBX4 expression (log RNA Seq V2 RSEM) and the circadian clock genes (log RNA Seq V2 RSEM) were displayed in the scatter plots. Spearman’s and Pearson’s coefficients were indicated with significance. Using the “Plot,” levels of CBX4 mRNA expression (z scores relative to normal samples) (n = 222) were compared between the recurred/progressed colon cancer cases (n = 29) and the disease-free samples (n = 193). The data were collected from the clinical attribute of the study.



Tissue Array Immunohistochemistry

Formalin-fixed paraffin-embedded tissue array sections including a total of 101 cases of primary colon adenocarcinoma (Catalog# HColA180Su17) were obtained from Outdo Biotech (Shanghai, China). The sections were dewaxed in five changes of xylene, rehydrated through graded alcohols, and heat treated in Tris-EDTA buffer at pH 9.0 for antigen retrieval. Endogenous peroxidase activity was blocked using 3% hydrogen peroxide. After blocking with 2.5% normal serum for 20 min, the sections were then incubated with 1:200 diluted CBX4 antibody (Abcam) for 1hr at RT, followed by incubation with ImmPRESS horse anti-rabbit IgG polymer reagent for 30 min as per kit instructions (Vector Laboratory). After wash in Tris buffered saline for 2 × 5 min, the reaction was visualized with DAB (DAKO). The sections were counterstained with Mayer’s hematoxylin, dehydrated in alcohols, cleared in xylene, and mounted with MM24 Leica mounting medium (VWR).

Each patient was represented by one core of adenocarcinoma sample (n = 93), and the majority contained one core of non-neoplastic colon tissue control (n = 71). The evaluation of CBX4 expression levels was based on a staining intensity score (i) and a distribution score (Pi). The staining intensity was classified into four levels, namely 0, 1+, 2+, and 3+, which were designated as negative, weakly positive, moderately positive, and strongly positive signals, respectively; The percentage of stained cells was categorized as 0 (0%), 1(< 25%), 2 (25–50%), 3 (50–75%), and 4 (>75%), respectively. The total score Pi∗ (i + 1) was calculated by multiplying the intensity score by the corresponding distribution score. A total score of eight was used as a cutoff to compare the dichotomized cases with high and low expression of CBX4.



STRING Database

STRING database provides access to predict functional protein-protein interactions (PPI) (von Mering et al., 2003; Szklarczyk et al., 2019). The associated PPI network of CBX4 pertaining to Homo sapiens was constructed by STRING v11.0 based on a highest confidence coefficient defined by a minimum interaction score >0.9. All the active interaction parameters were selected, including text-mining, experiments, databases, co-expression, neighborhood, gene fusion, and co-occurrence. 16 of STRING interactants for CBX4 was summarized with PPI enrichment p-value: <1.0 × 10–16.



PrognoScan Survival Analysis

PrognoScan evaluates prognostic value of potential tumor makers or therapeutic targets using minimum P-value approach to find optimal cutpoints (Mizuno et al., 2009). Relationships between gene expression and patient endpoints, such as overall survival (OS) and disease-free survival (DFS) are analyzed according to a collection of public cancer microarray datasets with clinical annotation (Mizuno et al., 2009). For each optimal cutpoint, patients are dichotomized and survival difference between high and low expression groups is calculated by log-rank test. Here, Kaplan-Meier survival curves comparing the high and low expression of CBX4 as well as the circadian rhythm genes in colorectal carcinoma, were generated based on two colorectal cancer cohorts GSE17536 (Probe ID: 227558_at CBX4; 217563 at CLOCK; 202861 at PER1; 212695_at CRY2) and GSE14333 (Probe ID: 206724_at CBX4, 1569701_at PER3). The threshold was adjusted to a Cox P-value. 95% confidence intervals (CI) for each group were indicated by dotted lines in each plot.



Gene Correlation Analysis in GEPIA

GEPIA (Gene Expression Profiling Interactive Analysis) includes 9,736 tumors and 8,587 normal samples from TCGA and the GTEx projects. It can be divided into several major functions including pairwise gene correlation analysis (Tang et al., 2017). Correlations between CBX4 and the related markers were explored, and the Spearman’s and Pearson’s correlation coefficients were indicated. The COAD tumor and normal colon tissue data sets were used for the analysis.



Estimation of Infiltrating Immune Cells by ESTIMATE Algorithm

ESTIMATE (Estimation of STromal and Immune cells in MAlignant Tumor tissues using Expression data) is used as an algorithm to calculate stromal and immune scores to infer the levels of infiltrating stromal and immune cells which are major non-tumor constituents of tumor samples (Yoshihara et al., 2013). 210 of TCGA samples were divided into two groups based on CBX4 mRNA expression levels (FPKM). The corresponding immune scores were profiled from the RNA-seq-V2 platform of the ESTIMATE database and analyzed based on the dichotomized cases with high and low expression of CBX4.



Statistical Analyses

Distributions of the CBX4 expression levels were evaluated by the Wilcoxon test (Figure 1A); The comparisons were determined by T-test in Figures 1B, 3B,C, 4F; Chi-square and Fisher’s exact test were used for the tissue array analysis in Figure 1C; Spearman’s and/or Pearson’s correlation analysis were performed in Figures 2, 4, Tables 1–3 as well as Supplementary Figures 2, 3; Log-rank test and Kaplan-Meier estimators were implemented for survival analysis in Figures 3A, 4G. Significance was shown as *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 1. CBX4 is Preferentially Expressed in Human Colon Adenocarcinoma (COAD). (A) Human CBX4 expression levels in different tumor types derived from TCGA were determined by the Diff Exp module of TIMER. Red bars represent tumor tissues and blue bars are adjacent normal tissues. The gray columns here mean “normal control data are available”. The significant up- or down- regulation of CBX4 in the tumors, when compared to normal tissues, was indicated with the symbols (*P < 0.05, **P < 0.01, and ***P < 0.001). (B) CBX4 expression levels in COAD were analyzed by UALCAN, box plots (left) showing the levels of CBX4 in normal (n = 41) and colon cancer samples (n = 286), and box plots (right) showing those of CBX4 in normal (n = 41), colon adenocarcinoma (n = 243) and colon mucinous adenocarcinoma (n = 37). The read counts were normalized in TPM (Transcripts Per Kilobase Million). (C) Immunohistochemitry on a total of 93 cases of primary colon adenocarcinoma. Each patient was represented by one core of adenocarcinoma sample (n = 93), and the majority contained one core of non-neoplastic colon tissue control (n = 71). By taking into consideration of a intensity score (i) and a distribution score (Pi), a total score (TS) = Pi* (i + 1) was assigned for each sample using a score of 8 as a cutoff to compare the dichotomized cases with high and low expression of CBX4.
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FIGURE 2. CBX4 Expression Correlates with That of Circadian Clock Genes in Colon Adenocarcinoma. (A) The associated PPI network of CBX4 pertaining to Homo sapiens was constructed by STRING v11.0 based on a highest confidence coefficient defined by a minimum interaction score >0.9. 16 of STRING interactants for CBX4 were summarized, PPI enrichment p-value: <1.0 × 10–16. (B) The correlations between CBX4 and the circadian clock genes including CLOCK, PER1, PER3, CRY2, NR1D1 in COAD samples were determined by cBioportal. Levels of the mRNA expression were normalized in Log2 RSEM. The correlation coefficients and the significance were indicated. (C) The correlations between CBX4 and the circadian genes in normal colon tissue samples were examined by GEPIA database. The gene expression levels were shown in TPM. Spearman’s (upper) and Pearson’s (lower) R and the significance were indicated.
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FIGURE 3. Elevated CBX4 expression predicts poor prognosis in Colon Carcinoma. (A) Shown (upper) are the Kaplan-Meier survival curves comparing the high and low expression of CBX4 in colorectal carcinoma generated by the PrognoScan database. Disease Free Survival (DFS) in two colorectal cancer cohorts GSE17536 (n = 145) and GSE14333 (n = 226) was analyzed. Shown (lower) are the Kaplan-Meier survival curves comparing the high and low expression of the core clock gene PER1, PER3, CLOCK, and CRY2. DFS or Overall survival (OS) in two colorectal cancer cohorts GSE17536 and GSE14333 was analyzed. The X-axis represents months to follow-up and the Y axis is survival rate, 95% confidence intervals for each group are indicated by dotted lines. (B) Based on the study of Colorectal Adenocarcinoma (TCGA, PanCancer Atlas), levels of CBX4 mRNA expression (log RNA Seq V2 RSEM) (n = 222) were compared between the recurred/progressed colon cancer cases (n = 29) and the disease-free samples (n = 193). The data were collected from the clinical attribute of the study. The vertical axis represents CBX4 mRNA expression (z scores relative to normal samples), and the horizontal axis is the categories of disease free status. (C) The correlation of CBX4 expression with colon adenocarcinma metastasis was analyzed using UALCAN. Levels of CBX4 expression was normalized in TPM. For the nodular metastasis status, N0 is no regional lymph node metastasis; N1 is Metastases in 1 to 3 axillary lymph nodes; N2 is Metastases in 4 to 9 axillary lymph nodes. For the cancer stages, Stage I: T1 or T2 N0 M0; Stage II – T3 or T4 N0 M0; Stage III – Tx N1 or N2 M0; Stage IV – Tx Nx M1. * P < 0.05, ** P < 0.01, *** P < 0.001.
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FIGURE 4. CBX4 Impacts Immunophenotype in Colon Cancer. Correlations between CBX4 expression and the infiltration abundance of B cells (A), CD4 + T cells (B), myeloid derived suppressor cells (MDSCs) (C) and cancer associated fibroblast (CAFs) (D) were assessed in the 40 cancer types from the Gene module of TIMER2.0. The heat maps integrated multiple algorithms for immune infiltration estimation and showed the purity-adjusted partial spearman’s rho across various cancer types. Positive correlations (rho > 0) are red and negative correlations (rho < 0) are blue. The significance of these correlations was classified into P < 0.05, shown in solid squares and P > 0.05, shown in hollow squares. (E) In COAD (n = 458), scatter plots showed the relationship between CBX4 expression in log2 TPM and levels of tumor purity, infiltrating B cells, CD4 + T cells, MDSCs, and CAFs. Spearman’s rho and statistical significance were shown. (F) The immune score of ESTIMATE algorithm representing the overall infiltration levels of the immune cells in COAD. 210 of TCGA samples were divided into two groups based on the FPKM levels of CBX4. The immune scores for these samples were collected from the RNAseq V2 platform of the ESTIMATE database, and analyzed based on the dichotomized cases with high and low expression of CBX4. * P < 0.05, ** P < 0.01, *** P < 0.001 (G) Influences of the above immune infiltrating subsets on the clinical outcome of COAD were evaluated by the Survival module of TIMER. The Kaplan-Meier plots visualized the survival differences between the high and low infiltration levels of B cells, CD4 + Th2 cells, MDSCs and CAFs. The hazard ratio and p value for Cox model and the log-rank p value for Kaplan-Meier curve were shown.



TABLE 1. Correlations between CBX4 and gene representatives of various functional cell subsets in COAD determined by TIMER2.0.
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TABLE 2. Correlations between CBX4 and gene representatives of various functional cell subsets in COAD determined by GEPIA.
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TABLE 3. Correlations between PER1, PER3, and gene representatives of various functional cell subsets in COAD determined by TIMER2.0.
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RESULTS


CBX4 Is Preferentially Expressed in Human Colon Adenocarcinoma

Elusive documentations and paradoxical effects of CBX4 in colon cancer provoked our further investigations on its actions. Since CBX4 plays a critical role for physiological functioning, we thus analyzed the potential molecular alterations of this gene during colorectal carcinogenesis. As shown in Supplementary Figure 1, CBX4 gene alteration frequencies varied notably among cancers. In colorectal carcinoma, the mutation frequency was lower than 5%, a threshold usually used to define a FMG. As much as the copy number variation was concerned, amplification or deletion was rarely observed in colorectal carcinoma. Hence, CBX4 appears to be relatively stable at the genomic level.

The low frequencies of the genomic alterations in CBX4 indicated that the abnormalities might be regulated at the expression level. Therefore, we performed a pan-cancer screening of CBX4 expression via the DiffExp module of TIMER which allows to compare differential expression of a gene of interest between tumors and adjacent normal tissues across the TCGA malignancies. A significant up-regulation of CBX4 was identified in COAD when compared with normal controls (p < 0.001) (Figure 1A). UALCAN analysis confirmed the up-regulation of CBX4 in primary COAD tumor (n = 286) versus normal tissue samples (n = 41) (p < 0.001). Of note, the increased expression was seen in both colon adenocarcinoma (n = 243) and colon mucinous adenocarcinoma (n = 37) (p < 0.001) (Figure 1B).

Next, we explored CBX4 protein expression using a tissue array composed of 71 normal colon tissues and 93 cancer samples. CBX4 was found to be preferentially expressed in glandular cells with intracellular localization (Figure 1C). By taking into consideration of staining intensity and the percentage of stained cells, a score was assigned for each sample. Using a score of 8 as cutoff, 53.8% of the adenocarcinoma samples demonstrated a high level of CBX4 protein, whereas only 14.1% of the non-neoplastic colon tissues showed high expression (p < 0.01). Taken together, these data support a significant up-regulation of CBX4 gene expression in colon adenocarcinoma.



CBX4 Expression Correlates With That of Circadian Clock Genes in Colon Adenocarcinoma

To understand the underlying molecular mechanisms and actions of CBX4 in colon cancer, functional protein-protein interaction (PPI) predictions by STRING were performed. The associated PPI network of CBX4 pertaining to Homo sapiens was constructed based on a highest confidence coefficient defined by a minimum interaction score >0.9. Notably, several components of the network were associated with circadian clock genes (Figure 2A). To further explore the connection between CBX4 and the circadian machinery, 594 of colorectal adenocarcinoma samples from TCGA were accessed to perform a query for CBX4 via cBioportal. Coordinated expression of CBX4 was revealed with several circadian clock genes (Figure 2B). CLOCK, one of the major activators that drive the positive regulatory loop of circadian rhythm, was negatively correlated with CBX4 (p < 0.001). On the contrary, PER1 (p < 0.001), PER3 (p < 0.01), and CRY2 (p < 0.001), members of the PER/CRY-controlled negative loop of the circadian clock, were positively correlated with CBX4. A positive correlation was also identified with NR1D1 (p < 0.001), a critical negative regulator of circadian rhythm directly repressing the core clock components (Polidarova et al., 2017). These results suggested such a possibility that up-regulated CBX4 expression in COAD might be cooperated with altered circadian clock gene actions. Furthermore, the relationship between CBX4 and the circadian regulators was tested in normal colon tissues via GEPIA. None of the significant correlations described above was observed in normal tissues (Figure 2C), suggesting that these interactive events may be specifically involved, and represent functional significance in tumor environment.



Elevated CBX4 Expression Predicts Poor Prognosis in Colon Carcinoma

To reveal the prognostic potential of CBX4 in colon cancer, DFS in two colorectal cancer cohorts GSE17536 (n = 145) and GSE14333 (n = 226) was analyzed, comparing the dichotomized cases with high and low expression of CBX4. In both cohorts, increased expression of CBX4 was associated with significant poor DFS (Figure 3A upper). In line with these findings, cBioportal analysis demonstrated that cancer samples from the recurred/progressed patients had higher CBX4 mRNA levels than those from the disease-free patients (Figure 3B). Furthermore, we interrogated the correlation of CBX4 expression with cancer metastasis using UALCAN. The nodular metastasis status was grouped into N0 (n = 166), N1 (n = 70) and N2 (n = 47). CBX4 expression levels were compared among differential groups and the statistical significance was shown as follows: PNormal–vs–N0 < 0.001; PNormal–vs–N1 < 0.001; PNormal–vs–N2 < 0.001; PN0–vs–N1 < 0.05; PN0–vs–N2 = 0.12; PN1–vs–N2 = 0.876 (Figure 3C left). It is interesting to note that altered CBX4 expression primarily occurred during the early onset instead of the progressive stages. Similarly, CBX4 expression levels were evaluated against cancer stages which are categorized into normal (n = 41), stage I (n = 45), stage II (n = 110), stage III (n = 80), and stage IV (n = 39), and the statistical significance was shown as follows: PNormal–vs–Stage1 < 0.001; PNormal–vs–Stage2 < 0.001; PNormal–vs–Stage3 < 0.001; PNormal–vs–Stage4 < 0.001; PStage1–vs–Stage2 = 0.73; PStage1–vs–Stage3 = 0.053; PStage1–vs–Stage4 = 0.087; PStage2–vs–Stage3 = 0.0786; PStage2–vs–Stage4 = 0.1; PStage3–vs–Stage4 = 0.794 (Figure 3C right). Again, CBX4 tended to be associated with colon cancer early development instead of its late progression. Together, all these data suggested a role of CBX4 as a predictor for poor prognosis.

Given the potential interaction of CBX4 with the circadian clock core genes, we further explored the correlation between the patient survival and the clock gene expression in COAD. While higher level of CLOCK was associated with improved overall survival (Cox p < 0.05), increased expression of PER1 (Cox p < 0.01), PER3 (Cox p < 0.05), and CRY2 (Cox p < 0.05) predicted poor prognosis (Figure 3A lower). These results were consistent with their coordinated expression with CBX4.



CBX4 Impacts Immunophenotype in Colon Cancer

Tumor infiltrating lymphocytes (TILs) are recognized to predict lymphatic metastasis and survival in cancers (Azimi et al., 2012). We next investigated how immune infiltration levels were affected by CBX4 expression. We assessed the correlations of CBX4 expression with tumor immune infiltration abundance in the 40 cancer types from the Gene module of TIMER2.0. Among the diverse infiltrates, we found that CBX4 expression was shown to have significant correlations with infiltrating B cells in 33 types (Figure 4A), infiltrating CD4+ T cells in 36 types (Figure 4B), myeloid derived suppressor cells (MDSCs) in 17 types (Figure 4C) and cancer associated fibroblast (CAFs) in 28 types of the 40 cancers (Figure 4D) (p < 0.05). Given the multiple potential correlations of CBX4 expression with the infiltration levels in diverse types of tumors, we next focused on colon adenocarcinoma for further investigations. As shown in Figure 4E, CBX4 was negatively correlated with infiltrating B cells (Spearman’s rho = −0.134, p < 0.05) and CD4 + T cells (Spearman’s rho = −0.176, p < 0.01) including CD4 + Th2 cells (Spearman’s rho = −0.213, p < 0.001). Conversely, significant positive correlations were observed with MDSC (Spearman’s rho = 0.109, p < 0.05) and CAFs (Spearman’s rho = 0.183, p < 0.001). In view of the potential interactions between CBX4 and these immune infiltrates in COAD, we further evaluated the association of these tumor immune subsets with the clinical outcome via the Survival module of TIMER. The Kaplan-Meier plots were output to visualize the survival differences between high and low levels of infiltrating B cells, CD4 + Th2 cells, MDSC and CAFs. Infiltrating B cells (p < 0.05) and CD4 + Th2 cells (p < 0.05) were both significantly associated with increased survival rate, while MDSC (p < 0.05) and CAFs (p < 0.05) predicted poor prognosis in COAD (Figure 4G). Furthermore, the COAD patients were dichotomized based on the CBX4 mRNA expression levels (FPKM) of the TCGA cases listed in Supplementary Table 1. The corresponding immune scores were profiled on the RNA-seq-V2 platform of the ESTIMATE algorithm. We found that CBX4 expression levels were associated with relatively low immune scores (Figure 4F).

In addition to the major cellular composition of the immune infiltrates, we investigated the relationship of CBX4 expression and a compendium of gene representatives of various CD4+ T cell subsets, including Th1, Th2, Th17, and regulatory T cells, as proposed by Charoentong and colleagues (Charoentong et al., 2017). As illustrated in Tables 1, 2, CBX4 was partially associated with some gene markers of Th1 and Th17 cells, whereas it is worth noting that its expression level was strong- positively correlated with Th2 – associated transcriptional factor GATA-3 (p < 0.001) and STAT6 (p < 0.001) which function to stably commit differentiating cells toward the Th2 phenotype. In addition, CBX4 showed significant positive correlations with those T cell exhaustion and Treg-associated parameters, such as PD-1 (p < 0.01), TGFβ (p < 0.001), Foxp3 (p < 0.05), L1CAM (p < 0.001) and PTGIR (p < 0.001), as well as the markers of MDSC, such as CD11b (p < 0.01) (Charoentong et al., 2017) (Table 1 and Supplementary Figure 2). These interactions were further confirmed by using the GEPIA database (Table 2 and Supplementary Figure 3). Consistent with their coordinated expression with CBX4, PER1, and PER3, the key members of the PER/CRY-controlled negative loop of the circadian clock, showed strong positive correlations with these gene representatives in COAD (Table 3). These data suggested a potential role of CBX4 and deregulated circadian rhythm in immune escape in the colon cancer microenvironment.



DISCUSSION

Here we demonstrate that CBX4 may contribute to colon cancer development via the potential interactions with the circadian rhythm genes. As illustrated in Figure 2, CBX4 expression is negatively correlated with that of CLOCK. At the first glance, this result may be interpreted as the transcriptional repression of CLOCK imposed by CBX4, a key component of the PRC1 repressor complex. In such a scenario, one would expect the accompanied down-regulation of downstream clock controlled genes, which is contradictory to the observation of positive correlation of PER1, PER3, CRY2, and NR1D1. As such, we speculate that there is another possibility that the interactions are more likely dependent on the SUMO E3 ligase activity of CBX4. Previous studies have reported that the two SUMO-interacting motifs (SIMs) of CBX4 protein contribute to its SUMO E3 ligase-dependent functions (Luis et al., 2011). SUMO E3 ligases mainly act as adapters to recruit the E2 to the substrates (Kagey et al., 2003). Here, whether CBX4 may directly or indirectly function to bridge E2 and SUMO isoforms to the CLOCK/ARNTL substrates and initiate dynamic post-translational regulation has become our concern.

Heterodimers of CLOCK/ARNTL drive rhythmic expression of clock-controlled genes, thereby mediating circadian physiological behaviors. Colon function is controlled and optimized by endogenous circadian clock, allowing the anticipation of the chyme appearance at certain time (Polidarova et al., 2017). Interventions to the key regulators of the circadian rhythm feedback loops are associated with disorders in colon function, leading to increased susceptibility for developing colon cancer. Numerous studies have emphasized the role of post-translational modifications of the circadian rhythm components in regulating the molecular circadian machinery (Lee et al., 2008). CLOCK has been identified to be a substrate of SUMO, and the sumoylation sites of CLOCK are the highly conserved lysine residues K67 and K851 which are located in the bHLH/PAS and C-terminal regions, respectively (Li et al., 2013). K67 is essential for the associations of CLOCK with other proteins, such as ARNTL, PER1, and CRY1. K851 also exerts regulatory effects on CLOCK activity (Li et al., 2013). These SUMO modifications are found to potentiate the transcriptional activity of the CLOCK/ARNTL complex by stimulating its E-box binding activity (Lee et al., 2008; Li et al., 2013). Thus this might suggest such an interpretation of our observations that up-regulated CBX4 in COAD might directly or indirectly enhance the transcriptional activity of the CLOCK/ARNTL complex through SUMO modification, which in turn activates the downstream clock controlled genes. Accumulation of PERs and CRYs exerts a feedback inhibition to the CLOCK/ARNTL complex. Therefore, the level of CLOCK might be determined by the enhanced inhibitory feedback effect of the downstream clock controlled genes, rather than direct transcriptional suppression induced by CBX4. Although further delineation is needed to support such a mechanism, this scenario will provide an alternate functional avenue of CBX4.

CBX4 was associated with a poor prognosis in COAD, whereas the circadian clock genes correlated with differential clinical outcomes as illustrated in Figure 3. CLOCK, negatively correlated with CBX4, was associated with good overall survival. On the other hand, PER1, PER3, CRY2 which were positively correlated with CBX4, were associated with poor prognosis. Circadian clock homeostasis is believed to have a tumor protective role (Savvidis and Koutsilieris, 2012; Labrecque and Cermakian, 2015). When each circadian clock core gene is subject to aberrant regulation, they might perform differential actions in certain context of tumor microenvironment. Interventions to the key regulators of molecular circadian clock may contribute to disorders in circadian homeostasis, which eventually lead to changes in cellular functions.

As an immunogenic tumor, colon adenocarcinoma is characterized by a strong intrinsic immune suppressive microenvironment as well as a high immune evasion, which may represent a major impediment for effective immune responses against tumor (Zhang et al., 2020). Therefore, we next unmask a landscape of infiltrating lymphocytes in COAD engaged by CBX4. As illustrated in Figure 4, levels of CBX4 were significantly negatively correlated with infiltrating B cells and CD4+ T cells, while positively correlated with MDSCs and CAFs. The role of TILs is highly content and stage dependent. In colon cancer, B cells constitute a significant proportion of the tumor immune infiltrates, characterized by accumulation of terminally memory B cells or plasma cells suggestive of a specific anti-tumor immune response (Shimabukuro-Vornhagen et al., 2014). The abundance of infiltrating B appears to have a beneficial impact on the patient’s clinical outcome as illustrated in Figure 4G. CD4 + Th cells target tumor cells either directly through cytolytic mechanisms or indirectly by modulating the tumor microenvironment (TME) (Borst et al., 2018). CD4 + Th1 and Th17 cells have been well documented to activate cytotoxic T lymphocytes, whereas Tregs inhibit efficacious anti-tumor responses (Sun et al., 2002). Here, CD4 + Th2 infiltration also appeared to have a favorable prognosis in COAD when the follow-up time was started from 13months (Figure 4G), and the infiltration level was negatively correlated with CBX4 (Figure 4E). As inhibitory regulatory cells, MDSCs attenuate antitumor immunity by suppressing T cell activation and perturbing innate immune cells (Zhang et al., 2020). By secreting growth factors, cytokines, and chemokines, CAFs in TME facilitate cancer cell proliferation, metastasis, angiogenesis and drug resistance, and shield tumor cells from immune surveillance by enhancing key immune checkpoints (Zhang et al., 2020). The significant positive correlations of CBX4 with these two immune subsets suggested a possible role of CBX4 in immune escape in the colon cancer microenvironment.

The implication of CBX4 in the regulation of tumor immunity was further supported by analyzing the correlations between CBX4 expression and the gene representatives of various functional T cell and MDSC subsets in COAD. Strikingly, we noticed that CBX4 showed strong positive correlations with a variety of parameters characteristic of T cell exhaustion, regulatory T cells and MDSCs (Tables 1, 2), which supported a potential involvement of CBX4 in immuno-suppression. Furthermore, significant positive correlations of CBX4 with STAT1 and IL-6R/STAT3 were observed, and the activation of STAT1 and IL-6/STAT3 signaling has been reported to promote immunosuppression in the TME of colon cancer (Zhang et al., 2020). However, pivotal Th1 regulatory cytokine IFN-γ and another key Th17 -associated transcriptional factor RORγt were not affected by CBX4. In addition, we note that CBX4 was strongly correlated with Th2 – associated transcriptional factor GATA-3 and STAT6 which function to stably commit differentiating cells toward the Th2 phenotype. Therefore, CBX4-expressing tumors appear to be featured by an immune response biased toward type 2. Again, it is interesting to note that PER1 and PER3, consistent with their coordinated expression with CBX4, showed strong positive correlations with these immune metagenes as well, suggesting a possible interaction between CBX4 and the circadian machinery.



CONCLUSION

Despite extensive studies on potential mechanisms of CBX4-mediated tumorigenesis, CBX4’s functional panorama remains to be explored. Circadian rhythm disruption is associated with higher cancer risk, whereas delineation of the mechanisms linking circadian rhythm disruption to cancers has yet to be elaborated. Little is known about the relationship between CBX4 and circadian rhythm genes in colon cancer as well as the potential impacts on the tumor immunity. Despite still a preliminary stage of this study, our data suggest that CBX4 is up-regulated and associated with poor clinical outcome in COAD. It is significantly correlated with the circadian clock core genes, and impacts tumor immune infiltration, supporting a potential involvement in immune escape in the colon tumor microenvironment. We anticipate our findings will provide a framework for future studies that will further elucidate in-depth molecular mechanism of CBX4-mediated circadian disruption, which may provide better insights for development of new targeting strategies.
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Supplementary Figure 1 | The Genomic Alterations of CBX4 across Cancers. Proportions of CBX4 mutations and somatic copy number alterations including amplification and deletion in TCGA samples were analyzed via cBioportal, based on TCGA Pan Cancer Atlas studies in which 594 of colorectal carcinoma cases were included. The Green bars indicate non-synonymous mutations, red bars are gene amplifications, blue bars are deep deletions, and gray bars indicate multiple alterations.

Supplementary Figure 2 | Correlations between CBX4 and immune marker sets of various functional immune cells in COAD determined by TIMER2.0. The purity-adjusted partial spearman’s rho value represents the degree of the correlation, and the significance was indicated.

Supplementary Figure 3 | Correlations between CBX4 and gene representatives of various functional cell subsets in COAD determined by GEPIA. COAD tumor: colon adenocarcinoma tissue in TCGA; COAD normal: adjacent normal tissues in TCGA. Spearman’s and Pearson’s R and the significance were indicated.
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Species-specific lncRNAs significantly determine species-specific functions through various ways, such as epigenetic regulation. However, there has been no study focusing on the role of species-specific lncRNAs in other species yet. Here, we found that siRNAs targeting mouse-specific lncRNA AA388235 could significantly induce death of human tumor cells, although it has no effect on mouse tumor cells and normal human cells. The mechanism studies showed that these siRNAs could activate the response of human tumor cells to exogenous nucleic acids, induce pyroptosis and apoptosis in the presence of GSDME, but induce apoptosis in the absence of GSDME. They also significantly inhibited the growth of human tumor cells in vivo. 17 siRNAs were designed for seven more mouse-specific lncRNAs selected randomly, among which 12 siRNAs targeting five lncRNAs induced death in human tumor cell. Our study not only demonstrates that the siRNAs designed for knocking down mouse-specific lncRNA AA388235 can be potential tumor therapeutic drugs, but also suggests that non-human species-specific lncRNAs are a huge potential library that can be used to design siRNAs for tumor treatment. Large-scale screening based on this is promising.
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Introduction

The sequencing of the human genome has revealed that only ~1.2% of the human genome encodes for protein-coding genes, yet the large majority of the human genome is transcribed into non-protein-coding RNAs (ncRNAs) (1, 2). Long non-coding RNAs (lncRNAs) represent the largest group of non-coding RNAs produced from the genome. In the most recent GENCODE V30 release, there are 16,193 annotated lncRNAs in the human genome (3). lncRNAs are defined as transcripts longer than 200 nucleotides that are not translated into proteins, although some transcripts annotated as lncRNAs in fact encode for small proteins (4, 5). They comprise intergenic transcripts (lincRNAs), enhancer RNAs (eRNAs), and sense or antisense transcripts of protein-coding genes (3–6). lncRNAs are reported to have diverse functions, including organization of nuclear architecture, transcription regulation in cis or trans, modulation of mRNA stability, translation and post-translational modification (7, 8).

Compared with highly conserved protein-coding RNAs, lncRNAs generally are poorly conserved and many lncRNA genes are clade- and species-specific (3–9). A recent study reports that lncRNAs evolve rapidly, with >70% of lncRNAs having no sequence-similar orthologs in species separated by >50 million years of evolutionary divergence (8). Increasing reports show that species-specific lncRNAs significantly determine species-specific epigenetic regulation (10–12). However, no studies paid attention to the roles of species-specific lncRNAs in other species.

AA388235 is a mouse-specific lncRNA with a length of 3,867 bp, located in chr17:33981491–33985358, mainly expressed in the testis and heart (13). So far, there is no report focusing on its function. First of all, we randomly designed six siRNAs to knock down lncRNA AA388235. Unexpectedly, although these siRNAs had no effect on the death of mouse tumor cells and normal human cells, they caused death of human colorectal tumor cells and breast tumor cells. These siRNAs increased the response of human tumor cells to exogenous nucleic acids, induced pyroptosis and apoptosis in the presence of GSDME (Gasdermin E), but induced apoptosis in the absence of GSDME. In addition, we randomly designed 17 siRNAs for seven more mouse-specific lncRNAs. 12 of the 17 siRNAs (targeting five different lncRNAs) induced death of human colorectal tumor cells, suggesting that species-specific lncRNAs other than human can be used as targets for designing siRNAs for tumor therapy.



Materials and Methods


Antibodies and Reagents

The antibodies to detect P-PKR (ab81303, 1:1,000), GSDME (ab215191, 1:1,000), GSDMA (ab230768, 1:500), and GSDMB (ab215729, 1:500) were obtained from Abcam. Antibodies against caspase-3 (9662S, 1:1,000), cleaved-caspase-3 (9664T, 1:500), PARP (9532T, 1:1,000), MAVS (3993T, 1:1,000), and MDA5 (5321T, 1:1,000) were purchased from Cell Signaling Technologies. Antibodies targeting GSDMD (20770-1-AP, 1:1,000), GSDMC (27630-1-AP, 1:1,000), and caspase9 (10380-1-AP, 1:1,000) were obtained from Proteintech. Anti-RIGI (sc-376845, 1:200) and Anti-TLR3 (sc-32232, 1:200) were obtained from Santa Cruz Biotechnology. Anti-a-tubulin (RM2007, 1:10,000) was obtained from Ray. Caspase-3 inhibitors Z-DEVD-FMK (S7312, 40 µM) were purchased from Selleck.



Cell Culture

Mouse colorectal tumor cell lines MC38 and CT26 were kindly provided by Professor Wei Yang of the Southern Medical University. Human normal intestinal epithelial cells NCM460 were kindly provided by Professor Side Liu of Nanfang Hospital. Human colorectal tumor cell lines HCT116 and DLD1, mouse breast tumor lines 4T1, human breast tumor cell lines MDA-MB-453, and human normal intestinal epithelial cells FHC were obtained from the American Type Culture Collection (ATCC, Philadelphia, PA, USA). MC38, CT26, and MDA-MB-453 cells were cultured in DMEM (GIBCO) supplemented with 10% fetal bovine serum (FBS). FHCs were cultured in DMEM (GIBCO) supplemented with 20% fetal bovine serum (FBS). HCT116, DLD1, NCM460, and 4T1 cells were cultured in RPMI 1640 (GIBCO) supplemented with 10% fetal bovine serum (FBS). All cells were cultured at 37°C in a humidified 5% CO2 incubator.



Plasmids, siRNAs and Transfection

Penter-human-GSDME-FLAG, PCDNA3.1-mouse-Gsdme-FLAG, PCDNA3.1-mouse-AA388235, and relative negative control plasmids were purchased from Vigene (Shan Dong, China). shNC, shAA388235-2 and shAA388235-6 were purchased from Gene (Shang Hai, China). DsDNAs and siRNAs including ssRNA and dsRNA were synthesized from RiboBio (Guangzhou, China), and all the sequences are listed in Supplementary Table S1. For siRNA transfection, cells were plated with 40% confluence in six-well plates, and 50 nM siRNA mixed with 5 µl Lipofectamine 3000 (Invitrogen) was added into the cells after 24 h according to the protocol offered by the manufacturer. For siRNA co-transfection with plasmid, cells were plated with 40% confluence in six-well plates; 50 nM siRNA and 2  µg plasmids mixed with the mixture of 5 µl Lipofectamine 3000 and 10 µl P3000 (Invitrogen) were added into the cells after 24 h. For Z-DEVD treatment, after transfection of the siRNA mixture, 40 µM Z-DEVD was added immediately.



Microscopy Images

Cells were seeded in the six-well plate format (NEST, China) and treated as indicated. Then static bright-field cell images were captured using an Olympus CKX31 microscope at room temperature. The pictures shown in the figures were processed using ImageJ software. Then the dead cells were washed off with PBS, and the living cells were captured to measure the area percentage of survival cells using Image J software from five independent perspectives.



SiAA388235-2/4/5/6 Off-Target Prediction

The prediction of siAA388235-2/4/5/6 off-target gene was mainly based on the complementary pairing of siAA388235-2/4/5/6 and the gene, which referred to miRNA. Different software had different algorithms for predicting target genes, and we mainly predicted the off-target gene of siAA388235-2/4/5/6 through four databases: TargetScan, miRanda, RNAhybrid, and pita. We further screened and sorted out the prediction results of the four databases or the random three databases, and the same target genes presented in four or three online databases were considered as potential targets of siAA388235-2/4/5/6.



RNA Extraction and Quantitative Real-Time PCR

For the Quantitative Real-Time PCR assay, total RNA from cell lines was extracted by Trizol (Takara, Japan) and then reverse-transcribed into cDNA using M-MLV reverse transcriptase (Takara, Japan). qRT–PCR analysis was performed on Applied Biosystems 7500 Fast Real-Time PCR System with the SYBR Premix Ex Taq (Takara, Japan). Primers used for qRT–PCR analysis are listed in Supplementary Table S2. All data were using endogenous GAPDH as an internal control.



Western Blot

Cells were lysed in lysis solution (P0013, Beyotime, China) buffer supplemented with PMSF and under ultrasonic treatment before being boiled in 5× SDS loading buffer (WB-0091, Dingguo, China). Equal amounts of proteins were separated in 10% gradient SDS-PAGE and then electroblotted onto polyvinylidene fluoride (PVDF) membranes, which were then blocked with 5% milk in 0.1% TBST buffer for 1 h before incubation with primary antibodies at 4°C overnight. After washing with TBST 5 min each time for five times, the polyvinylidene fluoride membrane was incubated with appropriate secondary antibody for 1 h at room temperature. The bands were detected using the enhanced chemiluminescence detection system (Amersham Biosciences Europe, Freiberg, Germany).



LDH Release Assay

Culture supernatants were collected and centrifuged at 250×g for 5 min after treatments. The LDH concentration was measured with the CytoTox 96 cytotoxicity assay (G1780, Promega, USA) at 490 nm according to the protocol offered by the manufacturer. The percentage of LDH release was calculated as follows: (Sample  −  Background)/(Maximum − Background)  ×  100%. Each subject was repeated at least three times.



ATP Cell Viability

To evaluate the overall cell death, we used the CellTiter-Glo kit (G7570, Promega, USA) to assess cell viability by measuring ATP level. The substrate luciferin and the enzyme luciferase were added into lysed cells to attach to the ATP; the ATP level of treated cells was normalized to the control cells.



FACS Analysis

Dead and living cells were collected, washed with cold PBS twice, and stained with the FITC-labeled Annexin V and PI (propidium iodide) according to the manufacturer’s recommendation (KGA107, KeyGEN BioTECH, China). After staining, data would be collected by BD FACSCanto II (BD Biosciences) and analyzed by FlowJo V.10 (TreeStar) software. Cell death was assessed by counting Annexin V positive cells. The percentage of Annexin+ cells is the sum of PI+/Annexin V+ and PI−/Annexin V+ cells.



Xenograft Mouse Model

Female BALB/c nude mice (4 weeks old) were purchased from the Animal Center of Southern Medical University, Guangzhou, China (NO: 2019038). All the mice used in this study were housed under the specific pathogen-free environment, and animal experiments were conducted in accordance with standard procedures and approved by the Institutional Use Committee for Animal Care. All mice were maintained in a sterile environment. Cells HCT116-shNC (1 × 106), HCT116-shAA388235-2 (1 × 106), and HCT116-shAA388235-6 (1 × 106) were injected into the right flank of the nude mice. Measurement of tumors started 4 days after injection with one measurement every three days. 40 days after injection, the mice were sacrificed; the tumors were excised, weighed, and photographed.



Statistical Analysis

Data were calculated using SPSS 21.0 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA) then were statistically analyzed by Student’s t-test or analysis of variance (ANOVA). In all cases, data from at least three independent experiments are represented as the mean ± standard error of the mean (SEM). P <0.05 was considered to be statistically significant.




Results


siRNAs Targeting Mouse-Specific lncRNA AA388235 Induce Human Tumor Cells Death

LncRNA AA388235 is low conserved among species and expressed in mouse but not human (Figure 1A). So far, no studies have explored the function of lncRNA AA388235. We first randomly designed six siRNAs targeting mouse lncRNA AA388235. Then, we found that these siRNAs could knocked down the expression of lncRNA AA388235 in mouse colorectal tumor cell lines MC38 and CT26 cells (Figures 1B, C). However, they had no effect on the death of MC38 and CT26 cells (Figures 1D–G). Neither did they have any effect on the death of mouse breast tumor cells 4T1 (Supplementary Figures S1A, B). Surprisingly, four of the six siRNAs targeting mouse lncRNA AA388235 (siAA388235-2, siAA388235-4, siAA388235-5, and siAA388235-6) induced death in human colorectal tumor cell line HCT116 and DLD1; siAA388235-1 had no effect on HCT116 but seemed to inhibit the growth of DLD1 due to fewer survival cells without shedding cells in the phenotype, and siAA388235-3 also seemed to inhibit the growth of HCT116 and DLD1 cells due to fewer survival cells without shedding cells in the phenotype (Figures 1H–K and Supplementary Figures S1C–F).SiAA388235-2, siAA388235-4, siAA388235-5, and siAA388235-6 also showed death activity in human breast tumor cell line MDA-MB-453 (Supplementary Figures S1G, H). However, siAA388235-1/2/3/4/5/6 did not induce death in FHC (human normal intestinal epithelial cells), MCF12A (human normal breast epithelial cells), and HEK293 (human embryonic kidney epithelial cells). In addition, some siRNAs increased the growth of MCF12A and HEK293 cells for unknown reasons (Supplementary Figures S1I–N). No death was also observed with the transfection of siAA388235-1/3/4/5/6 into NCM460 (human normal intestinal epithelial cells) except the siAA388235-2 which induced slight death (Supplementary Figures S1O, P).




Figure 1 | siRNAs targeting mouse-specific lncRNA AA388235 induce human colorectal tumor cells death. (A) Graphical views showing multiple-species conversation comparisons with mouse LncRNA AA388235 using UCSC genome browser. The conservation scores were indicated by the gray peaks. (B, C) ”NC” was a random arrangement and meaningless 19 bp siRNA, which was desired by RiboBio to act as the negative control.”siAA388235-1/2/3/4/5/6”meant six 19 bp siRNAs targeting six different regions of mouse LncRNA AA388235. The AA388235 level in MC38 and CT26 cells transfected with siRNAs as indicated. P value was calculated by one-way ANOVA. (D–G) MC38 and CT26 were seeded and treated as indicated. After 48 h, the static bright-field cell images were captured (D, F). Then the dead cells were washed off with PBS, and the living cells were captured to measure the area percentage of survival cells using Image J software from five independent perspectives (E, G). Scale bar, 200μm. P value was calculated by one-way ANOVA. (H–K) HCT116 and DLD1 were seeded and treated as indicated. After 48 h, the static bright-field cell images were captured (H, J). Then the dead cells were washed off with PBS, and the living cells were captured to measure the area percentage of survival cells using Image J software from five independent perspectives (I, K). Scale bar, 200μm. P value was calculated by one-way ANOVA. (L) Prediction of off-target genes of siAA388235 using database: miranda, targetScan, pita, and RNAhybrid. “2 vs 4 vs 5 vs 6” meant the prediction of common off-target genes between the siAA388235-2,4,5, and 6. There were no common off-target genes between the siAA388235-2,4,5, and 6 in four databases and ten off-target genes in random three databases including AHRR, C3ORF14, SLC15A2, COQ8A, FAM46C, GOLGA8H, TNRC6C, TLK2,PAGR1, PGS1. Mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, “ns” indicates no significance.



Since lncRNA AA388235 is absent in human cells, we first suspected that the cell death was due to off-target effects of these siRNAs. Miranda, targetscan, pita, and rnahybrid databases were applied to predict the off-target genes of these siRNAs.The results showed that there was no common target gene recognized by four databases among siAA388235-2, siAA388235-4, siAA388235-5, and siAA388235-6, and that 10 genes were recognized by three random databases including AHRR, C3orf14, SLC15A2, COQ8A, FAM46C, GOLGA8H, TNRC6C, TLK2, PAGR1, PGS1 (Figure 1L). However, using qPCR assay, we found that there was no correlation between the mRNA level of these ten genes and the four siRNAs targeting mouse lncRNA AA388235 (siAA388235-2, siAA388235-4, siAA388235-5, and siAA388235-6), which further indicated that the death activity caused by siRNAs targeting mouse lncRNA AA388235 was not because they happened to target one common human gene (Supplementary Figure S2).



siRNAs Targeting Mouse-Specific lncRNA AA388235 Induce Human Tumor Cells Pyroptosis or Apoptosis

Next, we explored the mechanism how siRNAs targeting mouse-specific lncRNA AA388235 induce human colorectal tumor cells’ death. siRNAs No. 2 (siAA388235-2) and No. 6 (siAA388235-6) of the six siRNAs were used for the following experiments. We found that the dying HCT116 cells showed evident swelling with characteristic large bubbles from the plasma membrane indicating pyroptosis and shrank and agglomerated indicating apoptosis (Figure 2A). Whereas the dying DLD1 cells shrank and agglomerated indicating apoptosis (Figure 2B). Recently,Gasdermin E (GSDME) was reported to be cleaved and activated by caspase-3 to cause pyroptosis; therefore it’s expression determined the form of death in caspase-3-activated cells (14, 15). In this study, we found that GSDME was expressed in HCT116 cells and was cleaved upon siRNAs targeting mouse-specific lncRNA AA388235 stimulation (Figure 2C), whereas DLD1 cells did not express GSDME with or without siRNA treatment (Figure 2D). The other gasdermins (GSDMA, GSDMB, GSDMC, GSDMD) were not expressed or cleaved in DLD1 cells either (Figure 2E). The nature of cell death was further confirmed by a lactate dehydrogenase (LDH)-release assay (Figures 2F, G). Moreover, overexpression of GSDME in DLD1 cells caused an apoptosis-to-pyroptosis switch upon siAA388235-2 and siAA388235-6 stimulation (Figures 2H–J). Similarly, human breast tumor cell line MDA-MB-453, which expressed a high level of GSDME, processed pyroptosis and apoptosis (Supplementary Figures S3A–C). However, siAA388235-2 and siAA388235-6 failed to induce pyroptosis or apoptosis in normal human cell lines FHC, MCF12A, and HEK293, regardless of whether the cells expressed GSDME or not (Supplementary Figures S3D–I). siAA388235-2 induced slight pyroptosis/apoptosis and the cleavage of GSDME/caspase-3 in NCM460, but siAA388235-6 had no such effect (Supplementary Figures S3J, K).




Figure 2 | siRNAs targeting mouse-specific lncRNA AA388235 induce human colorectal tumor cells pyroptosis or apoptosis. (A, B) Microscopic images of HCT116 and DLD1 cells transfected with siRNAs as indicated. Red arrowheads indicated the pyroptotic cells, and yellow arrowheads indicated the apoptosis cells. Scale bar, 100 μm. (C, D) Immunoblotting assay of HCT116 and DLD1 cells transfected as indicated. GSDME-FL, full-length of GSDME; GSDME-N, the N-terminal cleavage of GSDME; Cleaved-CAS3, the cleavage of caspase-3 p19/p17; cleaved-PARP, the cleavage of PARP. (E) The mRNA level of GSDM families in wild-type DLD1 cells and the protein level of GSDM families in DLD1 cells transfected with siRNA as indicated. si-2, siAA388235-2; si-6, siAA388235-6. (F, G) Comparison of LDH release-based cell death in HCT116 and DLD1 cells transfected with the siRNAs as indicated. P value was calculated by one-way ANOVA. (H) Microscopic images of DLD1 cells co-transfected with GSDME and siRNA as indicated. Red arrowheads indicate the pyroptotic cells, and yellow arrowheads indicate the apoptosis cells. Scale bar, 100 μm. (I) The numbers of the pyroptotic cells of DLD1 co-transfected with GSDME and siRNAs as indicated were calculated in randomly select five fields of view (×200). P value was calculated by one-way ANOVA. (J) Immunoblotting assay of DLD1 cells co-transfected with GSDME and siRNAs as indicated. GSDME-FL, full-length of GSDME; GSDME-N, the N-terminal cleavage of GSDME; Cleaved-CAS3, the cleavage of Caspase3 p19/p17; Cleaved-PARP, the cleavage of PARP. P value was calculated by one-way ANOVA. si-2, siAA388235-2; si-6, siAA388235-6. Mean ± SEM, *P < 0.05, ***P < 0.001, ****P < 0.0001, “ns” indicates no significance.



Meanwhile, pyroptosis/apoptosis induced by siAA388235-2 or siAA388235-6 was not observed in mouse colorectal tumor cell lines MC38 and CT26, regardless of whether the cells expressed Gsdme or not (Supplementary Figures S4A–D). Overexpression of Gsdme induced MC38 cells pyroptosis, but the cells did not respond to siAA388235-2 and siAA388235-6 (Supplementary Figures S4E–G). These results demonstrated that siRNAs targeting mouse-specific lncRNA AA388235 induced human tumor cell pyroptosis and apoptosis in the presence of GSDME, whereas induced human tumor cell apoptosis in the absence of GSDME.



Caspase-3 Activation Is Necessary for siRNAs Targeting Mouse-Specific lncRNA AA388235 to Induce Human Tumor Cells Pyroptosis or Apoptosis

Caspase-3 has long been regarded as the hallmark of apoptosis. Recent studies have shown that GSDME is cleaved and activated by caspase-3, which causes pyroptosis (14, 15). To explore whether caspase-3 activation is necessary for cell pyroptosis or apoptosis induced by siRNAs targeting mouse-specific lncRNA AA388235, caspase-3 inhibitor Z-DEVD was employed. Then, the result showed that caspase-3 cleavage induced by siAA388235-2 and siAA388235-6 was inhibited by Z-DEVD both in HCT116 cells and DLD1 cells (Figures 3A, B). Furthermore, both pyroptosis and apoptosis of HCT116 cells and apoptosis of DLD1 cells were inhibited by Z-DEVD (Figures 3C, D). These fundings support that caspase-3 activation is necessary for siRNAs targeting mouse-specific lncRNA AA388235 to trigger pyroptosis and apoptosis in human tumor cell.




Figure 3 | siRNAs targeting mouse-specific lncRNA AA388235 activate caspase-3 and increase RNA sensor. (A, B) Effects of Z-DEVD on the cleavage of GSDME and caspase-3 in HCT116 and DLD1 cells transfected with siRNAs as indicated and treated with caspase-3 inhibitor Z-DEVD. GSDME-FL, full-length of GSDME; GSDME-N, the N-terminal cleavage of GSDME; Cleaved-CAS3, the cleavage of caspase-3 p19/p17; cleaved-PARP, the cleavage of PARP. (C, D) Effects of Z-DEVD on siRNAs targeting AA388235-induced pyroptosis, and apoptosis in HCT116 and DLD1 cells. Red arrowheads indicated the pyroptotic cells and yellow arrowheads indicated the apoptosis cells. Scale bar, 100 μm. (E) Immunoblots of MAVS, RIGI, MDA5, TLR3, and P-PKR (phosphor T451) in HCT116 and DLD1 cells transfected with siRNAs as indicated. si-2, siAA388235-2; si-6, siAA388235-6. (F) Immunoblots of caspase-9 in HCT116 and DLD1 cells transfected with siRNAs as indicated. -p37, the cleavage of caspase-9 p37; -p35, the cleavage of caspase-9 p35.





siRNAs Targeting Mouse-Specific lncRNA AA388235 Increase RNA Sensor

As siRNAs targeting mouse-specific lncRNA AA388235 are exogenous nucleic acids to human cells, we explored whether they activated host defense pathways. The result showed that the cytosolic double-stranded RNA (dsRNA) sensor RIG-I, MDA5, and MAVS (16, 17) were upregulated upon siAA388235-2 and siAA388235-6 stimulation, whereas the levels of TLR3 (18) and P-PKR did not change (Figure 3E). Caspase-9, as the initiator caspase of the intrinsic apoptosis pathway (19), was also activated with the treatment of siAA388235-2 and siAA388235-6 (Figure 3F).



The Form of dsRNA Is Necessary for siRNAs Targeting Mouse-Specific lncRNA AA388235 to Induce Human Tumor Cells Pyroptosis or Apoptosis

As a double-strand RNA (dsRNA), siRNA consists of two complementary pairs of strands: the strand that determines the specificity of the targeting mRNA serves as the guide RNA, and the other one is a passenger RNA. To test whether the form of dsRNA is necessary for siRNAs targeting mouse-specific lncRNA AA388235 to induce human tumor cells’ pyroptosis or apoptosis, we designed the following experiments. HCT116 cells and DLD1 cells were transfected with dsRNA, single-anti-sense-strand of siRNA (guide), single-sense-strand of siRNA (passenger), single-anti-sense-strand of siRNA plus single-sense-strand of siRNA (guide + passenger) and double-strand DNA (dsDNA), respectively. We found that only dsRNA induced human tumor cells’ pyroptosis and apoptosis (Figure 4A) or apoptosis only (Figure 4B). Consistently, cleavage of GSDME, caspase-3 and poly ADP-ribose polymerase (PARP) was observed only in HCT116 cells transfected with dsRNA (Figure 4C), and cleavage of caspase-3 and PARP was observed only in DLD1 cells transfected with dsRNA (Figure 4D). Furthermore, short hairpin RNAs (shRNAs) targeting mouse-specific lncRNA AA388235 also induced pyroptosis and apoptosis in HCT116 cells and apoptosis in DLD1 cells successfully (Figures 4E–H). The primary transcript of shRNA contains a hairpin like stem-loop structure, which is transported to the cytoplasm where the loop of the hairpin is processed off to form a double-stranded siRNA (20). These results suggest that the form of dsRNA is necessary for siRNAs targeting mouse-specific lncRNA AA388235 to induce human tumor cells’ pyroptosis or apoptosis.




Figure 4 | DsRNA is necessary for siRNAs targeting mouse-specific lncRNA AA388235 to induce human tumor cell pyroptosis/apoptosis. (A, B) Microscopic images of HCT116 and DLD1 cells transfected as indicated. dsRNA, double-stranded siRNA; guide, single-stranded-anti-sense of siRNA; passenger, single-stranded sense of siRNA; guide + passenger, single-stranded-anti-sense of siRNA and single-stranded-sense of siRNA; dsDNA, double-stranded DNA which has the same sequence as siRNA. Red arrowheads indicated the pyroptotic cells, and yellow arrowheads indicated the apoptosis cells. Scale bar, 100 μm. (C, D) Immunoblotting assay of HCT116 and DLD1 cells transfected as indicated. g + p, guide + passenger, single-stranded-anti-sense of siRNA and single-stranded-sense of siRNA. GSDME-FL, full-length of GSDME; GSDME-N, the N-terminal cleavage of GSDME; Cleaved-CAS3, the cleavage of caspase-3 p19/p17; cleaved-PARP, the cleavage of PARP. (E, F) Microscopic images of HCT116 and DLD1 cells transfected with shRNA plasmids as indicated. Red arrowheads indicated the pyroptotic cells, and yellow arrowheads indicated the apoptosis cells. Scale bar,100μm. (G, H) Immunoblotting assay of HCT116 and DLD1 cells transfected with shRNA plasmids as indicated. sh-2, shAA388235-2; sh-6, shAA388235-6; GSDME-FL, full-length of GSDME; GSDME-N, the N-terminal cleavage of GSDME; Cleaved-CAS3, the cleavage of caspase-3 p19/p17; cleaved-PARP, the cleavage of PARP.





shRNAs Targeting Mouse-Specific lncRNA AA388235 Inhibit the Growth of Human Tumor Cells In Vivo

To investigate whether the shRNAs targeting mouse-specific lncRNA AA388235 inhibited the growth of human tumor cells in vivo, HCT116 cells transfected with control shRNA, shAA388235-2, or shAA388235-6 were subcutaneously inoculated into BALB/c nude mice. The tumor incidence and tumor size were dramatically reduced by shAA388235-2 or shAA388235-6 (Figures 5A–C).




Figure 5 | shRNAs targeting mouse-specific lncRNA AA388235 inhibit the growth of human tumor cells in vivo. (A) Xenograft model in BALB/c nude mice, 1 × 106 cells as indicated were injected to the right flank of nude mice. Measurement of tumor started 4 days after injection and ended 40 days after injection. (B) Representative tumor samples from each injected mouse. Only 7/8 mice in the HCT116-shNC group, 2/9 mice in the HCT116-shAA388235-2 group, and 1/8 mice in the HCT116-shAA388235-6 group developed tumors 40 days after injection. (C) The weights (g) of tumors in each group as indicated. P value was calculated by one-way ANOVA. Mean ± SEM, ***P < 0.001, ****P < 0.0001.





Multiple siRNAs Targeting Different Mouse-Specific lncRNAs Induce Human Tumor Cells Pyroptosis or Apoptosis

There are thousands of mouse-specific lncRNAs. Seven more mouse-specific lncRNAs (GM11815, BC026762, GM15298, GM19792, GM14951, GM11851, and GM15758) were randomly selected. Conservation comparisons using UC Santa Cruz (UCSC) genome browse showed that these seven lncRNAs were not found in humans (Supplementary Figures S5). In total, 17 siRNAs were designed for these seven mouse-specific lncRNAs. Next, we found that 12 siRNAs (targeting five different lncRNAs: GM11815, BC026762, GM15298, GM19792, and GM14951) induced HCT116 cells’ pyroptosis and apoptosis (Figures 6A–F). Consistently, these 12 siRNAs induced cleavage of GSDME, caspase-3, and PARP (Supplementary Figures S6A–F). Eight siRNAs (targeting three different lncRNAs: GM11815, BC026762, and GM14951) induced DLD1 cells’ apoptosis (Figures 6G–L). Consistently, these eight siRNAs induced cleavage of caspase-3 and PARP (Supplementary Figures S6G–L). Among these siRNAs, siRNAs targeting GM11815, BC026762, and GM14951 had similar functions to those targeting AA388235, which induced pyroptosis and apoptosis in HCT116 cells (Figures 6A, B, E) and induced apoptosis in DLD1 cells (Figures 6G, H, K). Whereas siRNAs targeting GM15298 induced HCT116 cells’ pyroptosis and apoptosis (Figure 6C), inhibited DLD1 cells’ growth rather than induced apoptosis (Figure 6I). SiRNAs targeting GM19792 induced HCT116 cells’ pyroptosis and apoptosis (Figure 6D) and had no effect on DLD1 cells (Figure 6J). Meanwhile, siRNAs targeting GM11851 and GM15758 had no effect on HCT116 cells and DLD1 cells (Figures 6F, L). These results indicate that siRNAs targeting mouse-specific lncRNAs have cytotoxicity to human tumor cells, which is a broad-spectrum phenomenon.




Figure 6 | Multiple siRNAs targeting different mouse-specific lncRNAs induce human colorectal tumor cells pyroptosis or apoptosis. Microscopic images of HCT116 and DLD1 cells transfected with siRNAs as indicated. Red arrowheads indicated the pyroptotic cells, and yellow arrowheads indicated the apoptosis cells. Scale bar, 100 μm. (A) Transfection with si-GM11815-1/2/3 induced HCT116 cells’ pyroptosis and apoptosis. (B) Transfection with si-BC026762-1/2 induced HCT116 cells’ pyroptosis and apoptosis, and transfection with si-BC026762-3 had no effect on HCT116 cells. (C) Transfection with si-GM15298-1/2/3 induced HCT116 cells’ pyroptosis and apoptosis. (D) Transfection with si-GM19792-1/2 induced HCT116 cells’ pyroptosis and apoptosis, and transfection with si-GM19792-3 had no effect on HCT116 cells. (E) Transfection with si-GM14951-1 had no effect on HCT116 cells, and transfection with si-GM14951-2/3 induced HCT116 cells’ pyroptosis and apoptosis. (F) Transfection with si-GM11851 and si-GM15758 had no effect on HCT116 cells. (G) Transfection with si-GM11815-1/2/3 induced DLD1 cells apoptosis. (H) Transfection with si-BC026762-1/2 induced DLD1 cells apoptosis and transfection with si-BC026762-3 had no effect on DLD1 cells. (I) Transfection with si-GM15298-1/2/3 inhibited the growth of DLD1 cells. (J) Transfection with si-GM19792-1/2/3 had no effect on DLD1 cells. (K) Transfection with si-GM14951-1/2/3 induced DLD1 cells apoptosis. (L) Transfection with si-GM11851 and si-GM15758 had no effect on DLD1 cells. Scale bar, 100 μm.





lncRNA AA388235 Induces Pyroptosis or Apoptosis of Human Tumor Cells Rather Than Mouse Tumor Cells

We next examined whether lncRNA AA388235 itself affects human tumor cells. Similar to siRNAs targeting lncRNA AA388235, overexpression of lncRNA AA388235 (Supplementary Figures S7A, B) induced pyroptosis and apoptosis in HCT116 cells (Figure 7A) and apoptosis in DLD1 cells (Figure 7B). Consistently, cleavage of GSDME, caspase-3, and PARP was observed in HCT116 cells transfected with AA388235 (Figure 7C), whereas only cleavage of caspase-3 and PARP was observed in DLD1 cells transfected with AA388235 (Figure 7D). However, overexpression of lncRNA AA388235 (Supplementary Figures S7C, D) had no effect on mouse tumor cell lines MC38 and CT26 cells (Figures 7E–H). Furthermore, the combination of lncRNA AA388235 and siRNAs targeting lncRNA AA388235 increased cell death compared with siRNAs targeting lncRNA AA388235 alone (Figures 7I–N and Supplementary Figures S7E, F), which was probably because more fragments were produced during the degradation of AA388235 by siRNAs.




Figure 7 | IncRNA AA388235 induces pyroptosis or apoptosis of human tumor cells rather than mouse tumor cells. (A, B) Microscopic images of HCT116 and DLD1 cells transfected with plasmids as indicated. Red arrowheads indicated the pyroptotic cells, and yellow arrowheads indicated the apoptosis cells. Scale bar, 100 μm. (C, D) Immunoblotting assay of HCT116 and DLD1 cells transfected with plasmids as indicated. GSDME-FL, full-length of GSDME; GSDME-N, the N-terminal cleavage of GSDME; cleaved-CAS3, the cleavage of caspase-3 p19/p17; cleaved-PARP, the cleavage of PARP (E, F) Microscopic images of MC38 and CT26 cells transfected with plasmids as indicated. Scale bar, 100 μm. (G, H) Immunoblotting assay of MC38 and CT26 cells transfected with plasmid as indicated. Gsdme-FL, full-length of Gsdme; Cleaved-CAS3, the cleavage of caspase-3 p19/p17. (I, J) Microscopic images of HCT116 and DLD1 cells co-transfected with control or AA388235 plasmids and siRNAs as indicated. Red arrowheads indicated the pyroptotic cells, and yellow arrowheads indicated the apoptosis cells. Scale bar, 100 μm. (K, L) Immunoblotting assay of HCT116 and DLD1 cells co-transfected with control or AA388235 plasmid and siRNA as indicated. si-2, siAA388235-2; si-6, siAA388235-6. GSDME-FL, full-length of GSDME; GSDME-N, the N-terminal cleavage of GSDME; Cleaved-CAS3, the cleavage of caspase-3 p19/p17; cleaved-PARP, the cleavage of PARP. (M, N) Flow cytometry of PI (propidium iodide) and Annexin V-fluorescein isothiocyanate (FITC)-stained cells. The percentage of Annexin+ cells is the sum of PI+/Annexin V+ and PI-/Annexin V+ cells. P value was calculated by one-way ANOVA. Mean ± SEM, **P < 0.01, ***P < 0.001, ****P < 0.0001.






Discussion

In recent decades, scientists have been searching for reliable targets for tumor treatment from various perspectives. One of the most common research strategies is to target some mutated genes or abnormal signaling pathways. As more cancer genomes are sequenced, a large number of cancer genes were identified which is critical for the development of target-based cancer therapeutics. Therefore, it is of great significance to search for new sources of tumor therapeutic targets. We suggest that species-specific lncRNAs can be used to construct new screening libraries, which was supported by our discoveries from this study. We randomly selected eight mouse-specific lncRNAs (absent in human) and designed 23 siRNAs targeting these eight lncRNAs. Among them, around 12–16 siRNAs (targeting six different mouse-specific lncRNAs) induced human tumor cells’ pyroptosis or apoptosis. Among them, the mouse-specific lncRNA AA388235 was used to study the underlying mechanism. We next randomly designed six siRNAs targeting AA388235, four of which caused the death of human tumor cell. It was found that siRNAs targeting AA388235 activated the response of human tumor cells to exogenous nucleic acids then induced pyroptosis and apoptosis in the presence of GSDME, but only apoptosis in the absence of GSDME. By sequence analysis and qPCR, we ruled out the possibility that these siRNAs were targeting a common gene that could cause cell death. The reasonable explanation of these findings is that these siRNAs induce cell death by activating the host cell response to exogenous nucleic acids. Further experiments were performed to verify this explanation, with results showing that RNA sensors RIG-I, MDA5, and MAVS are increased.

Numerous metazoan lncRNAs have been discovered from cDNA libraries and RNA-seq data by high-throughput transcriptome projects. Among them, only a handful of lncRNAs have been functionally characterized. Meanwhile, many lncRNAs do not show the same pattern of high interspecies conservation as protein-coding genes. The lack of functional studies and poor evolutionary conservation have raised concerns of whether non-coding RNAs represent ‘‘transcriptional noise’’ or truly functional biomolecules (20–22). At present, the understanding of the function of lncRNA is only achieved from detailed studies on a case-by-case basis, which only focus on lncRNA function in its expression site. No attention has been paid to the fact that non-conserved lncRNAs may serve as species-specific features, and the possibility that species-specific lncRNAs can be recognized as exogenous nucleic acids by the host. For the first time, our studies showed that mouse-specific lncRNA AA388235 induces human tumor cells’ pyroptosis or apoptosis, although it has no effect on mouse tumor cells. More interestingly, siRNAs targeting lncRNA AA388235 have the same effect as lncRNA AA388235. In addition to AA388235, siRNAs targeting seven other mouse-specific lncRNAs were randomly designed, and multiple siRNAs also induced death in human tumor cell. We hypothesized that the effect of such species-specific lncRNAs might be universal and unveiled a new source of target libraries. As there are abundant lncRNAs specific to other mammals, with many of which having similar functions, a lot of siRNAs targeting these lncRNAs can be designed to build a siRNA library. And we are trying to build an extensive screening siRNA library to find out new anti-tumor drugs.

The discovery of RNA interference (RNAi) is a seminal work (23). Currently, siRNAs have been used as useful tools in biological research to suppress any gene achieved conveniently by a base sequence alone (24, 25). At the same time, siRNAs can be easily chemically synthesized and have the prospect to inhibit the genes encoding proteins that are “undruggable” by classical small molecules (26, 27). This has led many companies to develop the therapeutic potential of siRNAs. However, the clinical trials have shown non-specific toxicity and insufficient efficacy (28–30). Non-specific toxicity causes severe side effects in the development of siRNA therapy, including immunogenic reactions to dsRNA, unintended RNAi activity caused by unintended seed region matches between guide strands and non-targeted mRNAs, and on-target RNAi activity by siRNA drugs that accumulated in non-target tissues (30–32). These challenges make it difficult to utilize siRNA in clinical trial. However, siRNAs targeting non-human species-specific lncRNAs offer new opportunities to overcome these challenges. First, these siRNAs induce human tumor cells death by activating cell responses to exogenous nucleic acids, but do not activate toll-like receptors (TLRs) that activate immune system cells. Second, siRNAs that may activate host immune reactions or are toxic to human normal cells can be excluded by pre-screening. Thus, unintended RNAi activities and accumulation of siRNAs in non-target tissues can be effectively avoided. The large number of species-specific lncRNAs allows many siRNAs to be designed upon their sequences. After pre-screening siRNAs causing immune reactions and toxicity to normal cells, lots of siRNAs may still remain as candidate drugs. In this study, for example, we found that multiple siRNAs targeting mouse-specific lncRNA AA388235 induced human tumor cells death without having toxicity to human normal cells. And clinical trials are expected to test their anti-tumor effect.

More studies are needed to explore the mechanism. Our study shows that both double stranded siRNA and shRNA can induce cell death, while single stranded siRNA or dsDNA cannot. Full-length lncRNA can also induce cell death, which may be due to the formation of special secondary structures. Furthermore, it is unknown why human tumor cells are more sensitive to these siRNA induced death than human normal cells. It was reported that many oncogenic insults deregulated RNA splicing leading to hypersensitivity of tumors to spliceosome targeted therapies (STTs) which caused widespread cytoplasmic accumulation of dsRNA to trigger antiviral signaling and extrinsic apoptosis (33), suggesting that the sensitivity of tumor cells might be due to the abnormally activated oncogenic gene. The detailed molecules and signaling pathways need to be further studied. Moreover, a large proportion of siRNAs (16/23) induced cell death, while some other siRNAs failed, partly because of the special sequence characteristics of these siRNAs. High throughput screening and sequence analysis are considered to help address these issues.

In conclusion, we found that siRNAs targeting mouse-specific lncRNA AA388235 could induce pyroptosis or apoptosis in human tumor cells without toxicity to human normal cells. Through the functional verification of 17 siRNAs designed for the seven other mouse-specific lncRNAs, we propose that species-specific lncRNAs can be used as sequence targets to design siRNAs for tumor treatment, which highlights a novel approach to tumor drug design.
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Supplementary Figure 1 | siRNAs targeting mouse-specific lncRNA AA388235 have no/little effect on 4T1 and human normal cells but induce human tumor cells death. (A, B) 4T1 cells were seeded and treated as indicated. After 48 h, the static bright-field cell images were captured (A). Then the dead cells were washed off with PBS, and the living cells were captured to measure the area percentage of survival cells using Image J software from five independent perspectives (B).Scale bar, 200μm. P value was calculated by one-way ANOVA. (C, D) Comparison of ATP cell viability in HCT116 and DLD1 cells transfected with the siRNAs as indicated. P value was calculated by one-way ANOVA. (E, F) Flow cytometry of PI (propidium iodide) and Annexin V-fluorescein isothiocyanate (FITC)-stained cells. The percentage of Annexin+ cells is the sum of PI+/Annexin V+ and PI−/Annexin V+ cells. P value was calculated by one-way ANOVA. (G, H) MDA-MB-453 cells were seeded and treated as indicated. After 48 h, the static bright-field cell images were captured (G). Then the dead cells were washed off with PBS, and the living cells were captured to measure the area percentage of survival cells using Image J software from five independent perspectives (H).Scale bar, 200μm. P value was calculated by one-way ANOVA. (I–P) Cells were seeded and treated as indicated. After 48 h, the static bright-field cell images were captured (I, K, M, O). Then the dead cells were washed off with PBS, and the living cells were captured to measure the area percentage of survival cells using Image J software from five independent perspectives (J, L, N, P). Scale bar, 200μm. P value was calculated by one-way ANOVA. Mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, “ns” indicates no significance.

Supplementary Figure 2 | siRNAs targeting mouse-specific lncRNA AA388235 do not target one common human gene. (A, B) The detection of predicted common off-target gene between the siAA388235-2,4,5, and 6 recognized by random 3 databases by qPCR in HCT116 and DLD1 cells transfected with siRNAs as indicated.

Supplementary Figure 3 | The detection of GSDME/caspase-3 in MDA-MB-453 and normal human cells treated with siRNA targeting lncRNA AA388235. (A) Microscopic images of MDA-MB-453 cells transfected with siRNA as indicated. Red arrowheads indicated the pyroptotic cells and yellow arrowheads indicated the apoptosis cells. Scale bar, 100μm. (B) Immunoblotting assay of MDA-MB-453 cells transfected with siRNA as indicated. GSDME-FL, full-length of GSDME; GSDME-N, the N-terminal cleavage of GSDME; Cleaved-CAS3, the cleavage of Caspase3 p19/p17; Cleaved-PARP, the cleavage of PARP. (C) Comparison of LDH release-based cell death in MDA-MB-453 cells transfected with the siRNA as indicated. P value was calculated by one-way ANOVA. Mean ± SEM, ***P < 0.001, ****P < 0.0001. (D, F, H, J) Microscopic images of FHC, MCF12A, HEK293, and NCM460 cells transfected with siRNA as indicated. Red arrowheads indicated the pyroptotic cells, and yellow arrowheads indicated the apoptosis cells. Scale bar, 100μm. (E, G, I, K) Immunoblotting assay of FHC, MCF12A, HEK293, and NCM460 cells transfected with siRNA as indicated. si-2, siAA388235-2; si-6, siAA388235-6. GSDME-FL, full-length of GSDME; GSDME-N, the N-terminal cleavage of GSDME; Cleaved-CAS3, the cleavage of caspase-3 p19/p17; cleaved-PARP, the cleavage of PARP.

Supplementary Figure 4 | siRNAs targeting mouse-specific lncRNA AA388235 have no effect on the death of mouse colorectal cancer cells. (A, B) Microscopic images of MC38 and CT26 cells transfected with siRNA as indicated. Scale bar, 100 μm. (C, D) Immunoblotting assay of MC38 and CT26 cells transfected with siRNA as indicated. Gsdme-FL, full-length of Gsdme; Cleaved-CAS3, the cleavage of caspase-3 p19/p17; cleaved-Parp, the cleavage of Parp. (E) Microscopic images of MC38 co-transfected with plasmid and siRNA as indicated. Red arrowheads indicated the pyroptotic cells. Scale bar, 100 μm. (F) The numbers of the pyroptotic cells of MC38 co-transfected with Gsdme and siRNA as indicated were calculated in randomly select five fields of view (×200). P value was calculated by one-way ANOVA. (G) Immunoblotting assay of MC38 co-transfected with Gsdme and siRNA as indicated. Gsdme-FL, full-length of Gsdme; Gsdme-N, the N-terminal cleavage products of Gsdme; Cleaved-CAS3, the cleavage of caspase-3 p19/p17; cleaved-Parp, the cleavage of Parp. Mean ± SEM, “ns” indicates no significance.

Supplementary Figure 5 | Multiple-species conversation comparisons with mouse specific LncRNAs. (A–G) Graphical views showing multiple-species conversation comparisons with mouse specific LncRNAs using UCSC genome browser. The conservation scores were indicated by the gray peaks. This result showed that the seven randomly selected mouse LncRNA including GM11815 (A), BC026762 (B), GM15298 (C), GM19792 (D), GM14951 (E), GM11851 (F) and GM15758 (G) only express in mouse.

Supplementary Figure 6 | Multiple siRNAs targeting different mouse-specific lncRNAs induce cleavage of GSDME, caspase-3 and PARP. Immunoblotting assay of HCT116 and DLD1 cells transfected with siRNA as indicated. GSDME-FL, full-length of GSDME; GSDME-N, the N-terminal cleavage of GSDME; Cleaved-CAS3, the cleavage of caspase-3 p19/p17; cleaved-PARP, the cleavage of PARP. (A) Transfection with si-GM11815-1/2/3 induced the cleavage of GSDME, caspase-3 and PARP in HCT116. (B) Transfection with si-BC026762-1/2 induced the cleavage of GSDME, caspase-3 and PARP, and si-BC026762-3 had no effect in HCT116. (C) Transfection with si-GM15298-1/2/3 induced the cleavage of GSDME, caspase-3 and PARP in HCT116. (D) Transfection with si-GM19792-1/2 induced the cleavage of GSDME, caspase-3, and PARP, and si-GM19792-3 had no effect. (E) Transfection with si-GM14951-1 had no effect, and si-GM14951-2/3 induced the cleavage of GSDME, caspase-3 and PARP in HCT116. (F) Transfection with si-GM11851 and si-GM15758 had no effect on the cleavage of GSDME, caspase-3 and PARP in HCT116. (G) Transfection with si-GM11815-1/2/3 induced the cleavage of caspase-3 and PARP in DLD1. (H) Transfection with si-BC026762-1/2 induced the cleavage of caspase-3 and PARP in DLD1, and si-BC026762-3 had no effect. (I) Transfection with si-GM15298-1/2/3 had no effect on the cleavage of caspase-3 and PARP in DLD1. (J) Transfection with si-GM19792-1/2/3 had no effect on the cleavage of caspase-3 and PARP in DLD1. (K) Transfection with si-GM14951-1/2/3 induced the cleavage of caspase-3 and PARP in DLD1. (L) Transfection with si-GM11851 and si-GM15758 had no effect on the cleavage of caspase-3 and PARP in DLD1.

Supplementary Figure 7 | The detection of AA388235 level by qPCR in different transfection as indicated. (A, B) The level of AA388235 in HCT116 and DLD1 cells transfected with plasmid as indicated. P value was calculated by Student’s t test. (C, D) The level of AA388235 in MC38 and CT26 cells transfected with plasmid as indicated. P value was calculated by Student’s t test. (E, F) The level of AA388235 in HCT116 and DLD1 cells co-transfected with plasmid and siRNA as indicated. P value was calculated by two-way ANOVA. Mean ± SEM, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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The majority of occult liver metastases cannot be detected by computed tomography (CT), magnetic resonance imaging (MRI) or other traditionally morphological imaging approaches since the lesions are too small or they have not yet formed cancer nodules. Gankyrin is a small molecular protein composed of seven ankyrin domains. In this study, the expression of Gankyrin in colorectal cancer (CRC) patients with liver metastases was investigated to determine its prognosis value. Gankyrin expression in CRC patients was initially analyzed using data from The Cancer Genome Atlas (TCGA) database and bioinformatics tools. RT-qPCR, western blotting, immunohistochemistry (IHC) and transwell migration and invasion assays were then performed to verify the expression and function of Gankyrin in CRC cell line, CRC tissues and matched non-tumor tissues of clinical patients. General clinicopathological information including TNM stage as well as preoperative and postoperative imaging results were collected. The main outcome indicator was overall survival (OS), referring to the length of time from surgery to either death or the last visit. Statistical analyses included chi-squared tests, Cox analyses, progression free survival (PFS) rates and OS rates. Elevated Gankyrin expression was confirmed in CRC patients. The upregulated Gankyrin expression was positively correlated with the progression of disease and liver metastasis in CRC patients. OS analysis revealed that prognosis was worse in CRC patients with high Gankyrin expression compared to those with low expression. CRC patients with higher Gankyrin expression also had a higher risk of occult liver metastases and a lower PFS rate. Therefore, Gankyrin can be used as a potential biomarker for early diagnosis of CRC with occult liver metastasis.
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Introduction

Metastasis is a biological characteristics of malignant tumors, and poses a challenge in clinical practice (1). In recent years, considerable progress has been made regarding the diagnosis and treatment of tumors, but tumor metastases are still responsible for 90% of cancer-related deaths. For colorectal cancer (CRC) patients, liver metastasis is the leading cause of mortality. It has been reported that 70% of patients who died of CRC had metastatic liver disease (2). The early diagnosis of liver metastasis in CRC strongly influences the choice of treatment and prognosis. However, most occult liver metastases cannot be detected by computed tomography (CT), magnetic resonance imaging (MRI) or other traditional morphological imaging techniques since the lesions can be very small or may not have yet formed cancer nodules (3). Therefore, a simple technique for early detection of occult liver metastases in CRC patients is an important measure to investigate to improve overall survival (OS) rates and quality of life.

Gankyrin, encoded by the PSMD10 gene, is a small molecular protein composed of seven ankyrin domains, is involved in the formation of the 26S proteasome, and is related to the cell cycle and apoptotic processes in tumor cells (4, 5). Moreover, several studies have shown that Gankyrin mRNA or protein expression was upregulated in many types of cancer to varying degrees (6–8). The biological function and clinical significance of Gankyrin (PSMD10) in occult liver metastasis of CRC have not yet been thoroughly explored.

In this study, the elevated expression of Gankyrin and its positive correlation with disease progression as well as liver metastases in CRC patients were investigated. Gankyrin overexpression was shown to be an independent risk factor for the poor prognosis of CRC patients. Furthermore, CRC patients who did not have detectable liver metastases by conventional imaging examinations before their operation were followed up. It was discovered that patients with higher Gankyrin expression had a higher risk of liver metastasis and lower progression free survival (PFS) rates. Collectively, these data suggest that Gankyrin has the potential to serve as a biomarker for early detection of occult liver metastasis in CRC.



Materials and Methods


Bioinformatics Analysis

The Cancer Genome Atlas (TCGA) database of Gene Expression Profiling Interactive Analysis (GEPIA) platform (gepia.cancer-pku.cn) was used to analyze the PSMD10 mRNA levels in human CRC samples. The keywords “colorectal cancer” and “human” were input into the Gene Expression Omnibus (GEO) (www.ncbi.nlm.nih.gov/geo) search, and GEO series (GSE) was selected for data set analysis. Meta-analysis was performed on one group of microarray data through the ONCOMINE databases (www.oncomine.org). The data type was set to mRNA and filtered by “colorectal cancer”, “normal tissues” and “PSMD10”. Then, five data sets were selected for meta-analysis to compare the expression of Gankyrin in CRC and in matched normal colorectal tissues.



Subjects and Specimens

One hundred and fifty patients with a pathologically confirmed CRC diagnosis from 2014 to 2016 at Jiangmen Central Hospital (Affiliated Jiangmen Hospital of Sun Yat-sen University) were enrolled in this study. Colorectal tissues were collected by colonoscopy or surgery and stored at the Clinical Experimental Center of Jiangmen Central Hospital. Among them, 65 were male and 85 were female. Ages ranged from 22 to 81, with an average age of 63 ± 12 years. The end time point of follow-up was February 2021 or the time of patient death. The death of a patient that was not tumor-related was classified as a loss of visit. The main outcome indicator was OS, which refers to the follow-up time from surgery to either death or the last visit. PFS, which was the period of time from the start of treatment to either worsening of the disease or patient death, was also recorded. This study was approved and supervised by the ethics committee of Jiangmen Central Hospital (decision no. JXY201839). Patients and volunteers all provided signed informed consent.



Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA from CRC tissues and paired non-tumor tissues was extracted using Minibest universal RNA Extraction Kit (Takara company, Japan), and RNA concentrations were quantified using a Nanodrop (Thermo company, Japan). mRNA was reverse transcribed using PrimeScript™ II (TaKaRaBio, Dalian, China) and the synthesized cDNA was subjected to RT-qPCR using the Golden SYBR Green Mix (2×) kit (Toneker Biotech, Shanghai, China) according to manufacturer’s instructions. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal control. Primer sequences used were: PSMD10-forward, 5′-AACTGACCAGGACAGCAGAACT-3′; PSMD10-reverse, 5′-ACAGCATTCACTTGAGCACCTT-3′; GAPDH-forward, 5′-TGAACGGGAAGCTCACTGG-3′; and GAPDH-reverse, 5′-TCCACCACCCTGTTGCTGTA-3′. The melting curves and E = 2−△△Ct algorithm was analyzed using LightCycler software (Roche Diagnostics). The cycling conditions were as follows: initial denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 1 min and annealing/extension at 56°C for 1 min. All samples were run in triplicate and normalized to internal controls. The fold-changes or relative PSMD10 expression levels were calculated based on the 2−△△Ct method.



Western Blot

Western blotting was performed according to our previous publication (9, 10). The antibodies used included rabbit anti-Gankyrin monoclonal antibody (1:1000; Abcam, USA), rabbit anti-GAPDH monoclonal antibody (1:1000; Abcam, USA) and goat anti-rabbit IgG-horse radish peroxidase (HRP)-linked secondary antibody (1:1500; Thermo Fisher Scientific, Inc. USA). Briefly, after blocking with 5% non-fat milk dissolved in Tris-buffered saline containing Tween-20 (TBST) at 37°C for 1 hour, the membranes were incubated with the anti-Gankyrin or anti-GAPDH primary antibody at 4°C overnight. The following day, the membranes were incubated with the secondary antibody at room temperature for 1 hour. The specific bands were developed using an enhanced chemiluminescence reagent in a gel imaging system, and the bands were analyzed using Image J software. A total of three independent experiments were performed.



Immunohistochemistry (IHC)

The experimental operation was based on our previous publication (11). Paraffin embedded sections of CRC tissues were deparaffinized and rehydrated. Antigen retrieval was performed by immersion in citrate buffer (pH 6.0) for 15 min at 95°C prior to incubation with 0.3% hydrogen peroxide for 15 min at room temperature to block endogenous peroxidase activity. After rinsing with phosphate-buffered saline (PBS) and blocking with 5% normal goat serum (Thermo Fisher Scientific, Inc. USA) for 30 minutes at room temperature, primary anti-Gankyrin antibody (1:50;, Abcam, USA) was added to sections and incubated overnight at 4°C. The peroxidase-anti-peroxidase detection method was used for all sections, which were subsequently counterstained, dehydrated and mounted with a coverslip at room temperature. Yellow particles in the cytoplasm and/or nucleus were used to estimate the proportion of positive colorectal cells, and the intensity of staining was scored as negative (–), weak positive (+), medium positive (++) or strong positive (+++). The H-score was then calculated from multiplying the intensity score (from 0-3) by the percentage of positive cells (range 0-300) (12). Two experienced pathologists calculated the H-score according to a double-blind procedure.



Transwell Migration and Invasion Assays

SW480 cells were transfected with lenti-virus expressing Gankyrin (Lenti-Gankyrin) or empty lentiviral vector (Lenti-vector). SW480-vector cells and SW480-Gankyrin cells were added to the upper chamber of the polycarbonate Transwell filter (pre-coated with Matrigel) in the BioCoatTM Invasion Chambers (BD Biosciences, San Jose, CA) respectively. RPMI1600 medium with 10% FBS was added to the lower chamber. The cells were allowed to migrate for 12 h at 37°C. After removing cells on the upper side of the transwell, the invading cells on the underside were fixed and stained with Giemsa solution. The stained invasive cells were photographed under a microscope. Three independent experiments were performed and the data are presented as the mean ± standard deviation (SD).



Statistical Analysis

Statistical analysis was performed with Prism 8 (GraphPad Software Inc., San Diego, CA, USA) and SPSS 22.0 software (SPSS Inc., Chicago, IL, USA). Numerical data were expressed as the mean ± SD. The relationship between Gankyrin expression and the clinicopathological features was analyzed using the χ2 test. Survival analysis were performed using the Kaplan-Meier method and compared via the log-rank test. Variables were analyzed using univariate and multivariate Cox regression. A p value < 0.05 was considered statistically significant.




Results


Gankyrin Was Overexpressed in CRC

The analysis using the TCGA, ONCOMINE and GEO databases showed that Gankyrin had higher mRNA expression in CRC tissues compared to matched non-tumor colorectal tissues (Figures 1A–C). To verify this finding, RT-qPCR and western blotting were used to measure the expression of Gankyrin. The RT-qPCR results revealed that the expression of Gankyrin mRNA in most CRC tissues was higher compared to non-tumor tissues (36/40; Figure 2A). Consistently, western blot analysis also showed that the expression of Gankyrin was increased in most CRC tissues (T) compared to matched non-tumor colorectal tissues (N; Figure 2B). In addition, the expression of Gankyrin was detected by IHC in all tissue specimens of CRC patients (n = 150). In most cases (146/150), the H-score of Gankyrin was higher in CRC tissues compared to matched non-tumor colorectal tissues (Figure 2C), which was in line with both the RT-qPCR and western blot data.




Figure 1 | Bioinformatic analyses suggested that Gankyrin was upregulated in colorectal cancer (CRC). (A) The expression of Gankyrin (PSMD10) in human CRC tissues and matched non-tumor colorectal tissues was analyzed using The Cancer Genome Atlas (TCGA) database (COAD [colorectal adenocarcinoma] and READ [rectum adenocarcinoma])-based Gene Expression Profiling Interactive Analysis (GEPIA) platform. Box plot graph presented statistical results. (B) Using six independent studies from ONCOMINE database, comparison of the relative mRNA expression of Gankyrin in CRC with that in non-tumor colorectal tissue. (C) A meta-analysis of Gankyrin using five data sets is represented by forest plot.






Figure 2 | Gankyrin was overexpressed in colorectal cancer (CRC) tissues. (A) Gankyrin expression in CRC and matched non-tumor colorectal tissues were measured by RT-qPCR (n = 40), and values were presented as mean ± standard deviation (SD). (B) The expression of Gankyrin in CRC and matched non-tumor colorectal tissues was detected by western blot (n = 10), and numerical values were expressed as mean ± SD. Scatter plot displayed the difference of Gankyrin expression level. (C) Immunohistochemistry (IHC) staining of Gankyrin in CRC and matched non-tumor colorectal tissues (n = 150; scale bars, 50 μm and 200 μm), numerical values were expressed as mean ± SD. Scatter plot indicated the H-score of Gankyrin staining intensity. **p < 0.01.





The Overexpression of Gankyrin Was Positively Correlated With Liver Metastasis

The expression of Gankyrin in paired non-tumor tissues and CRC tissues with or without liver metastasis were compared. Both the results of RT-qPCR and western blot revealed that the expression of Gankyrin was lower in non-tumor colorectal mucosa compared to paired CRC tissues (p < 0.05). In addition, the expression of Gankyrin in CRC tissues with liver metastasis was higher than in CRC tissues without liver metastasis (p < 0.05; Figures 3A, B). Similarly, a significant difference was verified by IHC (p < 0.05; Figure 3C). Furthermore, we found that epithelial markers of E-cadherin was drastically downregulated, but N-cadherin was dramatically upregulated in Gankyrin-transduced cells (SW480-Gankyrin) (Figure 3D). Moreover, the transwell matrix penetration assay showed that Gankyrin-overexpressing CRC cells enhanced the migration and invasion capacity (Figure 3E).These results collectively indicated that the elevated Gankyrin expression was positively correlated with liver metastasis of CRC, and it may promote CRC liver metastasis by inducing EMT.




Figure 3 | High Gankyrin expression was associated with liver metastasis of CRC. (A) Detection of Gankyrin expression in non-tumor colorectal tissues and matched CRC with or without liver metastasis tissues by RT-qPCR (n = 20). (B) The expression of Gankyrin in non-tumor colorectal tissues and matched CRC with or without liver metastasis tissues were detected by western blot (n = 9). Scatter plot showed the difference of Gankyrin expression level. (C) Immunohistochemistry (IHC) staining of Gankyrin in non-tumor colorectal tissues and matched CRC with or without liver metastasis tissues sections (n = 60; scale bars, 50 μm and 200 μm). Scatter plot indicated the H-score of Gankyrin IHC staining intensity. (D) SW480 cells were transfected with lenti-virus overexpressing Gankyrin (SW480-Gankyrin) or empty lentiviral vector (SW480-vector). 48 hours after transfection, total protein extracts were analyzed on Western blot for E-cadherin, N-cadherin and Gankyrin. (E) Matrigel invasion assay was used to measure CRC invasive ability, after 48 hours incubation, invaded cells were stained by hematoxylin and counted under a light microscope. The data represent the means of three independent experiments with SEM bars. In this series of statistical analysis, numerical value was expressed as the mean ± standard deviation (SD). *p < 0.05, **p < 0.01.





Elevated Expression of Gankyrin Suggested Poorer Outcomes for CRC Patients

First, the relationship between high Gankyrin expression and the clinicopathological characteristics of 150 CRC patients were analyzed by univariate analysis. The results showed that the high Gankyrin expression was positively related to CEA level (p < 0.001), advanced TNM stage (p < 0.001), liver metastasis (p < 0.001) and lymph node metastasis (p < 0.001) in CRC patients (Table 1). Next, the risk factors for OS of 150 CRC patients were analyzed by univariate and multivariate Cox regression analyses. Multivariate Cox regression analysis showed that liver metastasis (p = 0.041) and a higher expression of Gankyrin (p < 0.001) were the risk factors associated with a poor prognosis in CRC patients (Table 2). Second, IHC was applied to examine the tissue expression of Gankyrin in the CRC patients (n=150), and Gankyrin expression was determined by the H-score. The optimal cut-off values for dividing patients into the low and high Gankyrin expression groups were determined by X-tile analysis, which indicated that the best cut-off value was 226 (H-score) using 5-year overall survival as the end point in the cohort (Figure 4A). In addition, Kaplan-Meier survival curves combined with the log rank test showed that the prognosis of CRC patients with high expression of Gankyrin was poor, and that the five-year survival rate was significantly reduced (p < 0.001; Figure 4B). In the localized group (stages I + II), the five-year survival rate of patients with high expression of Gankyrin was also lower compared to patients with low Gankyrin expression (p < 0.001; Figure 4B), but a comparison of the five-year survival rates in the advanced group (stages III + IV), the expression level of Gankyrin did not reflect a difference in survival (p = 0.056; Figure 4C).


Table 1 | The relationship between Gankyrin expression and the clinicopathological features of 150 colorectal cancer (CRC) patients.




Table 2 | Cox regression analysis of five years overall survival in 150 colorectal cancer (CRC) patients.






Figure 4 | X-tile analysis of survival data. (A) The optimum cut-off points for Gankyrin was 226 (H-score) according to the X-tile program. (B) Kaplan-Meier overall survival (OS) analysis of colorectal cancer (CRC) patients with high and low expression levels of Gankyrin. (C) OS analysis of CRC patients with localized disease (stages I + II). (D) OS analysis of CRC patients with advanced disease (stages III + IV).





Overexpression of Gankyrin Suggested a High Risk of Liver Metastasis in CRC

The multivariate Cox regression analysis showed that high expression of Gankyrin was an independent risk factor for liver metastasis in CRC patients (p = 0.010; Table 3). During the follow-up of 60 CRC patients without liver metastasis before the operation, it was found that Gankyrin was strongly expressed in nine patients with CRC who did not show liver metastasis by preoperative CT or MRI (Figure 5). However, all nine of these patients developed detectable liver metastases within six months following the operation. The PFS of patients with strong Gankyrin expression was significantly shorter than that of patients with weak or no expression of Gankyrin (p < 0.001; Figure 6).


Table 3 | Cox regression analysis of liver metastasis risk factors in colorectal cancer (CRC) patients.






Figure 5 | The expression of Gankyrin association with occult liver metastasis. Through the comparison of gankyin in non-tumor tissues, paracancerous tissues and cancerous tissues of colorectal cancer (CRC) patients, it is revealed that partial patients with high expression of Gankyrin are more likely to be in the state of occult liver metastasis, and then develop into CRC liver metastasis.






Figure 6 | The progression free survival (PFS) of colorectal cancer (CRC) patients. The PFS was compared according to the expression of Gankyrin and the presence of liver metastasis, which characterized three groups: low Gankyrin expression without liver metastasis; high Gankyrin expression without liver metastasis; and high Gankyrin expression with liver metastasis.






Discussion

At present, an early diagnosis of occult liver metastasis from CRC and an accurate judgement of prognosis remains clinically challenging (2, 13). To achieve individualized treatment for patients with different levels of risk, researchers are trying to find potential biomarkers that can accurately predict the outcome of CRC patients with liver metastasis. Gankyrin overexpression has been reported to be associated with the occurrence and progression of various cancers, including liver, pancreatic, kidney, endometrial, breast, and CRC (14–19).

Gankyrin can reduce the stability of the retinoblastoma (Rb) protein, causing dephosphorylation and inactivation of Rb, which activates E2 factor (E2F) transcription factors that induce the expression of genes related to cell cycle progression from G1 to S phase, and ultimately promotes cell division and growth that can lead to tumorigenesis (20). Gankyrin also interacts with cyclin-dependent kinase 4 (CDK4) to regulate the cell cycle and proliferation (21). In addition, Gankyrin can degrade tumor protein p53 (p53) through the ubiquitination pathway, resulting in decreased activity of this important tumor suppressor protein (22).

More importantly, many studies have shown that Gankyrin is expected to be a promising target for the treatment of a wide range of cancers involving metastasis in the future. Jin et al. found that Gankyrin was closely related to Ras-induced transformation (23). The study conducted by Man and colleagues revealed that Gankyrin is highly expressed in lung cancer cell lines and lung cancer tissues, and mediates phosphatase and tensin homolog (PTEN) degradation through an interaction with Rho GDP-dissociation inhibitor (RhoGDI). This in turn regulates the activation of phosphoinositide 3-kinase (PI3K)/Akt signaling to promote the occurrence of lung cancer (24). Bai et al. reported that Gankyrin is highly expressed in human CRC cell lines and tissues and can promote the migration of CRC cells by upregulating IL-8 signaling (25). Liu and colleagues have suggested that Gankyrin promotes tumor occurrence, metastasis and drug resistance by activating the β-catenin/c-myc signaling pathway in human hepatocellular carcinoma cell lines (26). Recently, He and colleagues found that Gankyrin promotes the invasion and progression of CRC by maintaining PI3K/GSK-3β/β-catenin signal activation (27). Taken together, these data indicate that the application of biomarkers for the early diagnosis of occult liver metastases from CRC is still in preliminary stages, and finding a suitable biomarker is important for current research.

In the present study, from analyses using the GEPIA platform of TCGA database, as well as the ONCOMIE and GEO databases, we found that Gankyrin mRNA expression was significantly upregulated in CRC tissues but not in matched non-tumor tissues. To verify these bioinformatics results, used RT-qPCR, western blotting, IHC and transwell migration and invasion assays were used to detect the expression and function of Gankyrin in CRC cell line, CRC tissues and matched non-tumor tissues. Additionally, Gankyrin was found to be highly expressed in CRC tissues experimentally and was even higher in CRC tissues from patients with known liver metastases. Therefore, we concluded that the expression of Gankyrin is positively correlated with liver metastasis, and it may promote CRC liver metastasis by inducing EMT. In addition, correlation analysis showed that high expression of Gankyrin and TNM staging were independent risk factors for CRC, and the high expression of Gankyrin may be related to liver metastasis of CRC. The OS analysis suggested that patients with high Gankyrin expression had shorter survival times and worse prognoses. Moreover, in CRC patients without detectable liver metastasis by preoperative CT and/or MRI, those patients with stronger Gankyrin expression were found to have a higher risk of developing detectable liver metastasis and had shorter PFS rates at follow up. At the first visit, some patients with CRC have a higher risk of liver metastasis or already have occult metastases that cannot be found by conventional imaging examinations such as CT and MRI. Since the routine preoperative evaluation cannot detect this state, there will be no additional examinations (that are typically more sensitive but also more costly) in the process of diagnosis and treatment, which leads to an incorrect evaluation of the disease staging in patients. We hope that we can take advantage of Gankyrin to evaluate patients with a higher risk of occult liver metastasis or identify patients who already have occult liver metastasis at their first visit, which can better guide the choice of treatment and the frequency of postoperative follow-ups. Taken together, our results suggest that Gankyrin is a promising biomarker to indicate occult liver metastasis in CRC patients when it is difficult to detect through imaging examinations.

Our study has some limitations. Firstly, this single center study only included a small cohort. We plan to further investigate the role of Gankyrin in the diagnosis of CRC with occult liver metastases through a multicenter study. Secondly, we need further research to explore the correlation between Gankyrin expression in CRC tumor tissue and peripheral blood to improve the clinical feasibility for its use as a biomarker. Finally, the Gankyrin signaling pathway in liver metastases stemming from CRC has not been fully elucidated. As such, further in vivo and in vitro experiments are required.

In conclusion, Gankyrin can be used as a biomarker to predict the progression and prognosis of CRC in patients, and has the potential to allow for early diagnosis of CRC occult liver metastasis. The measurement of Gankyrin expression, combined with carcinoembryonic antigen (CEA) detection and other clinical indicators, is expected to improve the individual evaluation and management of CRC patients at a high risk of occult liver metastasis. In addition, the precise mechanism whereby Gankyrin plays a regulatory role in liver metastasis of CRC requires further experimental study.



Data Availability Statement 

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Ethics Statement 

The studies involving human participants were reviewed and approved by Medical ethics committee of Jiangmen Central Hospital. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

CW and YH designed the study. CW, XL and YH wrote the manuscript. XL, XZ, CM, LR, MW, WL, SL, YL and LS contributed to collection of the data. YH, QT, XZ and JZ contributed to the critical revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

The present study was supported by grants from Guangdong Medical Research Fund (no. B2021057), Elite Young Scholars Program of Jiangmen Central Hospital (no. J202002) and Jiangmen Planned Project of Science and Technology (no. 2019020200050000723).



Acknowledgments

All authors would like to express their sincere thanks to the participants who provided colorectal tissue samples for this study and ensuring the successful completion of the study.



Abbreviations

CEA, Carcinoembryonic Antigen; CT, Computed Tomography; CRC, Colorectal Cancer; EMT, Epithelial-mesenchymal transition; GEPIA, Gene Expression Profiling Interactive Analysis; GEO, Gene Expression Omnibus; IHC, Immunohistochemistry; MRI, Magnetic Resonance Imaging; OS, Overall Survival; PFS, Progression Free Survival; Rb, Retinoblastoma; TCGA, The Cancer Genome Atlas.



References

1. Marx, V. Tracking Metastasis and Tricking Cancer. Nature (2013) 494:133. doi: 10.1038/494131a

2. Chen, W, Zheng, R, Baade, PD, Zhang, S, Zeng, H, Bray, F, et al. Cancer Statistics in China, 2015. CA Cancer J Clin (2016) 66:115–32. doi: 10.3322/caac.21338

3. Otchy, D, Hyman, NH, Simmang, C, Anthony, T, Buie, WD, Cataldo, P, et al. Practice Parameters for Colon Cancer. Dis Colon Rectum (2004) 47:1269–84. doi: 10.1007/s10350-004-0598-8

4. Qin, X, Wang, X, Liu, F, Morris, LE, Wang, X, Jiang, B, et al. Gankyrin Activates Mtorc1 Signaling by Accelerating TSC2 Degradation in Colorectal Cancer. Cancer Lett (2016) 376:83–94. doi: 10.1016/j.canlet.2016.03.013

5. Xu, X, Lou, Y, Tang, J, Teng, Y, Zhang, Z, Yin, Y, et al. The Long non-Coding RNA Linc-GALH Promotes Hepatocellular Carcinoma Metastasis via Epigenetically Regulating Gankyrin. Cell Death Dis (2019) 10:86. doi: 10.1038/s41419-019-1348-0

6. Jahangiri, R, Mosaffa, F, EmamiRazavi, A, Gharib, M, and Jamialahmadi, K. Increased Expression of Gankyrin and Stemness Factor Oct-4 Are Associated With Unfavorable Clinical Outcomes and Poor Benefit of Tamoxifen in Breast Carcinoma Patients. Pathol Oncol Res (2020) 26:1921–34. doi: 10.1007/s12253-019-00766-2

7. Guo, X, Piao, H, Xue, Y, Liu, Y, and Zhao, H. LMX1B-Associated Gankyrin Expression Predicts Poor Prognosis in Glioma Patients. J Int Med Res (2020) 48:300060520954764. doi: 10.1177/0300060520954764

8. Camacho-Moll, ME, Macdonald, J, Looijenga, LHJ, Rimmer, MP, Donat, R, Marwick, JA, et al. The Oncogene Gankyrin is Expressed in Testicular Cancer and Contributes to Cisplatin Sensitivity in Embryonal Carcinoma Cells. BMC Cancer (2019) 19:1124. doi: 10.1186/s12885-019-6340-7

9. Wang, Q, Wei, J, Wang, C, Zhang, T, Huang, D, Wei, F, et al. Gambogic Acid Reverses Oxaliplatin Resistance in Colorectal Cancer by Increasing Intracellular Platinum Levels. Oncol Lett (2018) 16:2366–72. doi: 10.3892/ol.2018.8916

10. Chen, J, Liu, A, Wang, Z, Wang, B, Chai, X, Lu, W, et al. LINC00173.v1 Promotes Angiogenesis and Progression of Lung Squamous Cell Carcinoma by Sponging miR-511-5p to Regulate VEGFA Expression. Mol Cancer (2020) 19:98. doi: 10.1186/s12943-020-01217-2

11. Chen, J, Liu, A, Lin, Z, Wang, B, Chai, X, Chen, S, et al. Downregulation of the Circadian Rhythm Regulator HLF Promotes Multiple-Organ Distant Metastases in Non-Small Cell Lung Cancer Through PPAR/NF-KappaB Signaling. Cancer Lett (2020) 482:56–71. doi: 10.1016/j.canlet.2020.04.007

12. Viola, P, Maurya, M, Croud, J, Gazdoza, J, Suleman, N, Lim, E, et al. A Validation Study for the Use of ROS1 Immunohistochemical Staining in Screening for ROS1 Translocations in Lung Cancer. J Thorac Oncol (2016) 11:1029–39. doi: 10.1016/j.jtho.2016.03.019

13. Al-Temaimi, RA, Jacob, S, Al-Ali, W, Thomas, DA, and Al-Mulla, F. Reduced FHIT Expression is Associated With Mismatch Repair Deficient and High CpG Island Methylator Phenotype Colorectal Cancer. J Histochem Cytochem (2013) 61:627–38. doi: 10.1369/0022155413497367

14. Sun, Y, Tan, Y, Lu, Z, Li, B, Sun, C, Li, T, et al. Arctigenin Inhibits Liver Cancer Tumorigenesis by Inhibiting Gankyrin Expression via C/Ebpα and Pparα. Front Pharmacol (2018) 9:268. doi: 10.3389/fphar.2018.00268

15. Zhang, J, Yang, Y, Zhang, Z, He, Y, Liu, Z, Yu, Y, et al. Gankyrin Plays an Essential Role in Estrogen-Driven and GPR30-Mediated Endometrial Carcinoma Cell Proliferation via the PTEN/PI3K/AKT Signaling Pathway. Cancer Lett (2013) 339:279–87. doi: 10.1016/j.canlet.2012.10.037

16. Zheng, T, Hong, X, Wang, J, Pei, T, Liang, Y, Yin, D, et al. Gankyrin Promotes Tumor Growth and Metastasis Through Activation of IL-6/STAT3 Signaling in Human Cholangiocarcinoma. Hepatology (2014) 59:935–46. doi: 10.1002/hep.26705

17. Wang, C, Li, Y, Chu, C, Zhang, X, Ma, J, Huang, H, et al. Gankyrin Is a Novel Biomarker for Disease Progression and Prognosis of Patients With Renal Cell Carcinoma. EBioMedicine (2019) 39:255–64. doi: 10.1016/j.ebiom.2018.12.011

18. Gao, L, Xie, H, Dong, L, Zou, J, Gao, X, Ou, L, et al. Gankyrin is Essential for Hypoxia Enhanced Metastatic Potential in Breast Cancer Cells. Mol Med Rep (2014) 9:1032–6. doi: 10.3892/mmr.2013.1860

19. Sakurai, T, Komeda, Y, Nagai, T, Kamata, K, Minaga, K, Yamao, K, et al. Gankyrin Contributes to Tumorigenesis and Chemoresistance in Sporadic Colorectal Cancer. Digestion (2019) 100:192–200. doi: 10.1159/000494969

20. Krzywda, S, Brzozowski, AM, Higashitsuji, H, Fujita, J, Welchman, R, Dawson, S, et al. The Crystal Structure of Gankyrin, an Oncoprotein Found in Complexes With Cyclin-Dependent Kinase 4, a 19S Proteasomal ATPase Regulator, and the Tumor Suppressors Rb and P53. J Biol Chem (2004) 279:1541–5. doi: 10.1074/jbc.M310265200

21. Mahajan, A, Guo, Y, Yuan, C, Weghorst, CM, Tsai, MD, and Li, J. Dissection of Protein-Protein Interaction and CDK4 Inhibition in the Oncogenic Versus Tumor Suppressing Functions of Gankyrin and P16. J Mol Biol (2007) 373:990–1005. doi: 10.1016/j.jmb.2007.08.038

22. Qiu, W, Wu, J, Walsh, EM, Zhang, Y, Chen, C, Fujita, J, et al. Retinoblastoma Protein Modulates Gankyrin-MDM2 in Regulation of P53 Stability and Chemosensitivity in Cancer Cells. Oncogene (2008) 27:4034–43. doi: 10.1038/onc.2008.43

23. Jin, B, He, K, Wang, H, Bai, B, Zhou, T, Li, H, et al. Proteomics Analysis Reveals Insight Into the Mechanism of H-Ras-Mediated Transformation. J Proteome Res (2006) 5:2815–23. doi: 10.1021/pr060283f

24. Man, J, Liang, B, Gu, Y, Zhou, T, Li, A, Li, T, et al. Gankyrin Plays an Essential Role in Ras-Induced Tumorigenesis Through Regulation of the RhoA/ROCK Pathway in Mammalian Cells. J Clin Invest (2010) 120:2829–41. doi: 10.1172/JCI42542

25. Bai, Z, Tai, Y, Li, W, Zhen, C, Gu, W, Jiang, Z, et al. Gankyrin Activates IL-8 to Promote Hepatic Metastasis of Colorectal Cancer. Cancer Res (2013) 73:4548–58. doi: 10.1158/0008-5472.CAN-12-4586

26. Liu, R, Li, Y, Tian, L, Shi, H, Wang, J, Liang, Y, et al. Gankyrin Drives Metabolic Reprogramming to Promote Tumorigenesis, Metastasis and Drug Resistance Through Activating β-Catenin/C-Myc Signaling in Human Hepatocellular Carcinoma. Cancer Lett (2019) 443:34–46. doi: 10.1016/j.canlet.2018.11.030

27. He, F, Chen, H, Yang, P, Wu, Q, Zhang, T, Wang, C, et al. Gankyrin Sustains PI3K/GSK-3β/β-Catenin Signal Activation and Promotes Colorectal Cancer Aggressiveness and Progression. Oncotarget (2016) 7:81156–71. doi: 10.18632/oncotarget.13215




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wang, Li, Ren, Ma, Wu, Liang, Zhao, Li, Tan, Liao, Sun, Zhang and He. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 28 July 2021
doi: 10.3389/fcell.2021.660159





[image: image]

Follistatin-Like 3 Enhances Invasion and Metastasis via β-Catenin-Mediated EMT and Aerobic Glycolysis in Colorectal Cancer

Yuqiang Li1,2,3, Mengxiang Tian1,2, Wenxue Liu2,4, Dan Wang1,2, Zhongyi Zhou1,2, Qian Pei1,2, Yan Huang5,6,7, Fengbo Tan1,2* and Cenap Güngör3

1Department of General Surgery, Xiangya Hospital, Central South University, Changsha, China

2National Clinical Research Center for Geriatric Disorders, Xiangya Hospital, Central South University, Changsha, China

3Department of General, Visceral and Thoracic Surgery, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

4Department of Cardiology, Xiangya Hospital, Central South University, Changsha, China

5Key Laboratory of Protein Chemistry and Developmental Biology of Ministry of Education, College of Life Sciences, Hunan Normal University, Changsha, China

6Department of Neurosurgery, Second Affiliated Hospital of Hunan Normal University, Changsha, China

7Hunan Provincial Key Laboratory of Neurorestoration, Changsha, China

Edited by:
Yu Zhang, Jinzhou Medical University, China

Reviewed by:
Devesh Tewari, Lovely Professional University, India
Changmin Peng, George Washington University, United States
Yi Zhang, George Washington University, United States

*Correspondence: Fengbo Tan, fengbotan@csu.edu.cn

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

Received: 28 January 2021
Accepted: 12 July 2021
Published: 28 July 2021

Citation: Li Y, Tian M, Liu W, Wang D, Zhou Z, Pei Q, Huang Y, Tan F and Güngör C (2021) Follistatin-Like 3 Enhances Invasion and Metastasis via β-Catenin-Mediated EMT and Aerobic Glycolysis in Colorectal Cancer. Front. Cell Dev. Biol. 9:660159. doi: 10.3389/fcell.2021.660159

Previous studies reported that Follistatin-like 3 (FSTL3) is abundantly expressed in several solid tumors and participate in the regulation of cell metabolism. However, the clinico-pathological significance, biological role and molecular mechanism of FSTL3 in colorectal cancer (CRC) is still unclear. Here we report that the expression level of FSTL3 in colon cancer specimens was significantly higher, compared to normal tissue and interestingly, the expression of FSTL3 was related to lymph node metastasis, tumor stage, tumor size, and intravascular emboli (IVE). As an upstream molecular event, we found that transcriptional regulation of FSTL3 was highly dependent on YAP1 de-phosphorylation events and that increased FSTL3 expression readily activated the β-Catenin pathway, which is a well-known signaling hub that promotes EMT processes and aerobic glycolysis in cancer cells. We found that elevated FSTL3 expression strongly promotes migration, invasion and metastatic formation of CRC cells by directly activating β-Catenin -mediated EMT and aerobic glycolysis. In the xenograft mouse model, FSTL3 expression was linked to increased metastatic formation of CRC cells. Together, the activation of YAP1 induces FSTL3 expression. FSTL3-mediated β-Catenin pathway activation promotes EMT and aerobic glycolysis and therefore affecting the invasive and metastatic capacity of CRC cells. The abundant FSTL3 expression is a poor prognostic factor and pharmacological targeting of YAP1 can counteract FSTL3 expression, suggesting a promising therapeutic target for anti-metastatic strategies in patients suffering from CRC.
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HIGHLIGHTS


- The high expression of FSTL3 is a poor prognostic factor for patients with CRC.

- The activation of YAP1 can induce FSTL3 expression, which then promotes EMT and enhances aerobic glycolysis to affect invasion and metastasis formation of CRC cells by activating the β-Catenin pathway.

- This study provides a new crosstalk mechanism between Hippo/YAP and Wnt/β-Catenin pathways, which suggests a new strategy for colorectal cancer treatment.





INTRODUCTION

Colorectal cancer (CRC) is the third most frequent cancer which results in the 2nd cancer-related mortality worldwide (Siegel et al., 2020). Treatment modalities for CRC includes surgical resection, chemotherapy, and/or radiation therapy. In recent years, the prognosis of patients with CRC has been significantly improved due to advances in surgery combined with adjuvant therapy in the past decades (Li Y. et al., 2019). However, invasion and metastatic formation of tumor cells are still the main causes of death in patients suffering from CRC (Siegel et al., 2020). Hence, the exploration of key molecules and their related molecular mechanisms regulating invasion and metastasis can provide prognostic markers and potentially new therapeutic targets for the treatment course of CRC in future settings.

Epithelial-mesenchymal transition (EMT) is a process in which cells gradually loses their epithelial phenotype and transforms into a mesenchymal phenotype. EM-transitioned cells are linked to: (i) enhanced cell motility, (ii) promotes transition from carcinoma in situ to an invasive carcinoma, (iii) enables tumor cells to invade into neighboring tissues (vascular/lymphatic) and promoting the metastatic cascade (Sánchez-Tilló et al., 2011). Increasing evidences demonstrate that EMT can also initiate the metastatic progression of CRC (Thiery et al., 2009; Sleeman and Thiery, 2011; Dongre and Weinberg, 2019). The molecular characteristics of EMT contain the suppression of epithelial markers (e.g., E-cadherin) and the concomitant promotion of mesenchymal markers such as N-cadherin, Fibronectin1, and Vimentin (Kalluri and Weinberg, 2009). Therefore, exploration of the role and molecular mechanism of key genes that regulate EMT can provide a basis for controlling the invasion and metastatic formation of CRC cells.

Moreover, cancer cells rewire their metabolism and breakdown glucose to lactate in the presence of oxygen (aerobic glycolysis), a phenomenon known as the Warburg effect (Vander Heiden et al., 2009; Lunt and Vander Heiden, 2011). The alteration of metabolism endues cancer cells the ability to survive and grow in a nutrient-deficient and highly hypoxic tumor microenvironment (Binnewies et al., 2018; Sullivan, 2018). This metabolic re-programming involves altered expression and post-translational modification of several key metabolic enzymes. However, the molecular mechanisms underlying the altered expression or post-translational modifications of key metabolic proteins in CRC tumors are still not fully understood. Much attention has been paid to the glucometabolic re-programming of tumor cells in recent years. Drugs targeting key regulators of aerobic glycolysis effectively inhibit tumor progression in vitro and in vivo (Ganapathy-Kanniappan and Geschwind, 2013). Therefore, it is still necessary to further investigate key genes of aerobic glycolysis in CRC.

Follistatin-like 3 (FSTL3) is expressed in various normal human tissues (Tsuchida et al., 2000). Increasing evidences indicated that FSTL3 plays an important role in regulating embryonic development, osteogenesis, glucose, and lipid metabolism (Mukherjee et al., 2007). Moreover, FSTL3 was recently found abundantly expressed in non-small cell lung cancer (Gao et al., 2020) and breast cancer (Couto et al., 2017), and participates in tumor progression including invasion and metastasis. FSTL3 is an independent risk factor and is linked with poor prognosis within various cancers. However, the molecular mechanisms and impact of FSTL3 on CRC progression is still unclear.

YAP1, a key molecule in the HIPPO pathway, can translocate into the nucleus upon dephosphorylation where it functions to regulate and maintain cancer stem cell properties as well as the invasion and metastatic ability of CRC cells (Tan et al., 2018). Meanwhile, β-Catenin, the rate-limiting molecule of Wnt pathway, is involved in the regulation of various physiological events in CRC cells. Recent studies indicated that the crosstalk between the HIPPO/YAP1 and Wnt/β-Catenin signaling pathways can play a key role in the progression of CRC (Konsavage et al., 2012; Jiao et al., 2017). Various clinical trials with HIPPO/YAP1-inhibitors or Wnt/β-Catenin-inhibitors have already been started in solid tumors1. However, therapeutical targets inhibiting the crosstalk between the two signal pathways still needs to be discovered.

Our study revealed that increased FSTL3 expression is a poor prognostic factor in CRC patients and that transcriptional activation of FSTL3 is strongly induced following YAP1 activation. Additionally, abundant FSTL3 expression promotes EMT and enhances aerobic glycolysis to positively affect the invasive and metastatic capacity of CRC cells by activating the β-Catenin pathway. Our findings illustrate that FSTL3 could serve as a bridging molecule in the crosstalk between HIPPO/YAP1 and Wnt/β-Catenin pathways and that FSTL3 is a crucial regulatory factor of the β-Catenin molecular mechanisms in CRC. Therefore, therapeutically targeting of either FSTL3 and/or YAP1 is may be a promising anti-metastatic strategy in CRC patients.



MATERIALS AND METHODS


Patients and Specimens

Tumor and matched para-carcinoma tissues were removed by radical resection from 130 stage III CRC patients without preoperative chemotherapy or radiotherapy at the Xiangya Hospital of Central South University (Changsha, China) randomly. The samples were then embedded in paraffin. Follow-up of patients was terminated on September 1st, 2018. Disease-free survival (DFS) was defined as the time to any event, irrespective of cause, except for any second primary cancers. Recurrence of or death from the same cancer and all treatment-related deaths or deaths from other causes are events. Second primary same cancers and other primary cancers were ignored, and loss to follow-up is censored. Overall survival (OS) was defined as the time to death, irrespective of cause. Local recurrence, distant metastases, second primary CRCs, and second other primary cancers were ignored. Loss to follow-up is censored. All procedures were in compliance with the ethical guidelines of the Xiangya Hospital. The normal mucosa was excised 5cm away from the tumor and was confirmed by pathologists for absence of tumor cells. Tumor stage was classified according to the 7th edition of the AJCC TNM staging system for CRC.



Cell Culture and Reagents

The CRC cell lines [HT-29 (RRID: CVCL_0320), SW480 (RRID: CVCL_0546), SW620 (RRID: CVCL_0547), LOVO (CVCL_0399), HCT116 (RRID: CVCL_0291), DLD1 (RRID: CVCL_0248), and RKO (RRID: CVCL_0504)] were purchased from American Type Culture Collection (ATCC, United States). The cell lines were incubated in a humidified atmosphere with 5% CO2 at 37°C and cultivated in the recommended growth medium, supplemented with 10% FBS, 100 mg/ml streptomycin and 100 U/mL penicillin (Sigma-Aldrich, United States). The YAP inhibitor, Verteporfin (VP) was purchased from Selleck Chemicals (Houston, TX, United States).



Western Blotting (WB)

The WB assay was performed as previously described (Tan et al., 2015). CRC cells were homogenized and lysed in RIPA buffer supplemented with protease inhibitors. Equal amounts of proteins were loaded and separated on 6% SDS-PAGE gel. Following electrophoresis, proteins were transferred to a PVDF membrane (Millipore, United States), the membrane was blocked in 5% (w/v) non-fat milk and incubated with the primary antibodies overnight, and followed by secondary antibody incubation (1:2000 dilution, CST, United States) for 1 h. Bands were visualized and quantitated using the ECL Advance Detection System (Millipore, United States). The primary antibodies used for WB analysis are listed in Supplementary Table 1.



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The qRT-PCR assay was performed as previously described (Tan et al., 2015). Total RNA was extracted from cells and tissues using TRIzol Reagent (TAKARA, Japan), and equal amounts of RNA were used for real-time qRT-PCR analysis (TAKARA, Japan) according to the manufacturer’s instructions. GAPDH was used as loading control. Primers are listed in Supplementary Table 2. The mRNA expression was quantitated using the 2-(△ Ct sample–△ Ct control) method.



Wound-Healing/Scratch Assay

The wound-healing assay was performed as previously described (Li C. et al., 2019). The transfected cells were cultured in 6-well plates. After the cells reached 90–95% confluence, a standard 200 μl pipette tip was subsequently utilized to scratch linear wounds. In addition, cell monolayers were cultivated in FBS-free medium. After scratching, the images of the wound closure were captured at 0 and 36 h.



Transwell Migration and Invasion Assay

The Transwell migration and invasion assay was performed as previously described (Li C. et al., 2019). 8 × 104 cells, suspended in medium without FBS, were seeded into Transwell chambers (Costar Corning, United States), with or without Matrigel (Sigma-Aldrich, United States) coating. The lower chamber contained medium with 10% FBS. After 24 h, the migratory/invasive cells on the lower surface of the chamber were photographed and counted in 10 randomly selected microscopic fields after crystal violet staining.



Immunofluorescence (IF)

The IF assay was performed as previously described (Tan et al., 2015). Cells cultured in 24-well chamber slides were washed twice with cold PBS, fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton-X for 5 min, blocked with 5% BSA, and incubated with primary antibodies at 4°C overnight. The cells were then stained with secondary antibodies and DAPI (4,6-diamidino-2-phenylindole) to visualize the nuclei. Images were acquired using a confocal microscope (Leica, Germany). The primary antibodies used for IF analysis are listed in Supplementary Table 1.



Immunohistochemistry (IHC)

The protocol for IHC staining was performed as previously published (Davidson et al., 2013). The IHC staining results were evaluated by two independent pathologists (double-blinded). Briefly, the percentage of stained tumor cells (0: 0–5%; 1: 6–25%; 2: 26–50%; 3: 50–100%) and staining intensity scores (0: negative; 1: weak; 2: moderate; 3: strong) were summed. The CRC tissues were categorized into four groups: negative: ≤5% cells stained, regardless of intensity; weak expression: 1–2 points; moderate expression: 3–4 points; and strong expression: 5–6 points. The total score ≥ 3 was classified as significant overexpression and was considered as positive expression. Antibodies used for the IHC analysis are listed in Supplementary Table 1.



Transduction/Transfection

Different lentiviral vectors with FSTL3-shRNA and negative-control shRNA were purchased from GENECHEM (Shanghai, China). HCT-116 and DLD-1 cells were transduced with FSTL3-shRNA and control-shRNA. Scrambled control-siRNA (siScr) and si-YAP1 were purchased from RiboBio (Guangzhou, China). HCT-116 cells were transduced using lentiviral vectors with siRNA targeting YAP1. For YAP1 overexpression, DLD-1 cells were transduced using lentiviral vectors carrying either full-length YAP1 cDNA or control sequences, respectively (GENECHEM, Shanghai, China). DLD-1 cells were transduced with lentiviral vectors containing shRNA-sequences targeting β-Catenin or control-shRNA, which were purchased from GENECHEM (Shanghai, China). Efficient knockdown and overexpression were detected by WB and qRT-PCR analysis.



Luciferase Reporter Assay

Luciferase reporter assay was performed in HCT-116 and DLD-1 cell lines stably harboring luciferase reporter plasmids fused to the promoter region of human FSTL3 (Supplementary Figure 1). Cells were collected and cell extracts were prepared. Luciferase activity was measured using Luciferase assay kit (Promega, China) according to the manufacturer’s instructions.



CRC – Mice Model

Female BABL/c athymic nude mice purchased from Hunan SJA Laboratory Animal Co., Ltd (Changsha, Hunan, China). Aged 5–6 weeks were used. Ethical statement was approved by the Ethics Committee of XiangYa Hospital Central South University (Changsha, China). All animal care and procedures were performed according to the guidelines on treating experimental animals well formulated by the ministry of science and technology of China. The capacity to metastasize to the liver was determined following a previously described method (Gavert et al., 2007). Briefly, all mice were anesthetized by inhalation of isoflurane (0.5–1.0%) and oxygen. Through a 1-cm incision in the upper left lateral abdomen, the spleen was exposed and 106 cells suspended in 20 μL phosphate-buffered saline (PBS) were injected into the distal tip of the spleen using a Hamilton syringe. Following injection, the spleen was replaced in the abdomen and the incision was closed with staples. The animals were sacrificed after 5–6 weeks and spleen and liver were isolated and paraffin embedded.



ATP Assay/Metabolism

Intracellular ATP production was measured using an ATP Assay Kit (Abcam, United States). Lactate production were measured using L-Lactate Assay Kit (Abcam, United States) and glucose uptake were measured using a Glucose Uptake Assay Kit (Abnova, China) according to the manufacturers’ instructions, respectively.



Statistical Analysis

The data analysis was conducted using a Student’s t-test for the comparison between groups. The χ2 test was utilized to evaluate the association between protein levels and clinical characteristics. The correlations in gene expression levels were analyzed by Spearman’s rank correlation coefficients. Differences were thought to be significant at ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ****p < 0.0001. n.s, no significance. The results were analyzed with SPSS 19.0 software (SPSS Inc., United States). All in vitro experiments were repeated at least three times.



RESULTS


FSTL3 Is Frequently Overexpressed in CRC Tissues

The data from the GEPIA database2 illustrated that FSTL3 was significantly overexpressed in CRC specimens (T) relative to the adjacent normal colonic mucosa (NT) (Figure 1A). The mRNA expression levels of FSTL3 were correlated with the AJCC staging of CRC (Figure 1B). Moreover, the survival curves demonstrated that FSTL3 was obviously related to disease-free survival (DFS) (p = 0.0087) and overall survival (OS) (p = 0.0052) in GEPIA database (Figure 1C). In addition, the data from other databases, including the Human Protein Atlas project3, OncoLnc4, GSE17536 and GSE41258, further displayed that abundant FSTL3 expression was a poor prognostic factor in CRC patients (Supplementary Figure 2). Then, 130 CRC tumor and matched para-carcinoma tissues were randomly collected from the Xiangya Hospital of Central South University (Changsha, China). The correlation between FSTL3 expression and clinico-pathological characters of 130 CRC patients was summarized in Table 1. The expression of FSTL3 significantly correlated to lymph node metastasis, staging, tumor size and intravascular emboli (IVE). The immunohistochemistry images indicated low- or negative expression levels of FSTL3 in the paired normal tissues (NT) and high-expression in tumor (T), metastatic lymph node (LN), and IVE tissues (Figure 1D). Moreover, there were significant differences regarding sub-staging in stage III CRC (p = 0.045) and formation of IVE (p = 0.008) between the FSTL3 high and low expression groups (Figure 1E). Our data also confirmed that expression of FSTL3 was obviously related to DFS (p < 0.0001) and OS (p < 0.0001) (Figure 1F and Table 2). Collectively, our data suggest that elevated FSTL3 expression is associated with a worse outcome in CRC patients.
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FIGURE 1. FSTL3 is in CRC. (A) The box plots indicated differential FSTL3 expression between CRC specimens (T) and paired normal tissues (NT), analyzed within the GEPIA database. *Differences were thought to be significant. (B) The pathological stage plot compared FSTL3 expression in different CRC stages, analyzed within the GEPIA database. (C) The survival plots demonstrated that FSTL3 is obviously related to DFS (p = 0.0087) and OS (p = 0.0052), analyzed within the GEPIA database. (D) Representative immunohistochemistry images of FSTL3 expression levels in NT, T, LN (metastatic lymph node tissue), and IVE (intravascular emboli). (E) The histogram indicates that FSTL3 expression correlates with tumor stage and IVE. (F) Survival plots were obtained to verify that FSTL3 expression is obviously related to DFS and OS (p < 0.0001).



TABLE 1. Correlation between FSTL3 expression and clinicopathological characters of 130 CRC patients.
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TABLE 2. Univariate and multivariate analysis of 130 CRC patients for DFS and OS.
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FSTL3 Promotes Migration and Invasion of CRC Cells in vitro

FSTL3 protein expression levels were investigated in CRC cell lines and SW480, SW620, HCT-116, and RKO exhibited high-expression of FSTL3, whereas HT-29, Lovo and DLD-1 cells showed low-expression of FSTL3 (Figure 2A). HCT-116 and DLD-1 cell lines were selected for further investigations because of their invasive and migrative capabilities. Stable FSTL3-knockdown (HCT-116) and FSTL3-overexpression (DLD-1) cell lines were then established to examine the molecular function of FSTL3 (Figure 2B). The effect of FSTL3 on migration capacity in CRC cells was detected using the wound-healing/scratch and transwell assays. These results demonstrated that CRC cells with elevated FSTL3 expression have enhanced migrative ability, compared to their respective control cells (Figure 2C). One disadvantage of the scratch assay is, that it is not quantitative. Therefore, we also performed transwell assays (with and without matrigel) and confirmed that elevated FSTL3 expression was able to strengthen the migrative and invasive capacity of CRC cells in vitro (Figures 2D,E). In sum, elevated FSTL3 expression promoted migration and invasion of CRC cells in vitro.
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FIGURE 2. FSTL3 promotes migration and invasion of CRC cells in vitro. (A) Protein expression levels of FSTL3 in CRC cell lines. (B) WB analysis of FSTL3 knockdown and overexpression. (C) The wound-healing assays were applied to detect migration capacity (timepoints 0 and 36 h) affected by FSTL3 in HCT-116 and DLD-1 cells. (D,E) Transwell assays were utilized to quantify migration and invasion capacity affected by FSTL3 in HCT-116 and DLD-1 cells. Data are presented as the mean ± SD from three independent experiments.




FSTL3 Expression Is Regulated by YAP1 in CRC Cells

As a transcriptional cofactor, Yes-associated protein-1 (YAP1) is known to modulate the transcriptional activity of various transcription factors to regulate and maintain cancer stem cell properties and organ size during embryonic development (Tan et al., 2018). A recent study indicated that the mRNA expression of YAP1 is correlated with that of FSTL3 (Lee et al., 2017). We therefore hypothesized that YAP1 is able to modulate FSTL3 gene expression in CRC cells. Initially, we found a significant correlation between FSTL3 and YAP1 expression in CRC using the GEPIA database (see footnote 2) (Figure 3A). To pinpoint whether YAP1 is responsible for increased FSTL3 gene expression, we established YAP1-knockdown as well as YAP1-overexpression cell clones. According to baseline FSTL3 expression levels (Figure 2B), we decided to knockout YAP1 expression in HCT116 cells and to overexpress YAP1 in DLD-1 cells. Effective YAP1 knockout and overexpression was confirmed by qRT-PCR, WB, and immunofluorescence, respectively (Figures 3B–D). We found substantially decreased FSTL3 mRNA and protein expression in YAP1 knockout HCT116 cells, whereas YAP1-overexpression in DLD-1 cells displayed increased FSTL3 mRNA and protein levels (Figures 3B–D). In silico analyses of the human FSTL3 (hFSTL3) gene promoter sequence revealed three potential YAP1 binding sites, upstream to the transcriptional start site of the hFSTL3 (Supplementary Figure 1). Next, we investigated whether YAP1 directly interacts with the hFSTL3 gene promoter using luciferase reporter-gene assays. We therefore cloned the promoter region of hFSTL3 into GV238 vector and measured luciferase expression in YAP1-knockout HCT-116 and YAP1-overexpressed DLD-1 cells. We detected decreased luciferase expression in YAP1-knockout HCT-116 cells and increased luciferase expression in YAP1-overexpressed DLD-1 cells (Figure 3E). For proof-of-principle, we decided to inhibit YAP1 activity by treating FSTL3-overexpressing DLD-1 and DLD-1-vector control cells with 0.5 μM Verteporfin (VP) for 48 h. The treatment with VP showed substantially reduced FSTL3 expression levels in DLD-1-OE-FSTL3 and DLD-1-vector control cells (Figure 3F). Collectively, these data suggest that YAP1 is indeed necessary for transactivation of FSTL3 in CRC cells.
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FIGURE 3. YAP1 modulates the expression of FSTL3 in CRC. (A) Data derived from the GEPIA database showed positive correlation between FSTL3 and YAP1 in CRC tissues. (B) (left) YAP1 knockdown (siRNA) decreased FSTL3 mRNA expression in HCT116 cells, quantified with qRT-PCR; (right) YAP1 mRNA overexpression in DLD-1 cells promotes FSTL3 expression, quantified with qRT-PCR. (C) WB analysis of si-YAP1 and OE-YAP1 in HCT-116 and DLD-1 cells. (D) Immunofluorescence displayed elevated FSTL3 expression following YAP1 overexpression in DLD-1 cells. (E) Luciferase assays for the hFSTL3 gene promoter construct. Reporter activation was analyzed in si-YAP1 and OE-YAP1 CRC cells. (F) WB analysis determined reduced YAP1 phosphorylation and FSTL3 expression levels in Verteporfin (VP)-treated DLD-1 cells.




FSTL3 Modulates β-Catenin-Mediated EMT Processes in CRC Cells

The nuclear translocation of β-Catenin is a hallmark of activated Wnt signaling and cytoplasmic β-Catenin protein levels are tightly controlled by a “destruction complex” and the 26S proteasome. Because nuclear translocation of YAP1 is modulated by the Wnt/β-Catenin pathway in melanoma-associated fibroblasts (Liu et al., 2019) and YAP1 is necessary to transactivate FSTL3 gene expression (Figure 3F), we hypothesized that elevated FSTL3 expression modulates β-Catenin signaling in CRC. The latter was supported by the fact, that abundant FSTL3 expression is obviously related to the expression of EMT-related genes, including E-cadherin (CDH1), N-cadherin (CDH2), Fibronectin-1 (FN-1), and Vimentin (VIM) in CRC tissues, illustrated by the GEPIA database (see footnote 2) (Supplementary Figure 3). To investigate any possible influence of FSTL3 on β-Catenin, we initially analyzed β-Catenin expression levels in FSTL3 overexpressed DLD-1 cells and found, surprisingly, increased β-Catenin mRNA and protein levels, compared to control cells (Figures 4A,C).
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FIGURE 4. FSTL3 induces β-Catenin-mediated EMT. (A) qRT-PCR displayed elevated β-Catenin mRNA expression in DLD-1 cells co-expressed with FSTL3. Impact of FSTL3 and β-Catenin expression on EMT in DLD-1 cells. ****p < 0.0001; ***p < 0.001. (B) Immunofluorescence of ectopically overexpressed FSTL3 promoted expression and nuclear translocation of β-Catenin, compared to control DLD-1 cells. (C) WB displayed increased β-Catenin protein expression in cells co-expressed with FSTL3. FSTL3 and β-Catenin expression is linked to the expression of EMT-related proteins in DLD-1cells. (D) Immunofluorescence showing that enforced FSTL3 expression increased F-actin levels. β-Catenin depletion decreased F-actin expression in DLD-1 cells, compared to control. (E) qRT-PCR displayed the impact of knock-down FSTL3 on β-Catenin and EMT-related genes in HCT-116 cells. ***p < 0.001; **p < 0.01; *p < 0.05. (F) Immunofluorescence of ectopically knock-down FSTL3 inhibited expression and nuclear translocation of β-Catenin, compared to control HCT-116 cells. (G) WB displayed FSTL3 expression is linked to the expression of β-Catenin and EMT-related proteins in HCT-116 cells. (H) Immunofluorescence showing that FSTL3 depletion decreased F-actin expression in HCT-116 cells, compared to control.


Moreover, overexpressed FSTL3 substantially increased nuclear translocation of β-Catenin, suggesting that the β-Catenin signaling pathway was activated (Figure 4B). Elevated FSTL3 expression was also linked to increased levels of F-actin polymerization which is well known to play a crucial role in EMT processes of CRC cells. The RNAi-mediated targeting of β-Catenin in FSTL3 overexpressed DLD-1 cells reduced F-actin polymerization (Figure 4D). In particular, FSTL3-overexpressed DLD-1 cells extend their antennae-like pseudopodia, which was reversible by targeting β-Catenin using RNAi. Furthermore, the qRT-PCR results demonstrated that FSTL3 overexpression was also significantly linked with diminished expression of E-cadherin and increased expression levels of N-Cadherin, FN-1 and Vimentin, compared to those in the control groups, which was counteracted by the β-Catenin knockdown (Figure 4A). The WB assays displayed consistent results except for FN1, which was diminished in sh-β-Catenin cells but not upregulated in cells with FSTL3 overexpression (Figure 4C). Therefore, HCT-116 sh-FSTL3 cells were utilized to further confirm the relation between FSTL3 and EMT. The qRT-PCR and WB results illustrated enhanced expression of E-cadherin and diminished expression levels of β-Catenin, N-Cadherin, and Vimentin in the HCT-116 sh-FSTL3 cells compared to the control groups (Figures 4E,G). In particular, knock-down of FSTL3, as a more reliable evidence compared to overexpression system, reduced the mRNA and protein level of FN1 (Figures 4E,G). Additionally, knock-down of FSTL3 substantially decreased the nuclear translocation of β-Catenin (Figure 4F) and reduced F-actin polymerization (Figure 4H). Altogether, FSTL3 can activate the β-Catenin pathway to promote EMT-processes in CRC cells.



FSTL3 Regulates Glycolysis via Wnt/β-Catenin Pathway

The GEPIA database (see footnote 2) confirmed that the β-Catenin expression was positively associated with genes related to aerobic glycolysis, including glucose transporter 1 (GLUT1/SLC2A1), lactate dehydrogenase A (LDHA), hexokinase 2 (HK2), and pyruvate kinase isoform 2 (PKM2) (Supplementary Figure 4). Meanwhile, the expression of FSTL3 was positively related to GLUT1, LDHA and PKM, but negatively related to HK2 expression (Supplementary Figure 5). Therefore, we wondered whether aerobic glycolysis is also involved in the phenotypic changes regulated by FSTL3 expression in CRC cells. The qRT-PCR and WB assays demonstrated that FSTL3 overexpression significantly elevated the levels of GLUT1, LDHA, HK2, and PKM2, compared to the control, while the β-Catenin knockdown was sufficient to decrease the expression levels of GLUT1, LDHA, HK2 and PKM2 in DLD-1 cells (Figures 5A,B). HCT-116 cells depleted for FSTL3 obviously decreased mRNA and protein expression of GLUT1, LDHA, HK2, and PKM2 (Figures 5C,D). In order to analyze any possible changes related to aerobic glycolysis, we investigated intracellular ATP production, lactate levels as well as glucose uptake in FSTL3 overexpressed and knockdown cells. The abundant FSTL3 expression levels significantly elevated glucose uptake and lactate levels, and promoted ATP production in CRC cells (Figures 5E–G). Targeting β-Catenin expression significantly reduced aerobic glycolysis in FSTL3 overexpressed cells, compared to the control. Altogether, FSTL3 is able to regulate aerobic glycolysis via Wnt/β-Catenin pathway in CRC cells.
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FIGURE 5. FSTL3 induces β-Catenin-mediated glycolysis. (A,B) qRT-PCR and WB assays displayed increased mRNA and protein expression of GLUT1, LDHA, HK2 and PKM2 in FSTL3 overexpressed and/or sh-β-Catenin DLD-1 cells, compared to control. ****p < 0.0001; ***p < 0.001; **p < 0.01. (C,D) qRT-PCR and WB assays displayed decreased mRNA and protein expression of GLUT1, LDHA, HK2 and PKM2 in HCT-116 sh-FSTL3 cells, compared to control. **p < 0.01; *p < 0.05. (E–G) Expression of FSTL3 and β-Catenin were significantly connected with glucose uptake, lactate levels and ATP production in DLD-1 cells, compared to control; knock-down FSTL3 significantly reduced glucose uptake, lactate levels and ATP production in HCT-116 cells, compared to control.




FSTL3 Promotes CRC Metastasis in vivo

In order to investigate the effect of FSTL3 on liver metastasis in vivo, CRC cells (HCT-116 Con and HCT-116 shFSTL3, DLD-1 Con and DLD-1 OE-FSTL3) were injected into the distal tip of the spleen using a Hamilton syringe (n = 5 per group). To analyze and compare any differences between FSTL3 overexpressed and knockdown CRC cells, we quantify the visible metastatic liver nodules and measured the volume of the largest liver metastasis. All of the mice successfully formed tumors in the spleen and all of the mice injected with HCT-116 control cells formed liver metastases (Figure 6A). The latter was linked to increased visible nodules and larger metastatic volumes (Figures 6C,D). In contrast, the injection of FSTL3 knockdown HCT-116 cells not only decreased the rate of liver metastasis but was also linked with significantly reduced volume of the metastatic nodules (Figures 6C,D). Additionally, liver metastases appeared in all of the mice injected with DLD-1 OE-FSTL3 cells and in 4 of 5 mice injected with DLD-1 control cells (Figure 6B). The total number of liver metastasis were obviously increased in mice injected with FSTL3 high-expression cell lines (HCT-116 Con and DLD-1 OE-FSTL3) compared to those with FSTL3 low-expression (HCT-116 shFSTL3 and DLD-1 Con) (Figure 6C). Similarly, the volume of the largest liver metastasis in mice injected with FSTL3 low-expression cells was significantly smaller than that with FSTL3 high-expression (Figure 6D). Collectively, these results suggest that FSTL3 is able to enforce the metastatic ability of CRC in vivo.
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FIGURE 6. FSTL3 enhances CRC cell metastasis in vivo. (A) Liver metastases became visible in all of the mice injected with HCT-116 control cells, and in 4 of 5 mice injected with FSTL3-depleted HCT-116 cells (scale bar, top: liver specimen; middle: 5000 μm; bottom: 100 μm). (B) Liver metastases were visible in all of the mice injected with DLD-1 overexpressed FSTL3 (OE-FSTL3) cells, and in 4 out of 5 mice injected with DLD-1 control cells (DLD-1 Con) (scale bar, top: liver specimen; middle: 5000 μm; bottom: 100 μm). (C) The numbers of hepatic metastatic nodules were notably reduced in mice injected with HCT-116 sh-FSTL3 cells and DLD-1 control cells, compared with the numbers in those injected with HCT-116 control cells and DLD-1 OE-FSTL3 cells (p = 0.0018; p = 0.0009). (D) Volumes of the largest liver metastasis in mice injected with FSTL3-depleted HCT116 cells were significantly smaller than that with FSTL3 overexpressed cells (p = 0.0025; p = 0.0018).




DISCUSSION

Although many advanced CRC patients can have a benefit from regional treatment approaches (e.g., surgery) for isolated liver metastases, the recurrence rate for CRC is still high, unfortunately (Choti et al., 2002; Abdalla et al., 2004; Fernandez et al., 2004; D’Angelica et al., 2011; Kawaguchi et al., 2020). In recent years it becomes increasingly apparent that the “biological footprint” of a tumor is recognized as an important and useful prognostic factor; hence the molecular profiling has undoubtedly a huge impact on risk stratification and therapy planning in CRC.

Within this study, we investigated the expression and molecular function of FSTL3 in CRC cells. Our data illustrated that abundant FSTL3 expression is a negative prognosticator in CRC patients (n = 130), and is significantly correlated with lymph node metastasis, staging, tumor size and IVE. The ability of cancer cells to migrate in vivo has a central role in cancer metastasis and it is believed that a set of specialized cells at the cancer invasive front (CIF) initiates the metastatic cascade through employing a collective mode of migration, rather than single cell migration (Yang et al., 2019). Interestingly, FSTL3 was already shown to localize to CIF, further underlying the here presented significant correlation of FSTL3 expression and lymph node metastasis in CRC. Additionally, the significant correlation of FSTL3 and IVE also reflects the intense invasive ability of cancer cells and is therefore considered as a potential predictor of metastasis.

Different molecular mechanisms have already been attributed to the development and progress of CRC and the most well-studied and dysregulated pathways belong to EGFR, Notch, PI3K/AKT as well as Wnt/β-Catenin signaling (Koveitypour et al., 2019). Wnt/β-Catenin signaling is already recognized for its ability to orchestrate various biological processes such as differentiation, organogenesis, cell proliferation and tissue regeneration. In cancer cells, Wnt is frequently found abnormally activated and accumulating evidences shows that the hyperactivation of Wnt plays an important oncogenic role, especially in CRC, and therefore representing an attractive therapeutic target for CRC treatment (Novellasdemunt et al., 2015). In fact, we found that elevated FSTL3 expression strongly promotes migration and invasion of CRC cells and that FSTL3 exerts these effects by interfering with the Wnt/β-Catenin pathway. Factors that may induce transcriptional activation of FSTL3 in CRC are unknown so far. We therefore performed FSTL3 gene promoter analysis as well as YAP1 knockout studies and found that YAP1, as a transcriptional cofactor, is required for FSTL3 transactivation. Pharmacological inhibition of YAP1 nuclear translocation drastically reduced FSTL3 expression and a positive correlation between YAP1 and FSTL3 mRNA expression was very recently shown in prostate cancer (Lee et al., 2017). Interestingly, in global gene expression analyses, YAP1 was found to transactivate genes that specifically promote cancer cell motility and consequently metastatic formation (Yang et al., 2015; Zhang et al., 2015; Lee et al., 2017; Warren et al., 2018). A possible crosstalk between the HIPPO/YAP1 and Wnt/β-Catenin signaling was already shown to play a key role in the progression course of CRC (Konsavage et al., 2012; Jiao et al., 2017). The similar biological processes mediated by the HIPPO/YAP1 and Wnt/β-Catenin signaling pathways suggest that those may cooperate in concert to regulate each other’s activity for precise regulation and fine-tuning of transcriptional target gene activation (Li N. et al., 2019). Another study reported that HIPPO/YAP1 signaling can restrict the Wnt/β-Catenin signaling by increasing Dvl phosphorylation (Varelas et al., 2010). Strikingly, YAP1 gene expression is regulated by Wnt/β-Catenin signaling in CRC cells (Konsavage et al., 2012). The cellular crosstalk between Hippo/YAP1 and Wnt/β-Catenin pathways is not fully understood, but increasing evidence have shown that both are able to coordinately regulate gene expression and signaling with relevance to cancer cell migration and metastatic formation (Azzolin et al., 2014). The importance of this crosstalk is further substantiated by the fact that overexpression of YAP1 or β-Catenin alone cannot lead to tumor development in mice, whereas co-expression of the two resulted in rapid carcinogenesis (Tao et al., 2014). Concurrent nuclear localization of YAP1 and β-Catenin appeared in most liver cancer tissues, suggesting simultaneous activation of these two pathways (Tao et al., 2014). Because of the fact that β-Catenin can induce YAP1, and YAP1 is able to transactivate FSTL3, we curiously investigated a possible impact of abundant FSTL3 on β-Catenin signaling in CRC and found not only elevated β-Catenin expression levels, but also increased β-Catenin nuclear translocation in FSTL3 overexpressed cells, suggesting a positive feedback loop. Active β-Catenin signaling depends on its nuclear translocation and is strongly linked with EMT processes and aerobic glycolysis in different cancers (Cai et al., 2018; Fang et al., 2019; Zuo et al., 2020). In CRC, dysregulated β-Catenin signaling participates in the regulation of tumor invasion, metastasis formation and aerobic metabolism, and various mutations in crucial regulatory factors of the Wnt/β-Catenin pathway have already been widely noted in CRC (Jiao et al., 2020; Wang et al., 2020; Xue et al., 2020; Zhang et al., 2020).

Our here presented data revealed that FSTL3 promotes EMT processes and enhances aerobic glycolysis by activating β-Catenin to positively affect the migrative/invasive capacity of CRC cells. In fact, EMT is able to drive a series of hybrid states, endowing cancer cells an increased metastatic and aggressive potential and is also associated with significant metabolic rewiring (Ramesh et al., 2020). Cancer cell metabolism is principally characterized by an enhanced uptake/utilization of glucose as well as lactate production. As an important intermediary in numerous metabolic processes, lactate is closely associated with tumor growth, immune escape, angiogenesis and EMT processes (Ippolito et al., 2019; Pennington et al., 2019). Especially the increased lactate production in cancer cells is thought to reduce extracellular pH, thereby promoting the acidification of the tumor microenvironment. An acidic microenvironment with less glucose available is thought to suppress immune cell infiltration and contribute to immune evasion (San-Millán and Brooks, 2017; Harmon et al., 2019). In cancer cells, the persistent activation of aerobic glycolysis can be linked to oncogene activation or loss of tumor suppressors and thereby substantially advancing cancer occurrence and progression (Jang et al., 2013). Blocking aerobic glycolysis have therefore been recently considered as a therapeutic strategy to circumvent tumorigenesis (Peng et al., 2019; Zhang et al., 2019). In line with this, we found that FSTL3 significantly elevated the levels of key metabolic enzymes like HK2, PKM2, GLUT1 and LDHA. On the other hand, FSTL3 overexpression in CRC cells that are depleted for β-Catenin, were not able to show up an increase expression of these rate-limiting metabolic enzymes, suggesting that the here presented effects largely depend on active β-Catenin. To gain more insight into any possible changes related to aerobic glycolysis and energy production, we also investigated the intracellular ATP pool, lactate levels as well as glucose uptake in FSTL3 overexpressed CRC cells. We observed that abundant FSTL3 expression was only able to increase ATP pools, lactate and glucose levels in cells positive for β-Catenin expression, whereas β-Catenin depletion circumvented any increase in the presence of FSTL3.

Finally, we analyzed the effects of FSTL3 on metastatic ability in a xenograft mouse model of CRC. We therefore injected CRC cells with showing either elevated FSTL3 (DLD-1) or depleted FSTL3 expression (HCT116) to compare any differences in visible metastatic liver nodules and to measure the largest liver metastases between both mice groups. In mice, injected with DLD-1 OE-FSTL3 cells, we observed an increase in the number of visible metastatic nodules and larger metastatic volumes, whereas injection of HCT-116 shFSTL3 cells displayed reduced nodules and a reduced metastatic volume. A very recent study came to the same conclusion, that FSTL3 is strongly linked with increased metastatic formation in a mice model of lung cancer (Gao et al., 2020). We therefore believe that abundant FSTL3 is able to enforce the metastatic ability of CRC cells in vivo.

However, some questions still need to be resolved in future studies. For example, dissecting the specific binding site of YAP1 on the FSTL3 gene promoter needs to be explored in more detail (e.g., ChIP). The conduction of various oncogenic signal pathways is interdependent rather than independent. This interdependence crosstalk among various signal pathways is still not fully understood and should provide new insights to uncover the relevant molecular mechanism. A dual-targeting therapy option in patients suffering from advanced disease become an attractive new strategy in recent years. Finally, the identification and better understanding of new interdependent pathways may pave the way to substantially increase a survival benefit in these difficult-to-treat late therapy stages.



CONCLUSION

The high expression of FSTL3 is a poor prognostic factor for patients with CRC. The activation of YAP1 can induce FSTL3 expression, which then promotes EMT and enhances aerobic glycolysis to affect invasion and metastasis formation of CRC cells by activating the β-Catenin pathway. FSTL3 can serve as a bridging molecule between HIPPO/YAP and Wnt/β-Catenin signaling in CRC (cartoon, Figure 7). Our findings illustrate that FSTL3 could serve as a crucial regulatory factor of the β-Catenin molecular mechanisms, and reflects therefore a promising therapeutic target for anti-metastatic strategies in CRC. Pharmacological targeting of YAP1 can counteract FSTL3 expression in CRC.
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FIGURE 7. The Cartoon: The activation of HIPPO/YAP1 can induce FSTL3 expression, which then promotes EMT and enhanced aerobic glycolysis to affect invasion, migration and metastasis formation of CRC cells by activating the Wnt/β-Catenin pathway. FSTL3 serves as a bridging molecule in the crosstalk between HIPPO/YAP1 and Wnt/β-Catenin pathways and is a crucial regulatory factor of the molecular mechanisms governed by Wnt/β-Catenin in CRC.
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Supplementary Figure 3 | Analysis in GEPIA database (http://gepia.cancer-pku.cn/) illustrated that expression of FSTL3 is obviously related to EMT-connected proteins, including CDH1, CDH2, FN1, and VIM in CRC tissues.

Supplementary Figure 4 | Analysis in GEPIA database (http://gepia.cancer-pku.cn/) illustrated that β-Catenin expression is significantly associated with proteins related to aerobic glycolysis, including SLC2A1, LDHA, HK2, and PKM.

Supplementary Figure 5 | Analysis in GEPIA database (http://gepia.cancer-pku.cn/) illustrated that FSTL3 expression is positively associated with expression of SLC2A1, LDHA and PKM, but negatively related to HK2.
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Globally, in 2018, 4.8 million new patients have a diagnosis of gastrointestinal (GI) cancers, while 3.4 million people died of such disorders. GI malignancies are tightly relevant to 26% of the world-wide cancer incidence and occupies 35% of all cancer-associated deaths. In this article, we principally investigated molecular and cellular mechanisms of tumorigenesis in five major GI cancers occurring at esophagus, stomach, liver, pancreas, and colorectal region that illustrate high morbidity in Eastern and Western countries. Moreover, through this investigation, we not only emphasize importance of the tumor microenvironment in development and treatment of malignant tumors but also identify significance of M2PK, miRNAs, ctDNAs, circRNAs, and CTCs in early detection of GI cancers, as well as systematically evaluate contribution of personalized precision medicine including cellular immunotherapy, new antigen and vaccine therapy, and oncolytic virotherapy in treatment of GI cancers.
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Introduction

Gastrointestinal (GI) malignant tumors generally cover esophagus, stomach, liver, pancreas, as well as colorectal region. Most primary cancers from those parts worldly covered 26% of cancer incidence and 35% of all deaths related to cancer, while 4.8 million new cases were yearly diagnosed and 3.4 million people lost their lives due to those malignancies, statistically in 2018 (1). Currently, clinical scientists are segmentally concentrated on contribution of the tumor microenvironment (TME) to tumorigenesis and resistance to anticancer therapy (2–4), feasibility of precise methodologies in detection of GI cancers at early stage based on tumor growth-associated serological and histochemical changes (5–12), as well as personalized application of biomedical therapies in reduction of tumor size and control of metastases (13–20). More importantly, through combating with cancers over several centuries, many clinicians eventually and principally come back to the nature of malignant tumor, in which an outside exhibition of malignant tumors is uncontrolledly growing but the inside mechanism shows primary inhibition of immune surveillance and cytotoxic activity locally and systematically.



Tumor Microenvironment and Tumorigenesis in Gastrointestinal Cancers


Tumor Microenvironment (TME)

Like Achilles, if we cannot lift him from the ground, he will be alive last long. The Achilles malignant tumors that depend on is the TME. The TME is more like a matrix, in which cancer cells communicate with non-transformed cells through a variety of cytokines, chemokines, growth factors, as well as inflammatory mediators, purposely to maintain a dynamic equilibrium in causing metastases and resisting to physical, chemical, and immune pressure (2, 21, 22). The following components principally play critical roles in tumorigenesis and metastasis, including dendrite cells (DCs), T lymphocyte, natural killer cells (NKs), tumor-associated macrophage cells (TAMs), cancer-associated fibroblast cells (CAFs), and myeloid-derived suppressor cells (MDSCs) as well as transform growth factor β (TGFβ).


Dendrite Cells (DCs)

DCs, as antigen-processing vehicles, are tightly communicating with tumor-infiltrating T cells in purpose of elimination of carcinogenic cells and prevention of local tumorigenesis and systematical metastases. Primarily, DCs are functional to activate CD4+ and CD8+ T cell via antigen presentation, in which immature DCs intake the antigen to promote DCs maturation (23–25). However, based on hypoxic and inflammatory conditions in the TME, T cells activated by tumor-associated antigens are much less produced due to reduction of DC maturation, accumulation of immature DCs, and specific DC-mediated impairment of T-cell response (26, 27). Thus utilizing immune checkpoint inhibitors (ICIs) not only decrease programmed cell death protein 1 (PD-1) activity on DCs but also increase DC activity promoted via amonophosphoryl lipid A produced by E. coli, both of which strongly improve efficiency and efficacy of cellular immunotherapy to GI cancers (28–34).



T Lymphocytes

T lymphocytes inside or around the TME are the majorly powerful enforce to fight with cancer cells, in which tumor-infiltrating lymphocytes (TILs) have been purposely used to treat GI cancers and TILs expressed in the TME are closely relevant to therapeutic efficacy (35–40). Generally, cytotoxic CD8+-T cells are antigen-processed and have ability to eliminate tumor cells, whereas CD4+ T helper 1 cells (Th1) activate cytotoxic T cells to secrete interleukin-2 (IL2), interferon gamma (IFNγ), and tumor necrosis factor (41). Thereby, the higher expression of cytotoxic CD8+-TIL on biopsy, the better prognosis whether with cancer treatment or not (35–39). However, regulatory CD4+ cells, such as Th2 and Th17 group, focus on promoting tumor growth (41). Furthermore, CD4+ T regulatory cells (Tregs) with FOXP3 and CD25 expression release IL10, TGF-β, and cytotoxic T-lymphocyte antigen 4 (CTLA4), which tremendously diminish immune surveillance (42, 43). Expression of Treg cells in biopsy represents a negative prognosis (43). Interestingly, in Hodgkin’s lymphoma, Treg cells inhibit malignant cell growing, which show a good prognosis (44–46). More interestingly, γδT cells stained in the TME directly destroy transformed cells and upregulate activity of DCs, cytotoxic T cells, and NK cells in most malignant tumors (47–50). Invertedly, in situ production of IL17 via γδT cells recruits MDSCs and increases program death protein-ligand 1 (PD-L1) expression that is beneficial for tumorigenesis and metastases (51, 52). Due to contradictory results, whether presentation of γδ TILs in the TME is an eligible biomarker to evaluate prognosis has always been investigated.



Natural Killer Cell (NKs)

NK cells, another category of TILs, are characterized with CD16dimCD56bright subset mostly in circulation, whereas with CD16brightCD56dim subset predominantly in mucosa, in which CD56bright NK cells have cytotoxic action directly on cancer cells independent of antigen presentation (53). Different from functionally killing tumor cells and cancer stem cells (CSCs) in the bloodstream, NK cells show reduced cytotoxicity on transformed cells in the TME with producing less IFNγ (54). Unsurprisingly, through combating with immune defense system, malignant cells also develop several tools to dodge NK cell-mediated elimination including activation of inhibitory receptor of NK cells and reduction of NK cell activity induced by platelets and TGFβ (55). However, due to NK-mediated induction of DC cells and increased activation of more NK cells via ICI treatment, the existence of NK cells in biopsy highly predicts a good prognosis in GI cancer therapy (54, 56–58).



Tumor-Associated Macrophage (TAMs)

Macrophage cells are essentially in regulation of individual immunity through activating adaptive immunity, healing the wound, and kicking off infectious effectors, in which M1 type macrophages with IL12brightIL10dim are majorly activated by IFNγ and lipopolysaccharide, whereas M2 type macrophages with IL12dimIL10bright are typically activated by glucocorticoid and IL4/13 (59). M1 macrophages produce higher level of IL12 and drive the recruitment of Th1, which promotes antitumor activity, while M2 macrophage-mediated high secretion of IL10 largely sends votes to tumorigenesis. Within the TME, cytokines and inflammatory agents predominantly polarize M1 macrophage to M2 subtype, which produces TAMs (60). There are several receptors commonly expressing TAMs, such as the mannose receptor and scavenger receptor class A, in which blocking scavenger receptor class A via monoclonal antibody amplifies cytotoxicity of NK cells to transformed cells in the TME (61). In addition to immunosuppression, TAMs also notably increase tumor angiogenesis, especially at hypoxic area or hypoxia-induced tumor necrosis region where oligonucleotide microarray of aggregated TAMs shows extensive activation of the transcriptional zones encoding angiogenic factors such as vascular endothelial growth factor and endothelin (62). Furthermore, TAMs are strictly relevant with tumor invasion and metastases, and largely prevention of chemotherapy-induced apoptosis in GI cancers (63–65). These discoveries firmly identify high expression of TAMs in biopsy as a poor signal of prognosis in cancer therapy.



Myeloid-Derived Suppressor Cells (MDSCs)

MDSCs have two subpopulations including monocytic group and granulocytic group that are characterized through expression of different kinds of membrane markers and immunosuppressive components (66). MDSCs exhibit two directions in promotion of tumorigenesis and metastases including accelerating tumor angiogenesis (67) and inactivating innate and adaptive immune function through producing high concentration of reactive oxygen and nitrogen species (68), slowing down amino acid-mediated T-cell activation and proliferation by less production of arginine (69) and L-cysteine (70) within the TME and reducing intratumoral migration of cytotoxic T cells by peroxynitrite-modified chemoattractant CCL2 (71), as well as enlarging Treg cell-dependent immunosuppression via IL10, TGFβ, IFNγ, and CD40-CD40L interactions (72, 73).

Impressively, MDSCs have a triple communication with DCs, NK cells, and TAMs. In the TME, MDSC-TAM complex significantly regulates production of IL10 and IL12, in which IL10-knockdown animal model verifies that MDSC-dependent IL10 level is the key factor of reducing IL12 production through influencing IL12 transcription (74). But cytokine- and inflammatory mediator-induced production of MDSC-TAM complex directly leads to high level of IL10 and low level of IL12 in the TME, which promotes recruitment of Treg cells and predominantly inactivates antitumor function of cytotoxic T cells and NK cells (75). Moreover, higher IL10 production also increases IL4 expression, which basically supports more transformation of TAMs (76). Recent investigation found that granulocytic MDSC-induced inflammation decreased NKG2D expression, an activating receptor of NK cells, which reduced cytotoxicity in the TME (77), whereas monocytic MDSCs amplified expression of activating ligand Rae1 on NK cells to increase killing activity through NKG2D, which subsequently lysed MDSCs (78). Furthermore, combining with ICIs and N803, an IL15 superagonist, NK cell therapy increased cytolysis of MDSCs in squamous cell carcinoma (79). Also, another case in treatment of head and neck squamous cell carcinoma reported that orally bioagent SX-682, a small-molecule inhibitor of CXCR1 and CXCR2, tremendously abolished MDSC aggregation and amplified activity of infiltrating NK cells in the TME (80). These investigations strongly indicate that MDSCs suppress NK cell-mediated elimination of cancer cells in the TME. Through studying effects of MDSCs on DCs in melanoma patients, the evidence showed that MDSCs decreased antigen presentation of DCs, inhibited incubation of immature DCs, and blocked recruitment of DCs to cytotoxic T cells, all of which were activated via IL23-mediated Th17 cell pathway (78, 81, 82). More evidences showed that IL23-mediated Th17 cell proliferation damaged adaptive and innate immunity and significantly promoted tumor metastases (78, 83). Therefore, MDSCs primarily enhance TAM-induced immunosuppression and selectively downregulate DC and NK cell activity in promotion of tumor growth and metastases.



Cancer-Associated Fibroblast Cells (CAFs)

Healing tissue damage with scar essentially needs participation of fibroblast cells, in which paracrine signals transform residential fibroblasts to myofibroblasts that produce TGFβ and α-smooth muscle actin (84, 85). However, in the TME, myofibroblast cells independent from mutations in cancer cells or the epithelial-mesenchymal transition (EMT) are primarily recognized as CAFs that are abundantly expressed in most malignant tumors (86). In purpose of constantly activating proliferation and metastases, CAFs produce various kinds of growth factors such as hepatocyte growth factor, fibroblast growth factor, and insulin-like growth factor 1 (87). CAF secretion partially activates expression of vascular endothelial growth factor that highly causes angiogenesis (88). Cytokines and chemokines produced by CAFs are functional on cytotoxic T cells, Treg cells, and macrophages, which cause both immune enhancement and immunosuppression (89). Differently, CAF-secreted IL6, CXCL9, and TGFβ reduce T cell response to cancer cells, especially cytotoxic T cells (90), whereas CAF-mediated production of CXCL12 (91) and inactivation of focal adhesion kinase in cancer cells (92) amplify antitumor effects through diminishing stromal fibroblast activation. Moreover, CAFs in the TME also contribute to building up the extracellular matrix (ECM) that consists of fibrovascular cores and remodeling enzymes for increasing tumor density to resist selective pressure (90, 93), while TGFβ-activated CAFs crucially stop activity of anticancer medicine (94, 95). Collectively, CAFs promote tumorigenesis and metastasis through modifying the ECM, utilizing growth factors for angiogenesis, and preventing drug access to reduce therapeutic effects.



Transform Growth Factor β (TGFβ)

TGFβ almost regulates all types of human cells and acts as a double agent in the TME (96, 97). Generally, TGFβ secretion is locally responsible to maintain homeostasis, and higher level of TGFβ created by blood platelet and stromal components is responsible for healing the injury and regeneration; however, in the TME, not only stromal cells produce TGFβ through paracrine but also malignant cells autocrinally generate more TGFβ (98). Being a cytokine, TGFβ activates signal transduction through Smad-dependent or Smad-independent pathways, in which Smad-dependent signaling demonstrates that TGFβ-mediated phosphorylation of Smad family protein, Smad2 and Smad3, via TβR1 receptor interplays with the cofactor to form the complex that is subsequently translocated into the nucleus and binds with Smad binding element to activate gene transcription (99, 100); however, to Smad-independent signaling, TGFβ activity is amplified mostly through mitogen-activated protein kinase (MAPK) pathway that is activated via p38, c-Jun amino terminal kinase, extracellular signal-regulated kinase, and nuclear factor-κB as well as phosphatidylinositol 3 kinase-Akt (PI3K-Akt) (101, 102). The dual roles of TGFβ showing at early and advanced stage of cancers are not due to the change of TGFβ structure, but are mediated through mutant TGFβ receptors as well as interaction of cancer cell-secreted TGFβ with the whole stromal cells such as dendritic cells, T cells, NK cells, TAMs, CAFs, and MDSCs. To suppress tumor growth, TGFβ arrests cell cycle through inhibiting cyclin dependent kinase and c-Myc pathways (103), induces cell apoptosis through activating JNK and Fas pathway, and antagonizing Bcl-2, Bcl-X, and survivin (104), and eventually prevents cell immortalization through regulating reverse transcriptase activity of human telomerase (105). To support tumorigenesis and metastases, paracrinal and autocrinal TGFβ enhances immunosuppression through diminishing immune surveillance maintained by DCs, cytotoxic T cells, and NK cells as well as cytokines such as IL2 and INFγ (22), amplifies angiogenesis through activation of ALK1 and ALK5 pathway and more production of vascular endothelial growth factor and connective tissue growth factors in epithelial cells and fibroblasts (97), and induces the EMT for promoting metastases through Smad-dependent and Smad-independent pathway (98), as well as accelerates malignant cells invasiveness through remodeling the ECM and decreasing TβR2 signaling and miRNA-mediated protein regulation (99).

Furthermore, hyperactivation of TGFβ signaling in advanced-stage malignant tumors also swiftly decreases efficacy of ICI therapy in the TME (106), whereas malignant tissue insensitive to ICI treatment exhibits a high expression pattern of TGFβ1 (107). Neutralized monoclonal antibodies individually targeting on TGFβ or dual recognition of TGFβ and PD-1/PDL-1 have achieved significant antitumor effects in treatment of liver cancer, pancreatic cancer, lung cancer, and urethral cancer (108, 109). Therefore, once malignant cells finish the transition from locally seeding to angiogenesis, TGFβ ultimately abandons the antitumor arm and majorly serves to immunosuppression and metastases.




Tumorigenesis in Gastrointestinal Cancers


Esophageal Cancer

Esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC) are two major malignant exhibitions at esophagus. Epidemiological studies demonstrate that multiple factors cause EAC and ESCC, such as smoking, obesity, gastroesophageal reflex disorder, and Barrett’s esophagus, as well as epithelial injury via frequently intaking hot solution, all of which indicate that chronic inflammation is mainly responsible for malignant transition (110). In chronic inflammation-mediated esophageal cancers, not only IL6-STAT3 (signal transducer and activator of transcription 3) pathway increases epithelial proliferation and apoptotic resistance in Barrett’s esophagus and EAC but also neoplastic cells utilize STAT3 signaling to promote tumorigenesis, angiogenesis, and metastases (111, 112). To ESCC, increased production of IL6 causes a poor prognosis following neoadjuvant radiochemotherapy, while higher expression of STAT3 at surgical resection correlates to increased mortality; however, siRNA-activated inhibition of IL6/STAT3 signaling augments chemotherapy sensitivity, accelerates apoptosis, and reduces angiogenesis, as well as decreases the EMT formation for metastases (113, 114).

More importantly, in EAC and ESCC, high expression of CD38-positive MDSCs is abundantly found in the peripheral blood at advanced stage, while Daratumumab binding with CD38 expression reduces tumor growth (115). Previous studies reported that MDSCs increased recruitment of Treg cells in maintenance of immunosuppression in the TME (116). It is highly possible that MDSCs promote malignant invasion through increasing Treg cell activity, in which the higher level of Treg cells, the stronger prediction of tumor invasion, metastasis, disease severity, and reduced overall survival (114, 117). Furthermore, due to the TME in esophageal cancers, especially in ESCC, enormously supporting transition of M1 macrophages to TAMs, infiltrating TAM-based immunosuppression (113), and TAM-mediated upregulation of Treg cell activity tremendously promote the development of EAC and ESCC through STAT3 signaling (118). Additionally, TGFβ directly increases CAF production in the TME, because of which, CAF-based secretion of vascular growth factors accelerates metastases in ESCC, whereas inhibition of CAF activity in EAC notably improves overall survival associated with an excellent prognosis (119). Collectively, interplay of various chronic inflammation conditions activates tumorigenesis in esophageal cancer.



Gastric Cancer

Similar to esophageal cancers, most environmental issues are directly and indirectly functional on generating gastric malignancy including high-salt food, pickled food, smoking, nitrates, and food preservers (120). But malignant tumors occurring at cardia and gastroesophageal junction are mostly related to gastroesophageal reflux, intestinal mucosa transition, and chronic mucosal infection caused by H. pylori (Hp) (121). External factors and internal issues confirm the contribution of chronic inflammation in promotion of gastric cancer (122, 123). Two pathological categories in gastric cancer are intestinal type and diffuse type, in which intestinal type is closely related to Hp infection in older males and less morbidity in last several decades worldly, while diffuse type is characterized with loss of E-cadherin expression, frequently occurring in young people unisexually, and less correlating with precancerous lesion (124).

As extensively reported, microorganisms make a great contribution in stimulation of tumorigenesis through dysregulation of cycle progression, protein translation, and cell survival. Epstein Barr Virus (EBV) and Hp are frequently emphasized due to mostly triggering PI3K-Akt pathway and Wnt/β-catenin pathway, respectively (121, 125). Crucially, mutant PI3KAc, an oncogene encoding a catalytic subunit of PI3Kα, is remarkably expressed in up to 42% EBV-associated gastric adenocarcinoma, which predominantly causes DNA hypermethylation, especially promoting tumor suppressive gene CDKN2A hypermethylation (125). Moreover, amplification of mutant PI3KAc swiftly increases angiogenesis stimulated by VEGF and EGF through TGFβ-CAFs pathway (125). Also blocking oncosuppressive gene, PTEN, activates Akt expression and phosphorylation of Akt, which strongly dysregulates cell apoptosis, tumor invasiveness, and radiosensitivity (126). miRNA-21 targeting on PTEN expression rises proliferation and invasiveness of gastric cancer (126). Dysfunction of Wnt/β-catenin pathway occurs in about 70% gastric cancer patients, in which two virulence factors of Hp, CagA and VacA, are mainly responsible for such dysregulation (127). CagA not only interplays with E-cadherin to increase β-catenin accumulation in cytoplasm and nucleus but also activates CDX1 and P21 genes also firmly responsible for transition of Hp-infected gastric epithelium to mesenchymal stemness such as CSCs (128). Interestingly, chronic inflammation induced via Hp infection reprograms SALL4 expression, which directly promotes intestinal metaplasia to neoplastic transformation (129), whereas increased interaction of SALL4 with Wnt/β-catenin signaling also accelerates lymphatic node metastases in gastric cancer patients (130). Furthermore, unsurprisingly, TGFβ is a valid sponsor in upregulation of Hp-induced EMT (131).

Activation of EGFR is responsible for up to 30% gastric cancer cases, in which increased EGFR expression or mutant EGFR is responsible for 5–10% patients and correlates with microsatellite instability molecular subtypes (132). Various coregulators binding with EGFR and TNFα recruit signaling cascades that activate MAPK and PI3K-Akt pathways (133). Nevertheless, HER-2 overexpression exists in 10–30% gastric cancer patients, in which mutant HER-2 occurs in 5% gastric cancer cases, and is more prevalent in 7% microsatellite instability cases and 12% EBV-positive ones (132). Thereby, overexpression of mutant EGFR and HER-2 is highly associated with metastases and poor prognosis in gastric cancer patients (132). Furthermore, specific categories of miRNAs functionally contribute to the development of gastric cancer through increased oncogene expression, reduced expression of oncosuppressive genes, and dysfunction of tumor suppressive proteins; therefore, depending on miRNAs, they are highly likely to become a practically clinical tool in detection of GI cancers and evaluation of prognosis (134).



Liver Cancer

Hepatocellular carcinoma (HCC) mostly is diagnosed at the late stage following viral infection, alcohol overconsumption, steatohepatitis, primary biliary cirrhosis, autoimmune hepatitis, and aflatoxin contamination, in which chronic viral infections, such as HBV and HCV, are responsible for 80% cases (135). More researchers believe that oncogenic background changes, dysregulation of up- and downstream molecular pathways, and interaction between stromal cells and cytokines in the TME are tightly connected with cancer cell transition, proliferation, angiogenesis, invasion, and metastasis in HCC.

Single-cell transcriptomic profiling of HCC patients identifies that TME reprogram mainly controls HCC biodiversity, and VEGF-A-mediated regulation of CAFs and TAMs activities is only exhibited in malignant cells, especially in high diversity tumors, but not found in non-malignant hepatocytes (136). This investigation also verifies that individual activation of VEGF-A pathway in HCC is completely responsible to immunosuppression, aggressiveness, and negative prognosis (136). Also, VEGF-A is a critical trigger of angiogenesis in HCC serving for invasion and metastases (137). In HBV- and HCV-mediated hepatitis, chronic infection leads to cirrhotic situation that causes a hypoxic environment, in which hepatocytes upregulate hypoxia-induced factor 1α expression, and consequently that causes overexpression of VEGF at transcriptional level, and finally promotes angiogenesis in HCC (138). Treatment using lenvatinib and sorafenib targeting on VEGFs notably significantly improves prognosis in HCC patients (139). As mentioned previously, TGFβ dysregulated VEGF expression in different kinds of cancers (99); however, TGFβ is a double agent in health and diseased liver. In health liver, Kupffer cells and stellate cells produce most TGFβ except for hepatocytes, while in an injured health liver, temporary activation of TGFβ is functional on nuclear Yes-associated protein and Smad2 phosphorylation (140) that induces the EMT formation dependent on activated hepatic stellate cells and hepatocytes-transformed myofibroblast cells. Moreover, stromal cells in the TME utilize the fibrosis process induced by EMT for metastases, which has been actually verified through miRNA-dependent inactivation of TGFβ pathway in reducing HCC tumorigenesis and improving prognosis (141, 142).

More importantly, overexpression of EGFR and insulin-like growth factor receptors enhances activation of PI3K/Akt/mTOR signaling in HCC, in which atypical PTEN activity upregulates activation of the PI3K/AKT/mTOR pathway (143). Previous researches demonstrated that mutant PTENTs were identified in 5% HCC patients, while reduced or deleted PTEN expression was associated with nearly 50% HCC cases (144, 145). Abnormal expression of PTEN in chronic HBV- and HCV-infected patients constantly stimulates overactivation of PI3K/AKT/mTOR pathway, which constitutively promotes tumor grades and advanced disease stage, and diminishes overall survival in HCC patients (144). Clinically, everolimus and mTOR inhibitor plus a PI3K inhibitor (BKM120), Akt inhibitor (MK-2206), and mTOR/PI3K inhibitor (BEZ235) significantly increase immune cytotoxic activity, especially in treatment of advanced HCC via everolimus, in which 40–73% patients quickly catch the disease stable state in a short-time study (146, 147).

Alternatively, in almost 50–70% HCC patients, immunostainings identify overexpression of β-actin in cytoplasm and nucleus especially for tumor cell proliferation and suppression of physiological differentiation; however, under nonmalignant situation, high accumulation of β-actin shows less contribution to HCC formation (148). Furthermore, the early-stage HCC demonstrates that β-actin mutation occurs in 17% HCC patients and these mutant regions cover some specific sites such as phosphorylated site of glycogen synthase kinase-3β (149). Investigation of clustering β-actin resource in HCC shows that mutant β-actins are responsible for 12–26% of patients, whereas mutations in Wnt/β-actin pathway contribute 8–13% cases, both of which predominantly occur in HCV-infected population (149). Clinically, genetic profiling of 603 HCC patients illustrates that either Wnt/β-actin pathway or Myc/Akt pathway is abnormally activated, which is parallel with TGFβ overexpression (150). Interestingly, through activation of Wnt/β-actin pathway, miRNAs regulate TGFβ-mediated ECM formation (151), and more evidences expose that due to the ECM transition, liver has generally become a common site not only for HCC metastasis but also for other solid tumors (152, 153).



Pancreatic Cancer

As a deadly disease, pancreatic cancer, like mountain Everest, has always been attractive to many physicians and surgeons in that 5-year survival rate is only 8% (154), in which 90% pancreatic cancer is pathologically defined as pancreatic duct adenocarcinoma (PDAC) and 10-year survival rate is less 4% (155, 156). Principally, in pancreatic cancer, the TME promotes tumor growth and angiogenesis, CSCs focus on anticancer therapy and increased tumor bulk, and interaction between CSCs and the EMT contributes to metastases.

One of pathological characteristics in PDAC is desmoplasia, a state of extensive fibrosis around the primary tumor region, in which the ECM proteins are overexpressed and myofibroblast cells are tremendously identified (157). Clinical evidences also demonstrate that desmoplasia displaying in lymphonodes of the PDAC patients predicts a poor prognosis (157). Desmoplasia occurring in PDAC tightly depends on the TME in that TME-associated secretion of connective tissue growth factors, fibroblast growth factor 2, and TGFβ stimulates desmoplasia formation, especially the absence of anticancer arm of TGFβ caused by reduced Smad4 function depending on RAS-mediated ERK pathway (158). Due to high fibrosis in desmoplasia, the TME exhibits hypovascular and hypoxic conditions, through which pancreatic cancer cells reprogram metabolic pathways, inactivate apoptosis, and amplify proliferation and anticancer resistance, as well as promote invasion and metastasis (159). In purpose of maintenance and enhancement of hypoxia, pancreatic cancer cells produce more angiostatin, endostatin, and pigment epithelium-derived factors, whereas the ECM creates more endostatin, both of which are eventually countering vessel growing (160, 161). Desmoplasia-induced hypoxia, especially via hypoxia-induced factor 1α and TGFβ, constantly stimulates production of activated pancreatic stellate cells, in which stellate cells with quiescent vitamin-A contents transform into myofibroblast-like type (162). Through this procedure, normal cellular framework in pancreatic microenvironment steps into the carcinogenic ECM, which is responsible for upregulating secretion of cytokines and chemokines such as matrix metalloproteinases, platelet-derived growth factor, epidermal growth factor, insulin-like growth factor 1, fibroblast growth factor, and stromal-derived factor 1, as well as small leucine-rich proteoglycans and collagen type I, all of which make a great contribution to cancer development and metastasis (162, 163). Moreover, activated pancreatic stellate cells notably participate into immunosuppression in the TME, in which activation of stellate cell-dependent IL6 secretion causes MDSC aggregation deliberately to reduce T-cell proliferation, and increases Treg cell infiltration via STAT3 pathway (164). In addition, activated stellate cells also cause more T-cell apoptosis and Th2 cytokine secretion in the TME through upregulating Galectin-1 expression (165). Recently, investigation identified that inhibiting heat-sensitive protein 90 restricted transformation of cancerous pancreatic stellate cells and diminished IL6 production in the TME, which significantly amplified effects of ICIs and increased cytotoxic T cells and Th1 cell infiltration through inactivation of JAK/STAT and MAPK signaling in PDAC (166).

Hypoxia in PDAC not only stimulates production of activated stellate cells but also promotes stemness, in which hypoxic environment indirectly and directly supports CSC creation (167, 168). Growing with pancreatic cancer cells in vitro simultaneously, activated stellate cells increase spheroid formation of malignant cells and upregulate expression of stemness markers such as ABCG2, Nestin, and LIN28, which strongly indicates the importance of activated stellate cells in generating CSC niches (169). Specially, TGFβ1 predominantly secreted by activated stellate cells in PDAC stimulates CSC production through negatively regulating L1 cell adhesion molecule expression by TGFβ-Smad2/3 pathway, which causes PDAC to be more progressive (170). More importantly, self-renewal CSCs have become a major barrier of conventional chemoradiotherapy, in which gemcitabine is unable to eradicate CSCs but rather increase the number of CSCs (171, 172). In purpose of maintaining the renewal, increasing the tumor bulk, and promoting metastases, CSCs dysregulate several signal pathways including Wnt/β-catenin, hedgehog, notch, NF-κB, PI3K/Akt, and PTEN (173). Unsurprisingly, CSCs also secret Actin and Nodal that interact with Alk4/7 receptors to form pancreatic cancer cell sphere; however, through reduction of Akl4/7 expression and inhibition of interplay with CSCs, pancreatic cancer cells are more sensitive to gemcitabine treatment and lead to a long overall survival (174).

For entirely understanding the procedure of metastases in PDAC as well as contribution of CSCs in metastases, more investigations evidently show that the EMT insidiously plays a pivotal role during invasion through inducing CSC production continuously (175, 176). The most critical event in forming the EMT is to transform epithelial cells from a normally mature condition into mesenchymal phenotype, which causes morphogenetic changes occurring in embryonic development, organ fibrosis, and tumor metastasis, as well as less expression of epithelial markers such as E-cadherin, desmoplakin, and plakoglobin and overexpression of mesenchymal markers including vimentin, fibronectin, and α-smooth muscle actin (177, 178). Interestingly, hypoxia-inducible factor 1α is functional on expression of SIP1, Snail, Twist1, and Zeb1 indirectly or directly, while hypoxia-inducible factor 2α directly regulates Twist1 expression, both of which enlighten the essential role of hypoxia in induction of the EMT formation (179–181). Impressively, Zeb1 suppresses E-cadherin expression to promote metastases through downregulating expression of stemness inhibitors such as miR-203 and miR-200, in which TGFβ directly causes upregulation of Zeb1 signaling in the EMT (176, 182). Furthermore, circulating tumor cells (CTCs) depending on the EMT-mediated extravascular invasion and migration occupy 100-fold increases of CD24+ and CD44+ expression that are highly exhibited in pancreatic CSCs associated with therapeutical resistance and negative prognosis (183, 184). That TGFβ predominantly secreted by activated stellate cells strongly enhances CSC production in desmoplasia indicates that interaction between CSCs and the EMT crucially supports metastatic infrastructure and pathological progression in PDAC.



Colorectal Cancer

Clinical practice using non-steroid anti-inflammable drugs such as COX-2 antagonists but not aspirin exhibits 40–50% reduction at risk of colorectal cancer (CRC), which strongly demonstrates that chronic inflammation initially promotes tumorigenesis in CRC (185, 186). Further evidences verify that COX-2-mediated prostaglandin E2 production is critically responsible for CRC invasion (187). However, recent researches substantially identified that prostaglandin E2 secreted by CAFs essentially correlates with immunosuppression, angiogenesis, and metastases in CRC, in which upregulation of COX-2 expression on CAFs promotes migration and invasiveness (188), reduction of COX-2-mediated miR-335 expression blocks CAF-induced carcinogenesis through restoring PTEN activity (189), and dysregulation of NK cell function by hepatocellular CAFs depends on prostaglandin E2 and indoleamine 2,3-dioxygenase activity (190). Therefore, transformation of normal fibroblasts to CAFs is a milestone in CRC formation, which purposely remodels the TME through reprogramming secretion of the ECM proteins (191). Moreover, CAFs in CRC strongly amplify immunosuppression in the TME through CAF-mediated enhancement of TAM and MDSC activities (192, 193), CAF-dependent promotion of Treg cell proliferation (194), and CAF-induced PDL-1 overexpression on cancer cells (195), as well as CAF-activated reduction of cytotoxic T cell activity (196). Furthermore, exosomes predominantly secreted by CAFs typically contain miR-21, miR-378e, and miR-143, most of which travel from CAFs to cancer cells in response to increased expression of the EMT markers and stemness to become more aggressive phenotype, which is parallel with results obtained from cancer cells transfected with miR-21, miR-378e, and miR-143 (197). Therefore, miR-21-contained vehicles majorly created by CAFs play an essential role in upregulation of cancer cell-based tissue damaging, especially causing more metastases to liver in CRC (198). Eventually, CAF-dependent exosome secretion is inherently in recruitment of CSCs to resist oxaliplatin or 5-fluorouracil treatment in CRC therapy; however, inhibition of exosome production significantly reduces such kind of behaviors (199). In addition, CAF-induced IL17a secretion also notably promotes self-renewal and invasiveness of CSCs and worthfully to know that chemotherapy of CRC unfortunately upregulates IL17a secretion (200).





Clinical Approaches in Diagnosis of Gastrointestinal Cancers at Early Stage

Currently, conventional screening cancer tools including plasma-based tumor markers, barium enema, GI endoscopy, and computed tomography have been practiced extensively in asymptomatic population for decades of years in purpose of identifying malignant tumors at early stage, in which GI endoscopy is strongly recommended due to high accuracy of histology; however, invasive nature, unhappier feeling, and noticeable cost have conditionally slabbed this optimal practice for a large-scale of screening tests (201, 202). Most of serum tumor markers generally show less specific in early detection of GI malignancies except for αfetoprotein and CA19-9 with highly predictable value of hepatocellular cancer and pancreatic cancer, respectively (203, 204). According to diversity of cytokines, chemokines, and glycoproteins in the TME, it is necessary to comprehensively apply novel biomarkers for early diagnosis of GI malignancies, which are not independent from traditional cancer-screening tests.


M2 Pyruvate Kinase (M2PK)

Glutaminolysis and glycolysis almost exist in all kinds of solid tumors in that hypoxia in the TME significantly upregulates glycolysis d in malignant tissues (205, 206). Being a rate-limiting enzyme, M2PK plays a crucial role in regulation of glycolysis, in which tetrameric structure of M2PK exhibits high affinity to phosphoenolpyruvate, whereas a dimeric form, named tumor M2PK with low affinity to phosphoenolpyruvate, is predominantly expressed in malignant tumors (207). A large number of evidences demonstrate that increased expression of tumor M2PK in screening samples especially correlates with GI cancers and also has a pan-sensitive to malignancies in brain, thyroid, lung, breast, ovary, cervix, kidney, bladder, and prostate (205, 208–215).

As a meta-analysis study showed, tumor M2PK as a plasma marker had 62.1% sensitivity and 89% specificity in detection of gastric cancer and esophageal cancer (216). According to different stages of gastric cancer, tumor M2PK has 71% sensitivity to metastatic cases, whereas CA72-4 is 57%, while to the cases without metastases, tumor M2PK has 63% sensitivity, whereas CA72-4 is 25% (11). The study focusing on accuracy of tumor M2PK, CEA, CA19-9, and CA72-4 in diagnosis of GI cancers confirms that tumor M2PK is significantly higher in screening esophageal cancer, gastric cancer, and CRC than other three tumor markers, while in pancreatic cancer, tumor M2PK has a similar predictable rate as CA19-9, but more sensitive than CEA and CA72-4 (6). Furthermore, a comparable meta-analysis study found that screening pancreatic cancer through CA19-9 and M2PK together has 60% sensitivity and 95% specificity (11). More conveniently, testing tumor M2PK in fecal samples is significantly sensitive and reliable than fecal occult blood test (FOBT) due to intermittent bleeding or the absence of bleeding in CRC, in which tumor M2PK shows 68.8 to 91.0% sensitivity and 71.9 to 100% specificity, whereas FOBT has 40% sensitivity only or less (217). Therefore, combining with conventional plasma tumor markers and periodic endoscopy examination, tumor M2PK is practically selected as an earlier alert signal in detection of GI malignancies, especially in screening CRC.



Circulating Tumor Cell and Circulating Tumor DNA

CTCs are tumor cells that have broken away from primary tumors or metastatic sites, and then enter into the blood circulation in purpose of distal metastases (218). Comparing with other peripheral blood cells, the number of CTCs is extremely low, generally 10-7 to 10-8, and lifetime mostly lasts for several hours (219–221). Currently, using CTCs to screen GI cancers in normal population is not actually realistic due to remarkably low fraction of CTC-positive patients, screening markers less specific for CTCs assessment, and tremendously lower level of CTCs detected at early-stage tumors (222–224). A cohort study of 138 CRC patients at stage I to III demonstrates that postoperative CTC-positive patients who were negative at preoperative CTC test independently predict a really poor prognosis, whereas preoperative CTC-positive patients have similar results as preoperative CTC-negative group in evaluation of prognosis (225). Therefore, CTC test may be highly valid to patients with extensive metastases, post-surgery relapse, or the high-risk population with family history of GI cancers as well as a good candidate in prediction of prognosis after chemoradiotherapy.

Circulating tumor DNA (ctDNA) is a kind of cell-free DNA originally traveling from primary cancer site, metastatic location, or CTCs to the bloodstream, in which the size of ctDNAs is generally shorter than normal cell-free DNAs, lifetime lasts for 16–150 min, and can be released into exosomes (226, 227). Different from CTC test, ctDNAs screening has employed tumor-specific genetic markers and epigenetic markers in discrimination of ctDNAs from normal cell-free DNAs (228), and sensitivity of ctDNA detection has exhibited microscale level through molecular barcoding techniques (229). Furthermore, identification of ctDNAs through low-coverage genome sequencing has not required genomic information of primary malignancy (230), and ctDNA detection using plasma samples is more accurate than in serum due to lower level of wild-type DNA released (231). Through combinative application of both ctDNAs and CTCs techniques as well as through detection of hypomethylation or hypermethylation of ctDNAs at promoter region of cancerous and oncosuppressive genes, ctDNAs have been extensively used in early diagnosis of GI cancers. However, due to few amounts of ctDNAs released into the circulation, ctDNA technique is encountering some challenges in detection of ultra-early stage of GI malignancies (232, 233).

In esophageal cancer, ctDNAs targeting CASZ1, CDH13, and ING2 genes show significant high level of hypermethylation in ESCC patients but mild level in healthy controls, whereas dysregulation of 5-hydroxymethylcytosine expression on ctDNAs also has remarkable sensitivity in screening ESCC; therefore, ctDNA detection based on these two different patterns is highly likely to identify the early-stage esophageal cancer (234, 235). Through screening methylation and hypermethylation of 14 genes in 1193 samples, ctDNA approach has 65% sensitivity and 95% specificity in diagnosis of gastric cancer, whereas in comparison with CEA, CA72-4, CA19-9, and CA50, the higher concentration of ctDNAs tested by alu-dependent branch DNA assessment, the more accuracy in early diagnosis of gastric cancer, which has 79% sensitivity and 91.8% specificity (236, 237). Therefore, combining hypermethylation of CASZ1, CDH13, and ING2 genes with increased ctDNA burden is a valuable approach for a large-scale screening of upper digestive cancers. Using somatic copy number aberration (SCNA) via low-depth whole genome sequencing technique demonstrates that increased ctDNA burden has area under curve (AUC) value of 0.874 in early diagnosis of HCC and 0.933 at advanced stage of HCC, whereas application of ctDNA panel focusing on eight targeted genes has 83.3% sensitivity and 90.5% specificity in screening HCC; thereby, screening people through a panel containing multiple ctDNAs with increased ctDNA burden comprehensively provides a specific method in diagnosis of HCC (238, 239). To detect pancreatic cancer, several investigations clarify that single ctDNA-mediated tests are not sensitive at the early-stage; however, through combining with conventional serum tumor markers, specific proteins expressed in the TME and methylation at protomer regions of cancer-related genes, ctDNA technique significantly increases sensitivity and specificity in diagnosis of pancreatic cancer (240, 241). Using ctDNAs to detect methylation expression at promoter regions of 17 genes exhibits 91.2% sensitivity and 90.8% specificity to discriminate PDAC patients from chronic pancreatitis group (242). Through examining methylation at both ADAMTS1 and BNC1 genes in screening PDAC, ctDNAs tests remarkably accomplish the accuracy with 94.8% sensitivity and 91.6% specificity (243). Moreover, detection of mutant KRAS through ctDNAs combined with other four protein markers notably has 64% sensitivity and 99.5% specificity in diagnosis of PDAC patients from healthy controls (244). Thereby, the methodology of integrating ctDNAs with KRAS mutation, methylation on targeted genes, and high expression level of tumor-specific proteins predominantly occupies a position in early diagnosis of pancreatic cancers. Similarly to detect early gastric cancer, increased ctDNA burden through Alu83 and Alu244 is also used to detect CRC, combination of which with methylation of specific gene achieved higher sensitivity in CRC diagnosis (245). Furthermore, using ctDNAs to examine B4GALT1 gene hypermethylation performs 50% sensitivity and 100% specificity in early diagnosis of CRC, whereas hypomethylation of LINE-1 gene tested by ctDNAs yields 65.8% sensitivity and 90.0% specificity in screening CRC (246). Therefore, testing M2PK-positive samples depending on increased ctDNA burden, hypermethylated B4GALT1 gene, and hypomethylated LINE-1 gene is a reliable methodology in early detection of CRC.



Circulating microRNA

microRNAs (miRNAs) generally composing of 19–24 nucleotides are functional on 3’-UTR of messenger RNA, which effectively regulates targeted protein expression (247). miRNAs are endurable in various physiological changes and resist to RNase activity, thereby circulating miRNAs extensively and stably present in 12 kinds of cell-free body fluids and excretions including serum, plasma, urine, and feces (248). Since downregulation of miR-15 and miR-16 expression was firstly recognized as a novel biomarker in diagnosis of B-cell chronic lymphocytic leukemia (249), clinical professionals have applied circulating miRNAs in detection of GI cancers considerably and identified several unique expression patterns in early diagnosis of esophageal cancer (250, 251), gastric cancer (252), liver cancer (253), pancreatic cancer (254), and CRC (255).

Comparing to healthy controls, the expression panel containing miR-16-5p, miR-197-5p, miR451a, and miR-92a-3p is specially associated with ESCC, whereas the group of miR-16-5p, miR-320c, miR-638, and miR-92a-3p is significantly higher in squamous dysplasia, a precancer pathology, especially miRNA-21 overexpression highly correlating with alcohol-induced ESCC (250, 251). In a cost-effective screening of gastric cancer, 12-miRNA panel shows 87% sensitivity and 68.4% specificity, which is remarkably higher than CEA and CA-19-9 (252). A meta-analysis study of circulating miRNA-mediated detection of HCC demonstrates that the higher expression group of circulating miR-21, miR-122, and miR-223 is more specific in diagnosis of HCC than in healthy, hepatitis, or cirrhosis group, in which confident rates of miR-21, miR-122, and miR-223 are 0.9293, 0.8128, and 0.8597, respectively, especially miR-21 expression in high priority (256). Screening of pancreatic cancer proves that the expression group containing miR-125a-3p, miR-5100, and miR-642b-3p achieves the most promising result in discrimination of cancer patients from healthy ones, which shows 98% sensitivity and 97% specificity (254). Moreover, in diagnosis of CRC, the expression pattern consisting of miR-15b, miR-17, miR-21, miR-26b, and miR-145 has the best predictable performance, especially miR-21 and miR-26b with maximal specificity (257). Recently, circulating exosomes were also considered as the early biomarkers in diagnosis of GI cancers; however, the reliability of this approach mainly depends on analysis of contents within the circulating exosomes, especially miRNAs and cell-free DNAs (258).

Finally, through reviewing 42 investigations significantly relevant to the diagnostic performance of circulating miRNAs in GI cancers, this meta-analysis study concludes that comparing to CEA and CA19-9, circulating miRNAs have become reliable biomarkers in early diagnosis, moderately with 75% sensitivity and 81% specificity, and multiple-miRNA screening assay significantly achieves more accurate result than a single-miRNA test, as well as plasma-dependent miRNAs assay is precisely used in diagnosis of gastric cancer, while serum-based miRNA test is more suitable for CRC detection (259).



Circular RNA

Circular RNAs (circRNA), non-coding RNA with closed circular form, have been discovered in mammalian cells for decades and structurally characterized through high-throughput sequencing over 10 years, in which circRNAs are functional on the axle of circRNA-miRNA-mRNA responsible for target gene expression, interplay with RNA-binding protein in regulation of target protein activities, and act as posttranscriptional regulators influencing parental gene transcription and splicing (260). Due to strongly resisting to exoribonuclease, circulating circRNAs are stably and extensively expressed in exosomes, serum, plasma, saliva, and urine (261). Since ciRS-7 firstly exhibited sponging action on miRNA-7 to promote carcinogenesis, different kinds of cancers have shown unique existing patterns of circRNAs that are practically applied in diagnosis of malignancy at early stage (261). Moreover, recent investigation demonstrated that artificial expression of circRNA targeting on miRNA21 eliminated miRNA-21-mediated promotion of gastric cancer (262). Therefore, examining expression pattern of circRNAs sponging on cancer-specific miRNAs is highly likely to become a more efficient methodology in early diagnosis of GI malignancies.

Using a pool of circRNAs to screen ESCC identifies that upregulation of circ-DLG1 and circ-TTC17 combining with downregulation of hsa_circ_0001946, hsa_circ_0062459 and circ-SMAD7 has 79% sensitivity and 85% specificity, in which positive samples in this pool test have 5-fold higher possibility in transition to ESCC than normal controls (263). Through analyzing 343 plasma circRNAs expressed in gastric cancer patients and healthy controls, downregulation of hsa_circ_0001017 and hsa_circ_0061276 has the best diagnostic performance with 95.5% sensitivity and 95.7% specificity (264). Another study shows that lower expression of plasma hsa_circ_0000181 has 99.0% sensitivity and 85.2% specificity in gastric cancer (265). Therefore, the expression group of hsa_circ_0001017 and hsa_circ_0061276 and hsa_circ_0000181 is practically becoming a novel biomarker for early diagnosis of gastric cancer. For HCC detection, upregulation of seven circRNAs expression plus downregulation of five circRNAs expression in serum shows the best combinative performance, in which the expression group covering hsa_circ_0004001, hsa_circ_0004123, and hsa_circ_0075792 has 90.5% sensitivity and 78.1% specificity (266). Furthermore, two independent studies identically discover that plasma circ-LDLRAD3 overexpression significantly correlates with pancreatic cancer, in which together with CA19-9, combinative test has 80.3% sensitivity and 93.6% specificity in early diagnosis of pancreatic cancer (267, 268). Thus, integrating conventional tumor markers with circRNA expression highly possibly obtains more precise diagnosis in screening of pancreatic cancer. Similar methodologies are also used in early diagnosis of CRC, in which combining with CEA and CA19-9, the group of downregulated expression of plasma circ-CCDC66, circ-ABCC1, and circ-STIL increases AUC value 0.780–0.855 (269). Another investigation focusing on early diagnosis of CRC shows that using upregulated expression group of hsa_circ_0001900, hsa_circ_0001178, and hsa_circ_0005927 precisely identifies CRC patients in the CEA-negative group with AUC value 0.859 (270). Therefore, combinative patterns of using circRNAs with CEA and M2PK will maximally increase the diagnostic accuracy in screening CRC.




Cellular Immunotherapy in Treatment of Gastrointestinal Cancers

Cellular immunotherapy is a combinative methodology of applying cellular therapy and immunotherapy in personalized cancer treatment (271–273), in which personalized analysis to an individual cancer patient is the key strategy to achieve a clinically effective treatment (273). Personalized investigation in cancer therapy includes genomic DNA sequencing, genomic exons sequencing, cancer-specific mutant genes sequencing, dysfunction of signaling proteins analysis, neoantigen detection, loss of immune cytotoxicity, and diversity of the TME (274). However, following nearly one century training, oncological clinicians have been used to dogmatically applying conventional chemotherapy and radiotherapy in almost all cancer treatment. Whether therapy-induced immune alterations are responsible for an effective therapy is less attractive in main menu despite the critical role of cellular immunotherapy to malignancy having been successfully exhibited through Dr Coley’s vaccine in 1893 (275). Actually, Coley’s vaccine strongly indicates that turning cold tumor to hot through immune modulation is an essential conversion from treatable to clinically curable. Currently, cellular immunotherapy includes neoantigens and vaccines, adoptive cell therapy, CAR-T/NK techniques, and oncolytic virus (OV) in purpose to recover immune normalization, reduce immunosuppression in the TME, increase tumor-specific antigen expression, and locally rebuild inflammatory conditions, as well as rearrange tumor vasculature.


Combination of Conventional Chemotherapy and Radiotherapy With Cellular Immunotherapy

For many years, a number of investigations have demonstrated that using pan-cytotoxic chemotherapy in cancer treatment causes a direct immunosuppression (276, 277), PDL-1 overexpression (278), recruitment of CSC-mediated drug resistance (200), and increased VEGFR-1-activated metastases (279), as well as myelosuppression (280), all of which objectively and comprehensively indicate that conventional chemotherapy is not an approach of precise medicine in cancer treatment. Surprisingly, through combining with certain kinds of chemotherapeutic agents, cellular immunotherapy significantly increases overall survival than singly using chemotherapy (281, 282). Further analysis elucidates that chemotherapeutics specifically acting on MDSCs and CSCs to reduce immunosuppression in the TME remarkably amplify efficiency and efficacy of ICI treatment and adoptive cell therapy (282, 283). Previously, clinical professionals supposed that apoptotic cancer cells or chemotherapy-induced mutation should have expressed more neoantigens; however, this idea is highly likely a misconception (284), but through applying histone deacetylase inhibitors or radioactive treatments, neoantigens expressed on cancer cells are notably beneficial for cellular immunotherapy due to enormously increased antigenicity (285, 286). Moreover, boron-neutron capture therapy (BNCT) not only precisely and largely eliminates tumor volume but also produces a large amount of various neoantigens due to radiation-damaged DNAs extensively existing in survived cancer cells, which are specifically utilized by cellular immunotherapy for constantly attacking (287, 288).



Adoptive Cell Therapy

Adoptive cell therapy includes TILs, cytokine-induced killer cells (CIK), dendritic cell-activated cytokine-induced killer cells (DC-CIK), NK cells, CAR-NK (chimeric antigen receptor-natural killer cells), and CAR-T (chimeric antigen receptor-T cells), in which TIL methodology showed clinical effects firstly on patients with metastatic melanoma in 1983 (289), and currently, TIL (290), DC-CIK (291), NK (292), CAR-NK (293), and CAR-T (294) all have achieved convincing results in cancer treatment, especially through DC-CIK, NK, and CAR-NK approaches.

As given knowledge, DCs are the most powerful antigen presentation immunocytes, which directly command cytotoxic T lymphocytes to attack cancer cells; therefore, depending on DC-mediated recruitment of CIKs through tumor-associated antigens, DC-CIK therapy efficiently and specifically eliminates malignant cells (295). Through three meta-analysis studies of more than 8 thousand patients with gastric cancer and CRC, comparing to individual application of chemotherapy, CIK/DC-CIK plus chemotherapy significantly increases overall survival and progression-free survival in drug-resistant patients, and swiftly improves most adverse events caused by chemotherapy (28, 296, 297). Similar results are also exhibited in CIK/DC-CIK therapy of pancreatic cancer and HCC, especially in advanced-stage patients (298, 299). Interestingly, infusion of allogeneic CIKs has also demonstrated encouraging effects on hematological malignancies (300). Comparing to DC-CIK therapy, as innate immune system, NK cell treatment occupies a unique advantage, in which tumor-associated antigen presentation is not compulsory for NK cell cytotoxicity, cytokine release syndrome is less possible to occur, and human leukocyte antigen matching is not stringently required for donor NK cell infusion; therefore, despite autologous NK cells showing very limited clinical efficacy (301), allogeneic NK cells including semi-allogeneic NK cells, NK cells isolated from umbilical cord blood, and iPSC-derived NK cells all show extraordinary immune killing specificity to malignant tumors without graft-versus-host disease (53, 302). Multiple infusions of allogeneic NK cells to stage-III/IV pancreatic cancer patients significantly increase overall survival and progression-free survival to 13.6 months and 9.9 months, respectively (303), whereas to unresectable primary HCC, are 23.2 months and 15.1 months, respectively (304), both of which clinically identify allogeneic NK cell therapy as a novel and promising methodology in treatment of GI cancers. Recent investigations discovered that PD-1 and PDL-1 expressed on DCs and NK cells reduced DC-activated maturation of cytotoxic T lymphocytes (305, 306) and NK-mediated antigen presentation of DCs (307–312), but through applying ICIs, both DC-CIK and NK therapies exhibit the higher level of cytotoxic activity to cancer cells (313–315).

Through studying the principle of TILs, clinical scientists naively consider that arming T cells from cancer patients with Chimeric tumor-specific Antigen Receptors (CAR-T) is efficient to destroy cancer cells precisely, and CAR-T technique indeed achieves the success in treatment of some kinds of hematological malignancies (316). However, different from attacking an individual malignant cell with unique antigen expression in the bloodstream or in the lymphatic nodes, CAR-T therapy to solid tumors is like using the sharpness of a knife to fight with the thickness of a tank, disadvantages of which include immunosuppression of the TME in solid tumors always primarily focusing on T cells, loss of tumor-associated antigens at the surface of mature solid tumors, and high cell density of inside solid tumors stopping CAR-Ts entering into the bulk, as well as extremely lethal side effects caused by immunotoxicity to the normal cells co-expressing tumor-associated antigens (317, 318). Also, due to continuously selective pressure caused by specific CAR, cancer cells may highly possibly abandon unique antigen expression through endocytosis. Therefore, in purpose of promoting immune normalization but not enhancement (319), rebuilding normal immunity in cancer patients through cellular immunotherapy is far more essential than CAR expression. Due to specific cytotoxicity to malignant tumors and much less possibility of inducing cytokine storm, clinical scientists design CAR-NK technique through equipping NK cells with chimeric antigen receptors, and have applied CAR-NK in patients with relapsed and refractory acute myeloid leukemia to test safety and tolerance (320). Whether CAR-NK therapy has more therapeutical advantages in solid tumors than combinative treatment of DC-CIK plus allogeneic NK cells, clinicians still have a long way to go. Following identification of specific biomarkers of TAMs, MDSCs, CAFs and CSCs, CAR-NK therapy certainly makes a great contribution in breaking through immunosuppression in the TME and strongly provide a beneficiary immune infrastructure for other kinds of cancer therapies.



Vaccine and Oncolytic Virus

Vaccines used in cancer therapy mainly depend on transferring tumor-associated antigens to antigen presenting cells such as DCs, and then inducing CD4+ helper T cells and CD8+ cytotoxic T cells to eradicate cancer cells (321). Genetic vaccines including DNA and RNA vaccines are theoretically able to synthesize all sequences encoding targeted antigens; however, according to various levels of protein translation, immunogenicity produced by genetic vaccines is hard to control (322). Despite DNA vaccines achieving pathological regression in treatment of intraepithelial neoplasia caused by human papillomavirus infection (323), clinical trials have not shown effective results in solid tumors therapy such as breast cancer (324), CRC (325), prostate cancer (326), and melanoma (327). Similar to DNA vaccines, messenger RNA vaccines containing 20 epitopes inoculated for patients with advanced-stage GI cancers have not obtained clinical efficacy, although they are safe and have activated immune response to neoepitopes (328). Actually, DC vaccines are more appropriately applied for cancer therapy in that they are ex vivo induced through the whole cancer cells, tumor lysates, peptides, DNAs, and RANs, which are strongly functional on tumor-specific cytotoxic T cells to eliminate cancer cells. Therapeutic DC vaccines have been extensively used in treatment of GI cancers at phase II or III trials, in which DC vaccine combining with MAGE peptide safely promotes immune response to tumor-specific antigens and significantly reduces tumor marker expression in nearly 90% advanced GI cancer patients (329), but for accomplishment of more optimal prognosis, prior to using DC vaccines, it is critical to examine NK cell activity in the candidates (330). Furthermore, in situ vaccines generated through chemoradiotherapy show more beneficial to cancer patients than conventional vaccines in that there is no screening requisition of positive antigen expression (331, 332). Almost all clinical trials demonstrate that adding ICIs into vaccine therapy remarkably increase vaccine-mediated cytotoxicity, which partially explains why individually using vaccine therapy only achieves suboptimal impact in cancer treatment (333, 334). Currently, the challenges vaccine therapy needs to deal with are multiple immunogenic antigen expression, construction of highly potent vaccine vectors, and breakthrough of immunosuppression in the TME.

Oncolytic virotherapy includes various kinds of viruses targeting a large range of malignant tumors, in which cancer cells are vulnerable to viral infection due to absence of type I interferon system and mutations promoting attachment of viruses (335, 336). In cancer therapy, using adenoviruses as a platform to express tumor-specific antigens and tumor-suppressive proteins has exhibited the promising results in preliminary animal studies, and currently in human studies, telomelysin-targeted adenovirus is testing in treatment of esophageal cancer, whereas evaluation of ideal viral vectors is processing in gastric cancer therapy, as well as more clinical trials are manipulating in treatment of pancreatic cancer, primary HCC, and CRC (337). Currently, clinical scientists are also concentrated on myxoma virus due to absence of infection to human beings and extremely sensitive to cancer cells; however, there still have a distance for clinical application (338). Furthermore, in diagnosis of GI cancers, depending on specific expression of fluorescence and bioluminescence on infected cancer cells, OVs, being tracing signals, are used to accurately expose the border of malignant tissue in surgery, and precisely identify the primary tumor and metastatic microtumors through nuclear medical imaging techniques such as CT, MRI, SPECT, and PET-CT (339–343). Through practicing oncolytic virotherapy, some barriers clinicians have to quell include tumor heterogeneity, general immune elimination of OVs, and capability to hack into tumor bulk and induce more activated cytotoxic T cells in the TME.




Conclusion

To successfully apply personalized therapy in cancer treatment, it is crucial to set up an assessment of tumor heterogeneity (344). In this review, we seemly underrate the importance of tumoral heterogeneity, in fact, which has been broadly discussed in parts of diagnosis and cellular therapy. Due to high variability of single subclone- or multiple subclone-induced tumor evolution in the same tumor or metastatic regions of the same tumor, as well as in different types of GI cancers, intratumoral genomic heterogeneity is highly beneficial for early diagnosis via liquid biopsy (345–347), while intertumoral heterogeneity-mediated changes of temporal and spatial plasticity and stemness in the TME precisely support the significance of comprehensive therapeutic principle (348, 349). Complexity of tumor heterogeneity essentially reflects adaption of genomic heterogeneity to selective pressure and utility of angiogenesis and immunosuppression through the TME for distant metastasis (350–352). Tumor heterogeneity also strongly indicates that rebuilding immune normalization to block interaction of intertumoral heterogeneity with the TME is a practical methodology to alter cancer therapy to chronic disease management.

Through systematically discussing key contributions of various components in the TME to tumorigenesis and metastases, reliability of early diagnostic methodologies, and personalized application of cellular immunotherapy in GI malignancies, it has become more apparent that immunosuppression induced by TAMs, MDSCs, CAFs, and CSCs in the TME and autocrine-paracrine network supported by stromal cells and cytokines and growth factors, especially TGFβ, are critically responsible for resistance to anticancer therapy and significant reduction of overall survival. Therefore, based on personalized investigation of each cancer patient including seeking mutant target genes and neoantigens, evaluating immune cytotoxicity in the TME, and recovering immune normalization, precise cellular immunotherapy is highly likely to change cancer treatment into a state of managing chronic disorders and eventually achieve the coexistence via normalization of immune surveillance. Due to complex of the TME, precise methodologies used to detect GI cancers at early stage primarily depend on the personalized combination of M2PK, miRNAs, ctDNAs, cancer-produced exosomes, and CTCs with conventional tumor markers and serologically biochemical examinations, in which CTC methodology is far more beneficial in evaluation of treatment efficacy and prognosis. Prior to treatment, a solid tumor is like an onion, in which anticancer mechanism of each layer is highly changeable, thereby, one step-by-step comprehensive treatment plan primarily includes that using BNCT technique efficiently reduces tumor volume and tears the tumor shell, and then applying OVs targeting TAMs, MDSCs, and CSCs with ICIs or dual recognition antibody of TGFβ and PD-1/PDL-1 maximally destroys immunosuppression and amplifies immunotoxicity of infiltrating T cells in the TME; furthermore, alternative infusion of DC-CIKs and allogeneic NK cells significantly eliminates most cancer cells with or without neoantigen expression. Such a therapy plan remarkably shrinks and eradicates the whole onion layer by layer. For CTCs or temporary formation of metastatic microtumors, CAR-T and CAR-NK therapies predominantly contribute to remove them. Surely, through recovering immune normalization in cancer patients and high-risk population, prevention of cancers in the community is far more critical than diagnosis and treatment. Whether precisely selecting the personalized cellular immunotherapy based on the diversity of the TME or rigidly relying on the unspecific chemotherapy, your choice.
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Abbreviation

GI, gastrointestinal; TME, tumor microenvironment; DCs, dendrite cells; NKs, natural killer cells; TAMs, tumor-associated macrophage cells; CAFs, cancer-associated fibroblast cells; MDSCs, myeloid-derived suppressor cells; TGFβ, transform growth factor β; PD-1, programmed cell death protein 1; PD-L1, program death protein ligand 1; ICIs, immune checkpoint inhibitors; TIL, tumor-infiltrating lymphocytes; IL2, interleukin-2; IFNγ, interferon gamma; Tregs, T regulatory cells; CTLA4, cytotoxic T-lymphocyte antigen 4; CSCs, cancer stem cells; EMT, epithelial-mesenchymal transition; ECM, extracellular matrix; MAPK, mitogen-activated protein kinase; PI3K-Akt, phosphatidylinositol 3 kinase-Akt; STAT3, Signal Transducer and Activator of Transcription 3; EAC, Esophageal adenocarcinoma; ESCC, Esophageal squamous cell carcinoma; Hp, H. pylori; EBV, Epstein Barr Virus; HCC, hepatocellular carcinoma; PDAC, pancreatic duct adenocarcinoma; CRC, colorectal cancer; M2PK, M2 pyruvate kinase; FOBT, fecal occult blood test; CTCs, Circulating tumor cells; AUC, area under curve; ctDNAs, circulating tumor DNAs; miRNAs, microRNAs; circRNA, circular RNAs; BNCT, boron-neutron capture therapy; CIK, cytokine-induced killer cells; DC-CIK, dendritic cell-activated cytokine-induced killer cells; CAR-NK, chimeric antigen receptor-natural killer cells; and CAR-T, chimeric antigen receptor-T cells; OV, oncolytic virus.
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Hypermethylation and Downregulation of UTP6 Are Associated With Stemness Properties, Chemoradiotherapy Resistance, and Prognosis in Rectal Cancer: A Co-expression Network Analysis
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Background: To identify the hub genes associated with chemoradiotherapy resistance in rectal cancer and explore the potential mechanism.

Methods: Weighted gene co-expression network analysis (WGCNA) was performed to identify the gene modules correlated with the chemoradiotherapy resistance of rectal cancer.

Results: The mRNA expression of 31 rectal cancer patients receiving preoperative chemoradiotherapy was described in our previous study. Through WGCNA, we demonstrated that the chemoradiotherapy resistance modules were enriched for translation, DNA replication, and the androgen receptor signaling pathway. Additionally, we identified and validated UTP6 as a new effective predictor for chemoradiotherapy sensitivity and a prognostic factor for the survival of colorectal cancer patients using our data and the GSE35452 dataset. Low UTP6 expression was correlated with significantly worse disease-free survival (DFS), overall survival (OS), and event- and relapse-free survival both in our data and the R2 Platform. Moreover, we verified the UTP6 expression in 125 locally advanced rectal cancer (LARC) patients samples by immunohistochemical analysis. The results demonstrated that low UTP6 expression was associated with worse DFS and OS by Kaplan-Meier and COX regression model analyses. Gene set enrichment and co-expression analyses showed that the mechanism of the UTP6-mediated chemoradiotherapy resistance may involve the regulation of FOXK2 expression by transcription factor pathways.

Conclusion: Low expression of the UTP6 was found to be associated with chemoradiotherapy resistance and the prognosis of colorectal cancer possibly via regulating FOXK2 expression by transcription factor pathways.

Keywords: rectal cancer, chemoradiotherapy, weighted gene co-expression network analysis, UTP6, prognosis


INTRODUCTION

Preoperative chemoradiotherapy (CRT) and radical surgery have become the standard of care for stage II/III rectal cancer patients (Heald et al., 1982). The benefits of this multimodality therapy have been well documented, including tumor downsizing and downstaging, increased radical resection, and reduced local recurrence (Sauer et al., 2004, 2012; van Gijn et al., 2011). However, the treatment may increase the perioperative mortality rates by 48% (Rahbari et al., 2013). Moreover, 15% to 45% of the rectal cancers would are estimated to develop resistance to CRT, and might be exposed to CRT-related toxicitiestoxicity without oncological benefit (Ha et al., 2017). Therefore, the identification of valid biomarkers for colorectal cancer (CRC) with resistance to CRT has become imperative.

Currently, high-throughput sequencing is commonly used to screen and identify differentially expressed genes (DEGs). Conventional molecular biology methodology evaluates the variations in and functions of genes independently. Weighted gene co-expression network analysis (WGCNA) is an unbiased systematic biological approach, which clarifies the transcriptome function at a system-level, determines gene-gene correlations, and identifies gene modules with a high correlation across microarray data. It also bridges the gap between individual genes and tumorigenesis and progression (Zhang and Horvath, 2005; Langfelder and Horvath, 2008; Tian et al., 2017). WGCNA can facilitate the network-based gene screening approaches that screen key biomarkers associated with clinical traits in various cancers. However, this efficient bioinformatics approach has not yet been adopted to explore network-centric genes associated with CRT resistance in rectal cancer patients.

In this context, this study aimed to screen the relevant hub genes for CRT in our expression profile using WGCNA. Then, the hub genes were verified using testing data sets and patient tissue samples.



MATERIALS AND METHODS


Subjects and Collection

In total, 31 locally advanced rectal cancer (LARC) patients receiving preoperative CRT between March 2016 to December 2016 in Fujian Medical University Union Hospital, China were enrolled as the internal dataset in this study, which was used for the gene-chip analysis. The CRT, treatment, and follow-up protocol were described in a previous study (Zhang et al., 2017). All patients received preoperative CRT and underwent R0 resection of primary colorectal tumors after neoadjuvant CRT. And the samples were collected at diagnosis and without any treatment before biopsy from colonoscopy. The chemoradiotherapy protocol was as follows: preoperative radiotherapy consisted of 45 Gy to the pelvis for 5 weeks (180 cGy/25 fractions) and a tumor boost of 5.4 Gy. Concomitant chemotherapy was administered with oral capecitabine (825 mg/m2 twice daily from day 1 to day 14 per cycle).

Moreover, to further validate the UTP6 expression in the LARC patients’ colonoscopic samples before CRT. Consecutive LARC patients who underwent CRT and radical resection between 2011 and 2014 were identified. A total of 125 patients were enrolled in the present study. This study was approved by the Institutional Review Board of Fujian Medical University Union Hospital (2013051).



RNA Extraction, Quality Control, Labeling, Array Hybridization, and Data Analysis

Total RNA was extracted from the tissue mentioned previously using Trizol reagent (Invitrogen), according to the manufacturer’s protocol. RNA quantity and quality were measured by a NanoDrop ND-1000 and RNA integrity was assessed by standard denatured agarose gel electrophoresis. Sample labeling and array hybridization were performed according to the human GeneChip Analysis protocol (Affymetrix, Santa Clara, CA). The scanned data obtained from each microarray were normalized to correct for small differences in the amounts of each of the cRNA probes applied to the microarray and were processed for signal values using Affymetrix software (LIMS 5.0). The differentially expressed mRNAs were identified through fold-change filtering. Hierarchical clustering was performed using Agilent Gene Spring GX software (version 11.5.1). The upregulated and downregulated mRNA groups were defined as the mRNA expression in the CRT-responsive group compared with the CRT-non-responsive group. The Gene Ontology (GO) functional analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed using standard enrichment computation method.



Data Collection From the Gene Expression Omnibus and the Cancer Genome Atlas Database

Datasets were downloaded from the Gene Expression Omnibus (GEO) database1 on December 19, 2019. The GSE35452 dataset included mRNA expression gene microarray of 46 rectal cancer patients receiving preoperative CRT and biopsy specimens were collected before preoperative CRT, which was used as the external validation dataset. Cancer stem cells are regarded as having self-renewal and differentiation properties and are one of the integral factors mediating the response to CRT (Baumann et al., 2008; Wahab et al., 2017). GSE14773 and GSE24747 were used to determine the hub gene expression in CRC stem cells. The GSE14773 dataset included one cell line with markers of CRC stem cells, high CD44, and CD166 expression, and the other one was a parental control CRC cell. The GSE24747 dataset included two groups, CD133 + and CD133-, CACO-2 cells. DNA methylation is considered an important component in gene expression regulation, and high levels of DNA promoter region methylation result in transcriptional silencing. Additionally, promoter regions methylation is reported to be associated with the CRT-resistance and considered as a predictor for CRT (Wilting and Dannenberg, 2012; Ivanova et al., 2013). The GSE104271 dataset was utilized to explore whether the hub genes were regulated by DNA methylation. As described by Huang et al. (2018) previously, FIBP knockdown cell lines were defined as cancer cells compared to cancer stem cells. The methylation data of the CRT-resistant genes CRC and normal colon tissues were obtained from The Cancer Genome Atlas (TCGA) in the UALCAN database2 (Chandrashekar et al., 2017). A flow diagram of the present study is shown in Figure 1.
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FIGURE 1. Workflow diagram of data preparation, processing, analysis, and validation in this study.




Definitions

Tumor response to CRT was graded according to the American Joint Committee on Cancer pathological tumor regression grade (AJCC TRG) (Amin et al., 2017; Benson et al., 2018); that is, TRG 0, no residual tumor cells; TRG 1, single cells or small groups of cells; TRG 2, residual cancer with the desmoplastic response; and TRG 3, minimal evidence of tumor response. Pathological complete response (pCR) was defined as the absence of viable tumor cells in the resected specimen, either at the primary site or in the lymph nodes. Venous blood samples were obtained within 1 week before CRT.



Co-expression Network Construction

The WGCNA algorithm was previously described in detail (Zhang and Horvath, 2005). Briefly, first, we identified the qualification of the profile data. The co-expression network was constructed using the “WGCNA” package in R software (Horvath and Dong, 2008; Mason et al., 2009). Next, the correlation matrix was established and the soft threshold power was determined by analysis of the network topology. Then, the topological overlap matrix (TOM) was established (Yip and Horvath, 2007; Ivanova et al., 2013; Botía et al., 2017). Based on the phenotypic data of the groups, we calculated each module p-value by the t-test gene significance.



CRT-Resistance Modules and Hub Gene Identification

To explore the relevant modules, we examined the association between module eigengenes (MEs) and CRT-resistance using Pearson’s correlation analysis. To identify the hub genes, the CRT-resistance model with the highest correlation coefficient (P < 0.05) in the data set was chosen, and the module also had the highest specific weight of all of the modules. The hub genes in the module were defined by module connectivity as measured by thean absolute value of the >0.3 in Pearson’s correlation >0.3 analysis. The protein–protein interaction (PPI) network was constructed by all genes in the CRT-resistance module, nd PPI network analysis was performed to screen the hub genes by Cytoscape. And the top 10 values were included for further analysis.

Statistical analysis was performed using SPSS software (version. 23 SPSS Inc., Chicago, IL, United States) and R software (version. 3.4.1). The continuous variables were reported as means and standard deviation from the analysis of variance test. The survival outcomes were assessed using Kaplan-Meier and log-rank analyses. Receiver operating characteristic (ROC) curve analysis was performed. Finally, the prognostic significance of the hub genes in CRC patients was analyzed using the R2: Genomics Analysis and Visualization Platform,3 on January, 03, 2020. The optimal cutoff points for the expression of UTP6 and FTSJ3 were calculated and determined using Cut-off Finder4 Visit and download data, 2019.12.26). Budczies et al. (2012), a new bio-informatics tool for biomarker assessment and outcome-based cut-point optimization, which identified the cut-off with the minimum p-values from log-rank χ2 statistics in terms of disease-free survival (DFS). A P-value of <0.05 was considered statistically significant.



Gene Set Enrichment Analysis and Co-expression Gene Analysis

To explore the potential function of UTP6 in LARC patients, gene set enrichment analysis (GSEA) was performed in the patients in our previous datasets. A P-value of <0.05 and an enrichment score (ES) of >0.3 were set as the cutoff criteria. To further explore the correlation between UTP6 and relevant genes in the GSEA results, we analyzed the co-expressed genes in the TCGA data in the UALCAN dataset (Visit and download data, 2020.02.01).



Immunohistochemical Analysis of UTP6 in the LARC Patients’ Sample

The protein expression of UTP6 in specimens obtained before and after CRT in 125 LARC patients was assessed using the immunohistochemical streptavidin-biotin complex method (Zhang et al., 2018). Phosphate-buffered saline (PBS) was used as the negative control and the image of the positive control from GE Healthcare Life Sciences. Immunoreactivity was scored by semi-quantitative analysis, and the fields were randomly selected in five directions (up, center, down, left, and right) under high magnification (∗400). The color was determined based on the intensity score as follows: 0 (no staining), 1 (light yellow), 2 (brown), and 3 (deep brown). The percentage of positive cells was scored as 0 (<5%), 1 (5–25%), 2 (25–50%), 3 (50–75%), and 4 (>75%). The mean value was calculated for each case with the aforementioned scoring methods and the final score was obtained by multiplying these two scores. The score between 0 and 4 was defined as the low expression and >4 was defined as high expression. All analyses were performed in a double-blind manner.



RESULTS


Cluster Analysis

A gene chip array was used to examine the gene expression profiles in primary tumor cells. A supervised hierarchical cluster analysis of the gene expression profiling data showed that the two groups had a clustering trend (Figures 2A,B). A total of 18419 genes were detected in the gene chip array. The SAM for the DEGs revealed that the two groups significantly differed in genes related to tumor cell biology, including 798 upregulated genes and 450 downregulated genes.
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FIGURE 2. mRNAs expression profile comparison between chemotherapy-resistance and chemotherapy-sensitivity groups. Gene Ontology (GO) functional and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the differentially expressed genes. (A) The hierarchical clustering of all targets values of mRNA expression profiling among samples. (B) Between the chemotherapy-resistance and chemotherapy-sensitivity group. The purple dots indicated the up-regulated genes of mRNAs and the green dots indicated the down-regulated genes of mRNAs. (C) GO functional analysis of the top ten functional classifications of the upregulated genes. (D) GO functional analysis of the top ten functional classifications of the downregulated genes. (E) KEGG pathway analysis of the top ten significant pathways of upregulated genes. (F) KEGG pathway analysis of the top ten pathways of downregulated genes.




GO Enrichment and KEGG Analysis

GO enrichment analysis was performed to investigate the molecular mechanism of the differently expressed genes involved in the resistance to CRT in LARC patients. We detected the top significant GO-enriched terms and KEGG terms in both the significantly upregulated and downregulated genes in rectal cancer patients (Figures 2C–F). The results showed that the top three significant GO terms for the upregulated genes were related to pancreatic A cell differentiation, muscle contraction, and type B pancreatic cell differentiation involved in the immune response. Among the downregulated genes, the top three significant GO terms were related to the ER-associated ubiquitin-dependent protein catabolic process, mRNA processing, and RNA splicing. Moreover, the top three significant KEGG terms in the upregulated genes were related to neuroactive ligand-receptor interaction, lysine degradation, and olfactory transduction involved in the immune response. In the downregulated genes, the top three significant GO terms were related to protein processing in the endoplasmic reticulum, amino sugar and nucleotide sugar metabolism, and the proteasome.



Development of Weighted Co-expression Network and Identification of Key Modules

To identify the hub genes, a weighted co-expression network was utilized to analyze our data (Figure 3A). A total of 31 modules were identified, as shown in Figure 3C. We further analyzed the relationship between CRT-resistance and the modules (Figure 3C). Among these modules, the module shown in dark turquoise (Figure 3C) had the strongest negative association with CRT-resistance (r = −0.45, P = 0.01), while the light cyan module showed the highest positive association with CRT-resistance (r = 0.25, P = 0.18). Then, we selected the dark turquoise module as the hub module. GO and KEGG enrichment analyses were conducted to explore the functions of the dark turquoise module. The results demonstrated that the dark turquoise module was mainly enriched for translation, DNA replication, and the androgen receptor signaling pathway (Figure 3B).
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FIGURE 3. Weighted gene co-expression network analysis and hub gene screened. (A) Dendrogram of all expressed genes in the top 25% of variance clustered based on a dissimilarity measure (1-TOM). (B) KEGG pathway and GO functional analysis of the pathways of genes in darkturquoise modules. (C) Heatmap of the correlation between module eigengenes and CRT-resistance. (D) PPI network of genes that had the highest score in the PPI degree in the darkturquoise module. The color intensity in each node was proportional to the degree of connectivity in the weighted gene co-expression network.




Hub Gene Identification

Through co-expression analysis, 92 genes in the dark turquoise module were considered genes with high module connectivity. Then, the genes were analyzed by the PPI network and 59 genes in the dark turquoise module were identified as hub genes in the co-expression network. Ten hub genes were analyzed by the degree of PPI and the correlation between clinical traits and module connectivity was analyzed? (Figure 3D and Table 1). Finally, we chose the most associated genes, UTP6 and FTSJ3, as the actual hub genes.


TABLE 1. Hub genes.
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Hub Gene Validation

To validate the hub genes, we examined the expression of UTP6 and FTSJ3 in rectal cancer tissues of CRT-resistant and CRT-sensitive cases in our datasets. In the internal testing data sets, the relative expression of UTP6 (6.46 ± 0.40 vs. 6.07 ± 0.40, P = 0.02; Figure 4A) and FTSJ3 (6.21 ± 0.32 vs. 5.75 ± 0.47, P < 0.01, Supplementary Figure 1A) was significantly increased in the CRT-sensitive tissues. The ROC curve demonstrated that both UTP6 (P = 0.02, AUC = 0.76, Figure 4D) and FTSJ3 (P < 0.01, AUC = 0.79, Supplementary Figure 1D) could efficiently discriminate CRT-resistant from CRT-sensitive rectal cancer cases. Moreover, Pearson’s analysis was conducted to determine whether the hub gene expression was associated with the TRG grade. The results demonstrated that UTP6 (r = −0.35, P = 0.02, Figure 4C) and FTSJ3 (r = −0.37, P = 0.04, Supplementary Figure 1C) had significant associations with the TRG grade.
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FIGURE 4. Validation of UTP6. (A) In our data (6.46 ± 0.40 vs. 6.07 ± 0.40, P = 0.02) and (B) GSE35452 (0.45 ± 1.51 vs. –0.47 ± 1.45, P = 0.042). (C) Pearson’s correlation analysis between the AJCC TRG grade and UTP6 expression. ROC curves and AUC statistics to evaluate the predictive efficiency of the UTP6 in our data and external data to distinguish CRT-resistance from CRT-sensitive CRC cases from (D) our data and (E) GSE35452. The disease-free survival (F) and overall survival (G) between low and high expression of UTP6. (H) UTP6 expression in the pCR and non-pCR group in the LARC patients’ sample. (I) ROC curves and AUC statistics to evaluate the predictive efficiency of the UTP6 in LARC patients’ samples to distinguish pCR from non-pCR LARC cases. The overall survival (J) and disease-free survival (K) between low and high expression of UTP6 in LARC patients’ sample.


We further explored the prognostic impact of UTP6 and FTSJ3 on the survival of LARC patients. Cut-off Finder was used to identify the cutoff values for UTP6 and FTSJ3. Cut-off Finder identified 6.18 and 5.97 as the cutoff values for UTP6 and FTSJ3 expression, respectively (Supplementary Figure 2). After a median follow-up period of 42 months (range, 4 – 47 months), low expressions of UTP6 and FTSJ3 were associated with significantly worse disease-free survival (DFS) compared to high expression (UTP6 low expression VS. high expression: 50.0% vs. 100.0%, P < 0.001; FTSJ3 low expression VS. high expression: 54.5% vs. 100.0%, P < 0.001), as shown in Figure 4F and Supplementary Figure 1F. Similarly, a high expression of UTP6 and FTSJ3 were correlated with better overall survival (OS) compared to low expression (UTP6 high expression VS. low expression: 100.0%, vs. 50.0%, P < 0.001; FTSJ3 high expression VS. low expression: 100.0% vs. 57.7%, P < 0.001), as demonstrated in Figure 4G and Supplementary Figure 1G.



Hub Gene Validation in External Data

To validate the hub genes in our data set, we examined the expression level of UTP6 and FTSJ3 by comparing the rectal cancer tissues of CRT-resistant and-sensitive cases using an external dataset. In the external GSE35452 database, UTP6 expression was significantly higher in the CRT-sensitive tissues compared to the CRT-resistant tissues (0.45 ± 1.51 vs. −0.47 ± 1.45, P = 0.042; Figure 4B), but the expression of FTSJ3 was not statistically different between the two groups (0.11 ± 0.40 vs. −0.05 ± 0.53, P = 0.246; Supplementary Figure 1B). Thus, we chose UTP6 as the “real” hub gene for further analysis. ROC analysis revealed that UTP6 could efficiently discriminate CRT-resistant from CRT-sensitive cases (P = 0.045, AUC = 0.672; Figure 3E). However, FTSJ3 could not efficiently distinguish CRT-resistant from CRT-sensitive cases (P = 0.12, AUC = 0.63; Supplementary Figure 1D).

The R2 were utilized to plot Kaplan-Meier curves by using datasets “Tumor Colon-Sieber-290- MAS5.0-u133p2”, “Tumor Colon MVRM -SieberSmith-345- fRMA (bc) - u133p2”, “Tumor Colon-Smith-232-MAS5.0-u133p2”, “Tumor Colon (KRAS mut)-Hase-59- MAS5.0-u133p2”, “Tumor Colon CIT (Combat)-Marisa-566- rma-u133p2”, “Tumor Colon MSI-status (Core Exon)-Sveen-95-rma-sketch- huex10p”, “Mixed Colon Adenocarcinoma-TCGA-174 custom-agg4502a073”, “Tumor Colon (Core-Transcript)-Sveen-333-rma-sketch-huex10p” and “Tumor Colon (Core-Exon)-Sveen-333-rma- sketch-huex10p”. Low UTP6 expression was correlated with significantly worse event and relapse-free survival (all P < 0.05; Figures 5A–H).
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FIGURE 5. High UTP6 expression was associated with a better event-, disease-, and relapse-free survival. (A–H) High UTP6 expression was associated with a significantly better event-, disease- and relapse-free survival (both P < 0.05).




UTP6 Validation in LARC Patients’ Sample

To further verify UTP6 expression in the tumor samples, colonoscopy samples were collected from LARC patients before CRT. The immunohistochemical analysis demonstrated that higher UTP6 scores were associated with better prognosis in LARC patients following CRT. The 3-year OS rate of the low-UTP6 group was significantly lower than that in the high-UTP6 group (60.5% vs. 89.5%; P < 0.01, Figure 4J). Lower UTP6 scores were correlated with better DFS (Figure 4K). The 3-year DFS rate for the low-UTP6 group was significantly higher than that in the high-UTP6 group (42.4% vs. 87.1%; P < 0.01). Moreover, we compared the UTP6 expression in the pCR and non-pCR group. The results revealed that the relative expression of UTP6 was significantly increased in the pCR group (P < 0.01; Figure 4H). The ROC curve demonstrated that UTP6 could efficiently discriminate pCR from non-pCR LARC cases (P < 0.001, AUC = 0.77, Figure 4I). In addition, we detected the UTP6 expression in the rectal cancer tissues and adjuvant cancer tissues, the result demonstrated that UTP6 expression value was similar in rectal cancer and adjacent cancer tissues (P = 0.571, Supplementary Figure 3).

To explore the prognostic impact of UTP6 on the OS and DFS of LARC patients, a Cox regression analysis was performed. Univariate analysis revealed that tumor size (P = 0.004), ypTNM stage (P < 0.001), AJCC TRG grade (P = 0.013), UTP6 expression (P < 0.001), CD133 expression (P < 0.001), and the pre-CRT-CA19-9 level (P = 0.012) were independently associated with DFS in LARC patients following CRT and TME (Table 2). Multivariate Cox regression analysis demonstrated that UTP6 expression (HR = 0.398, 95%CI: 0.280 – 0.567, P < 0.001) and CD133 expression (HR = 1.205, 95%CI: 1.077 - 1.348, P = 0.001) were the independent predictors of DFS in LARC patients following CRT, as shown in Table 2.


TABLE 2. Cox regression analysis of predictive factors for disease-free survival in the training dataset patients with LARC following CRT (n = 125).

[image: Table 2]Upon the univariate analysis of the predictors of OS, tumor size (P = 0.006), ypTNM stage (P < 0.001), AJCC grade (P = 0.003), UTP6 expression (P < 0.001), the pre-CRT-CA19-9 level (P = 0.012), CD133 expression (P < 0.001), and tumor differentiation (P = 0.013) were independently associated with OS in LARC patients following CRT and TME (Table 3). The results from the multivariate Cox regression model demonstrated that UTP6 expression (HR = 0.398, 95%CI: 0.280 – 0.567, P < 0.001) and CD133 expression (HR = 1.185, 95%CI: 1.026 - 1.367, P = 0.021) were the independent predictors of OS in LARC patients following CRT, as shown in Table 3.


TABLE 3. Cox regression analysis of predictive factors for overall survival in the training dataset patients with LARC following CRT (n = 125).
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Association of UTP6 Expression With Patient Characteristics and Perioperative Clinicopathological Parameters in the LARC Patients Following CRT

No significant differences were observed between UTP6 low expression group and UTP6 high expression group in terms of gender, age, American Society of Anesthesiologists (ASA) grade, interval time between CRT and surgery, distance from the anal verge, clinical T stage, clinical N stage, pre-CRT CEA level, and pre-CRT CA199 level, as shown in Table 4.


TABLE 4. Baseline characteristics in patients with LARC following CRT stratified by UTP6 expression (n = 125).

[image: Table 4]No significant differences were observed between UTP6 low expression group and UTP6 high expression group in terms of pathological type, postoperative complication, circumferential resection margin (CRM) involvement, tumor differentiation, perineural invasion, vascular invasion, and organ preservation procedure (Table 5). Compared to the UTP6 low expression group, the UTP6 high expression group was associated with an increased metastasis to the lymph nodes (0.45 ± 1.4 vs. 3.1 ± 7.1, P < 0.001), pathological T stage, pathological N stage (all P < 0.01), and poorer TRG grade (P < 0.01). In the training dataset, in the high-risk score group a larger tumor size was seen (2.7 ± 1.2 vs. 3.5 ± 1.6, P = 0.002), more lymph nodes were retrieved (11.2 ± 8.7 vs. 15.7 ± 13.8, P = 0.028), and poorer histopathology was observed (P = 0.026) compared with UTP6 low expression group.


TABLE 5. Operative and postoperative outcomes in patients with LARC following CRT stratified by UTP6 expression (n = 125).
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Analysis DNA Promoter Region Methylation of UTP6 in CRC Tissues and Expression, Promoter Methylation of UTP6 in CRC Stem Cells

To explore whether UTP6 was modulated by methylation, we evaluated data on the methylation of the UTP6 promoter region in CRC and normal colon tissues. Based on the ULACAN database, methylation of the UTP6 promoter was decreased in normal colon tissue compared to CRC tissue (0.0409 ± 0.0013 vs. 0.0441 ± 0.0005, P = 0.017, Figure 6A). Further, the expression and promoter methylation levels of UTP6 were analyzed in CRC stem and non-stem cells. The relative UTP6 expression was significantly reduced in CRC stem cells compared to CRC non-stem cells (GSE14773: 10.33 ± 0.13 vs. 10.80 ± 0.14; P = 0.04; GSE24747: 3.44 ± 0.09 and 3.81 ± 0.00, P = 0.03; Figures 6C,D). We analyzed promoter methylation in CRC stem cells in the GSE104271 dataset. The results demonstrated that the UTP6 promoter was hypermethylated at cg10893370 (stem cell vs. non-stem cell: 0.06 ± 0.00 vs. 0.09 ± 0.00, P = 0.008, Figure 6B) and cg13453082 (0.05 ± 0.01 vs. 0.08 ± 0.00, P = 0.03, Figure 6B) sites in CRC stem cells.


[image: image]

FIGURE 6. UTP6 had increased promoter hypermethylation in colon tumors, lower expression in CRC stem cells. (A) From the TCGA database. UTP6 had increased promoter hypermethylation in colon cancer. (B) UTP6 had higher promoter methylation levels in cg10893370 and cg13453082 sites in CRC stem cells. Heat map and bar graph showed that CRC non-stem cells had higher UTP6 expression compared with CRC stem cells in GSE24747 (C) and GSE14773 (D).




GSEA and Co-expression Gene Analysis

GSEA was conducted to investigate the potential mechanism of the UTP6-mediated CRT-resistance in CRC. Our data demonstrated that the negatively correlated KEGG pathways were enriched for the ABC transporter signaling pathway (Figures 7A–C). The positively correlated pathways included transcription factor pathways and cell cycle signaling pathways. To further explore the mechanism of the UTP6-mediated CRT response, the genes co-expressed with UTP6 in the TCGA colon tumor data from ULACAN were analyzed. The results demonstrated that FOXK2 was significantly correlated with UTP6 (r = 0.55, P < 0.01; Figure 7D).
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FIGURE 7. GSEA using our data and co-expression analysis between UTP6 and FOXK2 in the TCGA colon tumor dataset. (A) Transcription factors pathway. (B) Cell cycle. (C) ABC transportanters. (D) Co-expression analysis between UTP6 and FOXK2 in the TCGA colon tumor dataset.




DISCUSSION

To date, reliable molecular markers for CRT-resistance in LARC patients are still unavailable. In this study, a gene chip array was performed to detect the gene expression in LARC patients who received CRT. Then WGCNA, an advanced methodology for multigene analysis, was conducted to identify the gene co-expression modules associated with CRT resistance. UTP6 was identified and validated as a hub gene correlated with CRT resistance. High UTP6 expression was correlated with better survival in CRC patients. UTP6 was hypermethylated in CRC tissues, especially in the CRC stem cell subpopulation. The underlying mechanism of UTP6 in maintaining CRC stemness might involve transcription factor pathways, especially FOXK2.

Currently, microarray expression profiling has been utilized to screen biomarkers in patients with CRT-resistant rectal cancer. Conventional molecular biology methodology identifies DEGs, but it is difficult to correlate biological information provided by gene names with biological functions independently. WGCNA has emerged as an effective method to discover the relationship between networks, genes, phenotypes, and biological sample information, thus avoiding the shortcomings of the traditional methods (Bakhtiarizadeh et al., 2018; Gao et al., 2016; Magani et al., 2018).

Herein, we performed WGCNA to identify the actual hub gene in our patient cohort. The results demonstrated that the dark turquoise module was chosen as the hub module and enriched for translation, DNA replication, and androgen receptor signaling pathways. Those pathways are involved in multi-drug resistant CRT tumors, indicating that the dark turquoise module was significantly associated with CRT-resistance. As described previously (Liu et al., 2017; Wang et al., 2018), PPI network analysis and clinical trait correlation were performed to screen for the actual hub gene. The results suggested that the UTP6 gene had the highest correlation coefficient. We further analyzed the expression of UTP6 in our previous data and testing data set (GSE35452), which showed that UTP6 was the relevant gene for CRT-sensitivity. ROC analysis showed that UTP6 could effectively discriminate between CRT-resistant and -sensitive cases. To our knowledge, this was the first study to identify and verify UTP6 as an effective new marker for the prediction of CRT response.

Having shown that UTP6 was associated with CRT-resistance and survival in CRC patients, the underlying mechanism remained unclear. Cancer stem cells are widely known as tumor-initiating cells due to stem cell properties. Increasing evidence has shown that cancer stem cells are involved in the resistance to conventional cytotoxic therapies, radio- and chemotherapy (Baumann et al., 2008; Wahab et al., 2017). Herein, we evaluated the relative UTP6 expression in two independent data sets including CRC stem cells and parental cells (GSE14773 and GSE24747). The results demonstrated that the expression of UTP6 was significantly decreased in CRC stem cells compared to CRC non-stem cells.

DNA methylation, a main epigenetic modification in the mammalian genome (Baylin et al., 2001; Herman and Baylin, 2003), may inactivate genes and affect the CRT response (Wilting and Dannenberg, 2012; Ivanova et al., 2013). Several studies have reported that DNA methylation could promote drug or radiation resistance (Su et al., 2011), and thus, could be used to predict treatment response. In the present study, we found hypermethylation in colon cancer tissue and the cg10893370 and cg13453082 sites located in the UTP6 promoter in CRC stem cells. These results indicated that the hypermethylation of UTP6 may result in a decreased expression of UTP6 in CRC stem cells and that the downregulation UTP6 expression in cancer stem cells may be due to hypermethylation of the promoter sites. Several studies have reported that DNA methylation could affect gene expression in the transcriptome, which is involved in CRT-resistance in various cancer stem cells (Kurscheid et al., 2015; Kostopoulou et al., 2018). Importantly, DNA methylation can be reversed by anti-tumor drugs, such as decitabine (Ariazi et al., 2017; Flotho et al., 2018). The findings suggest that the combination of demethylation therapy targeting UTP6 and cancer stem cells during CRT might be beneficial to rectal cancer patients.

UTP6 (also known as HCA66) is an essential component of the UTPB, a large complex composed of six proteins Utp1/Pwp2, Utp6, Utp12/Dip2, Utp13, Utp18, and Utp21 (Grandi et al., 2002; Krogan et al., 2004). Ferraro et al. (2011) reported that Apaf1 could bind with UTP6 and participate in the regulation of centrosomal microtubule nucleation, spindle assembly, cell migration, and mitochondrial network organization. Meanwhile, UTP6 has been proposed as a promising prognostic indicator in bladder cancer (Shivakumar et al., 2017). A previous study reported that UTPB was the consist of the UTP6, which is an important complex in regulating ribosome synthesis (Hunziker et al., 2016; Zhang et al., 2016). Herein, we found that UTP6 was not only related to the ABC transporter signal pathway, but also transcription factor pathways, which are associated with CRT resistance (Shinto et al., 2014; McCoy et al., 2015). Pearson’s correlation analysis showed that the expression of UTP6 was correlated with that of FOXK2, which is a transcription factor known as an anti-oncogene (Shan et al., 2016; de Moraes et al., 2019). The results indicated that the anti-chemoradiotherapy resistance effect of UTP6 may be related to FOXK2 expression. Unfortunately, the precise mechanism of UTP6 involved in CRT sensitivity in rectal cancer patients is still unclear.

There were several limitations to our study. Although the underlying mechanism of UTP6 was explored by bioinformatics analysis, the results warrant further confirmation by in vitro or in vivo experiments. To our knowledge, this was the first study to explore CRT-resistance-related genes through WGCNA using a patient cohort with complete clinicopathological and follow-up data. The present study provided insight into the role of UTP6 in CRT-sensitive in rectal cancer patients.



CONCLUSION

Through WGCNA, UTP6 was identified and validated as a hub gene and a valid novel predictor for CRT-sensitivity. High expression of UTP6 associated with better survival in LARC patients. UTP6 was hypermethylated in CRC tissues, especially in CRC stem cells subpopulation. GSEA demonstrated that the mechanism underlying UTP6 maintains CRC stemness might be involved in the transcription factors pathway especially FOXK2. Further research is needed to confirm the above findings.
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Supplementary Figure 2 | The result of Cut-off Finder. Plot of the OR of the UTP6 (A) and FTSJ3 (D) expression and the optimal cutoff value. And the optimal cutoff value is compared to the gene expression. ROC curves and AUC analysis to evaluate the predictive efficiency of the optimal cutoff of the UTP6 (B) and FTSJ3 (E) expression. The classification using UTP6 (C) and FTSJ3 (F) expression and patients’ DFS status. And the optimal cutoff value is compared to the gene expression. OR, odds ratio; DFS, disease-free survival.
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Background: As a member of the atypical thiol oxidase family, quiescin sulfhydryl oxidase 2 (QSOX2) has been reported to play an important role in several biological processes, but the expression and function of QSOX2 in colorectal cancer (CRC) remains elusive.

Methods: The difference of QSOX2 expression, and its relationship with clinicopathological features and prognosis in CRC, was analyzed by bioinformatic analysis and validated by clinical CRC specimen cohort. The functional characterization of QSOX2 was detected via in vitro and vivo experiments in CRC cell lines, while the potential signaling pathways were predicted by Gene Set Enrichment Analysis (GSEA).

Results: Our data based on bioinformatical analysis and clinical validation demonstrated that the expression of QSOX2 in CRC tissues was significantly upregulated. Additionally, the chi-square test, logistic regression analysis, and Fisher’s exact test showed that QSOX2 overexpression was significantly correlated with advanced clinicopathological parameters, such as pathological stage and lymph node metastasis. The Kaplan–Meier curves and univariate Cox regression model showed that QSOX2 overexpression predicts poor overall survival (OS) and disease-free survival (DFS) in CRC patients. More importantly, multivariate Cox regression model showed that QSOX2 overexpression could serve as an independent factor for CRC patients. In vitro and vivo data showed that the proliferation and metastasis ability of CRC cells were suppressed on condition of QSOX2 inhibition. In addition, GSEA showed that the QSOX2 high expression phenotype has enriched multiple potential cancer-related signaling pathways.

Conclusion: QSOX2 overexpression is strongly associated with malignant progression and poor oncological outcomes in CRC. QSOX2 might act as a novel biomarker for prognosis prediction and a new target for biotherapy in CRC.

Keywords: QSOX2, colorectal cancer, TCGA, TMAs, prognosis, GSEA


INTRODUCTION

Colorectal cancer, including colon cancer and rectal cancer, has leaped from the third leading cause of cancer death to the second cause in the world, which poses a more serious threat to the health of the people (Siegel et al., 2021). In the current clinical treatment, the standard therapy for CRC is surgery followed by chemotherapy or radiation (Provenzale et al., 2020). Due to the heterogeneity of CRC, patients may exhibit varied responses to the standard therapy (Zhai et al., 2017). Multistep and multifactorial process involved in several genetic alterations and biological pathway activation or inhibition may contribute to explain the mechanism of colorectal carcinogenesis and progression (Nguyen et al., 2020). In the past two decades, next-generation genome sequencing technology and numerous reports have identified some effective biomarkers, such as KRAS, SMAD2, BRAF, and PIK3CA/PIK3CB, which can assist doctors to predict the effect of adjuvant chemotherapy and the prognosis and recurrence of patients (De Roock et al., 2010; Sepulveda et al., 2017). Nevertheless, these findings are far from enough; more powerful and reliable biomarkers needs to be discovered, which will help doctors to develop new methods to improve clinical efficacy of CRC patients (Koncina et al., 2020).

Genes that contribute to oncogenicity has the potential to be explored for identifying cancer biomarkers and discovering new drug targets (Kamel and Al-Amodi, 2017). The atypical thiol oxidase family including two classes of QSOX transcript variants in vertebrates comprising, namely, QSOX1 and QSOX2, respectively (Codding et al., 2012; Israel et al., 2014). As the most wildly studied type, QSOX1 was observed to be upregulated and promote progression in multiple cancers, including prostate cancer, breast cancer, glioblastoma, lung cancer, pancreatic cancer, and malignant pleural mesothelioma (Katchman et al., 2011; Araujo et al., 2014; Knutsvik et al., 2016; Baek et al., 2018; Sung et al., 2018; Geng et al., 2020; Lacerenza et al., 2020). It is worth noting that upregulated QSOX1 expression was associated with features of poor outcomes in breast cancer, such as HER2 positivity and hormone receptor negativity (Knutsvik et al., 2016). As a highly homologous paralog of QSOX1, the human QSOX2 gene, chromosome 9q34.3, comprises 12 exons and encodes a putative protein of 698 amino acids (Hoober et al., 1999). A previous study has reported that the expression of QSOX2 appears to be lower than QSOX1 in most human normal tissues, such as the ovaries, prostate, and lung tissues (Coppock and Thorpe, 2006). Nevertheless, the exact expression and biological properties of QSOX2 in cancer remains to be elucidated. Given that QSOX2 and QSOX1 have 40% identity in the primary amino acid structure and higher identity in the functional domain, reaching 68% (Wang et al., 2018), we suspected that QSOX2 might also participate in the tumorigenesis and progression of cancers. However, the detailed expression status, prognostic role, and biological function of QSOX2 in human cancers, including CRC, remain unknown.

In this study, we first evaluate the mRNA and protein expression and asses the prognostic significance of QSXO2 in CRC based on bioinformatic analysis and clinical traits. In addition, experiments in vitro and in vivo were conducted to detect the biological function of QSOX2 in cell proliferation and metastasis of CRC. Furthermore, the QSOX2-related signaling pathways involved in CRC, which may support further investigation into the molecular mechanism underlying CRC, were analyzed by GSEA and verified by GEPIA correlation analysis and Western blotting analysis. Our results demonstrated that QSOX2 can be a promising biomarker for prognosis prediction in CRC.



MATERIALS AND METHODS


Publicly Available Database Analysis

Online public available databases, UALCAN1 and TIMER2.0,2 were used to observe the expression of QSOX2 in human pan-cancer in mRNA and protein level (Chandrashekar et al., 2017; Li et al., 2020). The correlation of mRNA level between QSOX2 and signaling pathway-related genes was analyzed by the online database Gene Expression Profiling Interactive Analysis (GEPIA)3 (Tang et al., 2017).



Bioinformatics Analysis Based on TCGA Cohort

The original mRNA expression data of patients with COAD or READ, followed by corresponding basic information, such as gender, age, etc., and clinical information, such as tumor staging, etc., were downloaded from TCGA official website.4 In total, the data of 452 COAD tissues, 41 adjacent normal tissues, 6 READ tissues, and 1 adjacent normal tissue were downloaded. The details of the COAD and READ patients are shown in Table 1. For further bioinformatic analysis, 314 COAD and READ cases were involved; those cases with expression or characteristic data that were incomplete and biased were excluded from further bioinformatic analysis. Then the original gene expression data were sorted and merged by the Perl programming language, while the QSOX2 expression was extracted by the limma package of R software. The extracted data were visualized by the limma package, while scatter difference diagrams were drawn by the beeswarm package. We use the R software to visualize the analysis results.


TABLE 1. Characteristics of patients with colorectal cancer (CRC) [colon adenocarcinoma (COAD) and rectum adenocarcinoma (READ)] in TCGA database.
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Verification of Quiescin Sulfhydryl Oxidase 2 Expression by the Gene Expression Omnibus Database

A search of RNA sequencing and the microarray data, which met the requirements from the Gene Expression Omnibus (GEO) dataset, was conducted, and a total of seven datasets (GSE106582, GSE37182, GSE83889, GSE21815, GSE21510, GSE9348, and GSE35279) were obtained, including 291 adjacent non-tumor tissues (adjacent NTTs), 661 CRC tissues, and original QSOX2 mRNA expression data (Table 2). The differences in QSOX2 expression were detected by the comprehensive meta-analysis via Review Manage 5.3. The combined value was calculated by standard mean difference (SMD) with a 95% confidence interval (CI). χ2 and I2 statistical tests were used to evaluate the heterogeneity between the included datasets. In condition of p > 0.05 or I2 < 50%, the fixed effect model was used for calculating the combined effect; otherwise (p < 0.05 or I2 > 50%), the random effect model was used. The results are visualized by forest plots.


TABLE 2. Information of GEO dataset involved in this study.
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Paraffin-Embedded and Fresh Frozen Tissue Specimen Cohort

A cohort of 568 formalin-fixed paraffin-embedded CRC cases was collected to conduct the tissue microarrays (TMAs) for IHC analysis. Details about the TMAs has been previously described (Jiang et al., 2018). The other cohort consists of 50 pairs of fresh frozen CRC tumor and adjacent NTTs ranging from September 2020 to January 2021 were collected at the same hospital and preserved at −80°C for qRT-PCR. The Ethics Committee of the Affiliated Hospital of Xuzhou Medical University approved the project, and the patients or their family members signed the informed consent form.



Immunohistochemistry Staining and Evaluation

IHC staining was performed on TMAs consisting of 568 formalin-fixed paraffin-embedded sections following a standard streptavidin–peroxidase (SP) method that has been previously described (Hou et al., 2018). Anti-QSOX2 antibodies were applied with 1:200 dilutions for primary antibody incubation (HPA012716, Sigma-Prestige, United States). The images of TMAs staining were obtained by an Olympus microscope (Tokyo, Japan).

The evaluation of the immunohistochemical reaction product has been previously described (Bai et al., 2019). The staining of QSOX2 was assessed blindly and independently by two pathologists, and all disagreements will be resolved through the participation of a third pathologist. Positive QSOX2 immunostaining signal was observed predominantly in the cytoplasm. The signals were quantified based on the intensity and percentage of positively stained cells. The QSOX2 staining intensity was scored 0–3 (0 = negative; 1 = weak; 2 = moderate; 3 = strong). The proportion of QSOX2-positive stained cells was scored as 1 (0–25%), 2 (26–50%), 3 (51–75%), and 4 (76–100%). The level of QSOX2 staining was evaluated by immunoreactivity score (IRS), which is calculated by multiplying the scores of staining intensity and percentage. According to IRS, the QSOX2 staining pattern was categorized as negative (IRS: 0), weak (IRS: 1–3), moderate (IRS: 4–6), and strong (IRS: 8–12). QSOX2 expression was classified as low (IRS: 0–4) or high (IRS: 6–12) group.



RNA Extraction and Quantitative Real-Time PCR

Trizol reagent (Invitrogen) was used to extract the total RNA from fresh frozen CRC tumor and adjacent NCTs according to the instructions of the manufacturer, and then the Trans Script one-step guide DNA removal and complementary DNA synthesis super mix (Trans Gen Biotech) was used for the reverse transcription reaction. The sequences of all the primers amplified for quantitative real-time PCR (qRT-PCR) were listed after: 5′-TCCCTTCTTGACAACCGTGG-3′ (forward) and 5′-AAATGCTTTGTCCCCGTCCA-3′ (reverse) for QSOX2; 5′-TTTCTCTCGGCTCCCCATGT-3′ (forward) and 5′-GCTGTATATTCAGCATTGTGGG-3′ (reverse) for p21; 5′-ACGGGAGCCCTAGCCTGGAGC-3′ (forward) and 5′-TGCCCTTCTCCACCTCTTGCC-3′ (reverse) for p27; 5′-TGAGGGACGCTTTGTCTGTC-3′ (forward) and 5′-CTTCTGCTGGAAACATGCCG-3′ (reverse) for cyclin D1; 5′-TAGCTGGTCTGGCGAGGTTT-3′ (forward) and 5′-ACAGGTGGCCAACAATTCCT-3′ (reverse) for cyclin E2; 5′-AAGGTCGGAGTCAACGGATTTG-3′ (forward) and 5′-CCATGGGTGGAATCATATTGGAA-3′ (reverse) for GAPDH; 5′-ATGGAGAACTTCCAAAAGGTGG-3′ (forward) and 5′-TCAGAGTCGAAGATGGGGTAC-3′ (reverse) for CDK2; 5′-ATGGCTACCTCTCGATATGAGC-3′ (forward) and 5′-CATTGGGGACTCTCACACTCT-3′ (reverse) for CDK4.



Colorectal Cancer Cell Culture and Transfection

HCT116 and LoVo, two types of human CRC cell lines, were gained from the Chinese Academy of Sciences Cell Bank. HCT116 and LoVo were cultured in DMEM Medium and RPMI 1640 medium, respectively, both supplemented with 10% fetal bovine serum (FBS) (Gibco, United States). All cell lines were incubated in a 37°C humidified incubator with 5% CO2. The small interfering RNAs (siRNAs) against human QSOX2 and non-specific siRNA used as negative controls were gained from Gene pharma Technology (Shanghai, China) and transfected into the CRC cells by SilenFect reagent (Bio-Rad Laboratories, Inc.). All the experiments were performed according to the protocol of the manufacturer. The sequences of siRNAs were described as follows: siQSOX2#1 sense: GCAGCCAUUACGUGGCUAUTT; siQSOX2#2 sense: GGUACGUUCACACCUUCUUTT; siCtrl sense: UUCUCCGAACGUGUCACGUTT.



Transwell and Wounding Assay

Transwell filter inserts with a pore size of 8 μm (8.0 μm, Corning, NY, United States) were used to detect cell migration and invasion, which were carried out using invasion assay. The modified two-chamber plates were coated with Matrigel (BD Biosciences, Mississauga, Canada), while in the migration assay, they was not. After serum starvation overnight, cells were seeded in the top chamber accompanied by complete medium added to the bottom chambers. After incubation at 37°C with 5% CO2 for 24–48 h, the migration and invasion cells were fixed and stained before calculation. In wound healing assay, CRC cells at a density of 1 × 106 cell/well were seeded onto six-well plates and cultured to a density of about 80%. Then artificial scratches were formed by sterile 10-μl pipette tips for each well. The suspended cells were cultured in a medium with 1% FBS after washing away with PBS. An inverted light microscope (IX71; Olympus, Tokyo, Japan) was used to photograph cell migration distance at 0 and 48 h.



Cell Counting Kit-8 and 5-Ethynyl-2′-Deoxyuridine Assay

HCT116 and LoVo cells were transfected with Ctrl siRNA or QSOX2 siRNA. For cell counting kit (CCK)-8 assay, the cells were counted before laying in a 96-well plate with 2,000 cells per well and continued to be cultured at 37°C in 5% CO2 for 0, 24, 48, and 72 h. At specified time-points, the cells in each well will be added to 10 μl of cell counting kit (CCK)-8 solutions (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) and continued to be cultured under the original conditions for 2 h. Absorbance was measured at 450 nm at the specified time-points. All experiments were performed in triplicate. For EdU (5-ethynyl-2′-deoxyuridine) assay, the cells were laid in a 96-well plate with 4,000 cells per well and cultured at 37°C in 5% CO2 for 20 h. Then, the cells were treated with 50 μmol/L of EdU assay kit (RiboBio, Guangzhou, China) according to the protocol of the manufacturer and incubated at 37°C in 5% CO2 for 2 h. Finally, 4% paraformaldehyde was used to fix the cells for 20 min, 0.5% Triton X-100 was used to permeabilize the cells for another 20 min, 100 μl of 1 × Apollo reaction cocktail was used to incubate the cells for 30 min at room temperature.



Gene Set Enrichment Analysis

As a computational method, the Gene Set Enrichment Analysis (GSEA) was performed to analyze the statistically significant and concordant differences between two different biological states based on a priori set of genes (Subramanian et al., 2007). According to the median value of QSOX2 expression, the CRC samples obtained from TCGA dataset were divided into the QSXO2 high and low groups, respectively. “c2.cp.kegg.v7.0.symbols.gmt,” which was an annotated gene set, was finally selected as the reference gene set. In order to identify the significantly different signaling pathways, 1,000 times was set for analyzing the number of gene set permutations each time. The statistical significance and importance of the correlation between gene sets and signaling pathways were determined by nominal p-value, normalized enrichment score (NES), and false discovery rate (FDR) q-value.



Western Blot Analysis

Proteins were extracted from HCT116 and LoVo cells with RIPA buffer (Beyotime, Shanghai, China) supplemented with protease inhibitor cocktail and quantified by bicinchoninic acid (BCA) analysis (Beyotime, Shanghai, China). The prepared protein was loaded into a 10% SDS-PAGE gel with a content of 30 μg per well, then transferred to PVDF membranes, and blocked with 5% skimmed milk. Then, the PVDF membranes were incubated at 4° with antibodies against QSOX2 (1:1,000, Abcam, MA, United States), p21 (1:1,000, Cell Signaling Technology, MA, United States), p27 (1:1,000, Cell Signaling Technology, MA, United States), Cyclin D1 (1:1,000, Cell Signaling Technology, MA, United States), Notch1 (1:1,000, Cell Signaling Technology, MA, United States), GAPDH (1:5,000, Proteintech, Wuhan, China) for one night. The next day, the PVDF membranes were washed with TBST three times and then incubated with the secondary antibody for 2 h at room temperature. Finally, ECL substrate (Labgic Technology Co., Ltd., Beijing, China) was used to visualize the blots.



Xenograft Tumorigenesis Study

The ethical approval of animal experiments was approved by the Animal Care and Use Committee of Xuzhou Medical University. Four to 6-week-old BALB/c nude mice (female) were obtained from the Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and housed under specific pathogen-free conditions. The lentiviral against human QSOX2 (shQSOX2 group) and non-specific lentiviral (shCtrl group) were transfected into HCT116 cells according to the instructions of the manufacturer. The stable HCT116 cell line including shCtrl and shQSOX2 groups were selected with puromycin and verified by Western blot. In order to construct models of xenograft tumor, 200 μl of serum-free DMEM containing groups of HCT116- shCtrl and HCT116–shQSOX2 cells (5 × 106) were injected subcutaneously into the flanks of mice. From the fifth day after the injection of cells, tumor volume (V) was calculated every 3 days by the following formula: V = (long axis × short axis2)/2. The mice were sacrificed at 24 days, and the tumors were used for HE and IHC staining after dissected and weighted.



Statistical Analysis

The difference in QSOX2 expression between non-paired cases was tested by Wilcoxon rank-sum test, while paired cases was tested by Wilcoxon matched-pairs signed-rank test. Kruskal–Wallis test was used to analyze the differences in QSOX2 expression among multiple clinical characteristic groups. Chi-square (χ2) test was used to analyze the relationship between QSOX2 expression and clinicopathological parameters. The survival rate differences between QSOX2 high and low groups, including OS and DFS rates, was analyzed by Kaplan–Meier analysis and log rank test. The univariate Cox proportional hazard regression model combined with multivariate Cox proportional hazard regression model were used for determining the effects of QSOX2 or other clinicopathological parameters on survival. SPSS statistical software (version 23.0) and R software (version 2.15.3) were used for statistical analyses. For all tests, p < 0.05 was defined as statistically significance.




RESULTS


Quiescin Sulfhydryl Oxidase 2 Is Upregulated in Pan-Cancer and Colorectal Cancer

Given that QSOX2 has been poorly studied in human cancers, it is important to investigate whether QSOX2 is involved in human cancers. First, we analyzed the expression of QSOX2 in various cancer types using the public gene expression data available through TCGA and CPTAC. According to UALCAN analysis, compared with the corresponding normal tissue, the mRNA expression of QSOX2 was significantly upregulated in most human cancers (Figures 1A,B). Consistent with the analysis results of the UALCAN database, QSOX2 was also found to be upregulated in numerous human solid cancers according to the TIMER 2.0 online database, including COAD (colon adenocarcinoma) and READ (rectum adenocarcinoma) (Figure 1C). For further analysis, TCGA database was used to analyze the comprehensive expression of QSOX2 in CRC. The QSOX2 mRNA expression level in CRC tissues was significantly higher than that in the normal tissues (Figure 1D). Data from 41 tumors and paired adjacent NTTs of CRC patients in the TCGA database further corroborated these results (Figure 1E). The data from CPTAC database containing 97 CRC patients and 100 adjacent NTTs validated further the result of TCGA database (Figure 1F).
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FIGURE 1. Quiescin sulfhydryl oxidase 2 (QSOX2) expression in pan-cancer and in colorectal cancer (CRC). (A,B) The QSOX2 expression of mRNA level in multiple human cancers and corresponding normal tissues in the UALCAN database. (C) The QSOX2 expression of mRNA level in different human cancers and corresponding normal tissues in the TIMER database (*p < 0.05; **p < 0.01; ***p < 0.001). (D) The QSOX2 expression of mRNA level in CRC tumors and corresponding normal tissues from TCGA database. (E) QSOX2 mRNA expression in pairs of tumor and normal tissues of CRC patients from TCGA database. (F) QSOX2 protein expression in the primary tumors and normal tissues of CRC patients from CPTAC database.




Validation of Quiescin Sulfhydryl Oxidase 2 Upregulation in Colorectal Cancer by Tissue Microarrays, Quantitative Real-Time PCR, and Standard Mean Difference

To characterize QSOX2 expression status in CRC, we first evaluated the endogenous QSOX2 expression in 568 CRC samples and adjacent NTTs in the TMAs using immunohistochemistry (IHC) (Figure 2A). Finally, 493 CRC specimens were included in the analysis, and the remaining samples were lost due to antigen retrieval. The paired Wilcoxon test showed that QSOX2 protein expression was significantly upregulated in cancerous tissues (p < 0.001) (Figure 2B). To further verify the difference in QSOX2 expression in the TCGA database, QSOX2 mRNA expression was validated in a small CRC cohort containing 50 pairs of fresh frozen tissue specimens. The results of qRT-PCR showed that that QSOX2 mRNA expression level was also upregulated in cancerous tissues relative to adjacent NTTs (p < 0.001) (Figure 2C). Additionally, the differences of QSOX2 expression in CRC were detected by the comprehensive meta-analysis in the GEO dataset (Table 2). The data showed that the I-square value was 94% (p < 0.001), according to the random effects model (95% CI:0.25–0.61), the final combined SMD of QSOX2 was 0.43. The data are statistically significant, thus, suggesting that QSOX2 expression was upregulated in CRC based on the GEO database (Figure 2D).
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FIGURE 2. Expression of QSOX2 is upregulated in clinical CRC patient specimens and GEO microarrays. (A) Representative images of QSOX2 expression in the tumor microarrays (TMAs) using immunohistochemistry (IHC) staining. (B) QSOX2 protein expression was significantly upregulated in cancerous tissues (p < 0.001, the paired Wilcoxon test). Note: N, paired adjacent non-tumor tissues (NTTs); C, CRC tissues. (C) The mRNA expression of QSOX2 in 50 cancerous tissues and corresponding non-tumor tissues were detected by quantitative real-time PCR (qRT-PCR) (p < 0.001). (D) Forest plot of QSOX2 expression data from GEO microarrays. Note: GEO, Gene Expression Omnibus; SMD, standard mean difference; CI, confidence interval. (E–H) Violin plot evaluating QSOX2 mRNA expression in different groups classified according to clinical characteristics. (E) TNM stage. (F) Depth of invasion. (G) Lymph node metastasis. (H) Distant metastasis.




Quiescin Sulfhydryl Oxidase 2 Is Associated With Malignant Progression in Patients With Colorectal Cancer From TCGA Cohort

As we continue to explore the mRNA expression of QSOX2 in TCGA database, we were surprised to find that the expression of QSOX2 was different in groups classified by tumor pathological stage (p = 0.004), T classification (p < 0.001), N classification (p =0.009), and M classification (p < 0.001) (Supplementary Figures 1A–D). To further analyze the relationship between QSOX2 expression and clinicopathological features, we collected original expression information and corresponding clinical data of 314 patients from TCGA database. As shown in Table 3, QSOX2 high expression was positively associated with pathological stage progression (p = 0.003) and lymph node metastasis (p = 0.003). Logistic regression analysis indicated that the QSOX2 overexpression was observed to be positively correlated with pathological stage (stage II vs. stage I, OR = 2.211, p = 0.007; stage III vs. stage I, OR = 5.049, p < 0.001; stage IV vs. stage I, OR = 3.088, p = 0.007), lymph node metastasis (N1/N2 vs. N0, OR = 2.239, p = 0.001) (Table 4).


TABLE 3. The relationship between quiescin sulfhydryl oxidase 2 (QSOX2) expression and CRC clinicopathological features based on TCGA cohort.
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TABLE 4. QSOX2 expression correlated with clinicopathological features based on TCGA cohort.
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High Quiescin Sulfhydryl Oxidase 2 Expression Is Associated With Advanced Clinicopathological Parameters in Patients With Colorectal Cancer During the Clinical Validation Phase

Consistent with the analysis results of TCGA cohort, QSOX2 mRNA expression in the CRC cohort containing 50 pairs of fresh frozen tissue specimens was also different in groups classified according to TNM stage, lymph node metastasis, depth of invasion, and distant metastasis (Figures 2E–H). To further understand the clinical significance of QSOX2 in the large CRC cohort containing 568 formalin-fixed paraffin-embedded CRC specimens, Fisher’s exact test was used to analyze the relationship between QSOX2 expression and clinicopathological features. Table 5 showed the relationship between QSOX2 expression and clinicopathological features of the CRC patients. QSOX2 overexpression was positively associated with aggressive features of CRC, such as tumor lymph node metastasis (p = 0.048), TNM stage progression (p < 0.001), tumor diameter (p = 0.017), and distant metastasis (p = 0.008). On the other hand, there was no striking relationship between QSOX2 expression and age, gender, differentiation, or depth of invasion.


TABLE 5. Relationship between QSOX2 expression and clinicopathological features of CRC patients based on clinical CRC specimen cohort.
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High Quiescin Sulfhydryl Oxidase 2 Expression Is Related to Poor Survival in Patients With Colorectal Cancer Based on TCGA Cohort

The analysis of QSOX2 prognostic signature in CRC based on TCGA cohort was investigated by Kaplan–Meier risk estimates. The result showed that QSOX2 overexpression was positively associated with poor overall survival (Figure 3A). Besides, univariate and multivariate Cox proportional hazard regression models were conducted to assess the influence of QSOX2 expression and clinicopathological parameters on survival in CRC patients based on TCGA cohort. Univariate analysis revealed that QSOX2 expression (HR, 1.08; 95% CI, 1.02–1.14; p = 0.006), age (HR, 1.03; 95% CI, 1.01–1.05; p = 0.008), pathological stage (HR, 2.26; 95% CI, 1.73–2.94; p < 0.001), T classification (HR, 2.85; 95% CI, 1.80–4.52; p < 0.001), N classification (HR, 2.02; 95% CI, 1.54–2.65; p < 0.001), and M classification (HR, 4.45; 95% CI, 2.74–7.21; p < 0.001) were important risk factors for survival (Table 6). In addition, multivariate analysis showed that QSOX2 expression (HR, 1.06; 95% CI, 1.00–1.13; p = 0.033) was an independent risk factor for survival (Figure 3B and Table 6).
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FIGURE 3. Prognostic role of QSOX2 in CRC patients. (A) Kaplan–Meier survival curves show patients of CRC with high QSOX2 expression exhibited shorter overall survival (OS) (n = 224, p = 0.021) based on TCGA database. (B) Forest plot shows that QSOX2 expression was an independent risk factor for CRC based on TCGA data (HR, 1.06; 95% CI, 1.00–1.13; p = 0.033). HR, hazard ratio; CI, confidence interval; *p < 0.05; ***p < 0.001. (C,D) Kaplan–Meier survival curves show that patients of CRC with high QSOX2 expression exhibited shorter OS (n = 493, p < 0.001) and disease-free survival (DFS) based on clinical specimen cohort.



TABLE 6. Univariate and multivariate Cox proportional hazards analysis of overall survival (OS) in CRC patients based on TCGA cohort.
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Upregulated Quiescin Sulfhydryl Oxidase 2 Expression Is a Predictor of Poor Prognosis in Colorectal Cancer During the Clinical Validation Phase

Similar results were observed during the clinical validation phase based on the survival follow-up information of 493 patients. Kaplan–Meier survival curves showed that the QSOX2 overexpression was positively associated with poor OS (p < 0.001) and DFS (p < 0.001) (Figures 3C,D). To further evaluate the prognostic significance of QSOX2 expression in CRC patients, univariate and multivariate Cox regression models were conducted in the 493 CRC specimens. Univariate Cox regression analysis suggested that QSOX2 expression, age, gender, TNM stage, LNM, tumor diameter, and distant metastasis were the significant risk factors for OS, while QSOX2 expression, depth of invasion, and TNM stage were the significant risk factors for DFS (Table 7). Finally, multivariate analysis showed that QSOX2 expression could serve as an independent prognostic biomarker for OS (HR, 2.512; 95% CI, 1.730–3.647; p < 0.001) and DFS (HR, 4.493; 95% CI, 2.640–7.649; p < 0.001) in CRC patients (Table 8).


TABLE 7. Univariate Cox regression analysis on OS and disease-free survival (DFS) in CRC based on clinical specimen cohort.
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TABLE 8. Multivariate Cox regression analysis on OS and DFS in CRC based on clinical specimen cohort.
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Quiescin Sulfhydryl Oxidase 2 Promotes Colorectal Cell Proliferation, Migration, and Invasion in vitro

Since the results of bioinformatic analysis and clinical specimens showed that QSOX2 overexpression was associated with the malignant progression of CRC patients, we will focus on the biological function of QSOX2 in CRC. The expression of QSOX2 was reduced by small interfering RNAs (siRNAs) and detected by Western blotting and qRT-PCR analysis, respectively (Figures 4A–C). Given that QSOX2 overexpression was positively associated with tumor diameter and lymph node metastasis, we wanted to detect whether QSOX2 facilitates the ability of proliferation and metastasis in CRC cells. CCK-8 and EdU assays showed that inhibition of QSOX2 significantly reduced rates of cell proliferation in HCT116 and LoVo cells (Figures 4D–G). Transwell migration and invasion assays, and wound healing assays were used to estimate the influence of QSOX2 expression on CRC metastasis. The Transwell assays showed that QSOX2 inhibition reduced the ability of migration and invasion in HCT116 and LoVo cells (Figures 4H,I). Wound healing assays showed that QSOX2 inhibition reduced the speed of wound healing in HCT116 and LoVo cells (Figures 4J,K).
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FIGURE 4. QSOX2 promotes CRC cell proliferation, migration, and invasion in vitro. (A–C) The inhibition of QSOX2 protein and mRNA expression was confirmed in HCT116 and LoVo cells by Western blotting and qRT-PCR, respectively. Densitometry values of QSOX2 normalized to GAPDH. (D,E) QSOX2 inhibition significantly reduced ability of proliferation in HCT116 and LoVo cells via cell counting kit 8 (CCK-8) assay. (F,G) QSOX2 inhibition significantly reduced ability of proliferation in HCT116 and LoVo cells via 5-ethynyl-2′-deoxyuridine (EdU) incorporation assay. (H,I) Inhibition of QSOX2 significantly suppressed the ability of migration and invasion in HCT116 and LoVo cells via Transwell assay. (J,K) Inhibition of QSOX2 significantly inhibited the wound healing speed in HCT116 and LoVo cells by wound healing assay. All experiments were repeated three times, and the final data are shown as mean ± standard deviations. *p < 0.05; **p < 0.01; ***p < 0.001.




Identification of Quiescin Sulfhydryl Oxidase 2-Related Signaling Pathways by Gene Set Enrichment Analysis

GSEA was conducted to detect the potential molecular mechanism and signaling pathways involved in how QSOX2 promotes CRC progression. First, TCGA samples were classified into two groups according to the expression of QSOX2. Then, the significance of multiple functional sets of QSOX2 high and low groups was analyzed by GSEA (Figure 5A). In the comprehensive analysis of NES, normal p-value, and FDR q-value, 15 signaling pathways enriched in the QSOX2 high group were selected, including cell cycle, homologous recombination, pyrimidine metabolism, spliceosome, purine metabolism, nucleotide excision repair, notch signaling pathway, glyoxylate, dicarboxylate metabolism, ubiquitin-mediated proteolysis, DNA replication, mTOR signaling pathway, p53 signaling pathway, ERBB signaling pathway, threonine metabolism, glycine serine, and basal transcription factors (Figure 5B and Table 9). In addition, correlation analysis by the GEPIA database showed that the mRNA level of p21, p27, cyclin D1, Notch1, mTOR, PIK3CA, and ERBB3 were significantly associated with QSOX2, while p53 was not, indicating that QSOX2 may promote CRC cell proliferation and metastasis via some of these signaling pathways (Figure 5C). Intriguingly, cell cycle signaling pathway exhibited the most significant enrichment. Therefore, we focused on cell cycle signaling pathway for further detection. Furthermore, the expression of some cell cycle signaling pathway-related key regulators was detected by qRT-PCR. Consistent with our GEPIA analysis, the results of qRT-PCR analysis showed that QSOX2 knockdown significantly caused the accumulation of p21 and p27 in mRNA level, whereas it remarkably decreased the mRNA expression of cyclin D1, cyclin E2, CDK2, CDK4 (Figure 5D). The Western blot results showed that knockdown of QSOX2 in HCT116 and LoVo cells significantly increased the protein expression of p21 and p27, and reduced the protein expression of cyclinD1 and Notch1 (Figure 5E). More importantly, among these genes, p21 was significantly upregulated in mRNA and protein level after QSOX2 was knocked down. These results suggested that QSOX2 is very likely to promote the proliferation of colorectal cancer cells by regulating the cell cycle progression mediated by p21.
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FIGURE 5. Mechanistic investigation into how QSOX2 promotes CRC progression. (A) The heat map generated based on genes enriched in QSOX2 high and low in TCGA database. (B) Enrichment plots from Gene Set Enrichment Analysis (GSEA) including enrichment score and gene sets. (C) Correlation between QSOX2 and signaling pathway-related genes, including p21, p27, cyclin D1, p53, Notch1, mTOR, PIK3CA, and ERBB3. (D) The e mRNA expression of cell cycle signaling pathway genes in CRC with knockdown of QSOX2 were determined by qRT-PCR. (E) The expression of QSOX2 and signaling pathway-related genes were detected by Western blotting, and GAPDH was used as a reference control. *p < 0.05; **p < 0.01; ***p < 0.001.



TABLE 9. Signaling pathways enriched in the QSOX2 high group.
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Quiescin Sulfhydryl Oxidase 2 Promotes Colorectal Cancer Cell Proliferation in vivo

Xenograft tumorigenesis model was conducted to detect the effect of QSOX2 on proliferation of CRC cell in in vivo. The protein expression of QSOX2 in HCT116 stable transfected cell line was confirmed by Western blot assay (Figure 6A). The mice were sacrificed at 24 days, and the subcutaneous tumor in mice was dissected. The results showed that the xenograft tumors formed by shCtrl cells were significantly heavier and larger than that of shQSOX2 cells (Figures 6B–D). H&E staining was performed to confirm the xenograft tumors (Figure 6E). Furthermore, immunohistochemistry staining was performed to detect the expression of QSOX2, p21, and the cancer cell proliferation marker Ki67 in shQSOX2 and shCtrl groups. The staining results showed that QSOX2 stable knockdown resulted in weaker staining intensity of QSOX2 and Ki67 in the tumor sections but a stronger staining intensity of p21 (Figure 6F).
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FIGURE 6. QSOX2 promotes CRC cell proliferation in vivo. (A) The protein expression of QSOX2 in HCT116 stable transfected cell line was confirmed by Western blot assay (Left). Densitometry values of QSOX2 normalized to GAPDH (Right). (B) The dissected subcutaneous tumor in mice formed by the shCtrl and shQSOX2 groups (n = 6 in each group). (C) Analysis of the weight of dissected xenograft tumors. (D) The growth curve of xenograft tumors in mice. (E) The sections of xenograft tumors were stained by H&E and IHC using QSOX2, Ki67, and p21 antibodies.





DISCUSSION

The increasing disease burden caused by CRC has become one of the major global threats to human health, with about 1.88 million new cases and 900,000 death cases annually (Sung et al., 2021). Although CRC has been extensively studied, more powerful and reliable biomarkers used to predict CRC progression and prognosis are still required for providing clinical significance. In the past years, with the growing development of next-generation genome sequencing technology, various data of gene expression level in CRC samples were uploaded to the public database, such as TCGA and GEO, which provides chances for biomarker discovery and validation (Long et al., 2019; Liu et al., 2020). The quiescin sulfhydryl oxidase family consists of QSOX1 and QSOX2; unlike QSOX1, which has been wildly studied in tumors, the expression and function of QSOX2 in tumors is largely unclear. With this in mind, in this study, the expression of QSOX2 in various human tumors was first analyzed via the publicly available databases TIMER2.0 and UALCAN. The results indicated that QSOX2 gene expression was upregulated in multiple solid tumors, such as colorectal cancer, bladder cancer, breast cancer, clear cell renal cell cancer, esophageal cancer, stomach cancer, and others than in their matched adjacent NTTs. Then, we focused on the expression of QSOX2 in colorectal cancer.

In the present study, we purposed to detect the expression and function of QSOX2 in CRC progression, especially its role as a prognostic biomarker. Moreover, we also tried to identify the potential signaling pathways involved in the regulation of CRC development by QSOX2. First, we evaluated the expression of QSOX2 in CRC by bioinformatic analysis based on TCGA cohort. Compared with adjacent NTTs, QSOX2 expression level was significantly upregulated in patients with CRC, and the results have been verified both in mRNA and protein level by qRT-PCR and IHC based on our paraffin-embedded and fresh frozen tissue specimen cohort. The results of meta-analysis based on GEO database are consistent with those of bioinformatics analysis and clinical trials. These results indicate that QSOX2 may act as an oncogene and play an important role in CRC initiation and progression. More specifically, QSOX2 mRNA expression was different in the clinical characteristic groups classified by pathological stage, T, N, and M stages, and these results were confirmed by frozen tissue specimen cohort. Based on this, the relationship between QSOX2 expression and clinicopathological parameters was analyzed in TCGA cohort and validated in our well-characterized clinical cohort. We demonstrated that high QSOX2 expression is closely associated with various malignant clinicopathological factors such as TNM stage, tumor diameter, lymph node metastasis, and so on. These findings may accelerate early risk recognition and precise management of CRC patients.

Prognostic biomarkers are applied to monitor postoperative treatments, evaluate the level of cancer, and predict remission or recurrence in individual patients (Nair et al., 2014). In addition, on the basis of TCGA database, Kaplan–Meier survival analysis demonstrated that the group of QSOX2 high expression exhibited poor OS than the group of QSOX2 low expression. Importantly, Cox regression analyses showed that QSOX2 expression could serve as an independent prognostic biomarker for survival in CRC patients. These results are supported by the data of clinical validation. At this point, in our research, QSOX2 was found to be not only a factor of tumor progression in CRC but also a biomarker of prognosis. The results of bioinformatics analysis and clinical verification suggest that QSOX2 overexpression was closely related to the malignant progression of CRC patients, such as the ability of proliferation and metastasis, which is also an important feature of malignant tumors. To further detect the biological function of QSOX2 in colorectal cancer cells, we performed experiments in vitro, such as Transwell, wounding healing, CCK-8, and EdU assays, and xenograft tumorigenesis model in vivo. The results showed that the proliferation and metastasis ability of HCT116 and LoVo is reduced by inhibition of QSOX2.

The QSOX2-related potential signaling pathways in CRC was analyzed by the GSEA. Of note, 15 significantly enriched signaling pathways were selected; among them, cell cycle, notch, mTOR, p53, and ERBB signaling pathway were closely related to the progression of CRC. Intriguingly, cell cycle signaling pathway exhibited the most significant enrichment. Accumulating evidence has showed that cell cycle disorders may lead to enhanced tumor cell proliferation (Otto and Sicinski, 2017). Cyclin D1, p21, and p27 were the key regulators associated with the G1 phase (Chen et al., 2019). As a well−known tumor suppressor, activation of the transcription factor p53 plays a central role in cell cycle arrest (Engeland, 2018). P53 regulates cell cycle progression by regulating some key genes, including p21 (Vogelstein et al., 2000). Correlation analysis shows that QOSX2 is negatively correlated with p21 and p27, and positively correlated with cyclin D1, but not p53, and the results of qRT-PCR showed that QSOX2 knockdown significantly caused the accumulation of p21 and p27 mRNA and the decrease in the mRNA expression of cyclin D1, cyclin E2, CDK2, CDK4, which suggests that QSOX2 may promote the proliferation of colorectal cancer by partially regulating G1/S phase transition independent of p53. The Notch signaling pathway is activated in primary colorectal cancer and plays an important part in the initiation and progression process (Tyagi et al., 2020). Notch receptors have been reported to take part in several functions of CRC cells, such as apoptosis, proliferation, angiogenesis, and cell migration (Jackstadt et al., 2019). What is also worth noticing is that the abnormal activation of Notch1 is closely related to the severity of CRC (Vinson et al., 2016). The results of GEPIA showed that QSOX2 was positively correlated with Notch1 in mRNA level, and our Western blotting results showed that knockdown of QSOX2 remarkably decreased the expression of Notch1 protein. We estimate that QSOX2 may promote the migration and proliferation by activation of Notch signaling pathway. The constituents of tumor extracellular matrix (ECM) secreted by tumor cells and non-malignant stroma are a critical factor for cancer invasion and metastasis. Since proteins in the ECM contains disulfide bonds, QSOX2, as an enzyme that generates disulfide bonds in substrate proteins, may also promote cancer cell growth, adherence, and invasion by regulating the ECM. The mechanistic target of rapamycin (mTOR) is a highly conserved kinase, and the activation of mTOR signaling pathway is closely related to CRC cell autophagy, differentiation, apoptosis, proliferation, angiogenesis, and metastasis (Wang and Zhang, 2014). Experimental and preclinical studies have proven that mTOR is an effective target for colorectal cancer therapy, and considering the close correlation between QSOX2 and mTOR, QSOX2 also may provide promising perspectives for CRC therapy.

Although our study investigated the expression and prognostic value of QSOX2 in CRC by a variety of methods and a large number of clinical samples, there are still some limitations. First, there is a lack of some specific clinical information involved in analysis, such as microsatellite instability (MSI) and surgical methods. Second, the specimens used in this study were limited to one hospital, and lack of multicenter research. Finally, the deeper molecular mechanisms of QSOX2 in CRC are not detected by experiments in vitro and in vivo. Thus, more clinical specimens and cell biology experiments are required for further investigation in the future.

In summary, based on bioinformatics analysis and clinical verification, our study demonstrated that QSOX2 is upregulated in CRC, and the upregulation of QSOX2 is closely correlated with clinical aggressive progression and poor survival in TCGA clinical and two independent specimen cohorts. We also found that QSOX2 facilitates the proliferation and metastasis ability of CRC cells, and these results suggest that QSOX2 plays a vital part in the initiation and progression of CRC. In conclusion, QSOX2 might act as a novel biomarker for prognosis prediction and a new target for biotherapy in CRC.
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Hypoxia-Induced ZWINT Mediates Pancreatic Cancer Proliferation by Interacting With p53/p21
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p53/p21 signaling plays a vital role in pancreatic cancer (PC) progression. ZWINT was shown to function as an oncoprotein in the progression of multiple cancers. However, the involvement of ZWINT and p53 activation in the progression of PC remains poorly understood. Bioinformatics and tissue array chip analyses were performed to evaluate ZWINT expression in pancreatic cancer. ZWINT mRNA and protein expression were evaluated in normoxia and hypoxia. CHIP was used to evaluate HIF1α interaction with the ZWINT promoter. CCK8, colony formation, EDU, and cell cycle analysis were used to examine PC cell proliferation. Immunoprecipitation and immunofluorescence were used to examine the interaction of ZWINT, MDM2, and p53. p53 activity was evaluated by q-PCR and luciferase assay. Protein degradation and ubiquitination assays were used to analyze the role of ZWINT in p53 ubiquitination. ZWINT was overexpressed in pancreatic cancer and induced in hypoxia. ZWINT promoted pancreatic cancer growth and cell cycle progression. Bioinformatic analysis revealed that ZWINT may regulate the p53 signal pathway. ZWINT interacts with p53 and promotes its ubiquitination and degradation. ZWINT promoted proliferation via p53/p21. Immunohistochemistry of clinical specimens revealed that that ZWINT expression was significantly negatively correlated with p53/p21. Our data showed that hypoxia regulates the expression of ZWINT, which activated p53/p21 signaling pathway to promote PC growth.
Keywords: ZWINT, pancreatic cancer, HIF1α, p53/p21, proliferation
INTRODUCTION
Pancreatic cancer (PC), one of the most serious gastrointestinal malignancies, is the fourth most frequent cause of cancer-associated death (Siegel et al., 2020). Because of the lack of precise diagnostic approaches, PC is usually diagnosed at advanced stage (The Lancet Gastroenterology and Hepatology, 2021). Patients with advanced PC can only receive chemotherapy instead of surgical resection (Perri and Katz, 2021). In the occurrence and development of pancreatic cancer, there are no more accurate early diagnosis and treatment methods. (Lee et al., 2020). Hence, studies of diagnostic markers and targeted therapies that inhibit the progression of PC have been key strategies to improve the treatment of PC.
ZW10-interacting kinetochore protein 1 (ZWINT-1) is a centromere complex component necessary for the mitotic spindle checkpoint and participates in centromere function and cell development (Peng et al., 2019). ZWINT interacts with Zeste White 10 (ZW10), another centromere protein, to possibly regulate the relationship between ZW10 and centromeres (Woo et al., 2015). ZWINT-1 is a kinetochore component with a significant role in spindle assembly and kinetochore-microtubule attachment during meiosis and mitosis (Kasuboski et al., 2011). In addition, ZWINT-1 directly interacts with components of the KMN complex, specifically Ndc80 and Mis12, and functions as a bridge between the RZZ and KMN complexes necessary for kinetochore formation and spindle checkpoint activity (Zhang et al., 2015). As a mitotic checkpoint component, ZWINT-1 is required for the stable relationship between CENP-F and dynamitin and the kinetochore to guarantee precise chromosome segregation (Zhang et al., 2015).
Recent studies have indicated that ZWINT-1 may function as a biomarker for cancer due to its high expression in some human malignancies such as glioblastoma (Yang et al., 2020), breast cancer (Zhou G. et al., 2020), ovarian cancer (Zhao and Yu, 2020), bladder cancer, lung cancer (Yi et al., 2020), and hepatocellular carcinoma (Xie et al., 2020). In addition, knockdown of ZWINT-1 restrained the proliferation, migration, invasion, and colony formation abilities of pancreatic cancer cells and increased cell apoptosis (Kim et al., 2020). Another study showed that ZWINT interacts with Rab3C as a part of the MIS12 complex (Obuse et al., 2004). Endo et al. showed that cell proliferation in 293T cells and breast cancer MCF7 cells (Endo et al., 2012) were negatively regulated by ZWINT depletion by Terf/Trim (Endo et al., 2012). Together these findings suggest that ZWINT, which plays a role in the spindle filament and cell division, may function as an oncoprotein. However, the role of ZWINT in pancreatic cancer has remained unknown.
It was found that the aberrantly of ZWINT protein expression promoted PC pathogenesis as was a distasteful element. In addition, ZWINT promoted p53 ubiquitin degradation of p53 via interacting with MDM2, inactivating p53/p21 signaling, promoting the transition of cell cycle and cell development in PC. Our findings indicate that ZWINT functions as an oncoprotein and modulates p53/p21 to promote pancreatic cancer pathogenesis.
MATERIALS AND METHODS
Specimen Source and Clinical Materials
This study included 92 pancreatic cancer samples, including tumors and adjacent non-tumor tissues. The pancreatic cancer tissues were obtained from surgical specimens from inpatients in our hospital from 2016 to 2020.
5-Ethynyl-2′-Deoxyuridine Assay
Cells in a 24-well plate were incubated with 200 μl of EDU medium (5 μM) for 2 h and then fixed with 50 μl phosphate buffer saline (PBS) containing 4% paraformaldehyde for 30 min at room temperature. Cells were then incubated with 50 μl of glycine (2 mg/ml) for 5 min, followed by a 10-min treatment of 200 μl of osmotic agent (PBS containing 0.5% Triton X-100), a 30-min treatment of 200 μl of IX Apollo staining solution at room temperature in the dark, and two to three rinses with 200 μl of osmotic agent (PBS containing 0.5% Triton X-100; 10 min each time). Cells were counterstained with 4′, 6 diamidino-2-phenylindole (DAPI) for 5 min for nuclear staining and then examined using a fluorescence microscope.
Luciferase Reporter Assays
It is predicted that the human DNA sequences of the p21 promoter are bound with transcription element p53 cloned into a pGL3 vector. Cells were transfected with luciferase plasmids along with ZWINT or control lentivirus for x h. Cell lysates were obtained and luciferase activity was detected using the dual-luciferase reporter system according to the manufacturer’s instructions (Promega, Madison, WI, United States).
RT-PCR
RNA was extracted from cells using Trizol based on the manufacturer’s instructions, and a UV spectrophotometer was used to determine the purity and concentration of the RNA. RNA was reverse transcribed into cDNA using the RT-PCR kit TAKARA047A (Takara Bio, Inc., Shiga, Japan) of the Super Script III First-Strand Synthesis System. The BioRad Real-Time PCR system was used for real-time PCR amplification. The primers for ZWINT, p53, p21, CDK4, CDK6, Cyclin D1, Cyclin E1, and GAPDH mRNAs are shown in Table 1.
TABLE 1 | The RNA primers used in the PCR.
[image: Table 1]Immunohistochemistry
Immunohistochemistry was performed on 5-μm-thick paraffin sections. Monoclonal antibody against ZWINT was used at a 1:50 dilution (HAP022264, Sigma). After dewaxing, immunostaining permeation solution was applied to the samples. The presence of brown particles in the nucleus and cytoplasm indicated positive staining.
Chromatin Immunoprecipitation
The EZ-ChIPTM Chromatin Immunoprecipitation Kit (Millipore, Billerica, MA, United States) was used to perform ChIP assays following the manufacturer’s instructions. Rabbit anti-FLAG (Cell Signaling Technology, United States), anti-RNA polymerase II antibodies (Abcam, United Kingdom) and related rabbit-IgG (Cell Signaling Technology, United States) was applied as controls.
Cell Culture
The pancreatic cancer cell lines (AsPC-1, BxPC-3, MIA PaCa-2, SW 1990, PANC-1 and PANC03.27) and the HPDE normal pancreatic cell line were purchased from the ATCC. MIA PaCa-2, SW 1990, and PANC-1 cells were cultured in conventional DMEM medium (GIBCO, United States) containing 10% fetal bovine serum (BI, United States). AsPC-1, PANC03.27 and HPDE cells were cultured in RPMI 1640 medium (GIBCO) containing 10% fetal bovine serum. Cells were cultured at 37°C, 5% CO2 with saturated humidity.
Cell Transfection and Lentivirus Infection
The liposome method (Lipo 3000 transfection kit, Invitrogen) was used to transfect small interfering RNA (siRNA) into PANC-1 and MIA PaCa-2 cell lines (siRNA sequences were shown in Table 2). Cells were harvested at 48 h and analyzed by RT-PCR and western blotting to determine the effect of siRNA transfection. Table 2 shows the siRNA sequences of ZWINT, p53, p21, and that of the negative control (Ruibio, Guangzhou, China). The virus-mediated transfection and oncogene overexpression were applied to infect PANC-1 and MIA PaCa-2 cell lines. Cells were cultured in flasks at a density of 2×104 cells/culture flask the day before infection. After overnight culture, the medium was replaced with DMEM (without serum) containing lentivirus (MOI = 25) at 37°C. After 8–12  h, the medium was replaced with complete medium.
TABLE 2 | The siRNA sequence used in the transfection assay.
[image: Table 2]Western Blot
Cells were lysed using RIPA buffer for 30 min at 4°C, followed by centrifugation at 12,000×g at 4 °C for 30 min. The BCA method was used to determine the protein concentration of supernatants. Denatured protein samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, United States). The membrane was blocked with 5% milk or bovine serum albumin (BSA) for 2 h and then incubated with primary antibodies at 4 °C overnight. After washes with Tris-buffered saline (TBST), membranes were incubated with secondary antibody (1:2000, abclone, Wuhan, China) for 2 h, followed by washes with TBST. The ECL reagent (Thermo Scientific ECL) was used to visualize bands. The experiment was performed three times.
Cell Counting Kit-8
Cell proliferation ability was assessed by CCK-8 (Dojindo Molecular Technologies, Inc., Kyushu, Japan) based on the manufacturer’s instructions. Cells were seeded into 96-well culture plates at 2×103 cells per well the day before transfection or infection. The viability of pancreatic cancer cells was evaluated from five replicates in three independent experiments after indicated treatments for 6, 24, 48, and 72 h.
Cell Cycle Analysis
Cells were fixed with 70% ethanol overnight at 4 °C. A staining working solution of 500 μl PI/RNase (PI:RNaseA prepared at 9:1) (KeyGen Biotech, Nanjing, China) was added when centrifugation was used to remove the ethanol in the following day. Cells were stained for 3 min at 4°C in the dark. Stained cells were then examined using a flow cytometer (US BD company).
Immunoprecipitation and Co-Immunoprecipitation
Anti-ZWINT antibody (1 μg) (Sigma: HAP022264) or anti-rabbit IgG antibody (Abcam: ab190492) was added to protein lysates (500 μg) and the samples were incubated at 4 °C overnight. Next, 40 μl protein A/G PLUS-Agarose beads (Santa Cruz: sc-2003) was added and samples were incubated at 4°C for 6 h. After adding 2 × loading buffer, the immunoprecipitated protein complex was boiled and denatured. Samples were then analyzed by western blot. 1 μg of the anti-ZWINT primary antibody was employed to perform the same approach, so as to precipitate p53 and MDM2, and western blotting with the anti-p53 and anti-MDM2 primary antibody was conducted to detect the precipitated protein.
Immunofluorescence
Cells on glass coverslips were fixed with 4% paraformaldehyde for 20 min at room temperature. After 15 min incubation with immunostaining permeation solution (Triton X-100, P0096, Beyotime), PBS containing 5% BSA was used to block cells for 30 min. Cells were then incubated with primary antibody against ZWINT (1:50, diluted in blocking buffer) at 4 °C overnight and then with Alexa Fluor 488-goat anti-mouse IgG (1:100) secondary antibody for 2 h. Cells were then rinsed with PBS for 15 min, and DAPI was applied for 5 min for nuclei staining. In some experiments, cells were incubated with anti-p53 and anti-p21 primary antibody and the anti-ZWINT primary antibody (1:50, Sigma) simultaneously. Alexa Fluor 488-goat anti-mouse and Alexa Fluor 594-goat anti-mouse were used as secondary antibodies.
Nude Mouse Xenograft Model
Twelve 4-week-old female BALB/cA-nu nude mice were obtained from Beijing Huafukang Biosciences (Beijing, China) and kept in pathogen-free conditions. PANC-1 cells (5 × 106) expressing either ZWINT or control vector in 150 μl of PBS were subcutaneously injected into the left flank of mice (n = 5 per group). The rate of tumor formation, number of tumors, tumor diameter, tumor mass and mouse body weight were measured every 7 days. Tumor volume was calculated as V = 1/2 × L × W2. Mice were killed after 37 days. Tumors were fixed in 4% paraformaldehyde and embedded in paraffin.
Statistical Analysis
The x2 test and Fisher’s exact probability tests were used to analyze data, and the single-element analysis of variance was employed to measure the data. The t test was used to determine statistical variations between two groups, and more than two groups were compared using the one-way analysis of variance analysis. A two-tailed p value of <0.05 was regarded statistically significant.
RESULTS
ZWINT is Upregulated in Pancreatic Cancer
To determine the role of ZWINT in pancreatic cancer tumorigenesis, a bioinformation analysis was performed using TCGA database. The results indicated that ZWINT was significantly upregulated in pancreatic cancer tissue (Figure 1A). We next performed qRT-PCR assay using 16 pairs of PC and adjacent non-tumor tissues and found that ZWINT mRNA was highly expressed in PC tissues (Figure 1B). ZWINT was further examined in a tissue microarray that included 92 paired PC samples. The average expression of ZWINT was increased in PC tissues compared with levels in nearby non-tumor tissues (Figure 1C). The positive ZWINT expression rate was 65.2% (60/92) in PC tissue samples. Further analyses of PC cell lines by qPCR and western blot assay demonstrated that ZWINT mRNA and protein level was upregulated in PC cell lines (Figures 1D,E). Based on the GEPIA (http://gepia.cancer-pku.cn/) and survival data from the cohort, Kaplan-Meier analysis, ROC analysis results indicated that ZWINT expression was negatively correlated with PC patient overall survival (Figures 1F,G). We further analyzed the relationship between ZWINT expression and clinicopathological features in PC tissue samples (Table 3). ZWINT expression was positively related to tumor size, differentiation and Vessel invasion in PC tissues. Together these results indicate that low ZWINT expression is related to progression and poor prognosis in human PC.
[image: Figure 1]FIGURE 1 | ZWINT was upregulated in pancreatic cancer. (A). ZWINT expression in TCGA-LIHC database. (B) ZWINT expression in 16 PC tissue samples and paired normal tissue samples by q-RT-PCR. (C) ZWINT expression in tissue microarrays, including 92 pairs of PC samples and adjacent normal tissues. (D, E) q-RT-PCR and western-blot quantitatively analysis of ZWINT expression in normal and PC cell lines. (F) Data in the TCGA database showed the overall survival of the two groups of patients with high (n = 60, red line) or low (n = 32, blue line) PC expression in colon cancer tissues. (G) Kaplan–Meier representation of the overall survival of the two groups of patients with high (n = 60, red line) or low (n = 32, blue line) ZWINT expression in our cohort. (H) ROC analysis of the correlation of ZWINT expression and survival time. All data are the mean ± SD of three independent experiments. *p < 0.05.
TABLE 3 | The General clinical pathological characteristics of pancreatic cancer patients.
[image: Table 3]ZWINT Enhances PC Cell Proliferation and Induces G1/S Phase Transition in Vitro
To clarify the role of ZWINT in regulating PC cell phenotype, we performed loss-of-function and gain-of-function assays in PC cells (Figures 2A,B). CCK-8 and colony formation assays showed that PC cell proliferation was reduced by ZWINT knockdown, while increased proliferation was observed in cells with overexpression of ZWINT (Figures 2C,D). EDU assay also showed that ZWINT overexpression significantly promoted PC cell proliferation (Figure 2E). We next evaluated the role of ZWINT in cell cycle regulation of PC cells using flow cytometry assays. We detected a significant increase in the G1/S phase population of ZWINT-depleted PC cells compared with the control group (Figure 2F). qPCR and western blot further demonstrated that ZWINT promoted cell cycle–associated gene and protein expression (Figures 2G,H). These findings indicate PC cell proliferation induces G1/S phase arrest was enhanced by ZWINT, making contribution to PC progression.
[image: Figure 2]FIGURE 2 | ZWINT enhances PC cell proliferation induces G1/S phase transition in vitro. (A,B) q-RT-PCR and western-blots confirmed the knockdown and overexpressed of ZWINT. (C,D) CCK-8 and plated formation analysis of the growth ability of PC cell. (E) EDU assay was performed to analysis the proliferation of PC cell. (F) Cell cycle analysis showed the effects of ZWINT on PC cell cycle regulation. (G-H). q-RT-PCR and western-blots analysis of the cell cycle associated genes expression.
Hypoxia Micro-Environment Induce ZWINT Upregulation
We next explored the elements that induced high ZWINT expression in PC. Promoter sequence analysis tools (UCSC and JASPAR) (Figure 3A) were used to inspect the genomic region (∼2 kb upstream) upstream of the ZWINT gene. The results showed two putative HIF1α binding sites within the ZWINT promoter area (Figure 3B). We next performed ChIP-qPCR assay and confirmed that HIF1α directly bound to the chromatin fragments of the two predicted ZWINT promoter areas (Figure 3C). Luciferase assays also demonstrated that wild-type (WT) ZWINT promoter activity was significantly upregulated by HIF1α, while the mutant construct with mutations in the putative HIF1α-binding sequences showed no changes in response to HIF1α expression (Figure 3D). We performed q-RT-PCR analysis for ZWINT and HIF1α mRNA in PC tissues and the pearson analysis results revealed a positive correlation (Figure 3E). After 24 h treatment of hypoxia or the chemical inducer CoCl2, the expression of ZWINT in PANC-1 and MIA PaCa-2 cells was increased on basis of upregulated HIF1α expression in the mRNA and protein level (Figures 3F,G). Immunohistochemistry of HIF1α and ZWINT in PC tissues showed that HIF1α and ZWINT expressions were positively correlated (Figure 3H). Together these data indicate that ZWINT is transcriptionally upregulated by HIF1α in the hypoxic tumor micro-environment. Subsequently, functional experiments were performed to measure the proliferation of PC cells in the condition of hypoxia compared with normoxia. The results suggested that hypoxia-mediated ZWINT overexpression significantly promoted cell proliferation compared with normoxia (Supplementary Figure S1).
[image: Figure 3]FIGURE 3 | ZWINT was a direct transcriptional target of HIF-1α. (A) Bioinformation analysis the promoter sequence region. (B) Schematic diagram indicated the potential promoter binding region. (C) HEK293 cells were transfected with pGL3 reporter vector containing ZWINT wide-type promoter (HRE-WT), or mutant-type promoter (HRE-MUT), respectively. Those transfected cells were further treated under normoxia or hypoxia. After 48 h, firefly luciferase activity was detected and normalized by renilla activity. (D) ChIP assay with anti-HIF-1α antibody was performed to verify the binding between HIF-1α and two HREs in ZWINT promoter in PANC-1 cells. (E) Pearson correlation analysis was performed to test the correlation between ZWINT and HIF1α. (F, G) The mRNA and protein expression levels of ZWINT and HIF-1α in PC cells were measured after culturing under normoxia, hypoxia (CoCl2, 100 μM)) for 24 h by qRT-PCR and Western blot. (H) q-RT-PCR and IHC analysis the correlation of HIF-1α and ZWINT in the pancreatic cancer tissues. Data shown are mean ± SD (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
ZWINT Negatively Regulates the p53/p21 Signal Pathway
To elucidate the downstream signal pathway of ZWINT, we analyzed the potential targeted pathways using the TCGA database. The results indicated that ZWINT likely regulates the cell cycle, DNA replication, and the p53 signaling pathway (Figure 4A). As ZWINT showed cell cycle regulation activity and p53 is a key regulator of the cell cycle, we next examined whether ZWINT affected p53 expression and activity. We first performed qRT-PCR to analyze p53 and p21 mRNA expression. ZWINT had no effect on p53 mRNA expression level and p21 expression was significantly upregulated in the ZWINT knockdown group (Figures 4B,C). Western blot assay revealed that p53 and p21 were significantly downregulated in ZWINT-overexpressing pancreatic cancer cells (Figure 4D).
[image: Figure 4]FIGURE 4 | ZWINT interacted and regulated p53/p21 signal pathway. (A) Bioinformatic analysis the downstream pathway of ZWINT based on the TCGA databse. (B, C) q-RT-PCR and western blot analysis the expression of p53 and p21 in mRNA level. (D) Western blot analysis the expression of p53 and p21 in protein level.
ZWINT Decreases p53 Expression by Promoting its Ubiquitination via Enhancing MDM2 Levels
Our results showed that ZWINT regulated p53 protein level. As p53 protein levels are regulated by MDM2-mediated ubiquitination, we further examined whether ZWINT interacted with MDM2 and p53 to affect p53 ubiquitination. We first analyzed the interactions between ZWINT, p53, and MDM2. Immunoprecipitation and immunofluorescence analysis indicated that ZWINT binds with and co-localizes with p53 and MDM2 (Figures 5A,B). Subsequently, western blot analysis showed that MDM2 expression was increased by the overexpression of ZWINT, while MDM2 levels were decreased by ZWINT knockdown (Figure 5C). We next examined whether ZWINT affect p53 ubiquitination and stability. Protein stability assay indicated that ZWINT significantly inhibited p53 stability and ubiquitination assay demonstrated that p53 ubiquitination was significantly increased in the ZWINT-upregulated group (Figures 5D–F). These results suggest that ZWINT promoting the effect of MDM2 and influences the ubiquitination, stability and expression level of p53 by decreasing the expression level of MDM2.
[image: Figure 5]FIGURE 5 | ZWINT decreases p53 expression by promoting its ubiquitination via enhancing MDM2 function. (A) Immunoprecipitation analysis the interaction of ZWINT with p53 and MDM2. (B) Immunofluorescence analysis the interaction of ZWINT with p53 and MDM2. (C) Western blot analysis MDM2 expression in the ZWINT upregulated and knockdown group. (D–E) The protein stability analysis the p53 stability in the ZWINT upregulated group. (F) The ubiquitination assay analysis the p53 ubiquitination level in the ZWINT upregulated group.
ZWINT Exerts Proliferation Effects by Directly Promoting the Transcription of p21
To investigate whether p53/p21 is necessary for ZWINT regulation of PC cell proliferation and cell cycle, we transfected p53 and p21 siRNA into ZWINT knockdown PC cells. CCK-8, colony formation assay and EDU proliferation assays showed that proliferation in ZWINT knockdown cells was enhanced upon p53 or p21 silencing (Figures 6A–C). qRT-PCR and western blot assays showed that p53 or p21 inhibition in PC cells abolished the inhibition of the expression of p53 and p21 reduced by ZWINT knockdown (Figures 6D–G).
[image: Figure 6]FIGURE 6 | ZWINT exerted proliferation effects by directly promoting the transcription of p21. CCK-8(A), plate formation(B) and EDU(C) and assay analysis the proliferation of the cells in the ZWINT knockdown transfected with p53 or p21 siRNA. (D–G) qRT-PCR and western blot assays analysis the ZWINT, p53 and p21 expression of the cells in the ZWINT knockdown transfected with p53 or p21 siRNA.
ZWINT Promotes Pancreatic Cancer Growth in Vivo
To determine whether tumor growth is affected by ZWINT in vivo, we established a xenograft mouse model by subcutaneously injecting pancreatic cancer cells overexpressing ZWINT or controls into mice (n = 5, each group). After 6 weeks, mice were killed and tumor samples were harvested (Figure 7A). Tumor weight (Figure 7B) and volume (Figure 7C) from cells with knockdown of ZWINT were reduced compared with controls. Immunohistochemistry showed that Ki-67 and PCNA were highly expressed in tumors from the ZWINT upregulated group and downregulated in the knockdown group (Figure 7D). Together these data indicate that ZWINT promoted pancreatic cancer growth in vivo.
[image: Figure 7]FIGURE 7 | ZWINT promoted pancreatic cancer growth in vivo. a Represent pictures of tumor formation of xenograft of PANC-1 (A) cells in nude mice (n = 5). (B, C) Weight and volume of tumors in the different group mice. (D–E) Representative images of KI-67 and PCNA staining of the xenograft. *p < 0.05; **p < 0.01.
DISCUSSION
In this study, we demonstrated that ZWINT, a centromere complex component, was significantly upregulated in PC tumor tissues and high expression of ZWINT was related to poor outcome in PC. ZWINT was recently reported to be an oncoprotein in multiple cancer types, including glioblastoma, breast cancer, lung adenocarcinoma. Kim JH found that ZWINT was upregulated in pancreatic cancer and promoted pancreatic cancer progression. however, the precise mechanism of its regulation was unknown (Kim et al., 2020). In this study, we focused on the mechanism of ZWINT, the interacting proteins and the downstream pathways involved in tumor regulation. Functional studies revealed that ZWINT promoted pancreatic cancer cell proliferation and cell cycle progression in vitro and enhanced tumor development in vivo. These findings suggest that ZWINT may promote PC progress.
To clarify the mechanisms by which ZWINT promotes pancreatic cancer progression, we analyzed the pathways associated with ZWINT using the TCGA database. The cell cycle and p53 signal pathway were the core targets regulator in ZWINT function. Consistent with the previous results, ZWINT could positively drive the pancreatic cancer cell cycle turning over. Abnormal cell cycle frequently occurs in cancer cells, resulting in accelerated cell division and growth in an uncontrollable rate and leading to tumor compression surrounding blood vessels and hypoxic microenvironment (Geismann and Arlt, 2020; Tao et al., 2021).
We further demonstrated that p53 expression and activity were significantly upregulated in ZWINT-knockdown pancreatic cancer cells. p53 is an upstream regulator of p21, and aberrant p53 expression and/or activity is a significant molecular hallmark of cancer (Amirinejad et al., 2020; Mansilla et al., 2020). p53 expression is typically downregulated in patients with wild-type p53, emphasizing the significance of its inhibited activity in cancer progression (Xu et al., 2021). Multiple studies have revealed various post-transcriptional modifications and regulation of p53 including phosphorylation, ubiquitination, and acetylation (Gencel-Augusto and Lozano, 2020). Ubiquitination-mediated proteasomal degradation is significant to stabilize p53 protein in post-translation (Zhou G. et al., 2020), while ubiquitination also plays role in p53 protein activation and nuclear location. Acetylation and phosphorylation play critical functions in enhancing p53 binding to its target genes (Yogosawa and Yoshida, 2018), and the cross-talk among these modifications may influence regulation of downstream target genes. Hence, according to our outcomes, the important role of p53 transcriptional regulation in the maintenance of the homeostasis of p53 expression is showed. Our results suggest that the ZWINT/p53 axis plays a key role in cell cycle regulation, cell proliferation, and tumorigenesis in PC. We also found that MDM2, the E3 ubiquitin ligase for p53 (Karakostis et al., 2020), interacts with ZWINT and we speculate that ZWINT interacts with MDM2 to influence the ubiquitination and degradation of p53. Further investigation shall be made to explore the precise mechanism by which p53 expression is regulated by ZWINT.
The stability of p53 is carefully regulated by the ubiquitin-proteasome system and p53 levels are finely tuned to respond to stressful conditions (Leu et al., 2020). Ubiquitination plays a role in the regulation of p53 expression for the regulation of cell cycle progression (Si et al., 2021). We examined the mechanism by which ZWINT regulated p53 expression and found that ZWINT inhibited p53 only at the protein level. Therefore, we speculate that ZWINT regulates p53 expression at the post-translation level. However, post-translation modifications of p53 including phosphorylation, ubiquitylation, acetylation can affect p53 expression, nuclear location, and transcriptionally activity (Sun et al., 2021).
To be different, according to our current research, our results suggest that ZWINT interacted with and restrained MDM2, to inhibit p53 protein stability by enhancing its degradation.
p21, a target gene of p53, inhibits cyclin D1 and CDK, resulting in G1/S arrest (Zhou et al., 2020b; Qi et al., 2021). Our results showed that p21 expression and transcriptional activity were inhibited in ZWINT knockdown pancreatic cancer cells. To our knowledge, this is the first data showing that ZWINT contributes to PC cell progression by regulating p53/p21 signaling.
Our data showed that hypoxia promoted the expression of ZWINT in pancreatic cancer, and ZWINT promoted pancreatic cancer proliferation in vitro and in vivo. In addition, ZWINT could inhibited p21 transcriptional activity by interacting with p53 mediated pancreatic progress.
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Expression of QSOX2 across TCGA cancers (with tumor and normal samples)
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Positive 64 24 40.4 <0.01
Negative 16 56
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Gene name

ZWINT (NM_001005413)
P53 (NM_001126118)
P21 (NM_078467)
CDK4 (NM_000075)
CDK6 (NM_001145306)
CyclinD1 (NM_053056)
CyclinE1 (NM_004864)

GAPDH (NM_001256799)

Sequences

F:AGGACACTGCTAAGGGTCTCG
R:GCCTCTACGTGCTCCCTGTA
F:ACAGCTTTGAGGTGCGTGTTT
R:CCCTTTCTTGCGGAGATTCTCT
F:TGTCCGTCAGAACCCATGC
R:AAAGTCGAAGTTCCATCGCTC
F:ATGGCTACCTCTCGATATGAGC
R:CATTGGGGACTCTCACACTCT
F:GCTGACCAGCAGTACGAATG
R:GCACACATCAAACAACCTGACC
F:GCTGCGAAGTGGAAACCATC
R:.CCTCCTTCTGCACACATTTGAA
F:ACCTGCACCTGCGTATCTCT
R:CGGACGAAGATTCTGCCAG
F:ACAACTTTGGTATCGTGGAAGG
R:GCCATCACGCCACAGTTTC
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Variables Case ORAH 7 P
- +

Age (years)
>60 32 6 26 0.052 0.819
<60 48 10 38

Gender
Male 55 10 45 0.364 0.546
Female 25 6 19

Tumor size (cm)
=5 33 4 29 2179 0.140
<5 47 12 35

TNM stag
Bl 26 " 15 11.980 0.001*
-iv 54 5 49

Lymph node

metastasis (Np)
Yes 31 2 29 5.806 0.016*
No 49 14 35

*P<0.05; *P<0.01.
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Gene

SI-ZWINT#1
SI-ZWINT#2
si-P563
si-P21

sequence (5'—3)

GCACGTAGAGGCCATCAAA
GAACCAGTGGCAGCTACAA
GTACCACCATCCACTACAA
GATGGAACTTCGACTTTGT
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Variables?

Overall survival Disease-specific survival

HR (95% CI) p-value HR (95% CI) p-value
QSOX2 2.866 (1.989-4.128) <0.001 5.149 (3.069-8.636) <0.001
Age 1.424 (1.031-1.965) 0.032  1.008 (0.991-1.025) 0.359
Gender 1.294 (0.949-1.765) 0.103  1.456 (0.965-2.197) 0.074
Differentiate 0.865 (0.593-1.262) 0.451 0.789(0.551-1.129) 0.194
Depth of 1.260 (0.866-1.834) 0.227 1.266 (1.033-1.552)  0.023
invasion
TNM stage 1.781 (1.305-2.432) <0.001 2.224 (1.448-3.418) <0.001
LNM 1.344 (0.982-1.839) 0.065 1.408(0.857-2.313) 0.177
Tumor diameter 1.455 (1.065-1.987) 0.019  1.300 (0.927-1.822)  0.128
Distant 2.719 (1.708-4.343) <0.001
metastasis

HR, hazard ratio; Cl, confidence interval; LNM, lymph node metastasis.
4QSOX2: low vs. high; age: < 60 vs. >60; gender: male vs. female; differentiate:
poor vs. moderate and high; depth of invasion: T1 and T2 vs. T3 and T4; TNM
stage was ranked as | and Il vs. Ill and IV; LNM, NO vs. N+; tumor diameter: < 5
vs. >5: distant metastasis: MO vs. M+.
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Parameters Univariate analysis Multivariate analysis
HR (95% CI) p-value HR (95% CI) p-value
QSOX2 1.08 (1.02-1.14) 0.006 1.06 (1.00-1.13) 0.033
Age 1.03 (1.01-1.05) 0.008 1.04 (1.02-1.06) <0.001
Gender 1.11 (0.70-1.77) 0.653 0.92 (0.57-1.49) 0.745
Pathological 2.26 (1.73-2.94) <0.001 2.06 (1.37-3.09) <0.001
stage
T 2.85 (1.80-4.52) <0.001 1.76 (1.01-3.07) 0.046
N 2.02 (1.564-2.65) <0.001 1.07 (0.72-1.60) 0.730
M 4.45 (2.74-7.21) <0.001

HR. hazard ratio: Cl. confidence interval.
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Variables

All patients
Age (years)®
<60
>60
Gender?
Males
Females

Lymph node metastasis?

NO

N1/N2/N3
TNM stage?

1/

/v
Differentiation®¢

Poor

Moderate/high
Tumor diameter?

<6cm

>5cm

Distant metastasis?

MO
M1
Depth of invasion?
T1/T2
T3/T4

Cases

493

211
282

277
216

309
184

271
222

93
395

260
233

433
60

128
365

aTwo-sided Fisher’s exact tests.

bTwo-sided Student’s t-test.
CThe type of differentiation of cancer in five patients cannot be assessed.

QSOX2 expression
(n =493 cases)

Low

164

62+ 12

72
92

93
71

113
51

116
48

37
127

99
65

163
11

45
119

High

329
61+ 13
139
190

184
145

196
1338

155
174

56
268

161
168

280
49

83
246

p-value

0.531

0.923

0.048

<0.001

0.18

0.017

0.008

0.663
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Clinicopathological features  Total (N) Odds ratio in QSOX2 p-value

expression

Age

<B5vs. > 65 447 1.135 (0.774-1,667) 0.517
Gender

Male vs. female 447 0.829 (0.571-1.201) 0.321
Pathological stage

Stage Il vs. stage | 131 2.211 (1.077-4.654) 0.007

Stage Ill vs. stage | 129 5.049 (2.418-10.946) 0.000

Stage IV vs. stage | 104 3.088 (1.383-7.093) 0.007
T classification

T2 vs. T1 59 1.500 (0.231-12.078) 0.670

T3 vs. T1 196 1.454 (0.236-11.221) 0.686

T4 vs. TH 50 1.714 (0.260-13.974) 0.575
Lymph node metastasis

Yes vs. no 272 2.239 (1.382-3.654) 0.001

Distant metastasis
Yes vs. no 367 1.226 (0.707-2.138) 0.469
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Variables QSOX2 expression Total p-value
High (n =224) Low (n =90)

Age
<65 years 80 (70.2) 34 (29.8) 114 0.731
>65 years 144 (72.0) 56 (28.0) 200

Gender
Male 119 (73.0) 44 (27.0) 163 0.497
Female 105 (69.5) 46 (30.5) 151

Pathological stage
land Il 96 (63.6) 55 (36.4) 151 0.003
Illand IV 128 (78.5) 35 (21.5) 163

T classification
T1and T2 34 (66.7) 17 (33.3) 51 0.420
T3 and T4 190 (72.2) 73 (27.8) 263

Lymph node metastasis
NO 103 (64.8) 56 (35.2) 159 0.003
N + 131 (79.4) 34 (20.6) 165

Distant metastasis
MO 176 (69.6) 77 (30.4) 253 0.157
M + 48 (78.7) 13(21.3 61
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GEO dataset

GSE106582

GSE37182

(GSE83889

GSE21815

GSE21510

GSE9348

GSE35279

Time

2018

2018

2018

2019

2019

2019

2019

Country

Germany

ltaly

South Korea

Japan

Japan

Singapore

Japan

GPL

GPL10558

GPL6947

GPL10558

GPL6480

GPL570

GPL570

GPL6480

Sample

z 4z4z 4z 4z 4z 42z

—

N

117
e
88
84
35
101

132
25
123
12
70

74

GEO, Gene Expression Omnibus; N, normal; T, tumor; GPL, GEO platform.
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Characteristics

Age

Gender

Pathological stage

T classification

N classification

M classification

Vital status

Variable

<65 years
>65 years
Male
Female

|

Il

Il

vV
Unknown
Tis

T

T2

I3

T4

NO

N1

N2

MO

M1

MX
Unknown
Alive
Death

Patients (458)

170
288
241
217
78
180
125
64
11
1
11
78
311
57
273
104
81
338
64
49

369
89

Percentages (%)

37.12
62.88
52.62
47.38
17.03
39.30
27.29
13.97

2.40

0.22

2.40
17.03
67.90
12.45
59.61
22.71
17.69
73.80
13.97
10.70

1.63
80.57
19.43

Data are presented as number (%).
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Gene sets

KEGG_CELL_CYCLE
KEGG_HOMOLOGOUS_RECOMBINATION
KEGG_PYRIMIDINE_METABOLISM

KEGG_SPLICEOSOME

KEGG_PURINE_METABOLISM
KEGG_NUCLEOTIDE_EXCISION_REPAIR
KEGG_NOTCH_SIGNALING_PATHWAY
KEGG_GLYOXYLATE_AND_ DICARBOXYLATE_METABOLISM
KEGG_UBIQUITIN_MEDIATED_ PROTEOLYSIS
KEGG_DNA_REPLICATION
KEGG_MTOR_SIGNALING_PATHWAY
KEGG_P53_SIGNALING_PATHWAY
KEGG_ERBB_SIGNALING_PATHWAY
KEGG_GLYCINE_SERINE_AND_THREONINE_METABOLISM
KEGG_BASAL_TRANSCRIPTION_FACTORS

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

NES

2.435
2.319
2.255
2.209
2197
2.156
2.029
1.955
1.952
1.951
1.902
1.856
1.855
1.852
1.829

NOM p-value

0.000
0.000
0.000
0.000
0.000
0.000
0.006
0.000
0.006
0.002
0.002
0.020
0.006
0.008
0.016

FDR g-value

0.000
0.000
0.008
0.004
0.0038
0.006
0.010
0.018
0.017
0.017
0.023
0.032
0.031
0.031
0.037
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Variables? Overall survival Disease-free survival

HR (95% CI) p-value HR (95% ClI) p-value

QSOX2 2512 (1.730-3.647) <0.001 4.493 (2.640-7.649) <0.001
Age 1.423 (1.024-1.977) 0.036 1.677 (1.067-2.634) 0.025
Gender 1.357 (0.979-1.879) 0.067 1.301 (0.826-2.047) 0.256
Tumor diameter 1.352 (0.986-1.853) 0.061  1.244 (0.811-1.909) 0.318
TNM stage 1.667 (1.201-2.314)  0.002  1.955 (1.207-3.166)  0.006
Differentiate 0.752 (0.5614-1.101)  0.143  0.846 (0.526-1.361)  0.491

HR, hazard ratio; CI, confidence interval; LNM, lymph node metastasis.

2QSOX2: low vs. high; age: < 60 vs. >60; gender: male vs. female; differentiate:
poor vs. moderate and high; depth of invasion: T1 and T2 vs. T3 and T4; TNM
stage was ranked as | and Il vs. Ill and IV; LNM: NO vs. N+; tumor diameter: < 5
vs. >5: distant metastasis: MO vs. M+.
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IC50 (1. M)

AGS AGSF
Celastrol 0.94 £ 0.09 1.96 £0.53
Taxol 0.29 £ 0.019 0.81 +£0.03
Doxorubicin 0.05+ 0.1 0.18 £0.09
Docetaxel 8.17 £ 0.76 10.06 +2.4

The indicated cancer cell line was treated with the indicated drugs for 48 h.
The cell viability was analyzed by an MTT assay. The ICsqy value of each cell
line was determined from the concentration-response curves. All values indicate
the mean + SD.
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No. miRNAs Regulation Fold Change (vs. AGS)
1 miR-124a-3p Up +728
2 miR-224-5p Up +1.41
3 miR-181b-5p Down -0.08 (12.5)
4 miR-199a-5p Down -0.07 (14.3)
5 miR-197-3p Down -0.03 (33.3)
6 miR-372-3p Down -0.08 (12.5)
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1 PTMS Parathymosin -12.46
2 FBXO11 F-box protein 11 -12.24
3 SET SET nuclear proto-oncogene -12.00
4 RELB RELB proto-oncogene, NF-kB subunit -11.82
5 TJP2 Tight junction protein 2 -11.76
6 SFXN3 Sideroflexin 3 -11.68
7 SLBP Stem-loop binding protein -10.92
8 NAGK N-acetylglucosamine kinase -10.81
9 GPSM1 G protein signaling modulator 1 -10.66
10 TNIP1 TNFAIP3 interacting protein 1 -10.59
1" TNIP3 TNFAIP3 interacting protein 3 -10.49
12 MAP3K3 Mitogen-activated protein kinase kinasekinase 3 -10.04
13 ATPBVOE2 ATPase H+ transporting VO subunit €2 -10.04
14 CCSAP Centriole, cilia and spindle associated protein -9.91
15 NOX4 NADPH oxidase 4 -9.81
16 SPAST Spastin -9.53
17 ZNF839 Zinc finger protein 839 -9.51
18 SAMD9 Sterile alpha motif domain containing 9 -9.39
19 NBPF14 Neuroblastoma breakpoint family member 14 -9.34
20 DCAKD Dephospho-CoA kinase domain containing -9.23
21 SEPT9 Septin 9 -9.22
22 PJA1 Praja ring finger ubiquitin ligase 1 -9.05
23 TUBGCP2 Tubulin gamma complex associated protein 2 -9.04
24 ZEB2 Zinc finger E-box binding homeobox 2 -8.76
25 R3HDM1 R3H domain containing 1 -8.63
26 MAPRE2 Microtubule associated protein RP/EB family member 2 -8.57
27 PTPRS Protein tyrosine phosphatase, receptor type S -8.44
28 SETDB2 SET domain bifurcated 2 -8.38
29 ZNF322 Zinc finger protein 322 -8.26
30 TLE3 Transducin like enhancer of split 3 -8.23
31 PHLDB1 Pleckstrin homology like domain family B member 1 -8.20
32 MADD MAP kinase activating death domain -8.16
33 KIAA1109 Fragile Site-Associated Protein -7.59
34 PLEKHM1 Pleckstrin homology domain-containing family M member 1 -7.59
35 TNRC6B Trinucleotide repeat containing 6B -7.06
36 MACF1 Microtubule-actin crosslinking factor 1 -6.87
37 PI4KA PREDICTED: phosphatidylinositol 4-kinase alpha isoform X3 -6.57
38 ARID4B AT-rich interaction domain 4B -6.02
39 LRRC41 Leucine-rich repeat-containing protein 41 -4.80
40 ITPKB Inositol-trisphosphate 3-kinase B -1.31
a1 TMBIM6 Transmembrane BAX inhibitor motif containing 6 117
42 FLNB Filamin B 1.28
43 HIVEP2 Human immunodeficiency virus type | enhancer binding protein 2 1.30
44 SLC38A2 Solute carrier family 38 member 2 1.42
45 KATNA1 Katanin catalytic subunit A1 5.66
46 TICRR TOPBP1 interacting checkpoint and replication regulator 7.06
47 CASP10 Caspase 10 7.98
48 ADAMTSL4 ADAMTS like 4 8.18
49 CYP26B1 Cytochrome P450 family 26 subfamily B member 1 8.20
50 ATP2C1 ATPase secretory pathway Ca2+ transporting 1 8.42
51 TAGLN2 Transgelin 2 8.50
52 NSD2 Nuclear receptor binding SET domain protein 2 8.54
53 YAP1 Yes associated protein 1 8.57
54 PTPRK Protein tyrosine phosphatase, receptor type K 8.74
55 MEF2C Myocyte enhancer factor 2C 8.74
56 ZNF462 Zinc finger protein 462 8.87
57 NRP1 Neuropilin 1 8.98
58 ORC1 Origin recognition complex subunit 1 9.06
59 NUMA1 Nuclear mitotic apparatus protein 1 9.09
60 HIPK1 Homeodomain interacting protein kinase 1 9.18
61 MBNL2 Muscleblind like splicing regulator 2 9.28
62 NSF N-ethylmaleimide sensitive factor, vesicle fusing ATPase 9.34
63 PTPRM Protein tyrosine phosphatase, receptor type M 9.40
64 BTN3A2 Butyrophilin subfamily 3 member A2 9.46
65 CEP120 Centrosomal protein 120 9.54
66 NCOR2 Nuclear receptor corepressor 2 9.60
67 NOS3 Nitric oxide synthase 3 9.61
68 ZNF268 Zinc finger protein 268 9.75
69 METTL21A Methyltransferase like 21A 9.87
70 MBD1 Methyl-CpG binding domain protein 1 10.04
7 SEMA4D Semaphorin 4D 10.07
72 ELP5 Elongator acetyltransferase complex subunit 5 10.10
73 RNF145 Ring finger protein 145 10.16
74 NUP88 Nucleoporin 88 10.20
75 NCOA4 Nuclear receptor coactivator 4 10.21
76 R3HCC1 R3H domain and coiled-coil containing 1 10.22
7t TPD52L2 Tumor protein D54 10.31
78 HNRNPUL1 Heterogeneous nuclear ribonucleoprotein U like 1 10.34
79 LMNA Lamin A/C 10.43
80 MFSD8 Major facilitator superfamily domain-containing protein 8 10.43
81 MYCBP2 MYC binding protein 2, E3 ubiquitin protein ligase 10.52
82 NBN Nibrin 10.80
83 ACO1 Aconitase 1 1.1
84 DNPEP Aspartyl aminopeptidase 11.73
85 PDGFRL Platelet derived growth factor receptor like 12.31
86 RPL23A Ribosomal protein L23a 12.39
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NO. Gender Age (years) Histological grade Size T Stage N Stage M Stage Stage

1 M 67 1] 4.0x3.0x1.0cm Tib NO MO 1A
2 M 63 1= 2.5x2.0x3.0cm Tib NO MO 1A
3 M 43 I 4.0x3.0x0.5cm Tib NO Mo 1A
4 M 69 -1 5.0x4.5x1.5cm T2 NO Mo 1B
5 M 57 I-Il 3.0x3.0x1.0cm T2 NO Mo 1B
6 F 50 -1 5.0x5.0x1.0cm T2 NO Mo 1B
7 M 74 I 2.0x1.2x1.0cm Tib N1 Mo 1B
8 M 53 -l 7.0x6.0x2.0cm T3 NO Mo 2A
9 M 53 I 6.0x4.0x1.5cm T3 NO Mo 2A
10 M 69 Il 5.5x5.0x1.1cm T3 NO MO 2A
11 F 63 U] 6.0x5.0x2.0cm T3 NO Mo 2A
12 M 67 I 6.0x6.0x2.0cm T3 NO Mo 2A
13 M 77 I 6.0x5.0x1.0cm T3 NO Mo 2A
14 M 76 -1 5.0x4.0cm T3 NO Mo 2A
15 M v I 6.0x4.0x2.0cm T3 NO Mo 2A
16 M 47 I-ll 3.0x2.5x1.0cm T3 NO Mo 2A
17 M 69 I 8.0x6.0x1.0cm T3 NO Mo 2A
18 M 75 Il 3.0x4.0x1.6cm T2 N1 MO 2A
19 - = Il 5.0x4.0x0.6cm T2 N1 Mo 2A
20 F 47 -1 3.0x3.0x1.0cm T2 N1 Mo 2A
21 M 68 I 3.0x3.0x0.8cm T3 NO Mo 2A
22 M 62 ] 3.0x3.0x1.0cm T3 NO Mo 2A
23 F 72 ] 5.0x3.5x1.5cm T3 NO Mo 2A
24 F 63 ] 8.0x6.5x2.0cm T4a NO Mo 2B
25 F 73 ] 4.0x3.0x1.0cm T4a NO Mo 2B
26 M 51 ] 2.5x3.0x1.5cm T4a NO Mo 2B
27 F 78 Il 2.0x2.0x1.0cm Tda NO MO 2B
28 M 61 1=l 4.0x4.0x2.0cm Tda NO MO 2B
29 M 75 ] 4.0x3.0x0.6cm T3 N1 Mo 2B
30 M 55 I 4.0x2.0x1.0cm T3 N1 MO 2B
31 M 60 I 3.6x3.5cm T3 N1 Mo 2B
32 M 61 I 6.0x5.0x0.5cm T3 N1 Mo 2B
33 M 55 -1 2.0x2.0x0.8cm T3 N1 Mo 2B
34 M 78 ] 5.0x4.0x2.0cm T3 N1 Mo 2B
35 F 50 I 2.0x1.0x0.5cm T2 N2 Mo 2B
36 M 65 U] 2.5x1.5x1.0cm T3 N1 MO 2B
37 M 80 1=l 4.2x3.5x1.5cm T3 N1 MO 2B
38 M 68 ] 5.0x4.0x1.5cm T3 N1 Mo 2B
39 M 60 -1 5.0x4.0x1.5cm T3 N2 Mo 3A
40 F 64 -1 4.0x2.0x1.5cm T3 N2 Mo 3A
41 M 50 -l 4.0x4.0x2.5cm T3 N2 Mo 3A
42 F 47 ] 8.0x7.0x2.0cm T3 N2 Mo 3A
43 M 55 ] 5.0x5.0x1.5cm T3 N2 Mo 3A
44 M 55 -1 4.0x3.5x2.5cm T3 N2 MO 3A
45 M 57 (S1l} 13.0x6.0cm T2 N3a Mo 3A
46 M 46 it 4.0x3.0x1.0cm T2 N3b Mo 3A
47 M 66 ] 12.0x7.0x1.5cm T3 N2 Mo 3A
48 M 55 I 5.5x4.0x2.0cm T4a N1 Mo 3A
49 M 76 I 11.0x9.0x1.5cm T3 N2 Mo 3A
50 M 72 ] 6.0x4.0x1.0cm T3 N2 Mo 3A
51 F 59 1=l 7.0x6.0x1.5cm T4b NO MO 3B
52 F 64 -1 5.0x4.0x1.3cm T4b N1 Mo 3B
53 F 69 1=l 3.5x2.5x1.3cm Tda N2 MO 3B
54 M 68 I 2.0x2.0x1.5cm T3 N3a MO 3B
55 M 50 -1 4.0x3.0x1.0cm T3 N3a Mo 3B
56 M 56 ] 6.0x3.5x1.5cm T3 N3a Mo 3B
57 M 69 -1 7.0x5.5x2.0cm T3 N3a Mo 3B
58 M 80 -l 8.0x7.0x4.0cm T3 N3b Mo 3B
59 M 67 I 3.0x3.0x1.0cm T3 N3a Mo 3B
60 M 56 ] 4.0x3.0x1.0cm T3 N3a Mo 3B
61 F 67 (] 4.5x2.0x1.5cm T3 N3a Mo 3B
62 M 72 U] 8.0x6.0x1.0cm Tda N3a MO 3C
63 M 65 ] 4.56x3.0x1.0cm Tab N3b Mo 3C
64 M 51 i 8.0x7.0x1.0cm T4b N3b Mo 3C
65 F 65 -t 4.0x4.0x1.5cm T4b N3a MO 3C
66 M 67 -t 6.0x4.0x2.0cm T4a N3a Mo 3C
67 M 30 -t 5.0x2.5x1.0cm T4a N3a Mo 3C
68 M 69 -t 5.0x4.5x2.0cm T3 N2 M1 4

69 F 75 n 5.5x4.5x3.5cm T3 N3a M1 4

70 M 61 I 7.0x5.0x1.5cm = N2 M1 4

7 M 50 I 10.0x8.0x2.8cm T3 N3a M1 4

72 M 70 i 4.0x4.0x2.0cm Tab N3a M1 4

73 M 58 I 5.5x4.0x1.0cm T4a N3a M1 4

74 M 52 i 5.0x4.0x1.0cm T3 N3a M1 4

75 M 54 -t 4.8x4.3x3.5cm T4b N2 M1 4

Gender: female (F), male (M); histological grade: high differentiation (I), moderate differentiation (ll), low differentiation (Ill).
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Parameter

Gender

Age

Status

Clinical stage

PLXDC2 score

CD163

Stratification

Male
Female
<67
>67
Deceased
Survival
1
2
34
Low
Medium
High
Positive
Negative

Number of patients

44
23
28
39
42
25
3
24
40
17
31
19
44
23

Note: The information of gastric cancer patients that participated in the tissue
microarray study. Gender, age, status, clinical stage, PLXDC2 score, and

CD163 available.
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GSE4554 04) ms_status: msivs. mss. Downinms: 200605
GSE8671 (64) tJocation_tissve: sigmoid_cokon_adenoma vs. Sgmoid_oolon_nomal Down n adenoma 260805
GSE76124 (198) tumor_grade: moderatey_fecentated vs. el dierentated Down in moderatay ifecntated 380605
GSE23878 (59) Group: cokon tumor v nomal paied tssve ‘Down in colon tumor 470605
GsE29271 (210) Survial_tme_(monihs): 3515, 9 Downin35 560605
GSE20916 (145) Magnancy: adenoma vs. carcinoma Down n adenorma 610605
GSE13294 (155) microsatelit_sialus: msiv5. mss. Downinms 1.206-04
GSE8G71 (64) Pt Jocation_issue: descending.colon_adenoma vs. foctum_omal Down n adenoma 530604
S8 (64) Pt Jocation_issue: descending_colon_adenoma vs. descendng_colon._nonmal Down n adenoma 540604
GSE20916 (145) Tissue: coon_umor vs. noma_colon Downin tumor 610604
GSE8629 (121) Group: uc-assocated ca vs. ue-nonca Downinca 690804
GSE4 1258 (390) Tiosue: nommal c0on vs. poD Downiapotp. 220603
GSE17538 (232) aie_stage: 215.4 Downin2 420803
GSE35696 (62) pten_mutaton: n 5.y Downiny 420603
GsE29271 (210) suvval_time_(monihs): 36 5. 6 Downin36 460603
GSE42363 (14) tumor_grade: moderatey vs. poory. Down n poory aifentated 520603
GSEA183 (59) Group: cdon_adenoma . heathy_contol ‘Down n adenoma 520603
GSE35696 (62) plen._mutaton: 5.y Downiny 540603
GSES0948 (156) invasivo_tumor_area_size 15 5.6 Downin15 580603
GSES3114 (108) sample_descr: normal cokon Mucosa vs pimary fumor rasection Downin tumor 830503
GSE3114 (108) ‘semple_sousoe: normal colon mu0sa . prary tumor esecton Downin tunor 830603
GSE33114 (108) Typo: porma vs.tumor Down i tumor 830603
GSE21510 (148) Tissue: cancer-homogenized vs. pormalhomogenized Down n cancer 830603
GSE107 (22) Tissue: mucosa_contol v mucosa_patent Down in patents 860603
GSE9691 (285) Stagecods: 5. Dominia 950603
GSE35696 (62) aas_ muation: 0.y Downinno 960603
GSE17508 (262 ao.stage: 15,2 Oomnin2 070603

In this table a6 reported 1) GEO 1D (the sample number is shown in brackels): 2) class of comparison: 3) LINCOOE3 axpression: 4) p-valkues of ANOVA test for each dataset.
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Characteristic Sum Number of Patients (%) ¥ value p value

Gankyrin (High) Gankyrin (Low)

Age 0.018 0.895
> 55 years 65 46 (70.8) 19 (29.2)
< 55 years 85 61(71.8) 24 (28.2)

Gender 0.350 0.555
Male 65 48 (73.8) 17 (26.2)
Female 85 59 (69.4) 26 (30.6)

Smoke 0.006 .0941
Yes 67 48 (71.6) 19 (28.4)
No 83 59 (71.1) 24 (28.9)

Drink 0.510 0.822
Yes 81 57 (70.4) 24 (29.6)
No 69 50 (72.5) 19 (27.5)

CEA 155.660 <0.001
> 5 ng/mL 103 96 (93.2) 7(6.8)
<5ng/mL 47 11 (23.4) 36 (76.6)

Tumor size 0.032 0.858
>5cm 75 53 (70.7) 22 (29.3)
<5cm 75 54 (72.0) 21 (28.0)

Tumor location 2.169 0.143
Colon 80 53 (66.3) 27 (33.7)
Rectum 70 54 (77.1) 16 (22.9)

TNM stage 62.071 < 0.001
L+l 41 14 (34.1) 27 (65.9)
I+ v 109 93 (85.3) 16 (14.7)

Family history 0.001 0.992
Yes 21 15 (71.4) 6(28.6)
No 129 92 (72.1) 37 (27.9)

Liver metastasis 186.071 < 0.001
Positive 90 89 (98.9) 1(1.1)
Negative 60 18 (30.0) 42 (70.0)

Lymph node metastasis 106.938 <0.001
Positive 112 99 (88.4) 13 (11.6)
Negative 38 8(21.1) 30 (78.9)

Total 150 107 43

CEA, carcinoembryonic antigen. TNM, tumor node metastasis.
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The meaning of bold value is p < 0.05.
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Variables

Age, years (=60 vs.
<60)

Gender (male vs.
female)

Tumor location
(LCC vs. RCC)

(LCC vs. REC)

(RCC vs. REC)

Type

G1vs. G3

G2vs. G3

G1vs. G2

Depth of invasion(T3/T4
vs. T1/T2)

Substage

A vs. lIB

A vs. llIC

lIC vs. lIB
Diameter(>=5 cm vs.
<5¢cm)

LN metastasis(N1 vs.
N2)

Intravascular emboli
Intestinal obstruction
CEA(= 5 ng/ml

vs. < 5ng/ml)
CA199(>35 kU/L vs.
<35 kU/L)

FSTL3 expression level
(High vs. Low)

HR, hazard ratio; CI, confidence interval; NA, not available.

DFS os
Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
HR(95%CI) p-value HR(95%CI) p-value HR(95%CI) p-value HR(95%CI) p-value

1.080(0.664-1.811) 0.771 NA NA 1.025(0.599-1.753) 0.930 NA NA
1.076(0.642-1.804) 0.780 NA NA 1.134(0.663-1.938) 0.646 NA NA

0.740 NA NA 0.836 NA NA
0.757(0.354-1.617) 0.472 NA NA 0.782(0.350-1.747) 0.550 NA NA
0.819(0.469-1.508) 0.521 NA NA 0.893(0.469-1.702) 0.731 NA NA
0.924(0.477-1.790) 0.815 NA NA 0.876(0.442-1.738) 0.705

0.072 0.899 0.028 0.846
0.600(0.289-1.246) 0.171 0.836(0.382-1.830) 0.654 0.528(0.252-1.105) 0.090 0.794(0.356-1.771) 0.572
1.165(0.504-2.694) 0.720 0.901(0.357-2.274) 0.825 1.151(0.498-2.660) 0.742 0.797(0.313-2.030) 0.634
1.941(1.047-3.597) 0.035 1.077(0.533-2.177) 0.835 2.181(1.165-4.083) 0.015 1.004(0.496-2.033) 0.891
0.901(0.428-1.898) 0.784 NA NA 0.987(0.447-2.180) 0.975 NA NA
0.908(0.376-2.195) 0.083 NA 0.681 0.981(0.375-2.563) 0.016 1.345(0.497-3.640) 0.714
1.650(0.679-4.011) 0.831 1.298(0.517-3.255) 0.579 2.135(0.819-5.565) 0.969 1.952(0.386-9.883) 0.560
0.550(0.322-0.940) 0.269 0.487(0.096-2.464) 0.384 0.459(0.265-0.796) 0.121 0.689(0.182-2.604) 0.419
1.822(1.097-3.024) 0.029 0.632(0.161-2.480) 0.511 1.740(1.029-2.940) 0.006 1.729(0,989-3.020) 0.583

0.020 1.822(1.064-3.119) 0.029 0.039 0.055
1.658(0.997-2.756) 0.051 0.645(0.169-2.465) 0.522 2.113(1.250-3.574) 0.005 0.892(0.242-3.286) 0.864
3.876(2.302-6.527) 0.000 3.163(1.721-5.815) 0.000 4.608(2.660-7.982) 0.000 3.455(1.852-6.445) 0.000
1.025(0.410-2.562) 0.958 NA NA 1.014(0.405-2.543) 0.976 NA NA
0.964(0.530-1.753) 0.903 NA NA 1.122(0.612-2.055) 0.709 NA NA
1.800(0.973-3.331) 0.061 NA NA 1.617(0.854-3.063) 0.140 NA NA
2.866(1.659-4.953) 0.000 1.948(1.059-3.586) 0.032 3.674(2.027-6.660) 0.000 2.424(1.279-4.593) 0.007
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Clinicopathological characters FSTL3 expression

n Low(n =65) High(n = 65) p-value

Age(years) <60 80 42 38 0.471
>60 50 23 27

Gender Female 75 26 29 0.594
Male 55 39 36

Tumor location LCC 28 17 11 0.369
RCC 29 15 14
REC 73 33 40

Tumor differentiation G1 91 48 43 0.265
G2 23 8 15
G3 16 9 7

Depth of invasion T1-T2 16 i 5 0.109
T3-T4 114 54 60

Lymph node metastasis N1 80 50 30 0.000*
N2 50 15 35

Stage of lll A 14 10 4 0.008*
1B 72 41 31
lnc 44 14 30

CEA (ng/ml) <5.0 98 48 50 0.684
>5.0 32 17 15

Diameter(cm) <5.0 76 45 31 0.013*
>5.0 54 20 34

Intravascular emboli No 83 47 36 0.045*
Yes 47 18 29

Intestinal obstruction No 119 59 60 0.753
Yes 11 6 5

CA19-9(kU/L) <35.0 109 54 55 0.812
>35.0 21 il 10

*p < 0.05 was considered statistically significant. The P-values of chi-square test.
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Univariate Cox regression analysis Overall survival

Hazard Ratio 95% Cl p value
Age (> 55 years vs < 55 years) 1.016 0.670-1.542 0.940
Gender (Male vs Female) 0.820 0.541-1.242 0.349
Smoke (Yes vs No) 0.674 0.447-1.023 0.064
Drink (Yes vs No) 1.123 0.740-1.704 0.585
CEA (= 5 ng/ml vs < 5 ng/ml) 0.013 0.002-0.074 < 0.001
Tumor size (= 5 cm vs <5 cm) 0.948 0.627-1.433 0.800
Tumor location (Colon vs Rectum) 1.338 0.883-2.026 0.169
TNM stage (Ill + IV vs | + 1I) 0.015 0.003-0.089 < 0.001
Family history (Yes vs No) 0.670 0.384-1.168 0.158
Lymph node metastasis (Positive vs Negative) 0.018 0.003-0.110 < 0.001
Gankyrin expression (High vs Low) 0.012 0.002-0.090 < 0.001
Multivariate Cox regression analysis* Overall survival

Hazard Ratio 95% CI p value
Gankyrin expression (High vs Low) 13.573 1.854-99.384 0.010

Cl, confidence interval; CEA, carcinoembryonic antigen; TNM, tumor node metastasis.
*Adjusted for variables from the above predictor variables using a backward stepwise cox proportional hazards model with a stay criterion of 0.10. p < 0.05 represents statistical
significance.
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1.189
0.146
1.126
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0.219
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0.190
0.114
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2128
0.276

Cl, confidence interval: CEA, carcinoembryonic antigen; TNM, tumor node metastasis.
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0.628-1.232
0.592-1.161
0.528-1.030
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0.122-0.298
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0.161801
0.001526
0.146261
0.189854
0.273517
2.4E-07
0.472252
8.6E-11
0.125439
0.318773
0.350788
8.03E-12

DNMT

DNMT3A

—0.18746
0.4289
—0.0889
0.114561
—-0.148
0.1805619
0.09953
0.109575
0.213342
0.008492
0.128959
0.193449
0.040141
0.876637
~0.00472
1
0.021428
0.647399
0.01071
0.892398
0.067927
0.528893
0.249401
0.001576
0.082768
0.575208
0.15516
0.005175

DNMT3B

-0.21202
0.4289
-0.08137
0.114561
-0.07887
0.636896
0.08108
0.117999
0.163804
0.028903
0.056493
0.468364
—0.03326
0.876637
—0.10579
1
-0.05155
0.541866
0.105305
0.36464
0.063573
0.528893
0.063617
0.398879
0.01599
0.837492
—0.11656
0.023985
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Characteristics UTP6 high UTP6 low P-value
expression expression

(n = 85) (n = 40)
Pathological type (%) 0.445
Ulcering 80 (94.1) 35 (8735)
Expanding 3(3.5) 3(7.5)
Infiltrating 2 (2.4) 2 (6.0)
Histopathology (%) 0.026
Adenocarcinoma 80 (94.1) 32 (80.0)
Mucinous or signet ring cell carcinoma 5(5.9) 8 (20.0)
Tumor differentiation (%) 0.077
Well to moderately differentiated 78(91.8) 32 (80.0)
Poorly differentiated and others 7 8.2 8 (20.0)
Postoperative complications (%) 16 (18.8) 5(12.5) 0.450
Organ preservation (%) 76 (89.4) 33 (82.5) 0.389
Lymph nodes retrieved 11.2+87 167 +£13.8 0.028
Metastatic lymph nodes 0.45+1.4 3171 <0.001
CRM involvement (%) 1(1.2) 2 (5.0) 0.240
Tumor size (cm) 27+12 35+16 0.002
Pathological T stage (%) <0.001
0 27 (31.8) 0(0.0)
1 7(8.2) 2 (5.0)
2 15 (17.6) 10 (25.0)
3 35(41.2) 23 (57.5)
4 1:¢1.2) 5({12.5)
Pathological N stage (%) 0.001
0 72 (84.7) 22 (55.0)
1 9(10.6) 11 (27.5)
2 44.7) 7075)
Pathological M stage (%) 0.036
0 84 (98.8) 36 (90.0)
1 1:¢1.2) 4 (10.0)
TRG (%) <0.001
0 27 (31.8) 0(0.0)
1 27 (31.8) 1(27.5)
2 25(29.4) 23 (567.5)
3 6(7.1) 6 (15.0)
Nerval invasion (%) 0(0.0) 0(0.0) 1.000
Vascular invasion (%) 2(2.4) (0.0) 1.000

LARC, locally advanced rectal cancer; CRT, neoadjuvant chemoradiotherapy;
CRM, circumferential resection margin;, DRM, distal resection margin; TRG, tumor
regression grade; pCR: pathological complete response.
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Characteristics UTP6 low UTP6 low P-value
expression expression

(n = 85) (n = 40)
Sex (%) 0.421
Male 58 (68.2) 24 (60.0)
Female 27 (31.8) 16 (40.0)
Age (years) 58.3+10.9 57.1+14.9 0.620
ASA score (%) 0.980
1 59 (69.4) 28 (70.0)
2 21 (24.7) 10 (25.0)
3 5(5.9) 2(5.0)
Distance from the anal verge (cm) 6.4+ 3.0 6.7+20 0.603
Interval time between CRT and 83+25 84+15 0.797
surgery (weeks)
Pre-CRT cT stage (%) 0.236
T2 5(5.9) 0(0.0
T3 35 (41.2) 15 (37.5)
T4 45 (52.9) 25 (62.5)
Pre-CRT cN stage (%) 0.222
NO 11(12.9) 2 (5.0)
N + 74 (87.1) 38 (95.0)
Pre-CRT CEA (%) 0.702
<5.0 ng/ml 50 (58.8) 22 (55.0)
>5.0 ng/ml 35 (41.2) 18 (45.0)
Pre-CRT CA19-9 (%) 0.306
<37.0 ng/ml 73 (85.9) 31(77.5)
>37.0 ng/ml 12 (14.1) 9 (22.5)

LARC, locally advanced rectal cancer; CRT, neoadjuvant chemoradiotherapy,; ASA,

American Society of Anesthesiologists; CEA, Carcino Embryonic Antigen.
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Variables Univariate analysis Multivariate analysis

HR 95% CI P-value HR 95% CI P-value

Sex, male/female 1.173 0.554-2.484 0.676

Age 0.987 0.958-1.017 0.388

ASA 0.915 0.483-1.733 0.785

Distance from the anal verge 0.997 0.877-1.134 0.962

Tumor size 1.394 1.102-1.764 0.006 1.071 0.795-1.442 0.653
Pathological TNM stage 1.934 1.379-2.713 <0.001 1.132 0.733-1.748 0.577
AJCC grade 1.869 1.236-2.827 0.003 1.073 0.614-1.874 0.805
Interval time between CRT and surgery 0.927 0.787-1.093 0.367

DRM involvement 6.957 0.879-55.039 0.066

CRM involvement 4.390 0.5695-32.402 0.147

Pre-CRT cT stage 0.804 0.431-1.500 0.492

Pre-CRT cN stage 3.738 0.508-27.480 0.195

Organ preservation 1.925 0.783-4.731 0.154

Pre-CRT CEA level 1.109 0.5633-2.306 0.782

Pre-CRT CA19-9 level 2.738 1.245-6.021 0.012 1.578 0.538-4.625 0.406
UTP6 expression 0.507 0.356-0.723 <0.001 0.822 0.722-50.9 0.003
Postoperative complications 0.738 0.257-2.122 0.573

Tumor differentiation 2.955 1.260-6.931 0.013 1.190 0.363-3.895 0.774
Histopathology 0.209

Expanding Reference Reference

Infiltrating 0.915 0.124-6.753 0.930

Ulcering 2.699 0.281-25.961 0.390

CD133 expression 1.248 1.097-1.421 0.001 1.185 1.026-1.367 0.021
FOXK2 expression 1117 0.955-1.307 0.167

LARC, locally advanced rectal cancer; CRT, neoadjuvant chemoradiotherapy; HR, hazard ratio,; Cl, confidential interval; ASA, American Society of Anesthesiologists;
AJCC, American Joint Committee on Cancer; CEA, Carcinoembryonic Antigen; CRM, circumferential resection margin; DRM, distal resection margin.
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Variables Univariate analysis Multivariate analysis

HR 95% ClI P-value HR 95% CI P-value
Sex, male/female 0.961 0.504-1.833 0.905
Age 1.002 0.976-1.027 0.904
ASA 0.972 0.579-1.633 0.915
Distance from the anal verge 0.976 0.872-1.093 0.677
Tumor size 1.334 1.094-1.627 0.004 1.078 0.869-1.323 0.513
Pathological TNM stage 1.808 1.333-2.451 <0.001 1.260 0.846-1.878 0.256
AJCC grade 1.537 1.094-2.159 0.013 0.724 0.444-1.181 0.196
Interval time between CRT and surgery 0.982 0.860-1.121 0.785
DRM involvement 5187 0.683-38.652 0.112
CRM involvement 4.226 0.573-31.150 0.157
Pre-CRT cT stage 1.093 0.636-1.880 0.747
Pre-CRT cN stage 1.073 0.382-3.011 0.893
Organ preservation 1.386 0.5683-3.297 0.460
Pre-CRT CEA level 0.955 0.513-1.778 0.885
Pre-CRT CA19-9 level 2.422 1.210-4.849 0.012 1.625 0.711-3.711 0.250
UTP6 expression 0.385 0.283-0.525 <0.001 0.730 0.650-0.820 <0.001
Postoperative complications 1.162 0.532-2.494 0.720
Tumor differentiation 1.986 0.878-4.492 0.099
Histopathology 0.425
Expanding Reference Reference
Infiltrating 0.678 0.163-2.820 0.593
Ulcering 1.417 0.236-8.494 0.703
CD133 expression 1.218 1.093-1.356 <0.001 1.205 1.077-1.348 0.001
FOXK2 expression 1.024 0.895-1.172 0.726

LARC, locally advanced rectal cancer; CRT, neoadjuvant chemoradiotherapy; HR, hazard ratio,; Cl, confidential interval; ASA, American Society of Anesthesiologists;
AJCC, American Joint Committee on Cancer; CEA, Carcinoembryonic Antigen; CRM, circumferential resection margin; DRM, distal resection margin.
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Genes Clinical trait relationship Degree in PPl
(cor. geneTraitSignificance) network
UTP6 —0.43 12
RPL23 —0.23 11
RPL19 —0.23 10
EIF4A3 —0.21 10
FTSJ3 —0.50 10
BRCA1 —0.22 10
RPL27 —0.21 g
AATF —-0.19 8
MRM1 —0.33 7
ZNHIT3 —0.28 6

PPI, protein—protein interaction.
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