

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-2637-8
DOI 10.3389/978-2-8325-2637-8

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





ADVANCED MOLECULAR TARGETS IN THE DIAGNOSIS AND TREATMENT OF GASTROINTESTINAL CANCERS, 2nd Edition

Topic Editors: 

Zsolt Kovács, George Emil Palade University of Medicine, Pharmacy, Sciences and Technology of Târgu Mureş, Romania

Simona Gurzu, George Emil Palade University of Medicine, Pharmacy, Sciences and Technology of Târgu Mureş, Romania

Raluca Ioana Stefan-van Staden, National Institute of Research and Development for Electrochemistry and Condensed Matter (INCEMC), Romania

Cornelia Braicu, Iuliu Hațieganu University of Medicine and Pharmacy, Romania 

Publisher’s note: This is a 2nd edition due to an article retraction.

Citation: Kovács, Z., Gurzu, S., Stefan-van Staden, R. I., Braicu, C., eds. (2023). Advanced Molecular Targets in the Diagnosis and Treatment of Gastrointestinal Cancers, 2nd Edition. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-2637-8





Table of Contents




Development of a Gene-Based Prediction Model for Recurrence of Colorectal Cancer Using an Ensemble Learning Algorithm

Han-Ching Chan, Amrita Chattopadhyay, Eric Y. Chuang and Tzu-Pin Lu

The Emerging Landscape of Long Non-Coding RNAs in Colorectal Cancer Metastasis

Zhiming Liao, Hui Nie, Yutong Wang, Jingjing Luo, Jianhua Zhou and Chunlin Ou

G6PD-NF-κB-HGF Signal in Gastric Cancer-Associated Mesenchymal Stem Cells Promotes the Proliferation and Metastasis of Gastric Cancer Cells by Upregulating the Expression of HK2

Bin Chen, Tuo Cai, Chao Huang, Xueyan Zang, Li Sun, Shuwei Guo, Qianqian Wang, Zhihong Chen, Yuanyuan Zhao, Zhiqiang Han, Rongman Xu, Wenrong Xu, Mei Wang, Bo Shen and Wei Zhu

Identification of Stemness Characteristics Associated With the Immune Microenvironment and Prognosis in Gastric Cancer

Deli Mao, Zhijun Zhou, Shenglei Song, Dongsheng Li, Yulong He, Zhewei Wei and Changhua Zhang

Potential Association Between Asthma, Helicobacter pylori Infection, and Gastric Cancer

Fengxia Wu, Cai Chen and Fulai Peng

Prognostic Immune-Related Analysis Based on Differentially Expressed Genes in Left- and Right-Sided Colon Adenocarcinoma

Jun-Nan Guo, Ming-Qi Li, Shen-Hui Deng, Chen Chen, Yin Ni, Bin-Bin Cui and Yan-Long Liu

The Role of KDM2B and EZH2 in Regulating the Stemness in Colorectal Cancer Through the PI3K/AKT Pathway

Jaceline Gisliane Pires Sanches, Bo Song, Qingqing Zhang, Xinye Cui, Iddrisu Baba Yabasin, Michael Ntim, Xinlong Li, Jiabei He, Yao Zhang, Jun Mao, Ying Lu and Lianhong Li

Risk of Second Primary Malignancies Based on the Histological Subtypes of Colorectal Cancer

Meijuan Wu, Mengxi Huang, Chenglong He, Cheng Chen, Huiyu Li, Jing Wang, Mengyan Liu, Gongbo Fu, Zengjie Lei and Xiaoyuan Chu

Micro1278 Leads to Tumor Growth Arrest, Enhanced Sensitivity to Oxaliplatin and Vitamin D and Inhibits Metastasis via KIF5B, CYP24A1, and BTG2, Respectively

Weidong Lin, Heng Zou, Jinggang Mo, Chong Jin, Hao Jiang, Chengyang Yu, Zufu Jiang, Yusha Yang, Bin He and Kunpeng Wang

CMPK1 Regulated by miR-130b Attenuates Response to 5-FU Treatment in Gastric Cancer

Huaizhu Chu, Nahui Han and Jianguo Xu

Expression of TMEM16A in Colorectal Cancer and Its Correlation With Clinical and Pathological Parameters

Hongxia Li, Qiwei Yang, Sibo Huo, Zhenwu Du, Fei Wu, Haiyue Zhao, Shifan Chen, Longfei Yang, Zhiming Ma and Yujie Sui

Nkx2.5 Functions as a Conditional Tumor Suppressor Gene in Colorectal Cancer Cells via Acting as a Transcriptional Coactivator in p53-Mediated p21 Expression

Huili Li, Jiliang Wang, Kun Huang, Tao Zhang, Lu Gao, Sai Yang, Wangyang Yi, Yanfeng Niu, Hongli Liu, Zheng Wang, Guobin Wang, Kaixiong Tao, Lin Wang and Kailin Cai

Epithelial-Mesenchymal Transition and Its Regulation Mechanisms in Pancreatic Cancer

Tuan Luu

Research Progress of Circular RNA in Gastrointestinal Tumors

Na Fang, Guo-Wen Ding, Hao Ding, Juan Li, Chao Liu, Lu Lv and Yi-Jun Shi

MLH1/PMS2 Expression Could Tell Classical NTRK Fusion in Fluorescence In Situ Hybridization Positive Colorectal Carcinomas

Yao Fu, Zheng Li, Fuping Gao, Jun Yang, Hongyan Wu, Biao Zhang, Xiaohong Pu and Xiangshan Fan

Increased AOC1 Expression Promotes Cancer Progression in Colorectal Cancer

Fangyuan Liu, Weijun Ou, Wenbo Tang, Zhenyu Huang, Zhehui Zhu, Wenjun Ding, Jihong Fu, Yilian Zhu, Chenying Liu, Weimin Xu and Peng Du

Prognostic and Clinicopathological Value of Human Leukocyte Antigen G in Gastrointestinal Cancers: A Meta-Analysis

Yongjia Peng, Jian Xiao, Wenyun Li, Shuna Li, Binbin Xie, Jiang He and Chaoqun Liu

Identification METTL18 as a Potential Prognosis Biomarker and Associated With Immune Infiltrates in Hepatocellular Carcinoma

Tian-Hao Li, Cheng Qin, Bang-Bo Zhao, Hong-Tao Cao, Xiao-Ying Yang, Yuan-Yang Wang, Ze-Ru Li, Xing-Tong Zhou and Wei-Bin Wang

Integrative Analysis of Identifying Methylation-Driven Genes Signature Predicts Prognosis in Colorectal Carcinoma

Hao Huang, Jinming Fu, Lei Zhang, Jing Xu, Dapeng Li, Justina Ucheojor Onwuka, Ding Zhang, Liyuan Zhao, Simin Sun, Lin Zhu, Ting Zheng, Chenyang Jia, Binbin Cui and Yashuang Zhao

A Prognosis Marker SLC2A3 Correlates With EMT and Immune Signature in Colorectal Cancer

Huabin Gao, Jiangtao Liang, Jing Duan, Lin Chen, Hui Li, Tiantian Zhen, Fenfen Zhang, Yu Dong, Huijuan Shi and Anjia Han

Novel Prognostic Biomarkers in Gastric Cancer: CGB5, MKNK2, and PAPPA2

Min Qin, Zhihai Liang, Heping Qin, Yifang Huo, Qing Wu, Huiying Yang and Guodu Tang

An Applicable Inflammation-Joined and Nutrition-Related Prognostic Indicator in Patients With Colorectal Cancer

Guo Wu, Jungang Liu, Haizhou Liu, Lan Jin, Xiaoliang Huang, Xianwei Mo, Huage Zhong, Yanhua Li, Yawei Zhang and Weizhong Tang

Preoperative Fibrosis-4 (FIB-4) Evaluation May Be Helpful to Evaluate Prognosis of Gastric Cancer Patients Undergoing Operation: A Retrospective Study

Ke Xu, Mingming Shi, Weiteng Zhang, Yiyi Shi, Qiantong Dong, Xian Shen, Xiaolei Chen and Ji Lin

SPNS2 Downregulation Induces EMT and Promotes Colorectal Cancer Metastasis via Activating AKT Signaling Pathway

Lei Lv, Qiyi Yi, Ying Yan, Fengmei Chao and Ming Li

The RNA-Binding Protein NELFE Promotes Gastric Cancer Growth and Metastasis Through E2F2

Changyu Chen, Qiang Zheng, Shubo Pan, Wenzheng Chen, Jianfeng Huang, Yi Cao, Yi Tu, Zhengrong Li, Changjun Yu and Zhigang Jie

Neutrophil-Lymphocyte Ratio and Circulating Tumor Cells Counts Predict Prognosis in Gastrointestinal Cancer Patients

Chengcheng Qian, Renjie Cai, Wenying Zhang, Jiongyi Wang, Xiaohua Hu, Yanjie Zhang, Bin Jiang, Haihua Yuan and Feng Liu

Long Non-Coding RNA LINC01410 Promoted Tumor Progression via the ErbB Signaling Pathway by Targeting STAT5 in Gallbladder Cancer

Lili Lu, Shilong Zhang, Zhengqing Song, Weiqi Lu, Zhiming Wang and Yuhong Zhou

Knockdown of SFRS9 Inhibits Progression of Colorectal Cancer Through Triggering Ferroptosis Mediated by GPX4 Reduction

Rui Wang, Rui Xing, Qi Su, Hongzhuan Yin, Di Wu, Chi Lv and Zhaopeng Yan

A Genome-Scale CRISPR Knock-Out Screen Identifies MicroRNA-5197-5p as a Promising Radiosensitive Biomarker in Colorectal Cancer

Shijun Yu, Li Li, Kailing Fan, Yandong Li and Yong Gao

Identification of Candidate Biomarkers and Prognostic Analysis in Colorectal Cancer Liver Metastases

Tianhao Zhang, Kaitao Yuan, Yingzhao Wang, Mingze Xu, Shirong Cai, Chuangqi Chen and Jinping Ma

Fecal Bacteria as Non-Invasive Biomarkers for Colorectal Adenocarcinoma

Biao Yuan, Bin Ma, Jing Yu, Qingkai Meng, Tao Du, Hongyi Li, Yueyan Zhu, Zikui Sun, Siping Ma and Chun Song

HIST2H2BF Potentiates the Propagation of Cancer Stem Cells via Notch Signaling to Promote Malignancy and Liver Metastasis in Colorectal Carcinoma

Lei Qiu, Xiuwei Yang, Jingyu Wu, Changzhi Huang, Yongchang Miao and Zan Fu

Identification of Hub Genes Related to Liver Metastasis of Colorectal Cancer by Integrative Analysis

Sicheng Liu, Yaguang Zhang, Su Zhang, Lei Qiu, Bo Zhang and Junhong Han

Association of Serum Anti-PCSK9 Antibody Levels with Favorable Postoperative Prognosis in Esophageal Cancer

Masaaki Ito, Takaki Hiwasa, Yoko Oshima, Satoshi Yajima, Takashi Suzuki, Tatsuki Nanami, Makoto Sumazaki, Fumiaki Shiratori, Kimihiko Funahashi, Shu-Yang Li, Yasuo Iwadate, Hiroki Yamagata, Byambasteren Jambaljav, Minoru Takemoto, Koutaro Yokote, Hirotaka Takizawa and Hideaki Shimada

Hp-Positive Chinese Patients Should Undergo Colonoscopy Earlier and More Frequently: The Result of a Cross-Sectional Study Based on 13,037 Cases of Gastrointestinal Endoscopy

Cheng Wang, Junbin Yan, Beihui He, Shuo Zhang and Sumei Xu

Analysis of MicroRNA Expression Changes During the Course of Therapy In Rectal Cancer Patients

Klara Cervena, Vendula Novosadova, Barbara Pardini, Alessio Naccarati, Alena Opattova, Josef Horak, Sona Vodenkova, Tomas Buchler, Pavel Skrobanek, Miroslav Levy, Pavel Vodicka and Veronika Vymetalkova

The Association of Aberrant Expression of FGF1 and mTOR-S6K1 in Colorectal Cancer

Tinghui Duan, Diyuan Zhou, Yizhou Yao and Xinyu Shao

Identification of the Effects of Chondroitin Sulfate on Inhibiting CDKs in Colorectal Cancer Based on Bioinformatic Analysis and Experimental Validation

Yingyu Zhou, Xuyang Li, Yuki Morita, Satoshi Hachimura, Takuya Miyakawa, Sachiko Takahashi and Masaru Tanokura

Circular RNA hsa_circ_0007507 May Serve as a Biomarker for the Diagnosis and Prognosis of Gastric Cancer

Weiwei Zhang, Ming Zheng, Shan Kong, Xian Li, Shuting Meng, Xudong Wang, Feng Wang, Chenxue Tang and Shaoqing Ju

Identification, Verification and Pathway Enrichment Analysis of Prognosis-Related Immune Genes in Patients With Hepatocellular Carcinoma

Zhipeng Zhu, Mengyu Song, Wenhao Li, Mengying Li, Sihan Chen and Bo Chen

Prognostic and Predicted Significance of FENDRR in Colon and Rectum Adenocarcinoma

Fan Yang, Siyu Sun and Fei Yang

Identification of a Prognostic Model Based on 2-Gene Signature and Analysis of Corresponding Tumor Microenvironment in Alcohol-Related Hepatocellular Carcinoma

Yong Guo, Jiejun Hu, Zhibo Zhao, Guochao Zhong, Jianping Gong and Dong Cai

A Novel and Rapid Serum Detection Technology for Non-Invasive Screening of Gastric Cancer Based on Raman Spectroscopy Combined With Different Machine Learning Methods

Mengya Li, Haiyan He, Guorong Huang, Bo Lin, Huiyan Tian, Ke Xia, Changjing Yuan, Xinyu Zhan, Yang Zhang and Weiling Fu

Multitargeting Effects of Calebin A on Malignancy of CRC Cells in Multicellular Tumor Microenvironment

Constanze Buhrmann, Ajaikumar B. Kunnumakkara, Aviral Kumar, Marek Samec, Peter Kubatka, Bharat B. Aggarwal and Mehdi Shakibaei

NUDT21 Promotes Tumor Growth and Metastasis Through Modulating SGPP2 in Human Gastric Cancer

Yong Zhu, Rumeng Zhang, Ying Zhang, Xiao Cheng, Lin Li, Zhengsheng Wu and Keshuo Ding

N6-Methyladenosine Modification of PTTG3P Contributes to Colorectal Cancer Proliferation via YAP1

Yang Zheng, Yue Wang, Yiyang Liu, Longfei Xie, Jinnian Ge, Guilin Yu and Guohua Zhao

Knockdown of PPARδ Induces VEGFA-Mediated Angiogenesis via Interaction With ERO1A in Human Colorectal Cancer

Wenjun Luo, Diao He, Jianhao Zhang, Zida Ma, Keling Chen, Zhaoying lv, Chuanwen Fan, Lie Yang, Yuan Li and Zongguang Zhou

Prognostic and Predictive Value of Transcription Factors Panel for Digestive System Carcinoma

Guoxu Fang, Jianhui Fan, Zongren Ding, Rong Li, Kongying Lin, Jun Fu, Qizhen Huang, Yongyi Zeng and Jingfeng Liu

Development and Validation of the Individualized Prognostic Nomograms in Patients With Right- and Left-Sided Colon Cancer

Zai Luo, Zhongmao Fu, Tengfei Li, Yuan Zhang, Jianming Zhang, Yan Yang, Zhengfeng Yang, Qi Li, Zhengjun Qiu and Chen Huang

LncRNA NR038975, A Serum-Based Biomarker, Promotes Gastric Tumorigenesis by Interacting With NF90/NF45 Complex

Sisi Wei, Suli Dai, Cong Zhang, Ruinian Zhao, Zitong Zhao, Yongmei Song, Baoen Shan and Lianmei Zhao

Integrating Clinical Data and Attentional CT Imaging Features for Esophageal Fistula Prediction in Esophageal Cancer

Yiyue Xu, Hui Cui, Taotao Dong, Bing Zou, Bingjie Fan, Wanlong Li, Shijiang Wang, Xindong Sun, Jinming Yu and Linlin Wang

Cost-Effectiveness Analysis of Fourth- or Further-Line Ripretinib in Advanced Gastrointestinal Stromal Tumors

Weiting Liao, Huiqiong Xu, David Hutton, Qiuji Wu, Kexun Zhou, Hui Luo, Wanting Lei, Mingyang Feng, Yang Yang, Feng Wen and Qiu Li

NOL6 Regulates the Proliferation and Apoptosis of Gastric Cancer Cells via Regulating TP53I3, CDK4 and MCM7 Expression

Lei He, Xiaohan Qian, Pingping Ge, Dong Fan, Xiang Ma, Qiong Wu, Jin Sun, Lihua Yang, Jian Shen and Lijian Xu





ORIGINAL RESEARCH

published: 22 February 2021

doi: 10.3389/fonc.2021.631056

[image: image2]


Development of a Gene-Based Prediction Model for Recurrence of Colorectal Cancer Using an Ensemble Learning Algorithm


Han-Ching Chan 1, Amrita Chattopadhyay 2, Eric Y. Chuang 2,3 and Tzu-Pin Lu 1,2*


1 Department of Public Health, College of Public Health, National Taiwan University, Institute of Epidemiology and Preventive Medicine, Taipei, Taiwan, 2 Bioinformatics and Biostatistics Core, Center of Genomic and Precision Medicine, National Taiwan University, Taipei, Taiwan, 3 Department of Electrical Engineering, Graduate Institute of Biomedical Electronics and Bioinformatics, National Taiwan University, Taipei, Taiwan




Edited by: 
Zsolt Kovács, George Emil Palade University of Medicine, Pharmacy, Sciences and Technology of Târgu Mureş, Romania

Reviewed by: 
Michele Ghidini, IRCCS Foundation Ca ‘Granda Ospedale Maggiore Policlinico, Italy

Akio Shiomi, Shizuoka Cancer Center, Japan

*Correspondence: 
Tzu-Pin Lu
 tplu@ntu.edu.tw

Specialty section: 
 This article was submitted to Gastrointestinal Cancers, a section of the journal Frontiers in Oncology


Received: 19 November 2020

Accepted: 05 January 2021

Published: 22 February 2021

Citation:
Chan H-C, Chattopadhyay A, Chuang EY and Lu T-P (2021) Development of a Gene-Based Prediction Model for Recurrence of Colorectal Cancer Using an Ensemble Learning Algorithm. Front. Oncol. 11:631056. doi: 10.3389/fonc.2021.631056



It is difficult to determine which patients with stage I and II colorectal cancer are at high risk of recurrence, qualifying them to undergo adjuvant chemotherapy. In this study, we aimed to determine a gene signature using gene expression data that could successfully identify high risk of recurrence among stage I and II colorectal cancer patients. First, a synthetic minority oversampling technique was used to address the problem of imbalanced data due to rare recurrence events. We then applied a sequential workflow of three methods (significance analysis of microarrays, logistic regression, and recursive feature elimination) to identify genes differentially expressed between patients with and without recurrence. To stabilize the prediction algorithm, we repeated the above processes on 10 subsets by bagging the training data set and then used support vector machine methods to construct the prediction models. The final predictions were determined by majority voting. The 10 models, using 51 differentially expressed genes, successfully predicted a high risk of recurrence within 3 years in the training data set, with a sensitivity of 91.18%. For the validation data sets, the sensitivity of the prediction with samples from two other countries was 80.00% and 91.67%. These prediction models can potentially function as a tool to decide if adjuvant chemotherapy should be administered after surgery for patients with stage I and II colorectal cancer.




Keywords: colorectal cancer, machine learning, gene expression, prognostic signature, ensemble



Introduction

Colorectal cancer (CRC) is one of the most commonly occurring cancers worldwide (1). In Taiwan, colorectal cancer was the second leading incident cancer in 2016 (2). Currently, surgery is considered the primary treatment for CRC patients, followed by optional adjuvant chemotherapy to decrease the risk of metastasis and local recurrence. The decision of whether to use adjuvant chemotherapy is based on clinical factors such as the American Joint Committee on Cancer (AJCC) staging system (3). However, it is still controversial whether adjuvant chemotherapy should be administered to stage I and II CRC patients. According to clinical trials to date, the benefits of adjuvant chemotherapy for stage II CRC patients were inconsistent and minor; that is, the benefits have failed to attain statistical significance (4, 5). Therefore, considering the adverse effects and tremendous direct and indirect costs, whether adjuvant chemotherapy should be offered to all stage II CRC patients deserves further investigation (6).

Based on evidence from a nationwide cohort study in the United States, adjuvant chemotherapy has been more frequently given to younger patients (7). However, the survival rate of the younger patients did not significantly differ from that of their older counterparts who did not undergo adjuvant chemotherapy, suggesting that they did not necessarily require adjuvant chemotherapy. Moreover, there is considerable cost associated with such unnecessary treatments. For example, in Taiwan, the total medical expenses for colorectal cancer were about 33 million dollars (USD) in 2016, which accounted for 13.4% of all cancer medical expenses (8).

Although adjuvant chemotherapy is not routinely recommended for stage II patients, according to the Cancer Registry Annual Report (2016) of Taiwan, the rate of surgery with adjuvant chemotherapy in stage II patients reached 53.46% (2). If patients who genuinely need intensive treatment to prevent a recurrence could be successfully identified, it would not only prevent patients from suffering the side effects of unnecessary treatment protocols but would also reduce unnecessary healthcare costs. The American Society of Clinical Oncology (ASCO) guidelines indicate that adjuvant chemotherapy should only be recommended for some “high risk” stage II patients as opposed to a routine recommendation for all stage II patients (9). Though several clinical characteristics have been suggested to impart a high risk of recurrence, such as lymphovascular invasion, T4 primary tumors, poor differentiation of tumors, and bowel perforation and/or obstruction, a well-defined list of factors that predict recurrence is still lacking (10). Thus, a reliable method is needed to identify stage I and II patients with high risk of recurrence.

Microarray gene expression profiling is a widely used tool to determine the prognosis of cancer, including breast cancer (11), non-small cell lung cancer (12), prostate cancer (13), and others (14). A successfully developed genetic test called MammaPrint was approved by the US Food and Drug Administration (FDA) to predict the risk of recurrence in stage I and II breast cancer patients (15, 16). Over the past decade, several prognostic biomarkers from microarray gene expression profiling have been identified in CRC, using widely used gene profiling assays (17, 18). Although these assays have improved the classification of patients with high risk of recurrence or survival, none of them were able to be incorporated with current guidelines regarding the recommendation of adjuvant chemotherapy. Therefore, a more helpful and robust gene signature needs to be determined. In this study, we aimed to determine a gene signature using public gene expression data that could successfully identify high risk of recurrence among stage I and II CRC patients.



Materials and Methods

An overview of the workflow implemented in this study is shown in Figure 1. It gives a comprehensive view of the data sets used and the various techniques and methodologies applied.




Figure 1 | Flowchart for data analysis.




Data Sets

All microarray data sets analyzed in this study (Table 1) were retrieved from public domains, including GSE40967, GSE17536, and GSE14333 from the Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/), which were obtained using the Affymetrix HG-U133 Plus2.0 Chip microarray platform. The reasons why we selected these three microarray data sets were that all these data sets were analyzed by the same microarray platform and reported the recurrence status. All raw data as CEL files were normalized with robust multichip averaging using the “affy” package of R software (22) and subsequently processed by quantile normalization. Among these data sets, GSE40967 from France was used as the training data set to identify prognostic biomarkers and develop the prediction models. The other two data sets from the USA (GSE17536) and Australia (GSE14333) were utilized as the testing data to validate the performance of the prediction model. GSE40967 consisted of 750 stage I to IV colon cancer patients who underwent surgery between 1987 and 2007; the data included each patient’s recurrence status and date of death, if applicable. Out of these patients, 196 with stage I or II who did not receive any adjuvant chemotherapy after surgery were used for our analyses. The primary outcome was recurrence-free survival, and the definition of recurrence was annotation of a recurrence in the data set within three years after undergoing the surgery.


Table 1 | Characteristics of three public gene expression data sets.





Imbalanced Data

A vital issue in the machine learning field is that the classifier using imbalanced data tends to be biased in predicting the majority class. Therefore, the synthetic minority over sampling technique (SMOTE) (23) is used to balance the proportions of the majority class (no recurrence) and the minority class (recurrence). For generating synthetic samples, SMOTE calculates the k nearest neighbors for each minor class sample and randomly chooses one or more of the k nearest neighbors depending on the amount of oversampling samples needed for each minor class sample. Consequently, the synthetic samples are created randomly, along with the line connection with one or more k nearest neighbors. Oversampling the minority class might generate too many synthetic samples, which would lead to data overfitting. To prevent this situation, oversampling of minority and undersampling of majority class techniques were simultaneously applied to generate new samples. In this study, we have included rare recurrence events (n = 34; 17.3%) for stage I and II patients, based on the recurrence rate in the 196 patients from data set GSE40967. Oversampling from the minority class of 34 patients generated 102 synthetic samples, and undersampling from the majority class of 162 generated 102 samples.



Feature Selection

First, to identify differentially expressed genes, three statistical methods (significance analysis of microarrays (SAM), logistic regression, and recursive feature elimination (RFE)) were used. Each statistical method depends on different characteristics of the data, so the genes that pass the thresholds for all three methods are assumed to have a more significant influence on CRC recurrence than other genes. SAM uses a modified t-statistic to evaluate the differential expression of each gene between real data and randomly permutated data (24). Univariate logistic regression analysis is performed on each gene that passed through SAM to estimate its effect on recurrence. The ranked coefficients of logistic regression are then plotted to determine the cut point of the threshold by the knee of the curve of coefficients plot. Finally, RFE with a random forest method is applied to determine differentially expressed genes (25). The basic idea of RFE is to find the minimal set of variables resulting in an excellent prediction performance by recursively running random forests as well as removing a specified proportion of least important variables until the variable set converges or the time of the loop is done (26). Therefore, the minimum set of variables obtained from RFE is our final set of significantly differentially expressed genes.



Parallel Ensemble Method

Certain features of the data might have a significant impact on our resulting set of differentially expressed genes and their subsequent validation performance. One feature is the minority class, consisting of patients with recurrence within three years. As previously mentioned, the new synthetic minority class samples that were generated by SMOTE to obtain balanced data might contribute to the prediction model, and even dominate the results if the proportion of synthetic samples is too large (27). Second, RFE via a random forest method is a convergence-based algorithm method; hence, the final set of significantly differentially expressed genes would be slightly different each time. Therefore, to get a more stable prediction performance, the ensemble method is used to determine a set of classifiers that make the final prediction (28). First, 10 subsets are generated using the bagging technique (29) to randomly extract about 70% of the study subjects from the balanced data in each iteration. This prevents the synthetic samples from dominating the results, as their proportion would not be overwhelmingly more than that of real samples every time. Next, for each subset, the same feature selection processes are conducted to obtain the significantly differentially expressed gene sets. Then each gene set is used to construct the prediction models using a support vector machine (SVM) method (30). Finally, since different models might predict different results for the same patient, the majority voting method is applied to determine the final prediction for each patient. Furthermore, it is more important to predict high risk patients correctly compared to low risk patients in our study, so the F2 score, which expresses both the precision and recall of the prediction, is used as another evaluation of prediction performance.



Effective Drug Prediction

In addition to the prediction of recurrence risk in CRC patients, we also tried to identify suitable drugs for the different risk groups. The drug response results were based on data set GSE36133 (31), which was originally from the Cancer Cell Line Encyclopedia (CCLE) and aimed to establish the association between drugs and genes by investigating the response to 24 different drugs in a variety of cancer cell lines. In the CCLE data set, only 22 cell lines belonged to CRC and thus we focused on them to perform further investigations. Also, the expression of these 22 cell lines was detected using the same microarray platform as mentioned above. Our prediction model was applied to predict the risk of recurrence and then determine which drug elicits a significantly different response between the high risk and low risk groups in order to identify potential therapy targets.



Other Methods for Comparison of Prediction Performance

To check whether or not the general feature selection method could work, we also used lasso (32) and logistic regression methods. Logistic regression with forward selection was applied for each subset. The cut points for the probability of prediction for the 10 SVM models were separately determined by receiver operating characteristic curve analysis. Regarding the lasso method, the value of lambda was determined by cross-validation. We used sensitivity, specificity, and F2 scores as the performance indicators to evaluate these models.




Results


Clinical Feature Analysis

The 196 patients from France who did not undergo adjuvant chemotherapy after surgery were split into two groups based on whether their cancer recurred within three years. The 3-year recurrence rate in stage I and II CRC patients was 17.3% (34/196, Table 2). In this study, most of the clinical features, including age, gender, and mutation of TP53, KRAS, or BRAF, did not attain a statistically significant difference between the recurrent and non-recurrent groups (Table 2). The only feature that nearly reached statistical significance for the difference between the recurrent and non-recurrent groups was the cancer stage (Fisher’s exact test p-value = 0.0548), with recurrence rates of 3.6% in stage I and 19.6% in stage II.


Table 2 | Clinical feature analysis.





Determination of Differentially Expressed Genes From Feature Selection

After hybrid data resampling using SMOTE, sample sizes of both the majority (no recurrence) and minority (recurrence) class were adjusted to 102. In the 10 subsets, the mean number of differentially expressed candidate genes that passed the SAM threshold (delta≧0.6) were 13,285, of which 1,417 candidate genes also passed the univariate logistic regression threshold (coefficient≧2.4). Finally, after passing through random forest RFE, the mean number of significantly differentially expressed genes was 11. The total number of unique differentially expressed genes in the 10 subsets was 51.



Prediction of 3-Year Recurrence-Free Survival Using Gene Expression Data

For each differentially expressed gene set, the prediction model was constructed using SVM with the polynomial kernel, as it had the best explanation compared with other kernels. For the determination of the final prediction, the majority voting was set to 7, which means that only if 7 or more of the 10 models predicted the patients would recur in 3 years would the patients be classified as a high-risk group for recurrence. The Kaplan-Meier survival plot (Figure 2A) shows that the classification result is significantly associated with the recurrence-free survival time for the France data set (log-rank test p-value <0.0001, data used here was real data before hybrid resampling). The sensitivity, specificity, and the F2 score of the voting prediction were 91.18%, 83.33%, and 89.49%, respectively (Table 3). These results showed that in our prediction, the patients who were classified as low risk had a much better prognosis than those classified as high risk.




Figure 2 | Survival analysis using the training data set (France) and validation data sets (USA & Australia). (A) Kaplan-Meier plot for France (n=196) data set. (B) Kaplan-Meier plot for USA (n=55) data set. (C) Kaplan-Meier plot for Australia (n=103) data set. (D) Forest plot of the hazard ratio and 95% confidence intervals in both the training data set and validation data sets. The prediction of high or low risk groups was dependent on majority voting. The P-values correspond to the two-sided log-rank test determining the difference between two curves.




Table 3 | The comparison of the prediction performance of different methods.





Prediction Performance in the Validation Data Sets From the USA and Australia

To check the accuracy of our proposed prediction model, we used two independent validation data sets, gene expression data from the USA (n=177) and Australia (n=290). Similar inclusion criteria and data preprocessing to that of the training data set were applied. The final sample sizes were 55 patients from the USA and 103 from Australia. The Kaplan-Meier survival plots in Figures 2B, C show that the prediction model could successfully separate the CRC patients at high and low risk for recurrence-free survival. The p-values of the log-rank test for the USA and Australia data sets were 0.27 and 0.0074, respectively. However, the insignificant p-value for the USA sample might be due to the small sample size. The sensitivity, specificity, and F2 score of the model in the USA data set were 80.00%, 37.78%, and 65.39%, respectively, while those in Australia data set were 91.67%, 32.84%, and 67.49%, respectively (Table 3). We also estimated the hazard ratio using a Cox proportional hazards model (Figure 2D). The hazard ratios for the USA and Australia data sets were 2.34 (0.5, 11.2) and 4.38 (1.34, 14.3), respectively. Additionally, the overall summary estimate of all data sets was 12.18 (5.86, 25.3).



Prediction of Drug Response

For each of the 24 drugs, we applied the Wilcoxon rank sum test to determine significantly different drug responses, as the sample size did not fit the normal distribution. Among the 24 drugs, no p-value passed the threshold of 0.05 (Table 4). The most significant one was AZD6244 (p-value=0.0982), an investigational MEK inhibitor which has been found to elicit a promising response in CRC patients with high risk of recurrence. The prediction of the effects of drug use needs further investigation and validation.


Table 4 | The statistical results for 24 anti-cancer compounds using the Wilcoxon rank sum test.





Comparison of the Prediction Performance With Other Methods

The comparison of results from different methods is shown in Table 3. For logistic regression with forward selection, the sensitivity, specificity, and F2 score of the model in the training data set were 70.59%, 74.07%, and 71.26%, respectively, while those in the validation data sets were 10.00%, 91.11%, and 12.17% in the USA data set and 16.67%, 91.04%, and 19.93% in Australia data set. For the lasso method, the sensitivity, specificity, and F2 score in the training data set were 94.12%, 85.80%, and 92.33%, respectively, while those in the validation data sets were 40.00%, 66.67%, and 43.48% in the USA data set and 38.89%, 71.64%, and 42.80% in Australia data set.




Discussion

In this study, we successfully identified prognostic biomarkers to predict the risk of recurrence in stage I and II CRC patients using microarray gene expression data sets. Based on the criteria previously mentioned, we defined rare recurrence events as the primary outcome of interest. To address the problem of imbalanced data, SMOTE was used to balance the proportion between the majority class and minority class. The differentially expressed genes were passed through three statistical methods, SAM, logistic regression, and RFE, and subsequently a prediction model was constructed by SVM (24, 25, 30). Furthermore, to stabilize the performance of the results, we constructed 10 independent models, and the final prediction was decided by majority voting. The proposed prediction model was found to perform well in terms of sensitivity for both the training and validation data sets. Also, the result of overall summary hazard ratio estimate indicated that our predictors could effectively classify patients into high risk and low risk groups.

Amongst the above-mentioned series of processes, the potential impact of imbalanced data on our results posed the greatest challenge. SVM is capable of handling such data by assigning higher misclassification penalties to minority classes; however, it failed to work perfectly for our study. Therefore, the data resampling method was applied to solve this problem. The reason that we adopted the hybrid resampling rather than simple oversampling is that the latter would lead to overfitting when applied to predicting the validation data. This situation implied that the synthetic samples were over-generated, thus dominating the results. In order to control the proportion of synthetic samples, we reduced the number of synthetic samples from the minority class and undersampled the majority class. Although we lost some information on the majority class, this ensured that the proportion of synthetic samples would not be too large.

For the feature selection and model construction, we applied three statistical methods and used SVM to construct prediction models with majority voting. For comparison, we also used the logistic regression and lasso methods. The results showed that, although the performance was not too bad for the training data set, it was poor for both validation data sets. This suggests that, for high-dimensional data with a small sample size, logistic regression and lasso might not be the best choice due to their limitations, such as the finite design matrix. Thus, instead of applying a single feature selection method, we constructed multiple feature selection methods to filter out significant genes sequentially, and we used univariate logistic regression as one of the feature selection methods.

We repeated the analysis described in this study to analyze the gene expression data from stage II patients only. The sample numbers of the three analyzed data sets dropped to 168, 37, and 66, respectively, which means that around 30% of the samples were removed. Following the same analysis procedure described in this study, 130 differentially expressed genes were identified from the ten subsets. Notably, 20 of the 130 differentially expressed genes identified from stage II patients overlapped with the 51 differentially expressed genes identified from the original analysis of stage I and II patients. This significant overlap (Fisher’s exact test p-value < 0.0001) indicated that our algorithm had a robust performance. For the prediction performance, the sensitivity, specificity, and the F2 score were 90.91%, 91.85%, and 86.71%, respectively, in the training data set (France). For the validation data sets, the sensitivity, specificity, and F2 score in the USA data set (GSE17536) were 77.78%, 35.71%, and 57.38%, respectively, while those in the Australia data set (GSE14333) were 70.37%, 20.51%, and 65.07%, respectively. Due to the smaller sample size of the validation data sets, the log-rank test did not attain a value indicating significance.

Additionally, to infer which genes among the differentially expressed genes are potentially associated with CRC, the Ingenuity® Pathway Analysis (IPA®) software program (QIAGEN Inc., https://www.qiagenbio-informatics.com/products/ingenuity-pathway-analysis) (33) and the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (34) were used. To get a comprehensive view of these CRC-related genes, an overall survival analysis was performed on the Pathology Atlas database (www.proteinatlas.org/pathology), which provides interactive survival plots using publicly available data from The Cancer Genome Atlas (35). From the functional analysis, we found that some of the differentially expressed genes belong to G-protein coupled receptors (GPCRs) (Figure 3), which are the largest family of cell surface receptors. In Figure 3, it is notable that XCR1, ADGRE2, DRD2, GALR3, GPR12, and GPR55 had direct interactions with GPCRs. The top two functions with a significant p-value and more than 10 molecules were “Nonhematologic malignant neoplasm” and “Communication of cells.” These functions may have an association with CRC prognosis. A previous study reported that some mutations in the DRD2 gene were associated with colorectal cancer (36). GPR55 is up-regulated in CRC tumor tissue, and such alteration was reported to lead to changes in immune cells (37). Regarding the analysis done by the DAVID website, DRD2, CYP19A1, CASP9, and ITGB3 were found to be associated with CRC (36, 38–43). For example, the mRNA expression of CASP9 was down-regulated in tumor tissue compared to marginal tissue, and ITGB3, involved in reactive oxygen species-induced migration and invasion processes, is known to be a malignant indicator in CRC. In a comparison of our study with the survival analysis performed on the Pathology Atlas database, ADGRE2, GALR3, DRD2, and CYP19A1 consistently displayed a trend of up-regulation in the group of CRC patients with poor prognosis.




Figure 3 | Network analysis using the Ingenuity® Pathway Analysis (IPA®) software program. The red colored the genes which are in the list of our differentially expressed genes, and white colored the putative genes based on IPA database.



A limitation of this study is that the specificity of the prediction for the validation data sets was found to be slightly low, which seems consistent with other previous studies (44–49). However, our model could successfully predict 30–40% of low-risk recurrence in patients, which might save many healthcare costs. Given that the healthcare cost of chemotherapy is about 22,000 dollars (USD) for stage I and II colon cancer patients, according to NICE technology appraisals, the low risk of recurrence that our model is capable of predicting could potentially save about 44 million dollars (USD) (41,700 CRC patients * 0.44 stage I and II * 0.31 received chemotherapy * $22,000 chemotherapy cost * 0.35 low-risk patients) in the UK per year (50, 51). To validate and improve our model in the future, a larger sample size would be needed.

In this study, our prediction model was developed based on gene expression features. To date, several prediction algorithms for prognosis and survival outcomes were developed in CRC patients using clinical variables and biochemical markers (52–54). The Colon Life nomogram consists of three clinical variables and one biochemical marker, including Primary tumor resection, ECOG performance status (ECOG PS), Peritoneal Metastasis, and lactate dehydrogenase (LDH) (53). Notably, the gene expression data analyzed in this study were derived from tumor tissues, which means that our prediction model can only predict the recurrence risk for patients who have undergone primary tumor resection. In contrast, the Colon Life nomogram can make predictions for patients with and without surgery. Furthermore, the Colon Life nomogram predicts the probability of overall survival, but our algorithm focuses on the recurrence event. Due to the lack of the three clinical variables and LDH in public genomic data sets, we cannot directly compare the Colon Life nomogram and our algorithm. Our prediction model may have a better prediction performance if it could integrate more clinical variables and other algorithms in the future.
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Colorectal cancer (CRC) is one of the most common gastrointestinal cancers, with extremely high rates of morbidity and mortality. The main cause of death in CRC is distant metastasis; it affects patient prognosis and survival and is one of the key challenges in the treatment of CRC. Long non-coding RNAs (lncRNAs) are a group of non-coding RNA molecules with more than 200 nucleotides. Abnormal lncRNA expression is closely related to the occurrence and progression of several diseases, including cancer. Recent studies have shown that numerous lncRNAs play pivotal roles in the CRC metastasis, and reversing the expression of these lncRNAs through artificial means can reduce the malignant phenotype of metastatic CRC to some extent. This review summarizes the major mechanisms of lncRNAs in CRC metastasis and proposes lncRNAs as potential therapeutic targets for CRC and molecular markers for early diagnosis.
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Introduction

Colorectal cancer (CRC) is currently the third most common malignant tumor worldwide. Approximately 1.8 million new cases and nearly 900,000 deaths are reported worldwide each year. The high incidence and high mortality of CRC are serious threats to human health (1, 2). The occurrence and development of CRC is a complex process that involves exogenous and endogenous factors, such as Signaling molecules, homeostasis, microenvironment, diet, and lifestyle, which play an important role in the CRC pathogenesis (3, 4). In recent years, the molecular pathological epidemiology (MPE) has showed that the diet and lifestyle are closely related to the tumorigenesis. For example, smoking, eating red and processed meat, excess alcohol intake, and certain drugs (e.g., aspirin) have been confirmed to be related to the occurrence and development of CRC (5). With the rapid progress in clinical treatment, the 5-year survival rates of patients with CRC has improved significantly. However, the treatment outcomes in patients with metastatic CRC are still not ideal, and the 5-year survival rate in such patients is only ~12% (6–8). Metastasis of CRC is an important factor leading to the CRC recurrence and death. Therefore, elucidating the molecular mechanism of CRC metastasis and identifying molecular markers related to metastasis are critical for improving the treatment outcomes of CRC.

Long non-coding RNAs (lncRNAs) are non-coding RNA molecules that are greater than 200 nucleotides in length. Most of them are transcribed by RNA polymerase II and share similarities with messenger RNAs (mRNAs), although they lack coding ability (9). lncRNAs can be divided into five categories according to their positional relationship with protein-coding genes: sense, antisense, bidirectional, inter-intron, and intergenic lncRNAs (10). Accumulating evidence strongly suggests that lncRNAs are an important class of molecules that regulate genomic processes. The long nucleotide chain of lncRNAs can either form a complex spatial structure and interact with protein factors, or provide a large binding site for the concurrent binding of several molecules that collectively participate in X-chromosome silencing, genomic imprinting, epigenetic regulation, transcriptional activation or interference, nuclear and cytoplasmic trafficking, mRNA splicing and degradation, and genomic imprinting, among others (11). Since lncRNAs play important roles in various aspects of gene expression, the relationship between lncRNAs and tumors has become the focus area of current research. A variety of lncRNAs have been shown to promote or suppress tumorigenesis in different cancers. For instance, Zhuang et al. (12) found that lncRNA GClnc1 promotes the proliferation and invasion of bladder cancer by activating MYC expression. LncRNA PVT1 plays a carcinogenic role in prostate cancer and is a potential diagnostic biomarker (13). In CRC, researchers have found numerous differentially expressed lncRNAs and confirmed their important roles in regulating CRC cell proliferation, apoptosis, invasion, and metastasis as well as sensitivity to radiotherapy and chemotherapy (14). For instance, the HOXB-AS3 peptide encoded by lncRNA HOXB-AS3 has been shown to inhibit the growth of CRC (15). Accumulated evidence indicates that lncRNAs are important markers of CRC metastasis. Yue et al. observed that lncRNA CYTOR can promote the CRC metastasis via the Wnt/β-catenin signaling pathway (16). Therefore, lncRNAs are potential therapeutic targets for CRC.



Characteristics and Roles of lncRNAs

Generally, non-coding RNAs can be divided into long-chain and short-chain non-coding RNAs based on their lengths (17). The first long non-coding RNA transcript sequence discovered in eukaryotes has a length of more than 200 nt and an mRNA-like structure. After splicing, a 7mC cap is usually added at the 5′end of the lncRNA sequence, and a polyA tail is sometimes added to the 3′end (18, 19). Studies have shown that for some lncRNAs, corresponding DNA regions are located between genes or introns, some overlap with protein-coding genes, while some lncRNAs encode a small number of functional short peptides (20, 21). While the primary structure of an lncRNA is its nucleotide sequence, its functional activity depends on base pairing but it is less conserved than its higher-order structure (22, 23). The secondary and tertiary structures of lncRNAs determine their functions. The secondary structures mainly include double helices and hairpins, whereas the tertiary structures are more diverse, such as sarcin-ricin loops. The lower conservation of its primary structure is balanced by these higher-order structures (24–26).

The main modes of action reported for lncRNAs include: ① interfering with mRNA cleavage by forming complementary double-stranded RNA (27), ② altering the activity of a specific protein through direct binding (28), ③ changing the cytoplasmic localization of a specific protein through direct binding (29), ④ altering the expression of target genes by inhibiting RNA polymerase II, or through chromatin remodeling and histone modification (30), ⑤ interfering with target gene expression by initiating transcription from the promoter region of protein-coding genes (31), ⑥ forming double-stranded RNAs with the transcripts of protein-coding genes and producing endogenous siRNAs through the action of Dicer (32), ⑦ acting as a structural component by forming a nucleic acid-protein complex (33), and ⑧ acting as the precursor of a small RNAs (such as a miRNAs or piRNAs). LncRNAs are mostly expressed in the nucleus and their expression levels are lower compared to those of mRNAs (34). However, lncRNAs are intricately involved in the regulation of various biological activities owing to their tissue-specific expression, and they can also affect disease processes (35). LncRNAs can also regulate the expression of important genes at multiple levels via epigenetic regulation and by modulating transcription, post-transcriptional processes, translation, and protein modification either as an initially transcribed RNA or a mature spliced RNA. Moreover, lncRNAs play important roles in physiological processes including development, tissue differentiation, reproduction, and immunity as well as in the formation and development of tumors.



Mechanism of lncRNA Action in CRC Metastasis

Tumor metastasis is the process wherein malignant cells detach from the primary tumor site and are translocated through the circulatory system to secondary tissues or organs, where they colonize and form secondary tumors (36). Tumor invasion and metastasis are complex, dynamic processes that typically involve changes in the tumor microenvironment, epithelial-mesenchymal transition (EMT), hypoxia, and angiogenesis among other mechanisms (37). Accumulating studies have shown that lncRNAs regulate CRC metastasis mainly by regulating key factors that simultaneously affect multiple signaling pathways that are closely related to tumor metastasis. In other cases, lncRNAs can sponge miRNAs to regulate the expression of target genes. lncRNAs can also bind directly to proteins to induce the protein degradation via affecting their phosphorylation or ubiquitination. Tumor invasion and metastasis affect patient prognosis and survival and are important causes of tumor-related death; hence, blocking these processes remains a critical challenge in cancer treatment (38).


LncRNAs Regulate CRC Metastasis by Regulating Signaling Pathways

Tumor metastasis involves complex regulatory processes and alteration in multiple molecular signaling pathways in the tumor microenvironment (39, 40). Several pathways, including the Wnt/β-catenin (41), PI3K/AKT (42), STAT (43), MAPK (44), and Notch signaling pathways (45) play key roles in the metastasis of different tumors (Table 1).


Table 1 | LncRNAs and their targeting signaling pathways in the regulation of CRC metastasis.



Several studies have reported that the Wnt/β-catenin signaling pathway is closely related to CRC metastasis. Yue et al. (16) observed that lncRNA CYTOR, which is highly expressed in CRC, forms a positive feed forward loop with β-catenin and participates in the regulation of colon cancer metastasis. In this process, cell receptors bind to cytoplasmic β-catenin and block β-catenin phosphorylation catalyzed by casein kinase 1 (CK1), leading to the accumulation of β-catenin and its nuclear transport. Subsequently, the β-catenin/TCF complex activates the expression of cell receptor encoding genes, thereby forming a positive feed forward loop. LncRNA SLCO4A1-AS1 inhibits the interaction of β-catenin with GSKβ, inhibits β-catenin phosphorylation, and improves β-catenin stability, ultimately promoting the proliferation, migration, and invasion of CRC cells (82). Wu et al. (83) showed that lncRNA JMJD2C promotes CRC metastasis by enhancing the β-catenin signaling pathway and participating in the regulation of histone methylation at the MALAT1 promoter. In addition to directly participating in β-catenin signaling pathway transduction, lncRNAs can also play indirect regulatory roles in this signaling pathway. Research has shown that NEAT1 indirectly activates the Wnt/β-catenin signaling pathway through DDX5, and therefore, exerts its carcinogenic effects are mediated by DDX5 (53).

The PI3K/AKT signaling pathway also plays a key role in CRC metastasis, and several lncRNAs have been shown to modulate this pathway. Song et al. (84) found that the expression of the lncRNA, PlncRNA-1, was significantly higher in CRC tissues, and PlncRNA-1 knockout significantly reduced the spread, migration, and invasion of CRC cells. Further functional analysis showed that PlncRNA-1 affects the growth and metastasis of CRC mainly through the PI3K/AKT signaling pathway. The lncRNA SNHG6 inhibits ETS1 expression by directly targeting its 3′-untranslated region (UTR) and inhibiting the expression of phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/rapamycin mechanical target (mTOR) to activate the CRC invasion (85). In addition, Wang et al. (86) found that lncRNA AB073614 promotes the proliferation and metastasis of CRC cells mainly through the PI3K/AKT signaling pathway. The lncRNA ST3Gal6 antisense 1 (ST3Gal6-AS1) is derived from the promoter region of gene encoding sialyltransferase ST3Gal6, and it mediates α-2,3 sialylation through the ST3Gal6-AS1/ST3Gal6 axis, thereby regulating PI3K/Akt signaling and leading to the nuclear translocation of Foxo1 in CRC cells (87).

Several other signaling pathways have been confirmed to play important roles in CRC metastasis. Functional analysis has shown that the lncRNA FEZF1-AS1, which is upregulated in CRC tissues, can bind to pyruvate kinase 2 (PKM2) protein and improve its stability. Higher cytoplasmic levels of PKM2 promote pyruvate kinase activity and lactate production (aerobic glycolysis), whereas higher nuclear levels of PKM2, induced by FEZF1-AS1, activate STAT3 signaling, which promotes the proliferation and metastasis of CRC cells (88). Zhou et al. (78) found that lncRNA-cCSC1 can modulate the characteristics of CRC stem cells by activating the Hedgehog signaling pathway and thus, plays an important role in CRC metastasis.

The migration and invasion of tumor cells require cytoskeletal rearrangement. Tang et al. (89) reported that lncRNAs can directly regulate the cytoskeleton in a variety of tumors and can alter the cytoskeleton via Rho/ROCK signaling during tumor migration. The lncRNA EPB41L4A-AS1 is overexpressed in CRC tissues and may affect proliferation, invasion, and migration by activating the Rho/ROCK-related protein kinase signaling pathway. Therefore, EPB41L4A-AS1 could be used as a new biomarker for the diagnosis and targeted treatment of CRC (90). Further, Tang et al. (91) studied the specific role of lncRNA-SLCO4A1-AS1 in CRC and found that its effects on cell proliferation, migration, and invasion were mainly associated with regulating the EGFR/MAPK pathway. Studies have shown that 1α, 25-(OH)2D and vitamin D receptor (VDR) in CRC cells stimulate MEG3 expression by directly binding to the promoter of lncRNA MEG3; MEG3 acts as a tumor suppressor by regulating clusterin activity. Therefore, the VDR/lncRNA MEG3/clusterin signaling pathway is a potential therapeutic target and prognostic biomarker for CRC patients (92).



LncRNAs Regulate CRC Metastasis Through Sponging miRNA

In recent years, several studies have shown that since lncRNAs contain several introns, they can sponge miRNAs to form competing endogenous RNA (ceRNA) networks. LncRNAs are transported to target cells via circulation, bind to intracellular miRNAs, sponge them, and limit their ability to interfere with the translation of their target mRNAs; a process important for cancer cell proliferation, invasion, migration, and apoptosis. Thus, the ability to sponge miRNAs is an important mechanism by which lncRNAs regulate CRC metastasis (Figure 1).




Figure 1 | LncRNAs regulate CRC metastasis by sponging miRNAs. (A) lncRNA LINC00668 promotes the metastasis and infiltration of CRC cells by sponging miR-188-5p and weakening its inhibiting effect on USP47 expression; (B) lncRNA MALAT1 regulates the miR-106b-5p expression by functioning as a competing endogenous RNA (ceRNA) and regulates the SLAIN2-associated microtubule mobility, leading to the CRC progression; (C) lncRNA TTTY15 functions as the ceRNA to regulate the expression of target gene DVL3 by sponging miR-29a-3p to promote CRC metastasis; (D) lncRNA-SNHG5 influences CRC cell metastasis by modulating the SNHG5/miR-132-3p/CERB5 axis. (E) lncRNA MIR4435-2HG acts as a ceRNA to promote the metastasis of CRC via upregulating YAP1 expression by sponging miR-206.



Yan et al. (93) reported the lncRNA LINC00668, which is encoded on chromosome 18p11.31, as a newly discovered lncRNA associated with cancers. LINC00668 is upregulated in CRC cancer tissues and cells and studies have shown that LINC00668 can bind to miR-188-5p in CRC cells. Therefore, LINC00668 may play a carcinogenic role in CRC by sponging miR-188-5p and upregulating USP 47 expression. Shan et al. (94) found that lncRNA SNHG7 regulates GALT1 levels by activating miR-216b and plays a carcinogenic role in CRC development. Xu et al. (95) reported that MIR17HG promotes CRC by inducing NF-κB/RELA expression and competitively sponging miR-375. LncRNA-SNHG5 has been shown to affect the proliferation, metastasis, and migration of CRC cells by regulating miR-132-3p/CREB5 (96). LncRNA-CRNDE modulates CRC progression and chemotherapy resistance by regulating the expression level of miR-181a-5p and the activity of the Wnt/β-catenin signaling pathway (49). LncRNA HNF1A-AS1, which is upregulated in colon cancer tissues, is closely related to clinical staging, vascular invasion, lymph node metastasis, and distant metastasis. In addition, HNF1A-AS1 regulates the expression of miRNA-34a by acting as a ceRNA, thereby inhibiting the miR-34a/SIRT1/p53 feedback loop and activating the Wnt signaling pathway to promote the development of colon cancer (97). LncRNA MIR4435-2HG was first found in lung cancer tissues where it functions as a ceRNA and sponges miR-206 to upregulate the expression of YAP 1. MIR4435-2HG promotes the CRC growth and metastasis via the miR-206/YAP 1 axis (98). A functional analysis by Yang et al. (99) showed that knocking out lncRNA-FTX significantly inhibited the proliferation, migration, and invasion of CRC cells. Further analysis showed that FTX could directly interact with miR-215 and inhibit its expression, thereby inhibiting the metastasis of CRC. In CRC cells, the expression of lncRNA TUG1 is abnormally high, whereas the expression of miR-600 is downregulated in CRC tissues, cell lines, and metastatic tissues. Moreover, TUG1 inhibits the migration, invasion, and EMT of CRC cells by competing with miR-600 (100).

Li et al. (101) revealed the previously unrecognized role of the lncRNA ZDHHC8P1/miR-34a regulatory axis in regulating the progression and metastasis of CRC and proposed a viable approach to treat late-stage metastatic CRC patients. LncRNA SNHG1 expression is upregulated in human CRC tissues. In the cytoplasm, SNHG1 sponges miR-154-5p, thereby reducing its ability to inhibit the expression of cyclin D2 (CCND2). In the nucleus, SNHG1 directly interacts with polycomb repressive complex 2 (PRC2) and modulates histone methylation at the promoters of Kruppel-like factor 2 (KLF2) and cyclin-dependent kinase inhibitor 2B (CDKN2B) (102). In vivo and in vitro experiments by Zhuang et al. (103) showed that lncRNA MALAT1 promotes CRC metastasis mainly via the lncRNA MALAT1/miR-106b-5p/SLAIN2 axis. LncRNA TTTY15 expression is abnormally upregulated in CRC tissues and it functions as a ceRNA by sponging miR-29a-3p to regulate the expression of the target gene DVL3, which affects the proliferation and metastasis of CRC (104). The results of in vivo and in vitro experiments have shown that a novel oncogenic lncRNA, RP11-757G1.5, which is overexpressed in CRC tissues, regulates the expression of YAP1 by sponging miR-139-5p and inhibiting its activity, thereby promoting the metastasis and invasion in CRC (105).



LncRNAs Regulate CRC Metastasis Through Protein Binding

Similar to molecular chaperones, lncRNAs bind directly to transcription factors and form RNA-protein-DNA ternary complexes that regulate the transcription of downstream target genes involved in the CRC metastasis (Figure 2). LncRNAs act by two main mechanisms, which occur in different parts of the cells. In the nucleus, lncRNAs can coordinate with or antagonize transcription factors, thereby regulating the transcription of metastasis-related genes. In the cytoplasm, lncRNAs can bind to proteins and alter their post-translational modifications to induce the protein degradation; when these proteins are relevant to cancer, these effects can impact tumor metastasis.




Figure 2 | LncRNAs regulate CRC metastasis through protein binding. (A) lncRNA RPPH1 interacts with β-III tubulin (TUBB3) to prevent its ubiquitination and induces epithelial-mesenchymal transformation (EMT) of CRC; (B) lncRNA SNHG6 activates the endogenous colorectal cancer invasion pathway by down-regulating the expression of phosphoinositol 3-kinase (PI3K)/protein kinase B (AKT)/rapamycin mechanical target (mTOR); (C) lncRNA SlCO4a1-AS1 stabilized β-catenin by impairing the interaction of β-catenin with GSKβ, thereby activating Wnt/β-catenin signaling in CRC cells; (D) lncRNA CASC11 promotes CRC cell proliferation and metastasis by interacting with hnRNP-K protein and activating the WNT/β-catenin signaling; (E) lncRNA RP11 is involved in the CRC development by forming the RP11/hnRNPA2B1/mRNA complex, which accelerates the mRNA degradation of two E3 ligases Siah1 and Fbxo45 and prevents the proteasomal degradation of Zeb1 to increase its nuclear accumulation.



The lncRNA SATB2-AS1 is specifically downregulated in CRC tissues. A mechanistic analysis showed that SATB2-AS1 binds directly to WDR5 and GADD45A and cis-activates SATB2 transcription by modulating histone H3 lysine 4 trimethylation (H3K4me3) and DNA demethylation in the SATB2 promoter region (106). A study by Wu et al. (107) showed that in intestinal cancer cells, the lncRNA RP11/hnRNPA2B1 (protein)/mRNA complex accelerated the degradation of Siah1 and Fbxo45 mRNAs, both of which encode ubiquitin E3 ligases, thereby preventing the proteasomal degradation of Zeb1, a transcription factor associated with EMT. This post-translational upregulation of Zeb1 is critical to RP11-induced dissemination of intestinal cancer cells. The lncRNA CPS1-IT can block hypoxia-induced autophagy by inhibiting HIF-1α levels, thereby preventing EMT and metastasis in CRC (108). Recent studies have shown that lncRNA RPPH1 can interact with β-III tubulin (TUBB3) to prevent its ubiquitination, which induces EMT and promotes CRC metastasis (109). The lncRNA LUCAT1 was shown to promote the proliferation, apoptosis, migration, and invasion of CRC cells in vitro and in vivo. Analysis showed that LUCAT1 binds to UBA52, which encodes ubiquitin, and the 60S ribosomal protein L40 (RPL40). By binding to UBA52, LUCAT1 targets the ribosomal protein L40/MDM2/p53 pathway to promote tumorigenesis and induce CRC cell cycle arrest and apoptosis (78). The lncRNA SNHG14, which is highly expressed in CRC, promotes CRC cell proliferation, motility, and EMT in vitro. SNHG14 promotes CRC progression by inhibiting EPHA7-mediated negative regulation through a process dependent on the transcription factor EZH2. SNHG14 enhances the stability of EZH2 mRNA by interacting with the RNA-binding protein FUS and sponging miR-186-5p, thereby mitigating miR-186-5p-induced silencing and increasing EZH2 expression in CRC (110). Ding et al. (111) found that the combination of lncRNA CRNDE and EZH2, a key component of PRC2, inhibited the expression of two downstream target genes dual-specific phosphatase 5 (DUSP5) and CDKN1A, which play important roles in CRC proliferation and metastasis. LINC01413 binds to hnRNP-K and induces nuclear translocation of YAP1 (associated protein 1) TAZ, thus regulating the expression of ZEB1 in CRC cells and promoting cancer metastasis (112). Zhang et al. (54) found that upregulation of lncRNA CASC11 in CRC is correlated with CRC growth and metastasis and that it exerts its effects by interacting with hnRNP-K protein and activating the Wnt/β-catenin pathway. Studies have shown that LINC01354 overexpression in CRC results in the enrichment of genes related to the Wnt/β-catenin signaling pathway. In CRC, LINC01354 mainly interacts with hnRNP-D to regulate the stability of β-catenin mRNA and activate the Wnt/β-catenin signaling pathway (50). The lncRNA ROR is a newly discovered lncRNA and Li et al. (113) demonstrated that knockout of the lncRNA ROR gene significantly increased the protein levels of p53 and its target genes, whereas the overexpression of ROR exerted the opposite effect. Thus, we conclude that the level of p53 protein is negatively correlated with ROR, and ROR may participate in the CRC progression via the p53 signaling pathway.




Clinical Significance of lncRNAs in CRC Metastasis

Several studies have revealed that lncRNAs exert important biological effects in the CRC metastasis. Thus, the most practical application of lncRNAs is that they can be used as markers for early diagnosis of CRC metastasis. To improve the convenience and speed of CRC diagnosis, the differentially expressed lncRNAs can be detected in metastatic and non-metastatic samples (such as blood or urine). In addition, some lncRNAs closely correlate with the sensitivity to radiotherapy and chemotherapy, which may help to design novel therapies with better efficacy for the clinical treatment of metastatic CRC.

One challenge associated with existing diagnostic biomarkers of CRC is that they lack sufficient sensitivity and specificity, which can lead to false positive or false negative results. In recent years, several studies have shown that some lncRNAs can be detected in the blood, urine, serum, and other body fluids of patients with cancer (114). These lncRNAs could be used as biomarkers for the early diagnosis of cancer and prediction of patient prognosis (Table 2) (39, 48, 54, 59, 70, 74, 77, 78, 82, 84, 87, 88, 91, 94, 98–221). For example, lncRNA RP11-296E3.2, which is highly expressed in metastatic CRC, is associated with short overall survival (OS). In terms of its sensitivity and specificity of diagnosing CRC metastasis, RP11-296E3.2 was superior to CEA in plasma (113). Xu et al. (222) found that the plasma levels of four lncRNAs, ZFAS1, SNHG11, LINC00909, and LINC00654, were significantly lower in postoperative CRC samples than in preoperative samples. The combination of these four lncRNAs showed high diagnostic performance for early CRC. Studies have shown that lncRNA TINCR can affect the PI3K/Akt/mTOR signaling pathway by sponging miR-7-5p and playing a role in promoting CRC. In addition, compared with healthy controls, plasma levels of lncRNA TINCR were significantly elevated in CRC patients, which suggests its potential for the detecting early CRC (154). A correlation analysis by Pan et al. (223) showed that in patients with early CRC, plasma levels of lncRNA PVT1 are significantly higher than those of CEA, suggesting that PVT1 has great potential as a marker for the diagnosis of early CRC. A decrease in lncRNA-ATB expression significantly affects the progression of colon cancer by altering the expression of epithelial markers such as E-cad. A related clinical analysis showed that the level of plasma lncRNA-ATB was significantly increased in colon cancer patients at 1 month after surgery, suggesting that it may be useful for the early diagnosis of CRC (213). Ye et al. (80) observed that the level of lnc-GNAT1-1 in the plasma of CRC patients is related to tumor node metastasis (TNM) staging, while the receiver operating characteristic curve (ROC) showed that plasma lnc-GNAT1-1 has a moderate to good diagnostic efficiency for CRC.


Table 2 | The correlation between LncRNAs and clinicopathological features in CRC.





LncRNAs have been shown to play roles in lymph node metastasis, lung metastasis, bone metastasis, and brain metastasis associated with several cancers (224). LncRNA CCAT2 is highly expressed in CRC and its expression is closely related to TNM stage as CCAT2 levels are increased from stages I to IV. High CCAT2 expression is closely associated with poor cell differentiation and depth of tumor invasion, lymph node metastasis, distant metastasis, vascular infiltration, and advanced TNM staging, and may be associated with increased liver metastasis (190). LINC00858 expression levels are significantly higher in CRC tissues than in adjacent tissues, and high LINC00858 expression is related to TNM staging, lymph node metastasis, and histological grade. Silencing of LINC00858 inhibits the proliferation, migration, and invasion of CRC cells and induces apoptosis (150). The expression level of MFI2-AS1 are closely related to tumor histological grade, lymphatic and distant metastasis, TNM staging, and vascular infiltration (225). High expression of lncRNA BANCR in CRC is associated with lymph node metastasis and the OS of patients with high BANCR expression is shorter (76). Chen et al. (226) divided 115 CRC patients into two groups based on the median lncRNA XIST expression level and an analysis of these groups showed that XIST expression was closely correlated with tumor size, histological grade, distant metastasis, and TNM staging. Similarly, the expression of lncRNA SNHG3 was significantly upregulated in CRC tissues, and SNHG3 expression was positively correlated with the advanced clinical stage and distant metastasis (118).

LncRNAs are an important group of molecules in the human transcriptome. LncRNAs play important roles not only in several physiological processes but also in various disease processes including cancer development and metastasis. Many lncRNAs are tumor specific and their expression can alter sensitivity to radiotherapy and chemotherapy. Therefore, they are expected to be useful as new therapeutic targets (227). LncRNA MALAT1, which was first found to be differentially expressed in patients with non-small cell lung cancer, is also significantly overexpressed in CRC. Low MALAT1 expression can inhibit the progression and metastasis of CRC and increase the sensitivity of cancer cells to 5-FU. This provides a new direction for designing novel therapeutic regimens for metastatic CRC (228). In addition, MALAT1 was found to be significantly upregulated in CRC tissues and cells treated with oxaliplatin. It promotes anti-oxidative response mainly via the miR-324-3p/ADAM17 axis and enhances sensitivity to oxaliplatin (229). In an experiment designed to select lncRNAs related to oxaliplatin resistance, Sun et al. (230) observed that the lncRNAs CRNDE, H19, UCA1, and HOTAIR affect the sensitivity to oxaliplatin. High expression of HOTAIR is associated with advanced tumor nodules and metastatic stages and poor prognosis of CRC. Peng et al. (231) observed that downregulation of lncRNA POU5F1P4 reduced the sensitivity of metastatic CRC cells to cetuximab, and could be a potential new treatment for metastatic CRC. Wang et al. (232) showed that the LINC00473 expression level was significantly higher in a group of drug-resistant patients than that in non-drug-resistant patients and knockdown of LINC00473 restored paclitaxel-induced cytotoxicity, inhibited cell viability and colony formation, induced apoptosis, and weakened the ability of tumor cells to migrate or invade.



Discussion

The CRC metastasis is induced by a variety of factors in vivo and in vitro. Among the in vivo factors, changes in the tumor cell adhesion to surrounding cells and extracellular matrix, EMT, and the dysregulation of various motor proteins promote the CRC metastasis. Several signaling pathways such as Wnt/β-Catenin and PI3K/AKT signaling pathway play important roles in the CRC metastasis. LncRNAs also act as ceRNA to regulate the expression of downstream target genes or components of CRC metastasis-associated signaling pathways to impact CRC metastasis. Epidemiological studies have shown that CRC metastasis is closely related to several in vitro factors. For example, tea polyphenols (TPs) can exert anti-inflammatory, anti-oxidant, or pro-oxidant effects to promote apoptosis and act at multiple levels to inhibit CRC growth and metastasis (233). Nicotine upregulates the expression of UCA1 and HIF-1α in CRC cells and promotes the proliferation and metastasis of CRC cells (234). In addition, individuals with a family history of colorectal cancer and inflammatory bowel disease are more likely to develop colorectal cancer than individuals without such a family history of these diseases (4). Exploring the relationship among diet, lifestyle, and the risk of CRC occurrence and metastasis from the perspective of molecular epidemiology, and clarifying the critical exposure duration will help us better understand how these factors affect CRC occurrence and pathogenesis. Understanding the occurrence and development of the disease can help further to understand the clinical outcome (235). Elucidating the effects of in vivo factors, exploring the mechanism specific to colorectal cancer metastasis, identifying the important molecules involved in CRC pathogenesis will help the early clinical diagnosis and optimal treatment of CRC patients.

Few methods are available for CRC screening and most of the biomarkers used to diagnose CRC, such as CA199, are differentially expressed in many cancers. Therefore, CRC diagnosis lacks specificity and sensitivity. Mounting evidence has shown that abnormal expression of lncRNAs in human tissues and serum holds potential for early diagnosis and predicting patient prognosis. For example, expression of DANCR was lower in serum samples of postoperative patients than in patients with recurrence; moreover, serum DANCR expression significantly correlated with TNM staging (236).

Research has significantly advanced our understanding of the mechanisms underlying CRC and the therapeutic outcomes have been improved significantly. However, in metastatic CRC, the treatment outcomes, and mortality rate remain unsatisfactory. Therefore, there is an urgent need to find new therapeutic targets for metastatic CRC. Animal-based studies have shown that lncRNAs play important roles in metastatic CRC and can be used as potential targets for clinical treatment. Upon lncRNA-RI silencing, CRC cells show stronger radiosensitivity, making it a potential therapeutic target for metastatic CRC (237). Wu et al. (238) established a mouse xenograft model and observed that loss of lncRNA PVT1 and overexpression of miR-16-5p can minimize tumor volume. Through the lncRNA PVT1-miR-16-5p/VEGFA/VEGFR1/AKT axis, lncRNA PVT1 is directly involved in the progression of CRC and is a potential target for CRC treatment. Animal experiments by Yao et al. (239) showed that MIR600HG can inhibit tumor formation. Compared with lncRNA MIR600HG alone, combination therapy with MIR600HG and oxaliplatin significantly inhibited CRC stem cell metastasis and tumor growth.

Although lncRNAs have shown great potential in clinical applications, following gaps remain in lncRNA research. 1) The specific mechanisms underlying the effects of various lncRNAs in CRC remain unclear, highlighting the need for further research on the occurrence and development of CRC. 2) In terms of their utility as CRC biomarkers, the heterogeneity of lncRNA expression may make it difficult to achieve an accurate diagnosis. 3) Only a few animal experiments have been carried out to confirm treatment outcomes. Thus, limited data make it difficult to confirm the reliability of lncRNAs as diagnostic and therapeutic markers. Therefore, it is imperative to further explore the relationships between lncRNAs and CRC so that a solid foundation can be laid for their future use in CRC diagnosis and treatment. Nonetheless, research on lncRNAs in human cancers is expected to lead to major breakthroughs in terms of early diagnosis, risk detection, and treatment in the near future.
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Background: Tumor-associated stromal cells have been widely recognized for their tumor-promoting capability involving paracrine signaling. However, the underlying mechanism and the effects of the molecules in the glycolysis pathway in gastric cancer-associated mesenchymal stem cells (GCMSCs) and gastric cancer cells on tumor progression remain unclear.

Methods: The expression of hepatocyte growth factor (HGF) in GCMSCs and bone marrow mesenchymal stem cells (BMMSCs) was detected by enzyme-linked immunosorbent assay (ELISA). The effect of HGF derived from GCMSCs on the proliferation, metastasis, and HK2 expression of gastric cancer cells was evaluated in vitro and in vivo. The effects of G6PD on the production of HGF in mesenchymal stem cells (MSCs) were analyzed by immunoblotting.

Results: HGF derived from GCMSCs promoted glycolysis, proliferation, and metastasis of gastric cancer by upregulating c-Myc-HK2 signal. The progression of the disease induced by GCMSCs decelerated in the absence of HK2. The expression of G6PD activated NF-κB signaling and stimulated the production of HGF in GCMSCs. Blocking HGF derived from GCMSCs decreased proliferation, metastasis, and angiogenesis of gastric cancer cells in vivo.

Conclusions: GCMSCs highly expressed G6PD and facilitated the progression of gastric cancer through the G6PD-NF-κB-HGF axis coordinates. Blocking HGF derived from GCMSCs is a potential new therapeutic target for the treatment of gastric cancer.

Keywords: gastric cancer mesenchymal stem cell, gastric cancer, G6PD, HGF, HK2


INTRODUCTION

Gastric carcinoma, which is a type of digestive system tumors, is associated with high morbidity and mortality (1). In ischemic and hypoxic tumor microenvironments, the Warburg effect promotes the tumor cells to make efficient use of cellular nutrients (2). Moreover, tumor cells interact with stromal cells to facilitate disease progression (3). Due to the importance of the Warburg effect on tumor progression, further understanding of the biology of the stromal and tumor cells is essential.

Previous work, including our own, has demonstrated that tumor mesenchymal stem cells (MSCs), which belong to stromal cells in the tumor microenvironment, can promote tumor development through paracrine signaling (3–6). MSCs differ from gastric cancer mesenchymal stem cells (GCMSCs) in cytokine production (7). Glucose-6-phosphate dehydrogenase (G6PD) and hexokinase 2 (HK2) are key enzymes in glucose metabolism and play important roles in regulating tumor growth, metastasis, apoptosis, vasculature, and autophagy (8–14). It has been reported that overexpression of G6PD promotes the activation of NF-κB, which can regulate the production of various cytokines (15–17). As G6PD is highly expressed in gastric cancer tissues, it is speculated that it plays a key role in regulating cytokine production.

Accumulating evidence has shown that elevated levels of HK2 lead to various malignant behaviors of cancer cells. HK2 binds to the outer mitochondrial membrane via interactions with the voltage-dependent anion channel (VDAC). It has been determined that mitochondria-bound HK2 not only promotes glycolysis, but also inhibits apoptosis by maintaining the mitochondrial membrane potential and preventing the release of cytochrome C (18, 19). Similarly to other kinases, the transcription and post-translational modification of HK2 is regulated by a variety of factors, including insulin, HIF-1α, c-Src, and c-Myc (20–23). It has been reported that MSCs promote the aerobic glycolysis of leukemic cells by affecting uncoupling protein 2 or activating the AKT-mTOR signaling (24, 25). On the other hand, bone marrow mesenchymal stem cells (BMMSCs) promote glycolysis of gastric cancer cells by upregulating c-Myc (26). Compared with BMMSCs, GCMSCs produce more cytokines, which play important roles in regulating c-Myc (7). Several studies indicate that GCMSCs have the potential to facilitate glycolysis by regulating HK2. Despite hypoxia being a common activator of tumor glycolysis, the role of GCMSCs in tumor glycolysis remains elusive.

In the present study, we found that G6PD-NF-κB signaling in GCMSCs facilitated the production of HGF, which could activate the MET receptor. Furthermore, we demonstrated that HGF derived from GCMSCs promoted the proliferation and metastasis of gastric cancer cells by upregulating HK2. The results presented herein demonstrated the important role of GCMSCs in the glycolysis of gastric cancer cells and provided a theoretical basis for the development of new therapies for gastric cancer.



MATERIALS AND METHODS


In vivo Study in a Gastric Cancer Cell Line Xenograft Model

A xenograft tumor model was used to investigate the effects of GCMSCs on the proliferation and metastasis of gastric cancer cells. A total of 35 BALB/c-nu/nu male mice (aged 4–6 weeks) were purchased from Nanjing Biomedical Research Institute of Nanjing University (Nanjing, China). The study complied with the guidelines of the National Institute of Health regarding the care and use of laboratory animals (NIH Publication No. 8023, revised 1978). The procedures were approved by the local ethics committee of the Jiangsu University, China. The animals were raised in the Laboratory Animal Center of Jiangsu University. The mice were maintained in pathogen-free conditions under 12 h light/12 h dark cycle with sterilized feed and autoclaved water. For the tumor proliferation experiment, 20 mice were subcutaneously injected in the flank with 1 × 106 MGC-803 cells in 200 μL PBS. Seven days later, the mice were randomly assigned to four groups (n = 5 mice per group). The mice in the control, GCMSC-CM, GCMSC-CM+IgG, and GCMSC-CM+anti-HGF groups were injected every 2 days with 200 μL of DMEM, GCMSC-CM, GCMSC-CM+IgG (300 ng/mL), and GCMSC-CM+anti-HGF (300 ng/mL) at the peri-tumor tissue, respectively. Tumor sizes were measured every 2 days using Vernier calipers. Moreover, tumor volumes were calculated using the following formula: tumor volume = length × width2/2. The experiment was ended at 28 days after first injection. All mice were euthanized by carbon dioxide asphyxiation. The tumors were subsequently resected and weighed. For the tumor metastasis experiment, 15 mice were abdominally injected with 2 × 106 HGC-27 cells in 200 μL PBS. After 7 days, the mice were randomly assigned to three groups (n = 5 mice per group). The mice in the control, GCMSC-CM, and GCMSC-CM+anti-HGF groups were abdominally injected every 2 days with 200 μL of DMEM, GCMSC-CM, and GCMSC-CM+anti-HGF (300 ng/mL), respectively. The experiment was ended at 28 days after first injection. All mice were euthanized by carbon dioxide asphyxiation. The tumors were subsequently resected and weighed.



Cell Culture

Five cases of gastric cancer tissues were collected in the Affiliated Hospital of Jiangsu University and informed consents were obtained from all patients. All protocols were approved by the local ethics committee of the Affiliated Hospital of Jiangsu University, China. Isolation and identification of GCMSCs were performed according to a previously described method (27). Briefly, fresh gastric cancer tissues were cut into small pieces of 1 mm3. The tissue pieces were attached to petri dishes and cultured with 10% DMEM under sterile conditions at 37°C in a humidified incubator infused with 5% CO2. Adherent cells were collected and maintained in DMEM supplemented with 10% FBS at 37°C in 5% CO2. Bone marrow cells were collected in the Department of Orthopedics at the Affiliated Hospital of Jiangsu University. Informed consents were obtained from all patients. Three cases of BMMSCs from patients with bone trauma were used as controls. All protocols were approved by the local ethics committee of the Affiliated Hospital of Jiangsu University, China. Isolation and identification of BMMSCs was performed according to a previously described method (6). Briefly, bone marrow cells were diluted in an equal volume of PBS. Diluted bone marrow was isolated using 1.077 g/mL Ficoll. The isolated cells were cultured in DMEM supplemented with 10% FBS at 37°C in 5% CO2. Adherent cells were collected after 5 days.

Human gastric cancer cell lines (i.e., MGC-803 and HGC-27) were purchased from The Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Beijing, China). HGC-27 and MGC-803 were maintained in RPMI 1640 supplemented with 10% FBS at 37°C in 5% CO2.



Flow Cytometry (FCM)

To perform surface antigens staining, cells were incubated with FITC mouse anti-human CD45 (1:20; #13234199; Biolegend), FITC mouse anti-human CD19 (1:20; #4310183; ebioscience), FITC mouse anti-human CD34 (1:20; #4330486; Invitrogen), PE mouse anti-human CD90 (1:20; #4303050; ebioscience), PE mouse anti-human CD29 (1:20; #4303570; ebioscience) or PE mouse anti-human CD105 (1:20; #4300023; ebioscience) antibody at 4 °C for 30 min.



Preparation of GCMSC Conditioned Medium (GCMSC-CM) and BMMSC Conditioned Medium (BMMSC-CM) and Co-culture With Gastric Cancer Cells

At 80% confluency, the GCMSCs or BMMSCs cells were washed with PBS and incubated with fresh DMEM supplemented with 10% FBS for 48 h. Subsequently, the supernatant was collected, filtered through a 0.22 μm filter, and diluted in a 1:1 ratio with RPMI 1640 supplemented with 10% FBS. The MGC-803 or HGC-27 cells were washed with PBS, and then treated with RPMI 1640, GCMSC-CM, GCMSC-CM+IgG (300 ng/mL), or GCMSC-CM+anti-HGF (300 ng/mL) at 37°C in 5% CO2 for 48 h. In the GCMSC-CM+IgG and GCMSC-CM+anti-HGF groups, IgG or anti-HGF antibodies were added to GCMSC-CM. Antibody and condition medium were incubated for 30 min at room temperature before co-culture with gastric cancer cells.



Immunoblotting

Total proteins were extracted from the cells using the RIPA lysis buffer (Invitrogen, Carlsbad, CA, USA). After determining the protein concentration, 20 μg of the total proteins in each sample was separated using 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% non-fat milk and incubated with the anti-human c-Myc (dilution, 1:1,000; 13987, Cell Signaling Technology, Boston, USA), HK2 (dilution, 1:1,000; 2867, Cell Signaling Technology, Boston, USA), G6PD (dilution, 1:1,000; sc-373886, Santa Cruz Biotechnology, Texas, USA), HGF (dilution, 1:500; MAB294, R&D Systems, Minnesota, USA), PKM2 (dilution, 1:1,000; sc-365684, Santa Cruz Biotechnology, Texas, USA), p-NF-κB (dilution, 1:1,000; 3033, Cell Signaling Technology, Boston, USA), and NF-κB (dilution, 1:1,000; 8242, Cell Signaling Technology, Boston, USA) antibodies overnight at 4°C. The samples were then incubated with goat anti-mouse (dilution, 1:2,000; CW0102, CWBIO, Beijing, China) or goat anti-rabbit (dilution, 1:2,000; CW0103, CWBIO, Beijing, China) secondary antibodies for 1 h at 37°C. The blots were visualized using an enhanced chemiluminescent detection system (Amersham, UK) and analyzed employing the Image-Pro Plus version 5.1 software (Media Cybernetics, Inc., Rockville, MD, USA).



Enzyme-Linked Immunosorbent Assay (ELISA)

The detection of HGF in BMMSC-CM and GCMSC-CM was conducted according to the MULTI SCIENCES instructions. Briefly, 300 μL of the washing buffer was added to each well for 30 s. A total of 100 μL of the standard diluted 2-fold was added to the standard well and 100 μL of the standard diluent was added to the blank well. Then, 80 μL of the assay buffer and 20 μL of the sample were added to the sample well. Subsequently, 50 μL of the diluted antibody was added to each well. The wells were covered with an adhesive strip and incubated at room temperature for 2 h using a microplate shaker set at 300 rpm. After washing six times, 100 μL of diluted streptavidin-HRP was added to each well. The wells were covered with a new adhesive strip and incubated at room temperature for 45 min using a microplate shaker set at 300 rpm. After washing six times, 100 μL of the substrate solution was added to each well and incubated for 5–30 min at room temperature. Then, 100 μL of the stop solution was added to each well and the sample was analyzed at 450 and 570 nm using a microplate reader. The calibrated optical density (OD) values were obtained by subtracting the readings obtained at 570 nm from the readings at 450 nm. A standard curve was used for the analysis.



Immunohistochemistry

The experimental detection steps were conducted according to the instructions described in Immunohistochemistry (Boster Bio, China). After dewaxing, the paraffin section was incubated with 3% H2O2 at room temperature for 10 min. The samples were washed five times with PBS and the slices were subjected to antigen thermal repair in an antigen repair solution. The paraffin section was incubated with 5% BSA solution for 30 min at 37°C. After incubation of the anti-CD31 (dilution, 1:50; ARG52748, Arigo Biolaboratories, Shanghai, China), HK2 (dilution, 1:500; ab209847, Abcam, Cambridge, UK), c-Myc (dilution, 1:200; ab32072, Abcam, Cambridge, UK), Ki67 (dilution, 1:200; 9449, Cell Signaling Technology, Boston, USA), E-cadherin (dilution, 1:400; 3195, Cell Signaling Technology, Boston, USA), and Vimentin (dilution, 1:200; 5741, Cell Signaling Technology, Boston, USA) antibodies overnight at 4°C, the paraffin section was incubated with HRP-labeled anti-rabbit/mouse IgG for 30 min at 37°C. DAB was used for color rendering under a microscope, while hematoxylin was employed for staining. The images were collected using a microscope (Ti-S; Nikon, Tokyo, Japan).



Transwell Migration Assay

A Transwell migration assay was used to detect the effect of GCMSCs on gastric cancer cell migration. Gastric cancer cells were co-cultured with GCMSC-CM for 48 h. The cells were collected and 6 × 104 cells were seeded in the upper wells of a Transwell chamber in 200 μL of serum-free RPMI 1640. The lower compartment of the chamber was filled with 600 μL of RPMI 1640 supplemented with 10% FBS. The cells were incubated for 8 h. Following incubation, a cotton swab was used to remove the cells that did not migrate. The migrated cells were fixed with 4% formaldehyde for 30 min, stained with Crystal Violet, and photographed using a microscope. For quantitation, three random fields from each well were counted under a microscope (Ti-S; Nikon, Tokyo, Japan). Each experiment was independently repeated three times.



Cell Proliferation Assay

Enhanced Cell Counting Kit-8 (CCK-8) (Beyotime, Shanghai, China) was used to analyze the proliferation of gastric cancer cells. A total of 5 × 102 gastric cancer cells in 200 μL of DMEM were seeded in 96-well plates (Corning Inc., Corning, NY, USA) and incubated overnight at 37°C in 5% CO2. The plates were subsequently incubated with indicate reagent and cultured for 96 h. Then, 10 μL of CCK-8 was added to the wells, which contained 100 μL of RPMI 1640 and the plate was incubated for 1.5 h at 37°C. The optical density at 450 nm was measures utilizing a multi-well plate reader (FLx800, BioTek, Winooski, VT, USA). Each experiment was repeated three times.



Glucose Uptake and Lactate Production Assay

Glucose uptake assays were performed to evaluate the effect of GCMSC-CM on the glucose utilization in gastric cancer cells. Briefly, 1 × 105 HGC-27 or MGC-803 cells were seeded in 6-well plates (Corning Inc., Corning, NY, USA), and then treated with DMSO, GCMSC-CM. After 48 h, the cells were collected and 1 × 106 cells/mL were seeded in 48-well plates (Corning Inc., Corning, NY, USA). The plated were incubated for 8 h in RPMI 1640. A clinical chemistry analyzer (Xunda, XD811, Shanghai, China) was utilized to detect the supernatant glucose concentrations using the hexokinase method. The detection of lactate in the cell culture supernatant was conducted employing a lactic acid test kit (KeyGEN BioTECH, Nanjing, China). Briefly, the sample was diluted 5-fold. Then, 20 μL of the sample was then added to 1 mL of the enzyme working fluid and 200 μL of reagent D. The reaction was mixed placed in a water bath at 37°C for 10 min. Buffer E was added and the measurement was conducted at a wavelength of 530 nm. The content of lactic acid in the sample was determined according to the following formula: The content of lactic acid = (absorbance of determination tube – absorbance of blank tube)/(absorbance of standard tube – absorbance of blank tube) × standard concentration (3 mmol/L) × dilution ratio of sample.



Detection of Reactive Oxygen Species (ROS) in Cells

The detection of ROS in BMMSC-CM and GCMSC-CM was conducted according to the instructions of the Reactive Oxygen Species Assay Kit (Beyotime, Shanghai, China). Briefly, DCFH-DA was diluted to 10 μM in a serum-free medium. The cell culture medium was removed and DCFH-DA was added. The cells were incubated for 20 min at 37°C in a cell incubator. The cells were washed three times with serum-free cell culture medium to remove DCFH-DA. The cells were observed by fluorescence microscopy at 488 nm.



Cell Activity Measurements

The cells treated with DMEM containing 2% serum or 200 μM H2O2 were collected. A cell suspension was prepared, which was mixed with a 0.4% Trypan Blue solution at a 9:1 ratio. Live and dead cells were counted within 3 min. Notably, the dead cells were distinctly stained blue, while the living cells were colorless and transparent. Statistical cell vitality was determined according to the following formula: Live cell rate (%) = total live cells/ (total live cells + total dead cells) × 100%.



Gene Knockdown Using siRNA

G6PD siRNA (50 nM) (5′-TCTCAGAGGTGCAGGCCAA3′), HK2-1 siRNA (50 nM) sense (5′-CCAAGUGCAGAAGGUUGACCAGUAU-3′) antisense (5′-CCACAACUGUGAGAUUGGUCUCAUU-3′), HK2-2 siRNA (50 nM) sense (5′-GAGAAUCAGAUCUAUGCCATT-3′) antisense (5′-UGGCAUAGAUCUGAUUCUCTT-3′), and negative control (NC) (50 nM) were purchased from Guangzhou RiboBio, China. The siRNA was transfected into MGC-803, HGC-27 and GCMSCs using Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, Inc., USA) according to the manufacturer's instructions.



Statistical Analysis

The data analysis was performed using the GraphPad Prism 6 software. Differences between groups were analyzed using one-way analysis of variance. The tumor growth in vivo was evaluated by the Kruskal-Wallis H test. A P-value < 0.05 was considered to be statistically significant.




RESULTS


HK2 Expression Is Required for Gastric Cancer Progression and GCMSCs Promote the Expression of HK2 in Gastric Cancer Cells

To investigate the role of HK2 expression in gastric cancer cells, we first evaluated the stomach tissue data from The Cancer Genome Atlas (TCGA) database (https://www.cancer.gov/). It was found that the expression of HK2 in primary solid tumors was considerably higher than that in the normal solid tissues (Figure 1A). Inhibition of HK2 expression in HGC-27 and MGC-803 cells effectively reduced cell proliferation and migration (Figures 1B,C and Supplementary Figures 1A,B). Thus, these results indicated that HK2 played an important role in gastric cancer progression. We therefore hypothesized that GCMSCs functioned as regulators of the tumor metabolism in the tumor microenvironment. To investigate whether GCMSCs affect the metabolism on gastric cancer, GCMSCs and BMMSCs was isolated and identified. FCM analysis displayed that GCMSCs and BMMSCs were positive expression of CD90, CD29, and CD105; Nevertheless, negative expression of CD45, CD19, and CD34 (Supplementary Figures 2A,B). The expression of HK2 increased in HGC-27 and MGC-803 cells treated with BMMSC-CM or GCMSC-CM (Figures 1D,E and Supplementary Figures 1C,D). In addition, the glucose absorption and lactate production in the HGC-27 and MGC-803 cells increased following treatment with BMMSC-CM or GCMSC-CM (Figures 1F,G and Supplementary Figures 1E,F). These outcomes suggested that HK2 played an important role in the development of gastric cancer and GCMSCs could promote glycolysis in gastric cancer cells.
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FIGURE 1. GCMSCs promote glycolysis by upregulation of HK2 in gastric cancer cells. (A) Expression of HK2 in non-tumor tissues and gastric cancer tissues analyzed using TCGA database (the number of non-tumor tissues was 32 and the number of gastric cancer tissues was 375). (B) Proliferation of HGC-27 cells transfected with siHK2 or negative control (NC) was detected by CCK-8 assays. (C) Migration of HGC-27 cells transfected with siHK2 or NC was detected utilizing a Transwell assay (scale bar: 50 μm). (D) Immunoblotting of HK2 expression in HGC-27 cells treated with BMMSC-CM or GCMSC-CM for 48h. (E) Quantitative statistics of HK2 expression in different groups. (F) Glucose uptake in HGC-27 cells treated with BMMSC-CM or GCMSC-CM for 48 h. (G) Lactate production in HGC-27 cells treated with BMMSC-CM or GCMSC-CM for 48 h (n = 3; *P < 0.05; **P < 0.01; ***P < 0.001).




GCMSCs Promotes Tumor Proliferation, Migration, and Glucose Metabolism by Upregulating HK2 in vitro

To further investigate the effect of HK2 induced by GCMSCs on gastric cancer cell proliferation, migration, and glucose metabolism, we analyzed the tumor cell processes. The expression of HK2 was decreased in HK2 deficient HGC-27 and MGC-803 cells (Figure 2A and Supplementary Figures 3A,B). HK2 deficiency also effectively inhibited the promoting effect of GCMSCs on the glucose uptake and lactate production of the tumor cells (Figures 2B,C and Supplementary Figures 3C,D). The results of the HK2 deficiency study demonstrated that HK2 played an important role in tumor cell proliferation promoted by GCMSCs (Figure 2D and Supplementary Figure 3E). Furthermore, inhibiting the expression of HK2 in HGC-27 and MGC-803 cells decreased tumor migration induced by GCMSCs (Figures 2E–H and Supplementary Figures 3F,G). These outcomes indicated that GCMSCs could regulate the proliferation, migration, and metabolism of gastric cancer cells by upregulating HK2 in vitro.
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FIGURE 2. GCMSCs facilitate glucose metabolism, proliferation, and migration of gastric cancer cells by regulating HK2. (A) Immunoblotting of the HK2 expression in HGC-27 and MGC-803 cells treated with the indicated reagent following transfection with siHK2-1 or NC (down). Quantitative statistics of the HK2 expression in different groups (up). (B) Glucose uptake in HGC-27 and MGC-803 cells treated with the indicated reagent following transfection with siHK2-1 or NC. (C) Lactate production in HGC-27 and MGC-803 cells treated with the indicated reagent following transfection with siHK2-1 or NC. (D) Proliferation of HGC-27 and MGC-803 cells treated with the indicated reagent following transfection with siHK2-1 or NC detected by CCK-8. (E) Migration of HGC-27 cells treated with the indicated reagent following transfection with siHK2-1 or NC detected using the Transwell assay. (F) Quantitative statistics of the HGC-27 cell migration in different groups. (G) Migration of MGC-803 cells treated with the indicated reagent following transfection with siHK2-1 or NC detected using the Transwell assay. (H) Quantitative statistics of the MGC-803 cell migration in different groups. (n = 3; *P < 0.05; **P < 0.01; ***P < 0.001).




GCMSCs-Derived HGF Promotes HK2 Expression in Gastric Cancer Cells

Previous studies have shown that the expression of HK2 in tumor cells is regulated by c-Myc. Moreover, the data obtained from the cBioPortal database (http://www.cbioportal.org/) revealed that the expression of MYC in gastric cancer cells correlated with the expression of MET (Table 1) (28, 29). The conducted ELISA analysis confirmed that the expression of HGF in GCMSCs was higher than that in BMMSCs (Figure 3A). Hence, we hypothesized that GCMSCs could upregulate the expression of HK2 in gastric cancer cells by secreting HGF. In addition, it was determined that SGX-523, a MET phosphorylation inhibitor, could effectively inhibit the phosphorylation of MET signaling in tumor cells (Figures 3B,C). Inhibiting the HGF signal in the HGC-27 and MGC-803 cells resulted in a decrease in the upregulation of the HK2 and c-Myc expression by GCMSCs. Concurrently, JQ1 inhibited the expression of c-Myc in tumor cells. On the other hand, GCMSCs failed to upregulate the expression of HK2 in the MGC-803 (Figures 3D,E) and HGC-27 cells (Figures 3F,G) following treatment with JQ1. These results implied that HGF derived from GCMSCs promoted the HK2 expression by upregulating c-Myc in gastric cancer cells.


Table 1. The trendency of MET, HK2, and MYC expression in gastric cancer tissues.
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FIGURE 3. GCMSCs-derived HGF promotes HK2 expression by regulating c-Myc. (A) ELISA analysis of the HGF expression in BMMSC-CM and GCMSC-CM. (B) Immunoblotting of p-MET, total MET in MGC-803 cells treated with GCMSC-CM or GCMSC-CM+SGX-523 (4 nM) for 30 min. (C) Immunoblotting of p-MET, total MET in HGC-27 cells treated with GCMSC-CM or GCMSC-CM+SGX-523 (4 nM) for 30 min. (D) Immunoblotting of HK2 and c-Myc in MGC-803 cells treated with GCMSC-CM, GCMSC-CM+SGX-523 (4 nM), or GCMSC-CM+JQ1 (0.8 μM) for 48 h. (E) Quantitative statistics of the c-Myc and HK2 expression in MGC-803 cells. (F) Immunoblotting of HK2 and c-Myc in HGC-27 cells treated with GCMSC-CM, GCMSC-CM+SGX-523 (4 nM), or GCMSC-CM+JQ1 (0.8 μM) for 48 h. (G) Quantitative statistics of the c-Myc and HK2 expression in HGC-27 cells (n = 3; *P < 0.05; **P < 0.01; ***P < 0.001).




The Expression of G6PD Maintains the Survival of MSCs and Promotes the Production of HGF in MSCs

When BMMSCs and GCMSCs were cultured in vitro, the growth state of the latter was comparatively better. Hence, we detected the key enzymes participating in the glycolysis and pentose phosphate pathways (PPP) in both kinds of MSCs. The results demonstrated that the expression of G6PD, a key enzyme in PPP, was higher in GCMSCs than in BMMSCs. However, the expression of the key glycolytic enzymes was comparable in both types of MSCs (Figure 4A). The PPP has the function of scavenging intracellular ROS. Thus, we used a ROS fluorescence probe to detect such species in BMMSCs and GCMSCs (Figure 4B). It was found that BMMSCs exhibited higher ROS levels than GCMSCs. After inhibiting the expression of G6PD in GCMSCs, the level of ROS in the cells increased (Figure 4C). Furthermore, serum deprivation or H2O2 were used to detect the resistance of GCMSCs with different G6PD levels to extracellular adverse stimulation. Inhibition of G6PD in GCMSCs led to decreased resistance to extracellular adverse stimuli (Figures 4D,E). To further investigate whether G6PD affects GCMSCs proliferation, we performed a cell proliferation assay in G6PD-silenced GCMSCs. Inhibition of G6PD expression in GCMSCs effectively reduced cell proliferation (Figure 4F). In addition, protein microarray results revealed that BMMSCs and GCMSCs differed in cytokine production, particularly HGF. It was determined that the expression of G6PD regulate the production of HGF in GCMSCs (Figure 4G). We then confirmed that the activation of the NF-κB signaling could be regulated by G6PD (Figure 4H). Moreover, NF-κB signaling regulated the HGF production in GCMSCs (Figures 4I,J). Subsequently, the production of HGF in G6PD-knockdown GCMSCs was assessed. It was found that a reduction in the G6PD expression resulted in a significant decrease in the production of HGF (Figures 4K,L). These results suggested that G6PD promoted the production of HGF by regulating the NF-κB signaling in GCMSCs.
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FIGURE 4. The expression of G6PD in MSCs promotes the growth of MSCs and the production of HGF. (A) Immunoblotting of the HK2, PKM2, LDH, and G6PD expression in BMMSCs and GCMSCs. (B) ROS levels in BMMSCs and GCMSCs were detected using the ROS assay kit. (C) ROS level in BMMSCs, GCMSCs, and GCMSCs transfected with siG6PD was detected using the ROS assay kit. (D,E) Cell viability assay of GCMSCs treated with DMEM containing 2% serum (D) or 200 μM H2O2 (E) following transfection with siG6PD or NC for 48 h. (F) Proliferation of GCMSCs transfected with siG6PD or negative control (NC) was detected by CCK-8 assays. (G) Immunoblotting of the G6PD and HGF expression in BMMSCs, GCMSCs, and GCMSCs transfected with siG6PD. (H) Immunoblotting of p-NF-κB, total NF-κB, and G6PD in BMMSCS, GCMSCs, and GCMSCs transfected with siG6PD. (I) Immunoblotting of p-NF-κB, total NF-κB, and HGF in GCMSCs treated with BAY 11-7082 (5 nM) and untreated GCMSCs. (J) Quantitative statistics of the p-NF-κB and HGF expression in different groups. (K) Immunoblotting of p-NF-κB, total NF-κB, supernatant (SNT) HGF, and HGF in GCMSCs (CLB) transfected with siG6PD and GCMSCs not transfected with siG6PD. (L) Quantitative statistics of the G6PD, p-NF-κB, and HGF expression in different groups (n = 3; *P < 0.05; **P < 0.01; ***P < 0.001).




Blocking GCMSCs-Derived HGF Decreased Tumor Proliferation and Metastasis in vivo

To further confirm that GCMSCs-derived HGF promoted tumor progression by upregulating HK2 in gastric cancer cells, we constructed a mouse tumor model. It was determined that a HGF neutralizing antibody could effectively inhibit the upregulation of HK2 expression by GCMSCs-derived HGF in vitro (Figure 5A). GCMSCs effectively promoted tumor proliferation. Conversely, inhibition of GCMSCs-derived HGF signaling reduced the promoting function in vivo (Figures 5B,C). Concurrently, we also assessed the expression of HK2 and c-Myc in the tumor tissues using western blots (Figures 5D–F) or immunohistochemical analysis (Figures 5J,K). The expression of HK2 and c-Myc increased following GCMSC-CM treatment. Moreover, when HGF signaling derived from GCMSCs was blocked, the expression of HK2 and c-Myc decreased. Hence, GCMSCs-derived HGF promoted tumor proliferation by upregulating c-Myc-HK2 in vivo. To confirm that GCMSCs-derived HGF could regulate tumor metastasis by upregulating HK2, we first investigated whether a HGF neutralizing antibody could inhibit the upregulation of HK2 expression by GCMSCs-derived HGF in HGC-27 cells in vitro (Figure 5G). Subsequently, a tumor model was constructed in mouse peritoneal cavity. The results implied that GCMSCs-derived HGF promoted abdominal tumor metastasis to the liver and inhibition of HGF signaling effectively reduced the promoting effects of GCMSCs in vivo (Figures 5H,I). The immunohistochemical analysis outcomes demonstrated that HGF derived from GCMSCs upregulated Vimentin and downregulated E-cadherin in gastric cancer tissues (Figures 5J,L). Previous studies showed that HGF plays a role in promoting tumor angiogenesis. In addition, it has been reported that endothelial growth can be promoted by upregulating the expression of c-Myc and HK2. Accordingly, the immunohistochemical evaluation revealed that HGF derived from GCMSCs promoted tumor angiogenesis (Supplementary Figures 4A,B). Overall, the data obtained herein indicated that GCMSCs-derived HGF promoted gastric cancer progression by upregulating HK2 in vivo.
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FIGURE 5. GCMSCs-derived HGF promotes proliferation, metastasis, and angiogenesis of gastric cancer cells in vivo. (A) Immunoblotting of the HK2 and c-Myc expression in MGC-803 cells treated with the indicated reagent for 48 h in vitro. (B,C) Growth curves (B) and tumor weights at day 28 (C) of mice injected subcutaneously with MGC-803 cells treated with the indicated reagent. Volumes of visible tumors were measured every 2 days (n = 5). (D) Immunoblotting of the c-Myc and HK2 expression in tumor tissues. (E) Quantitative statistics of the c-Myc expression in different groups of tumor tissues. (F) Quantitative statistics of the HK2 expression in different groups of tumor tissues. (G) Immunoblotting of the HK2 and c-Myc expression in HGC-27 cells treated with the indicated reagent for 48 h in vitro. (H) Images of the liver from mice intraperitoneally injected with HGC-27 cells treated with the indicated reagent. (I) Quantitative statistics of liver metastases in different groups. (J) Immunohistochemistry of c-Myc, HK2, Ki67, E-cadherin, and Vimentin in mice tumor tissues (scale bar: 50 μm). (K,L) Quantification of (J) (*P < 0.05; **P < 0.01; ***P < 0.001).





DISCUSSION

In a tumor microenvironment, cells have the ability to reprogram chemotactic non-tumor cells. Reprogramming of lipid metabolism in cancer-associated fibroblasts (CAF) promotes the migration of colorectal cancer cells. Furthermore, increased expression of fatty acid synthase (FASN) in CAFs promotes lipid metabolism. It has been shown that colorectal cancer cells exhibit increased migration by taking up lipid metabolites secreted by CAFs (30). In addition to regulating glucose metabolism, G6PD also controls cell signal transduction. Moreover, the enzyme regulates the intracellular ROS content by controlling NADPH production. It has been shown that the activity of STAT3 is also affected by G6PD and NADPH (31). On the other hand, the activation and inhibition of NF-κB signaling is regulated by H2O2 and depends on the cytosolic and nuclear content of this species (32). In the present study, we found that the production of HGF by GCMSCs increased as a result of G6PD-NF-κB signaling. Previous investigations demonstrated that the expression of G6PD in tumor cells contributed to resistance to various chemotherapeutic agents, including oxaliplatin (13). However, regulation of chemotherapy resistance by G6PD expression in GCMSCs requires further assessment.

The majority of cancer cells alter their metabolism via metabolic reprogramming (33). Increased glycolysis is a particularly important feature of the metabolic reprogramming in cancer cells (34). HGF secreted in a paracrine manner by tumor microenvironment-localized stroma cell and not by the tumor cells themselves has been shown to promote tumor proliferation, metastasis, and therapeutic resistance (35, 36). On the other hand, blocking the HGF/c-MET signaling induces cell cycle arrest, DNA damage, and apoptosis (37). It is known that HGF facilitates metabolic reprogramming by regulating the Warburg effect and glutaminolysis in liver cancer cells (38). In a NSCLC model, inhibition of Met resulted in downregulation of HK2, which is important for the initiation of glycolysis (36). Our results demonstrated GCMSCs-derived HGF reprogramed glucose metabolism of gastric cancer cells by regulating HK2. GCMSCs produce a variety of cytokines, which can upregulate c-Myc. Hence, blocking GCMSCs-derived HGF alone cannot completely reduce the upregulation of HK2-c-Myc. Inhibition of the HK2 expression could effectively inhibit the glucose uptake, lactate production, proliferation, and migration of gastric cancer cell lines. In addition, blocking GCMSCs-derived HGF could decrease tumor proliferation and metastasis in vivo. Injecting tumor cells through the tail vein is the classic method used to detect tumor metastasis. The metabolic reprogramming of tumor cells induced by GCMSCs requires continuous stimulation (26). Hence, tumor cells injected intraperitoneally were selected to provide sustained cell signaling from GCMSCs.

Inhibition of HK2 expression in tumor cells effectively depressed the development of tumor cells. These results were previously confirmed in several experimental studies (39, 40). However, when analyzing the survival curve (the data from Kaplan Meier-plotter) for gastric cancer patients, it was found that the patients exhibiting high HK2 expression had a longer survival time than those with low HK2 expression. When analyzing the survival curve (the data from TCGA) for gastric cancer patients, it was found that the expression of HK2 in tumor tissues had no effect on survival (Supplementary Figures 5A,B). Moreover, among patients receiving 5-FU treatment, the survival rate was lower when the expression of HK2 was high (Supplementary Figure 5C). Conversely, the survival rate was higher when the HK2 expression was low. The results of the clinical studies and basic experimental investigations were inconsistent; therefore, further evaluation is needed to elucidate the differences. Even though many targeted drugs for the treatment of gastric cancer have been developed, 5-FU remains an important chemotherapeutic agent. By analyzing patient survival curves, the expression of HK2 in cancer tissues may become an indicator for 5-FU treatment in gastric cancer chemotherapy. The effects of tumor stromal cells on 5-FU in the treatment of gastric cancer remain unexplored. Tumor stromal cells play an important role in the occurrence and development of tumors. In addition, in the process of tumor therapy, clinicians should not always focus on finding the target of the tumor itself. Importantly, inhibiting of tumor development by blocking GCMSCs-derived HGF may become a new target for the treatment of gastric cancer.



CONCLUSION

In conclusion, our findings demonstrate that the expression of G6PD activated NF-κB signaling and stimulated the production of HGF in GCMSCs. HGF derived from GCMSCs promoted glycolysis, proliferation, and metastasis of gastric cancer by upregulating c-Myc-HK2 signal. Blocking GCMSCs-derived HGF decreased the progression of gastric cancer in vivo.
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Background

Gastric cancer (GC) is a highly heterogeneous disease. In recent years, the prognostic value of the mRNA expression-based stemness index (mRNAsi) across cancers has been reported. We intended to identify stemness index-associated genes (SI-genes) for clinical characteristic, gene mutation status, immune response, and tumor microenvironment evaluation as well as risk stratification and survival prediction.



Methods

The correlations between the mRNAsi and GC prognosis, clinical characteristics, gene mutation status, immune cell infiltration and tumor microenvironment were evaluated. Weighted gene correlation network analysis (WGCNA) was performed to identify SI-genes from differentially expressed genes (DEGs) in The Cancer Genome Atlas (TCGA). Single-sample gene set enrichment analysis (ssGSEA) was employed to calculate the sample SI-gene-based ssGSEA score according to the SI-genes. Then, the correlations between the ssGSEA score and GC prognosis, clinical characteristics, gene mutation status, immune cell infiltration and tumor microenvironment were analyzed. Finally, the least absolute shrinkage and selection operator (LASSO) Cox regression algorithm was used to construct a prognostic signature with prognostic SI-genes. The ssGSEA score and prognostic signature were validated using the Gene Expression Omnibus (GEO) database.



Results

The mRNAsi could predict overall survival (OS), clinical characteristics, the gene mutation status, immune cell infiltration, and the tumor microenvironment composition. Fourteen positive SI-genes and 178 negative SI-genes were screened out using WGCNA. The ssGSEA score, similar to the mRNAsi, was found to be closely related to OS, clinical characteristics, the gene mutation status, immune cell infiltration, and the tumor microenvironment composition. Finally, a prognostic signature based on 18 prognostic SI-genes was verified to more accurately predict GC 1-year, 3-year, and 5-year OS than traditional clinical prediction models.



Conclusion

The ssGSEA score and prognostic signature based on 18 prognostic SI-genes are of great value for immune response evaluation, risk stratification and survival prediction in GC and suggest that stemness features are crucial drivers of GC progression.





Keywords: gastric cancer, stemness index, prognostic signature, tumor microenvironment, immune response



Introduction

Gastric cancer (GC) was ranked fifth in incidence among all cancers and third in cancer-related deaths in 2018. With the eradication of Helicobacter pylori, the incidence and mortality of GC have decreased in recent years (1, 2). However, according to an epidemiological survey conducted in 2018, there are still 1,033,701 new cases of GC and 782,685 GC-related deaths every year worldwide (3). The high incidence and mortality of GC place a substantial burden on the social economy, especially in Asian countries, such as South Korea, Japan, and China. The majority of patients are already at an advanced stage at the time of diagnosis, such as those in China, which causes the mortality rate of GC in most parts of the world to remain above 75% (4). Therefore, accurate prognostic evaluation, postoperative follow-up, and timely intervention are of utmost importance. At present, histopathological classification is commonly used clinically to predict the outcomes of GC patients. However, studies have shown that the impact of grade on prognosis varies greatly depending on the tumor site and patient age (5). The same types of tumors also have great variability due to their cytological features and architecture, resulting in different histological classifications (6). In addition, the International Union Against Cancer classification, Ming classification, Borrmann classification, and Laurén classification have all been proposed (7). These histopathological classification systems predict the prognosis of GC at the level of pathological features, but it is often difficult to accurately predict patient outcomes. We know that the occurrence and development of GC are the result of the accumulation of multiple molecular changes. Only a thorough understanding of the mechanism of cancer can better predict terminal events and guide clinical treatment. Therefore, the development of novel molecular biomarkers for GC genetic classification is urgently needed.

Tumor growth is maintained by extremely limited self-renewing stem cells. These cancer stem cells (CSCs) are generally in a dormant state but are easily activated after radiotherapy or chemotherapy to promote tumor invasion and metastasis (8). The activation of CSCs is also an important cause of chemotherapy resistance (9). Vermeulen et al. used a cancer stem cell model in 2012 to explain the mechanism of tumor metastasis and drug resistance in detail (10). GC stem cells were first isolated in 2007 to study the interaction mechanism between Helicobacter pylori and tumor cells, and a Helicobacter pylori culture that upregulated the expression of telomerase in GC stem cells was discovered (11). In the past 10 years, research on GC stem cells has discovered many possible signaling pathways (12) and potential stem cell biomarkers (13, 14), prompting us to conclude that stem cells have a profound impact on the prognosis of GC patients. In recent years, stemness indices have been calculated to indirectly describe stemness features. The degree of oncogenic dedifferentiation was evaluated by Malta et al. (15) using a machine learning algorithm to calculate stemness indices for pluripotent stem cell samples. Studies have shown that the mRNA expression-based stemness index (mRNAsi) is closely related to the prognosis of GC, which provides new insights for predicting GC tumor outcomes, recurrence, and metastasis. The slight shortcoming of that study was that it aimed to evaluate the correlation between the mRNAsi and pan-cancer data. Pluripotent stem cell samples were used to evaluate the mRNAsi values of GC; however, this complicated method is not suitable for clinical application. Hence, based on this research, we used bioinformatic algorithms to focus on the prognostic value of the GC mRNAsi and stemness index-associated genes (SI-genes) that affect mRNAsi values, and single-sample gene set enrichment analysis (ssGSEA) and a logistic regression risk prediction model were employed to explore a novel stemness index-associated signature to accurately predict the prognosis and tumor stratification of GC.



Materials and Methods


Data Sources and Processing

The RNA-seq profile of 375 patients with GC and their clinical information were downloaded from The Cancer Genome Atlas (TCGA) website (https://portal.gdc.cancer.gov/). The GTF annotation file was downloaded from the Ensembl Genome Browser (http://asia.ensembl.org/index.html) to convert the Ensembl gene ID into the gene symbol and extract the mRNA profile. Two microarray cohorts, GSE66229 and GSE15459, were enrolled in our study. The expression profile and clinical information of the microarray cohorts were acquired from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). Then, the ComBat method was used to remove batch effects by the R package “sva”. The TCGA-STAD somatic mutation data were obtained from the TCGA website. The mutation status was identified and visualized using the R package “maftools”. The tumor mutational burden (TMB) was defined as the total number of mutations per megabase in tumor tissue, including base substitutions, deletions, insertions, and coding errors, which were extracted and estimated by Perl scripts (Supplementary Table 1). In addition, PD-L1 protein expression data for GC (level 3) was obtained from The Cancer Proteome Atlas (TCAP) (https://tcpaportal.org/tcpa/index.html). Finally, the mRNAsi of GC was provided by Malta et al. (15) using a one-class logistic regression machine learning algorithm, which was obtained from the NIH Genomic Data Commons (https://gdc.cancer.gov/about-data/publications/PanCanStemness-2018). The TCGA cohort was set as the training group for this study, and the GSE66229 and GSE15459 datasets were set as the validation cohorts.



Immune Cell Infiltration and the Tumor Microenvironment Score

Tumor IMmune Estimation Resource (TIMER) (http://timer.cistrome.org/) is a web server for comprehensive analysis of tumor-infiltrating immune cells. TIMER (16), CIBERSORT (17), and EPIC (18) methods were employed to evaluate infiltrating macrophage, M2 macrophage, and cancer-associated fibroblast (CAF) abundances based on a GC mRNA expression profile. The tumor microenvironment score of each sample, including the stromal score, immune score, ESTIMATE score, and tumor purity, was calculated by the package “estimate” in R according to the GC mRNA expression profile.



Weighted Gene Correlation Network Analysis

WGCNA aims to identify coexpressed gene modules and explore the relationships between gene networks and a phenotype of interest, as well as investigate the core genes in a network. Before performing WGCNA, we used the “limma” R package to screen differentially expressed genes (DEGs) in GC between tumor tissue and normal tissue in the TCGA cohort. The filter conditions were | logFC |>1 and adj. PValue<0.05. The WGCNA was conducted with the “WGCNA” package. First, the correlation coefficient between any two genes was calculated, and the weighted value of the correlation coefficient was used to make the connections among the genes in the network obey scale-free networks. Then, a hierarchical clustering tree was constructed from the correlation coefficients between genes. Different branches of the clustering tree represent different gene modules, and different colors represent different modules. Next, module significance (MS) was calculated and used to measure the correlations of an mRNAsi value with the different modules and record the genes in each module. The genes in each module were considered module eigengenes (MEs). The correlations between an mRNAsi value and genes were measured by gene significance (GS). Module membership (MM) was defined as the correlation between a DEG expression profile and the module genes. In addition to the mRNAsi, the epigenetically regulated mRNAsi (EREG-mRNAsi) was also selected as the clinical phenotype. The module with the minimum MS value was regarded as the negative module, and the module with the maximum MS value was regarded as the positive module. After selecting the module of interest based on the MS value, SI-genes were screened according to the previously reported standard (19): GS value>0.5 and MM value> 0.8. The SI-genes in the negative module were used as negative SI-genes, and the SI-genes in the positive module were used as positive SI-genes. Module-trait relationships were estimated using Pearson’s correlation analysis between the module eigengene and the values of the mRNAsi and EREG-mRNAsi, which allowed easy identification of the mRNAsi values highly correlated with the expression set.



Gene Set Enrichment Analysis

The possible signaling pathways involved in GC progression were explored using GSEA performed with GSEA software. mRNAsi values were used as the phenotype, and “hallmark gene sets” were downloaded from the Molecular Signatures Database (MSigDB, v7.2) (http://software.broadinstitute.org/gsea/msigdb/). Pathways were considered statistically significant with an FDR < 0.25.

Positive and negative SI-genes were previously identified through WGCNA. Then, ssGSEA was applied to calculate a sample SI-gene-based ssGSEA score with the R package “GSVA”, and the SI-gene-based ssGSEA score of each sample was equal to the positive SI-gene-based ssGSEA score minus the negative SI-gene-based ssGSEA score.



Construction of a Prognostic Signature

Genes that were highly correlated with prognosis and crucial were identified by univariate Cox regression analysis, and a forest plot was drawn using the “survival” package. The least absolute shrinkage and selection operator (LASSO) Cox regression algorithm was used to select prognostic SI-genes and calculate variable coefficients with the “glmnet” package. Then, we calculated the riskScore of each sample according to the following formula:

	

where coef is equal to the gene coefficient, and X represents the gene expression level. The median value of the riskScore for all samples in the TCGA cohort was taken as the cut-off value. According to the cut-off value, the samples in the training and validation cohorts were divided into high- and low-risk groups.



Prognostic Value of the Prognostic Signature

Kaplan-Meier survival analysis was applied to compare the overall survival (OS) of GC patients in the high- and low-risk groups. Receiver operating characteristic (ROC) curve analysis was performed to detect the sensitivity and specificity of the riskScore in predicting OS. Univariate and multivariate Cox regression analyses were applied to evaluate whether clinical characteristics and the riskScore are risk factors for the prognosis of GC and to calculate the hazard ratio (HR) with the R package “survival”. A nomogram was plotted to predict the of 1-, 3-, and 5-year OS GC patients by the R package “regplot”. A calibration curve was drawn to compare the difference between the predicted survival probability and observed survival probability using the “rms” and “foreign” packages. The concordance index (C-index) calculated with the “rms” package was used to reflect the ratio of the predicted result to the actual result. Decision curve analysis (DCA) (20) was performed to describe the potential clinical impact of the prognostic signature and compare it with the benefit rate of a single indicator. On this basis, a clinical impact curve (CIC) was drawn by the R package “rmda” to predict risk stratification. The net reclassification index (NRI) (21) was calculated with the “nricens” package to compare the predictive capabilities of the new model and old models. Integrated discrimination improvement (IDI) was evaluated to examine the overall improvement represented by the new model compared to an old model using the R package “PredictABEL”.



Statistical Analysis

The Wilcoxon test was used to compare differences between two groups of nonnormally distributed data. A two-tailed unpaired Student’s t test was used to compare differences between two groups of normally distributed data. Differences between rates were tested by the chi-square test or Fisher’s exact test (n>40 for the chi-square test, and n ≤ 40 for Fisher’s exact test). Kaplan-Meier curve analysis was performed to compare differences in prognosis between two groups of patients. Pearson’s correlation analysis was performed to compare correlations between two sets of data and calculate the correlation coefficient. R software (version 3.6.3), SPSS 22.0, and Prism 8 were used for statistical analysis and graphing. P<0.05 was considered statistically significant.




Results


Data Processing

This study procedure was conducted methodically based on the steps outlined in the flow diagram (Figure 1). To make the results of this study sufficiently reliable, a TCGA dataset was categorized as a training cohort, GSE66229 (n = 300) and GSE15459 (n = 200) were categorized as validation cohorts, and the corresponding clinicopathological characteristics were extracted (Table 1). The training cohort included 32 normal tissue samples and 375 tumor tissue samples. Transcriptome profiling was standardized using the “limma” package. Next, we used Perl software to select an mRNA expression microarray from the transcriptome profiling. At the same time, the mRNAsi corresponding to the tumor tissue samples was extracted from pan-cancer mRNAsi datasets (Supplementary Table 2).




Figure 1 | Flow diagram presenting the main plan and process of the study.




Table 1 | Clinicopathological characteristics of GC patients from the TCGA and GEO cohorts.





Predicting Outcomes and Clinical Characteristics Using the mRNAsi

First, a Kaplan-Meier curve was plotted to observe the effect of mRNAsi values on the prognosis of GC patients. Patients with higher mRNAsi values had prolonged OS (P=0.007) and disease-free survival (DFS) (P=0.025) (Figure 2A). These results were consistent with the results of Malta et al. (15) (OS: P<0.05, HR<1; DFS: P<0.05, HR<1). In addition, this study further found that mRNAsi values affected progression-free survival (PFS: P=0.0003, HR<1) and disease-specific survival (DSS) (P=0.0014, HR<1) (Figure 2A). Microsatellite instability (MSI) is an important indicator that affects the response to chemotherapy and prognosis of GC. A large-sample multi-center meta-analysis reported that patients with MSI are more likely to benefit from treatment than those with microsatellite stability (MSS) (22). There was also a close relationship between mRNAsi values and MSI, and mRNAsi values were higher in the MSI-H and MSI-L groups than in the MSS group (P<0.001) (Figure 2B). Groups with high mRNAsi values had a higher incidence of MSI and were able to achieve better chemotherapy responses and thus exhibited a better prognosis. This explanation was consistent with the previous meta-analysis. Then, we compared differences between mRNAsi values and clinicopathological characteristics. The mRNAsi values for the pathologic T2, T3, and T4 stages were significantly lower than those for the pathologic T1 stage (P<0.01). The same phenomenon was observed for the pathologic tumor stage. The mRNAsi values for the pathologic tumor stage II, III, and IV groups were significantly lower than those for the stage I group (P<0.05). However, the mRNAsi value distinction was not seen for different pathologic N or M stages (Figure 2C).




Figure 2 | Relationships between the mRNAsi and clinicopathological characteristics. (A) In the group with high mRNAsi values, the OS, DFS, PFS, and DSS of GC patients were better than those in the low mRNAsi value group. (B) Evaluation of mRNAsi values on the basis of MSS. (C) mRNAsi values were associated with clinical characteristics.





mRNAsi Evaluated in the Context of the Tumor Microenvironment

We found a strong association between the mRNAsi and a known tumor microenvironment composition. Tumor tissues with a relatively high mRNAsi often contained fewer immune and stromal components and the ESTIMATE score. However, in the high mRNAsi group, tumor purity was higher (Figure 3A). We also computed the correlations of tumor microenvironment compositions with the mRNAsi by Pearson’s correlation analysis. mRNAsi values showed obvious negative correlations with immune scores (P<0.0001, r=-0.3421), stromal scores (P<0.0001, r=-0.7561) and ESTIMATE scores (P<0.0001, r=-0.5980). For the mRNAsi, higher positive correlation values were seen with tumor purity (P<0.0001, r=0.5976) (Supplementary Figure 1A).




Figure 3 | Relationships between mRNAsi values and the mutation status or tumor microenvironment. (A) Higher mRNAsi values corresponded to a lower immune score, stromal score, and ESTIMATE score and higher tumor purity. (B, C) mRNAsi values were closely related to macrophages, CAFs (B) and their markers (C). (D) mRNAsi values were used to evaluate the efficacy of immunotherapy in GC. (E) The correlations between mRNAsi values and immune cell types (F–G) The top 10 mutant genes in GC (G) and their correlations with the mRNAsi are shown, *P<0.05; ***P<0.001; ****P<0.0001 (F). (H) The mRNAsi values in the high TMB group were significantly increased. (I) EMT signaling was significantly enriched during GC progression.



We further clarified the correlations between the mRNAsi and immune microenvironment variables in the context of the immune cell subtypes of tumors. Significantly increased macrophage and CAF infiltration was observed in GC samples with decreased mRNAsi values compared with those with increased mRNAsi values (Figure 3B). Additionally, to make the analysis more reliable, we tested the expression of the macrophage markers CD11B, F4/80 (23), CD206, and CD163. Among these markers, CD206 and CD163 are mainly M2 macrophage markers (24). The CAF markers FAP and α-SMA (25) were also examined. The results showed that the expression of these characteristic markers (Figure 3C) was also decreased in the high mRNAsi value group compared to the low mRNAsi value group. Anti-PD-L1 and anti-PD-1 antibodies are currently considered to be relatively good immunotherapeutic drugs, but there is no definite clinical method to predict therapeutic response. The expression of PD-L1 in tumors is considered to be a good indirect reflection of the therapeutic effect (26). We observed a significant positive correlation between PD-L1 protein expression and mRNAsi values (Figure 3D). PD-L1, CD11b, F4/80, CD 206, CD 163, FAP, and α-SMA expression levels were divided into high and low groups according to the median values. The correlations between mRNAsi values and immune cell types, which were classified based on the expression of PD-L1 and characteristic markers, were analyzed using the chi-square test. Increases in mRNAsi values were found to be associated with significantly depressed marker expression and increased PD-L1 expression (Figure 3E). The mRNAsi seemed to be better at distinguishing CAF subtypes than macrophage subtypes. Overall, our analysis indicates that mRNAsi values positively correlate with PD-L1 expression and negatively correlate with macrophages and CAFs. We know that macrophages, especially M2 macrophages (27), and CAFs (28, 29) play important roles in driving the progression of GC. By evaluating the numbers of these two types of cells, the outcome of GC can be better predicted. The above results suggest that mRNAsi values themselves can serve as a novel predictive biomarker of immunotherapy response.



Using the mRNAsi to Evaluate the Gene Mutation Status and Reveal a Tumor Signaling Pathway

First, based on the TCGA cohort, the top 10 mutated genes in GC and their mutation rates were obtained (Figure 3G). To evaluate whether the mRNAsi can be used as a predictor of the gene mutation status, we analyzed the correlations between somatic mutations in the top 10 mutated genes and the mRNAsi. Strong associations were found between the mRNAsi and the subtypes of mutations in the genes. The mRNAsi values of the mutant subtype group were significantly higher than those of the wild-type subtype group (P<0.05), so we could use mRNAsi values to indirectly predict the mutation status of genes (Figure 3F and Supplementary Figure 1B). Additionally, the sample TMB could be calculated according to the status of gene coding errors, substitutions, deletions, insertions, etc., which was used to describe the mutation density of a gene. Similar to the trend in the single-gene mutation status, the mRNAsi values of the high TMB group were also increased significantly (P<0.0001) (Figure 3H). The mRNAsi was effective in evaluating prognosis, immune cell infiltration and the gene mutation status. Finally, we used GSEA to explore the possible signaling pathways involved in the progression of GC according to mRNAsi values. In addition to remarkable enrichment of epithelial-mesenchymal transition (EMT), enrichment of the hedgehog signaling pathway, inflammatory response, and Kras signaling was also observed (Figure 3I). Previous studies have shown low epithelial subtype genomic integrity and high mesenchymal subtype genomic integrity, and mesenchymal subtypes exhibit low mutational rates and microsatellite stability (30). This study also compared whether the mRNAsi can distinguish key markers of EMT. The results showed that the expression of epithelial subtype markers was positively correlated with mRNAsi values but negatively correlated with mesenchymal subtypes (Supplementary Figure 1C). The results of this study were consistent with those of previous studies. In short, combined with the results of our previous analysis, low mRNAsi values were associated with EMT promotion, low mutation rates, microsatellite stability, and a poor prognosis, and these results were consistent with the results of Cheul Oh et al. (30).



Identification of Differentially Expressed Genes and Construction of Co-Expression Modules

The calculation of mRNAsi values cannot be practically applied in the clinic due to the high number of reference datasets used. Here, we used a variety of algorithms to gradually reduce dimensionality in the hope that key mRNAs would be found to establish a prediction model that was highly similar to the mRNAsi prediction model. First, the “limma” package was used to search for differentially expressed genes between normal tissue and tumor tissue. Under the threshold conditions of |logFC|>1 and adj. Pvalue<0.05, a total of 3099 mRNAs were selected. Based on the 3099 mRNAs and mRNAsi values, co-expression modules were constructed with the WGCNA algorithm to identify mRNAsi-related modules. The most critical parameter of the soft threshold power was set at 4 to assure integral connectivity of co-expression modules. Seven co-expression modules were constructed and displayed in different colors. Clustering dendrograms clustered genes in common gene expression patterns in the same color module (Figure 4A). Figure 4B shows that the blue and brown modules were positively correlated with the mRNAsi (MEblue: r = 0.76, P = 4e−65; MEbrown: r =0.18, P = 0.001). The green, yellow, red, turquoise, and gray modules were negatively correlated with the mRNAsi (MEgreen: r = -0.065, P=0.2; MEyellow: r =-0.57, P = 1e−30; MEred: r =-0.14, P= 0.008; ME turquoise: r =-0.77, P= 9e−69; MEgray: r =-0.023, P= 0.7) (Figure 4B and Supplementary Table 3). The genes in the blue module were regarded as positive SI-genes (n=14), and those in the turquoise module were negative SI-genes (n=178).




Figure 4 | Co-expression module construction. (A) Clustering dendrograms of genes. Genes with the same expression pattern were clustered in the same color. (B) Module-trait associations. Seven modules were significantly associated with the mRNAsi.





Verification of SI-Genes by Single-Sample Gene Set Enrichment Analysis

Here, ssGSEA was applied to estimate the score of each sample based on positive or negative genes. The SI-gene-based ssGSEA score of each sample was calculated as the positive gene score minus the negative gene score. Pearson’s correlation analysis was performed to verify whether ssGSEA scores were in agreement with mRNAsi values. The results showed a powerful correlation between ssGSEA scores and mRNAsi values (r=0.89, P<0.0001) (Figure 5A). Then, the value of ssGSEA scores in the prognostic evaluation of GC was verified. We noted that ssGSEA scores could predict the OS of GC accurately in the training cohort (Figure 5B). The same results were obtained in the validation cohorts (Figure 5B).




Figure 5 | ssGSEA scores were used to evaluate the prognosis and clinicopathological characteristics of GC. (A) The association between ssGSEA scores and mRNAsi values. (B) The survival time of the GC patients in the high ssGSEA score group was longer than that of those in the low ssGSEA score group in the training and validation cohorts. (C, D) Genes in the high ssGSEA score group were more susceptible to mutation than those in the low score group, *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 (C), and the TMB (D) was also higher in the high score group than in the low ssGSEA score group. (E) Evaluation of the ssGSEA score as a predictor the efficacy of anti-PD-L1 immunotherapy. (F) The ssGSEA score was a good predictor of MSI. (G) Assessment of infiltrating macrophage and CAF stratification by ssGSEA scores. (H) Assessment of tumor microenvironment components by ssGSEA scores.



The ssGSEA scores of the high TMB group were higher than those of the low TMB group, and the results were congruous with the prediction based on mRNAsi values (Figure 5D). The ssGSEA score could distinguish the mutation status very well, especially for the TP53 subtype, producing better results than the mRNAsi (Figure 5C). Then, we noticed that the association between ssGSEA scores and PD-L1 protein expression(Figure 5E) was higher than that between PD-L1 protein expression and mRNAsi values (Figure 3B), which suggested that ssGSEA scores could better evaluate the efficacy of immunotherapy. Next, by comparing the correlations between ssGSEA scores and MSI or MSS in the TCGA cohort, it was found that the ssGSEA scores in the MSS group were significantly lower than those in the MSI-H and MSI-L groups and that ssGSEA scores could clearly predict the MSI status of patients (Figure 5F). However, ssGSEA scores did not distinguish between MSI-H and MSI-L. In the process of evaluating EMT, we found that in the training and validation cohorts, the expression of epithelial markers in the high ssGSEA score group was increased, while that of mesenchymal markers was downregulated (Supplementary Figure 2A).

We tested the value of ssGSEA scores for predicting infiltrating macrophage and CAF abundances, which were low in the high ssGSEA score group compared to the low group (Figure 5G). Surface markers were also detected to support our conclusion (Supplementary Figure 2B). The results suggested that the ability of ssGSEA scores to evaluate the immune components of tumors was not lower than that of the mRNAsi. From the perspective of cell infiltration abundances and marker differences, it seemed that ssGSEA scores were more effective in evaluating CAFs than macrophages, and this phenomenon was also seen with the mRNAsi. Finally, high correlations between ssGSEA scores and tumor microenvironment components were observed (Figure 5H and Supplementary Figure 2C). In conclusion, the ssGSEA score we created based on SI-genes was equivalent to the mRNAsi in predicting the prognosis of GC and immune cell infiltration. Therefore, the screened SI-genes were potential prognostic markers identified through the WGCNA algorithm.



Construction of a Prognostic Signature

The abilities of positive SI-genes (n=14) and negative SI-genes (n=178) to predict GC outcomes and evaluate immune cell infiltration were indicated by the ssGSEA score. However, many of the included genes were still not convenient for clinical application. Here, we first performed univariate Cox analysis of 192 SI-genes and found that 25 SI-genes were statistically significant in the TCGA cohort (Supplementary Figure 3A). Then, the logistic Cox regression algorithm was used to select 18 SI-genes (NDN, ARHGAP10, FERMT2, KIF18B, CC2D2A, RERG, MSRB3, TCEAL7, MAP6, MAPK10, CNRIP1, PDLIM3, ROR2, JAM3, FBXL7, PDE2A, MFAP4, and MICU3) to construct a prognostic risk signature based on the minimum partial likelihood deviance (Figure 6A). The coefficient (Figure 6B) was multiplied by the expression of each gene, and their sum was considered the riskScore for each sample. According to the median value of the riskScore (cut-off=1.2776), which was used as the cut-off value, the TCGA cohort samples were divided into high- and low-risk groups. Next, the same coefficients and cut-off were applied to the GSE66229 and GSE15459 cohorts. The GSE66229 cohort was divided into 119 high-risk samples and 181 low-risk samples. The GSE15459 cohort was divided into 96 high-risk samples and 95 low-risk samples (nine samples were removed due to lack of follow-up information). We noticed that the proportion of deaths in the samples with a riskScore higher than the cut-off value was increased based on the distribution of the riskScore and survival status (Figures 6C, D). Finally, we analyzed the expression of the 18 genes included in the signature in the high- and low-risk groups, of which KIF18B was expressed at low levels in the high-risk group, while the other genes were all highly expressed (Figure 6E).




Figure 6 | Construction of a prognostic signature for GC. (A) Eighteen SI-genes were selected to construct the signature by the logistic Cox regression algorithm. (B) The coefficients of the 18 SI-genes. (C) The distribution of the riskScore and survival status of patients. (D) The overall mortality rates of GC patients in the TCGA, GSE66229, and GSE15459 cohorts. (E) The differential expression of the 18 SI-genes in the high- and low-risk groups.





The Prognostic Signature Is Related to Clinical Characteristics and the Immune Response

After the risk groups for the training and validation cohorts were selected based on the cut-off, the value of the riskScore for GC needed to be tested. First, Kaplan-Meier curve analysis was conducted to determine the difference in GC survival between the high- and low-risk groups. The results showed that the survival time of the high-risk group was significantly shorter than that of the low-risk group in the training and validation cohorts (Figure 7A). The 3- and 5-year AUCs were 0.725 and 0.726, respectively, in the training cohort. The 1- and 5-year AUCs were 0.702 and 0.702, respectively, in the GSE66229 cohort. In the GSE15459 cohort, the AUCs for 1, 3, and 5 years were 0.728, 0.709, and 0.730, respectively (Figure 7B). Univariate Cox regression analysis showed that the riskScore was an important risk factor for GC (HR>1, P<0.001) (Figure 7C). Additionally, using multivariate Cox analysis, the riskScore was found to be an independent prognostic factor for GC patient survival (HR>1, P<0.001) (Figure 7D). Both univariate and multivariate Cox regression analyses indicated that the HR value of the riskScore was greater than that of tumor stage, which showed that the riskScore was a better predictor of a poor prognosis in GC than was the tumor stage.




Figure 7 | The prognostic signature was related to clinical characteristics and immune cells. (A) The survival time of the high-risk group was significantly shorter than that of the low-risk group. (B) The ROC curve shows the diagnostic value of the riskScore for GC prognosis. (C, D) Univariate (C) and multivariate (D) Cox regression analyses suggested that the riskScore was an independent prognostic factor. (E) The negative correlation between the riskScore and mRNAsi. (F) There was no significant correlation between the riskScore and PD-L1 expression. (G) The high TMB group corresponded to a lower riskScore than the low TMB group. (H) Differences in the riskScore among MSS and MSI groups. (I) Assessment of immune cell infiltration abundance by the riskScore.



Subsequently, a negative correlation was observed between the riskScore and mRNAsi, but the correlation was much weaker than that between the mRNAsi and ssGSEA score (Figure 7E). Accordingly, the riskScore was found to be less valuable in predicting the efficacy of anti-PD-L1 immunotherapy (Figure 7F). However, the riskScore was a perfect predictor of the TMB, and the high TMB group had a lower riskScore than the low TMB group (Figure 7G). In addition, the riskScore was higher in MSS patients than in MSI-H patients, but there were no statistically significant differences between MSS and MSI-L patients (Figure 7H). Pearson’s analysis was performed to analyze the correlations between the riskScore and tumor microenvironment components, and the riskScore was found to be related to stromal components and tumor purity in the training and validation cohorts. However, there were no statistically significant differences in immune components found in the TCGA or GSE15459 cohort (Supplementary Figure 3B). Finally, we further explored the infiltration of immune cells in different risk groups. The infiltration abundances of macrophages, M2 macrophages, and CAFs in both the training and validation cohorts were higher in the high-risk group than in the low-risk group (Figure 7I and Supplementary Figure 3C). In short, the prognostic signature we developed had perfect predictive value for GC prognostic evaluation, immune cell infiltration, the TMB, and microsatellite instability, but its ability to predict PD-L1 blockade response was not as great as that of the ssGSEA score we established earlier.



Prognostic Value of the Eighteen SI-Gene-Based Signature

At present, the pathological characteristics of patients are commonly used in the clinic to roughly evaluate patient outcomes, but disappointingly, accurate prediction cannot be achieved. Here, the developed risk signature was used in combination with pathological characteristics to predict 1-, 3-, and 5-year OS. First, 1-, 3-, and 5-year OS rates were marked in a nomogram, which was established based on the riskScore and clinicopathological characteristics (Figure 8A). According to the nomogram, when the total score was 240, the 1-year OS rate was 74.3%, the 3-year OS rate was 39%, and the 5-year OS rate was 23.5%. The AUCs for the OS predictions for 1, 3, and 5 years were 0.702, 0.731, and 0.727, respectively, for the constructed nomogram in the training cohort. The predictive value of the nomogram was verified in the validation cohorts. In the GSE66229 cohort, the AUCs for the OS predictions for 1, 3, and 5 years were 0.894, 0.857, and 0.832, respectively. In the GSE15459 cohort, the AUCs for OS predictions for 1, 3, and 5 years were 0.779, 0.739, and 0.736, respectively (Figure 8B). The calibration curves for this nomogram showed that the predicted survival probabilities at 3 and 5 years were the same as the observed survival probabilities in the training and validation cohorts. Therefore, the established nomogram was relatively reliable in predicting the prognosis of GC (Figure 8C). The C-index was used to reflect the ratio of the predicted results to the actual results, which was used to evaluate the predictive ability of the model. The C-indexes of the nomogram for the TCGA, GSE66229, and GSE15459 cohorts were 0.742, 0.813, and 0.804, respectively (Figure 8D).




Figure 8 | Prognostic value of the established signature. (A) The nomogram of clinical characteristics and the riskScore. (B) ROC curve analysis for OS prediction by the nomogram in the training and validation cohorts. (C) Calibration curve of the nomogram for predicting the OS rates of GC patients in the training and validation cohorts. (D) The C-index was plotted to reflect the ratio of the predicted result to the actual result. (E) DCA was performed to describe the NB of evaluating the outcome. (F) CIC for the clinical characteristics-based risk model. Among 1,000 patients, the dark orange solid line shows the total number of patients considered high risk at each risk threshold. The dark turquoise dashed line shows how many of the high-risk patients would be positive. (G) CIC for the risk model based on clinical characteristics and the riskScore. (H) ROC curve analysis of OS predictions by the nomogram with or without inclusion of the riskScore. (I) The NRI evaluated the predictive power of old and new models. (J) IDI evaluated the overall improvement in the model after introducing the riskScore indicator.



Here, we focused on analyzing the role of the riskScore in the prognostic efficiency of the nomogram by using some evaluation indicators. DCA results were plotted to describe the net benefit (NB) of evaluating the outcome of GC patients using the riskScore, tumor stage, or a combination of all features. The NB of using the riskScore to predict GC outcomes was similar to that of using tumor stage in the training cohort. However, combining the riskScore with tumor stage, T stage, M stage, N stage, age, and sex significantly increased the NB when the threshold was approximately 0.1-0.7 (Figure 8E). On this basis, the CIC was drawn to show the proportion of true-positive patients using clinical characteristics and the riskScore. As shown in Figure 8F, when the risk threshold was 0.2, approximately 750 patients were classified as high risk by clinical characteristics. Only 280 patients were real outcome cases. However, when we included the riskScore in the model and plotted the CIC for the riskScore combined with clinical characteristics, we found that when the risk threshold was 0.2, approximately 650 patients were classified as high risk by the combined index, and only 250 patients were true outcome cases (Figure 8G). The results suggested that the riskScore could improve the prediction of clinical risk stratification for GC.

Next, a ROC curve was plotted to observe the predicted value of the nomogram with or without the riskScore. After the riskScore was added to the predictive model, the AUC showed corresponding improvements in the training and validation cohorts (Figure 8H). Sometimes, when a new index is introduced into a prognostic model, the AUC is not significantly improved, and the incremental increase in the AUC is not significant. In this case, the NRI was required to compare the predictive abilities of the old and new models. The NRI showed that after the introduction of the riskScore, the ability of the nomogram to predict OS improved (NRI>0) in the training and validation cohorts (Figure 8I). Finally, IDI was used to investigate the overall improvement in the model. After introducing the riskScore, the predictive power of the nomogram was improved by 5.03%, 8.22%, and 9.26%, which were statistically significant increases (P<0.001), in the training and validation cohorts (Figure 8J).




Discussion

Based on the role of the mRNAsi across cancers reported by Malta et al. (15), this study further explored the relationships between SI-genes and clinical characteristics, somatic mutations, the tumor microenvironment, immune cell infiltration and a prognostic signature from the perspective of GC by ssGSEA and LASSO Cox regression. Our study found that the ssGSEA score could clearly predict clinical characteristics, somatic mutations, immunotherapeutic responsiveness, tumor microenvironment composition, and macrophage and CAF infiltration in the training and validation cohorts. Finally, to improve application in the clinic, a prognostic signature was constructed based on 18 prognostic SI-genes. ROC curves, calibration curves, DCA, the C-index, CICs, the NRI, and IDI were used to verify that the constructed prognostic model could perfectly predict OS. Thus, our study suggests that the screened SI-genes play important roles in the progression of GC and can be used as important reference markers for further research on tumor cell stemness.

Chemotherapy resistance and early lymph node and peritoneal metastasis are the main causes of a poor prognosis in GC. Studies have suggested that the continuous proliferation and activation of CSCs promote the immortalization of tumor cells (31). The signaling pathways (12, 32) and markers (31, 33) associated with GC CSCs have been widely reported, but no consensus has been reached on the specific mechanism. In addition to Malta et al., Alex et al. (34) inferred cancer stemness using ssGSEA. Zheng et al. (35) provided a stemness index based on relative expression orderings (REOs). The shortcoming was that the previous stemness index was aimed at studying pan-cancer datasets, so no stemness index study specifically targeting GC was developed. For this reason, we intended to identify SI-genes through machine learning to understand the progression of GC from a new perspective.

In this study, we first retrospectively analyzed the established mRNAsi, which has close associations with the prognosis, clinical characteristics, immune cell infiltration, tumor microenvironment, and immunotherapy responsiveness of GC. Then, WGCNA was applied to screen 14 positive SI-genes and 178 negative SI-genes, which were highly correlated with the mRNAsi. A total of 192 SI-genes were used to calculate the ssGSEA score, which was also associated with prognosis, clinical characteristics, immune cell infiltration, the tumor microenvironment, and immunotherapy responsiveness. Therefore, the SI-genes screened by WGCNA were feasible and could be used for further analysis. Then, we unexpectedly found that the ssGSEA score was even better than the mRNAsi in assessing the mutation status of TP53. The mutation rate of the tumor suppressor gene TP53 is 46% in GC. Deletion of TP53 may upregulate vascular endothelial growth factor A (VEGF-A) expression and promote cancer cell angiogenesis, leading to a poor prognosis (36). Gurzu et al. (37) analyzed a large number of human gastric cancer samples and found that mutation of exon 7 in TP53 may induce downregulation of the expression of the tumor suppressor gene Maspin, which leads to GC invasion and metastasis. In addition, TP53 mutations induce hypoxic signaling (38) and inhibit antitumor immunity (39). Through GSEA, we found that the EMT signaling pathway was significantly enriched based on the mRNAsi value. CSCs are an important cause of tumor metastasis and migration, and studies have shown that a mesenchymal phenotype is one of the main features of CSCs (40). Our study reported that mesenchymal marker expression was upregulated in the low ssGSEA score group, while epithelial marker expression was downregulated. The ssGSEA score perfectly evaluated the EMT process. In addition, this study also found that the stemness index was relatively useful for immune response evaluation. PD-L1 protein expression was positively correlated with mRNAsi and ssGSEA scores in the TCGA cohort. In the low mRNAsi and ssGSEA score group, the infiltration of macrophages, M2 macrophages, and CAFs was significantly increased. To make our results more reliable, specific surface markers were also compared, and the results were consistent with the results for cell infiltration. The relationship between CAF infiltration and the stemness index was not reported previously. Here, we found that the ssGSEA score could more accurately assess the abundance of infiltrating CAFs than that of infiltrating macrophages. Macrophages, especially M2 macrophages, are an important cause of tumor cell invasion and EMT (41). Maeda et al. (42) found that stem cell niche factors secreted by CAFs derived from stromal cells conferred tumor invasiveness. Macrophages could induce mesenchymal stem cells to differentiate into a CAF phenotype (43). There are complex connections among macrophages, CAFs, and CSCs. In this study, the ssGSEA score was employed to evaluate the abundances of infiltrating macrophages and CAFs to indirectly predict tumor invasion and metastasis.

Currently, clinicopathological characteristics are commonly used in clinical practice to predict the outcomes of GC patients. However, the predictions are not as accurate as expected (5). Eighteen prognostic SI-genes were used to establish our prognostic signature to improve the accuracy of 1-, 3-, and 5-year OS prediction. Among these 18 genes, Wnt5a-ROR2 signal in GC mesenchymal stem cells, which is associated with enhanced expression of CXCL16 and associated tumor-promoting activity (44). JAM3 is a member of the JAM family. Studies have shown that JAM3 is a new type of surface marker for neural stem cells (45) and an important prognostic marker for haematopoietic stem cells (45). The ZEB1-MSRB3 axis is a vital regulator that maintains the characteristics of breast cancer stem cells and reduces DNA damage during differentiation (46). Next, ROC curves, calibration curves, and the C-index were used to identify a nomogram with strong accuracy for OS prediction. Then, we focused on assessing the value of including the riskScore in the nomogram for OS prediction. DCA, CICs, the NRI, and IDI all showed that the riskScore could significantly improve OS prediction by the nomogram. The established prognostic signature could be of great help for the clinical prediction of GC patient outcomes.

In conclusion, our study described an SI-gene-based ssGSEA score for GC in detail for the first time, which was closely associated with prognosis, clinical characteristics, the TMB, EMT, the immune response, and the tumor microenvironment. The prognostic signature significantly improved OS prediction compared to traditional prediction methods. However, this study was completed at the machine learning level, and further experiments are needed to verify our findings.
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Background: The prevalence of Helicobacter pylori infection (HPI) is still high around the world, which induces gastric diseases, such as gastric cancer (GC). The epidemiological investigation showed that there was an association between HPI and asthma (AST). Coptidis rhizoma (CR) has been reported as an herbal medicine with anti-inflammatory and anti-bacterial effects.

Purpose: The present study was aimed to investigate the protective mechanism of HPI on AST and its adverse effects on the development of GC. Coptis chinensis was used to neutralize the damage of HPI in GC and to hopefully intensify certain protective pathways for AST.

Method: The information about HPI was obtained from the public database Comparative Toxicogenomics Database (CTD). The related targets in AST and GC were obtained from the public database GeneCards. The ingredients of CR were obtained from the public database Traditional Chinese Medicine Systems Pharmacology (TCMSP). The network pharmacology including gene ontology (GO) enrichment analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, and molecular docking were utilized. Protein–protein interaction was constructed to analyze the functional link of target genes. The molecular docking was employed to study the potential effects of active ingredients from CR on key target genes.

Result: The top 10 key targets of HPI for AST were CXCL9, CX3CL1, CCL20, CCL4, PF4, CCL27, C5AR1, PPBP, KNG1, and ADORA1. The GO biological process involved mainly leukocyte migration, which responded to bacterium. The (R)-canadine and quercetin were selected from C. chinensis, which were employed to explore if they inhibited the HPI synchronously and protect against AST. The targets of (R)-canadine were SLC6A4 and OPRM1. For ingredient quercetin, the targets were AKR1B1 and VCAM1.

Conclusion: CXCL9 and VCAM1 were the common targets of AST and HPI, which might be one of the imported targets of HPI for AST. Quercetin could be an effective ingredient to suppress HPI and help prevent AST.

Keywords: asthma, Helicobacter pylori infection, gastric carcinoma, Coptis chinensis, network pharmacology, molecular docking


INTRODUCTION

Helicobacter pylori (HP) is a Gram-negative, slightly aerobic bacterium, which attaches to the gastric epithelial cells and requires extremely harsh living conditions (1, 2). Since 1994, the International Agency for Research on Cancer (IARC) had defined HP as a group 1 carcinogen (3). HP infection (HPI) has a high prevalence around the world. It is estimated that in 2015, about 4.4 billion people were with HPI (4). Another survey illustrated that at least 15% Jordanian children were infected by HP (5). One recent study showed that among 350 participants in United Arab Emirates, about 41% were found to be HP infected according to the stool antigen test (6), China, particularly, still faces high prevalence. According to one review about the prevalence of HP published in 2015, the epidemiology of HPI in adults ranged from 41.35 to 72.3%, and it varied with the population studied and with the geographic area (7).

A lot of research has proved that HPI could cause a series of gastrointestinal diseases, such as gastric cancer (GC) with symptoms of nausea, vomiting, upper abdominal discomfort, and dull pain (8–10). Each year, ~990,000 people are diagnosed with GC in the world, of whom about 738,000 died because of GC (11). GC has become the fourth most common incident cancer and the second most common cause of cancer death. As many studies have reported, there is an adverse association between HPI and GC. Tran's research involved 282 patients with non-cardiac GC from Ho Chi Minh and Hanoi, Vietnam, provided the direct evidence that HPI could increase the risk of GC with OR = 2.02 (95% CI: 1.4–3.0) (12). Previous studies have shown that among the long-term consequences of HP is gastric malignancies, particularly GC (13). It was found that the HP cytotoxin-associated antigen A is the major oncogenic factor, which was injected into the host cells and could disrupt epithelial cell functions (14), while the specific pathogenesis of GC caused by HPI has not been figured out.

Asthma (AST) is a heterogeneous disease with the characteristic of chronic airway inflammation involving a variety of cells and cellular components (15). The chronic inflammation is associated with airway hyperreactivity and usually involves extensive and variable reversible restriction of expiratory flow, resulting in recurrent episodes of wheezing, shortness of breath, chest tightness, and cough. AST has become one of the most rapidly growing disorder, which has victimized about one-third of the world's population, and about 2.5 million patients die annually as a result of severe exacerbation (16). According to the epidemiology of AST in the United States, 8.4% of the country's population has AST, and the average annual AST prevalence for children and adults was 9.5 and 7.7%, respectively.

However, one extremely interesting finding was that an epidemiological study found that there was an inverse relationship between HPI and the morbidity of AST. A cross-sectional study showed that the HPI among people, whose age group was <40 years, was inversely correlated with AST (OR, 0.503; 95% CI, 0.280–0.904, p = 0.021) (17). Arnold et al. provided evidence via animal experiment that there was an association between HPI and GC (18). The HPI is one of the digestive tract/gastric diseases, whereas AST is one of the respiratory diseases, and it is much more interesting that the protective mechanism HP induced for AST and how it connected the respiratory system with the digestive system. Coptis chinensis has been reported as an herbal medicine at home and abroad, with anti-inflammatory and anti-bacterial effects (19, 20). As an herbal medicine, it has been widely employed to treat GC, AST, and HPI (21–24).

In this research, the HPI was considered as a two-sided “drug,” which could cause the gastric discomfort/symptom of digestive tract on one side, such as GC, and on the other side, it could activate certain pathways, which appear protective for AST. Based on the abovementioned opinion, the network pharmacology theory was employed to investigate the relationship between GC, AST, and HPI. The flowchart of the entire paper is illustrated in Figure 1. After searching the common targets for AST, GC, and HPI, C. chinensis, selected as a representative drug, was used to neutralize the damage of HPI for GC and to hopefully intensify certain protective pathways for AST. Thus, the creative points of this study are as follows: (1) HPI was assumed as one “drug,” which could damage the stomach and activate the protective pathway for AST. (2) C. chinensis, selected as one representative drug, was given hope to compromise the damage caused by HPI.


[image: Figure 1]
FIGURE 1. Flowchart of the experimental process (HPI, Helicobacter pylori infection; GC, gastric cancinoma; PPI, protein–protein interaction).




METHODS


Data Sources

The related targets about HPI were obtained from public database Comparative Toxicogenomics Database (http://ctdbase.org/) (25), where it could provide relationships in the human disease hierarchy and detailed information, including associated chemicals and genes. The related targets in AST and GC were attained from the open database GeneCards (https://www.genecards.org/) (26), which integrates gene-centric data from more than 150 web sources, including genomic, transcriptomic, proteomic, genetic, clinical, and functional information. The relevance score was set at more than 5, considering that the weakly related targets could distract the subsequent main network.



Protein–Protein Interaction Networks Construction

The targets of HP, GC, and AST were intersected via the tool Draw Venn Diagrams (http://bioinformatics.psb.ugent.be/webtools/Venn/) (27), which is a tool that could calculate the intersection of input elements and give the Venn map. It was used to select the combined targets in this paper. The intersection targets between AST and HP were input into the database String [protein–protein interaction (PPI) networks, https://string-db.org/] with the selecting of multiple proteins and Homo sapiens. In its setting section, the minimum required interaction score was set at 0.4, and among display simplifications, the choice of hidden disconnected nodes in the network was selected in order to remove these outliers.



Enrichment Analysis

After the abovementioned processes, the network for AST and HPI was constructed successfully for the sake of distinction, and it was named as AST–HPI network in this paper. Then, AST–HPI network was input into the software Cytoscape for visualization (28) (https://cytoscape.org/). For interaction targets of GC and HP, it was performed with the same abovementioned operation, and its network was called GC–HPI network. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were operated on Metascape (https://metascape.org/gp/index.html#/main/step1). After intersection targets were imported into Metascape, H. sapiens and custom analysis were selected to calculate the GO cellular components, biological processes, molecular functions, and KEGG pathway.

The ingredients of coptidis rhizoma (CR) were obtained from the public database Traditional Chinese Medicine Systems Pharmacology (https://tcmspw.com/tcmsp.php), which can provide the related information, including ingredients name, oral bioavailability, drug-likeness, etc. In order to filter the main components, the drug-likeness and oral bioavailability were >0.18 and 30, respectively. Then, corresponding targets were collected in this database. The intersection dataset between HPI and CR was calculated via the Draw Venn Diagrams, and the PPI networks of CR and HP were established by String as described earlier. Here, the targets for the potential valid components of CR were discovered. AutoDock Vina (http://vina.scripps.edu/) was implemented to molecular docking to study the effects on key target genes.




RESULTS


Target Selection

As shown in Figure 2, the number of the targets of HPI, AST, and GC were 2,281, 578, and 1,690, respectively. The number of targets for AST and HPI not containing GC was 72, which was corresponding to section A in Figure 1. The number of GC and HPI not containing AST was 433, which was corresponding to section B in Figure 1. The number of intersection dataset of them was 153, as opposed to section C in Figure 1.


[image: Figure 2]
FIGURE 2. Combined target for asthma, gastric cancer, and Helicobacter pylori infection.




Protein–Protein Interaction Network Construction Based on Section A

There were 72 interaction nodes (targets) and 308 edges according to the PPI network constructed in String, and the p-value of PPI network was <1.0e−16, which was statistically significant. The 72 common targets contain VCAM1, FGA, SYK, CX3CL1, CXCL9, TNFRSF1B, OPRM1, SRSF2, IL16, LTA, CCL3, and others.

Protein–protein interaction network is shown in Figure 3. Degrees of freedom (Df), one of the topology parameters in this network, represented the number of connections between different nodes, which were illustrated by the size of the nodes. KNG1 had the highest Df, which means that it possessed the most connection nodes. Another topology parameter, node closeness is the degree of closeness for this node and other nodes, which was expressed by the color of the node. The deeper the color, the greater the correlation. Combined score represents the correlation strength between 2 nodes, which was displayed by the thickness of the edge. The thicker the edge, the stronger the correlation. The average of Df and the average clustering coefficient were 8.56 and 0.532, respectively. Using cytoHubba in Cytoscape, the top 10 key targets were CXCL9, CX3CL1, CCL20, CCL4, PF4, CCL27, C5AR1, PPBP, KNG1, and ADORA1 (Figure 4).


[image: Figure 3]
FIGURE 3. The protein–protein interaction network for asthma and Helicobacter pylori infection (section A).



[image: Figure 4]
FIGURE 4. The top 10 key targets (section A).


The results of GO enrichment analysis via Metascape are illustrated in Figure 5 and Tables 1–3. The GO biological process mainly included leukocyte migration, response to bacterium, regulated exocytosis, positive regulation of response to external stimulus, etc. The GO cellular components mainly included external side of plasma membrane, integral component of presynaptic membrane, platelet alpha granule, specific granule, etc. For molecular functions process, it mainly included chemokine activity, CCR3 chemokine receptor binding, G protein-coupled adenosine receptor activity, G protein-coupled neurotransmitter receptor activity, and cell adhesion molecule binding. The GO chord plot of the top 5 ranked overrepresented GO terms belonging to the biological process is displayed in Figure 6. The enrichment analysis results of KEGG signaling pathway for section A are presented in Figure 7 and Table 4. It was apparent that Staphylococcus aureus infection, toll-like receptor signaling pathway, tuberculosis, and Rap1 signaling pathway were involved in this process.


[image: Figure 5]
FIGURE 5. The gene ontology (GO) enrichment analysis of the interaction targets (section A) for asthma and Helicobacter pylori infection [(A) biological process; (B) cellular component; and (C) molecular function].



Table 1. GO enrichment analysis of molecular functions.

[image: Table 1]


Table 2. GO enrichment analysis of cellular components.
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Table 3. GO enrichment analysis of biological processes.
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[image: Figure 6]
FIGURE 6. The gene ontology (GO) chord plot of top 5 ranked overrepresented GO terms belonging to the biological process.



[image: Figure 7]
FIGURE 7. Enrichment analysis results of the Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathway for section A.



Table 4. Enrichment analysis of KEGG signaling pathway of HPI-AST network.
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Protein–Protein Interaction Network Construction Based on Section B

The top 10 key targets are presented in Figure 8. They are CCNB1, MCM2, CDK2, TP53, CCNA2, PLK1, AURKB, CDKN3, E2F1, and CDK1, respectively. The KEGG pathway enrichment analysis result based on Metascape are displayed in Figure 9, which mainly consisted of p53 signaling pathway, prostate cancer, hepatitis B, apoptosis, breast cancer, proteoglycans in cancer, pathways in cancer, PI3K-Akt signaling pathway, microRNAs in cancer, and Human T lymphocyte leukemia virus (HTLV)-l infection.


[image: Figure 8]
FIGURE 8. The top 10 key targets (section B).



[image: Figure 9]
FIGURE 9. The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway result.


The results of the GO enrichment analysis are illustrated in Table 5 and Figure 10. The GO biological processes that were involved mainly consisted of positive regulation of cell death, apoptotic signaling pathway, response to oxygen levels, blood vessel development, and so on. For cellular components, it mainly contained adherens junction, perinuclear region of cytoplasm, protein kinase complex and transcription factor complex, and so on. According to Figure 10C, it is found that kinase binding, protein kinase activity, protein domain specific binding, transcription factor binding, and ubiquitin-like protein ligase binding participated in the process. Section C contained totally 153 key targets as shown in Table 6, including CD40, CXCR1, IL10, IL6, etc.


Table 5. The part result of GO enrichment analysis of section B.

[image: Table 5]


[image: Figure 10]
FIGURE 10. The gene ontology (GO) enrichment analysis of the interaction targets (section B) for gastric carcinoma and Helicobacter pylori infection [(A) biological process; (B) cellular component; and (C) molecular function).



Table 6. Intersection dataset for asthma, Helicobecter pylori, and gastric cancer.
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Network Pharmacology Analysis

After filtering, there were 14 ingredients from CR in this study, as presented in Table 7. About 288 targets of these ingredients were provided in Supplementary Materials. The intersection dataset between HPI and CR via Draw Venn Diagrams contains 114 elements as shown in Figure 11. According to the network via String, there are 4 targets of ingredients of CR, which belongs to section A (Table 8). It was found that the targets of (R)-canadine were SLC6A4 and OPRM1. For ingredients of quercetin, the targets were AKR1B1 and VCAM1. It was found that NOS2 is the common target of coptisine, berberrubine, berlambine, and berberine (Table 9).


Table 7. Components of coptidis rhizoma involved in this study.

[image: Table 7]


[image: Figure 11]
FIGURE 11. The intersection dataset between Helicobacter pylori infection (HPI) and coptidis rhizoma (CR).



Table 8. Ingredient-Target existing in section A.
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Table 9. Ingredient-Target existing in section B.
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In order to test the probability of the combination of target and ingredient, molecular docking between quercetin and VCAM1, and also between quercetin and AKR1B1, was performed. Second structure of quercetin from PubChem was transformed to three-dimensional structure via Chem3D with the operation of energy minimization (Figure 12). Three-dimensional structure of VCAM1 and AKR1B1 was obtained from protein data bank (PDB) (Figure 13). The molecular visualization software Pymol (https://pymol.org/2/) was used to dehydrate the receptor (by using command: remove solvent), remove unwanted heteroatoms (by using command: remove organic), and save it as the receptor structure. The molecular docking was operated in AutoDock Vina after the relevant configuration, and the result is as shown in Figures 14, 15. There was one junction point for the result of molecular docking between quercetin and VCAM1, and its bond strength is 2.2, with −7.3 kcal/mol affinity. There were 4 combination points of molecular docking between quercetin and AKR1B1.


[image: Figure 12]
FIGURE 12. The second structure of quercetin (A) and (R)-canadine (B).



[image: Figure 13]
FIGURE 13. The three-dimensional structure of VCAM1 (A) and AKR1B1 (B).



[image: Figure 14]
FIGURE 14. The result of molecular docking between quercetin and VCAM1.



[image: Figure 15]
FIGURE 15. The result of molecular docking between quercetin and AKR1B1.





DISCUSSION

Helicobacter pylori infection could cause a variety of digestive diseases, such as chronic gastritis, gastric ulcer, duodenal ulcer, gastroesophageal reflux, atrophic gastritis, and GC (8, 9, 29–31). The prevalence of HPI is still a serious concern. According to a systematic review with meta-analysis that involved 410,879 participants from 73 countries in 6 continents, the prevalence of HPI was 44.3% (95% CI: 40.9–47.7) worldwide, ranging from 50.8% (95% CI: 46.8–54.7) in developing countries to 34.7% (95% CI: 30.2–39.3) in developed countries (32). Another published research conducted in Hangzhou, China, described that the positive rates of HPI increased with age (χ2 = 116.002, p < 0.01) and were 14.8, 20.2, and 25.8% in 3–6, 7–11, and 12–17 years age group, respectively (33). The prevalence of HPI among all population, children, and adults in Iran were estimated as 54% (53–55%), 42% (41–44%), and 62% (61–64%), respectively (34). HP can mainly cause gastritis and gastrointestinal ulcer, and the infected patients would generally have increased gastric secretion, and a few could further lead to atrophic gastritis, or even lymphoma and GC in gastric mucosa associated lymphoid tissue (35).

The findings of this study revealed that the relationship between HPI and AST was involved in the process of response to bacterium and regulated exocytosis, having the regulatory effect for the key targets, such as CXCL9, CCL20, CCL4, etc.

It was shown that CXCL9, which is the ligand with the lowest affinity for CXCR3, has the function of regulating immune cell migration, differentiation, and activation, with contribution to tumor suppression (36, 37), which accounts for the suppression of CXCL9/CXCR3 on GC. The study by Tokunaga et al. suggested that the expression of CXCL9 among patients with HPI was upregulated (37). CXCL9/CXCR3 can chemotaxis and recruit macrophages and T cells to the site of infection during the invasion of HP (38). When HPI was suppressed, memory T cells that could express CXCR3 remained. In patients with AST, exposure to bacteria might result in age-dependent sensitization and AST reactions. On the one hand, we hypothesized that when patients with AST were exposed to fungi again, the abovementioned memory T cells were activated rapidly to produce CXCR3, which could be in combination with CXCL9, that inhibited the fungus. On the other hand, it was reported that the severe AST was associated with a larger number of Th2 subgroups and a smaller number of Th1 subgroups. The result of some clinical or animal experiments presented that the serum CXCL9 concentrations were significantly higher in patients with AST than in the healthy group (39–41). The upregulated expression could help reconstruct the balance of Th1/Th1, which could suppress AST (42).

P53 is an important tumor suppressor gene, which is located in the region of chromosome 17p13.1 and contains 11 exons. It encodes a 53-kD protein, tumor suppressor protein TP53, which contains 393 amino acid residues. The TP53 protein is an important nuclear transcription factor in the human cells, which is involved in regulating cell cycle and apoptosis, maintaining the stability of various gene expressions, regulating the cell growth, differentiation, and aging (43). It was found that TP53 was one of the top 10 key targets in this study, occurring in the influence of HPI on GC, which was in agreement with the previous studies. The study by Ha et al. suggested that a synergistic interaction between HPI and TP53 might play a significant role in the pathogenesis of GC in the Vietnamese population (44). The animal experiment by Shimizu et al. showed that gastric tumors and tissues from the humans and mice indicated that TP53 genetic mutation appeared in 44.1% tissues (45). The result of the KEGG pathway also confirmed that the influence of HPI on GC consist of p53 signaling pathway, multiple cancer signaling pathways, multiple cancer signaling pathways, and PI3K-Akt signaling pathways (46).

The VCAM-1 overexpression was associated with angiogenesis and metastasis in GC, in which both local expression in gastric tissue and serum levels are directly associated with poor prognosis (47). In children, it was described that the serum concentrations of VCAM-1 were higher in symptomatic children with HPI-associated gastritis compared to non-infected children and confirmed that the serum levels of VCAM-1 correlated with HI-induced gastric inflammation and damage (48). It was suggested that VCAM-1 was newly synthesized prior to spontaneous AST attacks (49), and its expression might play a key role in eosinophil infiltration into the airway.

The molecular docking has been widely used to predict the relationship between ingredients/drug and protein/targets (50, 51). In this article, the gradients (quercetin) of C. chinensis were operated to dock with targets (AKR1B1 and VCAM1). Quercetin is a flavonoid commonly found in many edible and medicinal plants, such as onions, tea leaves, and C. chinensis. As mentioned in the literature reported, it has antioxidation, antitumor, hypoglycemia, blood lipids, and other pharmacological effects (52). A recent research found that quercetin has the anti-allergic properties characterized by stimulation of immune system, inhibition of histamine release, decrease in proinflammatory cytokines, and improvement in the Th1/Th2 balance (53). The experiment by Zhang et al. showed that quercetin protected against gastric inflammation and apoptosis associated with HPI by affecting the levels of p38MAPK, BCL-2, and BAX (54). Thus, quercetin could act as an effective ingredient to protect against HPI and activate some pathways.



LIMITATION

The limitation of study was that only GC was selected as one typical digestive disease influenced severely by HPI; in further studies, it will be investigated whether the mechanism of HPI leads to gastric disease synchronously, and how to activate the pathway which protects against AST. Another limitation was that it was predicted abstractly in this study and was not put into animal experimentation; however, the molecular docking could make up for this defect to some extent.



CONCLUSION

CXCL9 and VCAM1 were the common targets of AST and HPI, which might be an imported target of HPI for AST. Quercetin could be an effective ingredient to suppress HPI and help prevent AST.
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Background

Colon adenocarcinoma (COAD) can be divided into left-sided and right-sided COAD (LCCs and RCCs, respectively). They have unique characteristics in various biological aspects, particularly immune invasion and prognosis. The purpose of our study was to develop a prognostic risk scoring model (PRSM) based on differentially expressed immune-related genes (IRGs) between LCCs and RCCs, therefore the prognostic key IRGs could be identified.



Methods

The gene sets and clinical information of COAD patients were derived from TCGA and GEO databases. The comparison of differentially expressed genes (DEGs) of LCCs and RCCs were conducted with appliance of “Limma” analysis. The establishment about co-expression modules of DEGs related with immune score was conducted by weighted gene co-expression network analysis (WGCNA). Furthermore, we screened the module genes and completed construction of gene pairs. The analysis of the prognosis and the establishment of PRSM were performed with univariate- and lasso-Cox regression. We employed the PRSM in the model group and verification group for the purpose of risk group assignment and PRSM accuracy verification. Finally, the identification of the prognostic key IRGs was guaranteed by the adoption of functional enrichment, “DisNor” and protein-protein interaction (PPI).



Results

A total of 215 genes were screened out by differential expression analysis and WGCNA. A PRSM with 16 immune-related gene pairs (IRGPs) was established upon the genes pairing. Furthermore, we confirmed that the risk score was an independent factor for survival by univariate- and multivariate-Cox regression. The prognosis of high-risk group in model group (P < 0.001) and validation group (P = 0.014) was significantly worse than that in low-risk group. Treg cells (P < 0.001) and macrophage M0 (P = 0.015) were highly expressed in the high-risk group. The functional analysis indicated that there was significant up-regulation with regard of lymphocyte and cytokine related terms in low-risk group. Finally, we identified five prognostic key IRGs associated with better prognosis through PPI and prognostic analysis, including IL2RB, TRIM22, CIITA, CXCL13, and CXCR6.



Conclusion

Through the analysis and screening of the DEGs between LCCs and RCCs, we constructed a PRSM which could predicate prognosis of LCCs and RCCs, and five prognostic key IRGs were identified as well. Therefore, the basis for identifying the benefits of immunotherapy and immunomodulatory was built.





Keywords: colon adenocarcinoma (COAD), left-sided, right-sided, immune-related genes (IRGs), prognosis



Introduction

With year-by-year increase of colorectal cancer (CRC) incidence worldwide, CRC is considered as one of the main causes of death due to cancer (1). As the complexity of physiology and anatomy, the distinction of CRCs can be performed in accordance with their primary tumor location in colon and rectum. Cancers located in the colon can be divided into left-sided colon cancers (LCCs) and right-sided colon cancers (RCCs) as per different definitions (2–4). Although the CRCs are mainly distinguished with embryonic origin, there are great significances existing between the LCCs and RCCs in various clinical aspects, such as metastasis tendency, survival and prognosis, chemotherapy drugs, immunotherapy, and sensitivity of molecularly targeted drugs, etc. (5–7). The difference in prognosis makes colon cancer sidedness a criterion for predicting prognosis of all clinical stages (8). These differences have also given us incentives to gain deep understanding of the molecular biological mechanism.

Recent studies have analyzed the differences between LCCs and RCCs from different perspectives, including embryonic origin, microbes, chromosomal and molecular, blood vessel supply, and physiological functions, etc. (9). Generally, these studies indicated the reasons for the differences in the sensitivity of chemotherapy and molecular targeted drugs (10). Therefore, it is very necessary for us to take the CRCs locations into full consideration upon determining treatment options (8).

Concerning the researches of various cancers, as one of the important components of the TME, the tumor-associated immune microenvironment (TAIM) is driving force for the heterogeneity, plasticity, and evolution of tumors (11). Over recent years, immunotherapy has gradually become the primary direction of future tumor treatment development due to its minimal side effects and obvious effects. Immunotherapy is the fourth most frequently applied tumor treatment technology after surgery, radiotherapy, and chemotherapy (12). The study on TAIM differences between LCCs and RCCs has shown great potential in terms of accurate prognostic biomarkers finding and patient prognosis prediction, as well as the identification of the greatest therapeutic benefit. In the meantime, it has provided a molecular basis for the improvement of immunotherapy by TAIM regulation.

In this study, we analyzed the genes differentially expressed in the LCCs and RCCs in The Cancer Genome Atlas (TCGA) database. We used weighted gene co-expression network analysis (WGCNA) to select the module genes with the highest correlation with immune score, so as to construct immune-related gene pairs (IRGPs). Furthermore, a prognostic risk scoring model (PRSM) was established by the IRGPs. The PRSM, which was verified in the Gene Expression Omnibus (GEO) database, calculated the risk score (RS) of patients, and divided them into high- and low-risk group (HRG and LRG, respectively) with poor diagnosis. Finally, we identified prognostic key immune-related genes (IRGs).



Materials and Methods


Colon Cancer Samples From TCGA and GEO Databases

In this study, we adopted two independent gene data-sets from different high-throughput platforms, including 473 COAD samples from TCGA and 156 COAD samples from GEO (GSE103479) respectively. In accordance with the downloaded clinical information, gene expression data, and corresponding overall survival information of the LCCs and RCCs were screened out. The CRCs in cecum, ascending colon and hepatic flexure were defined as LCCs. The CRCs in plenic flexure, descending colon, sigmoid colon, and rectosigmoid junction were defined as RCCs. There were a total of 411 samples with complete information available for analysis, in which 322 from TCGA and 89 from GEO. The above analysis excluded that RNA was undetectable in more than 10% of the samples. Concerning each data-set, the gene ID was converted to gene symbol in accordance with the corresponding annotation package. We chose the TCGA data as the model group, and GEO data as the verification group.



Identification of Differential Gene Consensus Modules and Correlation Analysis With Immune Score

We used the R package “Limma” to analyze the differentially expressed genes (DEGs) in LCCs and RCCs from TCGA (|log2foldchange|>0.5, P-adj<0.05) (13). The estimation of the stromal cells and immune cells in LCCs and RCCs tissues was conducted by R package “ESTIMATE” (14). The “ESTIMATE” package is a tool based on the ssGSEA method to rate tumor expression matrix in accordance with stromal and immune gene sets.

For the purpose of analyzing of gene expression landscape concerned with immune cell infiltration score, we employed the DEGs for WGCNA to identify consensus gene modules by the R package “WGCNA” (15). To start with, we constructed the adjacency matrix (AM) of paired genes by power function. An appropriate power index was selected so as to increase the similarity of matrix and achieve a scale-free co-expression network. Then AM was converted into a topological overlap matrix (TOM). We used TOM based on dissimilarity measurements to perform average linkage hierarchical cluster analysis. Finally, we obtained gene dendrogram and gene consensus modules. Module eigengenes (MEs) were defined as the main components of each module. For obtaining the correlation coefficient (CC), the analysis of MEs was performed by the stromal and immune scores respectively. Gene significance (GS) was identified as mediated p-value of each gene (GS = lgP) in the linear regression between gene expression and the scores.



Further Screening of Immune-Related Genes and Construction of IRGPs

We selected the module with the highest correlation with immune score, and then calculated the GS and module membership (MM) of each gene. Module membership is a measure of intra-modular connectivity. In order to avoid missing IRGs, we defined the screening threshold as Cor. gene MM>0.5 and Cor. gene GS>0.5. To eliminate the measurement error of gene expression between different samples, we constructed the IRGs into gene pairs. That is to say, we compared the expression levels of two genes in the same sample. If the former gene was greater than the latter gene, the output was 1, otherwise the output was 0. After we removed IRGPs with small variation and unbalanced distribution (MAD = 0), remaining IRGPs were constructed by using univariate Cox proportional hazards regression analysis. The IRGPs with p<0.05 in Cox regression were retained for lasso-Cox proportional hazards regression with 1000 simulations by the R package “glmnet” (16). The immune-related features of IRGPs in PRSM was obtained from The Human Gene Database (https://www.genecards.org). Time dependent receiver operating characteristics (timeROC) for 3, 5, 10 years were plotted in the model group by the R package “survivalROC” (17). The best cut-off value of risk score (RS) was determined by ROC curve at appropriate period of time. Finally, with the application of PRSM in the model group and validation group, therefore patients could be divided into HRG and LRG with poor prognosis.



Validation of the Predictive Model

With the adoption of long-rank test, we analyzed the prognosis of patients with high- and low-risk in the model group and validation group. The purpose was to verify the predictive effect of PRSM in grouping. Then, after the combination with other clinical factors, we used univariate- and multivariate-Cox proportional hazard analysis to verify the independent predictive effect of RS.



Immune Infiltration in HRG and LRG

In order to specifically analyze the differences of immune infiltration in the HRG and LRG, we adopted R package “CIBERSORT” (18) to evaluate the relative infiltration abundance of 22 types of immune cells in each sample. “CIBERSORT” calculated the p value of the deconvolution for each sample by Monte-Carlo simulation to provide the estimated confidence. Then, we reserved the samples with p<0.05 estimated by “CIBERSORT,” and analyzed the difference of 22 types of immune cells in HRG and LRG by Wilcoxon rank sum test. Finally, the difference of immune infiltration in HRG and LRG was obtained.



Gene Ontology, Kyoto Encyclopedia of Genes and Genomes, and Gene Set Enrichment Analysis

For the purpose of studying the biological functions of differential IRGs and genes in PRSM, we employed R package “clusterProfiler” (19) to perform GO functional annotations and KEGG pathway enrichment analysis. In order to compare the gene sets between HRG and LRG, the ratio of the gene expression was converted by log2 fold change and ranked. The GSEA was carried out by adopting the Bioconductor package “fgsea” (20) with 10,000 permutations. The threshold values were p<0.01 and FDR<0.05.



Identification of Key Prognostic Immune-Related Genes

We performed protein-protein interaction (PPI) analysis by STRING (https://www.string-db.org) on the IRGs screened in the selected module, so as to identify the key prognostic IRGs. We selected the genes with more than 10 interaction nodes in the network to intersect with IRGPs genes in PRSM. The survival curves were plotted and the differences were analyzed. Furthermore, the R package “maxstat” (21) was performed to get the cut-off value. The Kaplan-Meier method was used for the visualization purposes, and we calculated the differences between survival curves with log-rank test by R packages “survcomp” (22). Finally, we used DisNor (https://disnor.uniroma2.it/) to analyze the upstream genes, downstream genes and protein interactions of key prognostic IRGs. DisNor is a disease-focused resource that adopts the causal interaction information annotated in SIGNOR and the protein interaction data in Mentha to generate and explore protein interaction networks linking disease genes.




Results


DEGs and Immune Score in LCCs and RCCs

For the aim of studying the DEGs between LCCs and RCCs, TCGA data were filtered, grouped, normalized, and differential expression analyzed. Through these processes, 1,327 DEGs were screened out (Figure 1A). We preformed the “ESTIMATE” to estimate the immune score and stromal score of these samples. It was found that there was a significant difference in immune score between LCCs and RCCs (Figure 1B).




Figure 1 | (A) Differentially expressed genes between left-sided colon cancers (LCCs) and right-sided colon cancers (RCCs). Red and blue circles indicate high and low genes expression, respectively. (B) Differences in immune score between LCCs and RCCs. LCCs and RCCs, left and right-sided colon adenocarcinoma.





Screening of the Most Significant Modules and Immune-Related Genes by WGCNA

With the use of WGCNA, we constructed the gene co-expression network to identify biologically important gene modules, so as to have further understanding of the genes causing the differences of immune infiltration between LCCs and RCCs. After the removal of outlier samples, we chose power index which is equal to 3 as the soft threshold (scale-free R2 = 0.956) (Figure 2A). A scale-free co-expression network was constructed by using 1,327 DEGs (Figure 2B). Finally, four modules, CC and p values were obtained (Figure 2C). We figured out that turquoise module had the highest correlation with immune score (CC=0.84, p <0.001). Therefore, we chose the turquoise module for subsequent analysis.




Figure 2 | (A) In order to achieve a scale-free co-expression network, we chose power index = 3 as the appropriate soft threshold. (B) Identification of a co-expression module. The branches of the dendrogram correspond to four different gene modules. (C) Correlation between the gene modules and tumor microenvironment related scores, including immune score and stromal score. Each cell contains corresponding correlation coefficient and p-value. The correlation coefficient decreased in size from red to blue. (D) Scatter plot of module eigengenes in the turquoise module.





Construction of PRSM using IRGPs

We further screened 215 relatively critical IRGs (cor. gene MM>0.5 and cor. gene GS>0.5) (Figure 2D). The establishment of 23,005 IRGPs was conducted by pairwise alignment of these 215 genes. After the removal of the IRGPs with small variation (0 or 1< 20%), the remaining 809 IRGPs were analyzed by univariate-Cox proportional hazards regression. There were significant differences in 69 IRGPs (p< 0.05) (Supplementary Table 1). Then, we preformed the analysis of these IRGPs in the model group by using lasso-Cox proportional hazards regression. In the final PRSM, 16 prognostic-related IRGPs and corresponding risk coefficients were determined (Table 1). The RS of each patient in the model group was calculated by the PRSM. We adopted TimeROC in different time periods, it was found that the area under curve (AUC) of 3 and 5 years were the highest (all AUC=0.73). Based on the 5-year ROC curve, we set the best cutoff value as 0.968 to classify the patients into HRG and LRG (Figure 3A, Supplementary Table 2). A survival curve was plotted for patients in the HRG and LRG, and the result showed that the OS of HRG was significantly lower than that of LRG (p<0.001) (Figure 3B). Then, we processed univariate- and multivariate-Cox regression by the combination of RS with clinical information. The result indicated that the RS was an independent factor affecting the prognosis (Figures 3C, D).


Table 1 | Prognostic risk scoring model (PRSM) information including 16 immune-related gene pairs (IRGPs).






Figure 3 | (A) TimeROC curves for 3, 5, 10 years were plotted in the model group. The best cutoff value was marked on the 5-year TimeROC curve. (B) Kaplan-Meier curve of overall survival in model group. (C) Univariate-Cox regression analyze of prognostic factors in model group. (D) Multivariate-Cox regression analyze of prognostic factors in model group. (E) Kaplan-Meier curve of overall survival in validation group.





Validation of the PRSM in the GEO Samples

For the purpose of verifying the predictive effect of RS in different data-sets, we applied the PRSM to 156 COAD samples from GEO database (GSE103479) as a validation group. They were also classified into HRG and LRG (Supplementary Table 2), and survival curve was plotted. The result showed the consistency with the model group, because the OS of HRG was significantly lower than that of LRG (p=0.014) (Figure 3E, Supplementary Table 2). Hence, it was proved that the PRSM had accurate prediction value.



Immune Infiltration Within Different Risk Groups

For the aim of exploring the specific cell types that caused differences in immune infiltration between the HRG and LRG, we used “CIBERSORT” to estimate the immune cell types abundance of the samples. The Wilcoxon rank sum test was performed to analyze the differences of 22 immune cell types abundance within HRG and LRG (Figure 4A). The results indicated that Treg cells (p<0.001) and macrophage M0 (p=0.015) were highly expressed in the HRG (Figure 4B). Activated memory CD4+ T cells and macrophage M1 were significantly highly expressed in the LRG (all p<0.001) (Figure 4C). The results showed the specific immune-related reasons for the poor prognosis in HRG.




Figure 4 | (A) Summary of the 22 immune cell types abundance estimated by “CIBERSORT” for different risk groups. (B) The differences of 22 immune cell types abundance within different risk groups. Treg cells (p < 0.001) and macrophage M0 (p=0.015) were significantly highly expressed in the high-risk group. (C) Activated memory CD4+ T cells and macrophage M1 were significantly higher in the low-risk group (all p < 0.001). P-values were based on t-test. (*P < 0.05, **P < 0.01, ***P < 0.001).





Functional Analysis and Identification of Key IRGs

To study the significant changes of molecular function (MF), biological process (BP) and cellular component (CC), we conducted GO-related GSEA between HRG and LRG. The results showed that some terms were highly enriched in LRG, including lymphocyte chemotaxis, lymphocyte migration, T cell activation, positive regulation of cytokinesis, etc. (Figure 5, Supplementary Table 3). These enriched immune-related terms provided evidence for the molecular mechanism of PRSM.




Figure 5 | GO-related GSEA between different risk groups. The NES was regarded as the primary statistic for examining GSEA enrichment results. GO, gene ontology; GSEA, gene set enrichment analysis; NES, normalized enrichment score.



In order to determine the prognostic key IRGs in PRSM, we constructed a series of analyses of 215 relatively critical IRGs, including PPI, GO, and KEGG analyzes (Supplementary Figure 1). The genes with more than 10 interaction nodes in the network (Figure 6) were selected and intersected with IRGPs in PRSM. The genes intersection included IL2RB, TRIM22, CIITA, CXCL13, and CXCR6. Survival curves of these five genes showed that the prognosis of high expression group was better than that of low expression group (all p<0.05) (Figure 7). Also, we investigated the correlation between these five genes and clinical stages. The results indicated that the expression level of these five genes was higher in the earlier stage, the significant statistical differences were found between at least two clinical stages (Supplementary Figure 2).




Figure 6 | The genes with more than 10 interaction nodes in the PPI analyses. PPI, protein-protein interaction.






Figure 7 | Kaplan-Meier curves of overall survival in five prognostic key IRGs. IRGs, immune related genes.



DisNor revealed the first neighbor of disease-related genes in the database, in which we conducted the analysis of the genes in PRSM. The results included two key genes which were IL2RB and CIITA, and the genes as well as binding sites that interacted with them directly. IL2, JAK1, IL15RA, and PTPN6 lied upstream of IL2RB, JAK1, and SHC1 lied downstream. PRKACA, HDAC2, MAPK1, GSK3B, and MAPK3 lied upstream of CIITA, MYOG, and RFX5 lied downstream (Figure 8A). It was shown by the PPI analysis that there were complex and strong interactions between genes above and the other three key genes (Figure 8B). Particularly, IL2 interacted with five key genes, and JAK1 interacted with four key genes.




Figure 8 | (A) The causal interaction of key gene analysis in DisNor. (B) The PPI analyses between key genes and directly interacted genes. The thickness of the solid line represents the strength of the relationship. PPI, protein-protein interaction.






Discussion

As early as 1990, Bufill proposed that proximal and distal CRC are two distinct tumors with obvious differences in epidemiology, pathology, cytogenetics, and molecular characteristics (3). It was also found by other studies that biomarkers for the prognosis of colon cancer, including microsatellite instability-high (23), CpG island methylator phenotype-high (24), RAS (25), phosphoinositide 3-kinase pathway (26), and BRAF mutations (24). Oncologists treated the patients individually based on these biomarkers in combination with tumor locations (27, 28). In addition, immune-related biomarkers can provide significant prognostic value as well as regulatory targets for immunotherapy (29). Therefore, we decided to explore the immunological differences between LCCs and RCCs, so as to figure out the IRGs that caused prognostic differences and provide a molecular basis for immunotherapy.

Risk models established by most studies used gene expression as a factor, which required appropriate standardization for unification. In the meantime, considering the inherent biological differences of different tumor samples and the errors caused by the sequencing platform, we chose a new method to construct the model factors. We only needed to compare the expression levels of two genes in the same sample by this method, making full use of the data while eliminating measurement errors in different samples. As shown in this study, we established IRGPs with application of a series of progressive analysis methods. Furthermore, we screened 16 prognostic-related IRGPs through PRSM, whose risk classification was evaluated and verified. In the analysis of immune cell types, we found that Treg cells and M0 macrophages had significantly high infiltration in the high-risk group. As one of the shapers of inhibitory TAIM, Treg cells produce immunosuppressive cytokines interleukin (IL)-2 and -10 to down-regulate the function of antigen-presenting cells (30). Treg cells also deprive co-stimulatory signal to responder T cells by down-modulating CD80/CD86 expression (31). In multiple cancers, Treg cells are associated with poor prognosis (32). Meanwhile, M0 macrophages may be related with the distant metastasis and prognosis of COAD (33). Macrophages M1 and activated memory CD4+ T cells were highly expressed in the low-risk group. As we all known, M1 macrophages, as recognized anti-tumor immune cells, have strong tumoricidal activity. It express proinflammatory cytokines to promote T-helper 1 response, and also produce reactive nitrogen and oxygen intermediates (34). Additionally, different studies have also proved that activated memory CD4+ T cells were the key instruments of tumor cure (35–37). CD4+ T cells can kill cancer cells directly, or kill tumor cells by stimulating and recruiting CD8+ T cells and other various immune cells indirectly (38). These evidences explain the prognostic differences caused by the different immune infiltration in the HRG and LRG.

In recent years, researchers have conducted in-depth studies on IRGs that lead to differences of immune infiltration in biliary tract cancers, and found that CTLA4 could affect chemotherapy resistance and prognosis through activation of Treg cells (39). Although researchers have evaluated prognostic IRGs in CRC, they have not independently analyzed the LCCs and RCCs with distinguishing characteristics (40–42). The key prognostic IRGs affecting the immune infiltration between LCCs and RCCs have not been explored yet. In our study, we screened five prognostic key IRGs from PRSM, in which IL2RB has relation with cytokines, TRIM22 and CIITA are transcription factors, CXCL13 and CXCR6 are related with chemokines. Interleukin 2 receptor (IL2R) participates in the immune response mediated by T cells. The binding of IL-2 and IL2R activate both NK and T cells potentially, which has a killing efficacy on tumors (43). It is confirmed that the TRIM22 played many crucial roles in different biological processes, from inflammatory to tumorigenesis. In endometrial cancer, TRIM22 is proven to inhibit tumor growth by NF-κB signaling pathway, and conferred a favorable prognosis (44). CIITA is the regulator of the major histocompatibility complex gene expression (45). CIITA promotes T lymphocyte activation and adaptive immunity by regulating MHCII transcription (46). In colorectal and gastric cancer, the reactivation of CIITA activates the immune system and contributes to the anti-tumor immune response (47). Also in lung adenocarcinoma, enforced expression of CIITA increases T cell infiltration and sensitivity to anti-PD-1 therapy (48). In non-small cell lung cancer (NSCLC), as the ligand of CXCR5, CXCL13 has been reported to be highly expressed in CD8+ lymphocyte populations with high PD-1 expression, which can attract other immune cells to TAIM and predict response to anti-PD-1 therapy strongly (49). As the receptor of CXCL16, CXCR6 has a controversial effect on tumors. In NSCLC and prostate cancer, the increase of CXCL16 and CXCR6 is related with the poor prognostic features of patients (50–52). In colorectal cancer, CXCL16 secreted by cancer cells recruits CD4+ and CD8+ T cells (53, 54). Irradiation induces the expression of CXCL16 in breast cancer cells, enhancing the migration of NK cells with high CXCR6 expression to kill tumor cells (55). In other cancers such as melanoma, lung adenocarcinoma and glioma, similar prognostic IRG signatures have also been explored and identified. Although IRGs are not exactly the same, they were all mainly enriched in pathways closely associated microenvironment, and affected the abundance of CD4+, CD8+ T cells, and macrophages (56–58). The above researches have provided evidence for the prognostic key IRGs whose potential as a regulatory target for immunotherapy is implied as well.

Limitations are as following: firstly, the establishment of PRSM is based on gene expression. The high price of RNA sequencing technology is not suitable for clinical promotion. Given this, we screened out a few prognostic key IRGs in the subsequent analyses. However, we require additional experiments to investigate the specific function of these prognostic key IRGs. Secondly, other than the model group platform, only one gene set was selected as the verification group, and more independent real-world cohorts are required for validation to ensure the accuracy and robustness of the model.

In conclusion, we constructed PRSM based on the differentially expressed IRGs of LCCs and RCCs. While applying PRSM to provide prognostic value, we gained a deeper insight in immune-related mechanisms. Meanwhile we predicted and identified five prognostic key IRGs, hoping to provide some basis for identifying the benefits of immunotherapy and immunomodulatory.
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Background: The incidence of colorectal cancer (CRC) has been increasing worldwide in recent years. Targeting cancer stem cells (CSCs) in CRC remains a difficult challenge. KDM2B and EZH2 play important role in the maintenance of CSCs' self-renewal capacity and tumorigenic ability; however, the biological functions of those genes in CRC remain unclear. In this study, we aimed to define the contribution of the expression of KDM2B in the features of CRC and establish the relationship between KDM2B and EZH2 in colorectal CSCs.

Methods: The expression of KDM2B and EZH2 in the specimens of CRC and CRC cell lines were analyzed by immunohistochemistry, Western blot, and immunofluorescence. The underlying mechanisms of altered expressions of KDM2B and EZH2 and their impact on the biologic features of CRC and stemness in CRC were investigated.

Results: The KDM2B gene was highly expressed in CRC tissues, and its overexpression positively correlated with tumor stages and tumor/node/metastasis (TNM) classification. The downregulation of KDM2B retarded cell proliferation, induced DNA damage, reduced spheroid formation, and decreased CRC stem cell markers: CD44, CD133, and ALDH-1. Moreover, the downregulation of KDM2B decreased the expression of EZH2 and both regulated cell migration, invasion, and stemness in the CRC cell line. Additionally, the interaction between KDM2B and EZH2 significantly increased the components of the PI3K/AKT pathway including AKT and PI3K. The high expression of KDM2B positively correlated with EZH2 in CRC tissues.

Conclusion: This study shows that the downregulation of KDM2B and EZH2 can regulate CRC cell stemness, and their interaction may serve as a novel prognostic marker and therapeutic target for patients with CRC.

Keywords: KDM2B, EZH2, stemness, colorectal cancer, PI3K/AKT


INTRODUCTION

Colorectal cancer (CRC) is considered one of the most common malignant tumors of the digestive system and is ranked among the most lethal cancers. It is rated as the third highest risk of cancer-related deaths worldwide (1). Although there are effective diagnoses and treatments against CRC, this disease remains a serious threat to millions of people globally.

Cancer stem cells (CSCs) are considered a major threat to the treatment response and prognosis of various cancers, including colorectal cancer (2, 3). They are a group of tumor cells with the characteristics of stem cells: self-renewal, infinite proliferation, and the potential of multi-directional differentiation (2, 4). Although CSCs account for a very minor population of cancer, they are firmly related to tumor metastasis, drug resistance, and recurrence after primary treatment (3). Colorectal cancer stem cells (CR-CSCs) share the major biological characteristics of stem cells from other solid tumors. The surface markers (CD44, CD133, CD166, Lgr5, ALDH1, and EpCAM) (5, 6) are efficient in the identification of CR-CSCs. However, studies have reported that the use of CD133 in combination with CD44 seems to be more reliable as target biomarkers (7). The dysregulation of Wnt/β-catenin, Notch, TGF-β, and Hedgehog signaling pathways have been reported in CR-CSCs (8–10). In particular, the activation of the Wnt/β-catenin signaling pathway contributes to the maintenance of cancer stem–like cell properties and drug resistance in CR-CSCs (11).

The oncogenic potential epigenetic regulator lysine–specific demethylase 2B (KDM2B), also known as NDY1, FBXL10, and JHDM1 is a member of the Jumonji C (JmjC) domain-containing histone demethylase (JHDM) family (12, 13). KDM2B regulates gene transcription via the demethylation of the dimethyl histone H3 lysine 36 (H3K36me2) and trimethyl histone H3 lysine 4 (H3K4me3) (14). This gene is located on chromosome 12q24.31 and encodes a member of the F-box protein family, which is characterized by ~40 amino acid motifs (15). KDM2B gene expression is associated with several abnormalities, including aniridia, genitourinary anomalies, mental retardation syndrome, and tumors (16). It has been established that the abnormal expression of KDM2B inhibits tumor suppressor genes and promotes oncogene expression, thereby contrib-uting to uncontrolled cell growth and possibly leading to tumorigenesis (17–19). KDM2B controls stem cell self-renewal (20), somatic cell reprogramming and senescence (21), and tumorigenesis (13). KMD2B is also highly expressed in embryonic stem cells, hematopoietic stem cells, leukemia, and solid cancers (18, 22, 23). Staberg et al. (24) demonstrated that KDM2B plays an important role in glioblastoma (GBM), where it critically maintains glioblastoma cell survival, genome integrity, stem-like tumor populations, and maintenance of glioblastoma stem-like cell (GSC) pools. Although studies have demonstrated that KMD2B regulates cancer stemness, the expression roles and regulatory mechanism of KDM2B in CR-CSCs have not been studied.

Recently, studies have shown that the enhancer of zeste homolog 2 (EZH2) is an important regulator of the development of cancer development and progression (25–27). EZH2 is a component of PRC2 that mediates methylation of histone H3 methylated Lys 27 (H3K27) and functions in the maintenance of embryonic stem cell pluripotency and plasticity (25, 28). In various cancers, targeting these genes (EZH1 and EZH2) has tumor-suppressive functions affecting tumor cell proliferation, invasion, and metastasis (26, 27). EZH2 expression is regulated by various oncogenic transcription factors and cancer-associated non-coding RNA that are critical for cell proliferation, tumorigenesis, and stem cell maintenance (29, 30). Studies have reported that EZH2 inhibition and knockdown dramatically decrease the tumorigenicity of CSCs (30, 31). Previously, Cheng et al. (31) found that EZH2 promotes CRC stem-like cell expansion by activating p21 cip1 -Wnt/β-catenin signaling, supporting the hypothesis that EZH2 may serve as a novel CSC marker and a potential target for cancer therapy. Moreover, EZH2 gene expression has been reported to be regulated by KDM2B in several abnormalities (23, 32). KDM2B and EZH2 both seem to play an important role in the maintenance of the self-renewal capacity and tumorigenic ability of CSCs. However, the correlation between the expressions of KDM2B and EZH2 and CRC stemness remains unclear.

The impact of the PI3K/AKT signaling pathway in the development of cancer and progression is well-documented. This signaling is crucial in cancer because it advances cell growth and survival (33, 34). Apart from its role in a solid tumor, the PI3K/Akt pathway plays an important role in CSCs. A previous study reported that the PI3K/Akt pathway plays an important role in the sphere formation and growth of the colon CSCs, which represent properties of stemness and proliferation of CSCs (35). Emphasizing the interest in this particular signaling pathway remains a chance and a challenge for cancer therapy.

In the present study, we aimed to investigate the functional role of KDM2B in CRC and the relationship between KDM2B and EZH2 in CR-CSCs. We found that the endogenous level of KDM2B was high in CRC tissues compared with normal tissues, and its expression was strongly related to the clinical stage and TNM stage. The downregulation of KDM2B decreased the viability of CRCs and induced DNA damage, concluding that KDM2B might act as an oncogene. The knockdown of KDM2B inhibited the spheroid formation of CRC cells and decreased the expression of surface markers of CRC-CSCs (CD133, CD44, and ALDH-1). Additionally, the downregulation of endogenous KDM2B decreased the expression of EZH2 and activated the PI3K/AKT pathway. KDM2B and EZH2 were indispensable for the maintenance of CSCs in vitro by regulating the PI3K/AKT signaling pathway. The knockdown of KDM2B and EZH2 reduced migration in CRC cells. The expression of EZH2 is positively related to KDM2B in tissues of CRC. KDM2B might be a potential therapeutic target for CRC.



MATERIALS AND METHODS


Human Colorectal Cancer—Clinical Specimens

The tissue microarrays (TMAs), including 150 paraffin-embedded primary CRC tissues, were obtained from the Shanghai Outdo Biotech Company (Shanghai, China). The human tissue samples were used according to the regulations of the Medical Ethics Committee of the Second Affiliated Hospital of Dalian Medical University. The TMAs include 75 cases of tumor tissues and 75 cases of adjacent normal tissues (HColA150CS02). The clinical diagnosis and demographic information, including age, sex, tumor size, clinical staging, and tumor/node/metastasis (TNM) staging classification were provided by the company and summarized in Table 2.



Cell Culture

Human normal colorectal epithelial cells (CCD 841CoN) and colorectal cancer cell lines (LOVO, ROK) were obtained from the Laboratory of Pathology at Dalian, Medical University, whereas HT-29 was purchased from the Cell Research company (Shanghai, China) and DLD-1 was from BeNa Culture Collection (BNCC, Jiangsu, China). CCD 841CoN and LOVO cells were cultured in RPMI-1640 medium (Gibco, USA) and HT-29, DLD-1, and ROK cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) /high glucose (Hyclone, Logan, UT, USA). The composite culture mediums were supplemented with 10% fetal bovine serum (FBS), 50 IU/ml, and 50 μg/ml of penicillin and streptomycin and incubated at 37°C in a humidified incubator with 5% CO2.



Immunohistochemical Analysis

The expression of KDM2B and EZH2 proteins in the specimens with CRC was analyzed by immunohistochemistry using the TMA slide. The tissues were deparaffinized, rehydrated, and treated with citric acid buffer (pH 6.0) at 95–100°C, 10 min for antigen retrieval. Endogenous peroxidase activity was blocked by incubation in 3% H2O2 for 20 min. Tissues were then incubated with primary polyclonal anti-JHDM1B antibody (1:500; MILLIPORE China) and polyclonal anti-rabbit EZH2 antibody (1:300; Proteintech, China) in a humidified chamber overnight at 4°C. The following day the slides were washed with phosphate-buffered saline (PBS) and incubated with secondary antibody (Santa Cruz Biotechnology, USA) for 30 min. After washing, the detection was determined by a non-biotin horseradish peroxidase detection system and DAB substrate (Dako, USA). The tissues were counterstained by hematoxylin (Tianjin Fuyu Fine Chemical Co. Ltd, Tianjin, China) and mounted in Distyrene, Plasticiser, Xylene (DPX) (Tianjin Fuyu Fine Chemical Co. Ltd, Tianjin, China). Immunohistochemistry results of the expression of KDM2B in CRC were observed and evaluated by two pathologists independently. Both pathologists were blinded to the sample type prior to evaluating samples. The expressions of KDM2B and EZH2 were evaluated using a semi-quantitative immunohistochemical score (0–12points) depending on the intensity (0–3 points) and proportion (0–4 points) (36). The staining intensity was scored as follows: 0 = negative staining, 1 = weak staining, 2 = moderate staining, and 3 = strong staining. The proportion of positive staining was scored as follows: no staining was 0, <25% was 1, 25–50% was 2, 51–75% was 3, and > 75% was 4. The final staining scores were calculated by multiplying the intensity score by the extent of positive cells staining, which yielded a range from 0 to 12 points.



siRNA, shRNA, and Antibodies

The design and synthesis of siRNAs were completed by RiboBio (Guangzhou, China). The lentivirus shRNA of KDM2B-knockdown and shRNA of EZH2-knockdown constructs were purchased from GenePharma (Shanghai, China). The negative control siRNA (si-NC) and shRNAs (NC) were provided by corresponding companies. Antibodies were purchased from different companies including, KDM2B (MILLIPORE, China), EZH2, CD133, CD44, ALDH1, P21, P27, β-tubulin (ProteinTech, China), Cyclin D1 (Boster, China), and antibodies against PI3K, pPI3K, AKT, and pAKT, were purchased from Wanleibio and Invitrogen (China, USA). Secondary antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).



Cell Transfection and Lentivirus Infection

Twenty-four hours prior to transfection, HT-29 and DLD-1 cells were seeded into 6-well plates at a density of 5 × 105 cells per well. The cells were then transfected with KDM2B siRNAs (siKDM2B#1 and siKDM2B#2) or negative control (NC) siRNA. The siRNAs were transfected using Lipofectamine 2000 (Invitrogen, USA). Lentivirus vectors, including short hairpin RNA against KDM2B (KDM2B-Homo-1621) and EZH2 (EZH2-homo-488), and the negative control (LV-N) were added to infect the cells for 72 h. Positive cells were screened using 1 mM of puromycin (Sigma-Aldrich, St. Louis, MO) for 2 weeks. Cells expressing Green Fluorescent Protein (GFP) were observed under fluorescence microscopy (Olympus IX73; Olympus, Tokyo, Japan). The expression of KDM2B in the infected cells was confirmed by Western blotting and qRT-PCR.



RNA Extraction and Real-Time qRT-PCR

Total RNA was extracted from transfected HT-29 and DLD-1 cells using TRIzol reagent (Invitrogen, Carlsbad, CA), and cDNA was synthesized with All-in-one First-Strand cDNA Synthesis SuperMix kit (Transgen, China). The RT-qPCR amplification for KDM2B mRNA was analyzed by Agilent MX3000P, and an SYBR Premix EX Tag Master mixture kit (Transgen, China) according to the instructions from the manufacturer. The relative expression levels of mRNA were evaluated using the 2−ΔΔCt method after normalizing to GAPDH. All qRT-PCR experiments were done in triplicate. The sequences of the primers used for the targeted gene in this study are shown in Supplementary Table 1.



Cell Proliferation and Colony Formation Assays

To further assess the growth potential of KDM2B in CRC cells, cell proliferation and colony formation assays were employed. For the proliferation assay, 24 h after transfection, HT-29 and DLD-1 cells were seeded at a density of 3 × 103 cells per well in 96-well microplates in triplicates, and proliferative cells were stained with CKK-8 (Sigma-Aldrich, USA) and measured at 0, 24, 48, and 72 h. Two hours after adding 10 μl of CCK-8 reagent, the absorbance was measured at 450 nm using the Multiskan Go spectrometer (Thermo Fisher, USA). For the cell colony formation assay, 24 h post-transfection the cells mentioned above were harvested and seeded in 6-well plates at a density of 500 cells per well and incubated for 6 days for the formation of colonies. The colonies were fixed and stained with 1% crystal violet for 20 min and then counted.



Comet Assay

Comet assay was conducted to determine whether the downregulation of endogenous KDM2B could be attributed to DNA damage in CRC cells. The assay was carried out according to the instructions from the manufacturer. Briefly, 48 h after transfection HT-29 and DLD-1 cells were harvested and redistributed in 1 × PBS to a density of 1 × 105 per 1 ml. The control group and siRNAs groups (siKDM2B#1 and siKDM2B#2) were mixed with molten low melting agarose gel (LMA gel) at a ratio of 1:10 (50 μl of cells in 1 × PBS to 1 × 105/ml 500 μl of LMA agarose at 37°C), then low melting agarose gel containing cells were sandwiched with normal melting agarose (NMA) gel on slices and placed in the refrigerator for 10 min at 4°C. Slides were then immersed in lysis buffer at 4°C overnight. Twenty-four hours after incubation in lysis buffer, the residual buffer on the slides was removed and submerged in a newly constituted alkaline unwinding solution (pH > 13) for 20 min at 4°C in a refrigerator. After 20 min of incubation, slides were placed in an electrophoresis tray containing alkaline solution and covered with a slide tray overlay. The power supply was set to 25 V and the voltage was applied for 30 min. After 30 min, the excess electrophoresis solution was drained and carefully immersed thrice in 0.4 mmol Tris-HCL (pH 7.5) for 10 min each. Following incubation, slides were dried at 37°C 10–15 min and were then incubated in propidium iodide (PI) for 10 min in darkness. Slides were viewed with a fluorescence microscope (Olympus IX73, Olympus Corporation, Tokyo, Japan). Nuclear DNA and migrating DNA (comet tail) labeled with PI appeared red under the fluorescence microscope. Cells were examined using CaspLab software—the comet assay software project used to measure the level of DNA damage in single-cell gel electrophoresis. The assay was conducted three consecutive times.



Sphere Formation Assay

The sphere formation assay was executed in ultra-low attachment 6-well plates (Corning, USA). At a density of 1,000 cells/ well, cells were grown in DMEM/F12 supplemented with B27 (1:50, Invitrogen), 20 ng/ml human recombinant EGF (Sigma-Aldrich, USA), and 20 ng/ ml bFGF (Sigma-Aldrich, USA) for 7 and 14 days. Spheres larger than <50 μm in diameter were counted at 20 × and 40 × magnification under an inverted microscope (Olympus Corporation, Tokyo, Japan). For Western blotting, spheres were maintained and collected after 20 days.



Cytoplasmic and Nuclear Protein Fractionation

The preparation of cytoplasmic and nuclear protein fractions was performed according to the manual from the manufacturer using the cytoplasmic and nuclear extraction reagent kits (Thermo Scientific, USA). In brief, cells were harvested from culture plates and resuspended in cytoplasmic extraction buffer, and incubated for 10 min. The cells were then Dounce-homogenized and centrifuged at 1,000 × g for 5 min at 4°C. The nuclei in the pellet were then resuspended in nuclear extraction buffer and isolated via centrifugation at 1,500 × g for 30 min. Both supernatants (cytoplasmic fraction and nuclear fraction) were stored at −20°C until use.



Western Blotting

Cells were collected by centrifugation and total protein was harvested with a protein extraction cocktail containing lysis and 1 × RIPA buffers (Sigma Chemicals, St. Louis, MO, USA). Easy II Protein Quantitative Kit was used to estimate the protein concentration, and equal concentrations were loaded for SDS-PAGE and separated by electrophoresis. After running SDS-PAGE, proteins were transferred to PVDF membranes (Millipore, Billerica, MA, USA) and blocked for 1 h with 5% non-fat milk dissolved in TBST and then incubated overnight at 4°C with the specific antibodies. The specific antibodies were diluted as follows: KDM2B (1:1,000), EZH2 (1:1,000), CD133 (1:500), CD44 (1:500), ALDH1(1:1,000), P21 (1:500), Cyclin D (1:500), P27 (1:1,000), PI3K (1:1,000), pPI3K (1:500), AKT (1:500), pAKT (1:1,000), and β-tubulin (loading control) (1:1,000). The following day, the incubated membranes were washed and incubated with anti-IgG secondary antibodies (1:16,000 in TBST) for 1 h at 37°C. The protein band images were captured with ODYSSEY infrared imaging system (version 3.0 software, LI-COR Biosciences).



Immunofluorescence Staining

The immunofluorescence was carried out following protocol. In summary, cells were grown to 3 × 103 in 24-well plates at 37°C and fixed with 4% paraformaldehyde for 20 min. Next, cells were permeabilized with PBS containing 0.5% Triton X-100 for 10 min at room temperature. After blocking using 3% BSA reagent, cells were incubated with primary antibodies for KDM2B and EZH2 (ProteinTech, China) overnight at 4°C. Subsequently, FITC conjugated secondary antibody (Invitrogen) was added and incubated for 1 h, then stained with 1 μg/ml of DAPI (Beyotime, China). Images of samples were visualized and captured using a fluorescence microscope (Olympus IX73; Olympus, Tokyo, Japan).



Magnetic Sorting-Based Separation

CD133+ and CD44+ cells are known to express a high variety of stemness genes. Furthermore, the combined analysis of putative co-CSC markers CD133 and CD44 seems to be more reliable as target biomarkers of low- and high-risk cases of CRC, as compared to single-marker analyses (37). To delineate the expressions of KDM2B and EZH2 on those co-CSC markers, CD133+/ CD44+ or CD133−/ CD44− cells were isolated from HT-29 cells and separated using a magnetic column included in the MicroBead kit according to the protocol from the manufacturer CD133 MicroBead kit (cat. no. 130-091-895) and CD44 MicroBead kits (cat. no. 130-095-194); both were purchased from Miltenyi Biotec. Averages of 1 × 107 HT-29 cells were centrifuged, and the supernatant was discarded. CD133 microbeads were added and incubated with the cells. Prior to sorting, the column was placed in a magnetic field and rinsed, and the cells were then loaded onto the column (LD Columns, LS Columns, cat. no. 130-042-901, and cat. no. 130-042-401). The acquired CD133− or CD133+ cells were incubated with CD44 microbeads (Miltenyi Biotec) and stained with antibodies at 4°C for 15 min. Cells were again washed and magnetically separated.



Wound Healing Assay

To further probe the effect of KDM2B and EZH2 on the migratory ability of CRC cells, a scratch wound healing assay was performed. An average of 2 × 105 transfected cells was seeded in 6-well plates and incubated at 37°C in 5% CO2. When cellular density reached nearly 100%, cells were gently wounded with a 200-μl pipette tip, and debris was washed off three consecutive times with PBS. Cells were then cultured in the serum-free medium for 24, 48, and 72 h. The wound closure area was micrographed at 0, 12, 24, and 48 h. All assays were performed in triplicate.



Cell Migration and Invasion

A seeding density of 1 × 105 cells in triplicate was placed in the upper chamber of the 24 well plates (pore size 8 μm, Corning, USA) containing 200 μl of serum-free DMEM medium. For invasion assay, the base of the upper chambers was pretreated with extracellular matrigel (BD, Bioscience, San Jose, CA, USA) to serve as an artificial membrane. The lower chambers were filled with 700 μl complete medium to serve as a chemoattractant. A medium supplemented with 20% serum was added into the lower chamber and incubated at 5% CO2 at 37°C in a humidified incubator. After 48 h of seeding, cotton swabs were used to clean the upper inserts. The cells that penetrated on the other side of the membrane were fixed in methanol for 10 min and stained with 1% crystal violet. A randomly selected area was counted under the microscope (Olympus IX73; Olympus Corporation, Japan).



Statistical Analysis

Statistical analysis was performed with SPSS version 15.0 and Graph pad version 8 (Graph Pad Software. Inc., USA). Differences between the two groups were evaluated by Student t-test. One-way ANOVA was used when comparing multiple groups. Clinical data were analyzed using the chi-square test. The data were presented as mean ± SD and statistical significance was set at p < 0.05.




RESULTS


The Overexpression of KDM2B Is Directly Related to Pathologic Features in CRC

We determined the clinical significance of KDM2B in the development and progression of CRC by analyzing KDM2B in specimens with CRC. We first measured the expression of KDM2B in CRC by IHC analysis using TMA that included 75 tumor tissues (grades I–IV) and 75 normal tissues. Immunohistochemical staining showed that the expression of the KDM2B protein was mainly located at the nucleus of CRC cells (Figure 1A), and its expression was significantly higher in tumor tissues compared with their adjacent normal tissues (p < 0.05, Figure 1B). Meanwhile, the positive percentage of KDM2B showed a similar trend in this cohort (p < 0.05, Table 1). Furthermore, to investigate the correlation between the expression of KDM2B and the clinicopathological features of CRC, the 75 patient samples were subdivided into two groups [KDM2B (+) positive group and KDM2B (–) negative group] based on the cutoff number of IHC density scores. The chi-square test revealed that the increased expression of KDM2B was strongly related to the clinical stage (p = 0.012), and TNM staging classification with statistical significance in T and N (p = 0.033, p = 0.029, respectively), with no significance in M (p = 0.111). No correlation was observed between the expression of KDM2B and sex (p = 0.239), age (p = 0.525), and tumor size (p = 0.380), (p > 0.05, Table 2). Also, the correlation between the expression of KDM2B and the CRC clinical stages was analyzed. To examine the correlation between the expression levels of KDM2B and CRC clinical stages, stages II–III and stage III cases were grouped for analysis due to the limited sample numbers. The results showed that the expression levels of KDM2B in stages I–II and stage II are higher than stages II–III + III (p < 0.05, Figures 1C,D). These results indicate that KDM2B may serve as a prognostic indicator for patients with CRC.
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FIGURE 1. KDM2B is overexpressed in colorectal cancer specimens. (A) KDM2B protein was analyzed by immunohistochemistry in the adjacent normal tissue (left) and tumor tissues (right). Cells with brown granules in the nucleus were identified as KDM2B positive. The magnification was × 20 and × 40, respectively. Scale bar = 100 μm. (B) The results of KDM2B expression were evaluated by the staining scores. **p < 0.01. (C) The images represent differential KDM2B staining intensities in different clinical stages. (D) The correlation between the expression of KDM2B and the clinical stage was analyzed between stage I–II, stage II, and stage II–III + III. Stage II–III and Stage III cases were combined into one group. Statistical significant differences were observed between groups (**p < 0.001).



Table 1. Expression of KDM2B protein in the normal colon tissue and colon cancer tissue.
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Table 2. Relationship between KDM2B expression and clinicopathologic parameters in colorectal cancer.
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Silencing KDM2B Inhibited CRC Cell Proliferation and Induced DNA Damage

To assess the impact of the expression of KDM2B on the biologic features and tumorigenesis of CRC cells, KDM2B protein expression was first analyzed in five different cell lines, normal human colon epithelial cell lines (CCD841CoN), and human CRC cell lines (HT-29, ROK, LOVO, DLD-1). The expression of KDM2B was highly expressed in human cancer cell lines compared with the normal human colon epithelial cell line (Figure 2A). Then, HT29 and DLD1 cells were chosen to knockdown KDM2B expression by siRNA. The qRT-PCR and Western blotting were performed to validate the efficiency of the knockdown. The expression levels of KDM2B mRNA significantly decreased with siRNA transfection (siRNA#1 and siRNA#2) compared to levels in the control group (Figures 2B,C). Moreover, Western blotting showed that KDM2B protein expression was also significantly reduced with siRNA#1 and siRNA#2 treatment compared to the control group (Figures 2D,E).
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FIGURE 2. KDM2B restrains cell proliferation in CRC and induces DNA damage. (A) KDM2B protein was analyzed by Western blotting in the indicated normal human colon epithelial cells (CCD841CoN) and CRC cell lines (HT-29, ROK, LOVO, and DLD-1) *p < 0.05, **p < 0.01, ***p < 0.001. (B,C) HT-29 and DLD-1 were transfected with siRNA (siKDM2B #1 and siKDM2B #2) and negative control (NC) using lipofectamine 2000. The relative expression of KDM2B mRNA was examined by real-time qRT-PCR after normalizing to GAPDH (n = 3), ***p < 0.001. (D,E) The assessment of the expression level of KDM2B protein and the bar chart of quantified KDM2B protein expression in transfected HT-29 and DLD-1 cells. Data are presented as Mean ± SEM (n = 3). Statistical significant differences in mRNA and protein in cells were observed (*p < 0.05, **p < 0.01, ***p < 0.001 vs. negative control). The results of the CCK-8 assay (F,G) demonstrated that cell viability decreased in HT-29 and DLD-1 cells after KDM2B knockdown *p < 0.05, **p < 0.01 vs. control. (H,I) HT-29 and DLD-1 cell colonies formed and graphical presentation of the average of colonies formed in control (NC) and transfected groups (#1 and #2). Data are expressed as Mean ± SEM (n = 3). **p < 0.01. (J) Comet images from HT-29 and DLD-1 cells after knockdown of KDM2B. The transfected cell group shows increasing levels of damage compared with the negative control. The number of cells scored in each measured concentration was 50. (K) The bar chart of the mean tail comet in percentage *** p < 0.001. (L) Representative densities of P21, P27, Cyclin D, and β-Tubulin proteins after Western blot experiment. (M) Cluster bar charts of representative proteins **p < 0.01, ***P < 0.001.


Given that KDM2B delays cancer cell growth by inducing senescence and/or apoptosis, we sought to determine whether KDM2B could be inducing DNA damage in CRC cells, resulting in delayed cell growth and altering the regulation of its downstream proteins that are key to the survival and growth of tumor cells. We first examined the cell proliferative capacity by CCK-8 and colony formation. The CCK-8 assay and colony formation assay showed that the downregulation of KDM2B significantly retarded the growth and colony formation of HT-29 and DLD-1 cells compared to the negative control (Figures 2F–I).

To determine the possible reason for the inhibition of KDM2B inducing cell proliferation depilation, DNA damage was conducted using the comet assay. The results illustrated in Figures 2J,K showed increased DNA tail in the transient KDM2B knockdown group compared to the negative control, concluding that the knockdown of KDM2B induces DNA damage in CRC cells. Next, to confirm the regulatory mechanism of KDM2B on the survival and proliferation of CRC cells, cell proliferative related proteins P21, P27, and cyclin D1 were examined by Western blot assay. The result shows that the downregulation of KDM2B significantly increased protein levels of P21; P27, meanwhile, decreased the protein level of cyclin D1 (Figures 2L,M). Collectively, these observations suggest that the knockdown of KDM2B might inhibit proliferation in CRC cells in response to DNA damage and activation of proliferative-related proteins P21, P27, and cyclin D.



The Downregulation of KDM2B in CRC Cells Is Associated With Stem Cell Features

The role of KDM2B in CRC stem cells remains unclear. To determine whether the downregulation of KDM2B in CRC is associated with stem-like properties, the sphere formation assay was performed and measured the differential expression of the KDM2B protein. The Western blot results showed that the protein level of KDM2B was significantly higher in spherical cells compared to their counterpart adherent cells (Figure 3A). We then downregulated the expression of KDM2B in HT-29 and DLD-1cells using siKDM2B. Our results showed decreased tumor-sphere size and the number of spheres in both CRC cell lines following siRNA transfection compared with the negative control (Figure 3B). The quantification of these findings is shown in Figure 3C.
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FIGURE 3. The downregulation of KDM2B regulates the cell stemness in CRC in CRC cell lines. Representative images of adherent cells and the tumor sphere. (A) The assessment of the expression level of KDM2B protein in adherent cells and the tumor sphere was analyzed by Western blotting. (B) Tumor sphere formation of HT-29 and DLD-1 cells. Cells were treated with siKDM2B (#1 and #2) or negative control (NC) for 7 days, and expansion of the tumor spheres were analyzed at 20 × and 40 × magnification under a microscope (bar = 50 μm; magnification, 200 × and 400 ×). (C) The cluster bar chart of the number and size of spheres formed. (D,E) The effect of KDM2B on CRC cell stem-like markers. CD44, CD133, ALDH-1, and KDM2B levels were analyzed by Western blotting. Data are expressed as Mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control.


The surface markers CD133, CD44, and ALDH-1 have been proposed for the identification and characterization of CRC-CSCs. Western blot results showed that the downregulation of KDM2B correlated with decreased expression levels of CD133, CD44, and ALDH-1 in transfected HT-29 and DLD-1 cells compared with the negative control (Figures 3D,E). These results suggest that the knockdown of KDM2B may inhibit cell stemness in CRC.



The Downregulation of KDM2B Decreased the Expression of EZH2 and Regulated the Activity of the PI3K/AKT Signaling Pathway

To elucidate the functional relationship between KDM2B and EZH2 in CRC, we selectively silenced the KDM2B gene via the lentiviral expression vector of short hairpin RNA (shRNA) against KDM2B (shKDM2B) and negative control (NC) in HT-29 and DLD-1 cells. The inhibition efficiency of KDM2B was verified by a fluorescence microscope and real-time qRT-PCR analyses. We observed that more than 90% of cells had green fluorescence under the fluorescence microscope (Figure 4A). KDM2B mRNA expression in shKDM2B-HT-29 and shKDM2B-DLD-1 groups reduced compared to the negative control (Figure 4B). Moreover, the expression of EZH2 was subsequently detected by Western blot analysis and immunofluorescence. Figures 4C,D show that the expression of EZH2 was markedly reduced by inhibition of KDM2B (shKDM2B) at protein levels compared with negative control (NC).
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FIGURE 4. KDM2B suppresses the expression of EZH2 in CRC and activates the PI3K/AKT signaling pathway. (A) HT-29 and DLD-1 cells were infected with shRNA against KDM2B (shKDM2B) and negative control (NC), and more than 90% of cells had green fluorescence under the fluorescence microscope. Representative microscopic pictures were taken. (B) The relative expression of KDM2B mRNA was examined by real-time qRT-PCR after normalizing to GAPDH (n = 3), ***p < 0.001. The expression of EZH2 protein was determined by Western blotting and immunofluorescence after transfecting KDM2B as described in (A,C,D). (C) Shows Western blot result and representative quantification of EZH2 expression in HT-29 and DLD-1. β-tubulin was used as a loading control. (D) Immunofluorescence was performed using FITC-labeled phalloidin. The cells were stained with anti-KDM2B and anti-EZH2 antibodies (red) and DAPI (blue) and observed under a fluorescence microscope (Scale bar: 20 μm, magnification, 40 ×). (E) The cytosolic and nuclear proteins were extracted from HT-29 and DLD-1 transfected cells with shKDM2B or control vectors (NC) and the protein levels of KDM2B and EZH2 were measured using Western blot analysis. β-tubulin was used as an internal control. (F,G) The downregulation of KDM2B and EZH2 activated the PI3K/AKT signaling pathway. The expression levels of PI3K/AKT pathway target genes, including p-PI3K, PI3K, p-AKT, and AKT, were analyzed by Western blot Assay. GAPDH was used as a loading control. The data was statistically significant at *p < 0.05, **p < 0.01, ***p < 0.001 as compared to negative control. The data correspond to the mean ± SEM of three independent experiments.


To further probe the regulating roles of KDM2B on the transcription of EZH2, we analyzed the impact of KDM2B on the cytoplasm and nuclear protein levels of EZH2. Western blot results showed that the knockdown of KDM2B decreased the protein levels of EZH2 in the cytoplasm and increased the levels in the nucleus (Figure 4E). These data indicate that KDM2B regulates the expression of EZH2 in CRC cells.

Activation of the PI3K-AKT pathway is crucial in cancer progression. To investigate whether the KDM2B and EZH2 could regulate the PI3K/Akt signaling pathway, we examined the effect of KDM2B and EZH2 on downstream proteins of the PI3K/Akt pathway. As shown in Figures 4F,G, downregulating KDM2B and EZH2 in HT-29 and DLD-1 cells decreased the expression of phosphorylated PI3K and phosphorylated AKT and increased the expression of PI3K and AKT, suggesting that the downregulation of KDM2B and EZH2 activates the PI3K-AKT signaling pathway in CRC.



KDM2B and EZH2 Were Indispensable for the Maintenance of Stem Cells in CRC in vitro via Regulating the PI3K/AKT Pathway

KDM2B and EZH2 play an important role in the maintenance of the self-renewal capacity and tumorigenic ability of CSCs. We hypothesized that the relationship between KDM2B and EZH2 might influence CRC-CS–like cells. Thus, to accredit this hypothesis, we sorted the CD133+/CD44+ and CD133−/CD44− subpopulations from HT-29 cells by magnetic-activated cell sorting and analyzed the expression of KDM2B and EZH2. The protein levels of KDM2B and EZH2 were higher in the CD133+/CD44+ cells than in CD133−/CD44− cells (Figures 5A,B). The expression of KDM2B and EZH2 were detected by Western blot analysis and immunofluorescence (Figures 5A,B). We then transfected CD133+/CD44+cells with NC, shKDM2B, and shEZH2 and performed a sphere formation assay to test the self-renewal capacity of the cells, which is a pivotal property of CS-like cells in vitro. The results demonstrated that more than 70% of cells had green fluorescence under the fluorescence microscope (Figure 5C), and the sphere colonies were fewer in shKDM2B and shEZH2 groups compared with the control group (CD133+/CD44+cells without transfection) and negative control (NC) (Figure 5D).
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FIGURE 5. KDM2B and EZH2 were indispensable for CCS-like cell maintenance in vitro via regulating the PI3K/AKT pathway. The CRC cancer stem cell population (CD133−/CD144− and CD133+/CD144+) were isolated from HT-29 cells by MACS. (A) Protein expression levels of KDM2B and EZH2 confirmed in CD133−/CD144− and CD133+/CD144+ cells by Western blot. The cluster bar chart represents the Western blot quantification (A) *p < 0.05. (B) Immunofluorescence staining of KDM2B and EZH2 in CD133−/CD144− and CD133+/CD144+ cells (Scale bar: 100 μm). (C) CD133+/CD144+ cells were transfected via the lentiviral expression vector of short hairpin RNA (shRNA) against KDM2B and EZH2 (shKDM2B and shEZH2) and negative control, and more than 70% of cells had green fluorescence under the fluorescence microscope. Representative microscopic images were taken. (D) Sphere formation in untreated, control, shKDM2B, and shEZH2 groups. The expansion of tumor spheres was analyzed at 40 × magnification under a microscope (bar = 50 μm; magnification, 400 ×). The knockdown of KDM2B and EZH2 activated the PI3K/AKT pathway in the stem cell population in CRC. (E) The expression of p-PI3K, PI3K, p-AKT, AKT, KDM2B, and EZH2 was analyzed by Western blot Assay after KDM2B and EZH2 knockdown in CD133+/CD44+ cell population. β-tubulin was used as a loading control. (F) The downregulation of KDM2B and EZH2 weakens self-renewal markers in CRC cells. The assessment of protein expression of stemness markers including CD44, CD133, and ALDH-1 was analyzed by Western blotting. The data was statistically significant at **p < 0.01, ***p < 0.001 as compared to the control. Data are represented as mean ± SEM of three independent experiments.


Given that EZH2 and KDM2B are essential in the maintenance of CSC and that both participate in the activation of the PI3K-AKT signaling pathway, we sought to determine whether the PI3K-AKT pathway is involved in the EZH2 and KDM2B-mediated regulation of the cell stemness of CRC. We analyzed the downstream proteins of the PI3K-AKT signaling pathway, finding that the CD133+/CD44+ population showed increased AKT and PI3K expression after knocking down KDM2B and EZH2 (Figure 5E). Moreover, surface markers CD133, CD44, and ALDH-1 showed decreased expression in shKDM2B and shEZH2 groups as compared with the control group (untreated cell) and negative control (NC) (Figure 5F). These results suggest that KDM2B and EZH2 regulate the cell stemness in CRC via the PI3K-AKT pathway.



KDM2B and EZH2 Inhibit Migration and Invasion in CRC Cells

Next, we aimed to interrogate whether the downregulation of KDM2B and EZH2 influences cell migratory and invasive capacities of CRC using scratch wound healing and Corning transwell assays. Scratch wound healing experiment determined the extent of cell migration by inferring to close or narrowing of the wound area in culturing cells at time points of 24, 48, and 72 h in HT-29 and DLD-1 cells, respectively. Our results showed wound area closure was lower in shKDM2B and shEZH2 groups compared to the control group, following 48 and 72 h of incubation (Figure 6A). The quantification of these findings is shown in Figures 6B,C. Subsequently, we assessed the impacts of KDM2B and EZH2 on the cell migration and invasion of CRC using Corning transwell assays. Also, migrated and invaded cells were remarkably inhibited by KDM2B and EZH2 knockdown as shown in Figures 6D,E. The differences in migration observed in the control and cells treated with shRNA were significant (Figures 6F,G). These results indicate that KDM2B and EZH2 inhibit cell migratory and invasive capacities in CRC.


[image: Figure 6]
FIGURE 6. The downregulation of KDM2B and EZH2 inhibits the migration and invasion in CRC cells. HT-29 and DLD-1 cells were treated with either shKDM2B or shEZH2. (A–G) The migration and invasion abilities of the cells were examined by scratch wound healing assay, migration, and invasion assay (Transwell assay). (A) A representative image of the wound area after the scratched wound healing assay. (B,C) The cluster bar chart of the wound area in μm at various time points. (D,F–H) Representative pictures and the cluster bar chart of migrated and invaded HT-29 and DLD-1 cells. The data was statistically significant at *p < 0.05, **p < 0.01, ***p < 0.001 as compared to control. Data are represented as mean ± SEM of three independent experiments.




Correlation of KDM2B With EZH2 in Tissues With CRC

Our study demonstrated that KDM2B transcriptionally decreased the expression of EZH2 in CRC cells, and both seem to play an important role in the maintenance of the self-renewal of CR-CSCs. To further confirm our results, we analyzed the protein levels of EZH2 in TMA of CRC. The same cohorts of TMA sections for KDM2B were immunostained with a specific anti-EZH2 antibody. The result showed that EZH2 was highly expressed in the nucleus of the tumor tissue compared with adjacent normal tissue (Figure 7A). We then analyzed the correlated expression of EZH2 and KDM2B in human tissues with CRC. The result demonstrated a positive correlation between the expression of EZH2 and KDM2B in human tissues with CRC (Figures 7B,C) (Pearson correlation test: r = 23.751, p < 0.001).


[image: Figure 7]
FIGURE 7. The expressions of EZH2 is positively related to KDM2B in tissues with CRC. (A) Representative images of the expression of EZH2 in adjacent normal tissue specimens with CRC vs. tumor tissue. (B) The expression of KDM2B and EZH2B proteins in TMA tissue sections was represented by the cohort. The magnification was × 20 and × 40, respectively. Scale bar = 100 μm. (C) The negative correlation of KDM2B with the expression of EZH2 was assessed using the chi-square Pearson correlation text (n = 75; r = 23,751; ***p < 0.001).





DISCUSSION

Cancer stem cells have recently been shown to present a serious approach for establishing therapeutic strategies targeting CSCs (7). Accumulating studies have shown that CR-CSCs can initiate tumorigenesis and recurrence of CRC (38). Hence, a better understanding of the tumor environment and strategies for the eradication of CR-CSCs is needed. In this study, we investigated the functional role of KDM2B in CRC and the influence of KDM2B and EHZ2 on the characteristic of CR-CSCs regarding the self-renewal ability of CRC cells via the PI3K/AKT signaling pathway.

KDM2B has been considered as either a tumor suppressor or ontogenesis depending on the cellular context (17, 18). To determine the expression pattern of KDM2B in CRC, we first investigated the expression of KDM2B in specimens with CRC. We found that the expression of KDM2B increased in tumor tissues compared with normal tissues. Consistent with previous studies, KDM2B has been reported to be overexpressed in gastric cancer and glioma and its expression correlated with cancer progression (39, 40). Additionally, we analyzed the correlation between the expression of KDM2B and the pathological features of CRC. The overexpression of KDM2B highly correlated with the CRC clinical-stage grade and TNM staging. The correlation between the expression of the relative KDM2B and clinicopathological staging was also analyzed. From stage I to stage III in CRC, the expression of KDM2B was higher in tumor tissues than that of the corresponding adjacent-normal tissues in each stage, and this difference exhibited an important significance in stages I–II and stage II than stage II–III + III. Our result showed that the average expression of KDM2B in tumor tissues that are in stages I–II and stage II was higher than that of stages II–III + III. These results indicate that KDM2B may affect the early process during the initiation and progression of CRC and might play a vital role in the development of CRC.

KDM2B contrib-utes to uncontrolled cell growth by inhibiting tumor suppressor genes and promotes the expression of oncogene (18, 19). A previous study reported that the downregulation of KDM2B inhibits cell proliferation and affects the progression of the cell cycle in tumor cells including HeLa cells (17). Moreover, KDM2B regulates gene transcription via the demethylation of H3K36me2 (14). The methylation of H3K36 is involved in several nuclear processes such as transcriptional regulation, gene dosage compensation, DNA replication, recombination, and DNA damage repair (41, 42). Staberg et al. (24) demonstrated that the loss of KDM2B induces DNA damage and apoptosis and sensitizes glioblastoma cells to chemotherapy. In accordance with those studies, we determined the functional role of KDM2B in CRC. Our data showed that the downregulation of KDM2B inhibited cell growth in CRC, induced DNA damage, and decreased proliferative proteins p21, p27 while increasing the expression of cyclin D1. This may lead to the conclusion that KDM2B may function as an oncogene in CRC, and KDM2B plays a vital role in tumorigenesis and progression.

In addition to regulating cell proliferation, for the first time, our present study showed that the knockdown of KDM2B also regulates the stemness in CRC. Defined markers were utilized for the identification of CR-CSCs. Researchers have demonstrated that CD133, CD44, ALDH1, CD166, and Lgr5 are critical biomarkers to identify CR-CSCs, where the combination of CD133 with CD44 seems to be more reliable as target biomarkers (5–7). Our data showed that the knockdown of KDM2B was significantly associated with the properties of CSCs, such as self-renewal. We found KDM2B to be expressed at higher levels in spherical cells compared to adherent cells. Furthermore, the knockdown of KDM2B suppressed sphere formation and inhibited CR-CSC markers including CD133, CD44, and ALDH-1 in CRC cells. Consistent with a previous study, KDM2B was highly expressed in glioblastoma stem cells (GSCs) compared to their differentiated counterparts. Moreover, the enrichment of GSCs through the cell surface marker, CD133, revealed preferential expression of KDM2B in GSCs compared to non-GSCs (24). Another study reported NDY1/KDM2B functions as a master regulator of Polycomb complexes and controls the self-renewal of breast cancer stem cells (13). These findings indicate that KDM2B modulates cell survival and the self-renewal of CSCs.

There is mounting evidence that highlights the role of KDM2B in the regulation of stem cell transcription factor, EZH2 (23, 32). EZH2 has tumor-suppressive functions affecting tumor cell proliferation, invasion, or metastasis (25–27). To link KDM2B to stem cell regulatory pathways, we queried stem cell regulatory pathways that have been linked to the maintenance of stem cells in CRC. Thus, we tested the effect of KDM2B on the expression of EZH2 in CRC cells. Our data demonstrated that the downregulation of KDM2B reduced the transcriptional activity of the expression of EZH2 in the CRC cell line. Recently, Zacharopoulou et al. (43) reported reduced expression of EZH2 and BMI1 in HCT-116 by KDM2B. This finding reveals KDM2B as a key regulator of the expression of EZH2. In addition, KDM2B seems to regulate the EZH2 levels through several pathways (32). The PI3K/AKT signaling cascade is one of the most important intracellular pathways, which regulates survival, cell growth, differentiation, and cellular metabolism (33, 34). EZH2 and PRC2-mediated H3K27me3 (trimethylation at lysine 27 of histone H3) contribute to transcriptional silencing, and this process is negatively regulated by PI3K/AKT (44). Previous data demonstrated a mechanism by which PI3K/AKT signaling modulates the cancer epigenome through controlling H3K4 methylation in breast cancer (33). However, the mechanism by which PI3K/AKT signaling network regulates the expression of KDM2B remains unclear. Emphasizing the interest in this particular signaling pathway, we examined the effect of KDM2B and EZH2 on the downstream proteins of the PI3K/Akt pathway in CRC cells. Our data showed that the downregulation of KDM2B and EZH2 activated PI3K/Akt signaling.

A previous study reported the role of EZH2 in CRC-CS–like cell properties by activating Wnt/βcatenin signaling (31). Given that the downregulation of KDM2B and EZH2 influences the PI3K/Akt pathway activation might be linked to the regulation of CR-CSCs, we analyzed their influences in the properties of CR-CSCs. The protein expressions of KDM2B and EZH2 were detected in CD133+/CD44+ cells and CD133−/CD44− cell populations. Interestingly, the protein expressions of KDM2B and EZH2 were highly expressed in CD133+/CD44+ cells as compared to CD133−/CD44− cells. In addition, the knockdown of KDM2B and EZH2 reduced sphere formation in CD133+/CD44+ cells, concluding that both KDM2B and EZH2 influence CRC stem-like cells. The PI3K/Akt pathway plays an important role in the cell sphere formation and growth of colon cancer stem (35). Here, we demonstrated a critical mechanism for the activation of the PI3K/Akt pathway by KDM2B and EZH2 in CR-CSCs. The expression of the PI3K/Akt downstream proteins PI3K and AKT was also increased in CD133+/CD44+ cells after knocking down KDM2B and EZH2 expressions. Additionally, the downregulation of KDM2B and EZH2 increased the surface markers CD133, CD44, and ALDH-1. Collectively, our data showed that the regulation of KDM2B and EZH2 of the cell stemness in CRC is likely via the activation of the PI3K-AKT pathway.

Furthermore, we determined the functional role of KDM2B and EZH2 in the cell migration and invasion in CRC. We found that the knockdown of KDM2B and EZH2 suppressed the cell migration and invasion in CRC. In line with our result, Kottakis et al. (45) reported that FGF-2 regulates cell proliferation, migration, and angiogenesis through an NDY1/KDM2B-miR-101-EZH2 pathway.

Our study found that KDM2B transcriptionally regulates EZH2 in CRC cells, and both seem to play an important role in the maintenance of the self-renewal of CR-CSCs. To further confirm our results, we analyzed the expression of EZH2 and KDM2B in the CRC array with the same cohort, and the Pearson correlation test showed a positive correlation between EZH2 and KDM2B. This finding highlights a novel mechanism in which KDM2B transcriptionally decreased the expression of EZH2, and both seem to play important role in CRC and the features of CRC stem cells.



CONCLUSION

In summary, our research found that KDM2B is highly expressed in CRC and is correlated with the clinical stage and TNM staging. The downregulation of KDM2B inhibited cell proliferation and induced DNA damage. KDM2B decreased the expression of EZH2 contributing to the activation of the PI3K/AKT signaling pathway. Mechanically, KDM2B and EZH2 could orchestrate the stemness in CRC via activating the PI3K/AKT pathway. The knockdown of KDM2B and EZH2 impeded the cell migration in CRC. The expression of EZH2 positively correlated with KDM2B in the malignancy of CRC. This finding suggests that KDM2B and EZH2 play a key role in the stemness of CRC and, therefore, could be a potential therapeutic target for CRC.
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Background: Previous studies have revealed an increased risk of second primary malignancies (SPMs) after colorectal cancer (CRC); however, no previous investigation has quantified differences in the risk of SPMs based on the histological subtypes of first primary CRC.

Methods: Patients diagnosed with first primary CRC between 2000 and 2011 were identified from the Surveillance, Epidemiology, and End Results cancer registries. The patients were divided into three cohorts: classical adenocarcinoma (CA), mucinous adenocarcinoma (MA), and signet-ring cell carcinoma (SRCC). Standardized incidence ratios were calculated to assess the risk of SPMs among the patients.

Results: Overall risk of SPMs was significantly higher among patients with three histological subtypes of CRC than in the general population. The risk of esophagus cancer was significantly increased in SRCC. The risk of small intestine, colon and rectum, and corpus uteri cancers was high in three histological subtypes, with the highest risk observed in SRCC, followed by MA. Increased risks of second stomach, uterus, urinary bladder, kidney, and thyroid cancers were only observed in CA patients, while increased risk of second renal pelvis cancer was limited to MA patients. Furthermore, the high overall risk of SPMs in CA patients persisted regardless of clinicopathological factors. After surgery combined with chemotherapy treatment, CA patients were more prone to developing second small intestine, colon and rectum cancers than those treated with surgery only. A lower second prostate cancer risk was observed in rectal CA patients treated with surgery combined with radiotherapy than in patients treated with surgery only.

Conclusion: The present study revealed that the risk of developing SPMs after CRC varied based on the histological subtypes of the first primary CRC. Although the mechanisms underlying the observed patterns of SPM risk remain unknown, the study provided insights into future cancer surveillance based on the histological subtypes of CRC.

Keywords: colorectal cancer, second primary malignancies, histological subtypes, classical adenocarcinoma, mucinous adenocarcinoma, signet-ring cell carcinoma, SEER database


INTRODUCTION

Colorectal cancer (CRC) is the third most widespread cause of cancer-related deaths in both men and women in the United States, and ranks second when men and women are combined (1). According to Survivorship Statistics released by the American Cancer Society, it was estimated that more than 1.5 million survivors in the United States were living with a previous CRC diagnosis in 2019 (2). Advances in early detection and treatment of CRC have contributed to enhancements in CRC prognosis, which could be the reason for the increase in the population of CRC survivors (2). Therefore, a long life exposes these survivors to long-term health concerns, including the development of second primary malignancies (SPMs). Several population-based studies have demonstrated an increased risk of developing SPMs after a previous diagnosis of CRC compared with the general population (3–7). Although the underlying mechanisms remain unknown, the increased risk could be associated with shared genetic or environmental risk factors for different malignancies or a side effect of previous treatment for CRC.

Most CRCs are adenocarcinomas, including three key comprehensively studied subtypes: classical adenocarcinoma (CA), mucinous adenocarcinoma (MA), and signet-ring cell carcinoma (SRCC) (8). MA and SRCC are rare subtypes of CRC and exist distinct characteristics from CA, including a younger age of onset, more advanced stage, and increased possibility of lymphatic invasion and perineural infiltration (8–12). Therefore, it is plausible that the risk and distribution of SPMs in different histological subtypes of CRC could differ.

In addition, the treatment of CRC varies with the stage at diagnosis; however, the most widespread treatment administered is surgery, with additional therapy including systemic chemotherapy and radiation therapy (radiation therapy is used more often in rectal cancer than in colon cancer cases) administered either in the neoadjuvant or adjuvant setting (13). The treatment patterns could influence the risk of SPMs as chemotherapy and radiotherapy are carcinogenic and have been demonstrated to increase the risk of SPMs at various sites, including lung, stomach, colorectal sites and the bladder (14–16).

To the best of our knowledge, this is the first systematic retrospective study focusing on risk and distribution of SPMs after CRC based on the histological subtypes, with a large sample of CRC patients obtained from the Surveillance, Epidemiology, and End Results (SEER) database. Understanding the patterns could provide further insights into the epidemiology of CRC and guide clinical decisions regarding surveillance and adjuvant treatment after CRC.



PATIENTS AND METHODS


Data Source

Data used in the present study were extracted from the National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) program database, which contained information from population-based cancer registries on patient demographics, cancer incidence, treatment, and outcomes (https://seer.cancer.gov). The database we selected was SEER 18 regs, excluding AK Custom Data (with additional treatment fields), which was submitted in November 2018 (2000–2016). To distinguish second primary malignancies from recurrences and metastases, SEER registrars follow a series of coding rules considering site, histology, timing and whether anastomotic lesions have mucosal involvement.



Patient Selection

Patients aged 20–79 years, who had been initially diagnosed with CRC presenting malignant behavior between January 2000 and December 2011 were included in the study. Patients were followed-up for at least 5 years to determine the risk of developing SPMs. Patients with reports presented in the form of death certificates or autopsy only were not enrolled, as were those without pathologically confirmed diagnoses. We further selected patients diagnosed with three histological subtypes of CRC: CA (Codes: 8140–8147, 8210–8213, 8220–8221, 8255, 8260–8263, 8310-8323), MA (Codes: 8480–8481), and SRCC (Codes: 8490) based on ICD-O-3 codes. Patients diagnosed as other histological subtypes were excluded. Detailed corresponding descriptions of the three histological subtypes of CRC are presented in Supplementary Table 1. To enhance the validity and authenticity of the present study, patients with missing values on crucial covariates such as race, grade and SEER summary stage were excluded. Additional exclusion criteria included patients with performance of surgery noted death certificate/autopsy or unknown operation. To identify the location of tumors, tumor sites such as appendix, overlapping lesions of colon or colon not otherwise specified (NOS) were excluded. Finally, patients who were followed <6 months or were diagnosed with SPMs within the first 6 months after initial CRC were not enrolled to exclude synchronous primary malignancies. Overall, the enrolled CRC patients were divided into three cohorts: classical adenocarcinoma (CA), mucinous adenocarcinoma (MA), and signet-ring cell carcinoma (SRCC) cohorts. A flowchart of the selection criteria of patients is presented in Supplementary Figure 1.



Statistical Analysis

Standardized incidence ratios (SIRs) were calculated using multiple primary-standardized incidence ratio (MP-SIR) sessions of SEER*Stat version 8.3.8 (SEER Program, National Cancer Institute). The SIR, also known as relative risk, represents the ratio of the observed number of second cancers to the expected number of cancers based on the US general population, with adjustment for race, sex, age and calendar year by the specific stratified person-time variable accrued from the CRC cohort. Data on cancer incidence among the general population were retrieved from the SEER 18 regs, excluding AK Custom Data (with additional treatment fields), which was submitted in November 2018. More detailed information regarding the SEER*Stat software and the methods to calculate the SIRs is available on the SEER-registry website (https://seer.cancer.gov/resources/). We compared SIRs between CA, MA, and SRCC cases for each multiple primary cancer site using poisson regression. SIRs for subgroup analyses were further stratified by sex, race, age at diagnosis, year at diagnosis, grade, tumor site, and SEER summary stage of the first primary CRC. We compared SIRs between different treatments received by patients (surgery only vs. surgery combined with chemotherapy, and surgery only vs. surgery combined with radiotherapy) in CA, MA, and SRCC cases using poisson regression. Demographic and clinical features were analyzed using a Chi-square test. R statistical software version 3.5.0 (Bell Laboratories, Murray Hill, New Jersey, United States) was used to perform Chi-square test and poisson regression. Evaluation of the confidence intervals (CIs) of SIRs was used to determine any overlap. A two-sided p < 0.05 was considered statistically significant for all analyses.




RESULTS


Patient Characteristics

Patient demographics grouped based on the histological subtypes of CRC are summarized in Table 1. White patients (79.56%) and colon cancers (69.56%) accounted for most of the cases in the present study. Patients with SRCC were slightly younger and more likely to be diagnosed with poorly differentiated or undifferentiated cancers, and a distant stage than the other subtypes. Most patients underwent surgical treatment for CRC: 95.51, 98.32, and 93.33% for patients with CA, MA, and SRCC, respectively. Patients with SRCC presented a higher ratio of receiving radiotherapy (16.41 vs. 14.87 vs. 21.39%, CA vs. MA vs. SRCC, respectively) and chemotherapy (44.74 vs. 51.07 vs. 67.81%, CA vs. MA vs. SRCC, respectively) than the other subtypes.


Table 1. Clinicopathological characteristics of patients with colorectal cancer stratified by histological subtypes.
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Risks of Second Primary Malignancies

The overall risk of SPMs was higher among CRC patients than in the general population for the three CRC subtypes, with higher risks observed in MA and SRCC (CA: Obs = 24276, SIR = 1.14, 95% CI, 1.12-1.15; MA: Obs = 2461, SIR = 1.25, 95% CI, 1.2-1.3; SRCC: Obs = 161, SIR = 1.48, 95% CI, 1.26–1.73; p < 0.001; Figure 1). Notably, the risk patterns differed substantially among the three CRC subtypes. The risk of esophagus cancer was significantly increased in SRCC (SIR: CA = 1.16, MA = 1.17, SRCC = 4.12; p = 0.004), while the risk of lung and bronchus cancers was significantly increased in CA and MA, but not in SRCC. Risks of small intestine, colon and rectum, and corpus uteri cancers were increased in the three CRC subtypes, with the highest risk observed in SRCC, followed by MA (SIR for small intestine cancer: CA = 3.50, MA = 4.40, SRCC = 11.74; SIR for colon and rectum cancer: CA = 2.15, MA = 2.46, SRCC = 4.01; SIR for corpus uteri cancer: CA = 1.47, MA = 1.70, SRCC = 3.28; p < 0.001). Increased risk of renal pelvis cancer (SIR = 2.94) and reduced risk of liver cancer (SIR = 0.59) were limited to MA patients. In addition to the previously-mentioned cancers, the observed numbers of other second primary malignancies did not differ from expectation after MA and SRCC. However, CA patients were more likely to develop stomach (SIR = 1.26), uterus (SIR = 1.64), urinary bladder (SIR = 1.09), kidney (SIR = 1.09), and thyroid (SIR = 1.67) cancers, whereas less likely to develop melanoma of the skin (SIR = 0.88), breast (SIR = 0.95), ovary (SIR = 0.70), prostate (SIR = 0.86), eye and obit (SIR = 0.49), lymphoma (SIR = 0.87), and myeloma (SIR = 0.88) cancers.


[image: Figure 1]
FIGURE 1. SIRs for SPMs at various anatomical sites based on the histological subtypes of the first primary CRC. Obs, observed events; SIR, standard incidence ratio; CI, confidence interval. *P < 0.05 (compared with general population). P-values comparing SIR differences among colorectal cancer subtypes were calculated using Poisson regression.


Furthermore, we conducted subgroup analyses of the overall risk of SPMs based on clinicopathological characteristics. The overall SIRs of CA patients remained high when stratified by different variables (Figure 2, Table 2). The overall SIRs of MA patients remained high in all subgroups other than that of rectum cancer (Table 2). Moreover, the overall SIRs of SRCC patients remained high when stratified by sex and race, but did not alter in several other subgroups (Table 2). Notably, among the three CRC subtypes, patients aged 20–49 years were more likely to develop SPMs than the older patients (Figure 2, Table 2).


[image: Figure 2]
FIGURE 2. SIRs for SPMs at all anatomical sites combined among CRC survivors stratified by sex, race, age, year, grade, site, stage, and histological subtype. CA, classical adenocarcinoma; MA, mucinous adenocarcinoma; SRCC, signet-ring cell carcinoma. *P < 0.05 (compared with general population).



Table 2. SIRs for SPMs at all anatomical sites combined among CRC survivors stratified by sex, race, age, year, grade, site, stage, and histological subtype.
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Risk of Second Primary Malignancies After Treatment

We further analyzed the risks of SPMs among the three histological subtypes of CRC after administration of different treatments. For CRC patients, we compared SIRs between surgery only and surgery combined with chemotherapy, since most patients received the two treatments. No statistically significant difference was observed in the overall SIRs of SPMs between the two treatment groups for the three CRC subtypes (CA, p = 0.445; MA, p = 0.421; SRCC, p = 0.209; Table 3, Supplementary Tables 2, 3). However, surgery combined with chemotherapy appeared to increase the risk of small intestine (surgery only group: SIR = 2.91; surgery combined with chemotherapy group: SIR = 5.62; p = 0.011), colon and rectum cancers (surgery only group: SIR = 2.07; surgery combined with chemotherapy group: SIR = 2.45; p = 0.009) in CA patients (Table 3).


Table 3. SPM risks at various anatomical sites based on previous surgery and chemotherapy treatments in colorectal CA patients.
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In addition, we compared SIRs between surgery only and surgery combined with radiotherapy treatments in rectal cancer patients. Rectal SRCC patients were not included in this analysis due to the limited number of observed events of SPMs. No significant differences in the overall risk of SPMs in rectal CA and MA patients were observed between the two treatments (CA, p = 0.782; MA, p = 0.099; Table 4, Supplementary Table 4). However, a lower risk of second prostate cancer was observed in rectal CA patients of the surgery combined with radiotherapy group (surgery only group, SIR = 0.86, surgery combined with radiotherapy group, SIR = 0.26, p < 0.001; Table 4).


Table 4. SPM risks at various anatomical sites based on previous surgery and radiotherapy treatments in rectal CA patients.
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DISCUSSION

In the present large population-based study, we demonstrated for the first time that the risk of developing SPMs among CRC patients varied with the histological subtypes of CRC. Compared with the general population, the overall risk of SPMs was higher among CRC patients, which is consistent with previous study (3–7). However, when stratified by histological subtypes, we established that the overall risk of SPMs was slightly higher in MA and SRCC patients than in CA patients, while increased risk of SPMs in specific anatomical sites was observed more in CA patients. In addition, a significant increase in SIRs was only persistent in CA patients when stratified by different variables. The mechanism underlying the pattern is unclear, but it could be associated with the biological variations between the different subtypes of CRC. Indeed, CRC exhibits notable differences in incidence, location of tumor, pathogenesis, molecular pathways, and outcome based on the histological subtypes (17–19). Critical confounders such as lifestyle factors, genetic susceptibility, and detailed treatment data could also considerably influence the development of SPMs after CRC.

Patterns of the risk of SPMs after CRC indicate the existence of several overlapping mechanisms, including shared aetiological factors with the primary cancer, genetic predisposition and late side effects of cancer treatment (14, 15). Analysis of specific SPMs based on histological subtypes allows us to further explore the potential mechanisms facilitating the development of SPMs after CRC. For example, the present study revealed that the risk of second esophagus cancer was increased in CA and SRCC, and the risk of second lung and bronchus cancer was increased in CA and MA. This is likely associated with the well-established link between tobacco smoking and increased risk of CRC (20, 21). Similarly, increased risk of second kidney cancer in CA and second corpus uteri cancer in the three subtypes of CRC could partially be associated with obesity (22, 23).

Lynch syndrome is caused by germline mutations and is associated with an increased risk of colorectum, stomach, small intestine, and pancreatic cancers, as well as other genitourinary cancers (24–27). Similarly, hereditary non-polyposis CRC, which is attributed to mutations in the DNA mismatch repair genes, increases the risk of developing multiple primary CRCs and tumors at extracolonic sites, including the endometrium, ovary, small intestine, biliary tract, urinary tract, stomach, kidney, thyroid, and nervous system (16, 28, 29). In the present study, we established that specific risks of SPMs varied with the histological subtypes of CRC. For example, the risk of second stomach, uterus, urinary bladder, kidney, and thyroid cancers was only high in CA, while the risk of second renal pelvis cancer was specifically high in MA. However, the risk of second small intestine, colon and rectum, and corpus uteri cancers was high in the three subtypes of CRC. The increased risk of SPMs of specific anatomical sites in different histological subtypes of CRC necessitates the evaluation of family history and clinical screening for hereditary CRC.

Previous studies have revealed that young patients were more likely to develop SPMs (4, 30). Liang et al. demonstrated that young patients in Taiwan (aged <50 years) had a higher risk of developing SPMs than the general population (30). Furthermore, He et al. established that young CRC survivors exhibited a considerably high risk of developing SPMs in relation to the general population (4). In the present study, the significantly high risk of SPMs was observed in young patients aged 20–49 years in the three subtypes of CRC, which is consistent with the previous studies (4, 30). Although the mechanisms responsible for increased risk of SPMs among the younger population are poorly understood, a comprehensive understanding of the risk faced by young CRC patients and regular surveillance could help to determine appropriate prevention strategies.

Surgery is a standard therapy for curable CRC, and radiotherapy and chemotherapy are used as auxiliary therapies to a variable degree. MA patients appeared to be less responsive to chemotherapy, which could be partially explained by genetic differences such as high rates of microsatellite instability (31) and distinct patterns of tumor spread including peritoneal dissemination (32). Other studies have also revealed that MA patients exhibited a worse prognosis than non-MA patients despite of the different chemotherapy regimens being used (33–36). Conversely, Hugen et al. demonstrated that there was no significant interaction between SRCC and adjuvant chemotherapy when compared with CA, suggesting a comparable benefit from adjuvant chemotherapy in CA and SRCC (32). However, SRCC remained a poor prognostic factor when compared with CA, which could be due to its higher invasive potential (8, 10, 11, 32). Moreover, radiation and chemotherapy agents could contribute to the observed patterns of SPM risk, as a result of carcinogenic and immunosuppressive effects (14–16). Several studies have revealed an increased risk of CRC with chemotherapy, although the underlying mechanisms remain unknown (16, 37). In the present study, no significant difference in the overall risk of SPMs was observed between patients received surgery only and those received surgery combined with chemotherapy for the three subtypes of CRC. However, for CA patients, a higher risk of second small intestine, colon and rectum cancers was observed in the surgery combined with chemotherapy group than in the surgery only group. As mentioned above, a better overall survival in CA patients, which possessed them adequate time to develop SPMs, as well as the carcinogenic effects of chemotherapy, could play a role in the development of SPMs. Nevertheless, further investigation is required to understand the role of SPM risk caused by chemotherapy.

There is conflicting data on whether rectal cancer survivors are at high risk of developing SPMs due to radiotherapy. A few studies have reported an increased risk of SPMs after radiotherapy while others reported no increase or low risk (38–41). In the present study, no alteration of the overall risk of SPMs was observed after radiotherapy, but a reduced risk of second prostate cancer was observed in irradiated CA patients. The role of radiotherapy in CA patients in the present study is consistent with the findings of Martling et al., who reported that no increased risk of SPMs was observed in irradiated vs. non-irradiated patients; however, a reduced risk of prostate cancer was observed in irradiated patients (40). Moreover, a recent analysis of the Netherlands population-based cancer registry revealed that radiotherapy seemed to exhibit a protective effect against the development of other second pelvic tumors, predominantly prostate cancer, which is consistent with the results of the present study (41). By contrast, the Uppsala and Swedish Rectal Cancer Trials suggested an increased risk of SPMs in rectal cancer patients treated with radiotherapy in combination with surgery, which is contrary to the results of the present study (38). The contrasting observations could be explained by a few probable reasons. For example, most studies including the present study did not consider the irradiated volume and radiation dose received by patients, as well as the impact of preoperative or postoperative adjuvant radiotherapy. Furthermore, the studies did not investigate the impact of radiation based on the different histological subtypes and the sample sizes of most studies were small. In addition, the lower risk of prostate cancer after radiotherapy in CA patients observed in the present study could be partially attributed to “incidental” radiation of the prostate when treating the rectum. Hormonal changes caused by scattered radiation to the testicles during radiotherapy of the rectum could also impede the development of prostate cancer (42). Finally, the number of rectal cancer patients who developed SPMs after radiotherapy was small, which suggested that some observed associations could have occurred by chance. Therefore, we strongly recommend the use of a larger patient population with a considerable follow-up to draw firm conclusions with regard to the impact of radiation on rectal cancer patients based on the histological subtypes.

The key strength of the present study is an evaluation of SPM risks based on the histological subtypes of CRC. In addition, the use of large-scale population-based registry data enabled us to investigate the risk of developing SPMs among survivors of three specific histological subtypes of CRC. However, the present study had a few limitations. First, detailed information on lifestyle characteristics, family history, genetic factors, as well as specific treatment regiments could not be obtained from the database. Second, a diagnostic bias in CRC survivors could have existed, because the patients likely underwent more examinations and surveillance than the general population. Finally, despite of the large number of CRC survivors in the SEER database, cases used for SIR calculations were limited to less common SPM sites, particularly when stratified by histological subtypes of CRC.



CONCLUSION

The present study revealed substantial differences in the risk of developing SPMs among specific CRC subtypes. Further studies with detailed patient medical history, treatment regiments, and laboratory data should be conducted to validate the results of the present study. Overall, the findings suggest that strategies for cancer surveillance after previous CRC could be personalized based on the histological subtype of previous CRC.
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Colorectal cancer (CRC) is the most common cancer type in the digestive tract. Chemotherapy drugs, such as oxaliplatin, are frequently administered to CRC patients diagnosed with advanced or metastatic disease. A better understanding of the molecular mechanism underlying CRC tumorigenesis and the identification of optimal biomarkers for assessing chemotherapy sensitivity are essential for the treatment of CRC. Various microRNAs, constituting class of non-coding RNAs with 20-22 nucleotides, have served as oncogenes or tumor suppressors in CRC. We analyzed miR-1278 expression in clinical samples by qRT-PCR. We then explored the role of miR-1278 in CRC growth in vitro and in vivo as well as sensitivity to oxaliplatin via RNA-seq and gain- and loss-of-function assays. We found that miR-1278 was downregulated in CRC samples, correlating with advanced clinical stage, and overexpression of miR-1278 led to tumor growth arrest and increased sensitivity to oxaliplatin via enhanced apoptosis and DNA damage. Suppression of KIF5B by miR-1278 through direct binding to its 3′UTR was the mechanism for the miR-1278-mediated effects in CRC, miR-1278 inhibits metastasis of CRC through upregulation of BTG2. Additionally, we also found that the expression of CYP24A1, the main enzyme determining the biological half-life of calcitriol, was significantly inhibited by miR-1278, according to data from clinical, RNA-seq and functional assays, which allowed miR-1278 to sensitize CRC cells to vitamin D. In summary, our data demonstrated that miR-1278 may serve as a potential tumor suppressor gene and biomarker for determining sensitivity to oxaliplatin and vitamin D in CRC.
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INTRODUCTION

Although the incidence of colorectal cancer (CRC) has decreased every year since 2003, it remains the most diagnosed cancer in the digestive system worldwide (1, 2). In China, the new cases of CRC increased at a rate of ~1% between 2006 and 2010 (3). The molecular mechanism underlying CRC progression has greatly advanced; nevertheless, surgery is the only modality for radically removing cancer (4). Chemotherapy involving oxaliplatin is preferred for advanced or metastatic disease. Although an overall survival increases through chemotherapy, relatively limited patients benefit from it, and predictive markers suggesting individual benefits of chemotherapy are still scarce for patients with CRC (5). Thus, a better understanding of the molecular mechanisms underlying tumorigenesis and the screening of appropriate biomarkers for chemotherapy response are essential for CRC patients.

MicroRNAs are a class of non-coding RNAs with 20-22 nucleotides that play an essential role in cell proliferation, differentiation, death and other bioprocesses via specific binding with the 3′UTR (untranslated regions) of targeted genes, resulting in mRNA translational inhibition or degradation (6). Since the initial validation of microRNAs, such as let-7 (which is vital for the developmental biology of Caenorhabditis elegans), microRNAs have been demonstrated to be dysregulated in various diseases, but the underlying functions and mechanisms are unknown (7, 8). Many studies have reported that microRNAs are actively involved in tumorigenesis, progression and drug response in various types of cancers, such as brain, lung, breast, pancreatic cancer and CRC (9–13). The expression of microRNAs is frequently altered in cancers due to mutations, deletion amplification, transcriptional changes or post-transcriptional modifications (14, 15). Thus, many studies have extensively investigated the clinical significance, biological functions and therapeutic indications of these microRNAs in cancers. However, the microRNA signature of cancer is largely influenced by the types of tissues, progression status and therapeutic conditions (16).

In CRC, various microRNAs serve as oncogenes or tumor suppressors and participate in tumor growth and invasion, maintaining stemness, apoptosis, autophagy and therapeutic response or resistance (17, 18). On account of the stability within clinical samples and the expressive abundance, microRNAs exhibit greater utility than mRNAs for use as predictors of prognosis, classification of disease and auxiliary therapy decisions. For instance, miR-375 is highly expressed in CRC tissues compared to peritumoral tissues, and higher expression of miR-375 correlates with lymph node metastasis and distant metastasis (19). miR-34a is essential for interleukin-6-induced epithelial-to-mesenchymal transition in CRC by directly targeting the STAT3 transcription factor, which promotes phenotypic transition, invasion and metastasis (20). For the regulation of therapeutic response and resistance, overexpression of miR-143 improves oxidative stress and apoptosis of oxaliplatin-resistant CRC cells after oxaliplatin treatment, while miR-195 desensitizes CRC cells to some genotoxic drugs (21, 22). In addition, the advancement of genomics and new high-throughput sequence profiling technologies has led to a large increase in microRNA data pertaining to various statuses of CRC, in which the significant heterogeneity of microRNA expression will be largely unveiled. Thus, an understanding of the clinical significance and functional indication of the novel microRNAs is needed.

Recent works suggested an essential role of a novel microRNA, miR-1278 in tumor progression of glioma and drug sensitivity in nasopharyngeal carcinoma, while the function of it in CRC remains elusive (23, 24). In our work, we found that the expression of miR-1278 was significantly downregulated in CRC tissues compared to peritumoral tissues and negatively correlated with T stage and TNM stage. Overexpression of miR-1278 led to tumor growth arrest in vitro and in vivo as well as sensitization to oxaliplatin by increasing DNA damage and apoptosis by binding with the 3′UTR of KIF5B, a member of the kinesin family in CRC. In addition, overexpression of miR-1278 increased the sensitivity of CRC cells to vitamin D, which showed a robust antitumor effect on CRC, by suppressing the expression of CYP24A1, the main enzyme determining the biological effect of vitamin D. Furthermore, miR-1278 mimic led to inhibition of metastasis by upregulation of BTG2. Thus, we provided pre-clinical evidence to demonstrate that miR-1278 may be beneficial for improving the therapeutic response to oxaliplatin and vitamin D in CRC patients.



MATERIALS AND METHODS


Agents

Oxaliplatin and SDZ285-428 were purchased from TargetMol (USA).



Human Samples and CRC Cell Lines

This study was authorized by the Ethics Committee of Taizhou Central Hospital (Taizhou University Hospital) and was performed according to the approved guidelines. Written consent was obtained when using the patient's surgical specimen. The cancerous tissues and paracancerous tissues of 42 patients diagnosed with colorectal cancer were collected after surgical resection and preserved at −80°C. The HT29, HCT116, and SW620 CRC cell lines were genotyped by STR and obtained from ZSBIO (China). Cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Cells were cultured in a humidified incubator at 37°C and 5% CO2.



Cell Viability/Proliferation Assay

Cells in logarithmic growth phase were seeded into 96-well plates, cultured in a 5% CO2 incubator at 37°C for 24 h and then cultured for 3 h after adding CCK-8 reagent (GeneView, USA) to each well. The OD value was measured at 450 nm by a microplate spectrophotometer (Thermo Fisher, USA). The experiment was repeated three times. All values were normalized to the control group (without adding cells), and the results are presented as the mean ± SD.



Colony Formation Assay

After transfection, diluted CRC cells were seeded in a 6-well plate at a concentration of 5,000 cells per well. After 7 days of culture, the cells were washed twice with PBS, fixed with 4% paraformaldehyde and stained with 1% crystal violet (Beyotime, China), and colony images were captured with a digital camera.



Subcutaneous Xenograft Model

SPF-grade BALB/c nude mice were purchased from the Experimental Animal Center of Central South University. All animal experiments followed the ethical principles of animal experiments and were performed in strict accordance with operating standards. HCT116 cells transfected with miR-1278 mimic or control were subcutaneously injected into the backs of 6-week-old male mice with a total number of 2 × 106 cells. After 4 weeks of standard feeding, the mice were sacrificed, and tumor samples were collected.



Western Blot Analysis

Colorectal cancer specimens and colorectal cancer cells were lysed with RIPA buffer (TargetMol, USA) containing protease inhibitor and phosphatase inhibitor. The supernatant was collected after centrifugation at 4°C for 30 min. After the protein was quantified and denatured, the denatured protein was separated by SDS-PAGE electrophoresis and then transferred to a PVDF membrane. After blocking the membrane with 3% bovine serum albumin for 1 h, primary antibody was added and incubated overnight at 4°C. After removal of the primary antibody, the membrane was washed three times with TBST and incubated with secondary antibody at room temperature for 1 h. Immune complexes were detected by an enhanced chemiluminescence system (Life Tec, USA), and protein bands were analyzed and quantified using ImageJ software (version 11). The primary antibodies were as follows: caspase 3 (Abclonal, China), caspase 9 (Abclonal, China), cleaved caspase 3 (CST, USA), CYP24A1 (CST, America), cleaved caspase 9 (Abclonal, China), γh2A (Abclonal, China), Ki67 (Abclonal, China) and GAPDH (Abclonal, China). The secondary antibody was purchased from Abclonal (China).



Quantitative Real-Time PCR

RIPA lysate was added to colorectal cancer tissue and colorectal cancer cells, and samples were lysed at 4°C for 10 min. After centrifugation at 12,000 g, RNA was extracted with isopropanol, and the purity and concentration of RNA were detected by a Nanodrop 2000 spectrophotometer (Thermo Fisher, USA). A cDNA reverse transcription kit (Life Tec, USA) was used to synthesize cDNA according to the instructions. The following primers were used: KIF5B, 5′- CAACCGCAATTGGAGTTATAGG-3′ (forward) and 5′- ATTCAGCTCAGCTTGCATATTG−3′ (reverse); and CYP24A1, 5′-AAAGTATCTGCCTCGTGTTGTA-3′ (forward), 5′-CTTCTCTAACCGGTTGTCGATA-3′ (reverse). For qRT-PCR, 2× Universal SYBR Green Fast qPCR mix (Abclonal, China) and a LightCycler 96 system (Roche, USA) were used.



Immunohistochemical Staining

The paraffin wax was cut into 4-μm-thick sections, heated at 66°C for 30 min, dewaxed and hydrated in xylene solution and gradient ethanol solution. Sections were then incubated for 15 min in 3% H2O2 formaldehyde solution to seal and repair antigen, and the corresponding primary antibody was added and incubated at 37°C for 60 min. Sections were then washed three times with PBS, and an appropriate amount of secondary antibody was added and incubated at 37°C for 30 min. An appropriate amount of DAB solution was added, and sections were stained and restained with hematoxylin, and neutral gum was then added. Cover slides were sealed with coverslips and observed under a microscope.



Immunofluorescence

Colorectal cancer cells were cultured in 24-well plates for 24 h, washed three times with PBS and fixed with 4% paraformaldehyde. Cells were blocked with 3% bovine serum albumin, and the corresponding primary antibody was then added and incubated overnight at 4°C. After washing three times with PBS, the secondary antibody was added and incubated at room temperature for 60 min in the dark. Cells were washed and stained with DAPI (Invitrogen, USA), and immunofluorescence signal was detected by a fluorescence microscope (Olympus Inc., USA).



EdU Assay

Colorectal cancer cells cultured in 24-well plates for 24 h were washed with phosphate. EDU was mixed with cell culture medium and added to cells followed by incubation at 37°C for 120 min. After 3 min of washing with phosphate, cells were permeabilized with 0.25% Triton X-100, stained with DAPI and imaged by fluorescence microscopy (Olympus, USA).



Plasmid Transfection

Cells were seeded in a 6-well plate and cultured for 24 h at 50% confluence. The corresponding plasmid and negative control group were transfected into cells with Lipofectamine™ 2000 Transfection Reagent (Invitrogen, USA). The KIF5B sequence was cloned into the GV141 vector. After incubation for 48 h, cell function was analyzed.



siRNA Transfection

For transfection, the cells were seeded in 6-well plates at 50% confluence. After 24 h of incubation, cells were transfected with siRNAs or negative controls using Lipofectamine™ RNAiMAX transfection reagent (Invitrogen). The targeted sequence of BTG2 siRNA was AGGGAGCAAGCAAGGTTAGC and the siRNA was synthesized by Ribobio, China. After another incubation for 36 h, the cells were subjected to the assay as indicated. The knockdown efficiency of the siRNA was confirmed by qRT-PCR and Western blot analysis.



Cell Migration

Cell migration was determined by Transwell assay (Corning, America). In brief, 2 × 105 cells were seeded in the inserts resuspended by 250 ul RPMI 1640 medium and placed into the 24-well plates containing 500 ul RPMI 1640 medium supplemented with 10% FBS and incubated for 24 h at 37°C with 5% CO2. The cells in the insert that did not migrate through the pore were carefully removed by scraping with wet cotton swab. The migrated ones were fixed in 4% paraformaldehyde for 10 min and stained with 0.1% crystal violet solution (Beotime, China).



Flow Cytometry Assay

The apoptosis rate of colorectal cancer cells was detected by an Annexin V-FITC/PI apoptosis detection kit. Each group of cells was resuspended in 100 μl of Annexin V-FITC binding buffer containing 5 μl of Annexin V-FITC and 5 μl of PI staining solution followed by incubation in the dark at room temperature for 10 min. Then, 400 μl of binding buffer was added to each sample and mixed. Apoptosis was analyzed by flow cytometry (Becton Dickinson, USA).



Luciferase Assay

The plasmid involved in the luciferase experiment was synthesized by Shanghai Jikai Gene Co., Ltd. According to the instructions of the Invitrogen Lipofectamine 2000 transfection reagent, the Dual-Glo® Luciferase Buffer and Dual-Glo® Stop & Glo® Buffer were incubated at room temperature 3 days in advance. Then, 250 μl of medium was removed from each well of a 24-well plate, and 250 μl of Dual-Glo® Luciferase reagent was added to the well and reacted at room temperature for 10 min. Then, the reagent was aspirated, and the cells were centrifuged. It was confirmed that the cells were fully lysed, and they were transferred to a 1.5-mL EP tube. Then, 100 μl was absorbed into the Lockwell MaxiSorp detection plate, and firefly luminescence was detected by an enzyme labeling instrument. Then, 50 μl of Dual-Glo® Stop & Glo® Reagent was added to each well for 30 min at room temperature, and fluorescence was detected.



Alkaline Comet Assay

Colorectal cancer cells were cultured for 24 h, treated with oxaliplatin, digested with trypsin for 1 min and centrifuged, and the supernatant was discarded. Cells were lysed, washed three times with PBS, soaked in alkaline unwinding solution, dehydrated and stained with DAPI solution after electrophoresis using an agarose gel. The experimental results were observed under a fluorescence microscope.



RNA-Sequencing

A total RNA amount of 1 μg per sample was used as input material for the RNA sample preparations. Sequencing libraries were generated using the NEBNext® UltraTM RNA Library Prep Kit. After cluster generation, the library preparations were sequenced using an Illumina NovaSeq platform, and 150 bp paired-end reads were generated. The RNA-sequencing procedure and data analysis were performed by Novogene, China.



Statistical Analysis

All statistical analyses were performed using Statistical Product and Service Solutions (SPSS) software version 22.0 and Prism software (GraphPad Prism 6). Student's t-test was applied to assess significant differences between two groups. For three or more groups, one-way ANOVA was used. All statistical analyses were performed using a two-sided test. P-values < 0.05 were considered statistically significant.




RESULTS


miR-1278 Is Downregulated in CRC, and the miR-1278 Mimic Inhibits Tumor Growth in vitro and in vivo

To explore the expression of miR-1278 in CRC, we collected and determined its expression in a cohort of 42 pairs of CRC samples and the corresponding peritumor samples. Compared to the peritumor samples, miR-1278 was downregulated in most tumor samples (n = 34), while it was upregulated in 8 tumor samples (Figure 1A). When stratified by T stage, miR-1278 was significantly decreased in higher grades (3/4) than in lower grades (1/2) (Figure 1B). A similar result was also observed after stratification by TNM stage (Figure 1C). To delineate the potential role of miR-1278 in CRC, miR-1278 was overexpressed in two CRC cell lines, HT29 and HCT116, via transfection of the miR-1278 mimic (Figure 1D). Colony formation assays showed that the miR-1278 mimic markedly inhibited colony formation in HT29 and HCT116 cells (Figure 1E). The EdU assay further verified that the miR-1278 mimic significantly decreased the cell proliferation rate in both cell lines (Figures 1F,G). In addition, the miR-1278 mimic also led to impaired cell migration in HCT116 and SW620 cells, which have robust invasion ability (Figure 1H). We used a subcutaneous tumor model to evaluate the in vivo role of miR-1278 and found that the miR-1278 mimic significantly decreased tumor volume compared to the negative control (Figures 1I,J). Consistently, the miR-1278 mimic reduced the positive rate of Ki67 staining in tumor samples compared to the control (Figure 1K). Thus, these data demonstrated that miR-1278 is downregulated in CRC and that aberrant expression of miR-1278 leads to tumor growth arrest in vitro and in vivo.
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FIGURE 1. miR-1278 is downregulated in CRC, and the miR-1278 mimic inhibits tumor growth in vitro and in vivo. (A) The expression of miR-1278 was determined in 42 pairs of CRC samples and the associated peritumoral tissues by qRT-PCR. miR-1278 was downregulated in 34 pairs, while it was upregulated in 8 pairs. (B,C) Relative expression of miR-1278 in CRC tissues compared to the reference gene. ΔCq refers to the Cq of the target gene minus that of the reference gene; thus, –ΔCq represents the miR-1278 expression level normalized to GAPDH. When stratified by T stage, high grade was associated with low expression of miR-1278. When stratified by TNM stage, high grade was correlated with low expression of miR-1278. (D) HT29 and HCT116 cells were transfected with the miR-1278 mimic and verified by qRT-PCR. (E) A colony formation assay was performed to determine the colony formation ability. Transfection of the miR-1278 mimic reduced colony formation in HT29 and HCT116 cells. (F,G) The EdU assay showed that transfection of the miR-1278 mimic significantly inhibited cell proliferation in HT29 and HCT116 cells. (H) Transwell assays showed that transfection of the miR-1278 mimic greatly impaired the migration of HCT116 and SW620 cells. (I) HCT116 cells transfected with miR-1278 or control were subcutaneously injected into nude mice followed by one injection at a 3-day interval. Tumor sizes were measured every 5 days. (J) After ~4 weeks, mice were sacrificed, and tumors were collected. (K) IHC staining of Ki67 demonstrated that Ki67 was downregulated in the miR-1278 mimic group compared to the control group. NC, negative control; Mimic, miR-1278 mimic; **P < 0.01, ***P < 0.001.




miR-1278 Mimic Sensitizes CRC Cells to Oxaliplatin by Inducing Apoptosis

Because oxaliplatin is a preferred chemotherapy drug for CRC patients, we investigated whether miR-1278 influences the sensitivity of CRC cells to oxaliplatin. Compared to the control group, the miR-1278 mimic markedly promoted oxaliplatin-induced cell death in HT29 cells (half maximal inhibitory concentration or IC50 was 124.23 vs. 81.44 μM) and HCT116 cells (IC50 was 86.81 vs. 42.27 μM) (Figure 2A). Consistently, oxaliplatin markedly inhibited colony formation in HT29 and HCT116 cells, and the miR-1278 mimic impaired colony formation in both cell lines (Figure 2B). The EdU assay showed that the miR-1278 mimic promoted the inhibitory effect of oxaliplatin on cell proliferation (Figures 2C,D). Moreover, we detected the expression of various apoptosis-associated proteins, including Bad, Bax, cleaved caspase 3 and cleaved caspase 9, in HT29 and HCT116 cells treated with oxaliplatin with or without miR-1278 mimic. As shown in Figure 2E, the miR-1278 mimic markedly improved the expression of Bad, Bax, cleaved caspase 3 and cleaved caspase 9 when treated with the same concentration of oxaliplatin compared to the control group, indicating enhanced apoptosis. Furthermore, when treated with 20 μM oxaliplatin, the apoptosis rates of the control and mimic groups were 13.78 and 26.62% in HT29 cells as well as 19.66 and 22.14% in HCT116 cells, respectively (Figure 2F). The apoptosis rates increased from 25.85 to 33.20% in HT29 cells and from 30.0 to 44.0% in HCT116 cells after treatment with 40 μM oxaliplatin. In summary, these data showed that aberrant expression of miR-1278 markedly improves the sensitivity of CRC cells to oxaliplatin by inducing apoptosis.


[image: Figure 2]
FIGURE 2. miR-1278 mimic sensitizes CRC cells to oxaliplatin by inducing apoptosis. (A) Cell viability was detected by CCK-8 assay in HT29 and HCT116 cells treated with various concentrations of oxaliplatin for 24 h. The IC50 values of the NC and miR-1278 mimic groups were 124.23 and 81.44 μM, respectively, in HT29 cells as well as86.81 and 42.27 μM, respectively, in HCT116 cells. (B) Cells (5,000 cells per well) were seeded and cultured for 3 days, and cells were then treated with oxaliplatin and cultured for another 4 days. The results showed that the miR-1278 mimic greatly inhibited colony formation of HT29 and HCT116 cells treated with 10 μM oxaliplatin. (C,D) Transfection of miR-1278 significantly reduced the proliferation of HT29 and HCT116 cells treated with 20 μM oxaliplatin as demonstrated by the EdU assay. (E) Comparison of the expression levels of caspase 3, cleaved caspase 3, caspase 9, cleaved caspase 9 and Bax and Bad between the miR-1278 mimic and control groups treated with various concentrations of oxaliplatin is shown as indicated. These proapoptotic proteins were concomitantly upregulated in the miR-1278 mimic group compared to the control group, indicating that transfection of the miR-1278 mimic facilitates apoptosis induced by oxaliplatin in CRC cells. (F) Flow cytometry was performed to quantitatively detect the proportion of apoptosis in each group. The apoptosis rates were 26.62 and 32.20% when HT29 cells were treated with 20 and 40 μM oxaliplatin, respectively, in the miR-1278 mimic group as well as 13.78 and 25.85% in the control group when HT29 cells were treated with 20 and 40 μM oxaliplatin, respectively. The same trend was also observed in HCT116 cells. Oxa, oxaliplatin; NC, negative control; mimic, miR-1278 mimic; *P < 0.05, **P < 0.01, ***P < 0.001.




KIF5B and CYP24A1 Expression Is Inhibited by the miR-1278 Mimic in CRC Cells

To clarify the downstream regulators of miR-1278 in CRC cells, we analyzed the global gene expression variations by RNA-seq in three CRC cell lines (HT29, HCT116 and SW620) after transfection with the miR-1278 mimic (Figure 3A). A cutoff value of fold change = 2 showed that 1,612, 903, and 2,606 genes were dysregulated in HT29, SW620 and HCT116 cells, respectively, and 54 genes commonly differed among the three cell lines (Figure 3B). We focused on KIF5B, which is a key protein for the central spindle during cytokinesis, and CYP24A1, a vitamin D-metabolizing enzyme. We confirmed that the mRNA expression of KIF5B and CYP24A1 in HT29 and HCT116 cells was significantly decreased after transfection with the miR-1278 mimic (Figure 3C). The protein expression of KIF5B and CYP24A1 was also markedly inhibited by the miR-1278 mimic (Figure 3D). We then predicted the consequential pairing of miR-1278 and KIF5B or CYP24A1 by the TargetScan online tool (Figure 3E). Using a luciferase reporter assay, we further verified that miR-1278 directly binds to the KIF5B 3′UTR and CYP24A1 3′UTR, while not binds to the mutated ones (Figure 3F). Collectively, our data demonstrated that miR-1278 negatively regulates the expression of KIF5B and CYP24A1 by directly binding with the 3′UTR.


[image: Figure 3]
FIGURE 3. KIF5B and CYP24A1 expression is inhibited by the miR-1278 mimic in CRC cells. (A) The miR-1278 mimic was transfected into three CRC cell lines (HT29, HCT116 and SW620), and RNA-seq was performed to compare whole gene expression variations between the mimic group and the control group. (B) In total, 1,612 genes, 2,606 genes, and 903 genes were screened at an absolute fold change value > 2 in HT29, HCT116 and SW620 cells, respectively. Only 54 genes consistently differed among the three cell lines. (C) Among them, two genes, KIF5B and CYP24A1, were selected for further analysis. The mRNA expression of KIF5B and CYP24A1 was verified by qRT-PCR in HT29 and HCT116 cells. (D) The protein expression of KIF5B and CYP24A1 was determined by Western blotting, indicating that the miR-1278 mimic markedly decreased the protein expression of KIF5B and CYP24A1 in HT29 and HCT116 cells. (E) The predicted consequential pairing of miR-1278 and the 3′UTR of KIF5B or CYP24A1 was determined. (F) The luciferase reporter assay showed that miR-1278 directly binds with the KIF5B 3′UTR and CYP24A1 3′UTR. NC, negative control; Mimic, miR-1278 mimic; WT, wild type; Mut, mutated; *P < 0.05, **P < 0.01, ***P < 0.001, N.S, no significance.




KIF5B and CYP24A1 Are Overexpressed in CRC and Negatively Correlated With the Expression of miR-1278

We demonstrated that miR-1278 was downregulated in CRC and that KIF5B and CYP24A1 might be essential downstream regulators. We next investigated whether the expression of KIF5B or CYP24A1 was upregulated in CRC and correlated with the expression of miR-1278. Based on the data from the TCGA COAD program, we found that KIF5B and CYP24A1 were significantly overexpressed in tumor samples compared to normal tissues (Figures 4A,B). We measured the protein expression of KIF5B and CYP24A1 in 42 pairs of CRC samples, and the results are presented in Figure 4C. These findings demonstrated that the expression of KIF5B and CYP24A1 was significantly upregulated in CRC tissues compared to peritumoral tissues (Figures 4D,E). Moreover, the protein expression of either KIF5B or CYP24A1 was negatively associated with the expression of miR-1278 in CRC tissues (Figure 4F). Thus, our data showed that the potential downstream targets of miR-1278, namely KIF5B and CYP24A1, are upregulated in CRC and negatively associated with the expression of miR-1278.


[image: Figure 4]
FIGURE 4. KIF5B and CYP24A1 are overexpressed in CRC and negatively correlate with the expression of miR-1278. (A,B) The expression of KIF5B and CYP24A1 was measured in datasets of the TCGA COAD (colon adenocarcinoma) program. KIF5B and CYP24A1 were significantly upregulated in tumor samples compared to normal tissues. (C) The protein expression of KIF5B and CYP24A1 was determined by Western blotting in 42 pairs of CRC samples. (D) Compared to peritumoral tissues, KIF5B was significantly upregulated in cancer tissues. (E) Compared to peritumoral tissues, CYP24A1 was significantly upregulated in cancer tissues. (F) KIF5B or CYP24A1 expression and miR-1278 showed a negative correlation in CRC cancer tissues. Ca, cancer; Pe, peritumoral; P, patient; *P < 0.05, **P < 0.01.




Downregulation of KIF5B Is Critical for the miR-1278 Mimic-Mediated Sensitization to Oxaliplatin by Promoting DNA Damage and Apoptosis

We overexpressed KIF5B by transfection of the KIF5B WT plasmid, and we verified that its mRNA and protein expression was significantly upregulated in HT29 and HCT116 cells (Figure 5A). Overexpression of KIF5B abrogated the miR-1278 mimic-mediated inhibition of colony formation in HT29 and HCT116 cells (Figure 5B). The EdU assay verified that KIF5B overexpression led to increased cell proliferation and that it largely abrogated the effect of the miR-1278 mimic on cell proliferation (Figures 5C,D). Previous studies have suggested that several members of the kinesin family are intimately correlated with chemotherapy-induced DNA damage in cancers. We tested whether the miR-1278 mimic causes enhanced DNA damage in PC cells. γh2AX, which is the phosphorylated form of H2AX and correlates well with double-strand breaks (DSBs) of DNA, serves as the most sensitive marker for DNA damage. The miR-1278 mimic did not yield enhanced DNA damage in the absence of oxaliplatin. However, in the presence of oxaliplatin, overexpression of miR-1278 significantly accelerated DNA damage in HT29 and HCT116 cells (Figures 5E,F). Moreover, the alkaline comet assay also demonstrated that the miR-1278 mimic markedly induced DBS or single-strand breaks in the presence of oxaliplatin, while KIF5B overexpression prevented DNA damage induced by oxaliplatin (Figure 5G). Interestingly, overexpression of KIF5B largely abrogated the miR-1278 mimic-mediated apoptosis after treatment with oxaliplatin, which was represented by decreased expression of cleaved caspase 3 and cleaved caspase 9 in the mimic+KIF5B overexpression group compared to the mimic group (Figure 5H). KIF5B overexpression decreased the apoptosis rate from 28.34 to 21.66% in the mimic group in the presence of oxaliplatin (Figure 5I). Collectively, these data demonstrated that overexpression of KIF5B abrogates the miR-1278 mimic-mediated sensitization to oxaliplatin by preventing DNA damage and apoptosis.


[image: Figure 5]
FIGURE 5. Downregulation of KIF5B is critical for the miR-1278 mimic-mediated sensitization to oxaliplatin by promoting DNA damage and apoptosis. (A) KIF5B was overexpressed using a plasmid in HT29 and HCT116 cells as verified by qRT-PCR and Western blot. (B) The colony formation assay demonstrated that overexpression of KIF5B rescued the inhibitory effect of the miR-1278 mimic on colony formation in HT29 and HCT116 cells. (C,D) Overexpression of KIF5B significantly rescued the inhibitory effect of the miR-1278 mimic on HT29 cell proliferation. (E,F) γh2AX served as a sensitivity marker for DNA damage and was detected by immunofluorescence and Western blotting. DNA damage was greatly enhanced in cells transfected with the miR-1278 mimic after oxaliplatin treatment. (G) An alkaline comet assay was used to detect single-stranded and double-stranded DNA damage. The results showed that overexpression of KIF5B markedly rescued miR-1278-mediated DNA damage after oxaliplatin treatment by decreasing single-stranded and double-stranded DNA damage. (H) Detection of the expression levels of caspase 3, cleaved caspase 3, caspase 9 and cleaved caspase 9 in the control, miR-1278 mimic, KIF5B overexpression and miR-1278+KIF5B overexpression groups. Overexpression of KIF5B rescued miR-1278-mediated apoptosis after oxaliplatin treatment in HT29 and HCT116 cells. (I) Overexpression of KIF5B markedly decreased the apoptosis rate from 28.34% in the miR-1278 group to 21.66% after 20 μM oxaliplatin treatment in HT29 cells. NC, negative control; Mimic, miR-1278 mimic; Oxa, oxaliplatin; *P < 0.05, **P < 0.01, ***P < 0.001; N.S, no significance.




miR-1278 Sensitizes CRC Cells to Vitamin D by Suppressing the Expression of CYP24A1

Because CYP24A1 was demonstrated as a targeting protein of miR-1278, we investigated whether overexpression of miR-1278 facilitates CRC cell death after treatment with vitamin D. The IC50 of vitamin D decreased to 0.58 and 1.26 μM in the miR-1278 mimic group compared to 1.06 and 1.97 μM in the control group in HT29 and HCT116 cells, respectively (Figures 6A,B). The EdU assay showed that the miR-1278 mimic markedly inhibited cell proliferation after treatment with the same concentration of vitamin D (Figure 6C). Furthermore, the miR-1278 mimic induced higher expression of cleaved caspase 3 and cleaved caspase 9 after vitamin D treatment in HT29 cells compared to the control group (Figure 6D), indicating that miR-1278 facilitates vitamin D-induced apoptosis. SDZ285-428 is a specific inhibitor of CYP24A1. Flow cytometry assays showed that the miR-1278 mimic combined with SDZ285-428 did not increase the apoptosis rate in the absence of vitamin D compared to the mimic group but that it increased apoptosis after treatment with vitamin D (Figure 6E). These data suggested that miR-1278 sensitizes CRC cells to vitamin D, possibly via a CYP24A1-dependent pathway.


[image: Figure 6]
FIGURE 6. miR-1278 sensitizes CRC cells to vitamin D by depressing the expression of CYP24A1. (A,B) Cell viability was detected by CCK-8 assay in HT29 and HCT116 cells treated with various concentrations of vitamin D for 24 h. The IC50 values of the NC and miR-1278 mimic groups were 1.06 and 0.58 μM, respectively, in HT29 cells and 1.91 and 1.26 μM, respectively, in HCT116 cells. (C) Transfection of miR-1278 markedly inhibited the proliferation of HCT116 cells treated with 0.5 μM vitamin D as demonstrated by the EdU assay. (D) The expression of cleaved caspase 3 and cleaved caspase 9 was increased in the miR-1278 mimic group compared to the control group after treatment with the same concentration of vitamin D. (E) SDZ285-428 is a specific inhibitor of CYP24A1. Either the miR-1278 mimic or SDZ285-428 led to an improved apoptosis rate after vitamin D treatment, and the combination treatment of the miR-1278 mimic and SDZ285-428 resulted in a further enhancement of apoptosis in HT29 cells. VitD, Vitamin D; NC, negative control; Mimic, miR-1278 mimic.




miR-1278 Inhibits Migration Through Upregulation of BTG2

Our initial data suggested that miR-1278 mimic inhibited migration of CRC cells, and we further explored the potential mechanism. Among the genes consistently altered in HT29, HCT116, and SW620 cells, 13 genes had previously been reported associated with tumor metastasis, such as BTG2, MXD1, CDKN1A, and HMGA2. We focused on BTG2, the most changed genes between mimic and control groups (Figure 7A). The results from RNA-seq was verified by qRT-PCR and Western blot assay (Figure 7B), collectively demonstrated that miR-1278 significantly improved the expression of BTG2, an essential gene for inhibition of metastasis. Epithelial-mesenchymal transition (EMT) was conferred by loss of BTG2 in various cancer (25, 26). Our data further showed that miR-1278 mimic inhibited EMT process via markedly promoting the expression of vimentin while downregulating e-cadherin in CRC cells and tumor samples from xenograft model (Figures 7C,D). Administration of BTG2 siRNA largely rescued the expression of BTG2 (Figure 7E) and improved the migration of HCT116 cells (Figure 7F) impaired by miR-1278 mimic. Thus, miR-1278 mimic-mediated inhibition of migration was performed by upregulation of BTG2 in CRC.


[image: Figure 7]
FIGURE 7. miR-1278 inhibits migration through upregulation of BTG2. (A) Compare the expression of 13 genes consistently altered in three CRC cell lines presented by heat map. (B) The mRNA expression of protein expression of BTG2 was determined by qRT-PCR and Western blotting in HCT116 and SW620 cells. (C,D) Western blot analysis and IHC staining of e-cadherin and vimentin demonstrated that EMT was inhibited in the miR-1278 mimic group compared to the control group. (E) qRT-PCR and Western blot showed that BTG2 siRNA successfully knockdown BTG2 and rescued the expression of it promoting by miR-1278 mimic in HCT116 cells. (F) BTG2 siRNA largely rescued the inhibition of migration exerted by miR-1278 mimic in HCT116 cells. NC, negative control; Mimic, miR-1278 mimic; si, BTG2 siRNA; ***P < 0.001.





DISCUSSION

MicroRNAs are emerging as an abundant class of endogenous non-coding RNAs that are extensively understudied as disease biomarkers and active regulators of bioprocesses in cancers. Numerous dysregulated microRNAs have been unveiled in CRC, such as miR-155, miR-18a, miR-7, and miR-30a, which are downregulated in CRC compared to normal tissues, as well as miR-494, miR-221, and miR-214, which are upregulated in CRC compared to normal tissues (17). MicroRNAs have been identified as appropriate biomarkers to discriminate tumor metastasis status (27). Several microRNAs have also been demonstrated to be valuable for predicting tumor recurrence in stage II and stage III CRC patients (28). In the present study, we evaluated a novel microRNA, miR-1278, in CRC based on a cohort of samples and found that miR-1278 was significantly downregulated in CRC compared to peritumoral tissues and was negatively correlated with T stage and TNM stage. Forced expression of miR-1278 impaired tumor growth and inhibited tumor migration. These data emphasized the clinical significance of miR-1278 in CRC and suggested its potential role in tumorigenesis in CRC.

Oxaliplatin is an essential chemotherapy drug used for CRC patients with advanced or metastatic disease (29, 30). Following the aquation process, the reactive form of oxaliplatin binds DNA bases to generate DNA adducts and DNA damage (31). Mounting evidence has suggested that microRNAs are valuable determiners of oxaliplatin sensitivity and crucial for the regulation of the DNA damage response in cancer (32). miR-625-3p, miR-181b, and miR-27b have been demonstrated to be correlated with the response to combined therapy involving oxaliplatin in a cohort of 26 patients (33). Another study has shown that low expression of miR-4299 and high expression of miR-196b indicate a preferred overall survival in colon cancer patients who received combined therapy involving oxaliplatin (34). A recent study has verified that miR-1278 is significantly downregulated in nasopharyngeal carcinoma and that aberrant expression of miR-1278 leads to high sensitivity to cisplatin (24). In our analysis, miR-1278 was also suppressed in CRC samples compared to peritumoral tissues, and the miR-1278 mimic markedly improved sensitivity to oxaliplatin via elevated apoptosis and DNA damage. MicroRNAs actively participate in the regulation of the DNA damage response after exposure to genotoxic chemotherapies with a molecular mechanism involving DNA damage sensing, signal transducing and DNA damage repair (35). Based on multiple lines of evidence, we found that the miR-1278 mimic greatly improved DNA damage in CRC cells treated with oxaliplatin. Mechanistically, miR-1278 deregulated the expression of KIF5B, a member of kinesins ubiquitously expressed in tissues that is essential for transporting organelles, membranous vesicles and other cargoes (36), by specifically targeting its 3′UTR. The role of some kinesins in the regulation of DNA repair and DNA stability has been elucidated, and it is exemplified by KIF4, which mediates DNA replication and DNA repair processes by interacting with DNA and DNA-binding proteins to maintain chromatin and chromosome structure (37). However, it remains unknown how KIF5B participates in the DNA damage response after oxaliplatin treatment.

Apart from the well-recognized physiological role of vitamin D in regulating calcium and phosphate metabolism, recent evidence has suggested a robust antitumor effect of vitamin D, especially in CRC. Vitamin D is activated to calcitriol by two hydroxylation steps, and CYP24A1 is the main enzyme determining the biological half-life of calcitriol (38). Previous studies have shown that CYP24A1 mRNA expression is not only upregulated in CRC cell lines but also in CRC samples, especially in poorly differentiated and late-stage cancers (39). Our analysis further demonstrated that CYP24A1 protein expression was well-correlated with that of mRNA expression reported by others. CRC cell viability and proliferation are largely unaffected by calcitriol alone but are significantly reduced when the activity of CYP241A is simultaneously inhibited (40). These observations suggest that targeting CYP24A1 might be the key pathway to improve the sensitivity of CRC to vitamin D. MicroRNAs have been implicated in the antitumor effect of vitamin D. For instance, calcitriol upregulates miR-627, which further suppresses the expression of KDM3A, a histone demethylase resulting in inhibition of cell proliferation by negatively regulating several proliferation-associated genes (41). miR-22 is induced by calcitriol and regulates various target genes of calcitriol, which is critical for its antitumor effect in CRC cells (42). However, research concerning the role of microRNAs in regulating the expression of vitamin D metabolism-associated genes has not been reported. Our study demonstrated that miR-1278 suppresses CYP24A1 expression in CRC cells and sensitizes CRC cells to treatment with vitamin D.

Importantly, a previous report has shown that coadministration of vitamin D analogs and cisplatin leads to an enhanced inhibitory effect in cancer cells via modulation of the cell cycle and ROS production (43). The synergistic effect of vitamin D with chemotherapy has been further verified by an in vivo model (44). In our analysis, we provided evidence to elucidate the role of miR-1278 in potentiating the sensitivity of CRC cells to oxaliplatin and vitamin D. However, it remains unknown whether miR-1278 is beneficial for combination therapy of oxaliplatin and vitamin D in CRC.

In summary, our study demonstrated a tumor suppressor role of miR-1278, which suppresses tumor growth and migration as well as improves sensitivity to oxaliplatin and vitamin D in CRC. We further identified the member of the kinesin family, KIF5B, as a targeted downstream target of miR-1278 through specific binding with its 3′UTR, resulting in augmented DNA damage and apoptosis, and miR-1278 inhibits metastasis of CRC through upregulation of BTG2. In addition, we also found that miR-1278 suppresses the expression of CYP24A1, a main enzyme determining the biological half-life of calcitriol, which is critical for the elevated sensitivity to vitamin D in CRC. However, a better understanding of the potential role of miR-1278 in potentiating the efficacy of the combination therapy of oxaliplatin and vitamin D is required in future work.
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Gastric cancer (GC) remains a major world-wide challenge, especially in Asian countries. Chemotherapy with 5-fluorouracil (5-FU) and cisplatin is used as the first-line treatment and development of chemoresistance is a major cause of progression. UMP/CMP kinase is responsible for the phosphorylation of the ribonucleotide metabolite 5-fluoro-5′-monophosphate (FUMP) in 5-FU metabolic process, and recognized as a key step in the conversion of 5-FU to cytotoxic metabolites. Our bioinformatics analysis and molecular experiments demonstrated that high expression of CMPK1 was associated with prolonged survival and response to 5-FU treatment in GC samples. Further analysis demonstrated that miR-130b as a key epigenetic regulator of CMPK1, and miR-130b-mediated attenuation of CMPK1 resulted in resistance of gastric cancer cells to DNA damage and cell death after treatment with 5-FU. Rescue experiments with augmented CMPK1 expression abolished the effect of miR-130b demonstrating the key function of this miRNA in this pathway. Thus, this newly identified miR-130b-CMPK1 axis suggests a potentially new chemotherapeutic strategy for improved response to 5-FU therapy.
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Introduction

Gastric cancer (GC) is a leading cause of cancer-related death worldwide (1). Although clinical outcomes of GC have gradually improved through surgical resection and chemotherapy in China, 5-year survival rates of patients with GC are only 20%-30% (2). Generally, fluoropyrimidine (i.e., 5-fluorouracil (5-FU), capecitabine, or S-1)- and platinum (i.e., cisplatin or oxaliplatin)- based regimens are recommended as the primary treatment regimen (3, 4). Acquired resistance to 5-FU or platinum is considered the major cause for disease progression (5, 6). Previous studies revealed the 5-FU metabolism activation-related enzyme, including thymidylate synthase (TYMS), orotate phosphoribosyltransferase (OPRT) and dihydropy-rimidine dehydrogenase (DPYD) were involved in 5-FU sensitive and recognized as response biomarkers of tumor chemosensitivity, whereas the prediction efficacy remains unsatisfactory (7, 8). Identifying new targets involved in drug resistance may help oncologists choose more appropriate chemotherapy for improved survival.

Human UMP/CMP kinase (CMPK1) is responsible for metabolism of CMP, UMP, and deoxycytidine analogs, many of which are important anticancer and antiviral agents, as well as fluoropyrimidines (FPs) (9, 10). Nucleoside analogs need to be phosphorylated stepwise to their triphosphate forms to exert their full therapeutic effect (11). The main mechanism of 5-FU activation is conversion to 5-fluorouridine 5′-monophosphate (FUMP), with subsequent phosphorylation to the corresponding diphosphate (FUDP) and triphosphate (FUTP) forms. While FUTP may be incorporated into RNA and disrupt diverse cellular processes, FUDP may be converted by ribonucleotide reductase to 5-fluoro-2′-deoxyuridine 5′-diphosphate (FdUDP), which can either be phosphorylated or dephosphorylated to generate the active deoxyribonucleotide metabolites FdUTP and FdUMP, respectively. FdUMP inhibits thymidylate synthase while FdUTP is incorporated into DNA, leading to cellular damage (7). Studies have suggested that UMP/CMPK is responsible for the phosphorylation of FUMP to the diphosphate and triphosphate metabolites (11–14).

MicroRNAs (miRNAs) are small non-coding RNAs (20–25 nucleotides) that regulate expression of target proteins through degradation of mRNA or translational inhibition (15). Accumulating evidence shows that miRNAs are frequently dysregulated in many human cancers, including GC (16–19). Aberrant miRNA expression has been reported to be a contributing factor in multiple tumor physiological and pathological processes, including proliferation, invasion, apoptosis and chemotherapy resistance (20–23). Thus, miRNAs may function as diagnostic or prognostic markers. TCGA program (https://cancergenome.nih.gov/) have curated the detailed clinical annotation (including drug type and response status) and integrated miRNA and mRNA expression profiles (24), providing the abundant resource to identify the chemosensitivity biomarker. However, it is unknown how molecular alterations is involved in the chemotherapy response and the upstream regulatory targets are still not well characterized.

In the present study, we investigated mRNA and miRNA expression profiles in TCGA samples of received 5-FU-based therapy and identified CMPK1, a novel downstream gene target of miR-130b, was related to early progression and 5-FU sensitivity in patients with gastric cancer. Moreover, the siRNA-mediated repression of CMPK1 phenocopies all of the miR-130b mimics that triggered 5-FU sensitivity changes in vitro and in vivo experiments. This newly identified miR-130b-CMPK1 axis provided a potentially new chemotherapeutic strategy for improved response to 5-FU therapy of GC patients.



Materials and Methods


Samples and Clinical Data

The clinical-pathological information, microRNA and mRNA expression profiling for 68 gastric cancer samples received 5-FU-based therapy were curated from TCGA dataset and downloaded from the UCSC Xena (GDC hub: https://gdc.xenahubs.net). 5-FU-based chemotherapy were defined as patients who received 5-Flourouracil or Capecitabine or Doxifluridine or Xeloda regimens. GC patients in TCGA cohort were divided into response or non-response subtype based on the clinical benefits. The miRNA and mRNA microarray data for 25 tumor tissues were downloaded from GEO (ID: GSE36968) published by Kim et al. (25). Detailed clinical information, including age, gender, molecular subtype, response status, survival time, and specific gene expression, was also collected from aforementioned studies and is provided in Supplementary Table S1. The study was approved by the medical ethics committee at Qinghai Provincial People’s Hospital.



Identification of DEGs Between Distinct 5-FU Clinical Response Subtype

The R package “limma” was used to evaluate DEGs in GC samples between different 5-FU clinical response subtype. Specifically, gene expression data were normalized by voom and then fed to lmFit and eBayes functions to calculate the differential expressed statistics. The significance filtering criteria of DEGs were set as an adjusted P value less than 0.05 and Fold change more than two times.



GSEA and Network Analysis

Gene set enrichment analysis (GSEA) using R packages “ClusterProfiler” was utilized to evaluate differential expression of each gene in GC samples with different 5-FU sensitive subtype or CMPK1 expression subgroups. The differential expression statistics obtained from “limma” were used as input to perform GSEA based on KEGG gene set (download from MSigDB database v7.1). The fast gene set enrichment analysis algorithm was implemented in the ClusterProfiler and calculated with 10000 nperms. R package “enrichplot” was adopted to visualize GSEA result of CMPK1 high expression subgroup.



Cell Culture and Transfection

Human gastric cancer cell lines (MGC-803, AGS) were purchased in 2015 from cell bank of CAS (Shanghai, China) which cultured in RPMI1640 (GIBCO, USA) medium containing 10% FBS and maintained at 37°C with 5% CO2. All cell lines were tested and authenticated by cell line typing analysis (STR profiling). The transfection of miR-130b mimic with miRNA control (miR-NC) (Ambion, USA) and CMPK1 siRNA with control siRNA (Shanghai GenePharma, China) were performed according to the manufacturer’s instruction using Lipofectamine RNAiMAX (Invitrogen, USA). The final concentration of miRNA and siRNA was 20 nM respectively.



RNA Extraction Quantitative RT-PCR and Western Blot Analysis

Expression levels of miR-130b and CMPK1 mRNA in gastric cancer cell lines (MGC-803, AGS) were detected by qRT-PCR analysis and summarized in Supplementary Methods. Expression levels of CMPK1 (Abcam, US) and β-actin (Santa Cruz Biotechnology, US) proteins in GC cell lines were detected by western blot analysis. The brief description of western blot was also summarized in Supplementary Methods.



Luciferase Assay

CMPK1 3′-UTR sequence was amplified from cDNA with the CMPK1 3′-UTR up primers SacI (5′-GAGCT′CGCTTCCTTTCATCAGGTATC-3′) and down primers XhoI (5′-CTCGAGCATCCAACATCACTGAATGG-3′). The PCR products were then subcloned to the pmirGLO dual-luciferase target expression vector (Promega, USA) as wild-type vector pmirCMPK1-3′-UTR-Wt (CMPK1-Wt). The mutant vector pmirCMPK1-3′-UTR-Mut (CMPK1-Mut) was obtained by site-directed mutagenesis using QuikChange® Site-Directed Mutagenesis Kit (Stratagene, USA). AGS and MGC-803 were seeded in a 24-well culture plate in triplicate and were co-transfected with miR-130b mimic and miR-NC followed by CMPK1-Wt or CMPK1-Mut using DharmaFECT Duo Transfection Reagent (Thermo, USA) according to the manufacture’s procedure. Luciferase activity was normalized to that of pRL-TK luciferase. The cells were collected at 24h post-transfection; luciferase activity was measured by a dual-luciferase reporter assay kit (Promega, USA) and recorded by a GloMax 20/20 (Promega, USA).



MTT Assay

Twenty-four h after transfection with 20 nm miR-130b, miR-NC, or miRNA-inhibitor, cells were seeded onto 96-well plates (3×103 cells/well) and treated with a titration of 5-FU or cisplatin. After incubation for five days, cell viability was estimated using the MTT reagent (Solarbio, China), and surviving fractions were calculated. Cell survival was calculated by normalizing the absorbance to that of untreated controls.



Colony-Formation Assay

Forty-eight h after transfection with 20nm miR-130b, miR-NC, or si-CMPK1, Cells were harvested. Transfected cells were seeded in a six-well plate (1000 cells/well) and allowed to grow for 3 to 4 days and then treated with 5-FU for 10 days, during which time the surviving cells spawned a colony of proliferating cells. Colony formation was quantified by staining the cells with 0.1% crystal violet and counting surviving colonies containing more than 50 cells.



miRNA Target Prediction

TargetScan (http://www.targetscan.org/), PICTA (http://pictar.mdc-berlin.de/), miRDB (http://www.mirdb.org/), and miRTarBase (http://mirtarbase.cuhk.edu.cn/) were used to predict the candidate miRNAs may interact with target gene 3′-UTR. Venn diagram with R package “VennDiagram” was utilized to show the overlapped results of the four online prediction tools.



Rescue Experiment

CMPK1 coding sequence (CDS) plasmid (without 3′-UTR) and the blank vector plasmid (vector-NC) (Genechem, China) were used in the rescue experiment. AGS cells were transfected with miR-130b mimic in the presence of vector-CMPK1 or vector-NC for 48 h by using Lipofectamine 3000 reagent (Invitrogen, USA) according to the manufacturer’s instructions. The expression level of CMPK1 was measured by western blot analysis.



Comet Assay

Comet assays were performed per manufacturer’s instructions (Trevigen, Gaithersburg, MD). Proliferating AGS cells were transfected with miR-NC, miR-130b mimic and si-CMPK1. Twenty-four h later, transfected cells were treated with 20μg/ml 5-FU for 48 h, and then were analyzed by single-cell gel electrophoresis. Further details are described in the Supplementary Methods.



Cell Cycle and Apoptosis Analysis

he cell cycle and apoptosis assay were analyzed by a flow cytometer (Guava™ easyCyte; Millipore, USA) to determine cell populations in different conditions according to the manufacturer’s protocol. The brief description of the cell cycle and apoptosis protocol was shown in Supplementary Methods.



3-D Culture

Cells were dissociated with trypsin and re-suspended in culture media. After transfer of the respective volume of cell suspension to a fresh tube, an appropriate amount of media was added (final cell concentration is 3000 cells/80μl). One-part matrigel was then mixed with one-part cell suspension and 160μl of above mixture was transferred to each well of a 48-well plate. Media (300 μl) was slowly added into each well of the plate, which was transferred to an incubator for several days. A further 300 μl culture media containing 5-FU or cisplatin was replaced on top of the growth layer. Cells were incubated at 37°C and 5% CO2 for 2 weeks and total colonies were counted.



Immunohistochemistry Staining

Immunohistochemistry for CMPK1 (Abcam, ab225940), TUNEL (Millipore, S7100) and Cleaved Caspase-3 (Cell Signaling Technology, 9661) were performed using standard techniques according to manufacturer’s instructions. Sections were incubated with primary antibody overnight at 4°C and then were incubated with secondary antibody. The enzyme substrate was 3, 3-diaminobenzidine tetrahydrochloride (DAB).



Statistical Analysis

All experiments were performed in triplicate. All statistical analyses were performed using the R Software for Windows (3.6.1) and GraphPad Prism 8.0 statistic software. The expression levels of miR-130b and CMPK1 were log2(-ΔΔct) transformed and analyzed as a continuous variable by means and standard deviations (mean ± SD). The correlation between the expression of miR-130b and CMPK1 in TCGA-STAD samples used the Pearson correlation test. Kaplan-Meier method was used for survival analysis, and the differences in survival were examined using the log-rank test with R package “Survival,” Associations between the expression of miR-130b and CMPK1 and GC survival were also examined with the Cox proportional hazards regression model at both univariate and multivariate levels. In expression and survival analysis, miR-130b and CMPK1 expression was usually categorized into high and low groups using the lower tertile value as a cutoff. The in vitro and in vivo experiments were analyzed by independent sample t-test or one-way ANOVA. All comparisons were two-sided with an alpha level of 0.05, and the Benjamini-Hochberg method was applied to control the false discovery rate for multiple hypothesis test.




Results


CMPK1 Expression, Response to 5-FU Treatment, and Survival in GC

We first compared the clinicopathologic features between different 5-FU treatment response status in GC cohort. Patients with 5-FU sensitive subtype exhibited a significant prolonged progression-free survival (PFS) and overall survival (OS) time (PFS: HR = 0.06, 95% confidence interval (CI) = 0.02 to 0.16, P < 0.0001, Figure 1A; OS: HR = 0.22, 95% CI = 0.10 to 0.51, P = 0.0001, Supplementary Figure S1A). Besides, patients with older, female, and MSI subtype were more likely to be concentrated in the response subtype, although these differences were not statistically significant either (Figure 1B). GSEA analysis revealed that biological processes involved in drug metabolism cytochrome P450, cytokine receptor interaction, ascorbate and aldarate metabolism et al. were markedly altered in GC samples with different 5-FU response subtype (Figure 1C). We next analyzed the differential expressed genes (DEGs) between the 5-FU response vs non-response subtype and identified several genes highly expressed in response subgroup (CMPK1, PRPH, ADRB3 et al.) (Figure 1D and Supplementary Figure S1B). Among these, the expression of CMPK1 was significantly associated with GC patients’ PFS and OS time (PFS: HR = 0.43, 95% CI = 0. 21 to 0.86, P = 0.014, Figure 1E; OS: HR = 0.48, 95% CI = 0.22 to 1.05, P = 0.058, Supplementary Figure S1C). A higher CMPK1 expression level was also observed in 5-FU response subgroup (Supplementary Figure S1D). Moreover, 5-FU chemotherapy resistance-related marker TYMS was highly expressed in CMPK1 low expression subgroup (Figure 1F). Signaling pathways involved in drug metabolism enzymes, ECM-receptor interaction et al. were significantly enriched in CMPK1 high expression subgroup (Figure 1G). Altogether, these results demonstrated that the expression of CMPK1 was involved in the regulation of 5-FU chemosensitivity in GC.




Figure 1 | Identification of the CMPK1 affect the 5-FU chemosensitivity. (A) Kaplan-Meier survival curves of progression-free survival (PFS) for 68 GC patients with 5-FU-based-chemotherapy response (yellow line) or non-response (blue line). (B) Association of clinical features (age, gender, survival status, molecular subtype) and treatment response in GC samples. (C) Dysregulation of signaling pathways stratified by response versus non-response subtypes. (D) volcano plot of the differentially expressed genes in different treatment response subtypes. Blue and red dot indicated the genes highly expressed in non-response and response subgroups, respectively. (E) Kaplan-Meier survival analysis of PFS based on CMPK1 expression subgroups. The samples with upper two thirds CMPK1 expression were termed as high expression, the remaining were termed as low expression. (F) Distribution of TYMS in CMPK1 high versus low expression subgroup (G) Top enriched gene pathways in distinct CMPK1 expression subgroups (high vs low) were assessed by using the GSEA algorithm.





CMPK1 Expression Impacts 5-FU Activation and the Cell Sensitivity in GC Cells

Since CMPK1 plays an important role in activation and cellular sensitivity to 5-FU, we wanted to confirm the effect in GC cells. Knockdown of CMPK1 via siRNA substantially reduced the protein expression and RNA level as compared to the internal reference control in MGC-803 and AGS cells (Figures 2A, B). MTT assays indicated that CMPK1 suppression significantly reduced the GC cells response to 5-FU treatment (Figure 2C and Supplementary Figures S2A, B). As the three siRNA all exhibited excellent knock-down effect, we randomly selected si-CMPK1#3 as the following study target and named it si-CMPK1. Furthermore, a 2D clonogenic survival assay was implemented to confirm the sensitivity results (Figure 2D). As expected, CMPK1 knock-down in AGS cells resulted in resistance to 5-FU.




Figure 2 | CMPK1 affects gastric cancer cell line sensitivity to 5-FU treatment. (A, B) AGS and MGC803 cells were transfected with 20 nM si-NC or si-CMPK1. After 48 h, cells were harvested for western-blot analysis (A) or RT-qPCR experiments (B). (C) Cell viability of si-NC and si-CMPK1 with5-FU treatment was tested by MTT assay. (D) 5-FU sensitivity detection was re-confirmed in clonogenic cell-survival assay. (E, F) Apoptosis and cell-cycle analysis were pre-treated as previously described and measured by flow cytometry to determine the impact of CMPK1 treated with or without 5-FU. The representative flow cytometry patterns of cell cycle distribution and the statistical analysis was shown in (E). The representative flow cytometry patterns of cell apoptosis and the statistical analysis was shown in (F). (G) Knock-down of CMPK1 suppressed 5-FU-induced DNA damage determined by comet assay in AGS cells. Data are presented as mean ± SD of three independent experiments. *P < 0.05, **P < 0.01.



In cancer cells, 5-FU causes cell cycle arrest and impairs proliferation (26). We examined whether CMPK1 knockdown was capable of inhibiting 5-FU-induced cell cycle arrest in GC cells. Considering the AGS cell line was characterized by higher CMPK1 expression compared to MGC-803 cells, we selected it as the cell model in following experiments. As shown in (Figure 2E, upper panel), flow cytometry showed markedly reduced S-phase arrest in transfected si-CMPK1 cells than negative control (Figure 2E, lower panel).

Apoptosis was believed to be another primary mechanism responsible for 5-FU-induced cell death (27). To evaluate the 5-FU effect on cell apoptosis regulated by CMPK1, flow cytometry was used to assess cell status. We found that cells transfected with si-CMPK1 underwent less apoptosis after 5-FU treatment than cells transfected with si-NC, indicated that knockdown of CMPK1 reduced 5-FU-induced the apoptosis of GC cells (Figure 2F).

To determine whether CMPK1 downregulation affects 5-FU induced DNA damage, we measured the persistence of double-strand breaks as an indicator of damaged DNA (28). Single-cell gel electrophoresis (alkaline comet assay) was carried out to measure DNA damage. As shown in (Figure 2G, left panel), AGS cells with siRNA had lower levels of CMPK1 protein that lead to statistically significantly lower DNA damage than control cells (Figure 2G, right panel). The results indicated that GC cells treated with si-CMPK1 in combination with 5-FU had a significantly lower cytotoxicity.



MiR-130b Directly Targets CMPK1 3′-UTR and Negatively Regulates its Expression in GC

To identify the upstream regulator that potentially modified the CMPK1 expression, we combined four public miRNA databases (miRDB, PICTA, TargetScan, and miRTarBase) and identified several putative miRNA binding sites in the CMPK1 3′-UTR region, including miR-130b, miR-519 and miR-17 (Figure 3A and Supplementary Figure S3A). We also analyzed the expression correlation between potential miRNAs and CMPK1, and identified the miR-130b were significantly negatively correlated with the CMPK1 in GC samples (Figures 3B–D). The negative correlation between CMPK1 and miR-130b was further corroborated in an independent GC cohort (GSE36968, Supplementary Figure S3B). In addition, overexpression of miR-130b in the MGC-803 and AGS cells resulted in a significant reduction in CMPK1 mRNA transcription as well as protein expression by RT-qPCR and western blot assays (Figures 3E, F). Conversely, we found that transfecting with miR-130b inhibitor (anti-miR-130b) resulted in an up-regulation of CMPK1 expression in the two GC cell lines (Figure 3G). Similarly, high expression of miR-130b in patients who received a 5-FU-based therapeutic regimen were more likely to develop malignant progression (Supplementary Figure S3C). Intriguingly, miR-130b expression was also significantly positively correlated with chemoresistance biomarker of TYMS, suggested its predictive value on chemotherapy efficacy (Supplementary Figure S3D). To further identify the functional interaction between CMPK1 and miRNAs generated from the prediction algorithms, we performed luciferase reporter assay by inserting the gene’s 3′-UTR region (wild type) or mutant CMPK1 3′-UTR vector (mut type) into downstream of the firefly luciferase plasmid (Figure 3H). In GC cell lines transfected with the wild type CMPK1-3′UTR and the miR-130b mimic, a significant decrease in luciferase activity was observed compared with mutant type CMPK1-3′UTR vector and mimic/NC controls (Figures 3I, J). These results suggest that miR-130b negatively regulates CMPK1 gene expression.




Figure 3 | Prediction and validation of CMPK1 upstream regulator miR-130b in gastric cancer. (A) A Venn diagram showing the combination of four miRNA prediction algorithms identified three candidate upstream regulators of CMPK1. (B–D) Inverse correlation between CMPK1 and miR-130b, miR-519, and miR-17 in GC tissue (E) RT-qPCR analysis revealed that transfection with miR-130b mimic decreased the CMPK1 RNA level. (F)The protein level of CMPK1 was decreased in MGC-803 and AGS cells when transfected with miR-130b with β-actin as a loading control. (G) On the contrary, cells transfected with anti-miR-130b expressed increased levels of CMPK1 protein compared to those transfected with anti-miR-NC. (H) A putative miR-130b -binding site exists in the 3′-UTR of the CMPK1 mRNA, and 7-nucleotide deletion were generated in the binding site. (I) MGC-803 and (J) AGS cells transfected with pmirGLO-CMPK1-Wild and pmirGLO-CMPK1-Mut reporters, together with a miR-130b mimic or negative control, miR-130b overexpression suppressed the activity of luciferase in the wild-type but not in mutant type. All the values shown were represented as means ± SD. (*P < 0.05; **P < 0.01 vs negative control by two-tailed Student’s t-test).





Effect of miR-130b on Sensitivity to 5-FU in GC Cells

Although miR-130b overexpression decreased CMPK1 levels, we needed to examine whether miR-130b regulation of CMPK1 expression actually influences the 5-FU sensitivity of GC cells. Functional experiments with a specific mimic and inhibitor were used to identify the role of miR-130b in GC cell chemoresistance. As expected, miR-130b-transfected GC cells were more resistant to 5-FU treatment than controls (MGC-803 survival percent for 10μg/ml 5-FU treatment, P = 0.003; AGS survival percent for 20μg/ml 5-FU treatment, P = 0.012) (Figure 4A). As indicated above, we also selected AGS cells for the following study because of its relatively low miR-130b expression levels confirmed in real-time PCR results (Supplementary Figure S3E). This miR-130b-induced insensitivity to 5-FU was also confirmed in a clonogenic survival assay showing that the growth inhibition effect on AGS cell was absent (Figure 4B). Conversely, anti-miR-130b transfection enhanced CMPK1 expression and induced higher sensitivity to 5-FU in MGC-803 and AGS cells (Figure 4C).




Figure 4 | MiR-130b has an influence on 5-FU sensitivity. (A, B) AGS and MGC-803 cells were transfected with either miR-NC or miR-130b mimic for 48h, and cells were reseeded for 5-FU sensitivity detection using an MTT assay (A) and a clonogenic cell-survival assay (B). (C) AGS and MGC-803 cells were transfected with either anti-miR-NC or anti-miR-130b upon 5-FU treated. Cell viability was assessed by MTT assay. (D–F) Cells in the apoptosis and cell-cycle analysis were pre-treated and measured by flow cytometry. AGS cells were used to determine the impact of miR-130b/control treated with 5-FU. The representative flow cytometry patterns of cell cycle distribution is shown in (D) and the statistical analysis is shown in (E). The representative patterns of cell apoptosis are shown in (F, upper panel) and the statistical analysis is shown in (F, lower panel). (G) Overexpression of miR-130b in AGS cells and 5-FU caused DNA damage detected by comet assay. Representative images are shown in (G, left panel) and the mean ± SD for each condition shown in (G, right panel). (H, I) AGS cells were cotransfected with the CMPK1 CDS region or negative control vector together with 20 nM miR-NC or miR-130b. After 24 h, cells were harvested for western blot analysis (H) or reseeded for 5-FU sensitivity assay (I). Data represent the mean ± SD, *P < 0.05; **P < 0.01, two-sided Student’s t test.



To determine whether the expression of miR-130b in the presence of 5-FU could affect cell cycle arrest, we performed flow cytometry analyses in AGS cell lines transfected with a miR-130b mimic or miR-NC. Consistent with low-expression of CMPK1, a significant increase in the percentage of cells in G1-phase, but a reduced proportion in S phase was found in miR-130b over-expressing cells (Figures 4D, E). Furthermore, to investigate how miR-130b may affect the ability of 5-FU to induce apoptosis, AGS cells were treated with 5-FU and harvested for flow cytometry analysis. The results indicated that the apoptotic rates of AGS-miR-130b cells were significantly lower than that of AGS-miR-NC cells (P < 0.001) (Figure 4F).

Since CMPK1 has been verified to be involved in mediating 5-FU-induced DNA damage, we examined the role of its upstream regulator-miR-130b in DNA damage by comet assay. AGS cells with ectopic overexpression of miR-130b had lower levels of CMPK1 protein and significantly lower DNA damage than control cells (Figure 4G, left panel). The quantified percentage of DNA in the tail was significantly different in cells treated by miR-NC plus 5-FU vs miR-130b plus 5-FU (P <0.001, right panel). In addition, MTT assay suggested that the effect of miR-130b on 5-FU sensitivity was fully rescued by overexpressing CMPK1 coding region sequence (without its 3′-UTR) (Figures 4H, I). Taken together, these indicated that miR-130b-mediated sensitivity to 5-FU is primarily a result of CMPK1 expression suppression.



MiR-130b Regulated CMPK1 Influences Chemoresistance Primarily in 5-FU Treatment But Not Cisplatin

Since CMPK1 activated deoxycytidine analogs of 5-FU and sensitized GC cells to cytotoxicity, we wanted to determine whether the effect could extend to another GC first-line chemotherapy drugs cisplatin. AGS and MGC-803 cells were transfected with a standard concentration (20 nmol/L) of miR-130b/control/si-CMPK1 and subsequently treated with cisplatin. The MTT results (Figures 5A, B) and clone formation assay (Supplementary Figures S4A, B) showed no difference on cell viability. Furthermore, we performed flow cytometric analyses in AGS cell lines transfected with miR-130b/control/si-CMPK1 treated with cisplatin and found no difference between based on transfection status (Supplementary Figures S4C, F). These results imply that transfected with miR-130b/control/si-CMPK1 had no impact on cisplatin treatment (P > 0.05).




Figure 5 | MiR-130b-mediated regulation of CMPK1 influences chemoresistance to 5-FU (A, B) AGS and MGC-803 cells were transfected with miR-NC, miR-130b mimic or si-CMPK1. After 48 h, cells were reseeded for cisplatin sensitivity detection by MTT assay. (C, D) The 3-D culture assay showed that 5-FU treatment, but not cisplatin, significantly impacted miR-130b/miR-NC/si-CMPK1 cell growth on martrigel matrix. AGS cell spheroids, morphological changes, and the diameter of clone is shown in (C, D), MGC-803 cell spheroids are shown in (E, F). (G) Representative images of orthotopic gastric cancer mouse model for 5-FU sensitivity in miR-NC, miR-130b, and CMPK1-treatment. The scale was millimeters. (H) Mean tumor volumes in mice treated with different combination of miR-NC, miR-130b, CMPK1 and 5-FU regimens. Expression level of miR-130b (I) and CMPK1 (J) in different xenograft mouse model by q-PCR analysis. (K) Tumor samples from control- and miR-130b-treated mice were sectioned and stained for CMPK1, TUNEL and Cleaved Caspase-3 by immunohistochemistry (IHC). (L) Quantification of CMPK1, TUNEL and Cleaved Caspase-3 positive cell level. Error bars, ± SD. (*P < 0.05, **P < 0.01, ***P < 0.001).



Interestingly, the 3-D spheroid culture assays showed that in 5-FU treatment group, the diameters of GC cell spheroids of treated by miR-130b/si-CMPK1 were significantly increased than control in mean diameters and numbers of cell clones (miR-NC vs miR-130b, MGC-803: P < 0.001; AGS: P < 0.001. miR-NC vs si-CMPK1, MGC-803: P = 0.001; AGS: P < 0.001) (Figures 5C–F). Conversely, we found no impact on spheroid size in cisplatin treated cells when transfected with miR-130b/control/si-CMPK1 (Figures 5C–F). And clone formation assay demonstrated consistent results (Supplementary Figures S5A–D).

To further assess the ability of miR-130b/CMPK1 to induce 5-FU sensitivity, we tested the therapeutic efficacy of a miR-130b, CMPK1 and 5-FU combination in an established xenograft nude mouse model (see Supplementary Methods for details). For the 5-FU treatment model, following subcutaneous injection of AGS or CMPK1-CDS overexpressed AGS cells, mice were randomly distributed and assigned to the following treatment groups: 1) miR-130b/NC plus NS, 2) miR-130b/NC plus 5-FU. 3) miR-130b/NC plus CMPK1 plus 5-FU. As compared with the control miRNA group, tumors in the miR-130b group had statistically significantly more tumor burden based on tumor volume (P < 0.001) (Figures 5G, H). While the addition of 5-FU led to decreased tumor volume, the combination of miR-130b plus 5-FU led to less reduction in tumor burden compared with miR-NC plus 5-FU (P <0.001) (Figure 5H). Moreover, CMPK1-CDS overexpressed GC cells plus 5-FU exhibited the strongest tumor suppression effects regardless of combination of miR-130b or control, further suggested miR-130b on 5-FU sensitivity was fully rescued by overexpressing CMPK1 coding region sequence.

We further compared the miR-130b and CMPK1 expression in mice tumor tissues by Real-time quantitative PCR analysis. Transfection of miR-130b mimics significantly enhanced the miR-130b expression while reduced the CMPK1 expression (Figures 5I, J). Meanwhile, xenograft mice models injected with CMPK1-CDS overexpressed cells resulted in a significant augmentation of CMPK1 expression whether combination of miR-130b or miR-NC (Figure 5J). We also conducted the immunohistochemical staining of CMPK1, TUNEL and Cleaved Caspase-3 in the xenograft mice tumors to determine whether systemic delivery of miR-130b affected the expression of CMPK1 and apoptosis. Representative sections stained for these markers are shown in revised Figure 5K. Compared with miR-NC, miR-130b treatment exhibited significantly lower level of CMPK1-positive and higher levels of TUNEL- and Cleaved Caspase-3-positive cells in 5-FU-treated mice tumors (P < 0.05; Figure 5L).




Discussion

Development of chemoresistance is a major cause of treatment failure in GC patients treated with 5-FU. The origins of acquired drug-resistance can be stem from multiple mechanisms, but the efficiency of drug metabolism often affects chemotherapeutic efficacy. Previous studies have found that UMP/CMPK played a critical role in 5-FU phosphorylated activation (29, 30), while the mechanism of led to the 5-FU resistance remains unknown. Beyond the mutational processes that can affect the expression or activity of drug metabolism genes, epigenetic regulation resulting in gene silencing by miRNAs has always been known to deregulate drug-resistance-related functions (16, 19, 31, 32). In the present study, we first validated the clinical efficacy of the TCGA-defined sensitive subtype in 5-FU-based chemotherapy and identified the CMPK1 as the top DEGs. Lower CMPK1 expression was associated with worse response to 5-FU-based therapy and shorter survival in GC patients. Further, CMPK1 could be regulated by miR-130b via directly targeting the gene’s 3′-UTR, and attenuated 5-FU chemosensitivity in vitro and in vivo. However, we have not detected similar effects in cisplatin-treated cells, suggesting that miR-130b/CMPK1 axis may specifically regulate 5-FU metabolism. This study reports for the first time that overexpression of miR-130b attenuated cell chemosensitivity to 5-FU, possibly due to reduced drug activation via downregulation of genes involved in the phosphorylation of FUMP, including CMPK1, suggesting that miR-130b may contribute to chemotherapy resistance.

Previous clinical trials showed that regimens containing 5-FU improve survival in tumor, but that local failure and distant metastases still frequently occur (33, 34). CMPK1 is a member of nucleoside monophosphate kinase family and is highly homologous to adenylate kinase (35). A recent study showed that methylation inhibitors restored sensitivity to 5-FU after bolus administration, which is mediated by increased CMPK1 levels resulting in decreased clinical resistance to 5-FU due to decreased CMPK1 in colorectal cancer (29). Further, modulation of CMPK1 by overexpression or down-regulation had no impact on natural pyrimidine nucleotides and cell growth (30). In this study, down-regulating CMPK1 expression by siRNA led to a decrease in the formation of the 5-FU triphosphate metabolites, resulting in cellular resistance to 5-FU–based treatment.

Currently, our understanding of the biological functions of miR-130b in gastric cancer is still limited and sometimes inconsistent. Lai et al. reported that overexpression of miR-130b increased cell viability, reduced cell death and decreased expression of Bim via regulating of tumor suppressor RUNX3 (36). Zhang et al. found miR-130b delivered in M2 macrophage-derived extracellular vesicles promoted survival, migration, invasion, and angiogenesis of GC cells (37). A recent study showed that plasma miR-130b expression were associated with response to 5-FU/oxaliplatin treatment in metastatic colorectal cancer (mCRC) and upregulated in non-responders (38). However, other studies highlighted its implication in the cisplatin chemoresistance of lung and ovarian cancer (39, 40). These results, which conflict with our studies, may be attributed to varying functions of the multiple subtypes of miR-130b in different types of cancer. Interestingly, no published study has focused on 5-FU chemoresistance mediated by miR-130b in GC. To test the potential role of miR-130b in GC, we performed statistical analysis with microarray data and q-PCR, and showed that a high level of miR-130b expression was associated with reduced response to 5-FU-based therapy in GC patients. We further analyzed downregulated genes via mRNA microarray expression combined with worse prognosis and observed a decrease in CMPK1 levels. The 5-FU chemoresistance biomarker TYMS was also associated with miR-130b/CMPK1 expression. Subsequently, the role of miR-130b in mediating gastric cancer chemoresistance was confirmed by validating CMPK1 as a direct target of miR-130b via luciferase and western blot assays, and demonstrating that miR-130b could reduce 5-FU sensitivity and DNA damage.

In this study, the observation that the miR-130b-induced 5-FU cytotoxic attenuation was largely rescued by overexpressing CMPK1, suggests that CMPK1 is the key target for miR-130b-enhanced 5-FU inactivation and drug resistance. Elevated CMPK1 levels and enhanced sensitivity to 5-FU following miR-130b down-regulation may have important clinical relevance. Despite recent advances in genomic sequencing, effective molecular targeting drugs for GC have not yet been established; therefore, conventional chemotherapy including drugs such as cisplatin or 5-FU remains important for the treatment of GC (41).

Whereas the association of CMPK1/miR-130b with 5-FU sensitivity was seen in TCGA cohort, the dataset were retrospective analysis and sample size is still relatively small, thus, further validation in additional large prospective cohorts is important. Additionally, we validated the miR-130b functions associated with fluorouracil mainly in gastric cancer; further analyses of which effect in another gastrointestinal tumor will also be needed.

Development of chemoresistance is a persistent problem in gastric cancer patients, and establishing a novel strategy to overcome this is needed. The discovery of a miR-130b-CMPK1–Fluorouracil DNA damage axis supports the approaches that combining miR-130b inhibition with 5-FU agents may substantially benefit gastric cancer management (Figure 6). Our findings suggest that a miR-130b inhibitor combined with 5-FU chemotherapy may strengthen the chemosensitivity and provide a novel therapeutic method for treating GC patients. In addition, our findings suggest that miR-130b might be a valuable predictive biomarker for the chemotherapy response in GC patients, and provide a therapeutic drug target in the neoadjuvant chemotherapy setting.




Figure 6 | Schematic of the proposed molecular mechanism of miR-130b in GC affecting 5-FU metabolism. First, 5-FU is converted to FUMP in vivo by OPRT. MiR-130b directly targets CMPK1 expression and suppresses the phosphorylation of 5-FU FUMP to the diphosphate metabolites FUDP and FdUDP. As a result, miR-130b attenuates the response of gastric cancer cells to chemotherapy and impacts survival. FUMP, 5-fluorouridine-5′-monophosphate; FUDP, 5-fluorouridine-5′-diphosphate; FdUDP, 5-fluoro-2′-deoxyuridine-5′-diphosphate.
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TMEM16A is a recently identified calcium-activated chloride channel (CaCC) and its overexpression contributes to tumorigenesis and progression in several human malignancies. However, little is known about expression of TMEM16A and its clinical significance in colorectal cancer (CRC). TMEM16A mRNA expression was determined by quantitative real time-PCR (qRT-PCR) in 67 CRC tissues and 24 para-carcinoma tissues. TMEM16A protein expression was performed by immunohistochemistry in 80 CRC tissues. The correlation between TMEM16A expression and clinicopathological parameters, and known genes and proteins involved in CRC was analyzed. The results showed that TMEM16A mRNA expression was frequently detected in 51 CRC tissues (76%), whereas TMEM16A protein expression was determined at a relatively lower frequency (26%). TMEM16A mRNA expression in tumor tissues was higher than its expression in normal para-carcinoma tissues (P < 0.05). TMEM16A mRNA expression was significantly correlated with TNM stage (p = 0.039) and status of lymph node metastasis (p = 0.047). In addition, there was a strong positive correlation between TMEM16A mRNA expression and MSH2 protein. More importantly, TMEM16A protein expression was positively associated with KRAS mutation, and negatively correlated with mutant p53 protein. Logistic regression analysis demonstrated that TMEM16A mRNA expression was an important independent predictive factor of lymph node metastasis (OR = 16.38, CI: 1.91–140.27, p = 0.01). TMEM16A mRNA and protein expression was not significantly related with patient survival. Our findings provide original evidence demonstrating TMEM16A mRNA expression can be a novel predictive marker of lymph node metastasis and TMEM16A protein expression may be an important regulator of tumor proliferation and metastasis in CRC.

Keywords: TMEM16A, calcium activated chloride channel, colorectal cancer, lymph node metastasis, immunohistochemistry


INTRODUCTION

Colorectal carcinomas (CRC) is one of the most prevalent malignancy worldwide, and the third most deadly cancer (1). Despite the significant advancement in diagnosis and treatment of colorectal cancer over the past decade, the survival rate of advanced colorectal cancer remains poor owing to tumor recurrence, distant metastasis, and lack of diagnosis markers. Therefore, there is an urgent need for new prognostic and diagnostic markers and therapeutic targets, and a better understanding of molecular mechanisms underlying tumor development and progression.

TMEM16A, also known as ANO1, DOG1, ORAOV2, or TAOS2, was identified as a novel molecular component of calcium-activated chloride channel (CaCC) in 2008 (2–4). TMEM16A regulates many cellular functions, including epithelial secretion, cardiac, and neuronal excitation, smooth muscle contraction (5–8). Before the discovery of TMEM16A as a CaCC, TMEM16A has been described as a biomarker for gastrointestinal stromal tumor (GIST) (9, 10). Recently, growing evidences have shown that TMEM16A is overexpressed or amplified in many tumors, such as head and neck squamous cancer cells (HNSCC), esophageal squamous cell cancer (ESCC), and breast cancer (11–17), and overexpression of TMEM16A plays an important role in the development and progression of tumors (18–22). Duvvuri et al. found that TMEM16A overexpression correlated with decreased overall survival in patients with HNSCC (19). Ayoub et al. found ANO1 amplification and expression in human papilloma virus (HPV)-negative HNSCC accompanied with a high propensity for future distant metastasis (20). Shi et al. reported that TMEM16A mRNA expression and protein overexpression was associated with lymph node metastasis and advanced clinical stage in ESCC patients (21). Bae et al. found that TMEM16A expression is associated with shorter survival and progression of breast cancer (22). Thus, TMEM16A was thought as a new promising prognostic and diagnostic marker and potential therapeutic target for the treatment of some types of cancers. However, current available information is very limited regarding biological function and clinical significance of TMEM16A expression in CRC.

In our previous study, we found that TMEM16A expression in colorectal cancer SW620, HCT116, and LS174T cells, not in SW480 and HCT8 cells, and inhibition of TMEM16A expression decreased the growth, migration, and invasion ability of SW620 cells (23). These interesting findings prompted us to investigate clinical relevance of TMEM16A expression in CRC tissues. In the present study, we detected TMEM16A mRNA expression and protein expression in clinical CRC samples. Then, we analyzed the correlations of TMEM16A expression with clinicopathological parameters and patient prognosis. Finally, we investigated the relation between TMEM16A and tumor proliferation and metastasis related molecules, including KRAS/NRAS/BRAF mutations status, and expression of known proteins involved in CRC (Braf, CDX2, EGFR, p53, Ki67, CD34, MLH1, MSH2, MSH6, and PMS2).



MATERIALS AND METHODS


Patients and Tissue Samples

A total of 171 CRC tissue specimens, including 80 CRC samples for IHC, 67 CRC samples, and 24 normal colorectal samples for real-time PCR, were retrospectively collected in this study. Patients underwent resection of their tumors and were pathologically confirmed as CRC at the Second Hospital of Jilin University between November 2016 and June 2018. Informed consent were obtained from all these patients. No patients received adjuvant treatment prior to surgery. Clinical information was obtained by reviewing medical records and pathologic reports. An overview of all clinicopathological data of these patients given in Table 1. All involved experiments were performed in accordance with relevant guidelines and regulations of the Ethics Committee of the Second Hospital of Jilin University.


Table 1. Clinicopathological characteristics of the CRC patients.
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Immunohistochemistry Staining

Eighty CRC tissue specimens were fixed in 4% buffered formaldehyde and embedded in paraffin. The tissues were cut into 2-μM sections and dewaxed, hydrated, and antigen retrievaled by PT link (Dako, Agilent Technologies, USA). Primary antibodies, secondary antibodies and DAB staining was done at room temperature on an automatic station workstation (Dako, Agilent Technologies, USA). Primary antibodies for TMEM16A, Braf (V600E), EGFR, MSH2, MLH1, Tp53, Ki67, CDX2, and MSH6 were purchased from Zsbio company (Beijing, China). Finally, all sections counterstained with hematoxylin for 1 min.

Tissue specimens were observed with a light microscope (Olympus BX51) by 2 pathologists without prior knowledge of patient data. The IHC staining results were assigned a mean score based on both the intensity of staining and the percentage of positive cells. The IHC intensity was scored as follows: 0, 1, 2, and 3 points indicated no staining, minimal staining (light yellow), moderate staining (yellow brown), and strong staining (brown), respectively. The percentage of positive cells was determined using a previously reported method, and the cells were divided into four groups: 0, 1, 2, 3, and 4 points indicated < 5% positive cells, < 5–25% positive cells, 26–50% positive cells, 51–75% and 76–100% positive cells. The IHC was scored using a composite scoring system: scores were calculated by multiplying the intensity with the percentage of positive cells having this intensity. 0, 1–4, 5–8, 9–12 points was considered as negative, weak/mild, moderate/medium, and strong. For statistical analysis, samples with a score >0 were classified as IHC positive.



Quantitative Reverse-Transcription Polymerase Chain Reaction

Total RNA was extracted from 67 CRC tissues and 24 normal colorectal tissues using Trizol reagent (Invitrogen Life Technologies). Two micrograms total RNA were subjected to reverse transcription using cDNA Synthesis Kit (Genecopeia, USA). Real-time PCR was performed with SYBR Green PCR master mix (Genecopeia, USA) and ABI 7500 Fast Dx (Applied Biosystems Co. Ltd., USA). All experiments were carried out in triplicate, and the results were normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The following primers were used: TMEM16A, sense primer, 5′-GATCCCATCCAGCCCAAAGTG-3′; antisense primer, 5′-CGGGTTTTGCTGTC GAAAAAGGA-3′; GAPDH, sense primer, 5′-CGGACCAATACGACCAAATCCG-3′; antisense primer, 5′-AGCCACATCGCTCAGACACC-3′. Dissociation curve analysis of all PCR products showed a single sharp peak and the size of each amplified product was confirmed by ethidium bromide-stained agarose gel electrophoresis. TMEM16A was calculated using 2−ΔCt method. The ΔCt represents the average Ct for the target gene (TMEM16A) minus the average Ct for the reference gene (GAPDH). Values higher than 0.001 were considered positive for mRNA expression. The mRNA expression was further classified as low expression (values between 0.001 and 0.01), medium expression (values between 0.01 and 0.1) and high expression (values above 0.1).



DNA Extraction and Mutation Detection

Genomic DNA was extracted from surgical colorectal tumor tissue. The TIANamp Genomic DNA Kit (Tiangen Biotech, Beijing, China) were used following the manufacturer's protocol.

For each CRC sample, mutations of KRAS exons 2 (codon 12 and 13), mutations of NRAS exons 2 (codon 12 and 13), exons 3 (codon 59 and 61), exons 4 (codon 117 and 146), and mutations of BRAF exons 15 (codon 600) were detected according to the manufacturer's instructions. Human Gene Mutation Detection Kit of KRAS, NRAS, and BRAF were purchased from YZY Medical Science & Technology Co., Ltd. (Wuhan, China). Real-time quantitative polymerase chain reaction was performed by ABI 7500 Fast Dx (Applied Biosystems Co. Ltd., US).



Statistical Analysis

The SPSS version 21 (SPSS Inc., USA) software was used for the statistical analysis. All data are presented as mean ± SEM unless stated otherwise. A paired t test was used to test for differences in TMEM16A expression between matched CRC tissues and normal colorectal tissues. Correlation between mRNA expression and protein expression was explored by a Spearman's correlation. Categorical variables were compared by ANOVA or Fisher's exact test. Quantitative and ordered variables were compared by the Mann-Whitney test. The Kaplan-Meier (KM) method were used to evaluate the time to diagnosis of overall survival. P < 0.05 were considered to be statistically significant.




RESULTS


TMEM16A Protein Expression and mRNA Expression in CRC

Immunohistochemical analysis of TMEM16A protein expression was carried out on tumor tissues from 80 primary CRC patients. The results revealed that 21 (26%) of 80 colorectal cancer tissues exhibited positive TMEM16A expression including 16 (20%) cases with low expression and 5 (6%) cases with medium expression. High expression was not found in this study. Representative images of TMEM16A immunostaining are shown in Figure 1. The staining observed with TMEM16A antibody appeared predominately localized to the membrane and plasma. Additionally, TMEM16A was mainly expressed in the glands of colorectal cancer, except 2 cases on the surface of mucosa and 2 cases in the glands and submucosa.


[image: Figure 1]
FIGURE 1. Expression of TMEM16A in human colorectal cancer. (A) Representative IHC images of medium expression of TMEM16A. (B) Representative IHC images of low expression of TMEM16A. (C) Representative images of negative staining for TMEM16A. (D) Representative images of IHC staining showing TMEM16A expression in glands and mucosa of colorectal cancer tissues. (E) Expression of TMEM16A in glands and connective tissue of colorectal cancer. (F) Expression of TMEM16A on the mucosal surface of colorectal carcinoma.


TMEM16A mRNA expression was examined in 67 CRC tissue specimens and 24 normal colorectal tissue specimens by real-time PCR. The results demonstrated that TMEM16A mRNA expression was detected in 51 (76%) of 67 CRC tissue samples including 27 (40%) with low expression, 20 (30%) medium expression, and 4 (6%) high expression. Compared to normal colorectal tissues, TMEM16A expression was significantly increased in tumor tissues (Figure 2A, P < 0.0001). Analysis of TMEM16A mRNA expression and protein expression in CRCs is shown in Table 2. Although there was a significant positive correlation between TMEM16A mRNA expression and protein expression (p = 0.019), there was a weak correlation between two parameters (Spearman's = 0.337). Fifteen of 18 cases (83%) showing TMEM16A-positive expression harbored TMEM16A mRNA expression. However, more than half of the cases (19/34) with TMEM16A mRNA expression did not lead to TMEM16A protein expression. Furthermore, the level of mRNA expression is not always positively correlated with the level of protein expression (Supplementary Figure 1).


[image: Figure 2]
FIGURE 2. Expression of TMEM16A in colorectal carcinoma and its correlation with overall survival. (A) Quantitative RT-PCR results showed that the expression of TMEM16A in colorectal cancer was significantly higher than that in normal colorectal tissue (***P < 0.0001). (B) Positive rates of TMEM16A protein expression and mRNA expression in different lymph node status of colorectal carcinoma progression (*P < 0.05). (C) Positive rates of TMEM16A protein expression and mRNA expression in different stages of colorectal carcinoma progression (*P < 0.05). (D) Kaplan-Meier survival curve analysis showed that CRC patients with TMEM16A mRNA expression tended to a worse overall survival. (E) Kaplan-Meier survival curve analysis about effect of TMEM16A protein expression on patient verall survival. (F) The effect of TMEM16A mRNA expression on disease-free survival was analyzed by Kaplan Meier survival curve. (G) The effect of TMEM16A protein expression on disease-free survival was analyzed by Kaplan Meier survival curve.



Table 2. Analysis of TMEM16A mRNA and protein expression in CRCs.
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TMEM16A Expression and Clinicopathological Parameters in CRCs

To explore the potential function of TMEM16A expression in CRC, we further examined the associations of TMEM16A mRNA expression and protein expression with clinicopathological parameters. The results were shown in Table 3 and Supplementary Figure 2. TMEM16A mRNA expression was significantly correlated to TNM stage (p = 0.039) and status of lymph node metastasis (p = 0.047). However, there was no significant associations between TMEM16A mRNA expression and other clinicopathological parameters, including gender, age at surgery, tumor location, histological type, and differentiation. The correlation between TMEM16A protein and any of the clinicopathological parameters was not statistically significant (P > 0.05).


Table 3. Associations between TMEM16A expression and clinical features in CRCs.
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We further investigated the positive rate of TMEM16A mRNA and protein expression in the process of tumor development. As Figure 2B shown, with the development of lymph node metastasis (N0, N1, N2), the positive rate of TMEM16A mRNA expression increased significantly, but the positive rate of TMEM16A protein expression did not change significantly. Moreover, the positive rate of TMEM16A mRNA expression in stage III and IV with lymph node metastasis was significantly higher than that in stage I and II without lymph node metastasis (Figure 2C) which further proved that TMEM16A mRNA expression was related to lymph node metastasis. There was no significant difference between the positive rate of TMEM16A protein expression in stage III and IV and that in stage I and II.



Role of TMEM16A for Survival in Patients With CRC

Next, we investigated the association between TMEM16A and clinical outcome of patients with CRC. Kaplan Meier survival analysis showed no significant correlation between TMEM16A mRNA or protein expression and overall survival or disease-free survival (Figures 2D–G). Interestingly, we found that there may be a trend toward decreased survival in patients with TMEM16A mRNA expression (HR = 1.59, CI = 0.54–4.68, p = 0.396), whereas patients carrying lesions with TMEM16A protein expression positive seemed to have improved overall survival (HR = 0.67, CI = 0.21–1.81, p = 0.379). Consistently, similar results were also demonstrated in disease-free survival of patients.



TMEM16A Expression and IHC Characteristics

Immunohistochemical markers play an important role in tumorigenesis, pathological classification, differential diagnosis of benign and malignant tumors, and prognosis evaluation of patients. To investigate the potential effect of TMEM16A on the progression of colorectal cancer, we examined the expression of the most commonly used immunohistochemical markers in the clinical diagnosis of colorectal cancer, including BRAF (V600E), CDX2, EGFR, p53, Ki67, CD34, PMS2, MLH1, MSH6, and MSH2. We further analyzed the relationship between the expression of TMEM16A and these immunohistochemical markers. The results showed that MSH2 were significantly correlated with TMEM16A mRNA expression (p = 0.047). Additionally, there was a strong correlation between the expression of mutant p53 protein and TMEM16A protein (p = 0.025). No significant associations between TMEM16A and other immunohistochemical markers were observed in our study (Table 4).


Table 4. TMEM16A mRNA and protein expression in relation to immunohistochemistry characteristics in CRCs.
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TMEM16A Expression and Mutation Status of KRAS, NRAS and BRAF

Our previous study showed that TMEM16A siRNA led to decreased in vitro proliferation of human colorectal cancer cells SW620 by inhibiting the expression of ERK1/2 (23). It is well-known that RAS-RAF-MAPK signaling pathway can activate ERK1/2. Mutation in KRAS, NRAS, and BRAF has been demonstrated to be involved in initiation and progression of colorectal carcinoma (24). Therefore, we wanted to confirm whether expression of TMEM16A correlates with mutation status of KRAS/NRAS/BRAF. We examined and analyzed mutation status of KRAS/NRAS/ BRAF in colorectal cancer tissues. As expected, there was strongly correlation between TMEM16A protein expression and KRAS mutation (p = 0.017). 13 of 32 (40.6%) KRAS mutant type CRC were positive for TMEM16A. In contrast, only 8 of 58 (16.7%) KRAS wild type CRC were positive for TMEM16A. No statistically significant association of TMEM16A protein expression with mutations in NRAS and BRAF was observed. In addition, the correlation between TMEM16A mRNA expression and mutation status of KRAS/NRAS/BRAF has not been found (Table 5).


Table 5. TMEM16A mRNA and protein expression according to KRAS/NRAS/BRAF mutation status in CRCs.
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Univariate and Multivariate Logistic Regression Analysis Between TMEM16A and Lymph Node Metastasis

In order to further explore the correlation between TMEM16A and lymph node metastasis in CRC, univariate and multivariate logistic regression analysis were performed. In univariate logistic regression analysis, factors with possible impact to nodal disease were incorporated into the model, including clinical pathological parameters such as gender, age, location, tumor size, histological type, differentiation, EGFR, CD34, Ki67, mutant p53, MLH1,MSH2, KRAS, along with TMEM16A mRNA expression and protein expression. In multivariate logistic regression analysis, factors related to lymph nodes metastasis were incorporated into the model. The results were shown in Table 6. Statistical analysis revealed that TMEM16A mRNA expression was an important independent predictive factor of lymph node metastasis in CRC (OR = 16.38, CI: 1.91–140.27, p = 0.01). Meanwhile, we found that CD34 and mutant p53 were strong risk factors for lymph node metastasis (CD34: OR = 3.39, CI: 1.13–10.21, p = 0.03 and mutant p53: OR = 1.98, CI: 1.05–3.73, p =0.04).


Table 6. Univariate and multivariate logistic regression model for TMEM16A and LNM.
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DISCUSSION

In this study, we performed a detail analysis of TMEM16A mRNA and protein expression in human CRC tissue samples. Consistent with earlier studies (25–28), TMEM16A mRNA expression was found to be significantly up-regulated in CRC tissues compared with para-cancerous normal tissues, indicating that TMEM16A may participate in the process of carcinogenesis. Furthermore, TMEM16A mRNA expression was detected in 76% CRC cases, whilst TMEM16A protein expression occurred at a lower frequency (26%). There is a weak positive correlation between TMEM16A mRNA expression and protein expression. (Spearman's = 0.337, p = 0.019). TMEM16A mRNA expression didn't lead to TMEM16A protein expression in more than half of cases. Although TMEM16A mRNA expression may be responsible for TMEM16A protein expression, it is obviously not the only mechanism of TMEM16A expression in CRC. Similar discrepancys for TMEM16A mRNA and protein expression have been reported in previous studies (19, 25–28). For instance, TMEM16A gene amplification was frequently detected than protein expression in HNSCC samples (25, 27). In contrast, TMEM16A overexpression was more pervasive than gene amplification in human breast cancer and human gastric cancer (27, 29). We will discuss in detail the possible mechanisms leading to this interesting difference later.

The roles of TMEM16A expression in multiple tumor samples has been extensively investigated. Most investigators reported that TMEM16A expression promotes tumor growth and metastasis, and is associated with poor patient prognosis (21, 25–28, 30–34). However, some researchers demonstrated different effects of TMEM16A on these hallmarks. For example, Shiwarski et al. demonstrated that primary tumors exhibit a high level of TMEM16A, whereas metastasis from lymph nodes have a low expression of TMEM16A (28). Wu et al. reported that TMEM16A overexpression is associated with good prognosis in PR-positive or HER2-negative breast cancers patients following Tamoxifen treatment, especially in those patients with the low expression of Ki67 (35). Dixit et al. found that TMEM16A/ANO1 was preferentially overexpressed in HPV negative HNSCC compared with HPV positive HNSCC, and that this overexpression was associated with decreased patient survival (36). Rodrigo et al. observed that there was no correlation between TMEM16A and clinical parameters in HNSSC and patients with TMEM16A-positive oropharyngeal tumors exhibited a significantly improved disease-specific survival, compared to hypopharyngeal, and laryngeal tumors (18). These results indicated the multifaceted role of TMEM16A in various cancers may be cell type-dependent.

The present study is the first conducted to explore the predictive and prognostic value of TMEM16A in patients with CRC by analyzing the correlation between TMEM16A mRNA expression or protein expression and clinical parameters. The results demonstrated that TMEM16A mRNA expression is correlated with tumor TNM stage and lymph node metastasis. The positive rate of TMEM16A mRNA expression in primary colorectal cancer showed a significant increase with lymph node metastasis and late TNM stage. Univariate and multivariate logistic regression analysis suggested that TMEM16A mRNA expression was an important independent predictive factor of lymph node metastasis in CRC. These results showed that TMEM16A mRNA expression may be a promising predictive biomarker just as previously reported (36–38). However, we found that higher levels of TMEM16A mRNA expression mainly occurred in N0 phase and TNM II stage (Supplementary Figure 2), suggesting that TMEM16A mRNA expression level may not be positively correlated with lymph node metastasis and late tumor stage, which was inconsistent with the results by Park et al. (26). Various factors could contribute to these disagreement results, such as differences in the treatment regiments of patient enrollment, particular tumor environment, sample size, and/or detection methods.

We next studied the relationship of TMEM16A expression with clinical prognosis of CRC patients. The results showed that TMEM16A mRNA expression tended to shorter disease-free survival and overall survival for CRC patients, although it is not statistically significant. This could because TMEM16A mRNA expression was closely related to TNM stage and lymph node metastasis, which contribute to clinical prognosis of CRC patients. In addition, other factors such as the patient's age, tumor location, venous invasion, and the treatment after operation, such as radiotherapy, chemotherapy, and targeted therapy, might affect the prognosis of patients. Another possibility is that this may be due to cell type-dependent, which needs to be further confirmed by increasing the sample size and prolonging the observation time of patients.

In order to verify our results, we made further bioinformatics analysis of TMEM16A mRNA expression in TCGA database (http://ualcan.path.uab.edu/). The results were showed in Supplementary Figure 3. The results demonstrated that TMEM16A was upregulated in colon adenocarcinoma (n = 286) comparing with normal tissues (n = 41), which had statistical significance (P = 1.62E−12). There was no significant difference (p = 0.36) in overall survival between patients with high TMEM16A mRNA expression (n = 70) and those with low TMEM16A mRNA expression (n = 209). These results are consistent with our results.

It has been reported that TMEM16A contributed to tumor progression by modulating other factors and their downstream signaling pathways (27, 29, 30, 38–42). However, the mechanisms underlying regulation of tumor tumorigenesis, growth, and metastasis by TMEM16A remained unclear. To explore the potential mechanism, we investigated the correlation between TMEM16A expression and mutation status of KRAS, NRAS, and BRAF, and the protein expression of most commonly used IHC Characteristics including BRAF (V600E), CDX2, EGFR, p53, Ki67, CD34, PMS2, MLH1, MSH6, and MSH2 in clinical CRC sample.

We found that there was a significant positive correlation between MSH2 and TMEM16A mRNA expression. Previous studies have shown that MLH1, MSH2, MSH6, and PMS2 as main proteins of mismatch repair proteins (MMR) are used to repair DNA replication errors. MMR deficient (dMMR) leads to microsatellite instability (MSI), which is an important cause of CRC (43). In the occurrence and development of CRC, 90% of MMR gene mutations are mainly caused by the inactivation of MLH1and MSH2 (44). It seems that MSH2 may be involved in the role of TMEM16A in the occurrence and development of CRC.

Strikingly, our statistical analysis showed that TMEM16A protein expression was positively correlated with KRAS mutation status, and negatively correlated with mutant p53 protein expression. Recent comprehensive genome analyses have identified frequently mutated genes in human CRC, including APC, KRAS, TGFBR2, and Tp53 (45). Among them, KRAS and p53 mutations have been found in ~40 and ~60% of CRC (45, 46). Gene mutations in KRAS and p53 are thought to be essential events for colorectal cancer development. Previous findings suggested that mutated KRAS continuously activates RAS-RAF-MAPK signaling pathway, which leads to uncontrolled cell proliferation and canceration (46, 47). Thus, we infer that TMEM16A protein may promote the occurrence and growth of colorectal cancer by activating mutated KRAS. In addition, it is generally believed that mutant p53 overexpression is related to tumor metastasis, recurrence, and poor prognosis (48, 49). More importantly, our logistic regression analysis further confirmed that mutant p53 protein was an independent predictive factor of lymph node metastasis in CRC samples. Therefore, we speculate that TMEM16A protein might suppress tumor metastasis indirectly by decreasing mutant p53 protein expression. Considering this, our data evoke an intriguing possibility that TMEM16A protein may play a dual role in tumor formation and metastasis by interacting with mutated KRAS and mutant p53 protein in CRC tissues. It should be noted that other proteins might be involved in the regulation of tumor growth and metastasis by TMEM16A, so further studies are required.

Although it has been recently reported that TMEM16A activated EGFR signaling pathway in HNSCC, breast cancer and pancreatic cancer (15, 30, 31, 50, 51). However, in this study, we did not find that TMEM16A was significantly associated with EGFR in human CRC tissues. One of the possible reasons is that TMEM16A regulates cancer cell function via its different protein networks in different cancer cells.

Previous studies demonstrated that TMEM16A expression could be regulated at transcriptional, translational, and post-translational level, and TMEM16A expression is able to modulate different molecules through multiple ways in various cancers (52). Based on our results, we speculated that MSH2 might be involve in regulating of TMEM16A mRNA expression at transcriptional level or act as a regulator in the translation process of TMEM16A, while KRAS and p53 might interact with TMEM16A protein at post-translational level. However, there is no direct evidence to demonstrate how they regulate each other. Here, we found this phenomenon and tried to explain it, but further investigation is needed to elucidate the underlying mechanism. In our study, we observed that with lymph node metastasis and higher TNM stage, the positive rate of TMEM16A mRNA expression increased significantly, but the positive rate of TMEM16A protein did not change significantly. We supposed that the difference might be related to MSH2, KRAS, and p53. In addition, we believe that the coordination of TMEM16A and various factors leads to this result. For example, TMEM16A mRNA expression might be regulated by other factors such as hypermethylation of the TMEM16A promoter, the signal transducer and activator of transcription (STAT) and some soluble factors in the tumor micro-environment at the transcriptional level during lymph node metastasis. TMEM16A expression might be controlled by a number of microRNAs such as miR-9, miR-144, and miR-132 at translational level, as previously reported (13, 26, 52). TMEM16A protein might interact with other molecular targets including ERK1/2, AKT, camodulin kinase II (CaMKII), EGFR, secreted calcium-activated chloride channel regulator 1 (CLCA1), and Coatomer protein complex subunit beta 1 (COPB1) at post-translational level. Due to the heterogeneity of cell subsets expressing different molecules in colorectal cancer, it is necessary to further study the molecular targets involved in the regulation of lymph node metastasis by TMEM16A and the interaction mechanism between TMEM16A and these molecular targets.



CONCLUSION

In summary, we newly described the prognostic role of TMEM16A expression and its correlation with clinical pathological parameters. We found that TMEM16A mRNA expression was more frequently detected than TMEM16A overexpression in human colorectal cancer tissue samples. TMEM16A mRNA expression can be used as an independent predictor for lymph node metastasis in CRC. TMEM16A mRNA expression was significantly associated with MSH2 protein. TMEM16A protein expression TMEM16A was positively correlated with KRAS mutation, and negatively correlated with mutant p53 protein. Our finding provides original evidence that TMEM16A mRNA expression may be a potential marker for predicting lymph node metastasis and TMEM16A protein may be a marker between tumor growth and metastasis in CRC.
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NK2 homeobox 5 (Nkx2.5), a homeobox-containing transcription factor, is associated with a spectrum of congenital heart diseases. Recently, Nkx2.5 was also found to be differentially expressed in several kinds of tumors. In colorectal cancer (CRC) tissue and cells, hypermethylation of Nkx2.5 was observed. However, the roles of Nkx2.5 in CRC cells have not been fully elucidated. In the present study, we assessed the relationship between Nkx2.5 and CRC by analyzing the expression pattern of Nkx2.5 in CRC samples and the adjacent normal colonic mucosa (NCM) samples, as well as in CRC cell lines. We found higher expression of Nkx2.5 in CRC compared with NCM samples. CRC cell lines with poorer differentiation also had higher expression of Nkx2.5. Although this expression pattern makes Nkx2.5 seem like an oncogene, in vitro and in vivo tumor suppressive effects of Nkx2.5 were detected in HCT116 cells by establishing Nkx2.5-overexpressed CRC cells. However, Nkx2.5 overexpression was incapacitated in SW480 cells. To further assess the mechanism, different expression levels and mutational status of p53 were observed in HCT116 and SW480 cells. The expression of p21WAF1/CIP1, a downstream antitumor effector of p53, in CRC cells depends on both expression level and mutational status of p53. Overexpressed Nkx2.5 could elevate the expression of p21WAF1/CIP1 only in CRC cells with wild-type p53 (HCT116), rather than in CRC cells with mutated p53 (SW480). Mechanistically, Nkx2.5 could interact with p53 and increase the transcription of p21WAF1/CIP1 without affecting the expression of p53. In conclusion, our findings demonstrate that Nkx2.5 could act as a conditional tumor suppressor gene in CRC cells with respect to the mutational status of p53. The tumor suppressive effect of Nkx2.5 could be mediated by its role as a transcriptional coactivator in wild-type p53-mediated p21WAF1/CIP1 expression.
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Introduction

Colorectal cancer (CRC) is one of the most common malignancies with high rates of morbidity and mortality (1–4). The formation of CRC is a multistep process that arises from accumulation of genetic and epigenetic alterations (5, 6), including silencing of tumor suppressor genes with aberrant methylations, as well as activating oncogenes by mutations and/or chromosomal deletions (7). This has led to the hypothesis that aberrant methylation could be used as a marker to identify candidate tumor suppressor genes in neoplasia (7, 8). The CpG islands hypermethylation of homeobox transcriptional factor NK2 homeobox 5 (Nkx2.5, also known as CSX) has been reported in previous CRC-based studies (9, 10). Thus, Nkx2.5 was considered as a candidate tumor suppressor for CRC (9, 10).

Nkx2.5 is a homeobox-containing transcription factor that belongs to the NK2 class of homeobox proteins (11, 12). It is associated with a spectrum of congenital heart diseases (13–16). To date, NK2 homeobox members have been successively reported as tumor suppressors in various tumors (17–26). Nkx2.5 has also been reported to be expressed in several types of tumors (27–30), but its role in these tumors remains undefined. Though the mechanism of how NK2 homeobox members play roles in tumors has still remained elusive, Nkx2.1 has been reported to mediate p53-induced tumor suppression (17–19, 25), which gives us a hint. Nkx2.5 has also been reported to regulate cell proliferation via interacting with cell cycle-related pathways (31–35). Along with these clues, Nkx2.5 may act as a tumor suppressor in CRC through making an interaction with a p53 and/or cell cycle-related pathway.

To date, the tumor suppressor protein p53 (encoded by TP53 gene) is the most extensively studied tumor suppressor (36, 37). P53 is one of the central components in the tumor suppressive network (38–40). CDKN1A gene, whose major transcriptional activator is p53 (38–40), encodes p21WAF1/CIP1, a protein preventing cell cycle progression (41). P21WAF1/CIP1 has been shown to play a critical role in p53-mediated tumor suppression (42–44). A great number of molecules were found to play roles in tumors via p53/p21WAF1/CIP1 pathway (42, 45–47). Studies also indicated that Nkx2.5 could influence p53-related pathways in cardiomyocyte, fibroblast, and myoblast (33, 48). Although these clues indicate the relationship between Nkx2.5 and p53/p21WAF1/CIP1 pathway, the role of Nkx2.5 and its interaction with p53/p21WAF1/CIP1 pathway in CRC still needs to be further elucidated.

In the present study, we assessed the role of Nkx2.5 in CRC by comparing the expression of Nkx2.5 in CRC and adjacent normal colonic mucosa (NCM) samples, as well as in CRC cell lines. In addition, we attempted to determine the effect of Nkx2.5 overexpression on behaviors of CRC cells in vitro and in vivo. Nkx2.5 overexpression leads to different manifestations in different CRC cell lines because of different mutational statuses of p53. It is also noteworthy that Nkx2.5 could interact with p53 to activate p21WAF1/CIP1 transcription. This co-activatory effect depends on the mutational status of p53. Taken together, our results suggest that Nkx2.5 functions as a conditional tumor suppressor gene in CRC cells via activating the p53-mediated p21WAF1/CIP1 expression.



Materials and Methods


Ethics Statement

The study was conducted according to ethical standards, the Declaration of Helsinki, and national and international guidelines, and it was approved by the Institutional Review Board of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology (China).



Data Collection

The graphs of Nkx2.5 expression profiles in CRC and adjacent NCM samples were generated and downloaded from Oncomine microarray database (https://www.oncomine.org).



Patients’ Samples

Here, 14 pairs of primary human CRC samples and their matched adjacent NCM samples were obtained from CRC patients who were admitted to our hospital and underwent surgical resection in 2015 (see Supplementary Table 1). Samples were collected according to the protocol approved by the Institutional Review Board. The patients signed the written informed consent form prior to commencing the study. All the enrolled individuals were Han Chinese. The data were analyzed anonymously.



Cell Lines

Human FHC, Hela, Caco-2, DLD-1, HCT116, HT-29, SW480, RKO, SW620, LoVo, HEK-293T cells, and H9c2 cells were cultured in a medium recommended by the American Type Culture Collection (ATCC; Manassas, VA, USA) that was supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA) and 1% penicillin-streptomycin (Gibco, Carlsbad, CA, USA) at 37°C in a 5% CO2 incubator (Thermo Fisher Scientific, Waltham, MA, USA). Data related to the original tumors or xenografts of CRC cell lines (49) are listed in Supplementary Table 2. The identities of the cancer cell lines were confirmed by short tandem repeat (STR) profiling.



Construction of Plasmids

The Nkx2.5 overexpression plasmid was generated by cloning the full-length of cDNA representing the complete ORF of Nkx2.5 into the pSi-Flag vector (Invitrogen, Carlsbad, CA, USA). Nkx2.5-F (5’-ATGGATCCAATGTTCCCCAGCCCTGCTCT-3’) and Nkx2.5-R (5’-TGCTACCAGGCTCGGATACCATGCAGCGT-3’) were chosen as primers.



Generation of Infectious Virus

Lentiviral vectors were transfected into HEK-293T cells in combination with the lentiviral packaging vectors (pRSV-Rev, pMD2.G, and pCMV-VSV-G) using Lipofectamine™2000 reagent (Invitrogen, Carlsbad, CA, USA). After transfection for 48 h, supernatants were collected, filtered, and used to establish the Nkx2.5-overexpression cell lines (Lenti-Nkx2.5-HCT116 and Lenti-Nkx2.5-SW480). Empty vectors were used to generate control cell lines (Lenti-NC-HCT116 and Lenti-NC-SW480). Colonies resistant to Geneticin (G418; Invitrogen, Carlsbad, CA, USA) were picked and expanded to obtain stable clone stock cells. Western blot and quantitative reverse transcription-polymerase chain reaction (RT-qPCR) assays were employed to indicate whether stable cell lines could be successfully generated.



RNA Extraction and RT-qPCR

Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. 2 μg of total RNA was reversely transcribed using an RNA PCR kit (Takara Biotechnology, Inc., Otsu, Japan), and resulting cDNA was used as a template for a standard PCR. The mRNA levels were detected by RT-qPCR with an ABI PRISM 7900 Sequence Detector system (Applied Biosystem, Foster City, CA, USA) according to the manufacturer’s instructions, and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression. The primers used for RT-qPCR are listed in Supplementary Table 3 (33).



Western Blot Assay

Total cells and tissues were lysed using radioimmunoprecipitation assay (RIPA) buffer, and the protein concentration was determined with a bicinchoninic acid (BCA) protein assay kit (Pierce Biotechnology Inc., Rockford, IL, USA). Protein extracts were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Invitrogen, Carlsbad, CA, USA), and were then transferred onto a nitrocellulose membrane (Millipore, Billerica, MA, USA), which was incubated with various primary antibodies overnight at 4°C. After incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies (dilution, 1:5000) for 1 h at room temperature, the membranes were treated with normal enhanced chemiluminescence (ECL) substrate (170-5061; Bio-Rad Laboratories Inc., Hercules, CA, USA) prior to visualization using a ChemiDoc MP imaging analysis system (Bio-Rad Laboratories Inc., Hercules, CA, USA) according to the manufacturer’s instructions, as previously described (50). The specific protein levels were normalized to GAPDH on the same nitrocellulose membrane. The following primary antibodies were used: anti-Nkx2.5 (sc-376565X; dilution, 1:500; Santa Cruz Biotechnology, Dallas, TX, USA), anti-GAPDH (sc-32233; dilution, 1:1000; Santa Cruz Biotechnology, Dallas, TX, USA), anti-p53 (#2527; dilution, 1:1000; Cell Signaling Technology, Danvers, MA, USA), and anti-p21WAF1/CIP1 (#2947; dilution, 1:1000; Cell Signaling Technology, Danvers, MA, USA).



Colony Formation and Cell Proliferation Assays

For colony formation, 1000 cells/well were seeded into 6-well plates. After 14 days of culture, cells were stained with crystal violet, and the cell-covered area of visible colonies was calculated. Cell viability and cell proliferation were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and EdU cell proliferation assays, respectively. For the MTT assay, 1000 cells in 200 µL culture medium were seeded into each well of 96-well plates. After cultivation, MTT was added into each well. Optical density (OD) was measured and cell growth curves were drawn according to the OD value. For the EdU cell proliferation assay, as described previously (51), EdU DNA Cell Proliferation kit (RiboBio Co. Ltd., Guangzhou, China) was used (52). Briefly, cells (1×105) were cultured in 24-well plates, and then, exposed to 50 µM EdU for 2 h at 37°C. The cells were fixed with 4% formaldehyde and permeabilized in 0.5% Triton X-100. Cells were then incubated with 200 µM Apollo reaction cocktail, and nuclei were stained with Hoechst 33342 (200 mL/well). The stained cells were visualized under a fluorescence microscope (IX71; Olympus, Tokyo, Japan). The number of cells was counted using Image-Pro Plus 6.2 software (Meyer Instruments, Inc., Houston, TX, USA).



Cell Migration Assay

Migration of cells was evaluated by wound-healing assay via uncoated Transwell® cell culture inserts according to the manufacturer’s instructions (Corning Inc., New York, NY, USA). To carry out wound-healing assay, monolayer of cells was gently scratched with sterile micropipette tips, washed with phosphate-buffered saline (PBS), and incubated in a FBS-free medium with mitomycin. The areas of the gap at 0 h and the residual gap at 24 h after wounding of 10 random locations were compared. For the uncoated Transwell® assay, the uncoated Transwell® filter inserts with 8-µm pores (BD Biosciences, Bedford, MA, USA) in 24-well cell culture plates were used. Then, 1 × 105 cells were suspended and seeded into the uncoated and precoated upper chambers of 24-well Transwell® plates with a FBS-free medium. The medium containing 10% FBS was added to the lower chamber to serve as a chemo-attractant. After 12 h of incubation, migrated cells were stained with 0.5% crystal violet solution. Cell migration was quantified by calculating the cell-covered area in photomicrographs using Image-Pro Plus v6.2 software.



Cell Apoptosis Assay

For cell apoptosis analysis, cells were cultured in FBS-free medium for 48 h, followed by staining with the Annexin V-fluorescein isothiocyanate (FITC)/7-amino-actinomycin D (7-AAD) (BD Biosciences, San Diego, CA, USA). For each assay, 1 × 105 cells were incubated with Annexin V-FITC/7-AAD. After addition of 400 μL binding buffer, the cells were analyzed by fluorescence-activated cell sorting using FACScan (BD Biosciences, San Diego, CA, USA). Cell populations were classified as viable (Annexin V negative, 7-AAD negative), apoptotic (Annexin V positive, 7-AAD negative or positive), or necrotic (Annexin V negative, 7-AAD positive).



Xenograft Mouse Model

Athymic nude mice (strain BALB/c nu/nu; Charles River Laboratories, Wilmington, MA, USA) were used for tumorigenesis studies. These mice (age, 8-12-week-old) were housed and maintained under specific pathogen-free conditions in facilities approved by the Hubei Provincial Association for Laboratory Animal Sciences (China). For the subcutaneous xenograft mouse model, HCT116 cells (Lenti-Nkx2.5-HCT116 and Lenti-NC-HCT116, 1×106 cells/well) were harvested and resuspended in Hanks’ Balanced Salt Solution. These two HCT116 cells were subcutaneously injected at day 0 into the right and left dorsal flanks, respectively. Tumor diameter was measured every 2 days before harvesting over the course of 32 days. Tumor volume (mm3) was calculated by measuring the shortest (x) and longest (y) diameters of the tumor using the following formula: tumor volume (mm3) = x2y/2.



Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling (TUNEL) Assay

In-situ cell death was determined by TUNEL staining of tumor tissue sections (In Situ Cell Death Detection Kit, cat. no. 11684817910; Roche Applied Science, Penzberg, Germany). Staining was performed in strict accordance with the manufacturer’s instructions. Briefly, frozen slides were dried and fixed with 4% paraformaldehyde. The Proteinase K solution and 1% Triton X-100 were added. TdT (terminal deoxynucleotidyl transferase), fluorescein-isothiocyanate (FITC)-labeled d-UTP mixed solution, and DAPI (4’,6-diamidino-2-phenylindole) were added for labeling and staining. After washing with PBS, anti-fluorescence quenching mounting medium was added for sealing. The slides were observed and photographed under a fluorescence microscope (IX71; Olympus, Tokyo, Japan). The cells with green fluorescence were apoptosis-positive cells. TUNEL-positive cells were counted using Image-Pro Plus v6.2 software in 10 randomly selected fields from each slide.



Immunohistochemistry (IHC)

The fraction of proliferative cells in the xenograft tumor section was assessed with Ki-67 staining. Paraffin-embedded tissue sections were deparaffinized in xylene and rehydrated through graded ethanol solutions. Sections were boiled in antigen retrieval solution (EnVision FLEX Target Retrieval Solution; Agilent Technologies, Inc., Santa Clara, CA, USA) for antigen retrieval. Afterwards, endogenous peroxidases were inactivated by immersing in 3% hydrogen peroxide. The slides were blocked with 10% bovine serum albumin (BSA), incubated with the anti-Ki-67 antibody (GA62661-2; Agilent Technologies, Inc., Santa Clara, CA, USA) overnight, and then, with the corresponding secondary antibody for 1 h at room temperature. Finally, the sections were developed with DAB color solution. Sections were counterstained with hematoxylin and preserved with resinene. The cells with brown-stain were proliferation-positive cells. Ki-67-positive cells were counted using Image-Pro Plus v6.2 software in 10 randomly selected fields from each slide.



TP53 Gene Sequencing and Mutation Analysis

Total genomic DNA was extracted from each cell line (FHC, DLD-1, HCT116, HT29, SW480). Eight pairs of primers (see Supplementary Table 4) were used to amplify the exonic regions of TP53. PCR amplification was performed using MyGene™ Series Peltier Thermal Cycler (A300; Hangzhou LongGene® Scientific Instruments Co., Ltd., Zhejiang, China) and PrimeSTAR GXL DNA Polymerase (cat. no. R050Q; Takara Biotechnology, Inc., Otsu, Japan). DNA sequencing was carried out by using an 3730xl DNA Analyzer (Applied Biosystem, Foster City, CA, USA). All fragments were sequenced from both strands. DNA sequencing analysis was undertaken by using Chromas software (Technelysium Pty Ltd., Queensland, Australia).



Co-immunoprecipitation (Co-IP) Assay

Co-IP was conducted via a Co-IP kit (Pierce™ Co-Immunoprecipitation-Kit, No. 26149; Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions as previously reported (53, 54). Briefly, anti-Nkx2.5 antibody (sc-376565X; Santa Cruz Biotechnology, Dallas, TX, USA) was immobilized by incubating with AminoLink plus coupling resin in the Pierce spin columns to prepare anti-Nkx2.5-coated resin, and control mouse IgG antibody (sc-2025; Santa Cruz Biotechnology, Dallas, TX, USA) was used to prepare IgG-coated resin with the same procedure. Total cell protein extracts of HCT116 cells (Lenti-NC-HCT116 and Lenti-Nkx2.5-HCT116) were prepared using ice-cold IP lysis buffer. Extracts were added to the Pierce spin columns with antibody-coated resins, resulting in making four combinations (Lenti-NC-HCT116 + IgG, Lenti-NC-HCT116 + Anti-Nkx2.5, Lenti-Nkx2.5-HCT116 + IgG, and Lenti-Nkx2.5-HCT116 + Anti-Nkx2.5). After incubation and elution, the eluates containing the protein complexes were collected. Finally, aliquots were denatured by heating at 100°C and analyzed by SDS-PAGE and Western blotting.



Luciferase Reporter Assay

For luciferase reporter vector construction, the pGL3.0 p21WAF1/CIP1 luciferase reporter vector (p21WAF1/CIP1-Luc) was provided by Promega (Madison, WI, USA). Luciferase activity assay was undertaken as previously described (55, 56). In brief, the reporter vectors were transfected into HCT116 cells (Lenti-NC-HCT116 and Lenti-Nkx2.5-HCT116) using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). Then, pRL-SV40 vector expressing Renilla luciferase was co-transfected as an internal control to normalize transfection efficiency. Luciferase activities were measured 24 h after transfection. The relative luciferase activity was calculated as luciferase activity of reporter vectors in HCT116 cells (Lenti-NC-HCT116 and Lenti-Nkx2.5-HCT116).



Statistical Analysis

The statistical analysis was performed by using GraphPad Prism 8.4 software (GraphPad Software Inc., La Jolla, CA, USA). All data were expressed as mean ± standard deviation (SD). The significant differences were analyzed by the log-rank test for KM survival analysis, Wilcoxon matched-pairs signed-rank test and paired t-test for comparing paired data between two groups, Mann-Whitney U test and unpaired t-test with Welch’s correction for comparing unpaired data between two groups, and Mann-Whitney U test or Brown-Forsythe and Welch’s analysis of variance (ANOVA) with Dunnett’s post-hoc test for making multiple comparisons. P < 0.05 was considered statistically significant.




Results


Nkx2.5 Is Highly Expressed in CRC Samples

To indicate whether Nkx2.5 expression differs between CRC and NCM samples, microarray data that were extracted from ONCOMINE database were analyzed. A significantly higher expression of Nkx2.5 was detected in colorectal adenoma (Gaspar Colon dataset) and CRC tissue (TCGA Colorectal dataset) than that in NCM tissue (Figure 1A). To verify the results from database, Nkx2.5 profiles from 14 paired CRC and NCM samples (Supplementary Table 1) were examined by Western blotting and RT-qPCR. Nkx2.5 protein level (P = 0.0052 for Wilcoxon matched-pairs signed-rank test, P = 0.0139 for paired t-test) and mRNA expression (P = 0.0085 for Wilcoxon matched-pairs signed-rank test, P = 0.0264 for paired t-test) were observed to be significantly higher in CRC samples than those in NCM samples (Figures 1B–D).




Figure 1 | Higher expression level of Nkx2.5 in CRC samples than that in NCM samples. (A) Expression level of Nkx2.5 in colorectal adenomas, CRC, and NCM tissues. The graph was downloaded from ONCOMINE database. The numbers in brackets represent the sample size. (B) Western blot analysis was employed to measure Nkx2.5 protein level in 14 paired CRC and NCM samples. (C) RT-qPCR was used to detect Nkx2.5 mRNA level in CRC and NCM samples. (D) Protein and mRNA levels of Nkx2.5 in 14 paired CRC and NCM samples presented by heat maps. “T” represents CRC sample; “N” represents NCM sample. * represents P < 0.05; ** represents P < 0.01; ns represents P ≥ 0.05 (no statistical significance).





High Expression of Nkx2.5 Is Correlated With a Poor Differentiation of CRC Cells

Protein and mRNA levels of Nkx2.5 in a panel of eight CRC cell lines (Caco-2, DLD-1, HCT116, HT-29, SW480, RKO, SW620, and LoVo), one normal colon epithelial cell (FHC), and one rat cardiomyocyte (H9c2, Nkx2.5-positive cell) were analyzed. Protein and mRNA levels of Nkx2.5 were high in H9c2, low in FHC, and diversely expressed among CRC cell lines (Figures 2A, B). We analyzed the correlation between histological grades (49) of the original tumors (Figure 2C) (57–59) and Nkx2.5 levels in the CRC cell lines (Figure 2B). It was observed that higher Nkx2.5 protein (P = 0.0286 for Mann-Whitney U test, P = 0.0051 for unpaired t-test with Welch’s correction; Figure 2D) and mRNA (P = 0.0286 for Mann-Whitney U test, P = 0.0443 for unpaired t-test with Welch’s correction; Figure 2D) levels significantly correlated with higher histological grades.




Figure 2 | Higher expression of Nkx2.5 in poorly-differentiated CRC cell lines. (A) Western blotting was used to identify the expression of Nkx2.5 in CRC cell lines (H9c2 and FHC serve as positive and negative controls, respectively). (B) RT-qPCR was used to detect Nkx2.5 mRNA level in CRC cell lines. (C) Pathological differentiation degrees of the original CRC tissues. (D) Nkx2.5 protein and mRNA levels in the moderately- or well-differentiated CRC cell lines compared with poorly-differentiated CRC cell lines. The upper and lower bars indicate the maximum and minimum values, respectively. * represents P < 0.05.





Nkx2.5 Suppresses Proliferation, Promote Apoptosis, While It Does Not Affect Migration of HCT116 Cells In Vitro

To explore the function of Nkx2.5, Nkx2.5-overexpressed cells (Lenti-Nkx2.5-HCT116) were established using a lentiviral vector in HCT116 cells. Being derived from a moderately poor differentiated CRC cancer, HCT116 cell line showed to have a moderate proliferation rate and apoptosis rate among CRC cell lines (57–59). Thus, HCT116 could be an appropriate cellular model to show how the proliferation and/or apoptosis was affected (60). Moreover, Nkx2.5 was moderately expressed in HCT116 cells (Figures 2A, B), thus overexpression of Nkx2.5 in HCT116 cells may result in a positive phenotype. HCT116 with Nkx2.5 overexpression showed significantly higher Nkx2.5 protein and mRNA levels (Figure 3A; Mann-Whitney U test: P < 0.01; unpaired t-test with Welch’s correction: P < 0.0001) than those in the control cells with an empty vector (Lenti-NC-HCT116).




Figure 3 | Nkx2.5 could suppress proliferation and induce apoptosis in cultured HCT116 cells. (A) Detection of the protein and mRNA levels of Nkx2.5 in Lenti-NC and Lenti-Nkx2.5 HCT116 cells by Western blotting and RT-qPCR. GAPDH was used as an endogenous control gene. (B) Representative photographs of colony formation of the Lenti-NC and Lenti-Nkx2.5 HCT116 cells. Cell-covered area of colonies was quantified and shown as percentage (%) relative to area of the well bottom. (C) Cell growth of the Lenti-NC and Lenti-Nkx2.5 HCT116 cells was determined by MTT assay at each time-point. (D) Representative profiles of EdU cell proliferation assay in the Lenti-NC and Lenti-Nkx2.5 HCT116 cells. Representative photographs were taken at magnification of 200×. Scale bar (white) is 100-μm. (E) Apoptosis of Lenti-NC and Lenti-Nkx2.5 HCT116 cells was measured by flow cytometry. Representative histograms show cell population in apoptotic (top right and bottom right quadrants), viable (bottom left quadrant), and necrotic (top left quadrant) states. (F) Cell migration was assessed by Transwell® assay and wound-healing assay. Representative photographs were taken at magnifications of 200× and 100× for Transwell® assay and wound-healing assay, respectively. Scale bar (black) is 100-μm. Scale bar (white) is 200-μm. * represents P < 0.05; ** represents P < 0.01; ns represents P ≥ 0.05 (no statistical significance).



In colony formation assay, Nkx2.5 overexpression dramatically reduced the colony formation efficiency in HCT116 cells (Figure 3B, Mann-Whitney U test: P < 0.01 and unpaired t-test with Welch’s correction: P < 0.0001). In MTT and EdU proliferation assay, Nkx2.5 overexpression significantly inhibited cell growth and decreased proliferation rate in HCT116 cells (Figures 3C, D, Mann-Whitney U test: P < 0.0001 and unpaired t-test with Welch’s correction: P < 0.0001). These results suggest that Nkx2.5 expression contributed to the reduced growth or proliferation in HCT116 cells. Additionally, flow cytometry revealed a remarkably increased apoptotic cell fraction in Nkx2.5 overexpressed cells (26.57 ± 3.91% versus 13.84 ± 1.80%; Figure 3E, Mann-Whitney U test: P < 0.01 and unpaired t-test with Welch’s correction: P < 0.001). In wound-healing and Transwell assays, Nkx2.5 overexpression did not affect HCT116 cell migration. (Figure 3F).

Taken together, the above-mentioned findings demonstrate that Nkx2.5 plays a significant role in suppressing proliferation and promoting apoptosis of HCT116 cells in vitro. It may also be noted that migration of HCT116 cells was not influenced by Nkx2.5 overexpression.



Nkx2.5 Suppresses Formation and Growth of Tumor Cells and Promotes Apoptosis of CRC Cells In Vivo

For in vivo assay, Lenti-Nkx2.5-HCT116 and Lenti-NC-HCT116 cells were subcutaneously injected into nude mice. Nkx2.5 overexpression remarkably inhibited formation and growth of tumor cells in vivo (P < 0.01 for Mann-Whitney U test; Figure 4A), according to the measurement of the volume and weight of xenograft tumors (P < 0.01 for Mann-Whitney U test; Figure 4B). Moreover, Ki-67 staining and TUNEL staining showed a lower proliferation rate (P < 0.01 for Mann-Whitney U test; Figure 4C) with a higher apoptosis rate (P < 0.01 for Mann-Whitney U test; Figure 4D) in Nkx2.5 overexpressed xenograft tumors. These findings suggest that Nkx2.5 functions as a tumor suppressor in HCT116 cells in vivo.




Figure 4 | Nkx2.5 could suppress tumor formation, growth, proliferation, and increase apoptosis of HCT116 cells in vivo. (A) Photographs of tumors in mice that were excised 32 days after inoculation of Lenti-NC and Lenti-Nkx2.5 HCT116 cells into athymic nude mice. (B) Growth of tumor volume was plotted over time, and weight of tumor at the end of 32 days was illustrated (6 mice/group). (C) Immunohistochemical staining of Lenti-NC and Lenti-Nkx2.5 cells using Ki-67. Representative photographs were taken at magnifications of 200× and 400×. Scale bar (black) is 100-μm. (D) Representative profiles for TUNEL assay of the Lenti-NC and Lenti-Nkx2.5 cells. Green fluorescence indicates TUNEL-positive cells in the microscopic field. DAPI was used for nuclear staining. Representative photographs were taken at magnification of 400×. Scale bar (white) is 50-μm. ** represents P < 0.01.





Nkx2.5 Overexpression Does Not Affect Proliferation, Apoptosis, and Migration of SW480 Cells In Vitro

In order to confirm the role of Nkx2.5 in CRC cells, studies were also carried out in a second cell line SW480 which is derived from a poorly differentiated CRC having high proliferation rate and a low apoptosis rate among CRC cell lines (57–59). It is therefore highly appropriate for testing of the tumor suppressive effect of a gene or a drug. Moreover, in contrast to the low expression of Nkx2.5 in HCT116 cells, Nkx2.5 was highly expressed in SW480 cells. Thus, we attempted to assess whether a higher Nkx2.5 expression could suppress SW480 cells. Then, Nkx2.5-overexpressed and the control SW480 cells (Lenti-NC-SW480 and Lenti-Nkx2.5-SW480) were established. The transfection efficiency was confirmed by Western blotting and RT-qPCR (Figure 5A, P < 0.01).




Figure 5 | Proliferation, apoptosis, and migration were not affected by Nkx2.5 overexpression in SW480 cells. (A) Detection of the protein and mRNA levels of Nkx2.5 in the Lenti-NC and Lenti-Nkx2.5 SW480 cells by Western blotting and RT-qPCR. GAPDH was used as an endogenous control gene. (B) Representative photographs of colony formation of the Lenti-NC and Lenti-Nkx2.5 SW480 cells. Cell-covered area of colonies was quantified and shown as percentage (%) relative to area of the well bottom. (C) Cell growth of the Lenti-NC and Lenti-Nkx2.5 SW480 cells was determined by MTT assay at each time-point. (D) Representative profiles for EdU cell proliferation assay of the Lenti-NC and Lenti-Nkx2.5 SW480 cells. Representative photographs were taken at magnification of 200×. Scale bar (white) is 100-μm. (E) Apoptosis of Lenti-NC and Lenti-Nkx2.5 SW480 cells was measured by flow cytometry. Representative histograms show cell population in apoptotic (top right and bottom right quadrants), viable (bottom left quadrant), and necrotic (top left quadrant) states. (F) Cell migration was assessed by Transwell® assay and wound-healing assay. Representative photographs were taken at magnifications of 200× and 100× for Transwell® assay and wound-healing assay, respectively. Scale bar (black) is 100-μm. Scale bar (white) is 200-μm. ** represents P < 0.01; ns represents P ≥ 0.05 (no statistical significance).



Overexpression of Nkx2.5 in SW480 cells did not influence neither the efficiency of colony formation (Figure 5B) nor cell growth evaluated by MTT assay (Figure 5C). EdU proliferation assay showed no significant difference in proliferation rate between Lenti-NC-SW480 and Lenti-Nkx2.5-SW480 cells (Figure 5D). In addition, flow cytometry showed no significant difference in apoptosis rate between Lenti-NC-SW480 and Lenti-Nkx2.5-SW480 cells (4.99 ± 1.13% versus 4.80 ± 2.52%; Figure 5E). These outcomes suggest that overexpression of Nkx2.5 did not affect proliferation or apoptosis of SW480 cells. In wound-healing and Transwell assays, the migration of SW480 cells also could not be affected by Nkx2.5 overexpression (Figure 5F).

In contrast to the results in HCT116 cells, these results suggest that Nkx2.5 overexpression could not affect proliferation, apoptosis, or migration of SW480 cells.



Protein Levels of p53 and p21 Are Varied in Different CRC Cell Lines

In order to determine why different CRC cell lines exhibit different patterns when Nkx2.5 is overexpressed, we measured the levels of antitumor protein p53 (38, 40, 61–63) and its downstream effector p21WAF1/CIP1 (64, 65) since Nkx2.5 behaves like p53 and it may interact with p53-related pathway as another NK2 family member Nkx2.1 (17–19, 25). Western blotting showed that p53 and p21WAF1/CIP1 were diversely expressed in CRC cell lines (P < 0.001 for Brown-Forsythe and Welch’s ANOVA with Dunnett’s post-hoc test), while Hela cell (66) served as a negative control (Figure 6A). Strikingly, HCT116 cells showed a moderately lower level of p53, whereas a relatively higher level of p21WAF1/CIP1 was observed in HCT116 cells compared with that in SW480 cells (P < 0.01 for Mann-Whitney U test; Figure 6A).




Figure 6 | Expression of p53 and p21WAF1/CIP1 in CRC cell lines and Nkx2.5 overexpressed CRC cells. (A) Western blotting and RT-qPCR were employed for detecting protein levels of p53 and p21WAF1/CIP1 in CRC cell lines. (B) Western blotting and RT-qPCR were used for detecting mRNA levels of p53 and p21WAF1/CIP1 in Lenti-NC and Lenti-Nkx2.5 CRC cells. GAPDH was used as an endogenous control gene. ** represents P < 0.01; ns represents P ≥ 0.05 (no statistical significance).



Lenti-Nkx2.5-HCT116 cells possessed the same level of p53, while a higher level of p21WAF1/CIP1 than that in Lenti-NC-HCT116 cells (P < 0.01 for Mann-Whitney U test; Figure 6B). Lenti-NC-SW480 and Lenti-Nkx2.5-SW480 cells had the same levels of p53 and p21WAF1/CIP1 (Figure 6B). This result suggests that Nkx2.5 increased p21WAF1/CIP1 expression in HCT116 but not in SW480. The p53 level in Lenti-NC-HCT116 and Lenti-Nkx2.5-HCT116 cells was remarkably lower than that in Lenti-NC-SW480 and Lenti-Nkx2.5-SW480 cells, while p21WAF1/CIP1 level in Lenti-NC-HCT116 and Lenti-Nkx2.5-HCT116 cells was significantly higher than that in Lenti-NC-SW480 and Lenti-Nkx2.5-SW480 cells (P < 0.01 for Mann-Whitney U test; Figure 6B). This result suggests that p53 loses its transcriptional activity for p21WAF1/CIP1 in SW480 but not in HCT116, even though SW480 cells possess high level of p53.

Put together, these results indicate that Nkx2.5 overexpression can increase p21WAF1/CIP1 expression without influencing p53 level in HCT116 cells, while p53 seems to lose its function in SW480 cells.



Levels of Nkx2.5 and p21WAF1/CIP1 Are Correlated to the Mutational Status and Protein Level of p53

Because of the abnormal protein level of p53/p21WAF1/CIP1 in SW480 and SW620 cells, the mutational status of TP53 in CRC cell lines was assessed as in previous studies (57, 67) and the CCLE database (https://xenabrowser.net/heatmap/) (Figure 7A). DNA sequencing analysis was also conducted to confirm the mutational status of TP53 in CRC cell lines (Figure 8).




Figure 7 | The relationship between the expression of Nkx2.5, p21WAF1/CIP1, p53 and mutational status of TP53. (A) Protein levels of Nkx2.5, p53, and p21WAF1/CIP1 were compared between CRC cell lines with wild-type TP53 and those with mutated TP53. (B) Protein levels of p21WAF1/CIP1 and Nkx2.5 were compared between CRC cell lines with high expression of wild-type p53 and those with mutated or low expression of wild-type p53. (C) Protein levels of p21WAF1/CIP1 and Nkx2.5 were compared between CRC cell lines with high expression of mutated p53 and those with wild-type or low expression of mutated p53. * represents P < 0.05; ** represents P < 0.01; ns represents P ≥ 0.05 (no statistical significance).






Figure 8 | Mutation analysis of the TP53 gene in CRC cell lines by reviewing literatures, retrieving data in CCLE database, and DNA sequencing analysis. The mutational status of TP53 gene in (A) FHC, (B) DLD-1, (C) HCT116, (D) HT-29, and (E) SW480 cell lines. The blue and orange arrows indicate the locations of the mutation sites.



To investigate the relationship between the levels of Nkx2.5, p53, and p21WAF1/CIP1, eight CRC cell lines were assigned to two groups (wild-type p53 versus mutated p53; Figure 7A). No significant differences in the levels of Nkx2.5, p53, and p21WAF1/CIP1 were observed between these two groups. Since either mutational (38) or transcriptional (40) inactivation of TP53 could lead to functional disruption of p53, the CRC cell lines were allocated to two groups in another way (high expression of wild-type p53 versus mutated or low expression of wild-type p53, median level was chosen as cutoff value; Figure 7B). A significantly higher expression of p21WAF1/CIP1 was observed in the former group (high expression of wild-type p53: HCT116 and RKO cells). Since mutated p53 was highly expressed in high malignancies and reported as an oncogene gaining new activities (68, 69), we assigned the CRC cell lines to two groups (wild-type or low expression of mutated p53 versus high expression of mutated p53, median level was chosen as cutoff value; Figure 7C). A markedly higher expression of Nkx2.5 was noted in the latter group (high expression of mutated p53: DLD-1, SW480, and SW620 cells).



Nkx2.5 Can Interact With p53 and Increase Its Transcriptional Activity

Co-IP assay showed that Nkx2.5 could interact and co-precipitate with p53 in HCT116 cells (Figure 9A). The luciferase activity assay showed an additive effect on the activity of the p21WAF1/CIP1 promoter by Nkx2.5 plasmid (Figure 9B). The results highlight that Nkx2.5 can increase p21WAF1/CIP1 expression by interacting with p53 as a coactivator.




Figure 9 | Nkx2.5 interacts with p53 and activates the transcriptional activity of p53. (A) Image of immunocomplexes from Lenti-NC and Lenti-Nkx2.5 HCT116 cells that were blotted with anti-p53 monoclonal antibody. (B) Luciferase reporter assay revealed that Nkx2.5 activated the p21WAF1/CIP1 promoter in HCT116 cells. ** represents P < 0.01; ns represents P ≥ 0.05 (no statistical significance).






Discussion

Nkx2.5 was considered as a cardiac specific transcription regulator since it is preferentially expressed in heart (12, 70–74). To date, very little has been known about the roles of Nkx2.5 in other organs or tumors. Recent reports about the expression of Nkx2.5 in several types of tumors (27–30) implied its potential role in tumors, but the underlying mechanism has not been clearly elucidated. The findings in our present study indicates that Nkx2.5 serves as a conditional tumor suppressor in CRC cells. And its tumor suppressive effect depends on the mutational status of p53.

The first clue about Nkx2.5 in CRC cells was obtained from previously reported results, which indicated hypermethylation status of a tumor suppressor gene in a CRC cell line and several CRC samples (10). Then, this observation was confirmed in further CRC cell lines and samples (9). Thus, Nkx2.5 was considered as a candidate tumor suppressor gene for CRC (9, 10). Based on the above-mentioned outcomes, we analyzed the data of Nkx2.5 expression collected from different databases to indicate whether the expression level of Nkx2.5 could be downregulated in CRC tissues because of hypermethylation. However, the expression level of Nkx2.5 in colorectal adenoma and CRC samples was significantly higher than that in NCM samples (Figure 1A), which is not consistent with our expectation. Results acquired from other datasets showed that the expression of Nkx2.5 in CRC and NCM samples was not significantly different from each other (data not shown). However, no result could be achieved regarding higher expression of Nkx2.5 in NCM samples than that in CRC samples, indicating that a portion of CRCs possessed high level of Nkx2.5, while others possessed normal level of Nkx2.5 as that in NCM samples. However, non-paired data is a big limitation of data analysis results from databases. We therefore attempted to obtain some more paired data from CRC patients. Then, 14 paired CRC and NCM samples were collected and analyzed. Higher protein and mRNA levels of Nkx2.5 were detected in CRC samples (Figures 1B–D), which is consistent with the findings from databases (Figure 1A). Nkx2.5 has also been observed to be highly expressed in squamous cell carcinoma of skin (28), T-cell acute lymphoblastic leukemia (30), ovarian yolk sac tumor (29), and papillary thyroid carcinoma (27), while lowly expressed in basal cell carcinoma of skin (28). These studies indicate the diversity of Nkx2.5 expression in tumors, but its role in tumor is still unclear.

Different CRC cell lines were used as models for different histological grades of CRC. After classification of the CRC cell lines into three grades according to the histological grades of the original tumors (Figure 2C), significantly higher protein and mRNA levels of Nkx2.5 were observed in poorly-differentiated CRC cell lines than those in moderately- or well-differentiated CRC cell lines (Figure 2D). Taking the results achieved from databases, CRC samples and CRC cell lines together, we found that Nkx2.5 is highly expressed in both CRC tissue and cell lines, especially in poorly differentiated cell lines. These results imply that Nkx2.5 behaves like an oncogene rather than a tumor suppressor gene. But the current study originally aimed to verify the tumor suppressive role of Nkx2.5 in CRC.

To investigate the role of Nkx2.5 in CRC cells, Nkx2.5 overexpressed HCT116 and SW480 cell lines were established to indicate how Nkx2.5 could affect CRC cells. As illustrated in Figures 3, 4, Nkx2.5 could act as a tumor suppressor gene in HCT116 cells in vitro and in vivo, while it was incapacitated in SW480 cells (Figure 5). These results suggest that Nkx2.5 may serve as a tumor suppressor in certain CRC cells.

On one hand, Nkx2.5 was highly expressed in CRC cells, especially highly malignant cell lines, as an oncogene. On the other hand, Nkx2.5 was noted as a tumor suppressor in a certain CRC cell line. This contradiction reminds us of TP53, a well-accepted tumor suppressor gene encoding p53 protein (36, 75, 76). Since numerous tumors produce abundant p53 protein than normal tissues, TP53 was considered to be an oncogene in the first decade after its discovery (77, 78). Then, the hypothesis that TP53 acts as an oncogene was overturned (79–81). It has been accepted that wild-type TP53 is a tumor suppressor gene, whereas TP53 mutants act as oncogene (68). TP53 mutants have been found in more than 50% of cancer patients (61, 82). TP53 missense mutation mainly occurs in its DNA-binding domain (38) that perturbs p53 function or disrupts the upstream or downstream regulatory networks of p53 (69). Even in those types of cancers that retain wild-type p53, the expression or function of p53 is often downregulated or inactivated (40). In the present study, we expressed wild-type Nkx2.5 in both CRC cell lines but achieved distinct results. Being inspired by the work of Kojic et al. (48), we hypothesized that Nkx2.5 may interact with p53 in CRC cells. The distinct manifestations obtained in different CRC cell lines may be attributed by the different levels or mutational status of p53 in these cells.

We noted that HCT116 cells possessed a moderately low expression of wild-type p53, while SW480 possessed high expression of mutated p53. Meanwhile, manipulation of Nkx2.5 did not influence the expression of p53 in both HCT116 and SW480 cells (Figure 6B). These findings indicate that the tumor suppressive effect of Nkx2.5 is not mediated by affecting p53 expression in CRC cells. Hence, we focused on its activity and downstream pathway.

P21WAF1/CIP1 is a broad-acting CDK inhibitor (41) which is encoded by CDKN1A gene and can interact with various cell cycle-related proteins (83–90). P53 is the major transcriptional activator of CDKN1A gene (38–40, 65, 91–94). P21WAF1/CIP1 was reported to be constantly diminished in p53-mutated tumor cells (95, 96). We found that p21WAF1/CIP1 expression was significantly higher, and Nkx2.5 overexpression could significantly elevate the expression of p21WAF1/CIP1 in HCT116 (wild-type p53) than SW480 (mutated p53) cells (Figure 6B). These results suggest that Nkx2.5 increases p21WAF1/CIP1 expression without affecting p53 expression in p53-wildtype CRC cells. But in p53-mutated cells, Nkx2.5 is incapable to affect the expression of either p53 or p21WAF1/CIP1.

To further analyze the relationship between Nkx2.5 and p53/p21WAF1/CIP1 pathway. It was revealed that the majority of TP53 mutated cell lines possessed low expression of p21WAF1/CIP1 (Figure 6A). However, there was no significant difference in p21WAF1/CIP1 expression between CRC cell lines with mutant/wild-type p53 (Figure 7A). We noticed that there were several cell lines with very low expression of p53 and p21WAF1/CIP1, even though they possess wild-type p53. Thus, we reclassified the CRC cell lines and observed significantly higher expression of p21WAF1/CIP1 in CRC cells with active (high expression of wild-type) p53 than the cells with inactivated (low expression or mutated) p53 (Figure 7B). This result indicates that the expression of p21WAF1/CIP1 depends on sufficient activity of p53. Meanwhile, no significant difference was noted in the expression of Nkx2.5 between these two groups (Figure 7B), demonstrating that Nkx2.5 should not be transcriptionally activated by wild-type p53. Since high expression of both Nkx2.5 and mutated p53 was observed in poor differentiated CRC cell lines (Figure 2D), and p53 mutants were reported as oncogenic proteins that lead to high malignancy (68, 69), CRC cell lines were allocated into high oncogenic p53 (high mutated p53) and low oncogenic p53 (wild-type and low mutated p53) groups. Significantly higher expression of Nkx2.5 was detected in CRC cells possessing high oncogenic p53 (Figure 7C). This result may explain why Nkx2.5 is highly expressed in high malignant CRC cells. Regarding he elevated Nkx2.5 in these high oncogenic CRC cell lines, it might be transcriptionally activated by mutated p53, or caused by some feedback mechanisms which is aimed to produce more p21 to control the uncontrollable proliferation of cancer cells. Though the reason why Nkx2.5 is highly expressed with mutated p53 is unknown, Nkx2.5 may serve as a biomarker for indicating the malignancy of CRC cells.

In addition, DNA sequencing analysis revealed that HCT116 and SW480 cells possessed wild-type and missense mutated p53, respectively, which is consistent with those reported in CCLE database and previous studies (57, 67, 97). HT-29 and DLD-1 cells also possessed mutated TP53 gene, while the details of mutation obtained from CCLE database, previous publications, and DNA sequencing remained inconsistent (Figure 8). Thus, HCT116 and SW480 could be perfect representatives for CRC cells with wild-type and mutated p53, respectively.

Since CDKN1A promoter possesses p53 binding site (98–101), rather than Nkx2.5 binding site (102), we suspected that Nkx2.5 might act as a coactivator to enhance the transcriptional activity of p53, instead of transcribing it directly. The interaction and transcriptional co-activatory effects of Nkx2.5 on p53 were confirmed by Co-IP and luciferase assays in the present study (Figure 9), which were also supported by another publication (48). These findings suggest that Nkx2.5 could act synergistically with p53 to activate the transcription of CDKN1A and increase the expression of p21WAF1/CIP1.

In summary, it was revealed that Nkx2.5 was highly expressed in CRC tissue and cell lines, relatively higher Nkx2.5 expression was observed in poorer differentiated CRC cell lines. Though the expression pattern of Nkx2.5 in tumors and cell lines makes it like an oncogene, it actually plays tumor suppressive role via p53/p21WAF1/CIP1 pathway. Nkx2.5 could not affect the expression of p53, it only interacts with and enhances the transcriptional activity of wild-type p53, resulting in increased p21 WAF1/CIP1 expression and subsequent tumor suppressive effect. If p53 loses its activity because of mutation, Nkx2.5 also becomes nonfunctional. Correlation between high expression of Nkx2.5 and mutated p53 was also observed in CRC cells. Though the mechanism needs further investigations, Nkx2.5 may also serve as a biomarker for indicating the malignant degree of CRC cells. Our focus was on how Nkx2.5 interacts with wild-type p53, while the interaction with mutated p53 was not tested. There are different kinds of mutations in p53 that may endow mutant p53 with novel activities and may abrogate or sustain its interaction with Nkx2.5. It would be intricate and intriguing to investigate whether and how Nkx2.5 interacts with p53 mutants and the subsequent effects.
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As one of the malignancies with high mortality and high insensitivity to existing therapies, pancreatic cancer and mechanisms underlying its progression have received growing scholarly attention. The role of the epithelial-mesenchymal transition (EMT) in pancreatic cancer genesis and metastasis has been reported albeit controversy has remained. Recent insights into further EMT-regulating mechanisms underlying pancreatic cancer contribute to the nexus between EMT and this cancer type. This review will elucidate the role of EMT as a hallmark for pancreatic cancer as well as summarize EMT-regulating factors recently detected as a key advance in the research stream on EMT in pancreatic cancer.
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Introduction

In the developed world, pancreatic cancer is presently ranked the fourth among the leading causes of mortality caused by cancer diseases (1). Nonetheless, in the next few years, pancreatic cancer is becoming a cancer with the second highest mortality (2, 3). Over half of the pancreatic cancer cases have been identified at an advanced stage of the disease, which provides a partial explanation for five-year survival rate of approximately 10% (4, 5). Derived from the epithelium of the pancreatic duct, pancreatic ductal adenocarcinoma (PDAC), which occurs in over 95% of the pancreatic malignancy cases (6), is the most common pancreatic cancer subtype (7).

In undifferentiated carcinoma in some organs, epithelial-mesenchymal transition (EMT) has become a vital biological mechanism (8, 9). In the EMT process, epithelial elements undergo cytoskeleton remodelling and migratory capacity acquisition due to the loss of intercellular contacts and polarity (10). While research has reported the association of invasion and metastasis with EMT in some carcinoma types such as pancreatic cancer (11–13), some murine research works have challenged this crucial role of EMT (14). Nonetheless, EMT has been reported to contribute to pancreatic cancer cells’ drug resistance (14) as well as relate strongly to poor prognosis of PDAC (15). Moreover, recent evidence has been lent to genetic, molecular, and biochemical mechanisms mediating the EMT process in progression and metastasis of pancreatic cancer (16, 17), which strengthens the view of EMT as a cancer hallmark. While prior reviews have largely focused on molecular (e.g., Elaskalani et al. (18), Safa (19)) or biochemical mechanisms (e.g., inflammation, Khalafalla and Khan (20), Wang et al. (21)) underlying the EMT process in pancreatic cancer, this essay depicts recent evidence for the role of EMT-regulating mechanisms in pancreatic cancer in terms of genetic, molecular, and biochemical aspects. This review summarizes the findings published mainly in 2020 using EMT and pancreatic cancer as the two keywords for searching relevant articles. The remaining of the paper portrays EMT genetic and molecular mechanisms and EMT regulation mechanisms in pancreatic cancer, and concludes with the discussion on how they may direct clinical practice and future research.



The Role of EMT in the Biology of Pancreatic Cancer

As a morphologic cellular program, EMT refers to an epithelial-to-mesenchymal state transition, whereas epithelial cells undergo phenotypic and genotypic transformations to obtain mesenchymal phenotype (21). While the epithelial phenotype is viewed as colonizable and stable, the mesenchymal phenotype is deemed to be capable of resistance to apoptosis, invasiveness, and migratory capacity (21).

In diverse tissues in the body, epithelial sheets maintain their structural integrity thanks to epithelial cadherin molecules known as cell surface E-cadherin (22). E-cadherin molecules contribute to lateral junctions between epithelial cells with apical–basal polarity (22). As displayed in Figure 1, the transformation of cancer cells from an epithelial phenotype to a mesenchymal phenotype is activated by the expression of miRNAs (e.g., miR-9, miR-103/107, miR-181a) and EMT transcription factors (EMT-TFs) (e.g., Prrx1, ZEB1/2, Snail1/2, Twist1), as well as the triggering of signaling pathways (e.g., hypoxia, WNT, Notch, TGF-β) (23). Moreover, the transformation occurs in tandem with expression of mesenchymal markers and the suppression of epithelial markers (23). Specifically, undergoing morphological modifications from polygonal shapes to spindle shapes, transformed mesenchymal cells accumulate markers, comprising fibronectin, N-cadherin, and vimentin, as well as demonstrate loss of E-cadherin-mediated cell adhesion (24). Furthermore, once an EMT program is activated, cancer cells acquire migratory and invasive capacities that facilitate cancer invasion and metastasis. Cancerous cells also accrue the stem-like attributes under the influence of EMT transcription factors. Reaching the metastatic sites, the mesenchymal cells in pancreatic cancer undergo the MET process to reverse back to the epithelial phenotype for cancer colonization. The MET process is activated by receptor (VDR), miRNAs (e.g., miR-200), and transcriptional factors (e.g., OVOL1/2, Id1) (23).




Figure 1 | The transformation from the epithelial to the mesenchymal phenotype in cancer cells.



Due to its role in leveraging extracellular matrix component production, resistance to apoptosis, and migratory capacity, EMT has been reported to be a crucial element in carcinoma progression (10, 22). Pathological analyses of surgically resected specimens of pancreatic cancer has demonstrated EMT-related molecules (25). Cell infiltration in pancreatic cancer has been found to be related to increased expression of vimentin and diminished E-cadherin (26, 27). EMT features have been exhibited in a mouse model of invasive pancreatic carcinoma cells (24). These pathological analyses indicate the role of EMT as a vital biochemical mechanism in progression of carcinomas in general and pancreatic cancer in particular.



EMT Genetic and Molecular Mechanisms in Pancreatic Cancer Progression and Metastasis


The Role of EMT in Carcinoma Progression

In various carcinoma types including pancreatic cancer, stemness acquisition can be induced by EMT activation (22, 28). Compared to tumors without cancer stem cells, tumors that have a subpopulation of cancer stem cells display greater expression of cell surface markers such as CD24low and CD44high (29). Furthermore, by self-renewing, cancer stem cells can self-differentiate into tumorous cells (22). Specifically, the pancreatic cancer stem cell surface marker c-Met reacts to secreted ligands and markers CD44 and CD24 foster intercellular interactions, thereby activating pathways such as Stat3, Notch, and β-catenin in pancreatic cancer stem cells and thus stimulating self-renewal (30).

Furthermore, in early-stage carcinomas, tumorous cells pathogenetically exhibit a more epithelial like state. However, through acquiring mesenchymal state markers (e.g., neural cadherin) and losing epithelial markers (e.g., E-cadherin), tumorous cells gradually develop more mesenchymal state in carcinoma progression (22, 26).



EMT in Metastasis of Pancreatic Cancer Cells

In vitro analysis has demonstrated that invasive traits are exhibited in pancreatic intraepithelial neoplastic cells that involve in the EMT process (27). Different combinations of EMT-TFs contribute to phenotypic change during the EMT when the epigenome of invasive tumor cells undergo deacetylation and demethylation processes. DNA methylation and histone demethylase mediate the expression of miR-200 family (31). Histone deacetylase 1 (HDAC1) and HDAC2 are recruited by ZEB1 (32). Nevertheless, pancreatic cancer metastasis is driven by complementary subfunctions of different EMT-TFs (12). For instance, due to its strong effects on phenotypic plasticity and colonization capacity of pancreatic tumor cells, EMT-TF Zeb1 drives pancreatic tumour progression to late-stage metastasis, in contrast to no effects found for the EMT-TFs Twist and Snail on pancreatic cancer cell metastasis (12).

Circulating cancerous cells, through the EMT process, play a crucial role in dissemination and colonization (17). EMT may involve in this dissemination process of cancerous cells since epithelial and mesenchymal attributes can be found in most circulating tumor cells (33, 34). In the primary tumor, cancerous cells undergo EMT to develop into circulating cancerous cells in the microenvironment rich in TGF-β-associated platelets (21). Circulating EMT phenotypes may also develop into circulating cancerous cells (21). Mesenchymal markers in circulating cancerous cells reflect their ability to colonize distant organs (35). However, after extravasating and circulating in the bloodstream, epithelial cancerous cells can also approach distant organs (21). This is indicative of the salience of EMT/MET processes in secondary tumorigenesis of epithelial cancerous cells (35).




Advances in EMT Regulation Mechanisms in Pancreatic Cancer

A key advance in the stream of research on EMT in carcinoma in general and pancreatic cancer in particular is the identification of further regulating mechanisms mediating EMT process in progression and metastatic activity of pancreatic tumor cells. This identification in recent studies on pancreatic cancer (see the summary of the publications mainly in 2020 in Table 1) is a key advance due to the light it has shed on the controversy on EMT role in carcinoma progression and metastasis (14).


Table 1 | EMT regulation factors involved in pancreatic cancer progression and metastasis.



First, recent research in this stream has lent credence to genetic regulating mechanisms in relation to EMT process. Sato et al. (36) investigated the role of BTB and CNC homology 1 (BACH1) in the genesis of pancreatic ductal adenocarcinoma (PDAC). Their findings indicate that through regulating the EMT process, downstream genes (e.g., CDH1) and BACH1 play a critical role in PDAC malignant progression and prognosis. Another work by Hong et al. (16) delved into the role that CCDC80, a tumour suppressive gene, plays in pancreatic cancerous cells’ EMT process. The authors revealed that EMT markers’ expression, formation of colony, and migration are suppressed by CCDC80’s ectopic expression.

Second, this research stream has further unravelled molecular regulating mechanisms underlying EMT in carcinoma progression. A recent study by Huang et al. (37) on PDAC revealed the role of ID1 in uncoupling EMT from apoptotic activity. Cave et al. (38) further looked at the molecular mechanism regulating stemness in EMT in pancreatic stellate cells in PDAC. The results demonstrated the tumor-suppressing function of L1 cell adhesion molecule (L1CAM), which contributes to stemness in EMT. The results further revealed that through TGF-β-Smad2/3 signalling, pancreatic stellate cells’ TGF-β1 exerts a negative impact on expression of L1CAM and in turn stemness in EMT. Gemenetzis et al. (39) found the potential of epithelial circulating tumor cells (CTCs) (eCTCs) and epithelial/mesenchymal CTCs (mCTCs) as molecular biomarkers of pancreatic cancer status. Epithelial cells react to EMT-inducing signals from the tumor microenvironment and accrue mesenchymal characteristics and, in turn, tumor-initiating potential. Their findings indicated that preoperative CTCs counts were the sole predictors of early recurrence within 12 months from surgical resection in post-neoadjuvant and chemo-naive patients. White et al. (40) further reported the association of portal vein blood CTC numbers with overall survival of PDAC.

Third, some works in this research strain aimed to unfold biochemical mechanisms regulating EMT in invasion and metastasis of pancreatic cancer cells. In their recent work, Kren et al. (17) reported that through downregulating Rab27a GTPase, biogenesis of disrupted extracellular vesicles in pancreatic cancerous cells may trigger EMT processes, which in turn enhance tumorous invasion as well as colonization of distant organs. Delving into PDAC metastasis, Zheng et al.’s (41) study unveiled that glycolytic enzyme Enolase 2 (ENO2), once deacetylated, can induce EMT in cells in patients with PDAC, thereby promoting metastasis of PDAC cells. Ge et al.’s (42) findings indicate the involvement of EMT proteins in miR-548t-5p’s inhibitory effects on metastatic activity of pancreatic cancerous cells. Yang et al.’s (43) study on pancreatic cancer metastasis revealed that in Bxpc-3 and Mia PaCa-2 cells, high mobility group AT-hook 2 (HMGA2) suppressed E-cadherin and leveraged b-catenin expression. These results indicate that pancreatic cancer metastasis may be promoted by HMGA2 via activating EMT processes.

Fourth, EMT research stream in pancreatic cancer has also delved into mechanisms mediating EMT processes for both progression and metastasis of pancreatic cancerous cells. Investigating the functioning of transmembrane protein 158 (TMEM158) in pancreatic cancer, Fu et al. (44) have found that TMEM158, once upregulated, not only stimulates cancer progression but likewise activates EMT and thereby executes its metastasis-inducing role. Furthermore, Wang et al. (45) have studied long noncoding RNAs (lncRNAs) H19 in PDAC cells and found that, through antagonization of let-7, H19 stimulates the EMT process and thereby promote PDAC cell progression and migration.

In a nutshell, our review focuses on recent advancements on identification of EMT regulation factors in genetic, molecular, and biochemical aspects including BACH1, CCDC80, ID1, L1CAM, CTCs, Rab27a GTPase, ENO2, EMT proteins, HMGA2, TMEM158, and lncRNAs H19. It distinguishes itself from prior reviews in relation to mechanisms underlying EMT processes. For instance, a review by Elaskalani et al. (18) focused on the role of loss of E-cadherin-mediated cell adhesion in creating an elongated mesenchymal phenotype in invasion and metastasis of pancreatic cancer. Safa’s (19) review discussed molecular mechanisms underlying the behaviours of cancer stem cells in PDAC with a focus on PCSC markers Tspan8, alpha6beta4, CD44v6, CXCR4, LRP5/6, LRG5, claudin, EpCAM, and CD133. Wang et al. (21) reviewed the role of the inflammation in induction of EMT as well as the role of cancer stem cells in the tumorigenesis, colonization, and metastatic processes in pancreatic cancer. Khalafalla and Khan’s (20) review discussed the role of the inflammation environment in promoting EMT and the key pro-inflammatory signaling pathways involved in PDAC pathogenesis.



EMT-Regulating Mechanisms for Clinical Practice and Future Research


Clinical Implications of EMT-Regulating Mechanisms

Recent findings on the role of mechanisms regulating EMT processes in pancreatic cancer provide diagnostic, prognostic, and therapeutic implications for patients with this disease. EMT regulating mechanisms demonstrate diagnostic and prognostic values. Recent analyses have revealed that some mechanisms that regulate EMT processes function as strong predictors for outcome or therapy response among patients with pancreatic cancer (36, 38). For instance, high expression of BACH1 that regulate EMT is linked with poor prognosis of pancreatic cancer (36). The finding on tumor-suppressing role of L1CAM in reversing stemness in the EMT activation process offers prognostic value since restoration of L1CAM expression contributes to sensitizing pancreatic cancer cells to chemotherapy and in turn enhancing prognosis for patients with PDAC (38). The finding with reference to increased numbers of CTCs especially ones with mesenchymal traits as predictors of PDAC recurrence demonstrates the role of CTCs as a molecular biomarker of progression of pancreatic cancer disease and response to therapy (39). Portal vein blood CTC counts further serve as an indicator for PDAC overall survival (40).

The empirical association between TMEM158 overexpression and pancreatic cancer cell progression via EMT stimulation indicates that TMEM158 can serve as a prognostic indicator for development of pancreatic tumor in terms of blood vessel invasion, TNM stage, and tumor size (44).

EMT regulating mechanisms imply potential therapeutic strategies for pancreatic cancer patients. For instance, understanding the role of CCDC80 in repressing EMT markers and consequently pancreatic cancer cell invasion and migration indicates the value of vactosertib-nal-IRI/5-FU/LV combination, which demonstrates a higher variance in activating CCDC80 and further repressing EMT markers than the monotherapy with vactosertib. Furthermore, the finding on the function of deacetylated ENO2 in fostering PDAC metastasis via inducing EMT represents a potential strategy to control metastasis of PDAC cells through the use of IGF-1R inhibitors (e.g., Linsitinib) to block IGF-1-induced deacetylated ENO2 (41). A recent finding on metastasis inducing function of TMEM158 through EMT activation (44) also indicates this tumor promoter should be a target for pancreatic cancer therapy.



Implications for Future Research

Our review of recent pancreatic cancer studies has revealed a focus on CDH1 and CCDC80 as genes that suppress EMT markers or impact EMT processes in pancreatic cancer progression. An extension of this research stream should be to investigate the role of other tumor suppressing genes such as PTEN and CDKN2A (46) as genetic regulating factors underlying EMT process in proliferation of pancreatic cancer. In addition, the suppressing role of CCDC80 in EMT processes should be examined in other carcinoma types than pancreatic (16), hepatocellular (47), and lung carcinoma (48).

From the role of CTCs as a biomarker for PDAC recurrence, future studies should be extended to the systemic aspect of PDAC in the form of not only CTCs but disseminated tumor cells (DTCs) as well. The link between portal vein blood CTC counts and PDAC overall survival suggests further studies on selective omission of adjuvant chemotherapy for patients treated preoperatively and tailored surveillance intensity for patients without portal vein blood CTCs at PDAC resection (40).

This review further demonstrates a focus only on the tumor suppressor role of L1CAM out of the adhesion molecule family members. This suggests that further investigations should be conducted into how other adhesion molecule family members such as ALCAM and NCAM (49) relate to EMT and stem cancer cells in pancreatic cancer. Additionally, this role of adhesion molecule family members should be further studied on patients with carcinoma types other than pancreatic (38) and colorectal cancer (50).

Prior research has revolved around the relevance of glycolytic enzyme Enolase 2 (ENO2) to EMT processes in pancreatic cancer (41). Nevertheless, by virtue of potential effects of other glycolytic enzymes such as pyruvate kinase M2 (PKM2), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and triose phosphate isomerase (TPI) on EMT in cancer cell metabolism (51), future research on pancreatic cancer as well as other carcinomas should investigate their glycosylated forms and effects of these forms on pancreatic cancer progression. Furthermore, future research should look into the metastasis inducing role of transmembrane proteins other than TMEM158 such as claudins, occludins, and MARVEL-domain proteins in relation to EMT activation (52).




Conclusion

Survival rate of patients with pancreatic cancer, especially PDAC, has not notably improved despite considerable research efforts (17). Regardless of the debate on the link of the EMT process with pancreatic cancer colonization and migration (13), recent studies on EMT regulation factors and mechanisms have cast some new light on the role of these mechanisms in pancreatic cancer progression, invasion, migration, and prognosis. Recent evidence has lent credence to the link of pancreatic cancer cell dissemination to EMT regulation factors such as deacetylated glycolytic enzymes (e.g., ENO2) (38) or EMT proteins in miR-548t-5p (39). Research has further identified more EMT regulation factors that have involved in pancreatic cancerous cell progression such as BACH1, CCDC80, L1CAM, CTCs, and TMEM158 (15, 35, 37, 41). Some EMT-regulating factors such as L1CAM and TMEM158 function as strong prognostic indicators (37, 41), while some other factors such as CCDC80, ENO2, or TMEM158 appear as new therapeutic angles for controlling invasion and migration of pancreatic cancerous (15, 38, 41). Further EMT regulation factors and mechanisms should be explored as extensions of existing studies in the field, as well as further translation of recent evidence on these mechanisms into clinical practice is needed to enhance pancreatic cancer survival rate.



Author Contributions

The author confirms being the sole contributor of this work and has approved it for publication.



References

1. Miller, KD, Goding Sauer, A, Ortiz, AP, Fedewa, SA, Pinheiro, PS, Tortolero-Luna, G, et al. Cancer statistics for hispanics/latinos, 2018. CA: A Cancer J Clin (2018) 68(6):425–45. doi: 10.3322/caac.21494

2. Rahib, L, Smith, BD, Aizenberg, R, Rosenzweig, AB, Fleshman, JM, and Matrisian, LM. Projecting cancer incidence and deaths to 2030: the unexpected burden of thyroid, liver, and pancreas cancers in the United States. Cancer Res (2014) 74(11):2913–21. doi: 10.1158/0008-5472.CAN-14-0155

3. Strobel, O, Neoptolemos, J, Jaeger, D, and Buechler, MW. Optimizing the outcomes of pancreatic cancer surgery. Nat Rev Clin Oncol (2019) 16(1):11–26. doi: 10.1038/s41571-018-0112-1

4. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistics, 2020. CA: Cancer J Clin (2020) 70(1):7–30. doi: 10.3322/caac.21590

5. Kim, Y, Yeo, I, Huh, I, Kim, J, Han, D, Jang, JY, et al. Development and Multiple Validation of the Protein Multi-marker Panel for Diagnosis of Pancreatic Cancer. Clin Cancer Res (2021) 27. doi: 10.1158/1078-0432.CCR-20-3929

6. Zhu, L, Staley, C, Kooby, D, El-Rays, B, Mao, H, and Yang, L. Current status of biomarker and targeted nanoparticle development: The precision oncology approach for pancreatic cancer therapy. Cancer Lett (2017) 388:139–48. doi: 10.1016/j.canlet.2016.11.030

7. Mattiolo, P, Fiadone, G, Paolino, G, Chatterjee, D, Bernasconi, R, Piccoli, P, et al. Epithelial-mesenchymal transition in undifferentiated carcinoma of the pancreas with and without osteoclast-like giant cells. Virchows Archiv (2021) 478:319–26. doi: 10.1007/s00428-020-02889-3

8. Galván, JA, Zlobec, I, Wartenberg, M, Lugli, A, Gloor, B, Perren, A, et al. Expression of E-cadherin repressors SNAIL, ZEB1 and ZEB2 by tumour and stromal cells influences tumour-budding phenotype and suggests heterogeneity of stromal cells in pancreatic cancer. Br J Cancer (2015) 112(12):1944–50. doi: 10.1038/bjc.2015.177

9. Fares, J, Fares, MY, Khachfe, HH, Salhab, HA, and Fares, Y. Molecular principles of metastasis: a hallmark of cancer revisited. Signal Transduct Targeted Ther (2020) 5(1):1–7. doi: 10.1038/s41392-020-0134-x

10. Franceschi, T, Durieux, E, Morel, AP, de Saint Hilaire, P, Ray-Coquard, I, Puisieux, A, et al. Role of epithelial–mesenchymal transition factors in the histogenesis of uterine carcinomas. Virchows Archiv (2019) 475(1):85–94. doi: 10.1007/s00428-019-02532-w

11. Aiello, NM, Brabletz, T, Kang, Y, Nieto, MA, Weinberg, RA, and Stanger, BZ. Upholding a role for EMT in pancreatic cancer metastasis. Nature (2017) 547(7661):E7–8. doi: 10.1038/nature22963

12. Krebs, AM, Mitschke, J, Losada, ML, Schmalhofer, O, Boerries, M, Busch, H, et al. The EMT-activator Zeb1 is a key factor for cell plasticity and promotes metastasis in pancreatic cancer. Nat Cell Biol (2017) 19(5):518–29. doi: 10.1038/ncb3513

13. Wang, L, Wu, H, Wang, L, Zhang, H, Lu, J, Liang, Z, et al. Asporin promotes pancreatic cancer cell invasion and migration by regulating the epithelial-to-mesenchymal transition (EMT) through both autocrine and paracrine mechanisms. Cancer Lett (2017) 398:24–36. doi: 10.1016/j.canlet.2017.04.001

14. Zheng, X, Carstens, JL, Kim, J, Scheible, M, Kaye, J, Sugimoto, H, et al. Epithelial-to-mesenchymal transition is dispensable for metastasis but induces chemoresistance in pancreatic cancer. Nature (2015) 527(7579):525–30. doi: 10.1038/nature16064

15. Lawlor, RT, Veronese, N, Nottegar, A, Malleo, G, Smith, L, Demurtas, J, et al. Prognostic role of high-grade tumor budding in pancreatic ductal adenocarcinoma: a systematic review and meta-analysis with a focus on epithelial to mesenchymal transition. Cancers (2019) 11(1):113. doi: 10.3390/cancers11010113

16. Hong, E, Park, S, Ooshima, A, Hong, CP, Park, J, Heo, JS, et al. Inhibition of TGF-β signalling in combination with nal-IRI plus 5-Fluorouracil/Leucovorin suppresses invasion and prolongs survival in pancreatic tumour mouse models. Sci Rep (2020) 10(1):1–2. doi: 10.1038/s41598-020-59893-5

17. Kren, N, Michaud, D, Bagchi, S, Greene, K, and Pylayeva-Gupta, Y. Rab27a plays a dual role in metastatic propensity of pancreatic cancer. Sci Rep (2020) 10(1):1–4. doi: 10.1038/s41598-020-64248-1

18. Elaskalani, O, Razak, NB, Falasca, M, and Metharom, P. Epithelial-mesenchymal transition as a therapeutic target for overcoming chemoresistance in pancreatic cancer. World J Gastrointestinal Oncol (2017) 9(1):37. doi: 10.4251/wjgo.v9.i1.37

19. Safa, AR. Epithelial-mesenchymal transition: a hallmark in pancreatic cancer stem cell migration, metastasis formation, and drug resistance. J Cancer Metastasis Treat (2020) 6:36–55. doi: 10.20517/2394-4722.2020.55

20. Khalafalla, FG, and Khan, MW. Inflammation and epithelial-mesenchymal transition in pancreatic ductal adenocarcinoma: fighting against multiple opponents. Cancer Growth Metastasis (2017) 10:1179064417709287. doi: 10.1177/1179064417709287

21. Wang, S, Huang, S, and Sun, YL. Epithelial-mesenchymal transition in pancreatic cancer: a review. BioMed Res Int (2017) 2017:1–10. doi: 10.1155/2017/2646148

22. Dongre, A, and Weinberg, RA. New insights into the mechanisms of epithelial–mesenchymal transition and implications for cancer. Nat Rev Mol Cell Biol (2019) 20(2):69–84. doi: 10.1038/s41580-018-0080-4

23. Liao, TT, and Yang, MH. Revisiting epithelial-mesenchymal transition in cancer metastasis: the connection between epithelial plasticity and stemness. Mol Oncol (2017) 11(7):792–804. doi: 10.1002/1878-0261.12096

24. 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

25. Rhim, AD, Mirek, ET, Aiello, NM, Maitra, A, Bailey, JM, McAllister, F, et al. EMT and dissemination precede pancreatic tumor formation. Cell (2012) 148(1-2):349–61. doi: 10.1016/j.cell.2011.11.025

26. Nieto, MA. Context-specific roles of EMT programmes in cancer cell dissemination. Nat Cell Biol (2017) 19(5):416–8. doi: 10.1038/ncb3520

27. Nieto, MA, Huang, RY, Jackson, RA, and Thiery, JP. EMT: 2016. Cell (2016) 166(1):21–45. doi: 10.1016/j.cell.2016.06.028

28. He, W, Wu, J, Shi, J, Huo, YM, Dai, W, Geng, J, et al. IL22RA1/STAT3 signaling promotes stemness and tumorigenicity in pancreatic cancer. Cancer Res (2018) 78(12):3293–305. doi: 10.1158/0008-5472.CAN-17-3131

29. Mani, SA, Guo, W, Liao, MJ, Eaton, EN, Ayyanan, A, Zhou, AY, et al. The epithelial-mesenchymal transition generates cells with properties of stem cells. Cell. (2008) 133(4):704–15. doi: 10.1016/j.cell.2008.03.027

30. Zhou, P, Li, B, Liu, F, Zhang, M, Wang, Q, Liu, Y, et al. The epithelial to mesenchymal transition (EMT) and cancer stem cells: implication for treatment resistance in pancreatic cancer. Mol Cancer (2017) 16(1):52. doi: 10.1186/s12943-017-0624-9

31. Enkhbaatar, Z, Terashima, M, Oktyabri, D, Tange, S, Ishimura, A, Yano, S, et al. KDM5B histone demethylase controls epithelial-mesenchymal transition of cancer cells by regulating the expression of the microRNA-200 family. Cell Cycle (2013) 12(13):2100–12. doi: 10.4161/cc.25142

32. Wang, J, Scully, K, Zhu, X, Cai, L, Zhang, J, Prefontaine, GG, et al. Opposing LSD1 complexes function in developmental gene activation and repression programmes. Nature. (2007) 446(7138):882–7. doi: 10.1038/nature05671

33. Thiery, JP, and Lim, CT. Tumor dissemination: an EMT affair. Cancer Cell (2013) 23(3):272–3. doi: 10.1016/j.ccr.2013.03.004

34. Yu, M, Bardia, A, Wittner, BS, Stott, SL, Smas, ME, Ting, DT, et al. Circulating breast tumor cells exhibit dynamic changes in epithelial and mesenchymal composition. Science (2013) 339(6119):580–4. doi: 10.1126/science.1228522

35. Podsypanina, K, Du, YC, Jechlinger, M, Beverly, LJ, Hambardzumyan, D, and Varmus, H. Seeding and propagation of untransformed mouse mammary cells in the lung. Science (2008) 321(5897):1841–4. doi: 10.1126/science.1161621

36. Sato, M, Matsumoto, M, Saiki, Y, Alam, M, Nishizawa, H, Rokugo, M, et al. BACH1 Promotes Pancreatic Cancer Metastasis by Repressing Epithelial Genes and Enhancing Epithelial–Mesenchymal Transition. Cancer Res (2020) 80(6):1279–92. doi: 10.1158/0008-5472.CAN-18-4099

37. Huang, YH, Hu, J, Chen, F, Lecomte, N, Basnet, H, David, CJ, et al. ID1 mediates escape from TGFβ tumor suppression in pancreatic cancer. Cancer Discov (2020) 10(1):142–57. doi: 10.1158/2159-8290.CD-19-0529

38. Cave, DD, Di Guida, M, Costa, V, Sevillano, M, Ferrante, L, Heeschen, C, et al. TGF-β1 secreted by pancreatic stellate cells promotes stemness and tumourigenicity in pancreatic cancer cells through L1CAM downregulation. Oncogene. (2020) 14:1–5. doi: 10.1038/s41388-020-1289-1

39. Delle Cave, D, Di Guida, M, Costa, V, Sevillano, M, Ferrante, L, Heeschen, C, et al. TGF-β1 secreted by pancreatic stellate cells promotes stemness and tumourigenicity in pancreatic cancer cells through L1CAM downregulation. Oncogene (2020) 39(21):4271–85. doi: 10.1038/s41388-020-1289-1

40. White, MG, Lee, A, Vicente, D, Hall, C, Kim, MP, Katz, MH, et al. Measurement of portal vein blood circulating tumor cells is safe and may correlate with outcomes in resected pancreatic ductal adenocarcinoma. Ann Surg Oncol (2021) 7:1–8. doi: 10.1245/s10434-020-09518-y

41. Zheng, Y, Wu, C, Yang, J, Zhao, Y, Jia, H, Xue, M, et al. Insulin-like growth factor 1-induced enolase 2 deacetylation by HDAC3 promotes metastasis of pancreatic cancer. Signal Transduct Targeted Ther (2020) 5(1):1–4. doi: 10.1038/s41392-020-0146-6

42. Ge, WL, Chen, Q, Meng, LD, Huang, XM, Shi, GD, Zong, QQ, et al. The YY1/miR-548t-5p/CXCL11 signaling axis regulates cell proliferation and metastasis in human pancreatic cancer. Cell Death Dis (2020) 11(4):1–8. doi: 10.1038/s41419-020-2475-3

43. Yang, G, Xiong, G, Feng, M, Zhao, F, Qiu, J, Liu, Y, et al. OLR1 promotes pancreatic cancer metastasis via increased c-Myc expression and transcription of HMGA2. Mol Cancer Res (2020) 18(5):685–97. doi: 10.1158/1541-7786.MCR-19-0718

44. Fu, Y, Yao, N, Ding, D, Zhang, X, Liu, H, Ma, L, et al. TMEM158 promotes pancreatic cancer aggressiveness by activation of TGFβ1 and PI3K/AKT signaling pathway. J Cell Physiol (2020) 235(3):2761–75. doi: 10.1002/jcp.29181

45. Wang, J, Zhao, L, Shang, K, Liu, F, Che, J, Li, H, et al. Long non-coding RNA H19, a novel therapeutic target for pancreatic cancer. Mol Med (2020) 26:1–7. doi: 10.1186/s10020-020-00156-4

46. Rajabi, H, Hiraki, M, and Kufe, D. MUC1-C activates polycomb repressive complexes and downregulates tumor suppressor genes in human cancer cells. Oncogene (2018) 37(16):2079–88. doi: 10.1038/s41388-017-0096-9

47. Kim, KS, Lee, SH, Jun, NY, and Kwon, HY. Secreted CCDC80 from hepatic stellate cells promote metastasis of hepatocellular carcinoma [abstract]. In: Proceedings of the American Association for Cancer Research Annual Meeting 2019; 2019 Mar 29-Apr 3; Atlanta, GA. Philadelphia (PA): AACR; Cancer Res (2019) 79(13 Suppl):Abstract nr 5165. doi: 10.1158/1538-7445.AM2019-5165

48. Gong, D, Zhao, ZW, Zhang, Q, Yu, XH, Wang, G, Zou, J, et al. The Long Noncoding RNA Metastasis-Associated Lung Adenocarcinoma Transcript-1 Regulates CCDC80 Expression by Targeting miR-141-3p/miR-200a-3p in Vascular Smooth Muscle Cells. J Cardiovasc Pharmacol (2020) 75(4):336–43. doi: 10.1097/FJC.0000000000000798

49. Janiszewska, M, Primi, MC, and Izard, T. Cell adhesion in cancer: Beyond the migration of single cells. J Biol Chem (2020) 295(8):2495–505. doi: 10.1074/jbc.REV119.007759

50. Ganesh, K, Basnet, H, Kaygusuz, Y, Laughney, AM, He, L, Sharma, R, et al. L1CAM defines the regenerative origin of metastasis-initiating cells in colorectal cancer. Nat Cancer (2020) 1(1):28–45. doi: 10.1038/s43018-019-0006-x

51. Chaiyawat, P, Netsirisawan, P, Svasti, J, and Champattanachai, V. Aberrant O-GlcNAcylated proteins: new perspectives in breast and colorectal cancer. Front Endocrinol (2014) 5:193. doi: 10.3389/fendo.2014.00193

52. Pradella, D, Naro, C, Sette, C, and Ghigna, C. EMT and stemness: flexible processes tuned by alternative splicing in development and cancer progression. Mol Cancer (2017) 16(1):1–9. doi: 10.1186/s12943-016-0579-2



Conflict of Interest: The author declares 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 Luu. 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.




REVIEW

published: 15 April 2021

doi: 10.3389/fonc.2021.665246

[image: image2]


Research Progress of Circular RNA in Gastrointestinal Tumors


Na Fang 1, Guo-Wen Ding 2, Hao Ding 3, Juan Li 1, Chao Liu 2, Lu Lv 2 and Yi-Jun Shi 2*


1 Department of Oncology, The Affiliated People’s Hospital, Jiangsu University, Zhenjiang, China, 2 Department of Thoracic and Cardiovascular Surgery, The Affiliated People’s Hospital, Jiangsu University, Zhenjiang, China, 3 Department of Respiratory, The Affiliated People’s Hospital, Jiangsu University, Zhenjiang, China




Edited by: 
Zsolt Kovács, George Emil Palade University of Medicine, Pharmacy, Sciences and Technology of Târgu Mureş, Romania

Reviewed by: 
Hamed Mirzaei, Kashan University of Medical Sciences, Iran
 Shuji Ogino, Department of Pathology, Brigham and Women's Hospital and Harvard Medical School, United States

*Correspondence: 
Yi-Jun Shi
 shiyijun@126.com

Specialty section: 
 This article was submitted to Gastrointestinal Cancers, a section of the journal Frontiers in Oncology


Received: 07 February 2021

Accepted: 15 March 2021

Published: 15 April 2021

Citation:
Fang N, Ding G-W, Ding H, Li J, Liu C, Lv L and Shi Y-J (2021) Research Progress of Circular RNA in Gastrointestinal Tumors. Front. Oncol. 11:665246. doi: 10.3389/fonc.2021.665246



circular RNA (circRNA) is a closed ring structure formed by cyclic covalent bonds connecting the 5’-end and 3’-end of pre-mRNA. circRNA is widely distributed in eukaryotic cells. Recent studies have shown that circRNA is involved in the pathogenesis and development of multiple types of diseases, including tumors. circRNA is specifically expressed in tissues. And the stability of circRNA is higher than that of linear RNA, which can play biological roles through sponge adsorption of miRNA, interaction with RNA binding protein, regulation of gene transcription, the mRNA and protein translation brake, and translation of protein and peptides. These characteristics render circRNAs as biomarkers and therapeutic targets of tumors. Gastrointestinal tumors are common malignancies worldwide, which seriously threaten human health. In this review, we summarize the generation and biological characteristics of circRNA, molecular regulation mechanism and related effects of circRNA in gastrointestinal tumors.
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Introduction

Gastrointestinal tumors such as gastric cancer, esophageal cancer, colorectal cancer, pancreatic cancer, hepatocellular carcinoma and gallbladder cancer are common malignancies worldwide, which seriously threaten human health. The occurrence and progression of carcinomas are related to multiple factors. It is reported that circRNAs are associated with cancers, including gastrointestinal cancers (1–4).

circular RNA (circRNA) is a type of long non-coding RNA. In 1976, Sanger et al. found that the pathogenic plant virus was a single-stranded covalently closed circRNA molecule, but scientists considered that it was connected by host cell enzymes rather than formed by reverse splicing (5). circRNA formed by reverse splicing was first reported in the 1890s (6–9). However, only a few circRNAs were discovered at that time due to technical limitations. Until the 21st century, with the vigorous development of second-generation sequencing (NGS) technology and bioinformatics, it is gradually realized that circRNA is a type of non-coding RNA with prevalent distribution in nature as well as abundant and diverse expression (10). This renders a more intensive understanding of circRNA and in-depth researches on its formation process and mechanism.



Generation of circRNA

circRNA is formed by reverse splicing of pre-mRNA, and the same pre-mRNA can generate multiple circRNAs with different compositions due to the difference of splicing sites (11). The generated circRNA can be classified into three types according to the different composition: intronic circRNA (ciRNA) formed by intron cyclization (Figure 1A) (12), and exon-intro circRNA (EIciRNA) formed by exon and intron cyclization (Figure 1B) (13), and exonic circRNA (ecircRNA) formed by exon cyclization (Figures 1C–F) (14), among which exon circRNA is the most common. Most human endogenous circRNA contains multiple exons, with two or three exons as the most common. Each exon generally contains 112 to 130 nucleotides. There is also single exon formed by reverse splicing, which generally requires a median exon length of 353 nucleotides (15).




Figure 1 | Different splicing sites and compositions form different circRNAs. (A) The splicing sites of pre-mRNA during the formation of intron circRNA (ciRNA) by intron circularization. (B) The splicing sites of pre-mRNA during exon and intron cyclization to form exon-intro circRNA (EIciRNA). (C-F) The splicing sites of pre-mRNA in the process exon cyclization to form exonic circRNA (ecircRNA).



Regardless of the splicing method, circRNA is formed by reverse splicing via spliceosome on the downstream 5’-splicing site and upstream 3’-splicing site of pre-mRNA and subsequent formation of 3’,5’-phosphodiester bond as well as cyclization (16). The formation modes of circRNA include intronic complementary sequence (ICS) pair-driven cyclization, RNA binding protein (RBP)-driven cyclization and lariat-driven cyclization (17). First of all, ICS of pre-mRNA can make the distal intron splicing sites closer in space to promote reverse splicing (Figures 2A, B) (18). Secondly, RBP can regulate the formation of circRNA by combining with ICS (Figures 2C, D). RBP usually contains a double-stranded RNA binding domain (dsRBD), and dsRBD can bind and pair with ICS. Nuclear factor 90 (NF90) and nuclear factor 110 (NF110) encoded by the ILF3 gene both contain dsRBD, which can promote the formation of circRNA by directly binding to the intronic reverse repeat Alu element (19, 20). ICS of SEPT9 can bind to EIF4A3 to increase the production of circSEPT9 (21). Quaking binds to ICS to make the splice site closer to facilitate reverse splicing to increase circRNAs formation (22). Thirdly, in the exon skipping event, the exon lariat formed by the covalently combined splice acceptor and splice donor provided by the exon is another formation of circRNA (Figure 2E) (23). Additionally, the formation of intron lariat caused by intron removal during the pre-mRNA splicing process can give rise to circRNA (Figure 2F) (12).




Figure 2 | The formation modes of circRNA. (A, B) CircRNAs with intronic complementary sequence (ICS) of pre-mRNA can make the distal intron splicing sites closer in space to promote reverse splicing and ICS pair-driven cyclization. (C, D) CircRNAs with double-stranded RNA binding domain (dsRBD) can bind and pair with ICS to make the splice site closer, as well as facilitate reverse splicing to increase circRNAs formation. (E) In the exon skipping event, the exon lariat formed by the covalently combined splice acceptor and splice donor provided by the exon. (F) Intronic lariat-driven cyclization was caused by intron removal during the pre-mRNA splicing process.



Then, what are the factors affecting the formation of circRNA? Firstly, polymerase II plays an important role in reverse splicing. Analysis of the transcription elongation rate of human cellular polymerase II showed that the average transcription elongation rate of genes that can produce circRNA is higher than that of genes that cannot produce circRNA. The high transcription elongation rate renders transcription of more downstream genes and increases ICS matching that skipps exon, therefore, reverse splicing is more likely to form circRNA (10). After depletion cleavage/polyadenylation terminates the inhibitory effect of RNA polymerase II, the level of circRNA also increases (24). Moreover, reverse splicing and canonical splicing are in a competitive relationship. When the canonical splicing speed becomes slow or the splicing complex is consumed, the level of circRNA would increase, which is associated with the transformation from canonical splicing to reverse splicing (25).



Detection Method and Research Technology of circRNA

RNA sequencing and gene chip technology have relatively good sensitivity analysis and quantitative accuracy of circRNA detection, however, with expensive cost. Northern blot and reverse transcription polymerase chain reaction are also simple and effective methods to detect circRNA, however, with relatively low sensitivity analysis and quantitative accuracy. Quantitative reverse transcription polymerase chain reaction can be performed if rapid and accurate detection of the relative expression abundance of circRNA is required, whose sensitivity analysis and quantitative accuracy are better, and the cost is relatively low. The sensitivity analysis and quantitative accuracy of droplet digital PCR and NanoString Technologies nCounter assays to detect circRNA are extremely good, however, they are rarely used due to special equipment and relatively expensive cost (26).

Two-dimensional denaturing polyacrylamide gel electrophoresis can be used to assess whether RNA is circular (27). The cellular localization of circRNA requires FISH technology (13) and nuclear and cytoplasmic separation (14). Bioinformatics analysis and RNA-seq can be used to predict and to analyze the interaction between circRNA and miRNA. Bioinformatics analysis and identification of RNA pulldown and mass spectrometry can be used to predict and to analyze the interaction between circRNA and other proteins. RNA immunoprecipitation related assays and dual luciferase reporter gene assay can be used to validate their interaction.



Biological Characteristics of circRNA

In recent years, the continuous in-depth studies of circRNA have been revealed diverse noteworthy characteristics of circRNA.


Stability of circRNA

circRNA has a closed loop structure with 3’,5’-phosphodiester bonds, without 5’˜3’ polarity or poly A tail, which makes them more stable than linear RNA and not easily degraded by RNase R (28). In addition, during viral infection, circRNA is almost completely degraded by RNase L (29). The ribonuclease complex RNase P/MRP can degrade m6A-modified circRNA through the m6A reader protein YTHDF2 and HRSP12 (30). Another study has found that the combination of AGO2 protein and miRNA can mediate the degradation of circRNA. CDR1as contains miR-671 binding sites, and their binding can mediate the degradation of CDR1as by AGO2 (31). Meanwhile, miR-7 can also promote the degradation of circRNA by recruiting miR-671 (32). AGO2 can also mediate the degradation of circFilip11 by miRNA-1224 (33). Moreover, circRNA can also enter exosomes or extracellular vesicles, which can be eliminated by the export of active substances (34). Overall, circRNA is more stable than linear RNA, with an average half-life of 18.8-23.7 h, while the average half-life of homologous linear RNA is only 4.0-7.4 h (35).



Localization of Characteristics of circRNA

ciRNA and EIciRNA are mainly distributed in the nucleus of eukaryotes, and ecircRNA is mainly distributed in the cytoplasm (12–14). Partially-length circRNA could be transported from the nucleus to the cytoplasm, and different species have different requirements for the length of circRNA from the nucleus to the cytoplasm (36). In drosophila and human cells, Hel25E protein family is a key regulator that mediates the transport of circRNA from the nucleus to the cytoplasm. The ATP-dependent RNA helicase Hel25E (also known as WM6) in drosophila melanogaster mediates the export of long-chain circRNA with over 800 nucleotides in length. The homologous protein UAP56 (DDX39B) of Hel25E in human cell mainly mediates the nuclear export of long-chain circRNA with over 1300 nucleotides in length, while URH49 (DDX39A) mainly mediates the nuclear export of short-chain circRNA with less than 500 nucleotides in length. The amino acid sequence differences of the Hel25E protein family lead to its recognition of circRNA molecules of different sizes (37). YTHDC1 can regulate the nuclear export of m6A-modified mRNA (38). Chen et al. found that m6A-modified circNSUN2 can bind to YTHDC1 to promote the nuclear export of circNSUN2 (39).



Type and Expression Abundance of circRNA

High-throughput sequencing analysis has revealed the expression of multiple types of circRNA in fungi, protists, plants, worms, fish, insects and mammals (40–45). By identifying the transcriptomes of normal tissues and tumor tissues of humans and other animals, Zhao et al. identified most of the full-length sequences of circRNAs, and compiled the circRNA database (circAtlas) (46). The circAtlas database presently contains circRNAs from homo sapiens, macaca mulatta, mus musculus, rattus norvegicus, sus scrofa and gallus gallus. There were 421,501 types of circRNAs from 259 human samples, 169618 types of circRNAs from 80 macaque samples, and 175,273 types of circRNAs from 113 mouse samples.

circRNA is abundantly expressed in mammalian brain tissue (47–49), which is also enriched in human red blood cells and platelets (50). Notably, although the efficiency of reverse splicing is not high, the accumulation of circRNA is considerable due to its stability, therefore, the expression level of circRNA can be higher than its homologous linear mRNA. The stable abundance of circRNA is a balanced consequence of circRNA formation, nuclear output and turnover efficiency (10).



circRNA Is Highly Conservative and Expresses Specifically at the Stage of Tissue Development

Despite various types of circRNA, most types of circRNA are extremely conservative in evolution and among different species (51). The conservation of circRNAs among different species indicates that circRNAs are not by-products of precursor mRNA splicing, suggesting circRNA is extremely important in certain biological processes. circRNAs are specifically expressed at the stage of tissue development, and are involved in innate immunity, development of the nervous system, metabolism of hormones in the body, as well as tumorigenesis and tumor progression (52–55).




The Influences of Life Style, Nutrition, Diet, Environment and the Microbiome on circRNAs.

Based on the heterogeneity of disease, molecular pathological characteristics and epidemiological study design method, molecular pathological epidemiology analyzes the impact of molecular level changes caused intrinsic factors and extrinsic factors (such as life style, nutrition, diet, environment and the microbiome) on the occurrence, development, prognosis and outcome of the disease (56, 57). Studies have found that circRNA can be affected by different extrinsic factors. Chemical contamination in the environment is known to cause abnormal circRNA expression through multiple exposure routes (58). Fatty liver may result from excessive triglyceride uptake and production by the liver or by a secretory defect (59). The aberrant expression of circScd1 affects the extent of hepatocellular lipidosis in nonalcoholic fatty liver disease and promotes fatty liver disease via the JAK2/STAT5 pathway (60). Plasmatic circRNA MBOAT2 demonstrated a significantly lowered level 24 h after the marathon (61). CircNF1-419 improves the gut microbiome structure and function in AD-like mice (62). Cancers are complex diseases which are related to the above exogenous factors (63–65). There are also some relationships between circRNAs and exogenous factors in cancers. Gut microbiota regulate tumor metastasis via circRNA/miRNA networks (66). Zhang et al. have found that the expression of circ-DB in plasma exosomes of in hepatocellular carcinoma (HCC) patients with high body fat rate is up-regulated. After being taken up by HCC cells, exosomal circ-DB inhibits the expression level of miR-34a and activates deubiquitination-related USP/Cyclin A2 signaling pathway, thereby promoting the proliferation of HCC and attenuating cell DNA damage (67).



The Mechanism of circRNA in Gastrointestinal (GI) Tumors

In recent years, circRNA has been widely investigated in multiple diseases (68–70), including GI tumors (Tables S1–S7). Despite act as miRNA sponge, circRNAs can function as interaction with RNA binding protein, regulation of gene transcription, the mRNA and protein translation brake, and translation of protein and peptides in GI tumors.


As miRNA Sponge

circRNA can act as miRNA sponge in GI tumors (Figure 3A). circLPAR3 is highly expressed in esophageal squamous cell carcinoma (ESCC) tissues and cells, which can upregulate the expression of c-MET through sponge adsorption of miR-198 to increase the migration and invasion of ESCC (55). circCCDC9, with low expression in gastric cancer tissues and cells, can attenuate the inhibitory effect on the target gene CAV1 after adsorbing miR-6792-3p, thereby inhibiting the proliferation, migration and invasion of gastric cancer cells (71). circCAMSAP1 is highly expressed in colorectal cancer tissues than in normal tissues, and its expression is significantly lower in the plasma of colorectal cancer patients than that before surgery. circCAMSAP1 sponges miR-328-5p to weaken its inhibitory effect on transcription factor E2F1, thereby promoting proliferation of colorectal cancer cells (72). circBFAR, with high expression in pancreatic ductal adenocarcinoma, up-regulates the expression of mesenchymal-epithelial transformation (EMT) through sponge adsorption of miR-34b-5p to phosphorylate Akt at Ser 473, which further activates MET/PI3K/Akt signal transduction pathway to promote the proliferation, migration and invasion of pancreatic ductal adenocarcinoma (73). Circular RNA cSMARCA5 with low expression in HCC tissues and cells, can promote the expression of tumor suppressor gene TIMP3 by sponge adsorption of miR-17-3p and miR-181b-5p to suppress the proliferation and migration of HCC (74).




Figure 3 | The mechanism of circRNA in gastrointestinal tumors. (A) CircRNAs can act as miRNA sponge or decoys as well as regulate the function of downstream mRNA. (B) CircRNAs with RNA binding protein (RBP) binding motifs may sponge or decoy the RBPs and regulate their functions. (C) A few circRNAs can combine with several RBPs and function as protein scaffolds to affect the tumor progressions. (D) Some circRNAs are involved in gene transcription regulation by recruiting the transcription regulators to influence promoters. (E, F) CircRNAs containing internal ribosome entry site (IRES) elements and AUG sites may act as templates as well as be translated.



All of the above findings suggest that circRNA can act as a sponge to adsorb one or more miRNAs to subsequently affect the expression of downstream target genes, thereby affecting the biological functions of tumor cells, with potential therapeutic value.



Interaction With RNA Binding Protein (RBP)

circRNA can affect the function of downstream target genes through competitive binding with RBP in GI tumors (Figure 3B) (75). circGSK3β is highly expressed in ESCC, and circGSK3β can bind to GSK3β protein to prevent β-catenin from phosphorylation and degradation, to affect the Wnt/β-catenin pathway, thereby promoting the migration and invasion of ESCC (76). circPTK2 is highly expressed in cancer tissues and serum of patients with colorectal cancer (CRC). To be specific, circPTK2 can affect the phosphorylation and expression level of Vimentin by binding to Ser38, Ser55 and Ser82 of Vimentin, which can promote EMT, inhibit apoptosis and enhance cell proliferation, migration and invasion of CRC cells (77). circAGO2 is significantly elevated in gastric cancer tissues. circAGO2 interacts with human antigen R (HuR) protein to promote the activation and enrichment of 3’-UTR of target genes, to prevent target genes from binding to AGO2, and to decrease the formation of AGO2-miRNA complex, thereby promoting the proliferation, invasion and metastasis of gastric cancer cells (78). circ-FOXP1 is highly expressed in gallbladder cancer (GBC) tissues and cells. By interacting with PTBP1 protein, circ-FOXP1 can protect PKLR mRNA from decay, promote cell proliferation, migration, invasion and inhibit apoptosis of GBC (79).

circRNA can combine with several RBPs to act as a protein scaffold (Figure 3C). In metastatic CRC, m6A-modified circNSUN2 combines with IGF2BP2 protein and HMGA2 protein to form a ternary complex to promote liver metastasis of CRC (39). circMRPS35 is lowly expressed in gastric cancer, and it can serve as a protein scaffold to recruit histone acetyltransferase KAT7 to the promoters of FOXO1 and FOXO3a genes to further cause H4K5 acetylation, which further activate the transcription of FOXO1 and FOXO3a and trigger the expression of their downstream targets (p21, p27, Twist1 and E-cadherin genes), thereby inhibiting the proliferation and invasion of gastric cancer cells (80).



Regulation of Gene Transcription

Li et al. have found that in cervical cancer Hela cells, circEIF3J, circPAIP2 interact with Pol II and U1 snRNP to bind to the parent gene promoter to promote parental gene transcription (13). However, the above regulatory pathway of gene transcription by circRNA has not been reported in GI tumors, while circRNA can regulate gene transcription through other pathways (Figure 3D).

circRHOT1 is highly expressed in HCC tissues and cells. circRHOT1 recruits TIP60 to the NR2F6 promoter and initiates NR2F6 transcription, promotes the expression of NR2F6, and enhances the proliferation, migration and invasion of HCC cells via the NOTCH2 signaling pathway (81). circERBB2 is highly expressed in GBC tissues and is mainly located in the nucleoli of GBC cells. It can bind to PA2G4 to regulate the nuclear localization of PA2G4. The binding of circERBB2 to PA2G4 can regulate the expression of TIFIA to regulate rDNA transcription, thereby promoting the proliferation of GBC cells (82). circ-DONSON is highly expressed in gastric cancer tissues and cells. It can interact with the important subunit SNF2L of the NURF complex, recruit NURF to the SOX4 promoter to initiate its transcription, promote the proliferation, migration and invasion and inhibit apoptosis of gastric cancer cells (83). circITGA7, with low expression in CRC, can increase the expression of NF1, a negative regulator of the Ras1 pathway after sponge adsorption of miR-370-3p, which can inhibit the Ras pathway, decrease the expression of RREB1, promote linear ITGA7 transcription to increase the expression of linear ITGA7, while overexpression of circITGA7 can inhibit the proliferation, migration and invasion of CRC cells (84).



The mRNA and Protein Translation Brake

In GI tumors, a few circRNAs can interfere with the translation of mRNA or protein. circBACH1 is significantly elevated in liver cancer tissues and cells. It can bind to HuR and promote the translocation of HuR from the nucleus to the cytoplasm. In HCC, circBACH1 can enhance the inhibitory effect of HuR on p27 translation and accelerate the cell cycle from G0/G1 phase to S phase, thereby promoting the proliferation of HCC (85). circ-MALAT1 is highly expressed in cancer stem cells (CSCs) of HCC tissues. circ-MALAT1 binds to ribosomes through the internal ribosome entry site (IRES) and binds with PAX5 mRNA through 11 bases to form circ-MALAT1, ribosome and PAX5 mRNA ternary complex, which prevents the translation of PAX5 and promotes the self-renewal of CSCs (86).



Protein or Peptide Translation

Studies have found that endogenous circRNA containing IRES and ribosome binding sites (AUG) has protein coding capacity (87). The translation mechanism of circRNA is different from that of ordinary linear mRNA, and it is initiated by ribosome scanning. Several circRNAs can act as templates for translation in GI tumors (Figures 3E, F). The translation mechanism of circRNA is similar to the cap-independent translation pathway. Studies have shown that m6A modification can drive circRNA translation in a cap-independent manner (88).

circPPP1R12A is highly expressed in gastric cancer tissues and cells. The short 216 nt small open reading frame of circPPP1R12A has the potential to peptide encoding (containing 73 amino acids). The encoded circPPP1R12A-73aa peptide can activate the hippo-YAP signaling pathway and enhance the proliferation, migration and invasion of gastric cancer cells (89). circFNDC3B is lowly expression in colon cancer tissues, and it can encode a new protein circFNDC3B-218aa. circFNDC3B-218aa can decrease the expression of Snail to promote the antitumor effect of FBP1 in colon cancer, to suppress the proliferation, invasion, migration and EMT of colon cancer cells (90). circβ-catenin is highly expressed in HCC tissues, which can encode a 370-amino acid protein (known as β-catenin-370aa). β-catenin-370aa competitively binds to GSK3β to prevent the binding and phosphorylation of GSK3β and β-catenin, thereby antagonizing the GSK3β-induced degradation of β-catenin and activating the Wnt pathway to promote the growth and metastasis of HCC cells (91).

Collectively, circRNA regulates GI tumors through various mechanisms, including miRNA sponge adsorption, interaction with RBP, regulation of gene transcription, the mRNA and protein translation brake, and translation of protein and peptides. These mechanisms are not completely separated, but interactive.




Biological Functions of circRNA in GI Tumors


Regulation of Proliferation, Migration, Invasion and Apoptosis of Tumor as Well as Self-Renewal of CSCs

There are extensive studies concerning the roles of circRNA the regulation of tumor proliferation, migration, invasion and apoptosis. In addition, circRNA can also affect the self-renewal of CSC. circHuR expression is down-regulated in gastric cancer tissues and lines. circHuR interacts with CNBP protein (CCHC-type zinc finger nucleic acid-binding protein) and inhibits the binding of CNBP to the HuR promoter, thereby leading to HuR down-regulation to further inhibit the proliferation, invasion and metastasis of gastric cancer cells (92). circLgr4 is highly expressed in CRC tissues and CSCs, with peptide-coding functions. The peptide encoded by circLgr4 interacts with Lgr4 and is activated by Lgr4, to further promote the activation of Wnt/β-catenin signal, which can promote the invasion of CRC cells and self-renewal of CSCs (93). circZMYM2 is overexpressed in pancreatic cancer tissues and cells. It increases the expression of JMJD2C by binding to miR-335-5p, promotes the proliferation and invasion as well as inhibits apoptosis of pancreatic cancer cells (94). hsa_circ_0016788 is up-regulated in HCC tissues and cell lines. It can increase the expression of CDK4 by binding to miR-486, promote the proliferation and invasion as well as inhibit apoptosis of HCC cells (95). The expression of circ-CCAC1 derived from ERBB2 is increased in cholangiocarcinoma cells. circ-CCAC1 up-regulates the expression of transcription factor YY1 by competitively binding to miR-514a-5p in tumor cells. YY1 promotes its transcription by directly binding to CAMLG promoter, thereby promoting the proliferation, migration and invasion of GBC cells (96).



Regulation of the Radiotherapy and Chemotherapy Response of Tumor Cells

In addition to affecting tumor proliferation and metastasis, circRNA can also affect the sensitivity of tumor cells to radiotherapy and chemotherapy. Then, does circRNA still have this function in GI tumors?

circVRK1 is lowly expressed in ESCC tissues and cells. It can positively regulate PTEN, inhibit the activity of PI3K/AKT signaling pathway, suppress proliferation, migration and EMT of ESCC cells as well as reverse radiation therapy resistance by adsorbing miR-624-3p (97). Has_circ_001680 is highly expressed in CRC tissues. It can induce irinotecan resistance by regulating the miR-340 to affect the target gene BMI1 (98).

The activity of key metabolites of autophagy is associated with the drug resistance of tumors, and circRNA can regulate the drug sensitivity of tumor cells by affecting autophagy (99). circRACGAP1 can sponge miR-3657 and further up-regulate the expression level of ATG7 by competitively inhibiting miR-3657 activity. Both endogenous and exogenous knockdown of circRACGAP1 expression can increase the sensitivity of gastric cancer cells to apatinib by suppressing autophagy, and knockdown of circRACGAP1 can decrease the toxicity of apatinib and enhance its therapeutic effect on gastric cancer (100). circCUL2 is lowly expressed in gastric cancer tissues and cells. circCUL2 can increase the expression of ROCK2 and p62, inhibit the expression of autophagic marker LC3 and Beclin1 by adsorbing miR-142-3p, which can inhibit autophagy and improve cisplatin sensitivity of cisplatin-resistant GC cells (101).

ABC transporter can transport chemotherapeutics to the extracellular compartment, specific organelles and exosomes. Therefore, the drug retention in the cellular vesicles and compartments can increase drug efflux, which reduces the drug concentration to cause chemotherapeutic resistance of tumor (100). circFBXO11 is highly expressed in HCC tissues. It can sponge miR-605 to decrease its inhibition of FOXO3 protein, and increased FOXO3 expression targets the promoter region of ABCB1 to accelerate its expression, thereby increasing the anti-oxaliplatin ability of HCC (102).



Effects on Immune Therapy

Immune function is crucial to tumorigenesis and tumor progression. circRNA can affect immune function. circ_0000977 in pancreatic cancer can adsorb miR-153 to affect the expression of HIF1A and ADAM10 as well as regulate the immune escape of pancreatic cancer cells mediated by HIF1A (103). circMET is highly expressed in HCC. It can affect the expression of Snail/dipeptidyl peptidase 4 (DPP4)/CXCL10, induce EMT, enhance the immunosuppression of the tumor microenvironment and promote HCC progression after adsorbing miR-30-5p (104). The HCC cell-secreted exosomes circUHRF1 can inhibit the function of NK cells, promote the immune escape of HCC cancer, and increase the resistance of anti-PD1 immunotherapy through the miR-449c-5p/TIM-3 pathway, which provide a novel therapeutic approach for HCC patients, that is, targeting circUHRF1 (105).



circRNAs and Tumor Microenvironment in GI Tumors

The tumor microenvironment (TME) consists of extracellular matrix components, endothelial cells, stromal cells, immune cells, vasculature and various signaling entities. TME, nourished by the vasculature, is an indispensable condition for metastatic tumor cell growth. It is important that endothelial cells of the TME which associate with angiogenesis and tumors metastasis. VEGF is the most important regulatory factor in angiogenesis (106). It is a mitogenic factor to promote the proliferation of endothelial cells and angiogenesis. circ_0072088 is overexpressed in ESCC cells and tissues. It can sponge miR-377 to attenuate the inhibitory effect of miR-377 on VEGF expression, which could elevate the expression of VEGF, thereby promoting migration and invasion of ESCC (107). Furthermore, exosomal circ-IARS is overexpressed in pancreatic cancer cells. It can promote the permeability of the vessel wall to accelerate tumor metastasis. The circ-IARS can sponge miR-122 and enhance the activity of Ras homolog gene family, member A (RhoA), which restrains tight junction ligand-protein Zonula occludens-1(ZO-1) and promotes endothelial monolayer permeability, thereby promoting tumor development (108). In conclusion, circRNA may plays a crucial role in the TME.




Exosomal circRNAS in GI Tumors

Exosomes are extracellular vesicles (EV) secreted by most eukaryotic cells and involved in intercellular communication. The components of exosomes include protein, DNA, RNA, etc. After circRNA is exported from exosomes and released in recipient cells, it plays a critical role in regulating tumor growth, metastasis and angiogenesis during tumor development (109). Then, what is the expression and role of exosomal circRNA in GI tumors? The expression of circPAGRAL is significantly up-regulated in CRC cells treated with tumor-derived exosomes, which promotes the proliferation, migration and invasion of CRC cells by modulating the miR-142-3p/miR-506-3p-TGF-β1 axis (110). The high expression of circSHKBP1 in gastric cancer, can be delivered by exosomes and promote the proliferation, migration and invasion of gastric cancer cells in vitro via sponge adsorption of miR-582-3p and binding to HSP90 (111). Exosome-delivered circ_MMP2 in HCC promotes HCC metastasis by up-regulating MMP2 (112). After endothelial cells receive extracellular vesicles (mainly exosomes) carrying circ-CCAC1 released by cholangiocarcinoma cells, circ-CCAC1 can bind to EZH2 in endothelial cells and prevent the nuclear translocation of EZH2, weakening EZH2-mediated H3K27me3 modification of SG3GL2 promoter region. The SG3GL2 promoter is activated and leads to up-regulated expression of SG3GL2 to inhibit the expression of ZO-1/Occludin, to weaken the tight junction of endothelial cells, to increase permeability and to promote infiltration and migration of tumor cells (96).



Clinical Application


The Diagnostic and Prognostic Roles of circRNAs in GI Tumors

At present, a variety of circRNAs have been found to have abnormal expression in plasma, serum and exosomes in ESCC, gastric cancer, HCC and CRC (113), which makes circRNA as a promising marker for liquid biopsy of GI tumors. For instance, the abnormal expression of circGSK3β (76), hsa_circ_0001946 and hsa_circ_0043603 (114) in the plasma of ESCC patients is associated with the prognosis of ESCC patients. circSHKBP1 is highly expressed in the serum of patients with gastric cancer, which is also correlated with the prognosis of patients with gastric cancer (111). The abnormal expression of hsa_circ_0051443 (115), hsa_circ_100338 (116), circ-ZEB1.33 (117) in the serum of HCC patients is related to the prognosis of HCC patients. The abnormal expression of hsa_circ_0000370 in the blood of CRC patients is associated with the prognosis of CRC patients (118). The expression of circ-LDLRAD3 in the plasma of patients with pancreatic cancer is high, which is also related to lymph node metastasis, vascular invasion and clinical stage (119). The high stability and specific expression of blood circRNAs render it as an ideal biomarker for liquid biopsy.



circRNA as a Possible Therapeutic Target for GI Tumors

Jost et al. have found that circRNA, which targets miR-122, isolates miR-122 from HCV through sponge action, thereby effectively suppressing and decreasing the replication and spread of HCV (120). In GI tumor studies, many animal experiments have revealed that interference with circRNA expression can inhibit the occurrence and progression of tumors. For instance, circLPAR3 is highly expressed in ESCC. Nude mice injected with ESCC cells with low expression of circLPAR3 had significantly lower lung metastasis rate than those injected with control cells (tail vein model) (55). In addition, MET inhibitors can inhibit circBFAR-mediated PDCA in nude mice (73).




Conclusions and Perspectives

circRNA, a novel type of non-coding RNA, has been a research hotspot in GI tumors in recent years. Despite gratifying results, there are still many problems to be solved, such as the generation mode, influencing factors, degradation, biological effects and mechanisms of circRNA in GI tumors. A large number of in-depth studies are required for circRNA as a biomarker and therapeutic target for GI tumors as well as its clinical application.
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To gain insight into the clinicopathologic profile of colorectal carcinomas harboring oncogenic NTRK fusions based on eastern populations as well as make the best testing algorithm for the screen, we use pan-Trk immunohistochemistry (IHC), fluorescence in situ hybridization (FISH) respectively to screen NTRK fusions in a large, unselected cohort of 819 colon cancers; either IHC or FISH positive cases were further detected by next-generation sequencing (NGS). IHC staining was observed in ten (1.22%) cases. FISH positive was observed in 13 (1.59%) cases, and finally, a total of 18 cases were under both a DNA-based and an RNA-based NGS assay. RNA-based NGS was positive in 13 of 18 cases, whereas DNA-based NGS was only positive in three of 18 cases. In total 13 RNA-based NGS NTRK fusion-positive cases, only six cases were pan-TRK IHC positive versus 12 were FISH positive. More important, in 13 RNA-based NGS cases only five cases contain the full length of NTRK tyrosine kinase (TK) domain and form the classical fusion chimeras, other six cases only maintain parts of the TK domain and form the sub-classical fusion chimeras, two cases totally miss the TK domain and form the non-classical fusions. For clinicopathologic characteristics, besides the MMR (mismatch repair) status (p = 0.001), there is no difference between the NTRK fusion-positive and negative cases. Nevertheless, classical fusion cases prefer low differentiation (p = 0.001) and different patterns of growth (p < 0.001). Besides, we found all five classical NTRK fusion cases, and only one sub-classical case was harboring MLH1/PMS2 deficiency. When combining FISH and MMR (Mismatch Repair) status, besides one sub-classical case, all five classical fusions were detected, which means MLH1/PMS2 expression could further narrow the classical fusions in FISH NTRK fusion positive cases. Given the low sensitivity and specificity of the pan-Trk antibody, it would be useless to use IHC to screen NTRK fusion-positive CRCs. Combining FISH and MLH1/PMS2 IHC would be a good testing algorithm for the screen effective NTRK fusions. Finally, if patients are going to undergo TRK-based targeted therapy, only RNA-based NGS for detection of the specific fusion could tell the precise rearrangement information.
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Background

Colorectal cancer (CRC) is the third most common cancer worldwide, with more than one million people diagnosed with colorectal cancer every year, and the disease-specific mortality rate is nearly 33% in the developed world and even lower in non-developed countries (1). A range of genomic and epigenomic alterations, most of which are mutations in oncogenes or tumor suppressor genes, have been regarded as targets for colorectal cancer treatment. Nevertheless, colorectal cancer is a subtype of carcinoma characterized by genetic heterogeneity, so every patient advocates different treatments based on the genetic alterations. Except for conventional chemoradiation regimens, molecular target drugs and monoclonal antibodies, such as cetuximab or panitumumab to block EGFR, have also been widely used in colorectal cancer, thereby preventing activation of signal transduction pathways involving RAS, PI3K–AKT, and SRC (2).

Nowadays, neurotrophic receptor tyrosine kinase (NTRK) gene fusion has been found in colorectal cancer and emerged as new promising targets, especially after larotrectinib was approved by the Food and Drug Administration (FDA) of the United States for the treatment of NTRK fusion-positive cancers in 2018. NTRK genes include NTRK1 (chromosome 1q21–q22), NTRK2 (chromosome 9q22), and NTRK3 (chromosome 15q25), which encode three closely related tropomyosin receptor kinase proteins, TrkA, TrkB, and TrkC respectively. Trk proteins, activated by neurotrophins, are expressed in neuronal tissue and contribute to neuronal development, function, and proliferation (3–5). Nevertheless, NTRK fusions also drive the great majority of certain specific rare neoplasms, for example, infantile fibrosarcoma, cellular, mixed congenital mesoblastic nephroma, and secretory carcinoma of the breast and salivary glands with NTRK3 fusions (6–10). And oncogenic NTRK fusions with many other partners also occur at a very low incidence in a wide range of malignancies. Though the prevalence of NTRK fusion is reported as only 0.16–0.31% in colorectal cancer (6, 11), given the high prevalence of CRC, a large number of CRCs driven by NTRK fusions still could benefit from Larotrectinib.

Typically, the fusion chimeras formed when the 5′ region of a gene partner fuses to the 3′ region of the NTRK gene, and these fusions usually expressed constitutively activated tyrosine kinase (11). Detection of oncogenic NTRK fusions has immediate clinical implications, and immunohistochemistry (IHC) has shown significant sensitivity in detecting NTRK fusion specimens. However, given the specificity of IHC, these IHC-positive specimens still need further verification by fluorescence in situ hybridization (FISH) or next generation sequencing (NGS). So the consistency of these three technologies needs to be compared. Until now, only limited clinicopathologic data of NTRK fusion positive CRCs are available (9, 12–18), the clinicopathologic profile of primary tumors harboring oncogenic NTRK fusions remains to be elucidated.

In this study, a large, unselected cohort of 819 colon cancers was screened for NTRK fusion positive cases. Using IHC, FISH, and NGS we want to find the best testing algorithm. During the course of the study, clinicopathologic, immunohistochemical, and molecular genetic features of NTRK fusion positive tumors were studied in detail.



Patients

We developed a cohort of unselected patients undergoing surgical resection for CRC by searching the computerized database of the Department of Pathology, Nanjing Drum Tower Hospital, Nanjing, China for all cases between 2015 and 2020. The inclusion criteria were as follows: 1) pathologically diagnosed adenocarcinoma, mucinous adenocarcinoma, or high grade neoplasia according to the latest WHO classification; 2) complete clinical and pathological data. Exclusion criteria included: 1) extracolonic and appendiceal location; 2) tumors undergoing biopsy alone or treated endoluminally; 3) preoperative local or systematic anticancer neoadjuvant therapy; 4) incomplete clinical data. Patients’ consent for surgical resection and clinical research was obtained in all cases before the surgical resection. The entire cohort was annotated for clinicopathological details including stage, grade, MMR protein, and KRAS/NRAS/BRAF genetic status.



Immunohistochemistry

Pan-Trk IHC and DNA mismatch repair (MMR) proteins including MutL Homolog 1 [MLH1], PMS1 Homolog 2 [PMS2], MutS Homolog 2 [MSH2], and MutS Homolog 6 [MSH6] IHC were performed for all of the cases. All next generation sequencing (NGS) proved NTRK translocation positive cases further underwent CD3, CD8, and PD-L1 IHC. Representative 4 μm serial sections of the tumor were prepared from 10% FFPE tissue blocks for IHC. Briefly, all slides were exposed to 3% hydrogen peroxide for 10 min to block endogenous peroxidase activity. Pan-Trk antibody (Clone: EPR17341, Abcam, USA), DNA mismatch repair (MMR) proteins (MutL Homolog 1 [MLH1] (Clone: ES05, Dako Denmark A/S, Denmark), PMS1 Homolog 2 [PMS2] (Clone: EP51, Dako Denmark A/S, Denmark, Dako Denmark A/S, Denmark), MutS Homolog 2 [MSH2] (Clone: FE11, Dako Denmark A/S, Denmark), and MutS Homolog6 [MSH6] (Clone: Pu29,Dako Denmark A/S, Denmark)), PD-L1 (Clone: 22C3, Dako Denmark A/S, Denmark), CD3 (Clone: F7.2.38, Dako Denmark A/S, Denmark), CD8 (Clone: C8/144B, Dako Denmark A/S, Denmark) incubated with tumor sections in a humidified chamber at 4°C overnight, followed by the secondary anti-mouse peroxidase-conjugated secondary antibody (EnVisionTMDetection Kit, Dako, Glostrup, Denmark) or anti-rabbit peroxidase-conjugated secondary antibody (EnVisionTM Detection Kit, Dako, Glostrup, Denmark) at 37°C for 30 min. Both negative (without the primary antibody) and positive controls were carried out in each run. Cytoplasmic staining intensity was considered positive.

The resulting score was calculated by multiplying the staining intensity (0 = no staining, 1 = mild staining, 2 = moderate staining, and 3 = strong staining) by the percentage of immunoreactive tumor cells (0 to 100). The immunostaining result was considered to be 0 or negative when the score was <25; 1+ or weak when the score was 26–100; 2+ or moderate when the score was 101–200; or 3+ or strong when the score was 201–300. The results of IHC were interpreted independently by two pathologists who were blinded to all clinical and pathological data.



Fluorescence In Situ Hybridization Testing

All cases underwent FISH testing. FISH testing for NTRK gene rearrangements used the NTRK1/2/3 Dual Color Break Apart Probe (Anbiping, China) respectively. FISH was performed according to the manufacturer’s instructions. For all NTRK1/2/3, red probes were labeled 5′end, and green probes were labeled 3′end (containing TK domain), whereas, the transcription direction of NTRK3 was opposite from NTRK1 and NTRK2. In our study, any case with signal break-apart or single red/green was regarded positive. The threshold of positive specimens for gene rearrangement was considered 15% break-apart signals, or the same percentage with single green/red signals (19).



DNA and RNA Extraction

DNA and RNA were recovered from formalin-fixed paraffin-embedded colon carcinoma specimens using a Max-well RSC instrument and DNA or RNA FFPE Kit (Promega, Madison, WI), according to the manufacturer’s protocols.



KRAS, NRAS and BRAF Genetic Mutation Testing

Genomic DNA was extracted from formalin-fixed paraffin-embedded (FFPE) tissues using AmoyDx FFPE DNA Kit (Amoy Diagnostics Co. Ltd, China) according to the manufacturer’s protocol. KRAS (exons 2, 3 and 4) and NRAS (exons 2, 3 and 4) mutations were detected using AmoyDx KRAS/NRAS Mutation Detection Kit and BRAF V600E were detected using AmoyDx BRAF Mutation Detection Kit (Amoy Diagnostics Co. Ltd, China) using ABI 7500(Applied Biosystems, USA) according to the manufacturer’s instruction, and the results were analyzed in accordance with the manufacturer’s manuals.



ArcherDx Assay (RNA-Based Next-Generation Sequencing)

Target-specific libraries for next-generation sequencing (NGS) were constructed using Archer Universal RNA Reagent Kit v2 (ArcherDx, Boulder, CO). Library sequencing was accomplished using a MiSeqDx instrument (Illumina, San Diego, CA). NGS data were analyzed using the Archer Analysis Pipeline Virtual Machine (https://archerdx.com).



Ion Torrent NGS (DNA-Based Next-Generation Sequencing)

DNA-based NGS was performed by Macrogen USA (Rockville, MD) using the Ion Torrent (Life Technologies/Thermo Fisher Scientific, Waltham, MA) NGS platform. Bioinformatics analysis of NGS data was processed by Torrent Server Suite 4.2 and sequences aligned to human genome reference sequence HG-19 (The Genome Reference Consortium). The FATHMM (Functional Analysis Through Hidden Markov Models), SIFT (Sorting Intolerant from Tolerant), and PolyPhen (Polymorphism Phenotyping) scores predicting functional consequences of coding variants were either obtained from the COSMIC (Catalogue of Somatic Mutations in Cancer) at https://cancer.sanger.ac.uk or assessed during bioinformatic analysis.



Statistical Analysis

All data analyses were performed using SPSS 19.0 software (SPSS Inc., Chicago, Illinois, US). Fisher’s exact test was used for categorical data, and the Student t-test was used for continuous data. Analysis of variance or the Kruskal–Wallis rank sum test was used to compare differences among different groups. The Chi-square or Fisher’s exact test was utilized for comparison of ratios. Differences were considered to be statistically significant when p values were less than 0.05.



Results


Consistency of IHC, FISH and NGS

Pan-TRK IHC staining was observed in ten (1.22%) of 819 cases, FISH positive was observed in 13 (1.59%) of 819 cases, and finally a total of 18 cases with either IHC or FISH positive were under both a DNA-based and an RNA-based NGS assay. RNA-based NGS was positive in 13 of 18 cases; DNA-based NGS was only positive in three of 18 cases listed as two TPM3-NTRK1 fusions and one TPR-NTRK1 fusion. Details of immune and molecular characteristics of IHC, FISH, or NGS positive cases were listed in Table 1. In ten immunohistochemical staining positive cases, five cases presented nuclear staining, four cases presented cytoplasmic staining, and only one case presented nuclear membrane staining. In 13 FISH positive cases, the signal modes presented three different types: break-apart signals, single red or single green signals. In our study, any type of these three signal patterns was regarded as positive. In the total of ten pan-TRK IHC positive cases, only six cases were also proved positive by RNA-based NGS, and the other four IHC positive cases were proved negative by RNA-based NGS. Whereas 12 of 13 FISH positive cases were proved as NTRK fusion by RNA-based NGS. Comparatively, FISH was much more sensitive than pan-TRK IHC. Nevertheless, in a total of 13 RNA-based NGS cases, only five cases formed the classical fusion chimeras; the other six cases which only maintain parts of the tyrosine kinase (TK) domain of NTRKs were not sure for the therapeutic effect when patients under NTRK fusion-based target treatment. And the remaining two cases totally missed the TK domain of NTRKs and were regarded as non-classical fusions.


Table 1 | Immune and molecular characteristics of IHC, FISH or NGS NTKR fusion-positive cases.





Fusion Modes of NTRKs in CRCs

Whole transcriptome high-throughput sequencing of tumor specimens is regarded as the most effective method to screen fusion oncogenes. So we set RNA-based NGS as the “golden standard” and try to find fusion partners as well as analyze the fusion modes of specimens carrying NTRK translocations in CRCs. Based on the breakpoints and fusion modes, NTRK fusion chimeras can be divided into three types: fusions containing the full length of NTRK tyrosine kinase (TK) domain and forming the classical chimeras, fusions only maintaining parts of the TK domain and forming the sub-classical chimeras, and fusions totally missing the TK domain and forming the non-classical fusions. As larotrectinib and other Trk inhibitors are a set of tyrosine kinase inhibitors, only patients carrying the TK domain of NTRK fusions could be regarded as effective fusions that respond to Trk inhibitor treatment. In total 13 RNA-based NGS cases (NTRK1 fusion n = 7, NTRK2 fusion n = 2, NTRK3 fusion n = 4) only five cases [TPM3-NTRK1 (n = 2), TPR-NTRK1, 5′-telomere-NTRK1, ALLC-NTRK3) formed the classical fusion chimeras; the other six cases which only maintain parts of the tyrosine kinase (TK) domain of NTRKs (NTRK1-ALLC, NTRK2-FAM110B, ALLC-NTRK3, CCDC73-NTRK3, NTRK3-PBX1, NTRK3-HOXC13) were regarded as sub-classical fusions, and the remaining two cases (NTRK1-LPP, NTRK1-ITGB5) totally missing the tyrosine kinase (TK) domain of NTRKs were regarded as non-classical fusions. In theory, we speculated that classical fusions were sensitive to NTRK fusion targeted drugs, and non-classical fusions were non-sensitive to NTRK fusion targeted drugs. However, whether sub-classical fusions are sensitive to target treatment is unknown. The diagrammatic sketch of the classical, sub-classical, and non-classical NTRK fusions were shown in Figure 1. Except for TPM3 and TPR, the other fusion partners were firstly reported in our studies.




Figure 1 | Schematic representation of NTRKs and NTRK fusion chimeras.  represents NTRK genes,  represents fusion partners,  represents domains that encode the tyrosine kinase of NTRKs.





IHC Staining Pattern of NTRK Positive CRCs

As described previously, there were three immunostaining patterns in IHC positive cases: one showed nuclear positive staining (n = 5); the second showed diffuse cytoplasmic staining in all neoplastic cells (n = 4), and the last pattern was noted in the nuclear membrane (n = 1) (Figure 2). In five nuclear positive staining cases, three of them were proved classical NTRK fusions, one was proved a non-classical NTRK fusion, and one was detected NTRK fusion negative by NGS. In four diffuse cytoplasmic staining cases, one was proved classical NTRK fusion, one was proved sub-classical NTRK fusions, and the other two cases were detected NTRK fusion negative by NGS. One nuclear membrane staining case was also detected NTRK fusion negative by NGS (Table 1). Although all these three patterns were regarded positive for IHC diagnosis staining, not all of these patterns were proved NTRK fusion by NGS, and nuclear staining with more cases (3/5) proved NTRK fusion by NGS than cytoplasmic staining (1/4) and nuclear membrane staining (0/1).




Figure 2 | Representative images of pan-Trk IHC (200×) positive cases. (A) shows nuclear immunostaining; (B) shows nuclear membrane immunostaining; (C) shows cytoplasmic immunostaining.





FISH Pattern of NTRK Positive CRCs

For all NTRKs, red fluorescence probes were labeled 5′end and green probes were labeled 3′end (containing TK domain). For NTRK1/2, the 5′ region of gene partner fuses to the 3′ region of NTRK gene, whereas for NTRK3, the transcription direction was opposite from the NTRK1 and NTRK2 (Figures 3A–C). So in theory, for NTRK1/2 break-apart single and signal green single, for NTRK3 break-apart single and signal red single, are all maintaining the TK domain and should assemble effective fusions. However, compared with NGS, even classical break-apart does not fully mean the classical fusion chimeras. So in our study, any case with a break-apart signal or single red/green signal was regarded as positive (Figures 3D–F). And we found that cases with single signals missing the kinase domain of NTRK in theory were often proved as sub-classical fusions by NGS. The signals of FISH representation were as follows: break-apart signal (NTRK1 n = 5; NTRK2 n = 0; NTRK3 n = 1), single red signal (NTRK1 n = 1; NTRK2 n = 1; NTRK3 n = 2), and single green signal (NTRK1 n = 1; NTRK2 n = 0; NTRK3 n = 2). For NTRK1 FISH, one case with break-apart signal and one case with only red signal were both detected by NGS with non-classical fusion [NTRK1(E7)-ITGB5(E4) and NTRK1(E7)-LPP (E1)]. For NTRK2 FISH, there was no classical break-apart signal; one case with only green signal was detected with classical fusion [APBB1IP(E10)-NTRK2(E15)], and the other with only red signal was detected with sub-classical fusion [NTRK2(E15)-FAM110B(E5)]. For NTRK3 FISH, all four positive cases were proved sub-classical fusions by NGS. Two cases with only the red signal by FISH were detected with ALLC (E12)-NTRK3 (E15) and NTRK3 (E14)-PBX1 (E1) fusion respectively. One case with break-apart signal was detected with NTRK3 (E15)-HOXC13 (E12) fusion, and one case with only a green signal was detected with CCDC73 (E2)-NTRK3 (E15). It’s worth noting that one case with FISH 1G signal pattern was proved NTRK fusion negative by NGS (Table 1).




Figure 3 | Schematic representation of NTRK break-apart FISH probes and representative images of FISH positive cases. (A–C)  and  represent green and red fluorescence probes respectively. (D) Break-apart (1red1green1fusion) signal, (E) red signal, (F) green signal.





Clinicopathological Characteristic of NTRK Fusion Positive and Negative CRCs

The comparison of the clinicopathological characteristics of NTRK translocation positive cases, classical fusion cases, sub-classical fusions, non-translocation cases is summarized in Table 2. Besides MMR (mismatch repair) status (p = 0.001), there was no significant difference in age, tumor size, tumor differentiation, AJCC stage, TNM stage, histological grade, a pattern of growth, and KRAS/BRAF/NRAS status between translocation-positive and negative cases. However, when referring to classical fusions, same as in the North American study, we found that patients carrying NTRK classical fusions preferred poor differentiation cohort (p = 0.001) (Figure 4). In the total of five classical cases, three displayed ulcerous, one displayed pushing, and one displayed an infiltrative pattern of growth. Compared with non-NTRK fusion cases, there was a significant difference in tumor pattern of growth (p < 0.01) between classical and non-fusion cases. For MMR status, all five classical and one sub-classical NTRK fusion cases were harboring mismatch repair defection (p < 0.01).


Table 2 | Cliniopathological characteristic of NTRK fusion-negative (n = 806) and different NTRK fusion-positive CRCs.






Figure 4 | Representative images of hematoxylin–eosin staining (200×) of NTRK effective fusion cases. (A) shows high differentiation, (B) shows medium differentiation, and (C) shows low differentiation.





Clinical, Pathological, Immunological and KRAS/NRAS/BRAF Genetic Status of NTRK Positive CRCs

Detailed clinical, pathological, immunological, and KRAS/NRAS/BRAF genetic statuses of 13 RNA-based NTRK fusion-positive cases were presented in Table 3. NTRK fusion-positive patients almost showed gender balance with six females and seven males. And classical fusions showed three females and two males. As to sub-classical NTRK fusions, males (n = 4) were more than females (n = 2). In 13 RNA-based NTRK fusion-positive cases, three were diagnosed as AJCC stage I, six were stage II, and four were stage III. Seven tumors presented an ulcerous pattern of growth, four were pushing, one infiltrative, and one pushing-ulcerous. Only one tumor showed high differentiation, six tumors showed medium differentiation, and six tumors showed low differentiation. Six of 13 (46.15%) NTRK fusion colon cancers revealed a loss of MLH1/PMS2 expression, indicating MMR protein deficiency; none of the cases was seen to have MSH2 or MSH6 deficiency. Three cases showed PD-L1 expression; one was an NTRK classical fusion case, and two were NTRK non-classical fusion cases. CD3 and CD8 expression was variable and presented in all of NTRK fusion tumors; in most of the cases, expression in the infiltrate margin was higher than in the central tumor areas. Tumor budding can be seen in six tumors, but they were all low grade (1–4 buds/per count). Tertiary lymphoid structures (TLSs) which are considered to be important sites for the initiation and/or maintenance of local and systemic anti-tumor immune response, were present in seven of 13 cancers; six cases show one TLS under 200 magnification, and one shows two TLSs under 200 magnification.


Table 3 | Clinical, pathological, immunological and molecular characteristics of 13 NTRKs fusion Positive CRCs.





MLH1/PMS2 Expression and KRAS/NRAS Genetic Status in NTRKs Fusion Positive Cases

All 819 cases underwent MLH1, PMS2, MSH2, and MSH6 IHC and KRAS/NRAS/BRAF genetic mutation testing. We found classical NTRK fusions were highly enriched in MLH1/PMS2 deficient colorectal carcinomas. In a total of five classical NTRK fusion cases, all were carrying MLH1/PMS2 deficiency, whereas only one of six sub-classical NTRK fusion cases were carrying MLH1/PMS2 deficiency. As to KRAS/NRAS genetic mutation, there was no significant difference between RNA-based NGS NTRK positive and negative cases. However, when narrowed to classical NTRK fusions, two of five classical NTRK fusion cases were with KRAS (n = 1) or NRAS (n = 1) mutation versus one case with KRAS mutation in sub-classical NTRK fusions. However, there was no significant difference in KRAS/NRAS/BRAF status between classical NTRK fusions and NTRK fusion negative cases.



Testing Algorithm for NTRK Fusions in CRCs

While the importance of identifying patients that could benefit from NTRK fusion-based targeted therapy cannot be understated, accuracy and economic considerations should also be taken into account when creating testing algorithms and guidelines. Although the sensitivity and specificity are very low compared with NGS, pan-TRK IHC is pretty much cheaper and more feasible than other methods; especially pan-TRK IHC positive cases have a good chance to be classical fusions, so we recommend pan-TRK IHC as the primary screen tool. As NTRK fusions (especially classical fusions) were mostly narrowed to MLH1/PMS2 deficiency cases and DNA mismatch repair (MMR), IHC testing was regularly undergone by all CRC patients. MMR status could also be the first step to screen potential NTRK fusion-positive patients. If pan-TRK IHC positive or/and MLH1/PMS2 deficiency, we recommend using FISH/NGS to further confirm. Because FISH lack the ability to identify classical, sub-classical, and non-classical fusions, other information must support to mark the classical fusions. FISH testing combined with DNA mismatch repair (MMR) IHC testing almost totally matches the classical fusions cases; it would be the best combination for selecting classical NTRK fusions. However, with sub-classical NTRK fusions with negative pan-TRK IHC and FISH or with pMMR, NGS is the only method to select these types of patients for molecular target treatment. Overall, a comprehensive test algorithm is using pan-TRK IHC and DNA mismatch repair (MMR) IHC testing for preliminary screening and combining FISH for enriching classical fusions. Anyway, if NGS is available, it must a finally and definitively clinically validated methodology to tell the precise rearrangement information (Figure 5).




Figure 5 | Diagnostic algorithm for NTRK testing in CRCs. In CRCs, pan-TRK IHC as the primary screen tool and MMR IHC can be used as an initial screen, but if pan-TRK IHC positive or/and MLH1/PMS2 deficiency, further FISH/NGS should be undergone to confirm. MLH1/PMS2 deficiency with FISH positive usually means classical NTRK fusions. If neither of pan-TRK IHC positive nor MMR deficiency, RNA-level fusion testing should further be used to select the sub-classical NTRK fusions.






Discussion

Nowadays, NTRK fusion has emerged as a popular target for treatment, especially after larotrectinib was approved by the FDA for the treatment of NTRK fusion-positive cancers in 2018. However, except for ETV6–NTRK3 fusion in congenital mesoblastic nephroma (cellular or mixed subtypes) and infantile fibrosarcomas with a prevalence of >90% in selected series of patients (20–23), the prevalence of NTRK fusion is found at much lower frequencies (5–25 or <5%) in other more common tumors such as breast, lung, and colorectal cancers. In colorectal cancers (CRCs), the prevalence of NTRK fusion has been reported only 0.16–0.3% based on western countries (6, 11). Our studies based on the Chinese population showed that NTRK fusion occurred in 13 of 819 patients with a 1.59% incidence rate which was more than the prevalence in western countries. However, when we further analyzed the break-apart point and fusion modes of these 13 cases, we found that only five of them formed the classical chimeras retaining the full tyrosine kinase domain of NTRKs. So if we count on the NTRK classical fusions, only five of 819 patients are with 0.61% incidence rate in CRCs. Though next-generation sequencing (NGS) has been approved as the method for concomitant diagnosis, considering the low prevalence of NTRK fusion and the high cost of testing, it is not the most suitable screening method. Many studies have reported that pan-Trk immunohistochemistry (IHC) is a perfect method for screening NTRK gene rearrangements with high sensitivity and specificity. Previous studies using the antibody of clone EPR 17341 to detect secretory carcinoma and congenital fibrosarcoma harboring NTRK fusions showed a total of 23 cases with NTRK rearrangements detected on MSK-IMPACT were all identified by IHC, suggesting pan-TRK IHC showed the 100% accuracy (24). However, some investigators suggested it was useless to use pan-TRK IHC for the identification of NTRK fusions. They also used antibody of clone EPR 17341 to detect a total of 494 mesenchymal tumors; in 16 IHC staining cases, only four cases showed strong diffuse nuclear and/or cytoplasmatic staining, and one case showing diffuse, but weak cytoplasmic staining was proved harboring NTRK fusion by NGS; the other eleven cases with focal weak and moderate cytoplasmic/membranous or focal moderate to strong nuclear staining did not harbor NTRK fusions (25). As to colorectal cancers (CRCs), nine of 4,569 IHC positive cases demonstrated gene rearrangements by NGS suggesting close to 100% specificity for IHC (26). However, in our study only six pan-TRK IHC positive cases were proved with NTRK fusions by RNA-based NGS; the other four cases were proved non-fusions. When restricting to classical NTRK fusions, four of six cases with pan-TRK IHC positive were proved with classical fusions by RNA-based NGS. Different interpretation scores, antibodies, automation platforms, and dilutions of antibodies are all needed to be evaluated individually in each laboratory (24, 27–29), so IHC is not a reliable method for NTRK fusion screening.

Although fluorescence in situ hybridization (FISH) of NTRKs testing is not FDA approved for concomitant diagnosis to our best knowledge, it is the most visual aid for clinical use and usually regarded as the most reliable method for testing genetic translocation (30). Break-apart probes for the three NTRK genes have been used to identify fusions and are commercially available from multiple sources (17, 31–33). In our study, FISH did have high accuracy compared with NGS. In a total 13 FISH positive cases, 12 were proved with NTRK fusions. However, FISH cannot tell the classical, sub-classical, and non-classical fusions of NTRKs. In the total of 13 FISH positive cases, only five cases formed the classical fusion chimeras; the remaining eight cases with either totally or partially missing tyrosine kinase (TK) domain of NTRKs were regarded useless or uncertain in theory when patients were under NTRK fusion-based target treatment. For FISH design, break-apart probes often mark the two sides of NTRKs, the green fluorescence-labeled 3′ and the other red fluorescence-labeled 5′ terminal. Under normal circumstances, the red and green fluorescence are merged by the naked eyes; when genetic translocation occurs the two signals break apart and show separate green and red signals. Theoretically, so long as probes labeling the TK domain have remained, effective fusions are formed. However, even in classical break-apart signal cases, only four of six cases were proved with classical fusions by NGS. Not to mention single signal modes, only two of seven cases harbor classical fusions. Since fusions can involve any partners through either balanced or unbalanced translocation or large deletions, non-effective fusions would not be excluded in FISH testing. To this end, FISH is neither a reliable method for decisive NTRK fusion screening. Different probe designs, different probe lengths, complicated genetic modes, vague cutoff values are all factors that influence the interpretation of FISH results.

Recently many studies reported that the majority of NTRK fusion-positive cases were dMMR (MLH1/PMS2 deficient) which was in accord with our results. In our study, all of the five classical NTRK fusion cases were harboring MLH1/PMS2 deficiency, whereas only one of six sub-classical fusions were dMMR. So when the preliminary screening of FISH showed positive, DNA mismatch repair (MMR) IHC testing was necessary to further tell the true fusions. Whereas, different from other studies that NTRK gene rearrangements are highly enriched in RAS wild-type colorectal carcinomas (26, 34–36), there were only two classical fusion cases harboring KRAS (n = 1) and NRAS (n = 1) mutations; but no BRAF mutation cases were in our study. It is known that approximately 30% of MLH1-hypermethylated BRAF wild-type CRCs harbor KRAS mutations (37). Until now, the relationship between the RAS-MAPK signaling pathway and NTRK rearrangements is unknown.

In western populations, NTRK rearrangements CRCs have a predisposition for right-sided involvement, female predominance, frequent solid growth pattern, mucinous differentiation, and high tumor-infiltrating lymphocytes. Different from these findings, there was no significant difference in any clinicopathological characteristics between NTRK fusion-positive and -negative cases based on the Chinese CRC population. For clinicopathological characteristics, besides MMR (mismatch repair) status (p = 0.001), there is no difference between the NTRK fusion-positive and -negative cases. Nevertheless, classical fusion cases prefer low differentiation (p = 0.001) and different patterns of growth (p < 0.001).

The most common NTRK rearrangements found in the present study involved NTRK1 (n = 7) with four classical fusions, partnered with TPM3 (n = 2), TPR (n = 1), and 5′-telomere (n = 1). Two cases involved NTRK2 with one APBB1IP-NTRK2 classical fusion, one NTRK2-FAM110B sub-classical fusion. All four cases involved NTRK3 rearrangements proved with sub-classical fusion, partnered with ALLC, CCDC73, PBX1, and HOXC13. Besides TPM3 and TPR, other partners reported in our study have not previously been described in any malignancy including CRCs. To date, reported NTRK fusion partners in CRC include LMNA, TPM3, EML4, SCYL3, TPR, and ETV6 (14, 24, 38). Fusions involving all three NTRK genes have shown good response to larotrectinib in a recent basket trial (39). So we concluded that patients carrying any of the classical NTRK fusions should have a good response to TRK-based target treatment, and precisely screenng the classical NTRK rearrangements is crucial to clinical treatment. As only NGS could tell the precise information of break-apart point and fusion modes, it is important for patients to undergo NGS to fully predict the patients’ outcome to larotrectinib treatment. More importantly, RNA-based sequencing is more sensitive than DNA-based sequencing, and only RNA-level fusion provides direct evidence whether these fusions are functionally transcribed and translated. In this study, only three cases were detected with NTRK rearrangements by DNA-based NGS versus 13 cases detected by RNA-based NGS. Besides, six cases marked as sub-classical fusions in our study have not been reported in other research, and the therapeutic effect of NTRK-fusion-based target treatment is unknown.

In conclusion, pathogenic NTRK fusions occur in only a small minority of CRCs—estimated at 1.58% in our study with previously reported incidences of 0.16–0.31% (6, 11). Because of their rarity, NTRK fusions can be difficult and expensive to identify in the routine clinical setting. In our study, given the low sensitivity and specificity, Trk IHC is not a reliable method for screening the presence of NTRK rearrangements in CRC. Whereas pan-TRK IHC is pretty much cheaper and more feasible than other methods; especially pan-TRK IHC positive cases have a good chance to be effective fusions, so we still recommend pan-TRK IHC as the primary screening tool. As NTRK fusions (especially classical fusions) are mostly narrowed to MLH1/PMS2 deficiency cases and universal MMR/MSI screening is established as part of routine clinical care in most laboratories, MMR status could also be the first step to screen potential NTRK fusion-positive patients. If MLH1/PMS2 deficiency, we propose addition of FISH in whom TRK-based targeted therapy is being considered. Whereas, when patients harbor sub-classical NTRK fusions with negative pan-TRK IHC and FISH or with pMMR, NGS is the only method to precisely predict the effectiveness of molecular target treatment. Anyway, only RNA-based NGS is the finally clinically validated methodology that determines patients who would benefit from this novel targeted therapy. There also have several limitations in our study. First, due to the single-center experience, the sample size was relatively small. Second, for clinical diagnosis, fusions that only maintain the tyrosine kinase are considered as FISH positive; however, in our study we set all break-apart, single red and signal green signals as FISH positive. And we found that cases with single signals missing the kinase domain of NTRK in theory were often proved as sub-classical fusions by NGS. Third, the therapeutic effect of NTRK fusion-based target to patients harboring sub-classical NTRK fusions is worth further exploring.
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Background

Amine oxidase copper containing 1 (AOC1) is a gene whose biological function in colorectal cancer (CRC) has not been elucidated. Therefore, the purpose of this study was to investigate the clinical significance of AOC1 expression in CRC and its biological function in CRC cell lines.



Materials and Methods

AOC1 expression levels were examined in paired CRC and peritumoral tissues, and distant liver metastatic tissues were examined using quantitative real-time PCR, western blotting, and immunohistochemistry staining. The log-rank test and Cox regression model were used to analyze the relationship between AOC1 expression and prognosis. Proliferation assays (Cell Counting Kit‐8 and colony formation assays), migration assays (Transwell and wound healing assays) and xenograft tumor formation in nude mice were performed to assess the biological role of AOC1 in CRC cells.



Results

AOC1 expression significantly increased in human CRC tissues, especially in liver metastases, and was associated with a worse prognosis. In addition, AOC1 had higher expression in tumor organoids than in normal organoids, suggesting that it was highly expressed in the tumor epithelium. Functional analysis demonstrated that AOC1 knockdown inhibited the proliferation and migration of CRC cells by inducing EMT in vitro. Xenograft tumor formation in nude mice showed that knockdown of AOC1 inhibited the tumor xenografts growth in vivo.



Conclusion

High expression of AOC1 was significantly associated with worse clinical outcomes, was an independent risk factor for poor prognosis, and promoted aggressive CRC cell phenotypes. AOC1 is expected to become a novel biomarker for predicting the prognosis of patients with CRC and an effective therapeutic target in clinical practice.
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Introduction

Colorectal cancer (CRC) is the second most common malignant tumor, with the fourth highest mortality rate. Annually, approximately 1.25 million people worldwide are diagnosed with CRC and more than 600,000 patients die from it (1). In the past 20 years, the incidence rate of CRC has increased significantly, especially in larger cities, and there has been a trend of younger disease (2, 3). Therefore, CRC has become a major global health concern. Despite advancements in treatment in the past few decades, the mortality rate of CRC is still high, mainly due to recurrence and distant organ metastasis (4). Twenty percent of CRC cases have metastases, mostly in the liver (5, 6). Although some diagnostic biomarkers, such as CEA and CA199 (7), are established, it is still necessary to explore new molecules to accurately predict the prognosis of CRC patients and become effective therapeutic targets in clinical practice.

AOC1 (Amine Oxidase Copper Containing 1) is a protein coding gene and it encodes a metal-binding membrane glycoprotein that oxidatively deaminates putrescine, histamine, and related compounds. Previous studies have shown that polyamines are involved in the regulation of cell migration, proliferation, and apoptosis.

Recently, a study (8) revealed that AOC1 promoted the progression of gastric cancer, and another study (9) has shown that AOC1 was a downstream target gene of the Wilms tumor protein that affected kidney development. However, very little is known about the functions and regulatory mechanisms of AOC1 in CRC.

In the current study, we detected the expression of AOC1 in CRC tissues and found that AOC1 expression was significantly increased in human colorectal cancer tissues compared to normal tissues. In addition, the expression was higher in liver metastases than in carcinoma in situ. Furthermore, with the arrival of the era of organoid culture in vitro (9), we used organoids in the experiment to verify the related phenomenon. As we had expected, AOC1 was highly expressed in tumor organoids compared to the normal one, suggesting that it was highly expressed in the tumor epithelium. We first reported the biological functions of AOC1 in CRC cells, especially its effects on proliferation and migration. Moreover, AOC1 overexpression promoted the proliferation and migration of CRC cells. Consistent with the result of the cell proliferation assay in vitro, knockdown of AOC1 significantly inhibited the tumor xenografts growth. Interestingly, AOC1 knockdown inhibited the migration and proliferation of CRC cells by EMT pathway. Therefore, AOC1 is expected to become a novel biomarker for predicting the prognosis of patients with CRC and an effective therapeutic target in clinical practice.



Materials and Methods


Patients and Specimens

From January 2010 to January 2013, the Department of Colorectal Surgery, Xinhua Hospital, Shanghai Jiaotong University School of Medicine, admitted 192 CRC patients. Formalin-fixed, paraffin-embedded (FFPE) tumor tissues and matched normal tissues were used to make a tissue microarray (TMA) for further immunohistochemistry (IHC) analysis.

Thirty fresh paired tissues were analyzed by real-time quantitative polymerase chain reaction (qRT-PCR), and four fresh paired tissues were analyzed by western blotting. The Ethics Committee of Xinhua Hospital approved this study (No. XHEC‐D‐2021‐002). All patients enrolled in this study signed a broad consent form, and the study was strictly in accordance with the Declaration of Helsinki and International Ethical Guidelines for Health-related Research Involving Humans.



IHC and Histopathologic Evaluation of AOC1 Expression

The TMA and xenograft tumor sections was deparaffinized, followed by antigen retrieval using citrate buffer (pH 6.0). Hence, to block endogenous peroxidases and nonspecific antigens, 3% hydrogen peroxide, and 5% goat serum were used, respectively. The primary antibody against AOC1 (1:500, Abcam) and anti‐Ki67 (1:1,000, Catalog No. ab16667; Abcam, Boston, MA) was incubated overnight at 4°C. The secondary antibody was then applied to the TMA or xenograft tumor sections for 1 h at room temperature after washing with phosphate-buffered saline (PBS) three times for 5 min each. Finally, to detect the positive expression of the primary antibody, diaminobenzidine chromogen (Beyotime, Haimen, China) was performed. The TMA was then counterstained with hematoxylin and cover slipped.

Excluding patients who failed to follow-up, 151 eligible patients were enrolled in this study. Immunohistochemical analysis was conducted as previously described. AOC1 expression in TMA was evaluated and semi-quantitatively scored based on IHC results by two independent pathologists. Semi-quantitative IHC analysis was scored based on staining intensity and percentage of staining. The detailed standards were as follows: staining intensity: 0 (negative), 1 (weakly positive), 2 (moderately positive), or 3 (strongly positive); percentage of staining: 1 (<25%), 2 (25% - 50%), 3 (50% - 75%), and 4 (> 75%). Expression index = % of positive cells × staining intensity. The AOC1 protein expression in CRC specimens was divided into the low expression group (< 4) and high expression group (≥ 4) for subsequent analysis.



Cell Culture and Treatment

Human CRC cell lines, including HCT116, LoVo, sw480, HT29, and HEK293T cells were obtained from the American Type Culture Collection (Manassas, VA, USA). All cells tested negative for mycoplasma contamination before use. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; HyClone, Los Angeles, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, New York, USA), 100 µg/mL of penicillin, and 100 U/mL of streptomycin at 37°C with 5% CO2.



Organoid Culture

Fresh tumor and paired adjacent normal colon tissues were kept in phosphate-buffered saline solution without calcium and magnesium (PBS WO, Sigma Aldrich) at 4°C. The isolation of healthy crypts and tumor epithelium was performed as described by Sato et al. (10). The organoid culture medium was refreshed every two days. Culture medium including 50% L-WRN condition medium (containing Wnt3a, R-Spondin1, and Noggin), 1X Glutamax, 1X hepes, 1X N2 (Invitrogen), 1X B27 minus vitamin A (Life Technologies), 1X penicillin/streptomycin solution (Invitrogen), 50 ng/mL human EGF (Gibco), 1 mM N-acetylcysteine (Sigma Aldrich), 10 mM nicotinamide (Sigma Aldrich), 10 nM gastrin (Sigma Aldrich), 10 µM SB202190 (Selleck), 0.01 uM PGE2 (Sigma Aldrich), and 10 mM Y27632 (Sigma Aldrich).



RNA Extraction and RT‐qPCR

Total RNA was extracted from the cultured cells and fresh tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. To reverse the RNA, the PrimeScript ™ RT Master Mix (Takara Biotechnology Co, Ltd.) was used. The SYBR Premix ExTaq ™ (Takara, Japan) and an Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, Waltham, MA) were used for qRT-PCR measurements. Relative mRNA expression levels were evaluated using the 2 −ΔΔCt method and normalized to the expression of β-actin. All experiments were performed in triplicate.

The sequences of the PCR primers applied are listed as:

	AOC1-F: CCTAAGCAACCAAGAGCTGAA

	AOC1-R: CGGTGACATTGGGATGCTCC

	Actin-F: GCACAGAGCCTCGCCTT

	Actin-R: GTTGTCGACGACGAGCG.





Western Blotting

Cultured cells, fresh tumor tissue, and paired adjacent normal colon tissues were lysed with 1% NP40 lysis buffer supplemented with NaF, Na3VO4, and protease inhibitor cocktail. Lysates containing equal amounts of protein (20 μg/well) were loaded and separated by SDS-PAGE and then transferred onto a nitrocellulose membrane. The membrane was blocked with 5% non-fat milk for at least 1 h and then incubated with a specific antibody against AOC1 (1:500, Abcam) at 4°C overnight. After washing the membranes thrice with Tris-borate saline containing 0.1% Tween-20 for 5 min each, the specific protein was visualized with horseradish peroxidase (HRP)-conjugated secondary antibody and enhanced chemiluminescence.



RNA Interference

Short hairpin RNA (shRNA) sequences targeting AOC1 were cloned into a pLKO vector with a pMD.2G and psPAX2 packaging system, and lentiviruses were generated in HEK293T cells. To transfect this vector, sw480 cells were infected with viral particles and treated with PB (polybrene) to promote transfection efficiency. Then, stably transfected cells were filtered for 72h using puromycin. RT-qPCR was used to analyzed the knock-down efficiency.

The shRNA sequences are as follows:

	shAOC1-1F: GCGGACAACTTCAACTGTCTA

	shAOC1-1R: TAGACAGTTGAAGTTGTCCGC

	shAOC1-2F: CCTAAGCAACCAAGAGCTGAA

	shAOC1-2R: TTCAGCTCTTGGTTGCTTAGG





Enforced Expression of AOC1 in CRC Cell Line HCT116

The cDNA of AOC1 was cloned into a puromycin-resistant lentiviral vector (pLVX-Puro). Lentivirus particles were prepared using HEK293T cells according to the manufacturer’s protocol (Takara, Beijing, China). HCT116 cells were then seeded into six-well culture plates and incubated overnight. They were subsequently infected with AOC1-expressing lentivirus, treated with PB to promote transfection efficiency, and then treated with puromycin to select the cells overexpressing AOC1 in a stable manner.



Cell Counting Kit‐8 and Colony Formation Assays

The CCK8 assay was employed to detect the effect of AOC1 knockdown on cell proliferation. First, a cell count of approximately 1,000 cells/well was plated on five 96‐well plates, and five replicates were cultured with complete medium (DMEM with10% FBS). After incubation for 24 h, 10 uL/well CCK‐8 solution was added to each well in the first 96‐well plate and incubated for 1.5 h at 37°C in dark conditions. A microplate reader was used to detect the absorbance at 450 nm in each plate for 5 days consecutively.

For the colony formation assay, approximately 1,000 cells were plated in 6-well plates and then cultured in DMEM containing 10% FBS. After 2 weeks, the cells were washed with PBS and fixed with 4% paraformaldehyde for 30 min at room temperature. Finally, 0.1% crystal violet was used to stain these cells for 30 min at room temperature and then washed off by clean water. The number of cells was then observed in each cell group.



Transwell and Wound—Healing Assays

To assess the effect of AOC1 overexpression and knockdown on cell migration ability, a transwell assay was performed. Subsequently, stable AOC1-overexpressing and control cells (1.0 × 105) were harvested and suspended in 100 uL serum-free medium and seeded into the upper chamber, while the lower chambers were filled with 500 μL complete medium and incubated for 65 h. The upper chamber was fixed with 4% paraformaldehyde for 30 min at room temperature. Finally, 0.1% crystal violet was used to further stain these cells adhering to the upper chamber for 30 min at room temperature. Cell migration ability was assessed based on the number of cells passing through the upper chamber.

To verify the effect of AOC1 knockdown on tumor cell migration ability, we used the aforementioned method to change the cell mass to 1.5 × 105 AOC1 knockdown stable cells, with an incubation time of 48 h.

In addition, a wound-healing assay was performed to confirm the effect. A total of 1 × 106 cells were seeded into six-well plates and cultured in low-serum medium (DMEM containing 1% FBS). When the cell density was 100%, a scratch wound was made in the cell monolayer, and the initial image was immediately obtained. The cells were then cultured for another 48 h, 72 h, and 96 h, and the corresponding images were recorded immediately as well.



Xenograft Tumor Mice Model

All animal experimental procedures were approved by the Laboratory Animal Care and Welfare Committee of Xinhua Hospital (No. XHEC‐F‐2021‐057). To study the effect of AOC1 on CRC cells proliferation in vivo, 10 male nude mice (4-6 weeks old) were used as the experimental animals. Among the 10 nude mice, 5 were injected with AOC1-depletion CRC cells, and the another 5 nude mice were used as a control group. First, 1 × 10 6 sw480pLKO and sw480 shAOC1cells were counted and then subcutaneously injected into both axillary fat pads in a different group. Then these nude mice were fed for consecutive 2 weeks until the last day. Tumors were removed from killed mice, photographed, and paraffin preserved (11).



Statistical Analysis

GraphPad Prism 8 Software (GraphPad, San Diego, CA) and SPSS version 26.0 software (IBM, 2010, Chicago, IL) were used for overall statistical analyses. Kaplan–Meier method was performed to assess the survival time distribution, and the log‐rank test was used to test significance in DFS (Disease free survival) and OS (Overall survival) among the different prognostic groups. The Cox proportional hazard model was used perform single and multivariate analyses to evaluate the hazard ratio (HR) and 95% confidence interval (CI). In our previous studies, we described the detailed statistical methods (12, 13). Unless otherwise stated in the legend, ANOVA or two-tailed Student’s t-test was used to assess significance. The chi-square test was used to analyze the correlations of AOC1 expression with clinicopathological characteristics of CRC patients. Three biological replicates were performed for each experiment. A p-value less than 0.05 was considered statistically different (*P < 0.05; **P < 0.01; ***P < 0.001).




Results


Increased AOC1 Expression in Tumor Tissues Was Associated With Worse Prognosis in CRC Patients

We included 151 eligible CRC patients in the current study, and the median follow-up time from January 2015 to July 2020 was 57.0 (17.0 - 71.0) months. Table 1 shows the demographic, laboratory, and clinical characteristics of the patients.


Table 1 | Baseline characteristics of patients.



First, we found AOC1 was highly expression in tumor tissues both in Colon adenocarcinoma (COAD) and Rectum adenocarcinoma (READ) (Figure 1A), according to Gene Expression Profiling Interactive Analysis (GEPIA) database (14). we tested the mRNA and protein levels of AOC1 expression in paired tumor and normal tissues by qRT-PCR and western blotting, respectively (Figures 1B, C). These indicated that AOC1 was highly expressed in the tumor tissues. Furthermore, immunohistochemistry (IHC) was performed on 192 CRC tumor tissues and paired adjacent normal colon tissues from Xinhua Hospital in TMA, and 41 patients were excluded from further analysis as they were lost to follow-up. As presented in Figure 1D, representative images of different levels of expression of AOC1 have been displayed, including negative (Da), weakly positive (Db), moderately positive (Dc), and strongly positive (Dd). Figure 1D showed a detailed scoring method for assessing AOC1 expression intensity. In the entire cohort, participants were divided into AOC1 low expression and high expression groups corresponding to 74 samples (49%), and 77 samples (51%), respectively (Table 1). Moreover, we analyzed the correlations between the expression of AOC1 and the clinicopathological characteristics of the CRC patients. Correlation analysis showed expression of AOC1 was significant correlation with Gender, Tumor Site, Cancer stage and Hemoglobin (p =0.012; p = 0.001, p = 0.016, p = 0.031), especially with liver metastasis (p < 0.001), however, it is not associated with Histology, T-stage, N-stage, N-stage, and Serum carcinoembryonic antigen (CEA) (Table 2).




Figure 1 | AOC1 expression was increased in tumor tissues and associated with worse prognosis. (A) Data were obtained from the GEPIA website, AOC1 was highly expression in tumor tissue (red box) compared with normal tissue (gray box), both in COAD and READ (14). (B) Tumor and paired normal colorectal tissues were detected the AOC1 expression by real‐time quantitative polymerase chain reaction and Western blotting (C). (D) Immunohistochemical analysis of different AOC1 expression in CRC patients (magnification: × 200, Low; × 400, High)and detailed scoring method of AOC1 expression; Da‐Dd represented negative, weakly positive, moderate positive, and strongly positive AOC1 expression, respectively. (E) The Kaplan–Meier plots were stratified by AOC1 expression for disease‐free survival and overall survival in CRC patients. Log‐rank test was performed to assess statistical significance. CRC, colorectal cancer; AOC1, Amine Oxidase Copper Containing 1; mRNA, messenger RNA; COAD, Colon adenocarcinoma; READ, Rectum adenocarcinoma. OS, overall survival; DFS, disease-free survival. *P < 0.05.




Table 2 | Correlations of AOC1 expression with clinicopathological characteristics of CRC patients.



Next, the GEPIA database evaluated that AOC1 expression was statistically significant for predicting tumor clinical stage according to GEPIA database (p = 0.0459) (Figure 2A). Then, we performed IHC on paired normal, tumor, and distant liver metastasis tissues. We observed that AOC1 expression was noticeably higher in CRC liver metastatic tissues than in primary tumor tissues by IHC and qRT-PCR (Figures 2B, C), and significant associated with liver metastasis (p < 0.001) (Table 2), indicating that AOC1 is a potential biomarker for predicting liver metastasis of colorectal cancer. To study its expression in the intestinal epithelium, IHC was performed on organoids derived from fresh tumor tissue and paired adjacent normal colon tissues. The results showed that AOC1 was highly expressed in the tumor epithelium (Figures 3A, B), suggesting that the positive expression pattern of AOC1 was the location of the tumor epithelium cytoplasm.




Figure 2 | AOC1 expression was highly increased in advanced tumor stage. (A) Data were obtained from the GEPIA, AOC1 expression was associated with CRC cancer stage both in COAD and READ (P=0.0459) (14). (B) Immunohistochemical analysis of AOC1 expression in paired CRC tissues, peritumoral tissues and distant liver metastatic tissues (magnification: × 200, Low; × 400, High); (C) The expression of AOC1 in normal, tumor and liver metastases (n=10 pairs) by qRT‐PCR. H, Hepatic; AOC1, Amine Oxidase Copper Containing 1; COAD, Colon adenocarcinoma; READ, Rectum adenocarcinoma; qRT‐PCR, real‐time quantitative polymerase chain reaction; *p < 0.05, **p < 0.01.






Figure 3 | AOC1 was highly expression in tumor epithelium. (A) Normal colon organoids grown from day1 to day8 (Scale bar:100um). (B) Immunohistochemical analysis of AOC1 expression in normal colon organoid and tumor organoid (magnification: × 200, Low; × 400, High).



In univariate analysis, tumor depth, positive regional lymph nodes metastasis, clinical stage, and AOC1 expression level were significantly associated with prognosis (p <  0.05), whereas sex, age, or primary tumor location were not associated (Table 3). In multivariate Cox regression hazard analysis, tumor depth, Stages‐III/IV and high AOC1 expression were associated with poor prognosis in DFS (HR = 2.042, 95% CI =  1.200–3.475, p =  0.008; HR = 1.793, 95% CI =  1.068-3.010, p =  0.027; HR =  18.842, 95% CI =  7.459–47.597, p < 0.001), and tumor depth and high AOC1 expression was a significant contributing factor for poor prognosis in OS (HR = 1.946, 95% CI =  1.143-3.314, p =  0.014; HR = 19.343, 95% CI =  7.649–48.920, p < 0.001) (Table 3).


Table 3 | Univariate and multivariate analysis of overall survival and disease-free survival.



In addition, in the Kaplan-Meier survival analysis using the log-rank test, patients with high AOC1 expression had worse prognosis both in DFS (p=0.0105) and OS (p =0.0087) compared to the low-expression group (Figure 1E). In summary, these indicate that the upregulation of AOC1 in tumor tissues significantly correlates with worse clinical outcomes in CRC patients and is an independent prognostic factor in CRC patients after surgery (Table 3).



AOC1 Overexpression Promoted Tumor Proliferation Ability of CRC Cell In Vitro

To detect the expression of AOC1, five different cell lines including normal and CRC cell lines, were used to analyze the AOC1 expression through qRT‐PCR and western blot analysis. As shown in Figure 4A, the sw480 cell line had a relatively high expression of AOC1 both at the mRNA and protein levels, but the HCT116 cell line had a relatively low expression. To examine the effects of AOC1 overexpression in CRC cells, HCT116 cells were selected to enhance AOC1 expression using an AOC1 overexpression plasmid.




Figure 4 | AOC1 expression was in CRC cell lines and AOC1 overexpression promoted the proliferation ability of colorectal cancer cells. (A) AOC1 mRNA and protein level were detected by qRT‐PCR and western blot analysis in five cell lines, respectively. (B) The efficiency of AOC1 overexpression were examined in HCT116 cells by qRT‐PCR and western blot analysis. (C) The effect of overexpression of AOC1 on cell proliferation was detected by Cell Counting Kit‐8 assay kits in HCT116 cells. (D) Colony‐forming assay in AOC1 overexpression in HCT116 cells. CRC, colorectal cancer; AOC1, Amine Oxidase Copper Containing 1; mRNA, messenger RNA; qRT‐PCR, real‐time quantitative polymerase chain reaction; **p < 0.01, ***p < 0.001.



Western blotting and qRT-PCR determined the efficiency of AOC1 overexpression (Figure 4B). As showed in Figures 4C, D, we found that AOC1 overexpression in HCT116 cells significantly promoted cell proliferation ability compared to the control cells by cck8, as well as colony formation assay. These results showed that AOC1 played an oncogene role by promoting the malignant proliferation of CRC cells.



AOC1 Overexpression Promoted Tumor Cell Migration In Vitro

To further analyze the effect of overexpression of AOC1 in CRC cell, the Transwell and wound-healing assays were used. As shown in Figure 5A, AOC1 overexpression in HCT116 cells significantly promoted cell migration ability compared to the control cells in the Transwell assay. Furthermore, consistent results were obtained from the wound-healing assay. We found that AOC1 overexpression in HCT116 cells also increased wound closure rates when compared with control cells (Figure 5B). Therefore, these results indicated that AOC1 played a biological role in regulating the migration of CRC cells.




Figure 5 | AOC1 overexpression promoted tumor migration ability of CRC cell in vitro. (A) The effects of AOC1 overexpression on cell migration were detected by Transwell‐migration assays in HCT116 cells (Scale bar:100um). (B) The migratory capacity of AOC1 overexpression stable cells were determined by wound‐healing assay. The degree of migration was determined at 72h after the initial scratch wound (Scale bar:200um). CRC, colorectal cancer; AOC1, Amine Oxidase Copper Containing 1 mRNA, messenger RNA; qRT‐PCR, real‐time quantitative polymerase chain reaction; *p < 0.05, **p < 0.01.





AOC1 Knockdown Inhibited the Proliferation Ability of CRC Cell In Vitro

As mentioned above, AOC1 was relatively highly expressed in the sw480 cell line. To further examine the effect of AOC1 on the proliferation ability of CRC cells, sw480 cells were selected to knockdown AOC1 expression with AOC1‐targeting shRNAs. shRNA-mediated depletion of AOC1 was confirmed by qRT-PCR and western blotting assays (Figure 6A). The CCK-8 assay indicated that AOC1 knockdown significantly inhibited CRC cell growth (Figure 6B). To further confirm this effect, a colony formation assay was also conducted (Figure 6C). These results confirmed the ability of AOC1-depletion to inhibit tumor cell proliferation.




Figure 6 | AOC1 knockdown impaired the proliferation ability in CRC cells. (A) The efficiency of AOC1 knockdown were examined in sw480 cells by qRT‐PCR and western blot analysis. (B) The effect of AOC1 knockdown on cell proliferation was detected by Cell Counting Kit‐8 assay kits in sw480 cells. (C) Colony‐forming assay in AOC1‐depletion sw480 cells. CRC, colorectal cancer; AOC1, Amine Oxidase Copper Containing 1 mRNA: messenger RNA; qRT‐PCR, real‐time quantitative polymerase chain reaction; **p < 0.01, ***p < 0.001.





AOC1 Knockdown Regulated the Migration Ability of CRC Cells via Inducing EMT

We further assessed the effect of AOC1 knockdown on the migration ability of CRC cells using Transwell and wound healing assays. As shown in Figure 7A, AOC1-depletion in sw480 cells significantly inhibited migration ability compared with control cells by Transwell assay. Based on the Transwell test, an identical result was confirmed using a wound-healing assay(Figure 7B). Next, we investigated whether AOC1 affects the migration ability in CRC via inducing epithelial–mesenchymal transition (EMT) process. As shown in Figure 7C, we found that AOC1-depletion decreased the expression of N-cadherin and Vimentin by western blotting. Meanwhile, when AOC1 was silenced, the upstream transcription factors SNAIL and Slug were also significantly down-regulated.




Figure 7 | AOC1 knockdown regulated the migration ability of CRC cells via inducing EMT. (A) The effects of AOC1 knockdown on cell proliferation were detected by Transwell‐migration assays in sw480 cells (Scale bar:200um). (B) The migratory capacity of AOC1‐depletion or control sw480 cells were determined by wound‐healing assay. The extent of migration was determined at 72 h after the initial scratch wound (Scale bar:200um). (C) EMT related proteins: N‐cadherin, Vimentin, Slug, SNAIL were detected in AOC1 – depletion sw480 cells by western blot. AOC1, Amine Oxidase Copper Containing 1; EMT, epithelial–mesenchymal transition; *p < 0.05, **p < 0.01, ***p < 0.001.





AOC1 Knockdown Inhibited the Tumor Xenografts Growth In Vivo

To explore the biological function of AOC1-depletion in tumor growth in vivo, a xenograft assay was performed by injecting paired tumor cells into nude mice. Consistent with the result of the cell proliferation assay in vitro, AOC1-knockdown sw480 xenograft tumors were dramatically smaller than the tumors derived from control sw480 cells, suggesting that knockdown of AOC1 significantly inhibited the tumor xenografts growth (Figures 8A, B). Furthermore, Ki67 staining of the xenograft tumors showed that AOC1-knockdown decreased the number of Ki67-positive cells in the xenograft tumors (Figure 8C). In summary, these results indicated that AOC1 played an oncogenic role in promoting tumor growth.




Figure 8 | Knockdown of AOC1 inhibited the tumor xenografts growth in vivo. (A) Representative of AOC1-knockdown sw480 xenograft tumors (n = 5). (B) The weight of the tumors in the different groups. (C) Immunohistochemical analysis of Ki67 expression in tumors from different groups (magnification: × 200, upper panels; × 400, lower panels). AOC1, Amine Oxidase Copper Containing 1; **p < 0.01, ***p < 0.001.






Discussion

CRC has become a major global health concern with its high incidence rate and mortality rate. Interestingly, while we have witnessed a declining incidence trend over the past few decades in the elderly, the incidence rates for adolescents and young adults have been on a steady rise (15). Therefore, there is an urgent need to identify biomarkers and therapeutic targets to accurately predict the occurrence and progression of CRC.

Mammalian copper-containing amine oxidase (CAO), encoded by four genes (AOC1 1-4) and catalyzes the oxidation of primary amines to aldehydes, regulates many biological processes and is associated with many diseases including inflammation and histamine intolerance (16). AOC1 encodes a metal-binding membrane glycoprotein that oxidizes putrescine, histamine, and related compounds. Amine oxidase is mainly involved in tumor growth inhibition and progression (17). Although previous reports revealed that AOC1 affected the occurrence and development of gastric cancer (8) and Wilms tumors (8, 18), its role in colorectal cancer has not been elucidated. In this study, we first identified the biological functions of AOC1 in vitro and vivo, especially on proliferation and migration ability.

Firstly, we found that AOC1 was highly expression in tumor tissues both in COAD and READ, and AOC1 expression was statistically significant for predicting tumor clinical stage according to GEPIA database (p=0.0459). Then, we detected the expression of AOC1 in CRC tissues and found that AOC1 expression was significantly increased in human colorectal cancer tissues compared to normal tissues. In addition, the expression of AOC1 was higher in liver metastatic tissues than in primary tumor sites and significant associated with liver metastasis (p < 0.001). Furthermore, with the advent of the era of organoid culture in vitro, we found that AOC1 had higher expression in tumor organoids than in normal organoids by using this advanced technology, suggesting that it was highly located in the tumor epithelium. These results suggested that AOC1 was involved in the tumorigenesis, development, and prognosis of human colorectal cancer. We then verified whether AOC1 has the same aforementioned biological function in CRC tumor cells.

Secondly, we constructed an overexpression stable system and found that AOC1 overexpression promoted the proliferation of CRC cells by cck8 and colony formation assays, as well as migration ability by transwell and wound healing assays. Interestingly, AOC1 knockdown inhibited both the migration and proliferation ability of CRC cells. To further study the mechanism through which AOC1 affects the occurrence and development of CRC, as well as promoting tumor proliferation and metastasis, we found that AOC1 regulated the migratory ability of CRC cells by EMT pathway. EMT encompasses dynamic changes in cellular organization from epithelial to mesenchymal phenotypes, such as increased motility, which was associated with an invasive or migratory ability in CRC (19, 20). In this study, we found that the mesenchymal hallmarks N-cadherin and vimentin expression decreased in AOC1-depletion sw480 cells, moreover, the upstream transcription factors SNAIL and Slug were also decreased. Therefore, AOC1 promoted the development of CRC through epithelial-mesenchymal transition, as reported in a previous article (8). Therefore, targeting AOC1 therapy by reverse the EMT process may be an effective and potential strategy for better prognosis in patients with CRC.

These results comprehensively demonstrated that high expression of AOC1 was significantly associated with worse clinical outcomes, was an independent risk factor for poor prognosis, and promoted the aggressive phenotypes of CRC cells by inducing EMT. Moreover, AOC1 is presumed to be a novel biomarker for predicting the prognosis of patients with CRC and an effective therapeutic target in clinical practice.

However, there were some limitations encountered in the present study. The sample size was relatively small, and the design was retrospective. Loss to follow-up was inevitable, and clinical significance needs to be verified in a larger sample. In summary, we demonstrated that AOC1 promoted CRC progression and is significantly associated with poor clinical outcomes. It could be used as a new independent prognostic biomarker and a potential therapeutic target for the treatment of CRC. In the next study, We will compare the specificity and sensitivity of AOC1 and CEA to analyze whether AOC1 can replace or be used in combination with CEA to predict colorectal cancer and its prognosis clinically.
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Background

The prognostic value of human leukocyte antigen G (HLA-G) expression in gastrointestinal (GI) cancers remains controversial. Thus, this meta-analysis aimed to summarize available evidence from case-control or cohort studies that evaluated this association.



Methods

The PubMed, EMBASE, Cochrane Library, and Web of Science databases were searched to identify relevant studies written in English published up to April 1, 2021, and with no initial date. Furthermore, the Google Scholar and Google databases were also searched manually for gray literature. The protocol for this meta-analysis was registered at PROSPERO (CRD42020213411). Pooled hazard ratios (HRs) or odds ratios (ORs) and 95% confidence intervals (CIs) were estimated for end points using fixed- and random-effects statistical models to account for heterogeneity. Publication bias was evaluated using a funnel plot, Begg’s and Egger’s tests, and the “trim and fill” method.



Results

A total of 30 eligible articles with 5737 unique patients, including 12 studies on colorectal cancer (CRC), 6 on gastric cancer (GC), 5 on esophageal cancer (ESCC), 5 on hepatocellular carcinoma (HCC), and 2 on pancreatic adenocarcinoma (PC), were retrieved. Both univariate (HR = 2.01, 95% CI: 1.48 ~ 2.72) and multivariate (HR = 2.69, 95% CI: 2.03 ~ 3.55) analyses revealed that HLA-G expression was significantly correlated with poor overall survival (OS), regardless of the cancer type or antibody used. Subgroup analysis stratified by antibody showed that the 4H84 (I2 = 45.8%, P = 0.101) antibodies could be trustworthy and reliable for detecting HLA-G expression in GI cancers. In addition, HLA-G expression was found to be correlated with adverse clinicopathological parameters such as clinical stage, nodal status, metastasis, and histological grade but not tumor status.



Conclusion

Elevated HLA-G expression indicates a poor prognosis for GI cancer patients, and screening for this marker could allow for the early diagnosis and treatment of GI cancers to improve survival rates.
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Introduction

Gastrointestinal (GI) cancers, composed of esophageal, colorectal, pancreatic, stomach, and liver cancers, are the most common malignancies worldwide, accounting for one-quarter of the global cancer incidence. In 2018, the estimated number of GI cancer-related deaths reached 3.4 million, accounting for one-third (35%) of the total deaths (1). Recent studies have predicted that the number of GI cancer-related deaths will increase by 73% to 5.6 million by 2040 (2, 3). Advances in cancer treatment have markedly improved the clinical outcomes of colorectal cancer (CRC) and gastric cancer (GC), including relief of symptoms and prolonged survival (4, 5), and have therefore decreased their mortality rates. However, some of these tumors and high-risk adenomas are potentially curable if they are detected and removed at an early stage. The five-year survival rate of CRC ranges from 91% for patients with localized disease down to 71% and 14% for patients with regional and distant metastasis, respectively (6). Therefore, novel biomarkers to improve cancer diagnosis and prognosis are crucial for reducing cancer burden and mortality.

Human leukocyte antigen G (HLA-G), a nonclassical HLA class I molecule, includes at least 4 membrane-bound subtypes (HLA-G1-HLA-G4) and 3 soluble subtypes (HLA-G5-HLA-G7). Recent evidence has shown that HLA-G has direct immunosuppressive effects on natural killer (NK) cells, dendritic cells (DCs), and T cells and that HLA-G can induce tolerogenic regulatory CD4(+)CD25(+)FoxP3(+) T cells, DCs, and NK cells, which provide these immune effectors with long-term immunomodulatory functions (7). In various malignancies, abnormal HLA-G expression in cancer lesions or increased levels of circulating HLA-G (sHLA-G) have long been observed (8–19). Generally, HLA-G expression in tumor tissue is detected by immunohistochemistry (IHC) or Western blotting (WB) using antibodies such as 4H84, 5A6G7, HGY, MEM-G/1 or MEM-G/2, and plasma sHLA-G levels are quantified using a commercial ELISA kit. HLA-G expression is well established as a mechanism used by tumor cells to escape host immune surveillance and maintain their survival and growth; for example, HLA-G expression can allow tumor cells to escape cytotoxic T lymphocyte-mediated recognition and destruction (20). The potential relationship between tumor cells and their microenvironment, including immune system components, plays an important role in the development, growth and spread of GI cancers (21–23). Studies on the prognostic value of HLA-G and its association with clinicopathological parameters in GI cancer patients have presented conflicting results (24–39). Some studies have demonstrated that positive HLA-G expression or increased levels of circulating sHLA-G are associated with unfavorable survival (24, 25, 27–29, 32, 34, 35, 37, 39), while others have found no significant association (31, 36, 38, 40, 41). Some studies (12, 24, 28, 41, 42) have reported that HLA-G expression in GI cancer patients is correlated with certain clinicopathological characteristics, while others (32, 35, 36, 38, 43) have reached the opposite conclusion. However, it remains uncertain whether HLA-G can be used as a marker for GI cancer, so comprehensive analysis and related studies are still needed. In addition, the limited predictive power of the traditional staging system was due to its reliance only on tumor cell characteristics but ignored the host immune response against cancers (44). Therefore, patient stratification based on both traditional staging and molecular profiling of prognostic biomarkers is warranted to improve the diagnosis and prognosis of cancer patients and to refine the treatment protocol. We expect that HLA-G can be used as a convenient, accurate and low-cost test for adjuvant diagnosis of patients, as well as for large-scale population screening for GI cancer.

Therefore, we conducted a systematic review to combine the best available evidence from identified individual studies, with the intention of elucidating the prognostic value of HLA-G and the association of HLA-G with the clinicopathological parameters of GI cancer patients under various settings, to arrive at some more certain conclusions.



Material and Methods


Data Sources and Search Strategy

This meta-analysis was performed in accordance with the Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) statement. The protocol was registered in the PROSPERO database (CRD42020213411), and the PRISMA checklist is attached as Supplementary Table 1.

A comprehensive search of the literature from the PubMed, EMBASE, Cochrane Library, and Web of Science databases was conducted for studies written in English published up to April 1, 2021, and with no initial date. Google Scholar and the Google databases were also searched manually for gray literature. The terms used in this search were colorectal cancer/colon and rectal cancer (CRC), colon cancer (COAD), rectal cancer (RC), stomach cancer/gastric cancer (GC), esophageal cancer (ESCC), pancreatic cancer/pancreatic adenocarcinoma (PC), liver cancer/hepatocellular carcinoma (HCC), small bowel cancer (SBC), gastrointestinal cancer (GI), and human leukocyte antigen G (HLA-G), combined using Boolean operators “AND” and “OR”. Two investigators (YJP and WYL) independently screened the titles, abstracts, and full texts of all articles for eligibility and determined the articles for final inclusion by group consensus. The detailed literature search strategy is presented in Supplementary Table 2.



Inclusion and Exclusion Criteria

The original studies identified from the search results were screened for eligibility according to the following inclusion criteria: (1) patients in the studies should have a confirmed diagnosis of GI cancer; (2) the studies should include HLA-G expression in tumor tissue or soluble HLA-G in plasma or serum measured before treatment; and (3) the studies should include the associations between the expression of HLA-G in the tissue or serum and the overall survival (OS), progression-free survival (PFS), metastasis-free survival (MFS) or clinicopathological parameters. The exclusion criteria were as follows: (1) duplicates; (2) narrative reviews, meta-analyses or conference abstracts; (3) cell research or animal-based research; and (4) studies without insufficient data.



Data Extraction

Two authors (YP and WL) extracted data independently in duplicate from all eligible studies using a prespecified standard data extraction form including the following information: first author’s name, year of publication, country, sample size, tumor type, sex, age, HLA-G measurement technique, measure of HLA-G or sHLA-G (positive/negative, strong/weak, or high/low), depth of invasion (tumor status), nodal status, metastasis status, tumor-node-metastasis (TNM) stage, histological differentiation (tumor grade), follow-up time, and hazard ratios (HRs) with 95% confidence intervals (CIs) for both univariate and multivariate analyses. GI cancer was diagnosed by pathological examination in each study. For accuracy, all data were cross-checked against the original publications. In case of missing data, attempts were made to contact the corresponding authors. Studies were excluded if no replies were received.



Quality Assessment

The quality of each study was evaluated using the guidelines of the Newcastle-Ottawa Scale (NOS) by two reviewers independently. Each study was assessed based on three major aspects, namely, selection, comparability, and exposure, with a score ranging from 0 to 9. Studies awarded scores of six or higher were considered high quality. Disagreements between the review authors over the risk of bias were resolved by a third author and discussed until a consensus was reached.



Outcome Measures

The primary outcome measures were the expression level in tumor tissues and plasma levels of HLA-G. HLA-G expression was calculated according to the staining intensity of positive cells using various antibodies. HLA-G was also measured directly in serum or plasma. The secondary outcome measures were clinicopathological parameters, such as clinical stage, tumor status (T), nodal status (N), metastasis (M), and histological grade.



Statistical Methods

Stata (version 11.0; Stata Corporation, College Station, TX, USA) was used for all statistical tests. HRs and 95% CIs were extracted from all included articles to estimate the prognostic value of HLA-G in GI cancers. Sensitivity analysis was performed to assess the stability of the meta-analysis. A cumulative meta-analysis was conducted to identify any trend in the estimates over time. The I2 statistic and the Cochrane Q test were used to quantify statistical heterogeneity when P < 0.050 for the χ2 test, and I2 > 50% indicated statistical heterogeneity between studies. When warranted, the random-effects model was applied for pooling. Sensitivity analysis was also performed to identify which article was the main determinant of the pooled result and the main source of heterogeneity. Subsequent subgroup analyses were performed to explore the between-study heterogeneity. Publication bias was evaluated by funnel plots, and Egger’s and Begg’s tests were used to assess funnel plot asymmetry. Trim and fill techniques were considered n cases of substantial publication bias.




Results


Characteristics of the Included Studies

Figure 1 outlines the detailed process of study selection. Following the prespecified search strategy, a total of 695 publications were obtained from all the databases, with 626 studies remaining after removing duplicates. After reading the titles and/or abstracts, 581 were further excluded for various reasons, and 30 eligible studies were ultimately included in this systematic review. These articles were published between 1998 and 2020, among which 20 were conducted in China, 3 were conducted in Japan, 1 was conducted in Turkey, 2 were conducted in the Netherlands, 2 were conducted in Iran, 1 was conducted in Australia, and 1 was conducted in Italy. Of the 30 articles included in the meta-analysis, there were 12 studies on CRC (24, 30–36, 38, 43, 45, 46), 6 studies on GC (25, 28, 39, 41, 42, 47), 5 studies on ESCC (7, 12, 48–50), 5 studies on HCC (26, 27, 29, 37, 51), and 2 studies on PC (52, 53). Among them, one study specifically addressed COAD (31), one study addressed RC (30), and one addressed both HCC and PAAD (37). The total sample size reached 5737, including 3738 CRC, 649 GC, 441 ESCC, 611 HCC, and 298 PC samples.




Figure 1 | Flow chart of the literature search and selection of studies.



Most studies investigated tumor tissue HLA-G expression (n = 24), two studies (34, 46) detected plasma sHLA-G levels, and others (33) measured both plasma and tumor tissue levels. The average score of the eligible studies on the NOS was 7.0. The basic characteristics of the included studies are summarized in Table 1.


Table 1 | Characteristics of the included studies.






Association Between HLA-G and the Prognosis of GI Cancers

Fourteen studies (6 on CRC, 3 on GC, 3 on ESCC, 1 on PC, and 2 on HCC) detected HLA-G by IHC, 12 of which conducted univariate analysis and multivariate analysis of OS and disease-free survival (DFS).

When the 12 studies were pooled with the univariate random-effects model, the single-arm meta-analysis showed that the pooled HR was 2.01 (95% CI: 1.48 ~ 2.72) (Figure 2A), while the cumulative meta-analysis demonstrated no remarkable temporal effect (Figure 2B). Significant heterogeneity was found among the 12 included studies (P < 0.001, I2 = 74.3%) (Figure 2A). Subgroup analysis stratified by cancer site showed that HLA-G-positive status predicted a poor prognosis in CRC (HR = 1.39, 95% CI: 1.05 ~ 1.83), GC (HR = 4.20, 95% CI: 2.32 ~ 7.60), ESCC (HR = 3.50, 95% CI: 2.13 ~ 5.76), and PC (HR = 2.03, 95% CI: 1.22 ~ 3.36) patients (Supplementary Figure S1). Subgroup analysis stratified by antibody showed that HLA-G positivity was associated with a poor prognosis, regardless of which antibody was used (HGY (HR = 4.20, 95% CI: 2.67 ~ 6.59), 4H84 (HR = 1.52, 95% CI: 1.20 ~ 1.96), 5A6G7 (HR = 1.51, 95% CI: 0.40 ~ 5.65), MEM-G/1 (HR = 4.56, 95% CI: 1.04 ~ 19.97), and MEM-G/2 (HR = 2.17, 95% CI: 1.08 ~ 4.36)). The heterogeneity of HLA-G expression detected by the 4H84 (I2 = 45.8%, P = 0.101) and HGY (I2 = 0%, P = 0.589) antibodies was quite low, whereas it was high with the 5A6G7 antibody (I2 = 88.6%, P = 0.003) (Supplementary Figure S1).




Figure 2 | Forest plot of primary outcomes in the studies in the meta-analysis and cumulative meta-analysis.



Furthermore, when the 12 studies were pooled with the multivariate random-effects model, the single-arm meta-analysis showed that the pooled HR was 2.69 (95% CI: 2.03 ~ 3.55) (Figure 2C), while the cumulative meta-analysis also identified no time dependence of the outcomes (Figure 2D). A moderate level of heterogeneity was found across the 12 included studies (P = 0.007, I2 = 57.6%) (Figure 2C). Subgroup analysis stratified by cancer type revealed that HLA-G-positive patients exhibited a worse prognosis than HLA-G-negative patients under the fixed-effects model (the pooled HRs were 1.70 (95% CI: 1.31 ~ 2.21) in CRC, 4.33 (95% CI: 2.86 ~ 6.57) in GC and 3.19 (95% CI: 2.12 ~ 4.81) in ESCC). The heterogeneity of each cancer type was not statistically significant (CRC, P = 0.201, I2 = 35.2%; GC, P = 0.150, I2 = 47.2%; ESCC, P = 0.871, I2 = 0.0%) (Supplementary Figure S1). Despite adjustments for potential confounding factors, the pooled HRs did not change significantly (Figure 2C). In the pooled multivariate analysis, HLA-G expression was also associated with a poor prognosis in GI cancer patients, regardless of which antibody was used (Supplementary Figure S1). These results again indicated that compared to negative HLA-G expression, positive HLA-G expression was related to shorter overall survival in GI cancer patients. Another five studies (30, 33, 36, 51) divided the HLA-G expression level into two groups (high or low) according to the IHC staining intensity (strong or weak). In the univariate and multivariate analyses, the pooled HRs for HLA-G expression were 1.38 (95% CI: 0.85 ~ 2.24) (Figure 2E) and 1.38 (95% CI: 1.01~ 1.89) (Figure 2F), respectively. In brief, high/strong HLA-G expression was associated with poor overall survival in patients with GI cancer. Due to the lack of literature with this grouping method, the overall heterogeneity was high.



Association Between HLA-G Expression and the Clinicopathological Parameters of GI Cancer Patients

Of the 30 studies, 28 studies (28/30, 93.3%) with clinicopathological parameters were included for further meta-analysis. The clinicopathological information on GI cancer patients is shown with pooled odds ratios (ORs) and 95% CIs in Table 2. According to the results, HLA-G expression had statistically significant associations with most clinicopathological parameters, such as clinical stage (I-II vs. III-IV: OR = 0.61, 95% CI: 0.47 ~ 0.81, P < 0.001, I2 = 74.6%), nodal status (N0 vs. N1-2: OR = 0.74, 95% CI: 0.59 ~ 0.92, P < 0.001, I2 = 54.6%), metastasis (M0 vs. M1: OR = 0.68, 95% CI: 0.47 ~ 0.98, P = 0.788, I2 = 0.0%), and histological grade (high vs. low: OR = 0.80, 95% CI: 0.68 ~ 0.95, P = 0.038, I2 = 36.1%), but was not associated with tumor status (T1-2 vs. T3-4: OR = 0.74, 95% CI: 0.52 ~ 1.05, P < 0.001, I2 = 77.7%) (Figure 3).


Table 2 | Meta‐analysis of the relationship between HLA-G expression and clinicopathological parameters.






Figure 3 | Forest plot of other outcomes in the studies in the meta-analysis.



Additionally, subgroup analyses stratified by cancer type showed that high HLA-G expression was associated with end-stage disease (OR = 0.30, 95% CI: 0.17 ~ 0.53, P = 0.716, I2 = 0%), advanced tumor status (OR = 0.11, 95% CI: 0.04 ~ 0.30, P = 0.926, I2 = 0%), and positive nodal status (OR = 0.36, 95% CI: 0.18 ~ 0.69, P = 0.747, I2 = 0%) in ESCC patients, but no significant association was observed in other cancers (Supplementary Figure S2). For the HLA-G antibody subgroup analysis, HLA-G expression detected by the HGY antibody was significantly correlated with clinical stage, tumor status, and nodal status (P < 0.050), while HLA-G expression detected by the 4H84 antibody was only related to clinical stage and metastasis (P < 0.050) (Supplementary Figure 2).



Publication Bias and Sensitivity Analyses

As shown in Figure S3, the funnel plots were slightly asymmetric, and Begg’s and Egger’s tests and the “trim and fill” method further confirmed the existence of a marginal publication bias in the included articles (Supplementary Table 3 and Supplementary Figure 4). Sensitivity analyses were performed to ensure the robustness of the results, and they did not show any significant change in these pooled effects (Supplementary Figure 5).




Discussion

This meta-analysis of 30 eligible studies (including 5737 GI cancer cases) supported a positive association between HLA-G expression and the risk of GI cancers. Although subgroup analysis revealed that different cancer types and HLA-G-detecting antibodies served as the main sources of heterogeneity, the results also demonstrated that high HLA-G expression was associated with a poor prognosis in GI cancer patients, regardless of which antibody was used for detection. Furthermore, the overexpression of HLA-G was highly correlated with several clinicopathological parameters (clinical stage, nodal status, metastasis, and histological grade) in GI cancers.

In 1998, Fukushima (43) first reported the ectopic expression and significant upregulation of HLA-G gene expression in GI cancer compared with normal controls, and the immunomodulatory function of HLA-G has since been extensively studied. A series of studies evaluated the association between HLA-G expression and the prognosis of GI cancers. However, their conclusions were paradoxical. Ye et al. (24) carried out a prospective cohort study and found that patients with HLA-G-positive tumors had significantly shorter survival times than patients with HLA-G-negative tumors. Similar results were found in other types of GI cancers, including ESCC (7, 12, 49), GC (25, 28, 39), and HCC (27, 51), among others. However, a few studies (36, 40, 41) have demonstrated that no significant correlation exists between HLA-G expression and the prognosis of GI cancers. However, Reimers et al. (30) reported the opposite result; their findings indicated that weak HLA-G expression was related to poor OS and DFS in RC patients. Interestingly, Lin et al. demonstrated that HLA-G expression was related to a poor prognosis when detected with antibody 4H84, but the results were inconsistent when using the 5A6G7 antibody. The latest meta-analysis from 2019 (54) reported a significant relationship between the HLA-G 14-bp ins/del polymorphism and a decreased overall cancer risk. Compared with this meta-analysis, our study mainly focused on GI cancers and utilized a more powerful and detailed analysis approach to reveal a significant association between HLA-G expression and an increased risk of GI cancers. Currently, although the molecular mechanisms underlying GI cancer development and progression are not yet fully clarified, a growing body of evidence indicates that GI cancers can be partly mediated by both oxidative stress (OS) and microRNA (miRNA) involvement (55). Additionally, several miRNAs have been reported to modulate HLA-G expression by targeting its 3′UTR target, including miR-148a, miR-148b and miR-152 (56). Thus, the HLA-G expression level can be used as a reliable prognostic marker for GI cancers.

Because the invasive nature of the disease and the tumor microenvironment are different across multiple GI diseases (36, 57–60), the expression of HLA-G varies among different cancer types. Thus, we further conducted a stratified analysis to examine the relationship between HLA-G expression and GI cancers by cancer type. The subgroup analysis results were consistent with the combined analysis of GI cancers, showing that the expression of HLA-G was associated with a poor prognosis in CRC, GC, and ESCC. In the CRC subgroup, the reliability of the results was quite high due to the large number of studies included and low heterogeneity. We acknowledge that the number of studies was relatively small in other subgroups; however, the heterogeneity of GC and ESCC was extremely low with a sufficient sample size. This might have certain guiding significance for clinical practice, but more accurate research in different GI cancer types is still needed. In the multivariate analysis, the combined HR remained unchanged, which supported the conclusion that HLA-G expression was associated with a poor prognosis in GI cancer patients. HLA-G can help tumor cells evade the immune system by inhibiting NK cells and T cell activation and is overexpressed in many malignancies. However, different cancer types express HLA-G at different levels or in different forms. For example, in the analysis of HLA-G expression in different GI cancer types, the HLA-G protein expression rate differed among cancers; specifically, the expression rate, as determined by IHC, was 25 – 70% in CRC (32, 35, 36), 25 – 74% in GC (25, 28, 39), and 66 – 91% in ESCC (7, 12, 50). The current meta-analysis, which included a larger sample size, provides a more precise evaluation of the association between positive HLA-G expression and the poor prognosis of GI cancers.

Due to the use of different HLA-G antibodies (39), the prognostic value of HLA-G is still controversial, so it is worth considering how the antibodies used contribute to the heterogeneity. Lin’s study revealed that the expression of HLA-G detected by the 4H84 antibody was different from that detected by the 5A6G7 antibody, and the antibody analyses even yielded the opposite conclusions. A previous study (38) also reported conflicting results; specifically, the expression of HLA-G was detected by the 5A6G7 antibody, but HLA-G was not detected by the 4H84 antibody in some renal cell carcinoma (RCC) cases. Hence, we further conducted a stratified analysis to examine the heterogeneity due to the different antibodies used. Interestingly, the expression of HLA-G detected by the 4H84 and HGY antibodies was closely related to a poor prognosis in GI cancer patients, while that detected by the 5A6G7 antibody was not related to the prognosis of GI cancer patients. The reason for the discrepancy may be that the diverse antibodies used in these studies may recognize different epitopes on the HLA-G protein. For example, the 4H84 antibody recognizes an epitope in the HLA-G α1 domain, the MEM-G/1 antibody reacts with the denatured HLA-G heavy chain, the MEM-G/2 antibody recognizes all free heavy chains of HLA-G subtypes, and the 5A6G7 antibody recognizes an epitope encoded by intron 4. In addition, the 4H84 antibody has also been confirmed by international conferences as a reference tool for evaluating HLA-G expression in paraffin-embedded specimens (7). In the analysis, the expression of HLA-G detected by the 4H84 antibody was associated with a poor prognosis in GI cancers, so 4H84 may be a reliable marker of HLA-G expression in GI cancers. Due to the limited number of studies, conclusions regarding other antibodies could not be justifiable.

Twenty-eight included studies with clinical data were also extracted to explore the relationship between HLA-G expression and GI cancer progression, and the results were mixed. Researchers (25) found that HLA-G expression was significantly correlated with clinicopathological features, such as clinical stage, location, histological grade, depth of invasion, and lymph node metastasis. However, Farjadian et al. (58) reported the opposite result, namely, that HLA-G expression was not related to any clinicopathological factors. Furthermore, other studies (26, 35, 36, 41, 49) showed that HLA-G expression was only associated with certain clinicopathological characteristics. However, no comprehensive evaluation of the association of HLA-G expression and the clinicopathological features of GI cancer patients has been published to date. This meta-analysis showed that there was a significant correlation between HLA-G expression and TNM stage, lymph node status, tumor depth, and lymph node metastasis but not the depth of tumor invasion. Interestingly, subgroup analysis showed that HLA-G expression was only associated with clinicopathological features in ESCC, while no significant correlation was observed in other types of tumors. Similarly, several studies showed that HLA-G expression was significantly higher in ESCC tissues than in normal esophageal epithelial cells (12, 50). Therefore, HLA-G has the potential to serve as a biomarker for ESCC prognosis.

This meta-analysis has several limitations. First, the methods of quantifying HLA-G positivity varied widely in the included studies. For example, in some reports, HLA-G expression was calculated according to the staining intensity of positive cells, while others calculated expression according to the percentage of positive cells, or even a combination of the two parameters. Second, although the total sample size of this meta-analysis was relatively large, the sample sizes of the stratified analysis were relatively small, which might weaken the statistical power of the results. Third, all the studies included were observational studies, so substantial heterogeneity was inevitable in this meta-analysis due to the various regimens, doses, durations, center settings, populations and sample sizes. Therefore, sensitivity analyses were conducted to confirm the stability of the results. Ultimately, the funnel plots and Egger’s and Begg’s tests suggested a slight publication bias in the current study; since only published studies written in English were searched, other eligible studies may have been inadvertently excluded. The limited number of studies regarding the different cancer types or detected antibodies included in the subgroup analysis was insufficient to justify definitive conclusions. Considering the above limitations, the findings of this meta-analysis should be interpreted with caution. Therefore, further large-scale studies on different populations and different cancer types are required to validate the findings.



Conclusion

In conclusion, the results of the current meta-analysis suggest that HLA-G expression is very likely associated with the clinical features and prognosis of GI cancers. Currently, the 4H84 antibody is a widely used and reliable detection method for HLA-G expression in GI cancers. Further studies, either large, prospective, randomized, controlled trials or basic molecular biological studies, are warranted to validate these findings in the future.
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Supplementary Figure 1 | (A, C) Subgroup analysis of the correlation between HLA-G expression and overall survival (OS) in patients with gastrointestinal (GI) cancer according to the different cancer types. (B, D) Subgroup analysis of the correlation of HLA-G expression with OS in patients with GI cancer according to the different antibodies used for detection.

Supplementary Figure 2 | (A, C, E) Subgroup analysis of the correlation between HLA-G expression and clinical stage, tumor status or nodal status for different cancer types. (B, D, F) Subgroup analysis of the correlation between HLA-G expression and clinical stage, tumor status or nodal status for different cancer types.

Supplementary Figure 3 | Funnel plot: (A) positive vs. negative HLA-G expression (univariate analysis), (B) positive vs. negative HLA-G expression (multivariate analysis), (C) strong vs. weak HLA-G expression (univariate analysis), (D) strong vs. weak HLA-G expression (multivariate analysis), (E) clinical stage, (F) tumor status, (G) nodal status, (H) metastasis, (I) histological grade.

Supplementary Figure 4 | Sensitivity of all outcomes. (A) positive vs. negative HLA-G expression (univariate analysis), (B) positive vs. negative HLA-G expression (multivariate analysis), (C) strong vs. weak HLA-G expression (univariate analysis), (D) strong vs. weak HLA-G expression (multivariate analysis), (E) clinical stage, (F) tumor status, (G) nodal status, (H) metastasis, (I) histological grade.

Supplementary Figure 5 | Trim and fill of all outcomes. (A) positive vs. negative HLA-G expression (univariate analysis), (B) positive vs. negative HLA-G expression (multivariate analysis), (C) clinical stage, (D) tumor status, (E) nodal status, (F) metastasis, (G) histological grade.
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Methyltransferase-like 18 (METTL18), a METTL family member, is abundant in hepatocellular carcinoma (HCC). Studies have indicated the METTL family could regulate the progress of diverse malignancies while the role of METTL18 in HCC remains unclear. Data of HCC patients were acquired from the cancer genome atlas (TCGA) and gene expression omnibus (GEO). The expression level of METTL18 in HCC patients was compared with normal liver tissues by Wilcoxon test. Then, the logistic analysis was used to estimate the correlation between METTL18 and clinicopathological factors. Besides, Gene Ontology (GO), Gene Set Enrichment Analysis (GSEA), and single-sample Gene Set Enrichment Analysis (ssGSEA) were used to explore relevant functions and quantify the degree of immune infiltration for METTL18. Univariate and Multivariate Cox analyses and Kaplan–Meier analysis were used to estimate the association between METTL18 and prognosis. Besides, by cox multivariate analysis, a nomogram was conducted to forecast the influence of METTL18 on survival rates. METTL18-high was associated with Histologic grade, T stage, Pathologic stage, BMI, Adjacent hepatic tissue inflammation, AFP, Vascular invasion, and TP53 status (P < 0.05). HCC patients with METTL18-high had a poor Overall-Survival [OS; hazard ratio (HR): 1.87, P < 0.001), Disease-Specific Survival (DSS, HR: 1.76, P = 0.015), and Progression-Free Interval (PFI, HR: 1.51, P = 0.006). Multivariate analysis demonstrated that METTL18 was an independent factor for OS (HR: 2.093, P < 0.001), DSS (HR: 2.404, P = 0.015), and PFI (HR: 1.133, P = 0.006). Based on multivariate analysis, the calibration plots and C-indexes of nomograms showed an efficacious predictive effect for HCC patients. GSEA demonstrated that METTL18-high could activate G2M checkpoint, E2F targets, KRAS signaling pathway, and Mitotic Spindle. There was a positive association between the METTL18 and abundance of innate immunocytes (T helper 2 cells) and a negative relation to the abundance of adaptive immunocytes (Dendritic cells, Cytotoxic cells etc.). Finally, we uncovered knockdown of METTL18 significantly suppressed the proliferation, invasion, and migration of HCC cells in vitro. This research indicates that METTL18 could be a novel biomarker to evaluate HCC patients’ prognosis and an important regulator of immune responses in HCC.
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Introduction

Hepatocellular Carcinoma (HCC) is the fourth most common cause of death of tumor and the seventh most common malignant tumor in 2018 (1). Due to the hepatitis related virus being endemic, the majority of new patients of HCC occur in China annually (2). Most of HCC patients usually lost the opportunity of surgical treatment for the lack of specific symptoms. The molecular mechanisms of liver cancer initiation and progression are still unclear, which make it hard to attain effective treatment (3). In addition, problems remain in the process of treatment and diagnosis of liver cancer, due to the shortage of efficient biomarkers for cancer type and disease stage. In recent years, several serum biomarkers were used to detect the progression and prognosis of hepatocellular carcinoma, such as Alpha-fetoprotein (AFP) and Carcinoembryonic Antigen (CEA) (4, 5). However, both the specificity and sensitivity of these biomarkers in evaluating tumor progression, prognosis, and recurrence are still unsatisfactory. Therefore, identification of the reliable and new biomarkers for the diagnosis of HCC is urgently needed to improve the prognosis.

Methyltransferases contains a S-Adenosyl Methionine (SAM) binding domain, known as a family with a structurally conserved methyltransferase similar domains (6–9). Research studies have shown that methylation could influence chromatin organization and directly regulate transcription of gene, but modulating the mutations in the gene itself (8, 10). In addition, studies have demonstrated that methyltransferases could influence the progression of metabolic diseases, genetic diseases, and cancers (11–13). Studies have shown that members of the METTL family are involved in a variety of biological functions. For example, METTL2B, METTL3, METTL8, and METTL16 have been shown to be RNA methyltransferases (14, 15) and play pivotal roles in tumorigenesis (16). In addition, studies have also shown that the METTL family could play a key role in HCC. Chen et al. have demonstrated that METTL3 could promote the progression of liver cancer, and Ma et al. have indicated the metastatic ability of HCC could be suppressed by METTL14 (17, 18). However, the influence of other members of the METTL family in progression of hepatocellular carcinoma has not been thoroughly studied.

Methyltransferase-like 18, also known as METTL18, has been regarded as a protein-coding gene (19). A recent research indicated that METTL18 is an effective candidate protein for patients suffering Fibromyalgia syndrome (5). UniProt, the most authoritative protein database demonstrates that METTL18 performs as a methyltransferase, participating in modification of essential protein and process of binding heat shock protein (20). Nevertheless, little is known about METTL18 in cancer.

To better analyze the role of METTL18 in progression of HCC, we applied RNA-seq data from the TCGA and GEO datasets, with statistical and bioinformatics ways, such as differentially expressed genes (DEG) analysis, Kaplan–Meier (KM) survival analysis, and Cox & Logistic regression analysis, nomogram, Gene Ontology (GO) analysis, Gene Set Enrichment Analysis (GSEA), single-sample Gene Set Enrichment Analysis (ssGSEA). Moreover, we further knock down the expression of METTL18 in vitro to detect the impact on the ability of proliferation, invasion, and migration of hepatocellular carcinoma cells.



Materials and Methods


Data and Preprocessing

Expression data of RNA with clinical information from HCC patients (included 371 tumor and 50 normal tissues) were acquired from TCGA (https://portal.gdc.cancer.gov/); in addition, 225 tumor and 220 normal samples were acquired from GSE14520. The criteria of exclusion were OS less than 30 days and normal HCC tissues. Then, HTSeq-FPKM information of level 3 has been transformed into Transcripts Per Million (TPM); then TPM information of 371 HCC samples was applied for the next analyses. Unknown and unavailable clinical factors in 371 samples were deemed as missing values, and the information was demonstrated in Supplementary Table 1.



Expression of METTL18 in HCC Samples in the TCGA and GEO Dataset

Applying disease state (normal or tumor) as variable, scatter plots and boxplots were performed to estimate different expression levels of METTL18. Using receiver operating characteristic (ROC) curves, we evaluated the diagnostic performance of METTL18 in HCC patients. By statistical ranking, expression level of METTL18 below or above the median was determined as METTL18-high or METTL18-low.



Identification of DEGs Between METTL18-Low and -High Expression HCC Groups

Applying the Student’s t-test, DEGs between METTL18-low and METTL18-high samples from TCGA database were analyzed by DESeq2 (4.0) package. With the criteria of absolute log (FC) higher than 1.5 and the adj P-value <0.05, genes were deemed to be statistically positive. Then, DEGs were shown in the volcano plots and heat map.



Enrichment of Biofunction and Infiltration of Immune Related Cell Evaluation

Metascape (http://metasape.org) was applied to explore the enrichment of METTL18 associated DEGs by pathway and process. Criteria contained: the enrichment factor >1.5, a minimum count of three, and P <0.01 to attain significantly statistically significance. Using GSEA, we have investigated the differences in pathways of biofunction between the METTL18-low and -high patients to analysis METTL18-associated pathways and phenotypes. With 1,000 times, the permutation test was applied to analyze significantly signal pathways. FDR <0.25 and adjusted P <0.01 were recognized as significantly associated genes. Graphical plots and statistically analysis were performed by R package ClusterProfiler (4.0) (21). Using STRING database, the protein–protein interaction (PPI) network was built by the DEGs (22), and the PPI pairs were selected with an interaction score >0.7. To better explore the tumor infiltration levels of immune cells, ssGSEA, interrogating expression data of genes in published gene lists (23), was used to quantify relative infiltration levels of 24 types of immune cell. Comprising 509 genes, the signatures applied containing a multiple set of innate as well as adaptive immune relative cell types (23). To evaluate the association between the infiltration levels of immune cells and METTL18 and the correlation of the different groups of METTL18 expression with infiltration of immune cells, Spearman correlation and Wilcoxon test were used.



Clinical Analysis on Prognostic State, Model Construction and Estimation

Using R package (V3.6.2), we analyzed connection between clinicopathological characteristics and METTL18 by logistic regression and Wilcoxon signed-rank sum test. By Kaplan–Meier method and Cox regression, we analyzed the clinical pathologic factors related to 10-year overall survival (OS), disease-specific survival (DSS), and progression-free interval (PFI) in TCGA samples. Multivariate Cox analysis was applied to analyze the influence of METTL18 expression on prognosis along with other clinicopathologic factors (TNM stage, Histologic grade, Vascular invasion, Residual tumor, Albumin, AFP, TP53 status, Race, Child-Pugh grade, Adjacent hepatic tissue inflammation, Age, Gender, and Prothrombin time). Median of METTL18 expression level was chosen as the cut-off value. In all tests, P < 0.05 was defined statistically significant. Using KM method with a log-rank test, the difference of OS, DSS, as well as PFI between METTL18-low and -high group was analyzed. Acquired from multivariate Cox analysis, we used the independent prognostic factors to construct nomograms, evaluating the prognosis for 1, 3-, and 5-year, respectively. Applying the RMS package (https://cran.r-project.org/web/packages/rms/index.html), we established nomograms that included calibration plots and significant clinical factors. By drafting the nomogram evaluating probability against actually occurrence, the calibration curves were graphical evaluated, and the 45 degrees line indicated the best predictive values. Analyzed by bootstrap way with 1,000 resamples, a concordance index (C-index) was analyzed and applied to estimate the discrimination of the model. The separate prognostic factors and predictive accuracies of the nomogram were evaluated by the C-index. The statistical test was two tailed with a statistically significant level set at 0.05 in our research.



Cell Culture and Transfection

Hepatocellular cancer cell lines (HepG2, M97H, LM3, Bel7402, SK-HEP1, and Huh7) were acquired from the American Type Culture Collection (Virginia, USA). They were cultured in Dulbecco’s Modified Eagle Medium (Hyclone) with 10% fetal bovine serum (Gibco) under incubation at 37°C with 5% carbon dioxide. Transfections were performed applying OPTI-MEM (Invitrogen) and Lipofectamine 3000 by the manufacturer’s instructions. The siMETTL18 (5′-GACTTTCCTTAGACTGTTA-3′) and siNC were bought from RiboBio (Guangzhou, China) and introduced into cells at a concentration of 50 nM. The transfected cells were harvested at 48 h after transfection.



Western Blotting

Huh7, LM3 cells were seeded and cultured until the confluence reached 70%. Western Blotting (WB) was performed by the protocols of a previous research. Using a 10% gel, amounts of protein (25 µg) were subjected to Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE). The primary antibodies applied for the WB experiment were bought from Proteintech Group (Rosemont, United States): anti-METTL18 (Catalog number: 25553-1-AP; 1:1000), anti-GAPDH (Catalog number: 10494-1-AP; 1:5000) antibodies and antialpha tubulin (Catalog number: 11224-1-AP; 1:5,000) antibodies.



Cell Proliferation, Invasion, and Migration Assays

The Cell Counting Kit-8 (CCK-8) and colony formation assays were applied to explore the ability of proliferation of cancer cells in different groups. In CCK-8 experiment, a total of 2,500 cancer cells were added into each well of 96-well plate. 10 µl of CCK-8 solution (Beijing Solarbio Science & Technology Co., Ltd, Bei, China) was added into 96-well, then the absorbance of each well was analyzed at 450 nm after an incubation at 37°C for 2 h. For colony formation experiment, 1,000 cells of different groups were added into each well of a six-well plate. The culture medium was changed every 72 h. Crystal violet and 4% paraformaldehyde were applied to stain and fix the cells when the appearance of colonies could be recognized. The wound healing and transwell assays were applied to explore the ability of cellular migration and invasion.



Statistical Analysis

Statistical analyses were performed by RStudio software and the R software (version 3.8.0). One-way analysis of variance (ANOVA) and two tailed Student’s t-test were applied to analyzed the data. Statistical significance of the difference was set at P–value <0.05.




Results


Expression Level of METTL18 in Pan-Cancers and Hepatocellular Carcinoma

Based on the integrated analysis of TCGA and Genotype-Tissue Expression (GTEx) datasets, we totally included the expression data of 27 tumors in the database and the data were analyzed using the Wilcoxon test. METTL18 was significantly higher expressed in adrenocortical carcinoma (ACC), breast infiltrating carcinoma (BRCA), bladder urothelial carcinoma (BLCA), colon adenocarcinoma (COAD), cholangiocarcinoma (CHOL), cervical squamous cell carcinoma and adenocarcinoma (CESC), diffuse large B cell lymphoma (DLBCL), esophageal carcinoma (ESCA), pleomorphic glioma (GBM), head and neck squamous cell carcinoma (HNSC), renal clear cell carcinoma (KIRC), renal papillary cell carcinoma (KIRP), renal chromophobe cell carcinoma (KICH), brain low grade glioma (LGG), liver hepatocellular carcinoma (LIHC), acute myeloid leukemia (LAML), lung squamous cell carcinoma (LUSC), lung adenocarcinoma (LUAD), ovarian serous cystadenocarcinoma (OV), prostate cancer (PRAD), pancreatic cancer (PAAD), rectum adenocarcinoma (READ), gastric cancer (STAD), skin melanoma (SKCM), thymic cancer (THYM), thyroid cancer (THCA), testicular germ cell tumors (TGCT), uterine sarcoma (UCS), endometrial cancer (UCEC) (P < 0.05; Figure 1A). Besides, results have indicated that expression levels of METTL18 in 371 tumor tissues were higher than that in 160 normal samples (P < 0.001; Figure 1B) and METTL18 expression in 248 tumor tissues was significantly increased compared with 220 normal samples (P < 0.001; Figure 1C). In addition, METTL18 expression values in 50 tumor samples were significantly higher than 50 paired normal samples in the TCGA database via analyzing the expression of METTL18 in liver cancer, (P < 0.001; Figure 1D). Furthermore, we performed receiver operating characteristic (ROC), the area under the curve (AUC) of METTL18 is 0.948, which indicates that METTL18 was significantly different expression in tumor and normal tissue (Figure 1E).




Figure 1 | The expression levels of METTL18 in different cancers and METTL18-associated differentially expressed genes (DEGs). (A) Increased or decreased METTL18 of different cancers compared with normal tissues in the TCGA and GTEx database. (B–D) The expression levels of METTL18 in HCC. (E) A ROC curve to test the value of METTL18 to identify HCC tissues was drawn. (F, G) Volcano plots of the DEGs and heat map demonstrating the top 10 DEGs. *p < 0.05, **p < 0.01, ***p < 0.001, NS, no significance.





Identification of DEGs in HCC

We compared 186 HCC METTL18-high samples with 185 METTL18-low samples. Between the two groups, a total of 431 DEGs, including 153 downregulated genes and 278 upregulated genes, were found to be statistically significant (adjusted p-value < 0.05 and absolute Log2-fold change > 1.5) (Figure 1F and Supplementary Table 2). In addition, applying DESeq2 package, we analyzed DEGs in HTSeq-Counts. Ranked by relative expression, the top 10 differential expressed genes between two groups were demonstrated (Figure 1G).



Enrichment of Biofunction and Analysis of METTL18 Associated Genes in HCC

To better analyze the enrichment of biological function of METTL18 associated genes, we applied Metascape to explore GO enrichment, which demonstrated that METTL18 associated genes were involved in a number of Biological Processes (BPs), Cellular Compositions (CCs), and Molecular Functions (MFs). For instance, different expression of METTL18 could modulate the cellular transition metal ion homeostasis, stress response to metal ion, detoxification of inorganic compound and cellular zinc ion homeostasis. Moreover, cellular response to cadmium ion, kidney development, response to metal ion, appendage morphogenesis, transmembrane receptor protein threonine/serine kinase pathway, and BMP pathway also have the relationship with METTL18 related genes (Figure 2A and Supplementary Table 3).




Figure 2 | Significantly enriched GO annotations of METTL18 related genes in HCC. (A) Top seven of biological process enrichment related to METTL18 related genes with bar graph. (B–E) Enrichment plots from the gene set enrichment analysis (GSEA). Several pathways and biological processes were differentially enriched in METTL18-related HCC, including G2M checkpoint, KRAS signaling, mitotic spindle and E2F targets. NES, normalized enrichment score; p. adj, adjusted P value; FDR, false discovery rate.





Analysis of Protein–Protein Interaction Network

Using PPI network, we explore the association between the 431 DEGs in HCC group, by the STRING dataset and high confidence (0.70) of interaction score is set. Then, 205 proteins and 322 edges were chosen and with the criteria of total scores ≥5,000, three clusters of hub genes were chosen from PPI network (Supplementary Figures 1A–D; Supplementary Table 4). In addition, top 10 hub genes included TAT, PCK1, ALDOB, ETNPPL, FBP1, USP21, RRP15, CHTOP, SNAPIN, and ILF2.



Potential Mechanism of METTL18 in Regulating the Progression of HCC

To explore METTL18-associated pathways in HCC, we applied GSEA between the expression data of METTL18-high and -low to investigate significant differences (nominal, NOM p value < 0.05; false discovery rate, FDR q value < 0.25) in enrichment of the Molecular Signatures Database Collection (MSigDB) (c2.cp.reactome/biocarta/kegg.v6.2.symbols.gmt). We have chosen the top significantly enriched pathways by their normalized enrichment score (NES). Enrichment plots of GSEA revealed that G2M checkpoint, KRAS signaling, mitotic spindle and E2F targets were significantly enriched in patients with METTL18 (Figures 2B–E; Supplementary Table 5).



Association Between Expression of METTL18 and Immune Infiltration

Quantified by ssGSEA in the HCC tumor environment, Spearman correlation has been applied to demonstrate the association between the immune cell infiltration level and the expression level of METTL18. As shown in Figures 3A–G (P < 0.05), the expression of METTL18 was positively related to the abundance of acquired immunocytes [Th2 cells (R = 0.266, P < 0.001), T helper cells (R = 0.125, P = 0.016), etc.], and negatively associated with the abundance of innate immunocytes [DCs (R = −0.297, P < 0.001), Cytotoxic cells (R = −0.297, P < 0.001), iDCs (R = −0.217, P < 0.001), etc.].




Figure 3 | The expression of METTL18 was related to the immune infiltration in the tumor microenvironment. (A) Association between the METTL18 expression level and relative abundances of 24 immune cells. The size of dots demonstrates the absolute value of Spearman R. (B–G) Correlation diagrams and scatter plots indicating the differentiation of DCs, Cytotoxic cells, and Th2 cells infiltration level between high and low groups of METTL18 expression.





The Connection Between the Expression Level of METTL18 and Clinicopathologic Variables

To explore the significance and role of METTL18 expression, all of 371 HCC patients with patients’ characteristics and METTL18 expression data were identified from TCGA. With an average age of 61.0 years (range from 51.25 to 69.00 years), the cohort containing 250 men and 121 women. As demonstrated in Table 1 and Figures 4A–I, higher expression level of METTL18 was significantly related to T stage (T4 vs. T1, P = 0.013), histological grade (grade 4 vs. grade 1, P < 0.001), pathologic stage (stages III and IV vs. stage I, P = 0.016), Race (White vs. Asian, P < 0.001), adjacent hepatic tissue inflammation (Mild and Severe vs. None, P = 0.028), AFP (>400 vs. <=400, P = 0.002), TP53 status (mutational type vs. wild type, P = 0.019), Vascular invasion (yes vs. no, P = 0.023), and tumor status (with tumor vs. tumor free, P = 0.032). In addition, we performed the univariate logistic regression to explore the association between the expression of METTL18 and prognostic factors (Table 2). Higher expression of METTL18 in HCC is positively related to T stage (OR = 1.06 for T2, T3 and T4 vs. T1), pathologic stage (OR = 1.05 for Stages II−IV vs. Stage I), histological grade (OR = 1.08 for G3 and G4 vs. G1 and G2), adjacent hepatic tissue inflammation (OR = 1.06 for Mild and Severe vs. None), vascular invasion (OR = 1.05 for yes vs. no), race (OR = 1.07 for Asian and Black vs. White), and AFP (ng/ml) (OR= 1.04 for >400 vs. <=400) (all P < 0.05). Our results demonstrated that HCC patients with higher METTL18 expression were prone to develop to a more advanced stage.


Table 1 | The correlation between clinicopathological variables and METTL18 expression.






Figure 4 | Correlation between METTL18 expression and clinicopathological characteristics, including (A) histological grade, (B) T stage, (C) pathologic stage, (D) Race, (E) Adjacent hepatic tissue inflammation, (F) AFP, (G) TP53 status, (H) Vascular invasion, and (I) Tumor status in HCC patients in TCGA cohort. TCGA, The Cancer Genome Atlas; HCC, hepatocellular cancer.




Table 2 | METTL18 expression association with clinical pathological characteristics (logistic regression).





Higher Expression of METTL18 Was Significantly Associated With Poor Prognosis of Patients With HCC

The OS rates of HCC patients were significantly increased among samples with lower expression of METTL18 than patients with higher expression of METTL18 (P = 0.006; Figure 5A). Furthermore, DSS and PFI in lower METTL18 cohort were significantly longer than higher METTL18 cohort (P = 0.015; P = 0.006; Figures 5B, C). we also have validated the prognostic value of METTL18 in GEO datasets and the results indicated that higher expression of METTL18 was significantly related to poor prognosis (P = 0.021; Figure 5D). Then, based on the information of OS, DSS, and PFI, we performed subgroup analyses of prognosis, which demonstrated that survival rates of HCC samples with higher METTL18 expression was poor in T stages 3–4, N0, M0, and G3−4 subgroups of OS and pathologic stage III−IV subgroup of OS (Figures 5E–I). In addition, it should be mentioned that HCC samples with higher METTL18 in pathologic stage III−IV subgroup had worse prognosis in both OS and DSS (P = 0.005; P = 0.044), demonstrating METTL18 as a prognostic factor in HCC samples with distant metastasis. Lamentedly, there was no statistical difference in each subgroup of PFI. Using univariate cox regression, we have demonstrated that increased expression of METTL18 was related to poor OS (HR: 1.870; CI: 1.309−2.671; P = <0.001) (Table 3), DSS (HR: 1.76; CI: 1.12−2.76; P = 0.015) (Supplementary Table 6), and PFI (HR: 1.51; CI: 1.12−2.03; P = 0.006) (Supplementary Table 7). Furthermore, to better explore the characteristics related to prognosis, an analysis of multivariate regression was applied with Tumor status, T stage, M stage, and TP53 status. Similarly, higher expression of METTL18 was still an independent role related to poor OS (HR: 2.055; CI: 1.246−3.389; P = 0.005) (Table 3). In addition, increased expression of METTL18 also connected with poor DSS (HR: 2.488; CI: 1.026−6.035; P = 0.044) (Supplementary Table 6) while the expression of METTL18 demonstrated no relationship with PFI (HR: 1.114; CI: 0.736−1.687; P = 0.608) (Supplementary Table 7) in samples with HCC. According to the results of multivariate Cox regression, we analyzed the influence of METTL18 on prognosis (OS, DSS, and PFI) in subgroups. The higher expression of METTL18 patients demonstrated poor OS in pathologic stage III and IV subgroup (HR: 2.479; CI: 1.323–4.644; P = 0.005), histologic grade 3 and 4 subgroup (HR: 2.407; CI: 1.198–4.837; P = 0.014), T3 and 4 subgroup (HR: 2.348; CI: 1.304–4.227; P = 0.004), N0 subgroup (HR: 1.927; CI: 1.222–3.038; P = 0.005), and M0 subgroup (HR: 2.546; CI: 1.589–4.081; P < 0.001) (Table 4). Moreover, the results of subgroup analysis of DSS and PFI also found that higher expression of METTL18 had a worse survival rate in subgroup of other factors (Supplementary Tables 8, 9).




Figure 5 | Kaplan–Meier survival plots comparing the low and high expression of METTL18 in HCC. (A–D) Survival curves of OS, DSS, and PFI between high and low expression of METTL18 in patients with HCC. (E–I) OS survival curves of T stages 3 and 4, N0, M0, pathologic stages III and IV, and G3 and 4 subgroups between METTL18-high and -low patients with HCC. HCC, hepatocellular carcinoma; OS, overall survival; DSS, disease specific survival; PFI, progression free interval.




Table 3 | Univariate and multivariate survival method (Overall Survival) of prognostic covariates in patients with hepatocellular carcinoma.




Table 4 | The prognostic value of METTL18 (Overall Survival) in diverse hepatocellular carcinoma subgroups.





Construction and Evaluation of a Nomogram Related to METTL18

To better predict the survival rates of HCC patients, we performed a nomogram based on METTL18 and other independent clinicopathologic factors (Figure 6A). The point scale of nomogram was applied to assign points to each variable by the results of multivariate Cox regression. With the adjusted range from 1 to 100, the points of each variable were added up and total scores were calculated. By delineating a direct line down from the total score line to the outcome line, the probable prognosis of each HCC patients at 1-, 3-, and 5-years were defined. For example, an HCC patient with METTL18-high risk (89 points), tumor free (0 points), T3 (100 points), and M0 (0 points) could attain a total point of 189. The survival rates of 1-, 3-, 5-year were about 78.5, 48.5, and 32% (Figure 6A). Furthermore, the efficiency of the nomogram has been evaluated, and the calibration curve with Hosmer test of the nomogram in the TCGA-LIHC cohort was 0.689, which indicated that the ability of prediction efficiency of the nomogram is moderately accurate (Figure 6B).




Figure 6 | A quantitative method to predict HCC patients’ probability of 1, 3, and 5 year OS. (A) A nomogram for estimating the probability of 1, 3, and 5 year OS for HCC patients. (B) Calibration plots of the nomogram for evaluating the probability of OS at 1, 3, and 5 years. HCC, hepatocellular carcinoma; OS, overall survival.





Knockdown of METTL18 Suppress Malignant Phenotype of Hepatocellular Carcinoma In Vitro

To explore the role of METTL18 in LIHC, the expression of METTL18 in the six hepatocellular carcinoma cell lines (HepG2, M97H, LM3, Bel7402, SK-HEP1, and Huh7) was analyzed respectively. The expression of METTL18 in the LM3 and Huh7 cell lines was higher than other cell lines (Figure 7A). Then, the LM3 and Huh7 cell lines were selected for functional analysis. Using western blotting, we have detected the efficiency of METTL18-siRNA (Figure 7B). The results of colony formation and CCK8 experiments demonstrated that lower expression of METTL18 significantly inhibited the ability of proliferation and colony formation of LM3 and Huh7 cells (Figures 7C–E). The results of wound healing experiment indicated that knockdown of METTL18 significantly inhibited the migration of LM3 and Huh7 cells (Figures 7F, G). The results of transwell experiment indicated that the LM3 and Huh7 cells exhibited significantly decreased invasion ability upon METTL18 knockdown (Figures 7H, I). These results proved that METTL18 could be a promoter of hepatocellular carcinoma. Further research studies are needed to reveal the underlying mechanisms.




Figure 7 | Decreased the expression of METTL18 inhibits proliferation, invasion, and migration of liver cancer cells in vitro. (A) The expression of METTL18 in the HepG2, M97H, LM3, Bel7402, SK-HEP1, and Huh7 cell lines were detected by western blotting, respectively. (B) The transfection efficiency of si-METTL18 in the LM3 and Huh7 cell lines explores by western blotting. (C) The CCK-8 assay was applied to detect the efficiency of METTL18 knockdown on the proliferation of LM3 and Huh7 cell lines. (D) Images of the colony formation assay after knockdown of METTL18 in the LM3 and Huh7 cell lines. (E) Representational statistical analysis of the colony formation assay, including control, si-control, and si-METTL18 groups. (F) Representational images of the wound healing assay. (G) Statistical analysis of the wound healing assay results after decreased expression of METTL18. (H) Images of the transwell assay results after knockdown of METTL18 in the LM3 and Huh7 cell lines. (I) Representational statistical analysis of the transwell assay. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, NS, no significance.






Discussion

More than 27 members are involved in the METTL family, but only a few of them have been studied (15, 24–26). Since the METTL family shares a limited conserved domain, it is found that their functions are diverse (24). Recently research studies have demonstrated that members of METTL play a key role in the progression of a number of tumors via multiple mechanisms. For example, METTL3 could induce m6A modification in coding region of mRNA transcription related to the cell cycle, which is essential for the differentiation of leukemia cells and ultimately promotes the translation of a variety of oncogenic mRNAs (27). In addition, a number of members of METTL family have been demonstrated participating in the process of initiation and development of cancers (11–13). For instance, METTL16, METTL2B, and METTL8 (14, 15) and play significant roles in tumorigenesis (16). However, the impact of METTL18 in tumor development has not been explored.

Based on our study, the expression levels and prognostic values of METTL18 were evaluated, we found that expression of METTL18 is abnormal in a number of tumors and significantly high in liver cancer in multiple databases. In addition, we found that METTL18 has a relatively high ROC score with an AUC of 0.948 for HCC in the TCGA database. In general, METTL18 is differentially expressed in tumor and normal samples. However, further prospective research studies are warranted to form the diagnostic accuracy of METTL18 in HCC.

To better explore the METTL18 function, we used GO and GSEA to perform functional analysis. We found that higher METTL18 phenotype was associated with cellular zinc ion homeostasis, detoxification of copper ion, stress response to copper ion, zinc ion homeostasis by GO analysis. Recently, multiple studies have demonstrated that alterations of metal molecular, such as Zinc and Copper, could modulate various molecular targets which playing an important role in progression and development in various cancers, such as cyclic AMP (cAMP)-dependent protein kinase (PKA), protein kinase C (PKC), and transcription factors (including nuclear factor (NF)-κB) (28–32). In addition, using Cytoscape, the PPI network of METTL18-related genes was performed, and the results indicated that diverse biological processes and signaling pathways have association with these genes. In future research studies, we will explore the relationship between METTL18-related genes and prognosis of HCC.

We also indicated that METTL18 was significantly associated with G2M checkpoint, E2F targets, KRAS signaling, and mitotic spindle by GSEA. G2M checkpoint and KRAS signaling pathway have been proved to play an important role in the progression and development of liver cancer (33–35). A previous study has demonstrated biological processes related to cell proliferation like G2M checkpoint, and cell cycle were enriched in abnormal expression of RNA-methyltransferase NSUN6 (36). Furthermore, research studies have demonstrated that E2Fs are the downstream of cell cycle signaling pathway and have a significant impact in modulation of cell proliferation, differentiation, and apoptosis (37–39). Also, mitotic spindle has been found enhancing chromosomal instability and liver cancer progression (35). These studies and our results indicated that METTL18 might contribute to HCC initiation and development by modulating cell cycle and KRAS pathway. But the association of METTL18 expression with G2M checkpoint, KRAS signaling, mitotic spindle and E2F targets was the first to be reported, and the regulatory molecular mechanism needs to be further explored.

Recently, research studies have shown that tumor infiltrating immune cells (TIICs) could modulate the process of development as well as progression of tumor (40). In addition, TIICs are potentially clonally expanded and preferentially enriched in HCC (41), and poor prognosis correlates with accumulation of TIICs in HCC (42). Then, our results demonstrated that METTL18 expression in HCC was negatively associated with multiple types of immune cell infiltration, for example, dendritic cells (DCs, iDCs, and pDCs) and cytotoxic cells. DCs, also known as a group of antigen-presenting cells, have a significant impact on the initiation and regulation of cancer immune responses (43). Recently, one study has shown DCs can generate resistance to HCC (44). Immature DCs have the phagocytic ability. However, mature DCs have a significant modulation function as well as produce a large number of cytokines (45). These results demonstrated that the DCs had a potent negatively correlation with METTL18. In addition, cytotoxic cells, also known as CD8+ T lymphocytes with cytotoxic granules, are the important anti-tumor effector cells (46). One research has reported that hepatocellular carcinoma cells could mediate the progression, development and tumor resistance to PD1 by inhibiting the cytotoxic T cell response (47). Therefore, our results reveal the potent modulating role of METTL18 in immune response with liver cancer. Furthermore, significantly connection can be found between expression of METTL18 and the modulation of T helper cells, Th2 cells, and Tfh in HCC. These associations could be indicative of a potent mechanism where METTL18 modulates T cell functions in HCC. In summary, these results demonstrate that the METTL18 plays a significant role in modulation of immune infiltrating cells in HCC.

Although research studies have demonstrated that there was diverse association between the expression of member of METTL and clinical pathological factors in HCC (17, 18, 48). In our study, results have indicated that elevated expression level of METTL18 was related to poor prognosis and advanced clinical pathologic characteristics in HCC. In a stratified analysis, we found that METTL18 expression remained a powerful factor to forecast the prognosis within these subgroups, such as T2 to 4, stage 2 to 4, N0, M0 and histologic grade G3 and G4 etc, indicating that METTL18 was independent of these significant clinicopathological parameters.

After regulating the conventional clinicopathological factors, our study indicates that METTL18 could perform as an independent prognostic factor of poor OS and DSS for HCC. Then, our METTL18 related nomogram was performed with the expression level of METTL18 and other clinical factors (cancer status, T stage, M stage, etc). The C-index of METTL18-related Cox model for overall survival prediction was 0.689 (95%CI: 0.645−0.732). The calibration plots demonstrated optimal agreement between the prediction by METTL18-related nomogram and actual observation for 1-, 3-, and 5-year OS probability. Our nomogram was performed based on the complementary perspective for individual patients and provided a personalized score for respective tumors. In addition, our model could be a new method to estimate the prognosis of clinicians in the future.

Furthermore, the impact of METTL18 on the ability of proliferation, invasion, and migration of hepatocellular carcinoma cells was explored in vitro. We found that malignant phenotype of HCC cells was suppressed when METTL18 is knocked down, indicating the expression of METTL18 is a potent target for hepatocellular cancer therapy. In future research studies, the underlying mechanisms of METTL18 in HCC should be elucidated.

Although this research improved our understanding about the correlation between METTL18 and HCC, there still existed some limitations. Firstly, to better evaluate the significant role of METTL18 in progression of hepatocellular carcinoma, all types of clinical characteristics should be involved, for example, the way of treatment for each patient. However, because the experiments were done in different center, this kind of missing information were inevitable in public databases. Second, the relationship between the expression level of METTL18 and prognosis should be verified using more clinical samples, and using the single cohort from public datasets to predict the prognosis is far from perfect. In addition, because the limitations of this research design, the significant pathways correlated with METTL18 may have been missed, and the related signaling should be explored further. To better examine the mechanism of METTL18 in HCC, we would conduct more experimental studies on METTL18 in the sooner future.



Conclusion

In our study, we demonstrated METTL18 as an important molecular biomarker with prognostic value and may have significant impact on the modulation of cell cycle, KRAS signaling and immune infiltration in HCC. This research supported promising visions for subsequent study to clarify the molecular pathogenesis and clinicopathological significance of HCC. Randomized clinical trials and further studies are needed to analyze the underlying mechanism and clinical applications for HCC patients.
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Background

Aberrant DNA methylation is a critical regulator of gene expression and plays a crucial role in the occurrence, progression, and prognosis of colorectal cancer (CRC). We aimed to identify methylation-driven genes by integrative epigenetic and transcriptomic analysis to predict the prognosis of CRC patients.



Methods

Methylation-driven genes were selected for CRC using a MethylMix algorithm and LASSO regression screening strategy, and were further used to construct a prognostic risk-assessment model. The Cancer Genome Atlas (TCGA) database was obtained as the training set for both the screening of methylation-driven genes and the effect of genes signature on CRC prognosis. Then, the prognostic genes signature was validated in three independent expression arrays of CRC data from Gene Expression Omnibus (GEO).



Results

We identified 143 methylation-driven genes, of which the combination of BATF, PHYHIPL, RBP1, and PNPLA4 expression levels was screened as a better prognostic model with the best area under the curve (AUC) (AUC = 0.876). Compared with patients in the low-risk group, CRC patients in the high-risk group had significantly poorer overall survival in the training set (HR = 2.184, 95% CI: 1.404–3.396, P < 0.001). Similar results were observed in the validation set. Moreover, VanderWeele’s mediation analysis indicated that the effect of methylation on prognosis was mediated by the levels of their expression (HRindirect = 1.473, P = 0.001, Proportion mediated, 69.10%).



Conclusions

We identified a four-gene prognostic signature by integrative analysis and developed a risk-assessment model that is significantly associated with patients’ survival. Methylation-driven genes might be a potential prognostic signature for CRC patients.
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Introduction

Colorectal cancer (CRC) is the most common malignant tumor of the digestive system (1). Although recent advances in diagnostic and therapeutic modalities for CRC have greatly improved in survival with early colorectal carcinoma, the 5-year overall survival (OS) rates remain low in the late stage of CRC (2, 3). According to the SEER database (1973–2014, 2017 release), the 5-year survival rate for stage IV patients with metastases is only 11% (4). Nowadays the tumor-node-metastasis (TNM) staging system is identified as the gold standard to determine the prognosis of CRC patients. However, the effects and prognosis of CRC patients in the same stage using the same treatment are very different, demonstrating that there is the heterogeneity of tumor prognosis in the same stage and thus, the traditional TNM staging system fails to reflect tumor heterogeneity and assess the prognosis of CRC patients accurately (5, 6). Therefore, more effective prognostic biomarkers are needed to evaluate CRC prognosis.

DNA methylation is one of the most frequently occurring epigenetic modifications, which plays a crucial role in regulating gene expression and genome function (7). A series of studies have reported significant biomarkers for predicting the prognosis of CRC patients at different omics levels, including DNA methylation (8), microRNAs (9), gene expression (10), and proteins (11). These studies are based on single-level OMICS to consider the complicated process of tumor development (12). While the multi-OMICS may understand the biological behavior of tumors more systematically in multiple dimensions to further reveal complex molecular mechanisms in different phenotypic manifestations and discover molecular candidates with prognostic values (13). Recent studies have a trend of integrating omics to better screen potential prognostic biomarkers (14, 15). Currently, there is a driven regulation mode for selective recognition of hypermethylated or hypomethylated genes that can regulate gene expression and form specific tissue types during development (16). This mode may identify methylation-driven genes, which serve as a key indicator in the development, progression, and prognosis of tumors. At present, studies on methylation-driven genes to evaluate the prognosis of patients have been reported in the bladder (17), hepatocellular (18), and gastric cancers (19). Therefore, it is imperative to combine the profiles of DNA methylation and expression to identify CRC-related methylation-driven genes and evaluate the prognosis of CRC patients.

Here, CRC-related specific methylation-driven genes were based on the MethylMix algorithm. These genes were selected by the profiles of genome-wide DNA methylation and gene expression from The Cancer Genome Atlas (TCGA) and were validated from ArrayExpress databases. We further constructed a prognostic model to predict the overall survival (OS) of CRC patients in TCGA datasets and validated this model by Gene Expression Omnibus (GEO) datasets. The time-dependent receiver operating characteristic (ROC) curves and nomograms were utilized to estimate the capability of prediction for the prognostic model in two datasets.



Materials and Methods


Study Population and Data Preprocessing

All the subjects used in this study were obtained from publicly available databases, including TCGA, GEO, and ArrayExpress databases. Methylation-driven genes for CRC were identified by the profiles of DNA methylation and gene expression from TCGA (N = 431), including 386 CRC tissues and corresponding 45 adjacent non-tumor tissue samples. Then these candidate genes were validated further from ArrayExpress databases (N = 214) where contain 214 CRC tissue samples. A prognostic risk-assessment model was developed based on TCGA datasets (N = 367) and was validated the model by Gene Expression Omnibus (GEO) datasets (N = 355) of three-independent gene expression arrays [GSE17536 (N = 177), GSE17537 (N = 55), and GSE72970 (N = 123)], where the CRC clinical information included sex, age, TNM stage, and survival.

Level 3 methylation data were obtained from the TCGA Methylation 450k Bead chip by the function of the DownloadMethylationData in a TCGA-Assembler 2 Bioconductor package (18, 20). According to the function of the CalculateSingleValueMethylationData, the average value of all CpG sites in the promoter region between the transcription start site (TSS) 200 and TSS 1,500 bps was calculated. Meanwhile, RNA-seq expression data were also collected from TCGA database. The RNA-Seq data were normalized by function ProcessRNASeqData.



Identification and Validation of Methylation-Driven Genes for CRC

MethylMix is an R package using the analysis of the correlation between methylation level and gene expression level (21). According to the Bioconductor package MethylMix, we integrated DNA methylation data of the tumor tissue samples and normal tissue samples, and gene expression data of CRC tissue samples in TCGA datasets to screen most likely specific driven genes for CRC. The highly correlated genes were selected for further analyses. We compared the DNA methylation status in tumor versus normal patients by Wilcoxon rank-sum test. Absolute log fold change (FC) ≥0, correlation coefficient (Cor) < −0.5 and adjusted P < 0.05 were used as screening conditions. Finally, we screened out 143 methylation-driven genes for further analyses according to the requirements of the MethylMix algorithm. To further narrow the predictors, a least absolute shrinkage and selection operator (LASSO) regression was used to narrow the range of methylation-driven genes. A strong correlation often exists between the variables, indicating that high dimensionality and collinearity. And this LASSO model method could decrease the characteristic dimension. Then, a multivariable Cox regression model to select driven genes that were most closely associated with survival was constructed and six methylation-driven genes were retained (22, 23).

Moreover, a total of 214 CRC patients contained both DNA methylation and expression data were collected from patients for surgery at the Royal Brisbane and Women’s Hospital in Brisbane, Australia, a consecutive manner between 2009 and 2012 (24). We analyzed these six methylation-driven genes whose correlation between the methylation levels of promoter probes and those gene expressions to further validate whether are the candidate methylation-driven genes. The correlation between methylation level in the promoter region and their corresponding gene expression level was calculated by Pearson’s rank. The data have been stored at EMBL-EBI (https://www.ebi.ac.uk/arrayexpress/) from the ArrayExpress database. The accession numbers are E-MTAB-7036 (methylation) and E-MTAB-8148 (expression).



Construction and Validation of a Prognostic Risk-Assessment Model

To better assess the prognostic predictive power of those methylation-driven genes, we construct a prognostic risk-score model by multivariable Cox analysis:

	

In which, N represents the number of methylation-driven genes; Exp is the expression level of every driven gene, and Coef is the coefficient of multivariable Cox regression analysis in the model. Risk score (RS) is a multimode weighted sum of the prognostic risk value of each sample. Six methylation-driven genes could combine 2n−1 = 63 signatures, therefore, every CRC patient has 63 prognostic risk scores. In the training set, the hazard ratios (HR) and the area under curves (AUCs) values from the prognostic score of the 63 signatures were analyzed. We constructed the best prognostic risk model by comparing each AUC value in 63 signatures.

To validate the predictive capability of the best risk-assessment model, we obtained three gene expression arrays of human CRC datasets [GSE17536 (N = 177), GSE17537 (N = 55), and GSE72970 (N = 123)] from the Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/), serving as a validation cohort (N = 355) (25–27). To minimize batch effects from different microarray platforms, samples in three different datasets were selected from the same chip platform (Affymetrix Human Genome U133 Plus 2.0 Array) and normalized with by Bioconductor package Sva (28, 29).



Gene Set Enrichment Analysis (GSEA)

To explore the potential biological function and promising signaling pathways correlated with the methylation of driven genes, GSEA was conducted to analyze the biological function of four genes using the Java GSEA v4.0.1 software (http://software.broadinstitute.org/gsea/datasets.jsp). The files of ontology gene sets were collected from the Gene Ontology (GO) (c5.all.v7.1.symbols) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (c2.cp.kegg.v7.1.symbols) databases. The screening conditions of significant pathways and biological functions were the absolute value of normalized enrichment score (NES) >1, P-value <0.05, and false discovery rate (FDR) q value <0.05.



Statistical Analysis

The median cut-off value divided CRC patients into high-risk and low-risk groups. The analysis of time-dependent ROC curves and Kaplan-Meier survival analysis were utilized to compare the survival rates at different follow-up time points and the difference of the OS between the two groups for CRC patients. Then, univariable and multivariable Cox regression analyses were performed to illustrate whether the methylation signature model is serving as an independent indicator. Before conducting multivariable Cox regression models, we successfully estimated the assumption by the equal-proportional hazards assumption. Moreover, in order to evaluate further the survival probability of individual patient’s outcome events, the clinical factors (age, gender, and TNM staging) and risk score of genes signature were used to build the nomogram by utilizing the rms and the Hmisc packages in R. In the nomogram, each patient had a score for predicting each survival probability, and a higher number of total points represented a worse outcome for the patient. Calibration curves were calculated to estimate the efficiency of the nomogram. VanderWeele’s mediation analysis was utilized to explore whether the effect of the methylation signature on prognosis is affected by their mRNA expression (30). The total effect of methylation on prognosis (HRTotal) was split into two effects, including the direct effect (HRDirect) which represents the direct effect of the methylation on prognosis, and the indirect effect (HRIndirect) that indicates the prognostic effect of methylation mediated through gene expression. All analyses were performed with the R Statistical Program (version 3.6.1). P-value <0.05 were considered statistically significant.




Results


Clinical Characteristics of the Patients

The clinical information of CRC patients contained a training cohort (N = 367) that was extracted from the TCGA database and a validation cohort (N = 355) that was obtained from GEO datasets (GSE17536, GSE17537, and GSE72970). The patients’ characteristics are summarized in Table 1.


Table 1 | Summary of patient demographics and clinical characteristics.





Identification and Validation of CRC Methylation−Driven Genes

By the MethylMix algorithm, we identified 143 methylation-driven genes that were transcriptionally regulated with methylation status. The process of determining and analyzing methylation-driven genes signature is displayed in Supplementary Figure S1. These genes are summarized in Figure 1A and Supplementary Table S1. After screening out these 143 methylation-driven genes, we included these genes in the LASSO model. We found that when the λ value is 0.038, the cross-validation error coefficient of the model is lowest, and the corresponding genes are ten (ANXA9, BATF, PHYHIPL, RBP1, PNPLA4, FCGBP, GIPC2, FGC2, FAM131A, and SERPINA1) (Figures 1B, C). Then, 10 genes obtained by the LASSO regression model were incorporated into the multivariable Cox model. And finally obtained six methylation-driven genes (ANXA9, BATF, PHYHIPL, RBP1, PNPLA4, and SERPINA1) (Supplementary Table S2). We further validated the correlation between methylation level of probes in the promoter region and corresponding gene expression level in a total of 214 patients from the ArrayExpress database. Due to the partially missing in the methylation 450K bead chip data, we validated only four methylation-driven genes (ANXA9, BATF, RBP1, and SERPINA1). However, the stable results of candidate genes were similar to training sets (Supplementary Figure S2).




Figure 1 | Identification of methylation-driven genes in CRC patients. (A) Heat map of 143 CRC-related methylation-driven genes. The color change from green to red illustrates a trend from hypomethylation to hypermethylation. |log FC|≥0, adjusted P < 0.05, and Cor <−0.5. CRC, colorectal cancer; FC, fold change. (B) Selection of driven genes in the LASSO model. (C) Tuning parameter (λ) selection in the LASSO model used cross-validation via the maximum criteria. The dotted vertical lines were drawn at the optimal values using the maximum criteria and the one standard error of the maximum criteria.





Construction and Validation of the Prognostic Risk-Assessment Model in the Training and Testing Sets

According to the risk score of the prognostic model in the training set, these six methylation-driven genes have 26−1 = 63 possible combinations and relevant prognostic risk scores. By calculating AUC values of 63 signatures, we found that the expression signature consisted of BATF, PHYHIPL, PNPLA4, and RBP1 was served as a better prognostic signature (Supplementary Table S3). The prognostic risk score of these combined four genes was determined as follows: Risk score = (0.253 × expression level of BATF) + (0.147 × expression level of PHYHIPL) + (−0.183 × expression level of PNPLA4) + (−0.172 × expression level of RBP1) (Table 2). The AUC value of four methylation-driven genes signature was 0.876, demonstrating a better capability of prediction with the 9-year OS of CRC patients. The Kaplan-Meier survival analysis demonstrated that CRC patients in the high-risk group had poorer survival than those in the low-risk group (HR = 2.184, 95% CI: 1.404–3.396, P < 0.001) (Figure 2). Moreover, we further analyzed the difference of expression levels of four genes in tumor and normal tissues and found that the expression level of PHYHIPL (P = 0.002) in CRC tissues is lower than that of normal tissue. While the expression level of BATF in normal tissue is lower than that of CRC tissue (P = 0.002). However, the expression levels of PNPLA4 and RBP1 are not significantly different between CRC tissue and normal tissue (Supplementary Figure S3).


Table 2 | Identified four methylation-driven genes in the prognostic signature and their multivariable Cox associated with prognosis.






Figure 2 | Construction of four-gene risk score model in the TCGA dataset. (A) Distribution of risk scores in the high-risk and low-risk groups. (B) Survival overview in two high-risk and low-risk groups. (C) Heatmap of the four-gene expression profiles corresponding risk scores in the high-risk and low-risk groups in the TCGA database. (D) Comparison of OS between the high-risk and low-risk groups. OS, overall survival.



To validate the predictive capability of the expression prognostic genes signature, the same prognostic model was used to calculate the risk scores of a total of 355 CRC patients in the independent testing set of the GEO database. The Kaplan-Meier survival analysis showed CRC patients in the high-risk group had significantly poorer survival than those in the low-risk group (HR = 1.963, 95% CI: 1.456–2.647, P < 0.001) (Supplementary Figure S4). These results were similar to those in the training set.

Furthermore, we built the mediation model underlying the mediation pathway of methylation, mRNA expression, and OS by VanderWeele’s mediation analysis (Figure 3A). The effect of the methylation signature of combined four genes on prognosis was mostly mediated by their corresponding mRNA expression (HRindirect = 1.473, 95% CI: 1.165–1.862, P = 0.001, Proportion mediated, 69.10%). After excluding the methylation and expression of each gene, the result of sensitivity analysis retained statistically significant in the indirect effect (Figure 3B).




Figure 3 | Mediation analysis for methylation-driven prognostic signature through mRNA expression. (A) Diagram of a mediation model. (B) The risk score of four methylation-driven genes’ methylation level was considered as “exposure” (scoremethylation); the mediator was the linear combination of the corresponding four genes’ expression level (scoreexpression) (Overall model). Total prognostic effect in the hazard ratio (HR) was described as direct effect (HRdirect), indirect effect (HRindirect), corresponding 95% CI, and the proportion of effect mediated (M%). Furthermore, sensitivity analyses were performed by excluding each gene, respectively, which retained statistical significance for the mediation effect. CI, confidence interval.





Assessment of the Predictive Performance of the Expression Prognostic Model by Time-Dependent ROC Curves and the Nomogram  

According to a time-dependent ROC curves analysis, in the training set, we observed that their AUC values were 0.626 at 3 years, 0.670 at 5 years, and 0.885 at 10 years, respectively (Figure 4A). We further observed AUC values in the testing set, with 3-, 5-, and 8-year were 0.695, 0.716, and 0.803, respectively (Figure 4B). Then, we investigated whether the risk score of genes signature was used as an independent indictor for CRC patients by univariable and multivariable Cox analyses, and found that the prognostic score was an independent prognostic factor in the training set (high-risk group vs low-risk group, HR = 2.221, 95% CI: 1.382–3.571, P = 0.001). However, the result in the testing set was a little bit low (high-risk group vs low-risk group, HR = 1.436, 95% CI: 1.051–1.962, P = 0.023) (Table 3).




Figure 4 | Predictive OS performance of the signature using time-dependent ROC analysis and the nomogram in training and validation sets. (A) Time-dependent ROC curves analysis for the 3-, 5-, and 10-year OS prediction by signature in the training set. (B) Time-dependent ROC curves analysis for the 3-, 5-, and 8-year OS prediction by signature in the testing set. (C) Nomogram to predict the 1-, 5-, and 10-year OS of CRC patients in the training set. (D) Calibration curves of 5-year OS nomogram model in the training set. (E) Nomogram to predict the 1-, 3-, and 5-year OS of CRC patients in the testing set. (F) Calibration curves of 5-year OS nomogram model in the testing set. The gray line represents the ideal predictive model, and the red line represents the observed model.




Table 3 | Univariable and multivariable Cox regression analyses of the four methylation-driven genes signature and survival of CRC patients in the training and testing sets.



We further built a nomogram, including the risk score of signature and clinical factors (age, gender, and TNM stage). The nomogram served as an individual’s prognostic predictor to predict the probability of overall survival with 1-, 5-, and 10-year for CRC patients (Figure 4C). Moreover, in the training set, calibration plots demonstrated that the nomogram had similar predictive performance compared with an ideal model in predicting the 5-year OS for CRC patients (Figure 4D). Similar results were observed in the testing set (Figures 4E, F) (Concordance-index: 0.747 in the training set and 0.707 in the testing set). Additionally, compared with the TNM staging system, the nomogram had a higher C-index in predicting the OS for CRC patients in the training and testing sets (Supplementary Table S4).



Subgroup Analyses of the Prognostic Performance of the Methylation-Driven Genes Signature

To determine whether our model was highly applicable and precisely predict the OS of CRC patients, we performed subgroup analyses based on different clinical characteristics (age, gender, and TNM stage). The prognostic effect of the genes signature in different age groups, female groups, TNM stage groups revealed that CRC patients in the high-risk group had significantly poorer survival than those in the low-risk group (P < 0.001). However, in the male, similar results could not be observed in the training set (Supplementary Figure S5). Similar results were also observed in the testing set (Supplementary Figure S6).



Comparison of Prognostic Risk Model With Other Prognostic Biomarkers in CRC

The ROC curves analysis for other prognostic biomarkers was analyzed just as our expression prognostic risk model, the results indicated that the AUC value of our four-gene signature was better than that of other known prognostic biomarkers (AUC = 0.794). The AUC values of these biomarkers are summarized in Supplementary Figure S7 and Supplementary Table S5. These results revealed that our genes signature had better predictive performance in predicting the long-term OS of CRC patients.



Functional Enrichment Analysis of Four Methylation-Driven Genes

We further explored the biological functions of the four genes by GSEA 4.0.1 software and found that the expression level of BATF may be related to the “regulation of viral process” and “non-small cell lung cancer.” The expression level of PHYHIPL may be related to the function of “blastocyst growth” and “WNT signaling pathway.” However, the FDR value is more than 0.25, there may be false-positive results. Moreover, we found that the expression level of PNPLA4 may be related to the function of “peroxisome” in both GO and KEGG functional enrichment. The expression level of RBP1 may be related to the “morphogenesis of a polarized epithelium” and the “WNT signaling pathway.” However, the FDR value is 1.000, there may be false-positive results (Supplementary Figure S8).




Discussion

Because CRC patients with the same pathological staging often differ in survival, a new prognostic assessment model is required to indicate biological heterogeneity, appropriately guide clinical assessment and intervention, and individualize treatment (6). Previous studies have indicated that DNA methylation, an epigenetic modification, regulates gene expression in the development and progression of cancer (31). Moreover, the comprehensive analysis of DNA methylation and gene expression data can better analyze the regulatory function of methylation and effectively predict the prognosis of tumor patients (32). Therefore, methylation-driven genes may be identified as potential prognostic biomarkers with involvement in pathogenesis (17, 33). Besides, the development and progression of tumors involve the process of a complex regulatory network. Compared with a single biomarker, integrating multiple biomarkers into a combined model could better assess the prognostic value (34). We construct a prognostic model based on four methylation-driven genes and provide a comprehensive prospect for both basic research and clinical applications of methylation-driven genes.

In this study, we used different statistical analyses and the LASSO penalized model obtaining 143 methylation-driven genes. Four out of them (BATF, PHYHIPL, PNPLA4, and RBP1) were identified as genes associated with CRC prognosis, which were selected to develop a prognostic score model and validated the model in external testing set. The results showed that the prognostic score was significantly associated with the OS of CRC patients, demonstrating that CRC patients in the high-risk group have significantly poorer survival than those in the low-risk group. The AUC value based on genes signature was 0.874 in predicting the 9-year of OS for CRC patients in the training set. We further revealed that the risk score of prognostic signature could serve as an independent indictor of patient survival without the effect of age, gender, and TNM stage. Besides, the nomogram was generated to predict the survival probability of individual patients’ models, thus evaluating the probability of outcome events. The calibration plots indicated that the predicted survival was close to the actual survival status (C-index: 0.747). These results revealed the obvious predictive capability of genes signature on the prognosis of CRC patients. Moreover, in the stratified analysis, our prognostic model performed well stability for predicting the survival of CRC patients in different age, female, and TNM stage groups in the training and testing sets. However, the males’ group in the training set could not distinguish between low- and high-risk groups. Since this is the first study of methylation-driven genes for CRC, large sample sizes may be necessary to further analyze in the future. Additionally, a comparison of our prognostic signature with other prognostic biomarkers revealed that it had a higher predictive performance with OS of CRC patients.

After a series of analyses, our study provides four prognostic genes. Among these genes, three (BATF, PHYHIPL, and RBP1) have been reported as cancer-associated genes. BATF, a transcription factor, belongs to a highly conserved member of activator protein 1 (AP-1) and a family of the basic leucine zipper ATF-like transcription factor (BATF) (35). A series of studies suggest that BATF may influence the development of different types of cancer, including non-small cell lung cancer (NSCLC), lymphoma, and multiple myeloma (36, 37). Such as, BATF might active NSCLC cell proliferation and apoptosis in BATF-silenced A549 cells (38). In addition, BATF is a gene that inhibits T cell function, inhibitory receptors can cause T cell exhaustion by upregulating BATF (39). Recently a study has found that increased expression of BATF, a significant positive correlation that existed with PDCD1 expression, may suppress CD8+ T function and affect the development of colorectal cancer (40). Phytanoyl-CoA 2-hydroxylase-interacting protein-like gene (PHYHIPL), a protein-encoding gene, may correlate with the prostatic small cell carcinoma (41). Not much is known about the function of PHYHIPL now. Previous findings from TCGA database reported that the downregulation of PHYHIPL is associated with poor OS, demonstrating that this gene is involved in the development of Glioblastoma multiforme (GBM) (42). RBP1 (Retinol Binding Protein 1), is also named Cellular Retinol Binding Protein 1 (CRBP1) and is located in the cytogenetic region 3q23 (43). RBP1 is considered a chaperone-like molecule to regulate the phase of retinol signaling and affect the proliferation and differentiation of epithelial cells (44). Recent studies have found that the expression of RBP1 has been reported in many tumor cells, including breast carcinoma (45), lung adenocarcinoma (46), tongue squamous cell carcinoma (47), and cervical cancer (48). Recent studies suggest that RBP1 hypermethylation and low expression level are associated with a poor prognosis in various cancer. For example, in EBV-associated gastric carcinoma, hypermethylation of RBP1 in the promoter region, correlated with the upregulation of RBP1, which demonstrated that patients with CpG island methylator phenotype-high (CIMP-H) have poorer survival than those with CIMP-low in gastric carcinoma (49). PNPLA4 (Patatin Like Phospholipase Domain Containing 4) belongs to a member of the patatin-like family of phospholipases, which may be involved in adipocyte triglyceride homeostasis of HeLa cells (50). Although the function of this gene is still not well known, we observed a significant negative correlation between methylation and expression level of PNPLA4. Therefore, PNPLA4 may indicate a novel CRC biomarker, and further experiments are required to validate this finding.

To the best of our knowledge, this is the first predictive risk model of CRC based on methylation-driven genes. These four genes have not been previously reported on the underlying mechanism of them and studied as a prognostic biomarker in CRC patients. Our study provides a foundation for further exploration into the functions of the four genes. Other strengths include that, compared with previous studies based on methylation-driven genes in other cancers, our study firstly utilized different testing sets to separately validate methylation-driven genes and prognostic models from multi-public datasets. Additionally, we acknowledge several possible limitations to the present study. Firstly, the development and evaluation of this prognostic model were based on publicly available datasets. To further confirm this model, large sample sizes, multicenter, and prospective clinical cohorts may be necessary for the future. Secondly, studies are needed to further verify the biological mechanisms behind the values of these genes for CRC. Regardless, our results showed a significantly consistent association of the signature with OS in different datasets, demonstrating that it serves as a potential prognostic biomarker for CRC.

In summary, we identified 143 methylation-driven genes by integrative analysis of both methylation and expression profiles and selected four of them (BATF, PHYHIPL, RBP1, and PNPLA4) to construct a prognostic risk model. This study reveals that a four-gene methylation-driven prognostic signature accurately predicts the OS of CRC patients and could be a promising marker for improving the clinical prognostic evaluation of CRC patients. DNA methylation-driven genes may be a potentially useful novel biomarker for predicting CRC prognosis.
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SLC2A3 is a membrane transporter that belongs to the solute carrier family, whose function includes transmembrane transport and glucose transmembrane transport activity. To clarify the expression and role of SLC2A3 in colorectal cancer (CRC), we analyzed the TCGA and GEO databases and found that SLC2A3 mRNA levels were significantly higher in CRC tissues than that in adjacent non-tumor tissues. Furthermore, high expression of SLC2A3 predicted poor overall survival and disease free survival for CRC patients. For validation, we collected 174 CRC samples and found that SLC2A3 expression was higher in CRC tissues than that in adjacent non-tumor colorectal mucosa tissues by immunohistochemistry staining. Further study showed that high expression of SLC2A3 was enriched in epithelial–mesenchymal transition (EMT) classical pathway, interferon-γ pathway by GSEA analysis enrichment, indicating that SLC2A3 may play a key role in the progression of CRC through EMT and immune response, which also has been validated by the global gene expression profiling of human CRC cell lines. The expression of SLC2A3 was positively correlated with CD4 and CD8+T cells by using TIMER and EPIC algorithm, respectively. SLC2A3 knockdown suppressed migration and inhibited the expression of Vimentin and MMP9 in CRC cell line SW480 and RKO. Meanwhile, PD-L1 expression was also significantly attenuated in SW480 and RKO cells transfected with SLC2A3 siRNA. The result suggests that SLC2A3 may be involved in the immune response of CRC by regulating PD-L1 immune checkpoint. In our series, SLC2A3 and PD-L1 positive expression was 74% (128/174) and 22% (39/174) of CRC, respectively. SLC2A3 expression was significantly associated with perineural invasion in CRC patients. In conclusion, SLC2A3 may play an important role in progression of CRC by regulating EMT and PD-L1 mediated immune responses.




Keywords: SLC2A3, colorectal cancer, epithelial–mesenchymal transition, PD-L1, prognosis marker



Background

Colorectal cancer (CRC) is a leading malignant tumor in the digestive tract (1). At the time of diagnosis about 30% of CRC patients had distant metastases, while about 20% of CRC patient had recurring and distant metastasis in 5 years after radical resection (2). Guinney et al. divided colorectal cancer into four distinct molecular subtypes (CMS) by gene expression profiling analysis: CMS1 represented microsatellite unstable immune type, accounting for about 14%, which had high gene mutation, microsatellite instability and strong immune activation. CMS2 represents the typical Wnt and Myc signaling pathways, accounting for about 37%. CMS3 represents metabolic type, accounting for about 13%, epithelialization accompanied by significant metabolic disorder. CMS4 represents the mesenchymal type, accounting for 23%, with significant transformation growth factor activation, interstitial infiltration, and angiogenesis (3). CMS classification may be a prognostic and predictive factor for CRC.

The SLC2A family includes 14 members from SLC2A1–SLC2A14, known as glucose transporters, that enables nutrients and glucose to pass through the hydrophobic cell membrane (4). The expression of these members is tissue specific. For example, SLC2A1 is generally expressed in all tissues, while SLC2A2 is expressed in liver tissues and SLC2A3 is expressed in brain tissues (5). Recent studies have indicated that SLC2A family increased in different tumors, which exhibit the potential oncogenic effect of SLC2A family. SLC2A1 is boost in CRC tissues and predicts poor prognosis and clinical characteristics (6), SLC2A2 is highly expressed in hepatocellular carcinoma (7). SLC2A3 expression is up-regulated in invasive gliomas, and high expression indicates poor prognosis (8). Recent reports revealed that SLC2A3 may take part in the metastasis of breast cancer cell to the brain (9). However, the role of SLC2A3 in CRC has not been well clarified.

In this study, we explored the expression of SLC2A3 in CRC by TCGA database and analyzed the relationship between SLC2A3 expression and prognosis and other clinical features. Furthermore, we detected SLC2A3 expression in our CRC samples and clarified the underlying mechanism. Our study suggests that SLC2A3 could be used as a prognosis marker in CRC and promotes the progression of CRC through EMT and PD-L1.



Material and Methods


Data Mining

TCGA CRC gene expression RNA-seq data and related clinical phenotype were downloaded from the UCSC website (10). There were 380 cases of CRC tissue and 51 cases of adjacent non-tumor tissue. To investigate the underlying mechanism of SLC2A3 expression, we divided them into low-SLC2A3 expression group and high-SLC2A3 expression group based on SLC2A3 median expression level. Moreover, GSE17536(N = 177) and GSE17537 (N = 55) data (11–14) were applied for further prognosis validation, which were from Gene Expression Omnibus (GEO) data (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17536 and https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17537). Among them, 55 CRC samples were from Vanderbilt Medical Center (VMC), while 177 CRC samples from the Moffitt Cancer Center. Human CRC cell lines expression profile were downloaded from GSE59857 (15, 16), which included 155 established CRC cell lines and two human fetal intestine cell lines.



Gene Set Enrichment Analysis

GSEA software (v4.0.3) (17, 18) was carried out to explore the mechanisms of SLC2A3 expression on the progression of CRC. HALLMARK gene set was obtained from MSigDB database V7.2. The Nominal p-value (NOM p <0.05) was considered to be significantly enriched.



Immune Cell Infiltration Analysis

The abundance of CRC immune cell infiltration was obtained from TIMER (19, 20). The TIMER web server is a comprehensive resource for systematical analysis of immune infiltrates across diverse cancer based on deconvolution. The composition of six immune infiltrates (B cells, CD4+ T cells, CD8+ T cells, Neutrophils, Macrophages, and Dendritic cells) was predicted by input the gene expression profile data of tumor samples. EPIC (21) method was used to validate the results. EPIC is an analytical method to access the proportion of Immune and cancer cells from bulk tumor gene expression data.



Patients and Specimens

A total of 174 paired paraffin-embedded CRC specimens and corresponding adjacent non-tumor colorectal mucosal tissues were obtained from our Department of Pathology, the first Affiliated Hospital, Sun Yat-Sen University, Guangzhou, China, between January 2013 and December 2013. No patients had received chemotherapy and/or radiotherapy before operation. The histopathology of the disease was determined by two pathologists according to the criteria of the World Health Organization. Prior patient consent and approval were obtained from the Institutional Research Ethics Committee. Tissue microarray was constructed by 1.5-mm cores.



Immunohistochemistry Staining and Evaluation

Immunohistochemistry staining was performed as we previously described (22), where the working concentration of SLC2A3 antibody(20403-1-AP, Proteintech, Chicago) was 1:200. Immunohistochemical staining was assessed and scored by two independent pathologists. Staining intensity was graded as: absent staining as 0, weak as 1, moderate as 2, and strong as 3. The percentage of stained cells was categorized as positive cancer cells/total cancer cells. The staining score for each tissue was calculated by the area score × the intensity score. PD-L1 antibody(DAKO 22C3, Denmark)was performed according to the manufacturer’s guidance. The working concentration was 1:50. PD-L1 score is based on combined positive score (CPS), which is simply the percentage of living cancer cells, cancer associated lymphocytes and macrophages stained with partial or complete membranes at any intensity, namely the number of PD-L1 positive cells/all living tumor cells × 100. According to the receiver operative characteristic (ROC) analysis, the optimal cutoff value of SLC2A3 and PD-L1 was a staining score of 0.175 and 0.025 or lower defied as low-SLC2A3 and low-PD-L1 group respectively, while, a staining score of 0.175 and 0.025 higher defied as the high-SLC2A3 and high-PD-L1 group, respectively.



Cell Culture and siRNA Transfection

SW480 and RKO cells were purchased from Shanghai cell bank (Shanghai, China) and cultured in 10% FBS+DMEM. SLC2A3 siRNA and negative control NC were purchased from RiboBio Guangzhou (China). The targeted sequences are followed si-SLC2A3: GTAGCTAAGTCGGTTGAAA. siRNA transfection was performed by using Lipofectamine3000 reagent (Thermo Fisher Scientific)according to manufacturer’s protocols.



Quantitative Real Time PCR

The total RNA in cells was extracted with trizol reagent (Invitrogen, USA), and the relative mRNA expression was normalized to the GAPDH. The following primer sequences are purchased from SANGON BIOTECH (Shanghai, China) SLC2A3-Forward: GGTCGCTTGGTTATTGGC, SLC2A3-Reverse: ACCGCT GGAGGATCTGCT. Quantitative real time PCR was performed as our previously described (23).



Western Blot

Cells were collected after siRNA transfection for 48 h. The antibodies include SLC2A3 primary antibody (Protein tech #20403-1-AP), Vimentin (CST#5741), MMP9 (CST#13667), and PD-L1 (CST#13684). The working concentrations of the above primary bodies are 1:1,000. The working concentrations of anti-rabbit IgG, HRP-linked antibody (CST#7074) is 1:4,000. GAPDH (CST #5174) was used as loading control.



Migration and Invasion Assays

The migration experiment was conducted by first laying SW480 and RKO cells in a 6-well plate and transfecting them with siRNA for 48 h, then laying 105 cells into 100 ul serum-free DMEM in the upper compartment, adding 500 ul 20% FBS to the lower compartment, and collecting the compartment after 48 (RKO) and 60 h (SW480), respectively. For the invasion experiment, 50 ul matrix glue (1:8) was first placed in the upper chamber, and the chamber was collected after 48 (RKO) and 84 h (SW480), respectively. All the cells were collected and fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. The membrane of the cells was cut off and scanned for statistics. Five high-power (40×) field counts were randomly selected for each membrane.



Statistics Analysis

SPSS 25.0 statistical software and GraphPad Prism 8 (GraphPad Software) were used for statistical analysis. Unpaired, two tailed Student’s test was used to compare data between the two groups. Chi-square test and rank sum test are used to compare different parameters. Spearman correlation analysis was used to evaluate correlations between variables. Univariate and multivariate logistic regression analysis were used to analyze the relationship between SLC2A3 expression levels and clinical characteristics. P<0.05 was considered to be statistically significant.




Results


SLC2A3 Serves as an Oncogenic Role in CRC and High SLC2A3 Expression Predicts Poor Prognosis

To investigate the expression level and prognosis role of SLC2A3 in CRC, we analyzed the RNA-seq datasets and corresponding clinical features from TCGA CRC database and found that SLC2A3 was significantly up-regulated in paired CRC tissues (N = 32) compared with adjacent normal tissues (Figure 1A). We obtained the same result when compared all CRC tissues and normal tissues (Figure 1B). CRC patients with SLC2A3 high expression exhibited poor overall survival and disease free survival (Figures 1C, D). We further studied the relationship between SLC2A3 expression and prognosis from GSE17536 and GSE17537 data (Figures 1E–H). Consistent with TCGA results, the GEO results showed that up-regulated SLC2A3 expression was correlated with poor prognosis in CRC. The results indicate that SLC2A3 could be a prognosis marker for CRC patients.




Figure 1 | SLC2A3 serves as an oncogenic role in CRC and high SLC2A3 expression predicts poor prognosis. (A) The expression of SLC2A3 in paired CRC samples from TCGA. (B) The expression of SLC2A3 in all CRC samples from TCGA. The correlation between SLC2A3 expression and survival status in (C, D) TCGA, (E, F) GSE17536, and (G, H) GSE17537.





Relationship Between SLC2A3 Expression and Clinical Features of CRC

To explore the relationship between SLC2A3 expression and clinical features of CRC, the results showed that SLC2A3 expression was significantly associated with T classification, N classification, TNM stage, MSI status, histological type and lymphatic invasion (Table 1). Univariate COX regression analysis showed that SLC2A3 expression, age, T classification, N classification, M classification, TNM stage, histological type, venous invasion and lymphatic invasion were prognostic risk factors (Figure 2A). Multivariate COX regression analysis indicated that SLC2A3, age, T classification and TNM stage were independent prognostic risk factors (Figure 2B). Moreover, SLC2A3 expression was significant up-regulated in T3 + T4 groups (Figure 2C), N1 + N2 groups (Figure 2D), TNM III + IV groups (Figure 2E), MSI-H groups (Figure 2F), lymphatic invasion groups (Figure 2G) and mucous adenocarcinoma groups (Figure 2H). The results suggest that high SLC2A3 expression is associated with more aggressive behavior of CRC.


Table 1 | Relationship between SLC2A3 expression and clinicopathological features of CRC in TCGA.






Figure 2 | SLC2A3 expression was associated with clinicopathological features of CRC based on TCGA. (A) Univariate and (B) multivariate Cox analysis of SLC2A3 expression and clinicopathological variables. SLC2A3 expression associated with (C) increased invasive depth, (D) lymph node metastasis, (E) higher stage, (F) MSI-H, (G) lymphatic invasion, and (H) mucinous adenocarcinoma.





SLC2A3 Regulates the Progression of CRC Through EMT Pathway

To clarify the underlying mechanism of SLC2A3 in the progression of CRC, we performed GSEA enrichment based on high-SLC2A3 expression and low-SLC2A3 expression group. HALLMARK EMT pathway was the top enriched gene signature when compared high-SLC2A3 and low-SLC2A3 expression group from TCGA CRC samples (Figure 3A). To verify the conclusion, we analyzed CRC cell lines expression from GSE59857. In line with TCGA CRC samples, high-SLC2A3 group was also enriched in the EMT pathway (Figure 3B). Additionally, there was a positive correlation between SLC2A3 expression and N-CAD and Vimentin expression, a negative correlation with E-CAD expression. The consistent result was observed by other EMT classical signatures including SNAIL, SLUG, MMP9, TWIST1, and TWIST2 (Figure 3C). These findings suggest that SLC2A3 might promote CRC progression by regulating EMT pathway.




Figure 3 | SLC2A3 expression correlated with EMT signatures in CRC. (A) GSEA enrichment based on TCGA CRC samples, (B) GSEA enrichment based on GSE59857 CRC cell lines, and (C) TCGA database showed SLC2A3 expression was positively correlated with N-CAD, Vimentin, SNAIL, SLUG, MMP9, TWIST1, and TWIST2 expression, negatively correlated with E-CAD expression. All gene sets were significantly enriched at nominal p value <0.05 and FDR q value <0.05. NES, normalized enrichment score. FDR, false discovery rate.





SLC2A3 Regulates the Progression of CRC Through Immune Response

Recent immune response and immune environment regulates tumor progression (24). To clarify whether SLC2A3 has an impact on immune response, we analyzed GSEA results of TCGA (Figure 4A) and GSE59857 (Figure 4B) database and reached a consistent conclusion that high SLC2A3 expression group was enriched in the inflammatory response pathway including the IL6/JAK/STAT3 signaling pathway and the interferon-γ response pathway, respectively. Furthermore, both enrichment of immune signature of CRC samples and CRC cell lines showed that SLC2A3 expression was significantly related to immune response gene expression including CXCL9 and CXCL10 (Figure 4C).




Figure 4 | SLC2A3 expression correlated with IL6/JAK/STAT3 signaling and interferon-γ hallmark gene sets. (A) TCGA database, (B) GSE59857 database, (C) the positive correlation between SLC2A3 expression and CXCL9 and CXCL10 expression based on TCGA.





High Expression of SLC2A3 Increased PD-L1 Expression in CRC

Since cancer cells also drive the expression of PD-L1 mRNA via the IFN-/JAK/STAT1 signaling pathway (25). we hypothesized that SLC2A3 may be associated with immunotherapy checkpoint genes such as PD-L1. Heatmap and correlations between SLC2A3 and immune checkpoints including PD-L1, PD-L2, LAG3, CTLA4, and TIM3 were exhibited (Figures 5A, B). Significant positive correlation between SLC2A3 and PD-L1 expression was observed in CRC samples of TCGA, GSE17536 and GSE17537 databases (Figure 5C). Upregulation of SLC2A3 mRNA level also correlated with increased PD-L1 mRNA level based on the above three databases (Figure 5D).




Figure 5 | SLC2A3 expression was significantly associated with PD-L1 expression. (A) heatmap of immune checkpoints based on SLC2A3 expression; (B) the correlation between SLC2A3 expression and immune checkpoints; (C) the correlation between SLC2A3 expression and PD-L1 expression in different database; (D) PD-L1 mRNA expression increased by SLC2A3 upregulation.



Notably, recent studies revealed that tumor-Infiltrating Lymphocytes (TILs) in CRC tumor bed have been interrelated with favorable outcome (26), we were curious about the effect of SLC2A3 expression on TILs in CRC. Using online analysis TIMER, we found that SLC2A3 was significantly correlated with neutrophils, dendritic cells, macrophages, CD4+T cells and CD8+T cells (Figure 6A). In accordance with TIMER results, EPIC results showed that SLC2A3 mRNA expression was significantly correlated with CD4+T cells and CD8+T cell infiltration (Figures 6B, C). SLC2A3 upregulation was correlated with increased CD4+T cells and CD8+T cell infiltration, respectively (Figures 6D, E). Together, our result revealed that SLC2A3 might be as a novel predictor of immunotherapy response in CRC.




Figure 6 | SLC2A3 significantly correlated with T cell infiltration in CRC based on (A) TIMER and (B, C) EPIC algorithm; (D, E) SLC2A3 expression increased CD4+ and CD8+T cell infiltration in CRC based on EPIC algorithm.





SLC2A3 Expression in Our CRC Samples and Regulates EMT Signaling Pathway and PD-L1 Expression

To further explore the expression pattern of SLC2A3 protein in CRC clinical samples, immunohistochemistry (IHC) staining was performed using tissue microarray which contains 174 paired CRC and non-tumor colorectal mucosa tissues. As shown in Figure 7A, SLC2A3 signal was localized in the cell membrane, and SLC2A3 protein expression was remarkedly higher in CRC compared with adjacent non-tumor colorectal mucosa tissues (Figures 7B, C). In our series, 74% (128/174) CRC showed SLC2A3 positive staining, high and low SLC2A3 expression was 45% (79/174) and 55% (95/174) CRC based on the cutoff value, respectively. High expression of SLC2A3 (Figures 7D, E) and PD-L1 (Figures 7F, G) was associated with poor overall survival and disease free survival, but it did not reach statistical difference. Furthermore, SLC2A3 expression was significantly associated with perineural invasion (Figure 7H). Other features including T, N, M, TNM stage, tumor size, degree of differentiation, vessel invasion was not significantly associated with SLC2A3 expression (Figure 7H). While PD-L1 positive staining was found in 22% (39/174)of our CRC samples. Expressions of SLC2A3 and PD-L1 in differently differentiated CRC tissues were shown in Figure 8.




Figure 7 | SLC2A3 and PD-L1 expression in CRC tissues. (A) SLC2A3 expression in CRC and adjacent non-tumor colorectal mucosal tissue by immunohistochemistry staining. Expression of SLC2A3 in (B) paired and (C) unpaired CRC tissues and non-tumor colorectal mucosal tissues, respectively; prognostic role of (D, E) SLC2A3 and (F, G) PD-L1 expression in CRC samples; (H) the relationship between SLC2A3 expression and T, N, M, clinical stage, tumor size, degree of differentiation, vessel invasion, and perineural invasion.






Figure 8 | Expression of SLC2A3 and PD-L1 in different differentiated CRC tissues (HE and IHC, original magnification, 400×).



To further investigate the role of SLC2A3, SLC2A3 expression was downregulated using siRNA in CRC cell line SW480 and RKO. SLC2A3 mRNA expression level was significantly downregulated compared with the control group (Figure 9A). SLC2A3 knockdown inhibited vimentin, MMP9, and PD-L1 expression in SW480 and RKO transfected with SLC2A3 siRNA by Western blot, respectively (Figure 9B). Migration and invasion assays showed that SLC2A3 knockdown suppressed migration but not invasion in SW480 and RKO cells compared with the control group, respectively (Figures 9C–E).




Figure 9 | SLC2A3 knockdown inhibited migration in CRC cell lines. (A) SLC2A3 mRNA expression decreased in SW480 and RKO transfected with SLC2A3 siRNA, respectively; (B) SLC2A3 knockdown inhibited Vimentin, MMP9, and PD-L1 expression in SW480 and RKO by Western blot, respectively; (C–E) SLC2A3 knockdown suppressed migration in SW480 and RKO cells, respectively (original magnification, 200×).






Discussion

Recent reports showed that the trend towards CRC is getting younger (27). The 5-year survival rate of CRC was only 20%, indicating that precise therapy for CRC patient needs to be improved (2). In CRC, immune checkpoint therapy have been received approval in 2017 for the subtype of mismatch-repair-deficient (dMMR) or microsatellite instability (MSI-H) (28). Neoantigens accumulation evokes a strong host immune response, which is associated with increased amount of Tumor-Infiltrating Lymphocytes (TILs) and upregulation of immune checkpoint expression (29). An important immune tolerance mechanism is to regulate the response of effector T cells to CTL and stimulate CD4+ T cells to protect tissues from inflammatory damage through immune checkpoints. Among them, many studies were focused on the immune checkpoint molecules CTLA-4 and PD-1 of T cells (30). As a peripheral checkpoint, PD-1 can associated with its ligands PD-L1 or B7-H1/CD274, PDL2 or B7-DC/CD273 to target tumor cells (31). In tumor microenvironment, cancer cells attach to the PD-1 protein of T lymphocytes by the ligand PD-L1, making T cells disable to detect the tumor and tumor cells can escape from the attack by immune system. PD-L1 expression is regulated by complicated processes such as gene transcription, post-transcriptional and post-translational modification. PD-L1 expression in CRC tissues was significantly increased and patients with high PD-L1 expression indicates poor clinical outcome (32). Additionally, Pyo et al. reported that PD-L1 expression in tumor and immune cells of 265 CRC tissues was 25 (9.4%) and 41 (17.7%) respectively. PD-L1 expression in immune cells was significantly associated with clinical features, such as lymph node metastasis and distant metastasis, less lymphatic invasion, lower pT and pTNM stages (33).

Although immunotherapy has shown promising results in CRC, the factors that predict the immune checkpoint response in CRC patients remain unclear. Li et al. have reported that FGFR2 enhances expression of PD-L1 through JAK/SATA3 signaling pathway in CRC (34). Zhang et al. found that Metformin decreased PD-L1 expression via activating Hippo signaling pathway in CRC cell lines (35). Using an animal model of CRC, Liu et al. revealed that macrophage-derived CCL5 enhances immune escape of CRC cells through the p65/STAT3-CSN5-PD-L1 pathway (36). These results suggested that the mechanisms of potential immune milieu via PD-L1 in CRC.

Chai et al. analyzed the expression of SLC2A family by mining TCGA data and found that SLC2A3 could be used as a marker of CRC in the SLC2A family (37). Kuo et al. have found that SLC2A3 can motivate CRC cell lines’ invasion and stemness via activate YAP protein (38). We analyzed the expression level of SLC2A3 in CRC using TCGA database and revealed that high SLC2A3 expression predicted poor prognosis, and the conclusion was verified by two different GSE data. Increasing SLC2A3 expression also indicates more aggressive behavior of CRC, such as higher levels of infiltration and clinic stage. High SLC2A3 expression also indicates the susceptibility of lymph node metastasis, distant metastasis, and MSI-H. The above results suggest that SLC2A3 promotes CRC progression. To clarify the underlying mechanism SLC2A3 in the progression of CRC, GSEA enrichment showed SLC2A3 was involved in EMT pathway and immune response, and SLC2A3 expression was positively correlated with mesenchymal markers and immune reactive-related checkpoints such as PD-L1, PD-L2, LAG3, CTLA4, and TIM3. TIMER website analysis found that SLC2A3 was positively correlated with the infiltration of CD4+ and CD8+T cells in CRC, which was also verified by EPIC. Furthermore, immunohistochemistry staining analysis showed that SLC2A3 expression was significantly higher in CRC compared with that in the adjacent non-tumor colorectal mucosa tissues. Moreover, SLC2A3 expression was significantly associated with perineural invasion of CRC. The result suggests that SLC2A3 promotes progression of CRC.

The underlying mechanism of SLC2A3 in CRC progression remains unclear. Recently, Kuo et al. provided evidence that SLC2A3 can promote metastasis property of brain cancer cell and cAMP-response element binding protein (CREB) can directly regulate SLC2A3 expression (9). SLC2A3 can accelerate AML development through impaired vitamin C uptake and diminish TET2 restoration (39). SLC2A3-STAT3-SLC2A3 feedback loop may strengthen phosphorylation of the STAT3 signaling pathway and SLC2A3 may involve in gastric cancer immune response by promote M2 subtype transition of macrophage infiltration (40). Consistent with these results, our study showed that SLC2A3 knockdown significantly suppressed migration ability in CRC cell line SW480 and RKO transfected with SLC2A3 siRNA. Further study showed that SLC2A3 promoted the progression of CRC through EMT. Moreover, the expression of PD-L1 also decreased with the downregulation of SLC2A3 expression, indicating that SLC2A3 may participate in the immune response of CRC through PD-L1. The results suggest that SLC2A3 promote CRC progression by regulating EMT and immune response. The underlying molecular mechanism of SLC2A3 regulating EMT and immune markers including PD-L1 in development and progression of CRC needs further study in the future.

There are some limitations in our study. First, whether SLC2A3 regulates EMT and immune response directly or indirectly and its molecular mechanism needs further study. Second, migration and invasion function in vitro still needs to be verified by in vivo animal metastasis model. In summary, our study shows that SLC2A3 is involved in the progression of CRC through EMT and immune response, and SLC2A3 could be used as the prognosis marker of CRC and a novel candidate target for CRC treatment.
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Introduction

Gastric cancer is one of the most common malignant tumors of the digestive tract. However, there are no adequate prognostic markers available for this disease. The present study used bioinformatics to identify prognostic markers for gastric cancer that would guide the clinical diagnosis and treatment of this disease.



Materials and Methods

Gene expression data and clinical information of gastric cancer patients along with the gene expression data of 30 healthy samples were downloaded from the TCGA database. The initial screening was performed using the WGCNA method combined with the analysis of differentially expressed genes, which was followed by univariate analysis, multivariate COX regression analysis, and Lasso regression analysis for screening the candidate genes and constructing a prognostic model for gastric cancer. Subsequently, immune cell typing was performed using CIBERSORT to analyze the expression of immune cells in each sample. Finally, we performed laboratory validation of the results of our analyses using immunohistochemical analysis.



Results

After five screenings, it was revealed that only three genes fulfilled all the screening requirements. The survival curves generated by the prognostic model revealed that the survival rate of the patients in the high-risk group was significantly lower compared to the patients in the low-risk group (P-value < 0.001). The immune cell component analysis revealed that the three genes were differentially associated with the corresponding immune cells (P-value < 0.05). The results of immunohistochemistry also support our analysis.



Conclusion

CGB5, MKNK2, and PAPPA2 may be used as novel prognostic biomarkers for gastric cancer.
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Introduction

Stomach cancer ranks fourth among the most common cancerous tumors worldwide, with several factors, such as H. pylori infection, diet, and lifestyle, contributing to its development (1). Intestinal epithelialization and the development of atrophic gastritis are reported as the indispensable risk factors for gastric cancer (2). In early gastric cancer, the 5-year survival rate may reach above 95% after treatment with surgery, traditional radiotherapy and chemotherapy, and neoadjuvant therapy (3). It is reported that, at all ages of gastric cancer onset, the presence of metastases at the time of diagnosis is the only factor associated with a poorer prognosis in young adults with gastric cancer (4).

Tumor immunity, a novel approach to cancer treatment, uses immunotherapy to treat the tumors with specific antigens due to mutations in the body cells, facilitating tumor shrinkage (5). Among the immune cells, T cells play an important role in this approach, as the T cells in tumors exhibit extensive dysfunction probably due to the formation of multiple inhibitory signals in the tumor microenvironment (6). Since T cell plays an essential role in the specificity of antigen expression in tumors, it is reported as an important mediator of tumor destruction (7).

With the continuous advancement of bioinformatics, more and more bioinformatics techniques are being used to guide clinical practice and application (8–11). The high prevalence, expensive treatment, and high mortality rate of gastric cancer warrants urgent identification of prognostic biomarkers for gastric cancer for guiding its clinical diagnosis and prognosis. In the present study, a prognostic model of gastric cancer was constructed using precise bioinformatics methods, including the weighted co-expression network analysis (WGCNA), differentially-expressed genes (DEGs) analysis, univariate COX regression analysis, multivariate COX regression analysis, and LASSO regression analysis. Subsequently, CIBERSORT was employed to calculate each sample’s immune cell composition to study the relationship between the sample and the corresponding genes and immune cells.



Materials and Methods


Data Download and Initial Processing

Gene expression data and clinical information of the patients with gastric cancer were downloaded from The Cancer Genome Atlas (TCGA) database. The gene expression data were converted to log2 values, and the id names were processed into gene symbols prior to the analysis. The samples with incomplete clinical information were removed. Differentially expressed gene analysis was performed to identify the differentially expressed genes, for the subsequent analysis, using |Log2 Fold Change| > 1 and FDR< 0.05 was the threshold values. All statistical calculations and graphing in the present study were performed in the R software version 4.0.2.



WGCNA Identification of Significant Modules

A co-expression network was constructed using WGCNA (12), R package, and gene expression matrix. First, a scale-free network was constructed, and the softPower =sft$powerEstimate command R was operated to select the optimal power value automatically. Subsequently, the adjacency matrix was constructed according to the following formula: aij = power (Sij, β) = |Sij|^β, where aij denotes the adjacency matrix between gene i and gene j, Sij denotes the similarity matrix completed by Pearson’s correlations for all gene pairs, and β denotes the soft threshold. Next, the degree of divergence between nodes was calculated, and the adjacency matrix was converted into a TOM matrix. A dynamic shear tree algorithm was then applied to identify the gene networks/modules. Finally, the previously computed module features were compared with the clinical features to analyze the functional modules in the co-expression network.



GO Enrichment Analysis of Crossover Genes and KEGG Pathway Enrichment Analysis

The clusterProfiler package, the org.H.eg.db package, the enrichplot package, the ggplot2 package, and the GOplot package were used to explore the Gene Ontology (GO) and enriched KEGG pathways of the intersecting genes. The threshold value was set at P < 0.05 and FDR < 0.05, followed by visualization.



Univariate COX Regression Analysis, LASSO Regression Analysis, and Multivariate COX Regression Analysis

In order to analyze the genes further rigorously, univariate COX regression analysis, multivariate regression analysis, and LASSO regression analysis were performed. The analysis began with the univariate regression analysis, which compared each gene individually with survival time and survival status, and the genes with P-value < 0.05 were selected for the next analysis. Next, the least absolute shrinkage and selection operator (LASSO) regression analysis was performed, which is a sophisticated and advanced method that involves the construction of a penalty function to obtain a further refined model. The genes obtained in this step were analyzed further precisely using the multifactorial Cox regression analysis, with P-value < 0.05 as the significance threshold. Furthermore, each patient’s risk-score was calculated, using which the patients were grouped into high-risk and low-risk groups according to the median risk score.



Survival Analysis

Here, the patient’s survival curves were analyzed using two different methods to gain insight into the relationship between the high and low gene expressions and the high and low risks predicted by the model and the patient survival. The Kaplan-Meier curves of the two groups were plotted and analyzed in terms of high and low expressions of CGB, MKNK2, and PAPPA2 genes, and accordingly, the patients were divided into high and low expression groups. Subsequently, the Kaplan-Meier curves for these two groups were analyzed in terms of the high and low risk predicted by the constructed model, and accordingly, the patients were divided into high- and low-risk groups.



Gene Expression Analysis and Principal Component Analysis of High- and Low-Risk Groups

In order to analyze the differences in the genes between the high-risk group and the low-risk group, the differences between the two groups were analyzed using reshape2 and ggpubr packages. Subsequently, the differences in the principal components between the two groups were analyzed using the scatterplot3d package and visualized as a 3D principal component analysis chart.



ROC Diagnostic Curve and Clinical Correlation Analysis

In order to verify the accuracy of the constructed model, the survival package, the survminer package, and the timeROC package were employed to generate the ROC curves for predicting patient survival at one year, two years, and three years. To further analyze the relationship between the prognostic model and clinical information, we aligned a correlation analysis, in which survival status, survival time, and other clinical information were subjected to multivariate Cox analysis.



Risk Assessment

In order to validate the accuracy of the constructed prognostic model, the relationship between high and low risk and the survival time was determined for each patient. The patients were ranked according to their risk score [from low to high], and heat maps were plotted for the three genes that were used to construct the model.



Predicting the Probability of Patient Survival Through Modeling

The rms package was employed to predict and test the risk profile of the constructed model. A calibration chart was prepared to evaluate the accuracy of the constructed model, and a line graph was used to predict patient survival.



Proportional Assessment of Immune Cell Types and Immune Cell Composition of Model Genes

In order to quantify the immune cell composition of each sample, the proportion of immune cells was evaluated using the CIBERSORT software in the expression matrix of gastric cancer. CIBERSORT is a common tool for characterizing the composition of the immune cells for complex gene expression profiles (13). Here, CIBERSORT was used to identify the composition of immune cells in each sample, with a P-value < 0.05 as the significance threshold. In addition, the composition of immune cells in the individual samples of each gene was determined for the three genes used for constructing the model and correlation analysis.



Immunohistochemical Analysis

We used pathological tissue sections and paraneoplastic tissue sections of gastric cancer patients who underwent surgical treatment at the First Clinical Affiliated Hospital of Guangxi Medical University for immunohistological studies, and our study was approved by the Ethics Department of the First Clinical Affiliated Hospital of Guangxi Medical University, in accordance with the World Medical Association Declaration of Helsinki. We performed immunohistochemistry on a total of 36 pathological tissue sections for each gene in 6 pairs (gastric cancer and paraneoplastic tissue). CGB5, MKNK2 and PAPPA2 antibodies for immunohistochemical staining were purchased from Abcam (https://www.abcam.cn/, item numbers: ab131170, ab272591 and ab228434). Specimens were removed from paraffin, hydrated, sealed, mixed with anti-CGB5, MKNK2 and PAPPA2, and incubated overnight at 4°C. Subsequently, we performed immunohistochemistry for specific antigen staining on all pathological tissue sections.




Results


Data Download and Differential Expression Analysis

We have placed the workflow diagram for this study in Figure 1. The gene expression profiles of 343 gastric cancer samples and 30 corresponding healthy samples were downloaded from the TCGA database along with the corresponding clinical information data of the gastric cancer samples. A total of 2684 DEGs were selected from a total of 19,597 genes in the expression profile and were visualized as heat maps and volcano maps (Figures 2A, B), which revealed 50 up-regulated genes and 50 down-regulated genes that differed significantly from each other in the heat maps.




Figure 1 | Workflow diagram. Figure 1 shows the flow of the work done in this study is shown in the figure.






Figure 2 | Heat map and volcano map of differentially expressed genes. (A) green dots indicate down-regulated differential genes, red dots indicate up-regulated differential genes, and black dots indicate other genes that do not meet the screening criteria. (B) Heat map of differentially expressed genes, red squares indicate highly expressed genes.





WGCNA-Identified Modules With High Relevance to Cancer

In order to analyze the differences between the gastric cancer sample data and the healthy sample data in detail, the expression profiles were analyzed using an advanced WGCNA analysis method, the results of which are presented in detail in Figures 3A, B. Figure 3B depicts that seven modules were positively correlated in tumor samples, and nine modules were positively correlated in the healthy samples. In order to identify the differential genes further precisely, the advantages of two methods were combined to screen the genes of the MEblue module with the highest positive correlation in the tumor through the intersection with DEGs. As depicted in Figure 5D, a total of 1012 genes were finally included in the present study.




Figure 3 | Results of weighted gene co-expression network analysis. (A) Diagram, representing the dynamic shearing tree, divides the co-expressed genes into different modules. (B)-plot, indicating the Person correlation coefficient of each module with normal and tumor samples.





GO Enrichment Analysis and KEGG Pathway Enrichment Analysis

In order to explore the molecular functions and pathways of the selected 1012 genes, the GO enrichment analysis and KEGG pathway enrichment analysis were performed. The GO enrichment analysis revealed that the GO entries were concentrated mainly in the nuclear division, organelle fission, chromosome segregation, nuclear chromosome segregation, and mitotic nuclear division, etc. (Figure 4A), while the KEGG pathway was enriched mainly in the cell cycle, DNA replication, Fanconi anemia pathway, and small cell lung cancer (Figure 4B).




Figure 4 | GO enrichment analysis of co-expressed differential genes and KEGG pathway enrichment analysis. Graph (A) showing the first 10 GO entries, with each color indicating one entry and the difference in the color of the gene indicating the change in LogFC value. (B)-plot, KEGG pathway enrichment analysis. Each color indicates a pathway, and the innermost circle indicates the logFC value.





Univariate COX Regression Analysis, Lasso Regression Analysis, and Multivariate COX Regression Analysis

The selected 1012 genes were further analyzed using the univariate COX regression analysis, Lasso regression analysis, and multivariate COX regression analysis. After the univariate COX regression analysis, a total of 138 genes fulfilling the screening requirements were used for the next further analysis, i.e., LASSO regression analysis, which is a further complex method of analysis (Figures 5A, B). The ten genes that remained after the filtering with LASSO regression were subjected to multivariate COX regression analysis to compare the survival data of each gene. The only genes that fulfilled all the screening criteria were CGB5, MKNK2, and PAPPA2 (Figure 5C). This point marked the completion of the construction of the prognostic model for gastric cancer. Finally, the risk score of each patient was calculated.




Figure 5 | LASSO regression analysis, multi-factor regression analysis and veen plots. Plots (A, B) represent the minimum penalty coefficient model constructed using the LASSO regression model. The (C)-plot represents the final forest plot obtained for the three genes used to construct the model. The (D)-plot represents the Venn diagram of differentially expressed genes with the corresponding modules of WGCNA.





Survival Analysis

The Kaplan-Meier curves (Figures 6A–C) revealed that the survival rate of the patients in the high-expression group of the CGB5 and PAPPA2 genes was lower than that in the low-expression group, with the difference in the survival curve of the CGB5 gene being statistically significant (P-value < 0.001). The Kaplan-Meier curves (Figure 6D) plotted for high and low risk revealed that the survival rate of the patients in the high-risk group was much lower than that of the low-risk group (p-value < 0.001).




Figure 6 | Survival analysis chart. Plots (A–C) represent survival analysis plots constructed based on high and low expression of genes. The (D)-plot represents the survival analysis plot constructed based on the high and low risk values of the constructed model.





Gene Expression Analysis and Principal Component Analysis of High- and Low-Risk Groups

The differential violin plots (Figure 7A) for the three genes used for constructing the model were analyzed based on the high and low-risk groups. The gene expression in the low-risk groups of CGB5 and PAPPA2 genes was observed to be higher than that in the high-risk group, while the gene expression in the high-risk group of MKNK2 was higher than that in its low-risk group, with all the differences being statistically significant (P-value < 0.001). In the principal components analysis results (Figure 7B), the red dots in the high-risk group were concentrated on the left side of the PC1 axis, while the blue dots in the low-risk group were concentrated on the right side of the PC1 axis, with the two groups clearly distinguishable.




Figure 7 | Expression differences between high and low risk groups and principal component analysis. The (A)-plot represents the difference in gene expression values of the three genes based on the high and low risk of the constructed model. The (B)-plot represents the principal component analysis based on high and low risk, high risk group and low risk group. ***P < 0.001.





ROC Diagnostic Curve

According to the ROC curve (Figure 8B), AUC was 0.664 for one year, 0.669 for two years, and 0.658 for three years, which were all above 0.5, indicating that the constructed model has some feasibility in predicting prognosis. We could find from the multivariate Cox regression analysis (Figure 8A) that the expression of MKNK2 was higher in the high-risk group than in the low-risk group, and the expression of CGB5 and PAPPA2 was higher in the low-risk group than in the high-risk group.




Figure 8 | ROC Diagnostic Curve and Clinical Correlation Analysis. (A) Represents the relationship between the three genes used to construct the model and the clinical information. (B) Represents the AUC values for 1, 2 and 3 years were 0.664, 0.669 and 0.658, respectively.





Risk Assessment

The gastric cancer patients were ranked low-risk and high-risk cases based on the risk score generated by the constructed model (Figure 9A). According to the survival diagram (Figure 9B), the patients who died were roughly located in the higher risk-score right-hand region. The risk heat map (Figure 9C) depicts that the expression of CGB5 and PAPPA2 increased from the low- to high-risk region, while the expression of MKNK2 decreased from the low- to high-risk region.




Figure 9 | Riskiness assessment. Chart (A) represents the ranking of all patients in order from low risk to high-risk line based on the level of risk. Chart (B) indicates the survival of individual patients, with red dots indicating death and green dots indicating survival. (C)-plots indicate the gene expression of the three genes used to construct the model in each sample.





Calibration Charts and Line Graphs

The Calibration chart (Figure 10A) was prepared to validate the constructed model. The red line (predicted line) in the chart roughly coincides with the actual line (gray line), validating the accuracy of our model. Therefore, the line graph (Figure 10B) predicted by the model can be used to predict the 1-year, 2-year, and 3-year survival probabilities for any patient.




Figure 10 | Calibration and column line diagrams. Chart (A), the red line segment indicates actual survival and the gray line segment indicates predicted survival, which almost overlap. The (B)-plot represents a column line plot constructed based on three genes and 3-year scores for predicting survival.





Immunocyte Composition of Samples and Model Genes

Using the CIBERSORT software, the immune cell composition of all the samples were determined, and the sum of the immune cell composition in each of the 22 samples was 100% (Figure 11). The composition of immune cells in the 22 samples for CGB5 gene expression revealed the presence of macrophage M0, macrophage M1, and memory CD4 T cells, as depicted in Figure 12. The resting and CD8 T cells demonstrated a significant correlation (P-value < 0.05). In the case of MKNK2 gene expression (Figure 13), memory B cells, CD8 T cells, resting memory CD4 T cells, regulatory T cells (Tregs), macrophages M0, activated mast cells, and neutrophils demonstrated a significant correlation (P-value < 0.05). Finally, for PAPPA2 gene expression (Figure 14), CD8 T cells activated memory CD4T cells, macrophages M0, macrophages M1, activated mast cells, and eosinophils demonstrated a significant correlation (P-value < 0.05).




Figure 11 | CIBERSORT immunocytometric analysis. The immune cell composition of all samples was analyzed in 22 using CIBERSORT.






Figure 12 | CGB5-based immune cell analysis. The (A) graph shows that there are 5 immune cells associated with CGB5 in gastric cancer (P-value < 0.05). Plots (B, C, E) indicate that these three immune cells are positively correlated with CGB5. plots (D, F) indicate that these two immune cells are negatively correlated with CGB5.






Figure 13 | MKNK2-based immune cell analysis. The (A) graph shows that there are 7 immune cells associated with MKNK2 in gastric cancer (P-value < 0.05). The graphs (B, F, H) indicate that these three immune cells are positively correlated with MKNK2. (C–E, G) indicate that these four immune cells are negatively correlated with MKNK2.






Figure 14 | PAPPA2-based immune cell analysis. The (A) graph shows that there are 6 immune cells associated with PAPPA2 in gastric cancer (P-value < 0.05). (B, C, F) plots indicate that these three immune cells are positively correlated with PAPPA2. (D, E, G) plots indicate that these three immune cells are negatively correlated with PAPPA2.





Immunohistochemical Analysis

After laboratory manipulation, we obtained 36 pathological sections with good staining for immunohistology. We placed all immunohistological images under an inverted microscope for observation and compared the staining differences between gastric cancer specimens and paraneoplastic tissue specimens. We performed immunohistological staining analysis on a total of 36 pathological tissue sections for 6 pairs (gastric cancer and paraneoplastic tissue) for each gene. We analyzed all pathological tissue sections and found that the expression of CGB5 was significantly higher in gastric cancer than in paraneoplastic tissue (Figures 15A1, B2). In contrast, the expression of MKNK2 and PAPPA2 was significantly higher in paraneoplastic tissues than in gastric cancer tissues (Figures 15C1–F2). This is consistent with the results of our analysis. Thus, the accuracy of our analysis was verified at the laboratory level.




Figure 15 | Immunohistochemistry. Figures (A1–F2) Show the expression of these three genes in gastric cancer and in paracancerous tissue, respectively. 100X indicates 100x magnification under inverted microscope and 400X indicates 400x magnification under inverted microscope.






Discussion

According to the results obtained in the present study, the GO enrichment analysis entries were concentrated mainly in the nuclear division, organelle fission, chromosome segregation, nuclear chromosome segregation, and mitotic nuclear division, while the KEGG pathway was enriched mainly in the cell cycle, DNA replication, Fanconi anemia pathway, and small cell lung cancer. In 2004, it was reported that the DNA damage caused by different factors (e.g., solar radiation) in humans could be managed using cell cycle tests and that the extent of a person’s exposure to these factors and the response of the cells in their body to the DNA damage are critical factors determining whether a person would develop cancer as a consequence (14). Moreover, genomic instability is an important hallmark of cancer. DNA replication is one of the most important cellular processes involved in cancer, and any condition that may lead to DNA damage can produce stress during the replication period along with the corresponding genomic instability, which is one of the main characteristics of cancer and cancerous cells (15).

Chorionic Gonadotropin Subunit Beta 5 (CGB5) is a protein-encoding gene, primarily associated with Invasive Mole and Ectopic Pregnancy. It is reported that in ovarian cancer, CGB5 may activate the LHR signaling pathway and thus appears to promote tumor growth and the formation of angiogenic mimics (16). Recent studies have demonstrated that CGB5, a member of the CGB family, may have an important role in cervical squamous cell carcinoma, pancreatic adenocarcinoma, and rectal adenocarcinoma (17). This is consistent with the findings of our study, in which CGB5 was revealed as a key gene for predicting the prognosis of patients with gastric cancer. In addition, we observed that CGB5 was associated with various immune cells in gastric cancer, presenting positive trends for macrophage M0, activated mast cells and resting memory CD4 T cells (Figures 12B–D), negative trends for activated memory CD4 T cell and CD8 T cells (Figures 12B–D), and a trend of negative correlation with the activated memory CD4 T cells and CD8 T cells (Figures 12D, F). Recent studies have demonstrated that the already apoptotic cells stimulate macrophages M0 and thereby generate the macrophages that promote ovarian cancer migration and proliferation (18). More interestingly, mast cell activation, and resting memory CD4 T cells are reported to be inextricably linked to cancer development (19, 20).

MAPK Interacting Serine/Threonine Kinase 2 (MKNK2) is a protein-coding gene, primarily associated with IL-1 signaling pathway and ERK signaling pathway. Interestingly, the interleukin-1 family is associated with the growth and metastasis of several cancers (21, 22). The present study also found a positive correlation of MKNK2 with memory B cells, regulatory T cells (Tregs), and CD8 T cells in gastric cancer, all of which are reported to be strongly associated with tumors (23–25).

Pappalysin 2 (PAPPA2) is a protein-encoding gene associated with several disorders, including Down’s syndrome and HELLP syndrome. High expression of PAPPA2 is associated with mortality in lung cancer patients (26). Coincidentally, PAPPA2 is also associated with multiple immune cell types in gastric cancer, similar to the present study, in which PAPPA2 exhibited a positive correlation with activated mast cells, eosinophils, and activated memory CD4 T cells, and negative correlation with macrophage M0, macrophage M1, and CD8 T cells. The implementation of immunotherapeutic measures against cancer is being increasingly recognized and endorsed by other researchers as well (27).

In the present study, the constructed prognostic model of gastric cancer was used to calculate the risk score for each patient, according to which the patients were divided into high-risk and low-risk groups. Furthermore, the results of the survival analysis revealed that the 5-year survival rate of the patients in the high-risk group was much lower than those in the low-risk group (P-value < 0.001). The combination of WGCNA and differentially expressed gene analysis used in the present study for pre-screening, which was followed by univariate COX regression analysis, LASSO regression analysis, and multivariate regression analysis, enabled the construction of a highly-accurate prognostic model for gastric cancer. According to the expression of the three genes CGB5, MKNK2, and PAPPA2 used for constructing the constructed model, the patients were divided into high-risk groups and low-risk groups, followed by the calculation of the expression of each gene in both the groups. In addition, a principal component analysis was performed, and the principal components for each patient were plotted in a 3D graph, from which we could clearly distinguish the high-risk and low-risk groups. Moreover, all the AUC values determined from the ROC curves were greater than 0.5, further validating the accuracy of the constructed model. The accuracy of our model is also highlighted by the gentle coinciding of the line predicting the three-year overall survival rate with the line predicting the actual survival rate. Each of the three genes was strongly associated with immune cells, and since the immune process plays an integral role in tumor formation and development, it further validated the accuracy of the constructed model. Finally, we further demonstrated the accuracy of our analysis by performing immunohistochemistry on human gastric cancer tissues as well as paracancerous tissues to analyze the differences in expression of these three genes in cancerous and paracancerous tissues. In conclusion, using sophisticated and precise bioinformatics tools, a prognostic model for gastric cancer was constructed in the present study, and three biomarkers strongly associated with the prognosis of gastric cancer were identified.

As with all research, the present study also had certain limitations. First, the sample size was insufficient. Although 343 gastric cancer samples and 30 healthy samples were included in the present study, it was far from a sufficiently large sample size. Second, the gastric cancer samples were not studied according to each specific type of cancer.



Conclusion

The CGB5, MKNK2, and PAPPA2 genes may serve as important biomarkers for predicting the prognosis of gastric cancer.
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Purpose

This study aimed to elucidate the prognostic significance of a novel inflammation-joined and nutrition-related clinicopathological marker for colorectal cancer (CRC).



Methods

Various factors from preoperative fasting blood samples from 2471 patients with CRC were retrospectively analyzed. Factors related to prognosis were evaluated using univariate and multivariate analyses. The Kaplan–Meier method was used to generate survival curves, while the log-rank test was used to measure survival differences between groups.



Results

Univariate analysis revealed that C-reactive protein (CRP)/mean corpuscular volume (MCV) ratio, TNM stage, differentiation, right-sided tumor, age, carcinoembryonic antigen (CEA) level, and CRP level were significantly associated with poor prognosis in CRC. In contrast, adjuvant chemotherapy is regarded as a protective factor. Elevation of CRP/MCV ratio (odds ratio [OR]: 1.535, 95% confidence interval [CI]: 1.121–2.104, P = 0.008), TNM stage (OR: 2.747, 95% CI: 2.175–3.469, P < 0.001), and differentiation (OR, 1.384; 95% CI, 1.150–1.666; P = 0.001) were prognostic risk factors in the multivariate analyses. Subgroup analysis showed that CRP/MCV, TNM staging system, and differentiation also independently affected survival in patients with lymph node-positive CRC. The nomogram based on these three indicators showed that CRP/MCV had a greater prognostic value and clinical significance for lymph node-positive patients with poorly differentiated tumors at the late stage.



Conclusion

A novel nomogram using the clinicopathologic index of inflammation and nutrition was constructed to predict the prognosis of CRC. Early interventions should be emphasized for advanced-stage patients with severe inflammation and poor nutritional status.





Keywords: colorectal cancer, C-reactive protein, mean corpuscular volume, clinical intervention, risk stratification



Introduction

Colorectal cancer (CRC) is a major health problem worldwide and the third most common cancer and the second leading cause of cancer-related deaths (1). CRC is estimated to be the second most common cancer in China and ranks as the fifth leading cause of cancer-related deaths regardless of age and sex (1). The incidence and mortality rates of CRC vary significantly worldwide. Even for patients of the same stage, the biological behavior of the tumor and the patient’s prognosis are quite different. Colorectal tumors are heterogeneous, and individualized risk stratification helps guide clinical treatment. It is well documented that inflammatory and nutritional status are both important factors affecting tumor development and clinical outcomes (2, 3). The systemic inflammatory response in cancer patients can lead to malnutrition, which can alter immune responses, increasing the risks of postoperative infection and poor wound healing in surgical patients (4). Early identification of patients who are in danger of a hyperinflammatory state and malnourishment is vital to reduce the risk of surgical complications and mortality, improve clinical outcomes, and relieve the financial burden (2).

Tumors that occur in the digestive tract are more closely related to inflammation and nutrition. On the one hand, they are directly stimulated by digestive juice; on the other hand, intestinal microbes participate in the inflammatory response, and chronic inflammation eventually leads to the occurrence of tumors. For example, Helicobacter pylori infection has been shown to be an important risk factor for gastric cancer, and a persistent chronic inflammatory environment resulting from this infection leads to a series of damages in the gastrointestinal tract (5, 6). Accordingly, Bacteroides fragilis and Enterococcus faecalis settled in the intestine produce enterotoxins and reactive oxygen species that cause oxidative DNA damage, induce inflammation, and damage the epithelial barrier (7). In addition, the main functions of the digestive tract are digestion and absorption. Tumors that occur in the digestive tract are more likely to develop malnutrition, causing symptoms and signs related to malnutrition. Nutrition, inflammation, immunity, and cancer constitute a triangular relationship, and the imbalance of the qualitative and quantitative nutritional intake is directly related to inflammation and immunity of the body, leading to time-dependent functional degradation and indirectly leading to the occurrence and development of cancer (8). However, few studies have combined the two organically to guide the treatment and prognosis of CRC.

Chronic inflammatory conditions associated with carcinogenesis are characterized by various clinicopathological markers. Many previous studies have investigated the role of preoperative systemic inflammatory markers in CRC prognosis, including the Glasgow prognostic score (GPS), neutrophil-to-lymphocyte ratio (NLR), C-reactive protein to albumin (CAR), lymphocyte-to-monocyte ratio (LMR), platelet-to-lymphocyte ratio (PLR), and systemic organ score (SIS) (9–13). However, patients with gastrointestinal tumors tended to show a different degree of nutritional deficiency, and some patients began to see a doctor because of unknown anemia or even cachexia. In general, right-sided colon cancer (RC) has a high prevalence of microcytic anemia due to luminal blood loss (14). Unlike other nutritional indicators, such as albumin and lymphocytes, MCV is more stable with fewer affected factors (15). MCV, a parameter measuring the variation in red blood cell volume and distinguishing the type of anemia, has been used as a host nutrition index to predict the long-term outcomes in patients with different cancers, including esophageal squamous cell carcinoma, non-small-cell lung cancer, gastroesophageal adenocarcinoma, liver cancer, and CRC (16–21). A retrospective analysis from Japan suggested that preoperative anemia, especially microcytic anemia (MCV<80fl), may serve as an easily available predictor of outcome in CRC.

CRP is an acute phase protein (APR) produced by the liver that has long been employed for clinical purposes, and it can influence multiple phases of inflammation by acting proinflammatory and anti-inflammatory roles (22). Its rapidly rising levels have been linked to a variety of diseases, including the prognosis of various tumors (23, 24). Numerous experimental studies have suggested that CRP upregulation is associated with the development of CRC (25, 26). However, few studies have comprehensively evaluated the prognostic value of CRP/MCV in CRC (27). By combining these two accessible factors, CRP and MCV, we propose an applicable inflammation-joined and nutrition-related clinicopathologic marker for overall survival (OS) prediction in colorectal cancer.



Methods and Materials


Patients and Study Design

Overall, 2471 consecutive CRC patients who underwent surgery at the Department of Gastrointestinal Surgery of Guangxi Clinical Research Center for Colorectal Cancer between 2004 and 2019 were enrolled. The inclusion criteria were as follows: (a) patients with histologically confirmed CRC; (b) patients who underwent primary tumor resection; and (c) patients who had no treatment prior to the blood test. The exclusion criteria were as follows: (a) familial adenomatous polyposis or hereditary colon cancer; (b) there were no signs of clinical infection such as fever on the day of blood collection (28), and (c) patients with other neoplastic diseases during the same period. Baseline clinicopathologic parameters, including general basic information; past, personal, and family history; preoperative and postoperative blood routine examination; serological markers and inflammation-related indicators; enhanced computed tomography (CT) and MRI; degree of histological differentiation and pathological TNM staging; KRAS and BRAFV600E mutation status and microsatellite instability (MSI) testing; and preoperative and postoperative adjuvant chemoradiotherapy, were derived from the medical records. We used the Cox regression model to identify mean corpuscular volume (MCV) as a promising nutritional predictor of prognosis, while C-reactive protein (CRP) was used as an inflammatory index. To explore the value of the CRP/MCV ratio in specific subgroups, we performed a subgroup analysis based on different clinicopathologic parameters.



Clinicopathological Factors and Definition

The CRP/MCV was obtained by dividing the absolute number of CRP by the absolute number of erythrocyte MCV. MSI testing is characterized by defects in mismatch repair genes (MLH1, MSH2, MSH6, and PMS2). Left-sided colon cancer (LC) was defined as a tumor diagnosed from the splenic flexure of the colon, descending colon, sigmoid colon, and rectum, while right-sided colon cancer (RC) included the ileocecum, ascending colon, hepatic flexure of the colon, and transverse colon, which were consistent with other promulgated articles (29, 30). Routine blood tests were performed using a Mindray BC-6900, and CRP levels were determined using an automatic immunoturbidimetric assay. Tumor markers, including carcinoembryonic antigen (CEA), were measured using an ARCHITECTi2000SR automatic electrochemical luminescence instrument and supporting reagents (Abbott Laboratories, Chicago). TNM staging was evaluated based on the 8th edition of the Union for International Cancer Control classification. The normal ranges CRP were 0–5.0 mg/L for indicates and 80.0–100.0 fl for MCV. The cutoff CEA level was 5 ng/mL.



Statistical Analysis

All statistical analyses were performed using R software (R version 3.6.2; www.r-project.org). Categorical variables were analyzed using the chi-square test or Fisher’s exact test, and continuous variables were analyzed using Student’s t-test. The cutoff of CRP/MCV was 0.06 × 10–15 mg/L2 based on the exhaustive method (EXM) to optimize selection. Survival curves were constructed using the Kaplan–Meier method and compared using the log-rank test. Both univariate and multivariate Cox regression models were performed using the Kaplan-Meier survival (Version: 3.1-8) package to evaluate hazard ratios (HRs) and confidence intervals (CIs) for survival based on CRP/MCV and other selected clinicopathological factors. Statistical significance was set at P < 0.05.




Results


Baseline Patient Data

A total of 2471 patients consisting of 1500 (60.7%) men and 971 (39.3%) women were enrolled in this study, and approximately half had rectal cancer. The optimum cutoff value was obtained by considering the correlation of the CRP/MCV ratio with OS in patients. A total of 1468 (59.4%) patients had low risk (CRP/MCV ≤ 0.06) and 1003 (40.6%) patients with high risk (CRP/MCV > 0.06). The male to female ratio was 1.37:1 in the low-risk group compared to 1.86:1 in the high-risk group (P < 0.001; Table 1). Moreover, the mean age in the low-risk cohort was 57.20 ± 12.67 years, which was lower than that in the high-risk group (59.02 ± 13.16 years; P = 0.001) (Table 2). The low-risk category tended to have more rectal cancer, and most of them were located on the left side, with 67.6% of cases diagnosed as moderately differentiated. Poorly differentiated, advanced T stage, high probability of metastasis, and microsatellite instability appeared more frequently in the high-risk group. The relationship between the CRP/MCV ratio and baseline clinicopathological characteristics is shown in Figure 1. Except for the N stage and KRAS status, the increased CRP-MCV was associated with males; older age (older than 60 years); presenting advanced T stage, M stage, and later TNM stage; accompanied by microsatellite instability; and right-sided and poorly differentiated colon cancer.


Table 1 | Baseline data based on CRP/MCV ratio categorical variables.




Table 2 | Baseline data based on continuous variables of CRP/MCV ratio.






Figure 1 | Box plot of clinicopathological features based on CRP/MCV classification. The boxplots show the 5% and 95% confidence intervals. The box plot lower extreme is the first quartile, and the box plot upper extreme is the third quartile. Box plots show the median and whiskers are the minimum and maximum, respectively. Elevated median levels indicated a higher CRP/MCV ratio. The statistical method used for each group was the Student’s t-test. CRP, C-reactive protein; MCV, mean corpuscular volume.





Univariate and Multivariate Analyses

According to univariate analysis (Figure 2), significant differences in cumulative survival were observed for the CRP/MCV ratio together with the TNM stage, differentiation, right side, age, CEA, and CRP levels. Adjuvant chemotherapy was considered to be a protective factor. Sex, MCV level, neoadjuvant chemotherapy, KRAS, and microsatellite status did not show significant differences.




Figure 2 | Univariate analysis and multivariate analysis of risk factors for the prognosis in CRC. P value was based on Student’s t-test for continuous factors and Chi-square test (case number ≥ 5) or Fisher’s exact test (case number < 5) for categorical factors.



Multivariate analysis demonstrated that elevated CRP/MCV ratio [odds ratio (OR): 1.535, 95% CI: 1.121–2.104, P = 0.008], TNM stage (OR: 2.747, 95% CI: 2.175–3.469, P < 0.001), and differentiation (OR, 1.384; 95% CI, 1.150–1.666; P = 0.001) were significant predictors of overall survival in patients with CRC (Figure 2). Kaplan–Meier curves showed significantly worse survival for patients with high risk than low risk according to the CRP/MCV ratio (Figure 3).




Figure 3 | Kaplan–Meier curves of different stages based on CRP/MCV risk stratification. (A) Kaplan–Meier curves of all stages based on CRP/MCV risk stratification. (B) Kaplan–Meier curves of stage I and II based on CRP/MCV risk stratification. (C) Kaplan–Meier curves of stage III and IV based on CRP/MCV risk stratification. A CRP/MCV value above 0.06 indicates high risk and vice versa. The abscissa represents time in months. CRC, colorectal cancer; CRP, C-reactive protein; MCV, mean corpuscular volume.





Subgroup Analysis

The adverse association of CRP/MCV with overall survival seems to be stronger among women, poor differentiation, early T stage, advanced N stage, advanced TNM stage, and right-side tumor patients (Figure 4). As shown in Figure 5, the Kaplan–Meier curves in the subgroup analysis expounded the impact of CRP/MCV combined with other clinical features on prognosis. In the sex group, both women and men with CRC in the high CRP/MCV group had a poor prognosis. In the age group, patients with CRC aged > 60 years had a higher CRP/MCV value and worse prognosis. As for the location group, both in the RC and LC cancers had higher CRP/MCV values, which were associated with a worse prognosis. Furthermore, CRC patients with a higher CRP/MCV value diagnosed as microsatellite stable had a worse prognosis than those diagnosed with MSI, which was also found in some favorable randomized control trials (31). The log-rank test suggested that confounding factors affected the prognosis of the KRAS group based on the CRP/MCV ratio (P = 0.34, Figure 5).




Figure 4 | Prognostic analysis of CRP/MCV values in different subgroups. Univariate logistic regression analysis was performed in different subgroups to determine the relationship between CRP/MCV values and prognosis. P value was based on Student’s t-test for continuous factors, and on chi-square test (case number ≥ 5) or Fisher’s exact test (case number < 5) for categorical factors. CRC, colorectal cancer; CRP, C-reactive protein; MCV, mean corpuscular volume.






Figure 5 | Kaplan–Meier curves of subgroups based on CRP/MCV stratification. The subgroup analysis types are displayed in the upper left corner of the graph, followed by sex, age location, microsatellite status, and KRAS gene type. A CRP/MCV value above 0.06 indicates high risk and vice versa. The abscissa represents time in months. CRP, C-reactive protein; MCV, mean corpuscular volume.





Subgroup Analysis of Lymph Node-Positive Patients

To identify the subgroups, the relationship between CRP/MCV value and overall survival is stronger, we performed further studies based on the above results. Patients with lymph node-positive CRC were found to have comparable results. Patients (n = 1109) were assigned to a training set (n = 776) and validation set (n = 333). The prognostic nomogram was constructed using a training set and internal verification using the receiver operating characteristic (ROC) curve and the area under the curve (AUC). The goodness of fit between the observed event rates and predicted values was assessed using calibration curves, and Kaplan–Meier curves were used for risk stratification. In multivariate analysis, lymph node-positive CRC patients also demonstrated that elevation of the TNM stage (OR, 3.157; 95% CI, 2.445–4.077; P < 0.001), CRP/MCV ratio (OR: 1.512, 95% CI: 1.091–2.094, P = 0.013), and differentiation (OR: 1.452, 95% CI: 1.184–1.779, P < 0.001) were significant risk factors (Figure 6). Adjuvant chemotherapy was considered to be a protective factor. The three independent features listed above were used to construct a prognostic nomogram (Figure 7). The predictive nomogram showed that the CRP/MCV ratio was one of the major factors in addition to TNM stage and differentiation. The calibration plot demonstrated a favorable agreement between the predicted and observed values in the primary and validation datasets (Figure 8). The ROC curve analysis showed that our nomogram had superior AUC values (0.694) than the TNM staging system alone (0.642) (Figure 9), and the model had better and stable predictive values at all times (Figure 9). Furthermore, CRP/MCV values significantly distinguished lymph node-positive patient outcomes in both the validation and training sets (Figure 10).




Figure 6 | Multivariate analysis of prognostic risk factors for lymph node positive CRC. Multivariate analysis is a multivariate regression analysis of the variables found by univariate analysis.






Figure 7 | Nomogram for predicting prognosis in lymph node positive CRC. The nomogram was developed in the primary cohort, with the TNM stage, CRP/MCV ratio, and differentiation incorporated.






Figure 8 | The calibration curves on 3-year and 5-year OS of the nomogram. The x-axis represents the nomogram-predicted probability of overall survival, and the y-axis represents the observed overall survival. The reference line is 45°, which indicates perfect calibration. (A) Calibration curves of training set. (B) Calibration curves of the validation set.






Figure 9 | ROC and time-dependent AUC curves for the nomogram. The red line represents the prognostic nomogram, and the blue line represents the TNM staging system alone.






Figure 10 | Kaplan–Meier curves of lymph node positive patients based on CRP/MCV stratification. (A) The Kaplan–Meier curve of lymph node positive patients in the training dataset. (B) The Kaplan–Meier curve of lymph node positive patients in the validation dataset. The abscissa represents time in months.






Discussion

This is a retrospective study of clinical big data on laboratory markers for guiding clinical practice in a single center. Among various laboratory indicators, we screened CRP as an inflammation indicator and MCV as a nutritional indicator to form a pioneering prognostic indicator. If the tumor is regarded as “a battle,” CRP can reflect the intensity of the battlefield and the lethality of weapons, while MCV is a fortress against damage. The combination of the two can vividly describe the outcome of a battle.

Since many previous studies have investigated the relationship between inflammation, nutrition, and tumors (8, 32, 33), it is urgent to develop an exact practical clinical index to calculate their prognostic value. CRP plays a role in tumor inflammation, while MCV indicates the level of host nutrition among miscellaneous preoperative indicators. Elevated CRP levels are thought to reflect host reactions to the biological behavior of a tumor (34). The mechanism of CRP upregulation is controlled by proinflammatory cytokines from tumor cells or the immune system, which leads to repeated stimulation and chronic inflammation, forming a carcinogenic microenvironment that favors the development of cancer (35). MCV could serve as an anemia marker that is closely linked with host nutrition, as anemia is caused by tumor bleeding, poor nutrition, and chronic inflammation due to cancer progression (27). A previous report suggested that an insufficient blood supply caused by chronic blood loss and malnutrition induced hypoxia in the tumor microenvironment, leading not only to HIF-1α upregulation but also to T-cell apoptosis, which decreases total lymphocyte levels and contributes to tumor revascularization and proliferation (36). In addition, Nagai et al. showed that in patients with an elevated MCV level, the benefits of 5-FU-based chemotherapy could be predicted by blocking thymidylate synthase (TS), which is involved in DNA synthesis (18). Based on the above facts, we hypothesized that CRP divided by MCV was used as a germane indicator to assess the therapeutic effect and predict long-term outcomes in CRC patients.

In the present study, the CRP/MCV ratio, TNM stage, and differentiation were identified as three independent prognostic indicators in the multivariate analysis. Although the pathological TNM stage was the most important prognostic indicator in patients with CRC, it was not as preoperatively available and dynamically changed to CRP/MCV or CEA. Instead, CRP/MCV can be considered a clinically friendly indicator. Conventional tumor markers such as CEA are well known to be significant indicators of disease burden, posttreatment surveillance, and prognostic value, as they are thought to be secreted from the tumor itself (37, 38). Interestingly, CRP as a prognostic indicator in univariate analysis no longer made sense in the multivariate analysis. When combined with MCV, multivariate analysis revealed that the CRP/MCV ratio was superior to CEA in this respect. Further work is required to evaluate whether a combination of CRP divided by MCV is more valuable for early diagnosis and recurrence compared with CEA.

According to the CRP/MCV classification, the high-risk population was closely associated with men over 60 years of age who presented with advanced T, M, and TNM stages, accompanied by MSI, right-sided colon cancer, and poor differentiation. In other words, preoperative CRP/MCV could predict aggressive tumor biology (39), which is conducive to risk stratification and guiding clinical work. Indeed, estimation of changes in CRP reflects the presence and intensity of an inflammatory process and differentiates inflammatory from non-inflammatory conditions, which are useful in managing the patient’s disease and predicting the prognostic value in certain diseases (40). It has been reported that anemia in CRC frequently shows a microcytic phenotype (39, 41), especially in high-grade T stage, proximal colon tumor location, lymph node metastasis, and elevated serum CRP with or without hypoalbuminemia (14, 27). Based on the above factors, we can speculate that a high level of CRP indicates that the inflammatory response of the tumor is obvious, while low levels of MCV appear in the manner of chronic anemia and poor nutritional status of the host, which leads to increased CRP/MCV values and poor prognosis in patients with CRC. The Kaplan–Meier curves of subgroup analysis showed that the CRP/MCV ratio could also separate the stand or fall of prognosis according to sex, age, location, and microsatellite status, which means that our indicator can easily distinguish a poor prognosis group from a good prognosis group.

Finally, CRP/MCV was also a significant prognostic indicator in patients with positive lymph nodes in the subgroup analysis. Multivariate analysis showed that CRP/MCV was one of the main prognostic factors in addition to the TNM staging system. The nomogram showed that CRP/MCV had more prognostic and clinical significance in lymph node-positive patients with poorly differentiated tumors at the late stage. Within the range of 30–80% of the 3-year survival probability, the corresponding line intervals decreased. For example, when the CRP/MCV value increased by the same amount, patients at stage IV had a lower 3-year survival rate than those with the same differentiation at stage III. Thus, in more advanced patients, it is more difficult to survive in the early 3 years if the inflammatory response is obvious and the nutritional status is poor, which guides clinical interventions. Improving nutrition and reducing inflammation may help advanced cancer patients reach early stages.

This study has several limitations. First, it had a retrospective design and was conducted in a single institution, which could have resulted in selection bias. Second, several diseases, such as iron deficiency anemia, alpha or beta-thalassemia minor, and liver disease, which can affect the value of MCV, were not screened; this may have led to a selection bias. Third, the use of a single parameter to assess nutritional status has been questioned since many other nutritional factors affect outcomes (40). Lastly, this study was conducted over a long period between 2004 and 2019, which can be associated with historical biases in treatment strategy and perioperative management.

In conclusion, a new applicable inflammation-joined and nutrition-related clinicopathologic measurement was constructed to predict the prognosis of patients with CRC. Elevated CRP/MCV can predict the biological behavior of CRC. Severe inflammation and malnutrition suggest poor early prognosis and guide early clinical intervention.
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Background

Liver dysfunction and chronic inflammation influence the prognosis of many tumors and surgical outcomes. This study was performed to determine whether the Fibrosis-4 (FIB-4) index, originally defined as a noninvasive fibrosis marker, can predict the prognosis of patients with gastric cancer undergoing radical gastric cancer surgery.



Methods

We have retrospectively analyzed 594 consecutive patients with gastric cancer who underwent gastrectomy in our database. The FIB-4 index was calculated using laboratory data and age before gastrectomy. The clinical utility of FIB-4 was evaluated by X-tile. Patients were divided into two groups (high and low FIB-4 index groups), and their overall survival (OS) was investigated. Cox regression analysis was used to identify the independent parameters associated with prognosis. Finally, we developed a prognostic prediction model by using R statistical software.



Results

A total of 556 patients, including 422 men and 134 women, were enrolled. Of these, 61 (11.0%) and 495 (89.0%) patients had low and FIB-4 indexes, respectively. In addition to the indicators of FIB-4, preoperative age, tumor site, surgical procedure, TNM stage, and postoperative complications were found to be independent predictors of prognosis (P < 0.05). Among patients, the FIB-4 index group had significantly shorter OS (log-rank P = 0.01) than the low FIB-4 index group. This association was also confirmed in the multivariate analysis (hazard ratio, 4.65; 95% confidence interval, 1.07-4.29; P = 0.031).



Conclusions

Preoperative FIB-4 index can predict long-term outcomes of gastric cancer patients who had undergone gastrectomy.
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Introduction

Currently, gastric cancer is the fifth most common cancer and the third most common cause of cancer death globally with over 1 million estimated new cases; and nearly 800,000 people die of this disease annually (1). Surgery is still currently considered to be the only radical treatment. As surgical techniques improve and progress is made in traditional radiotherapy, chemotherapy, and implementation of neoadjuvant therapy, the 5-year survival rate of patients with early gastric cancer can reach >95% (2). However, because patients are mostly asymptomatic in the early stages of the disease, most of them have an advanced-stage disease at diagnosis; thus, the best timing for surgery is missed, and the prognosis of gastric cancer patients remains poor, especially east Asians (1, 3). At present, there is insufficient preoperative intervention and treatment for patients with poor prognosis. Pathological TNM stage is recognized as the best prognostic model, but it still has shortcomings.

The morbidity of liver cirrhosis is probably higher than that reported, due to the compensatory function of the liver; thus, patients at an early stage of cirrhosis are frequently asymptomatic and often undiagnosed (4). Likewise, liver-related mortality is allegedly underestimated, partly because the determination of liver-related death is incomplete. These defects indicate that the burden of chronic liver disease should include deaths due to hepatobiliary cancers and hepatitis for the accurate determination of liver-related deaths (5–9). The relative mortality of decompensated liver cirrhosis was even greater than that of gastric cancer (10).

The Fibrosis-4 (FIB-4) index, calculated as age × aspartate aminotransferase/(platelet count × √alanine aminotransferase), was developed as a noninvasive index to stage hepatic disease in patients with viral infection (11), and it is a simple and inexpensive measure of hepatic disorder. This index has been used across many hepatic diseases (12–14), and several studies have described the association between a high FIB4 index and poorer outcomes (15, 16), not only for hepatic disease but also for non-hepatic disease. Previous studies reported that the FIB4 index was associated with long-term mortality and readmission rate of heart failure patients (17, 18). Some reports have shown that the FIB-4 index is not only a predictor of background liver fibrosis but also a prognostic factor after hepatectomy in patients with colorectal cancer liver metastases (19). However, there is no evidence that the FIB-4 index can predict the long-term outcomes of patients with operable gastric cancer. Thus, the aim of the present study was to evaluate the predictive value of the FIB-4 index at admission for adverse outcomes in patients with operable gastric cancer.



Methods


Study Population

We retrospectively identified patients diagnosed with operable gastric cancer between January 1, 2014 and December 31, 2016 at the First Affiliated Hospital of Wenzhou Medical University, Zhejiang, China. All patients had histologically confirmed gastric cancer. The inclusion criteria were as follows: (1) had undergone radical gastrectomy and (2) had undergone blood examinations <2 weeks prior to the operation. The exclusion criteria included (a) occurrence of another malignancy during the 3 years prior to surgery; (b) had undergone an emergent operation; and (c) had received preoperative chemotherapy or radiotherapy. After applying the abovementioned criteria, 35 patients were excluded. Moreover, four patients who died within 30 days after surgery, 19 patients who were lost to follow-up, ten patients affected the outcome of death because of other causes, and five patients with missing preoperative aspartate aminotransferase (AST), alanine aminotransferase (ALT), or platelet (PLT) data were also excluded. Finally, 556 patients were included in the final analysis.



Perioperative Factors

The following data were collected and recorded: patients’ personal information (i.e., age, sex, body mass index [BMI]), blood examination data (routine blood parameters, biochemical indexes), and tumor characteristics (i.e., location, histopathological differentiation). The diagnoses were confirmed in all patients by histological examination. The American Society of Anesthesiologists (ASA) grade (according to the standard proposed by the ASA), surgical history, and other factors were collected prior to surgery. Nutritional risk screening (NRS) 2002 was utilized for preoperative nutritional risk assessment within 24 h of admission (20). The type of surgical resection, extent of lymph node dissection, and determination of disease stage were selected according to the Japanese Gastric Cancer Association (14th edition) (21).



FIB-4 Evaluation

Blood specimens were obtained within 14 days prior to surgery and translocated to sterile centrifuge tubes, which were carefully delivered to the clinical laboratory department. A hemocounter (XE2100; Sysmex Co., Kobe, Japan) was used to calculate the platelet. Blood biochemical items including AST and ALT were also calculated. The FIB-4 index was calculated using the following formula:

	

By using the enumeration method in X-tile (version 3.6.1; Robert L. Camp, M.D., PH.D. Yale University), the value with the maximal Youden index was chosen as the cut-off point of the preoperative FIB-4. Thus, the patients were divided into following two groups based on the cut-off point of the preoperative FIB-4: high and low FIB-4 index groups.



Statistical Analysis

The mean and standard deviation were used for the normal distributed data, whereas the median and interquartile range were used for the non-normal distributed data. The t test was used to compare the continuous variables, such as patients’ background status, expressed as mean and standard deviation between the high and low FIB-4 index groups. The relationships between the clinicopathologic characteristics and FIB-4 were analyzed using the χ2-test or Fisher’s exact test. The OS curves in the high and low FIB-4 index groups were analyzed using the Kaplan–Meier method and compared using the log-rank test. Cox proportional hazard models were used to estimate the value of preoperative FIB-4, preoperative age, tumor site, surgical procedure, type of reconstruction, TNM, stage and postoperative complications as independent predictive indicators of prognosis. A P value<0.05 was considered statistically significant. Statistical analyses were performed using SPSS software version 22.0 (SPSS Inc., Chicago, IL, USA).



Development of the Prognostic Prediction Model

We developed a prognostic prediction model, visualized it with a nomogram chart, calculated the c-index, and performed a decision curve analysis. These steps are all implemented by using R statistical software (The R Foundation, Vienna, Austria).




Results


Patient Characteristics

Of the 556 patients selected, 422 were men and 134 were women. The median age of the patients was 64.34 ± 10.72 years. The median FIB-4 index of the patients was 1.65 ± 0.93. According to the NRS score, 274 patients had a score of 3 or higher (38.3%). There were 460 (82.7%) patients with ASA grade I or II. Overall, 351 (63.1%) patients had tumors located in the gastric pylorus and had advanced disease (T3-4). Table 1 reports the demographics and clinical characteristics of the patients. The prognosis was significantly poorer in the high FIB-4 index group than in the low FIB-4 index group (P = 0.005).


Table 1 | Preoperative backgrounds and comparison of backgrounds based on FIB-4 index.






Clinicopathologic Characteristics of Gastric Cancer Associated With Preoperative FIB-4

According to the result of the analysis using the enumeration method in X-tile, the cut-off value of the preoperative FIB-4 was 0.8. On the basis of the cut-off value, the sensitivity of FIB-4 was 95%. Thus, we dichotomized the patients into the high FIB-4 (>0.8) and low FIB-4 (≤0.8) index groups. Of the 556 patients, the number of patients with a high FIB-4 index was 495 (89%). Clinicopathologic features of gastric cancer associated with preoperative FIB-4 was then further analyzed. With respect to the other clinicopathologic characteristics examined, FIB-4 was significantly associated with age (P < 0.001), hemoglobin (HB) (P = 0.003), PLT (P = 0.003), ALT (P < 0.001), ASA (P < 0.001), surgical procedure (P = 0.05), and T stage (P = 0.04). No significant association in the other clinicopathological characteristics was observed in our study.



Univariate and Multivariate Analyses of Clinicopathological Characteristics and Predictive Value of the Scoring System

Univariate analysis of clinicopathological characteristics indicated that age (P < 0.01), FIB-4 (P =0.01), ASA (P = 0.03), NRS (P < 0.01), Charlson score (P < 0.01), albumin (ALB) (P < 0.01), tumor site (P < 0.01), laparoscopic surgery (P < 0.01), surgical procedure (P < 0.01), combined resection (P < 0.01), type of reconstruction (P < 0.01), T stage (P < 0.01), N stage (P < 0.01), TNM stage (P < 0.01), and postoperative complications (P < 0.01) showed significant differences according to prognosis (Table 2). There was no significant relationship found between prognosis and sex (P = 0.06), BMI (P = 0.09), previous surgery (P = 0.20), history of abdominal surgery (P = 0.23), HB (P = 0.09), hepatic diseases (P = 0.42), surgical durations (P = 0.74), or histologic type (P = 0.67).


Table 2 | Prognostic factors for overall survival.



Therefore, among the 15 variables examined in the univariate analysis (P < 0.05) were selected as potential independent risk factors in the multivariate analysis. The results showed (Table 2) that six of the 15 variables were independent predictive indicators of prognosis (P < 0.05), which were as follows: FIB-4 (hazard ratio [HR] 4.65; 95% confidence interval [CI] 1.07-4.29; P = 0.031), age (HR 4.66; 95% CI 1.03-2.00; P = 0.031), tumor site [(middle vs. upper: HR 0.01, 95% CI 0.59-1.82; P = 0.913); (low vs. upper: HR 2.09; 95%CI 0.87-2.54; P =0.148); (mixed vs. upper: HR 11.02; 95%CI 1.59-5.99; P < 0.001)], surgical procedure (HR 5.59; 95% CI 1.18-5.94; P = 0.018), TNM stage [(II vs. I: HR 8.72, 95% CI 1.46-6.53; P < 0.001); (III vs. I: HR 40.04; 95%CI 4.37-16.40; P < 0.001)] and postoperative complications (HR 5.24; 95% CI 1.06-2.04; P = 0.022) were. The OS curves between the high and low FIB-4 index groups are shown in Figure 1 (log-rank P = 0.01). Finally, the model was established, c-index of the model was 0.783. (Figure 2) The decision curve analysis also shows the better net benefit of the model (Figure 3). The model has certain clinical utility.




Figure 1 | Kaplan–Meier survival curve analyses for overall survival among the 556 patients who underwent radical gastrectomy. FIB-4 Fibrosis-4.






Figure 2 | A nomogram indicating the survival. An example of a nomogram—Draw an upward vertical line from the covariate to the points bar to calculate points. Based on the sum of the covariate points, draw a downward vertical line from the total points line to calculate survival rate.






Figure 3 | Decision curve analysis for prediction model with FIB-4.






Discussion

This is the first study to retrospectively reveal the relationship between FIB-4 index and prognosis of patients with gastric cancer. In 556 patients with operable gastric cancer, we found that a higher FIB-4 index is associated with worse OS. Furthermore, there were direct correlations observed between prognosis and age, tumor site, surgical procedure, type of reconstruction, TNM stage, and postoperative complications. We constructed a prognostic prediction model, which can be used to predict the prognosis of gastric cancer patients after surgery and which may be useful for the timely implementation of therapeutic interventions to improve the prognosis of patients.

In this study, dichotomous and triclassification tests in X-tile are used to determine the cut-off value. Both methods showed a cutoff value of 0.8. Meanwhile, a cut-off value of 2.4 obtained by performing the triclassification test had a sensitivity of 15.7% and a specificity of 89.5%. Since FIB-4 is a screening indicator rather than a specific indicator, a cut-off value with a higher sensitivity is selected.

The FIB-4 index was used to diagnose liver cirrhosis when it was first proposed (11); its non-invasive advantages are more superior to liver puncture. In recent years, there have been more studies in the field of liver disease (12, 14, 22). “Hepatitis, cirrhosis, then liver cancer” is a trilogy of common liver diseases. It is well known that China has a large population of patients with hepatitis B (23). Along with economic development, the number of patients with fatty liver and alcoholic liver has also increased (9, 24). Perhaps there is a slight correlation between preoperative gastric cancer and moderate-to-severe cirrhosis, because of the strong compensatory ability of the liver; many gastric cancer patients with occult liver disease are asymptomatic and undiagnosed. We considered that liver fibrosis associated with cancer-associated chronic inflammation may lead to the deterioration of the systemic nutritional status and anemia-associated chronic inflammation.

FIB-4 and age are both found to be independent prognostic risk factors in this study, indicating that FIB-4 covers a part of age-independent prognostic effects. This aspect is partly manifested by liver function indicators, and the influence of platelet cannot be excluded. Platelet count is a hematological index related to the procoagulant activity of the blood. At the same time, many studies have also suggested that it is an indicator of inflammation. Platelets contribute to thromboinflammatory processes owing their capacity to interact functionally with the activated endothelium, leukocytes, and coagulation proteins; the mechanisms are multivariate (25). The factors such as TNF-α and TNF-γ released by the tumor may also cause chronic systemic inflammation and microthrombosis, which may cause abnormalities in platelet function and number (26). Predictably, because of adverse events, preoperative chemotherapy may affect the patient’s liver function; thus, the relationship between FIB-4 and prognosis of patients undergoing neoadjuvant chemotherapy before surgery should be examined further, especially that, in recent years, neoadjuvant chemotherapy has been increasingly used.

According to our research, TNM stage definitely has a considerable impact on prognosis. A mixed type of gastric cancer in the tumor site, commonly known as leather stomach or diffuse (or infiltrating) stomach cancer, indicates that the disease has locally advanced; this is a sign of poor prognosis, and histopathology often suggests poorly differentiated adenocarcinoma or even signet ring cell carcinoma (27). Compared with partial gastrectomy, total gastrectomy is performed on patients with tumors located in the upper middle of the stomach or those with a wide range of tumor locations, with Roux-en-Y being the most common anastomotic procedure performed. Total gastrectomy results in worse nutritional intake after surgery, and a previous study has suggested that the prognosis is worse in patients who had undergone total gastrectomy compared to those who had undergone subtotal gastrectomy (28).

This study has several limitations. First, this is a single-center study; thus, our findings need to be further clarified in studies involving a large sample from multiple centers. Second, the current research is a three-year outcome study; thus, the median survival time was not met and many patients dropped out at approximately 1000 days. The prognostic relevance is expected to be 5-10 years. Third, at present, neoadjuvant chemotherapy for resectable advanced gastric cancer and conversion therapy for unresectable gastric cancer are increasingly used, despite the fact that chemotherapy has a greater impact on liver function. We have not included patients who had undergone preoperative chemotherapy; thus, these patients should be included in future studies. Finally, our study had a retrospective design. There is a lack of preoperative cirrhosis data, and the relationship between FIB-4 and cirrhosis and prognosis remains unclear; additionally, no stratified analysis of liver diseases was carried out.

In conclusion, the FIB-4 index, a noninvasive liver fibrosis marker, can be an indicator of prognosis after radical gastrectomy in patients with gastric cancer. There may be a possibility of improving the prognosis of these patients through research of effective treatments to improve liver function and inflammation before surgery.
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Spinster homologue 2 (SPNS2), a transporter of S1P (sphingosine-1-phosphate), has been reported to mediate immune response, vascular development, and pathologic processes of diseases such as cancer via S1P signaling pathways. However, its biological functions and expression profile in colorectal cancer (CRC) is elusive. In this study, we disclosed that SPNS2 expression, which was regulated by copy number variation and DNA methylation of its promoter, was dramatically upregulated in colon adenoma and CRC compared to normal tissues. However, its expression was lower in CRC than in colon adenoma, and low expression of SPN2 correlated with advanced T/M/N stage and poor prognosis in CRC. Ectopic expression of SPNS2 inhibited cell proliferation, migration, epithelial–mesenchymal transition (EMT), invasion, and metastasis in CRC cell lines, while silencing SPNS2 had the opposite effects. Meanwhile, measuring the intracellular and extracellular level of S1P after overexpression of SPNS2 pinpointed a S1P-independent model of SPNS2. Mechanically, SPNS2 led to PTEN upregulation and inactivation of Akt. Moreover, AKT inhibitor (MK2206) abrogated SPNS2 knockdown-induced promoting effects on the migration and invasion, while AKT activator (SC79) reversed the repression of migration and invasion by SPNS2 overexpression in CRC cells, confirming the pivotal role of AKT for SPNS2’s function. Collectively, our study demonstrated the suppressor role of SPNS2 during CRC metastasis, providing new insights into the pathology and molecular mechanisms of CRC progression.




Keywords: SPNS2, colorectal cancer (CRC), PTEN/AKT, invasion, metastasis, epithelial–mesenchymal transition



Introduction

Colorectal cancer (CRC) is the third most common tumor all over the world, with nearly two million patients have been diagnosed with colorectal cancer in 2020, and it is also the second highest cause of cancer-associated mortalities, with 935,000 deaths in 2020 globally (1). The vast majority of CRC-related mortality is attributed to metastasis, which is considered to be the most difficult challenge for CRC treatment. The five-year relative survival rate is 90% for patients diagnosed with localized disease, but decreases to 71% and 14% for those diagnosed with regional and distant stages, respectively (2). Despite significant developments of therapeutic strategies, effective therapy for CRC with metastasis is deficient. Targeting cancer cells with high invasion/metastasis potential from the primary site may be a promising field in anti-metastasis therapy. Thus, understanding the specific mechanism of CRC progression, especially how CRC acquire metastatic properties, is important for the development of the diagnostic techniques and therapeutic strategies for CRC patients.

Other than peptides and proteins, recent research have shown that lipids and lipids metabolism were also linked to metastasis (3–6). Sphingosine 1-phosphate (S1P), one kind of bioactive lipid, takes part in many cellular processes, including proliferation, apoptosis, migration, invasion and angiogenesis in various tumors (7–10). After being produced by SPHK1 and SPHK2, both of which are sphingosine kinases in cells, it can interact with specific intracellular proteins, such as TRAF2, cIAP2 and hTERT, to regulate cellular responses (11–13). It also can be exported out of the cells, where it binds to S1P1-5, which are S1P-specific G protein coupled receptors to simulate downstream signals and execute its function. There are several transporters of S1P, including SPNS2, ABCC1 and ABCG2. SPNS2, a non-ATP dependent transporter, transports S1P from endothelial and lymph-endothelial cells, and regulates S1P concentration in plasma and lymph (14). Besides, it is also involved in oncogenesis and cancer progression, having both positive and negative effects (15). Deficiency of Spns2 in endothelium inhibited the pulmonary metastasis of melanoma cells through enhancing immune-mediated cell killing by natural killer cells and T cells in mouse model (6). On the contrary, SPNS2 induced apoptosis and inhibited migration ability of NSCLC (non-small cell lung cancer) cells (16). Thus, the effect of SPNS2 on cancer progression is complicated and may be dependent on the types of cancer and microenvironments.

In the present study, we investigated the clinical relevance and specific mechanisms of SPNS2 in CRC. Our clinic-pathological study showed that SPNS2 expression in CRC was frequently lower than in colon adenomas, which were precursor lesions of CRC. Low expression of SPNS2 correlates with advanced CRC stages and poor prognosis of CRC patients. Lack of SPNS2 expression contributed to CRC cell proliferation, migration, invasion and metastasis, possibly through inhibiting PTEN expression and activating Akt signaling pathway. Thus, our findings may shed light on the role of SPNS2 in the CRC progression.



Materials and Methods


Data Acquisition in TCGA COADREAD

All CRC clinical data, copy number, DNA methylation, and RNA sequencing data in TCGA COADREAD were retrieved through the UCSC XENA (https://xenabrowser.net) (17). For CNV data, we used the copy number segments after remove germline CNV. For DNA methylation data, we used DNA methylation profile of HumanMethylation450 platform. For RNA sequencing data, we used the pancan normalized gene expression RNAseq data. In addition, TIMER (https://cistrome.shinyapps.io/timer) was used to explore the differential expression between tumor and adjacent noncancerous samples for SPNS2 across all TCGA tumors (18).



Gene Expression Omnibus Analysis

We systematically searched for colorectal cancer datasets that were publicly available and reported clinical annotations in GEO (Gene Expression Omnibus) and downloaded the data. GEO datasets, including GSE4183 (19), GSE89076 (20), GSE41657, GSE34472, GSE57965 (21), GSE17536 (22), GSE42284 (23) and GSE62322 (24), were used in this study.



The Kaplan-Meier Plotter

To analyze the correlation of SPNS2 expression and CRC prognosis, including OS (Overall survival), DSS (Disease specific survival), PFI (Progression free interval) and DFS (Disease free survival), the samples were split into high and low expression group and assessed by a Kaplan-Meier survival plot using R package.



Cell Culture and Reagents

HT-29, HCT116 and SW480 cell lines were purchased from Shanghai Jinfu (Shanghai, China) and cultured in DMEM medium plus 10% FBS at 37°C in 5% CO2. For Akt inhibition or activation, 10 μM of MK-2206 (Selleck, S1078) or 10 μg/ml SC79 (Selleck, S7863) were used to treat CRC cells for 48 hours, respectively.



Silencing and Overexpressing of SPNS2

SPNS2 siRNA and the scramble sequence control (NC) as well as riboFECT CP transfection kit (cat. no. C10511-05) were supplied by Ribobio (Guangzhou, China). The cell transfection was performed according to the manufacturer’s instructions. The siRNA sequences used for SPNS2 interference in this study were as follows (5’→3’): GCCCAAGUUGUGCAGAAGA dTdT and dTdT UCUUCUGCACAACUUGGGC. The SPNS2-overexpression lentivirus (OE-SPNS2) was constructed and packaged by HANBIO (Shanghai, China). For lentivirus transduction, HCT116 cells that reached 50% confluency were transduced with the lentivirus in the presence of 8 μg/ml polybrene and stably infected cells were selected with 2 μg/ml puromycin.



Cell Proliferation Assay

Cells proliferated at a log phase were seeded in 96-well plates at a density of 2 × 103/well (in triplicate) to allow adhesion. After cultivation for 0, 24, 48, and 72 h later, cells were incubated with 10 µl CCK-8 for an extra 2h. The cell viability was determined by measuring the optical density at 450 nm wavelength using a microplate reader (Tecan Group Ltd.) at 450 nm. Then the cells were cultured with fresh medium until the next round of measurement. The mean and S.D. of the triplet’s measurements were calculated and plotted.



Transwell Assay and Invasion Assay

Migration and Matrigel invasion assays were performed using 24-well insert, 8 μm pore size with or without pre-coated matrigel from Corning Inc., according to the manufacturer’s directions. Briefly, 1 × 105 cells in 200 μL FBS-free DMEM medium were seeded into the upper portion of the chamber, while 900 μL DMEM medium plus 30% FBS was loaded into the lower side, which served as a chemo-attractant. After 48 h, the non-invasive cells were removed from the upper surface of the membrane with a cotton swab, cells penetrated to the underside of the membrane were fixed and stained with 0.1% crystal violet, and further counted in four random fields under a microscope.



Pathway Activity Assay

Cells were seeded into 96-well plates at a density of 1×104 cells/well and cultured overnight. Next day, they were transfected with a mixture of AKT, ERK, IL-6 or NF-κB firefly luciferase reporter and the Renilla luciferase construct (Qiagen), with the Attractene transfection reagents (Qiagen) according to the manufacturer’s instruction, both luciferase activities in cell extracts at 24h after transfection were measured by the Dual-Luciferase Reporter Assay System (cat. no. E1910; Promega) using a Promega GloMax 20/20 luminometer. The relative firefly luciferase activities of the pathway reporter constructs were analyzed as previously reported (25).

The pathway activity assay is based on an inducible transcription factor responsive construct. This construct encodes the firefly luciferase reporter gene under the control of a basal promoter element (TATA box) joined to tandem repeats of the cognate consensus motif, which is recognized by each master transcription factor for the corresponding pathway. It monitors both increases and decreases in the activity of a key transcription factor, which is a downstream target of a specific signaling pathway. Specifically, mammalian FOXO protein (FOXO1, FOXO3, FOXO4), a subgroup of Forkhead transcription factors, is among the best characterized targets of the PI3K/AKT signaling pathway (26, 27). Thus, the increase or decrease in the activity of PI3K/Akt pathway can be indicated by the change of the FOXO luciferase activity. In the same way, the activity of Elk-1/SRF, STAT3 and NF-κB corresponds to ERK, IL-6 and NF-κB downstream signaling pathway respectively.



Reverse Transcription−Quantitative PCR (RT−qPCR)

Total RNA was extracted from the cells with TRNzol-A+ reagent (Tiangen Biotech), then was reversed transcribed into cDNA using the HiScript® II 1st Strand cDNA Synthesis Kit (cat. no. R211-01; Vazyme). The RNA level was quantified using the AceQ qPCR SYBR Green Master Mix (cat. no. Q131-02; Vazyme) on a FTC-3000P PCR instrument (FUNGLYN BIOTECH INC, Canada). Using the 2-ΔΔCt method, the relative expression level of target gene was calculated and normalized by GAPDH expression. The sequences of the primers were listed as follows (5’→3’): SPNS2 forward, TGCTTTACGGGATTTCTGGG, and reverse, GGCTCCTACGATGCTGCTCT; GAPDH forward, GGAGCGAGATCCCTCCAAAAT, and reverse, GGCTGTTGTCATACTTCTCATGG.



Western Blot Analysis

Lysates from CRC cells were separated on 10% SDS polyacrylamide gels, and the proteins were then transferred to a PVDF membrane (cat. no. IPVH00010; Millipore). After blocking with TBST (0.5% Tween-20 in Tris-buffered saline) containing 5% non-fat milk for 1 h at room temperature, the membranes were incubated with primary antibody overnight at 4°C and then with secondary antibodies for 1 h at room temperature. The target bands were revealed by SuperSignal West Pico PLUS chemiluminescence substrate (cat. no. 34580; Thermo Fisher Scientific), and loading differences were normalized to a monoclonal GAPDH antibody. Primary antibodies used in the present study are as follow: SPNS2(1:500, Novus #NBP1-54345), p-AKT(1:1000, CST #4060), AKT (1:1000, CST #C6717), p-ERK1/2 (1:1000, CST #4370), ERK1/2 (1:1000, CST #4695), p-p65 (1:1000, Immunoway #YD0191), p65 (1:1000, proteintech #10745-1-AP), p-JNK (1:1000, CST #9255), JNK (1:1000, CST #9252), and GAPDH (1:2000, proteintech # 60004-1-Ig). HRP-conjugated Goat Anti-Rabbit IgG(H+L) (1:5000, proteintech #SA00001-2) and HRP-conjugated Goat Anti-Mouse IgG(H+L) (1:5000, proteintech #SA00001-1) are served as secondary antibodies.



BSP Analysis

Genomic DNA was extracted from cells by PureGenome™ Kit (cat. no. P-9040-M; Aline Bioscience) and qualified by electrophoresis on an agarose gel. The bisulfite conversion was achieved by EZ DNA Methylation-Gold Kit (cat. no. D5006; ZYMO Research). Part of the CpG island upstream of SPNS2 gene was amplified by the primers listed below (5’→3’): forward, GATTAGGATGGTGTAGTGGYG and reverse, CATTCCAAACACATCATACCRAC. The PCR products from bisulfite treated DNA were cloned and verified by sequencing as described previously (28).



Aza-2’-Deoxycytidine Treatment

HCT116 cells were treated with 50 mM 5-aza-2’-deoxycytidine for 96 hours with a change of culture medium every 24 hours as previously described (29).



S1P Measurement

Cells were grown for 48 hours and then both cell pellets and media were collected. Conditioned medium was collected and centrifuged at 12,000 g for 5 minutes at 4°C to remove cell debris. Cells were detached and pellets were washed three times with cold PBS. S1P levels in cells and culture supernatant were measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS) as described previously (30).



In Vivo Mouse Metastasis Assay

Animal experiments were undertaken in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 4×106 HCT116 OE-NC or HCT116 OE-SPNS2 cells suspended in 100μl PBS were injected into male athymic nude mice aged 4-5 weeks through the tail vein. 10 weeks after injection, all mice were sacrificed, tissue from lung was excised, and the number of metastatic nodules formed was counted and analyzed by hematoxylin and eosin (HE) staining.



Statistical Analysis

Data are presented as means, and error bars indicate the standard deviation (S.D.). All statistical analyses were performed with Prism (GraphPad Software Inc., La Jolla, CA, USA). Two way anova and two-tailed Student’s t-test were used to calculate statistical significance. A P-value of <0.05 was considered to be significant.




Results


Low SPNS2 Levels Are Associated With Worse Clinic-Pathological Parameters and Prognosis in Colorectal Cancer

To explore the potential role and specific mechanism of SPNS2 in cancer progression, we assessed the expression profiles of SPNS2 in tumor and adjacent noncancerous tissues in TCGA datasets using the “DiffExp module” of TIMER (18). SPNS2 expression was markedly lower in ten kinds of tumor compared to the adjacent noncancerous samples, such as BRCA (Breast invasive carcinoma), LIHC (Liver hepatocellular carcinoma), LUAD (Lung adenocarcinoma) and LUSC (Lung squamous cell carcinoma) (Figure 1A). Moreover, its expression in metastasis SKCM (Skin Cutaneous Melanoma) was significantly lower than in primary SKCM (Figure 1A), suggesting a general tumor suppressor role of SPNS2. However, its expression in CHOL (Cholangio carcinoma), COAD (Colon adenocarcinoma) and READ (Rectum adenocarcinoma) were higher than in adjacent noncancerous tissues (Figure 1A). The higher expression of SPNS2 in CRC was further confirmed in three CRC datasets, including GSE4183, GSE89076 and GSE41657, from GEO (Gene Expression Omnibus) (Figures 1B–D). However, we found that SPNS2 expression in CRC was lower than that in colon adenomas, which are precursor lesions of CRC, from analysis CRC datasets GSE4183, GSE89076, GSE41657, GSE34472 and GSE57965 (Figures 1B–F).




Figure 1 | SPNS2 mRNA expression in human cancer and noncancerous tissues. (A) SPNS2 expression levels in tumor and adjacent noncancerous tissue from TCGA database. Comparison of SPNS2 expression in tumors and corresponding normal tissues in different types of cancer, which were displayed in gray columns when normal data are available. (Red indicates tumor samples; blue indicates noncancerous samples; purple indicates tumor samples with metastasis; The number of samples in each group is represented in parentheses). ACC, Adrenocortical carcinoma; BLCA, Bladder Urothelial Carcinoma; BRCA, Breast invasive carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, Cholangio carcinoma; COAD, Colon adenocarcinoma; DLBC, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head and Neck squamous cell carcinoma; KICH, Kidney Chromophobe; KIRC, Kidney renal clear cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; LAML, Acute Myeloid Leukemia; LGG, Brain Lower Grade Glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung squamous cell carcinoma; MESO, Mesothelioma; OV, Ovarian serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; PCPG, Pheochromocytoma and Paraganglioma; PRAD, Prostate adenocarcinoma; READ, Rectum adenocarcinoma; SARC, Sarcoma; SKCM, Skin Cutaneous Melanoma; STAD, Stomach adenocarcinoma; TGCT, Testicular Germ Cell Tumors; THCA, Thyroid carcinoma; THYM, Thymoma; UCEC, Uterine Corpus Endometrial Carcinoma; UCS, Uterine Carcinosarcoma; UVM, Uveal Melanoma. (B–F) Human SPNS2 mRNA expression in CRC, adjacent noncancerous tissue and colon adenoma (including low-grade dysplasia and high-grade dysplasia) from various GEO datasets. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.



To further explore the impact of SPNS2 on CRC progression, we then analyzed the correlation between SPNS2 expression and the clinic pathological parameters of CRC patients in TCGA CRC datasets, including COAD (Colon adenocarcinoma) and READ (Rectum adenocarcinoma). We found that low expression of SPNS2 was associated with advanced T, M, N, and pathologic stage (Figures 2A–D). Analysis from GSE17536, GSE42284 and GSE62322 also showed that the SPNS2 expression was significantly lower in samples from high AJCC (The American Joint Committee on Cancer) stage, pathologic stage and grade (Figures 2E–G). And its expression in CRC tumor with liver metastasis was lower than in primary tumor (Figure 2H).




Figure 2 | The association between SPNS2 expression and clinic-pathological parameters of CRC patients. (A–D) SPNS2 expression levels in different T, N, M and pathologic stages in TCGA COADREAD dataset. (E) SPNS2 expression levels in different AJCC stages in GSE17536 dataset. (F) SPNS2 expression levels in different pathologic stages in GSE42284 dataset. (G) SPNS2 expression levels in different differentiation status in GSE62322 dataset. (H) SPNS2 expression in primary tumor and colon tumor with liver metastasis in GSE62322 dataset. **p < 0.01, *p < 0.05.



At last, the prognostic value of SPNS2 expression in CRC was evaluated. Kaplan-Meier Plotter analysis showed that low SPNS2 expression significantly correlated with shorter PFI (Progression-free interval) (p = 0.008), and also correlated with shorter OS (overall survival) (p = 0.148), DSS (Disease-specific survival) (p = 0.187) in TCGA COADREAD (Figures 3A–C), indicating a worse prognosis in patients with lower SPNS2 expression. Worse OS (overall survival) was also observed in CRC patients with lower SPNS2 expression in GEO CRC datasets, including GSE1625 (p=0.025), GSE17536 (p=0.099) and GSE29623 (p=0.162) (Figures 3D–F). Worse DFS (Disease-free survival) was observed in CRC patients with lower SPNS2 expression in GSE14333 (p=0.033) and GSE38832 (p=0.006) (Figures 3G, H).




Figure 3 | Low SPNS2 mRNA expression predicts poor survival rates of CRC patients. (A–C) Kaplan-Meier analysis of OS, DSS and PFI in the TCGA COADREAD patients based on SPNS2 expression. (D–F) Kaplan-Meier analysis of OS in the patients with CRC based on SPNS2 expression from GSE1625, GSE17536 and GSE29623. (G–H) Kaplan-Meier analysis of DFS in the patients with CRC based on SPNS2 expression from GSE14333 and GSE38832. Red line: high SPNS2 expression group; Green line: low SPNS2 expression group. Log-rank P values were used to compare curves between subgroups. OS, Overall survival; DSS, Disease specific survival; PFI, Progression-free interval; DFS, Disease-free survival.



Collectively, these results suggested that SPNS2 might promote tumorigenesis in the early stage, but inhibit tumor progression in the late stage of CRC, and its expression is a prognostic factor for colorectal cancer.



Regulation of SPNS2 Expression in Colorectal Cancer

Subsequently, we examined how expression of the SPNS2 is regulated in CRC. Methylation change and copy number alteration (CNA) are classical transcriptional regulator of gene expression. We then investigated whether the SPNS2expression was regulated by these two factors.

To detect whether SPNS2 CNA contributes to SPNS2 dysregulation or not, we extracted the CNA and expression data of SPNS2 from TCGA COADREAD. We evaluated the correlation between the SPNS2 expression and its copy number by Spearman correlation coefficient, which showed that SPNS2 expression positively correlated with its copy number in TCGA COADREAD (Spearman r = 0.2893, P <0.0001; Figure 4A). SPNS2 copy number was frequently deleted in CRC tissues of TCGA COADREAD cohort (Figures 4A, B), 3% of which were homozygous deletion and 56% were single copy deletion. Similarly, 10% of CRC samples were homozygous deletion and 40% were single copy deletion in CPTAC (Clinical Proteomic Tumor Analysis Consortium) COAD dataset (Figure 4C). These results demonstrated that downregulation of SPNS2 expression was partially due to copy number deletion in CRC.




Figure 4 | Expression of SPNS2 is regulated by copy number variation (CNV) and DNA methylation. (A) Correlation analysis of SPNS2 expression and copy number performed in TCGA-COADREAD dataset. (B) The proportion of samples with different copy number alterations of SPNS2 in TCGA COADREAD. (C) The proportion of samples with different copy number alterations of SPNS2 in CPTAC COAD. (D–F) Spearman’s correlation analysis of SPNS2 expression and β value of cg15440512, cg18517961 and cg23288827 performed in TCGA-COADREAD dataset. (G–I) Scatter plot of Spearman’s correlation analysis of SPNS2 expression and β value of CpG sites performed in CCLE CRC cell lines. (J) mRNA levels of SPNS2 were determined by quantitative RT-PCR in HCT116, HT29 and SW480 cells. (K) Protein levels of SPNS2 were estimated by western blotting in HCT116, HT29 and SW480 cells. (L) SPNS2 mRNA levels of SW480 and HCT116 cells in CCLE. (M) Methylation level of SPNS2 promoter of HCT116 and SW480 cells in CCLE. (N) A schematic representing the location of SPNS2 in the genome using the UCSC browser. A 122−bp region CpG island containing 17 CpGs analyzed by BSP are indicated. (O) DNA methylation state of the SPNS2 gene in HCT116 and SW480 cells was determined by BSP. The unmethylated CpGs are indicated with open circles, and the methylated CpGs are indicated with filled circles. (P) All the data of methylation in (O) are summarized. (Q) Effect of 5-aza on the SPNS2 mRNA expression in HCT116 cells. **P < 0.01.



DNA methylation often negatively regulating gene expression through an epigenetic mechanism. After analyzing the methylation alterations of CpG loci in the promoter of SPNS2 gene in TCGA COADREAD, methylation level (β value) of two methylated loci, including cg15440512 and cg18517961, were found to be negatively correlated with SPNS2 mRNA expression significantly (r = -0.3210, p<0.0001; r = -0.2321, p < 0.0001 respectively) (Figures 4D–F). To confirm our findings in TCGA COADREAD methylation array, SPNS2 mRNA expression and methylation levels of its promoter in CCLE (Cancer Cell Line Encyclopedia) CRC cell lines were also analyzed. Methylation level of CpG loci in SPNS2 gene’s promoter (Figures 4G, H) and TSS upstream 1kb (Figure 4I) negatively correlated with SPNS2 expression significantly in CRC cell lines (r = -0.6418, p < 0.0001; r = -0.5979, p < 0.0001; r = -0.7215, p < 0.0001; respectively). Furthermore, the negative association between SPNS2 expression and its promotor methylation level was validated by qRT-PCR, WB and BSP analysis in CRC cell lines. The results showed that SPNS2 mRNA level was lowest in HCT116 cells, and highest in SW480 cells (Figure 4J), which was consistent with analysis from CCLE (Figure 4L). The protein level of SPNS2 in SW480 was also significantly higher than in HT29 and HCT116 (Figure 4K). There is a CpG island (CGI) containing 109 CpG sites in SPNS2 promoter and the first exon (Figure 4N). A bisulfite conversion sequencing (BSP) analysis amplifying the 17 CpG sites in this region revealed that they were hypermethylated in HCT116, but barely methylated in SW480 cells (Figures 4O, P), which was consistent with analysis from CCLE database (Figure 4M). Additionally, the mRNA expression of SPNS2 increased by >4−fold in HCT116 cells after treated with 5-aza-dC, a DNA methylation inhibitor, for three days (Figure 4Q).

Taken together, SPNS2 expression is regulated through promoter methylation and copy number variation.



SPNS2 Inhibits CRC Cell Proliferation

To explore the functions of SPNS2-mediated CRC progression, we performed GSEA (Gene Set Enrichment Analysis) to profile the positively and negatively correlated genesets with SPNS2 expression based on the RNAseq data from CCLE CRC cell lines. It revealed that SPNS2 expression was negatively associated with the functional gene sets of cell proliferation, including “HALLMARK G2M CHECKPOINT” (NES = -2.84, FDR q-value = 0.000) and “HALLMARK MITOTIC SPINDLES” (NES = -1.94, FDR q-value = 0.000) (Figure 5A). Moreover, the expression of cyclins and spindle checkpoint genes negatively correlated with the expression of SPNS2 in CCLE CRC cell lines (Figure 5B). Consistently, SPNS2 expression levels were lower in advanced T stages (Figure 2A), which describes the size of the main tumor. These results showed that SPNS2 might suppress cell proliferation. Then, the overexpression and loss-of-function studies were performed in CRC cell lines to study the potential role of SPNS2 in CRC tumorigenesis. According to the above results, we chose HCT116 (SPNS2 low expression) and SW480 (SPNS2 high expression) for further experiments. We transfected SW480 cells with the siRNAs targeting SPNS2, and transfected HCT116 cells with SPNS2 expression lentivirus. The mRNA and protein level of SPNS2 substantially increased in SPNS2-expression lentivirus‐transfected HCT116 cells, and significantly reduced in SW480 cells transfected with SPNS2 siRNA-2 (Figures 5C–F) compared to the control cells. SPNS2 knockdown enhanced the proliferation of SW480, and SPNS2 overexpression inhibited the proliferation of HCT116 (Figures 5G, H), which suggested that SPNS2 impeded the growth of CRC.




Figure 5 | SPNS2 inhibits proliferation of CRC cells. (A) GSEA analysis of SPNS2 expression in CCLE CRC cell lines showed that SPNS2 expression negatively correlated with “HALLMARK G2M CHECKPOINT” and “HALLMARK MITOTIC SPINDLE”. NES, normalized enrichment score; FDR, false discovery rate. (B) Correlation of SPNS2 mRNA expression with expression of cell cycle related genes in CCLE CRC cells. Expression of cell cycle related genes, including 4 cyclin genes and 9 spindle checkpoint genes, are visualized colorimetrically with heatmap, in which rows represent genes and columns represent CRC cell lines. ‘Red’ representing high gene expression, ‘blue’ representing low gene expression. Statistical analyses were performed by Spearman’s correlation. (C, D) The RNA and protein level of SPNS2 determined by qRT-PCR and WB in HCT116 cells overexpressing SPNS2. (E, F) siRNA mediated silence of SPNS2 expression in SW480 cells. (G, H) CCK8 assay were performed to analyze the effect of SPNS2 overexpression or knockdown on CRC cell proliferation in vitro. NC: negative control for siRNA; si: siRNA silencing; OE-NC: negative control for overexpression; OE-SPNS2: SPNS2 overexpression. Statistical analyses were performed by Student’s t-test. ***P < 0.001, **p < 0.01, *p < 0.05.





SPNS2 Suppresses Epithelial Mesenchymal Transition, Migration, Invasion and Metastasis in Colorectal Cancer

GSEA analysis also revealed that SPNS2 expression was negatively associated with the functional gene sets of “HALLMARK EPITHELIAL MESENCHYMAL TRANSITION” (NES = -1.70, FDR q-value = 0.002, Figure 6A) in CCLE CRC cell lines, in line with the above findings that SPNS2 expression levels were lower in advanced N/M stages and liver metastasis (Figures 2B, C, H). Then we investigated the effect of SPNS2on migration, invasion and metastasis of CRC cells. Transwell assay showed that the motility of HCT116 which possessed low SPNS2 expression was significantly higher than SW480 cells which had a high level of SPNS2 (Figure 6B). Indeed, transwell assay showed that SPNS2 substantially inhibited the migration and invasion of HCT116 cells, while the SPNS2-knockdown enhanced the migration and invasion of SW480 cells (Figures 6C, D). To further examine the role of SPNS2 in metastasis in vivo, we assessed the metastatic nodules in the lungs in nude mice, which were injected with HCT116 cells into tail vein. Ectopic overexpression of SPNS2 markedly reduced the lung homing potential of HCT116 cells (Figures 6E, F). These observations demonstrated that SPNS2 strongly inhibited migratory and invasive capacities of CRC.




Figure 6 | SPNS2 inhibits the cell migration, invasion and metastasis of CRC cells. (A) GSEA analysis of SPNS2 expression in CCLE CRC cell lines showed that SPNS2 expression was negatively correlated with “HALLMARK Epithelial–mesenchymal transition”. NES, normalized enrichment score; FDR, false discovery rate. (B) Comparison of the invasion ability between SW480 and HCT116 cells through transwell assay. (C, D) Transwell assay was performed to analyze the effect of SPNS2 on CRC cell migration and invasion in vitro. (scale bar = 100 µm). (E) A lung metastasis model of nude mice was generated using HCT116 with SPNS2 overexpression or control (n=5 per group). Left: representative lung tissues, Right: representative HE staining images of the lung tissues (scale bar = 200 µm). (F) The number of metastatic nodules on lung surface per mouse from (E). **p < 0.01. (G) The expression levels of Slug, E-cadherin, Vimentin and N-cadherin in the indicated cells transfected with si-SPNS2/OE-SEPNS2 or negative control. (H) The expression levels of MMP2 and MMP9 in the indicated cells transfected with si-SPNS2/OE-SEPNS2 or negative control. si-NC, negative control for siRNA silencing; si-SPNS2, SPNS2 siRNA silencing; OE-NC, negative control for overexpression; OE-SPNS2, SPNS2 overexpression.



EMT (Epithelial-mesenchymal transition) is essential for tumor invasion and metastasis (31). During this progress, cells lose their epithelial traits and acquire mesenchymal traits. We then evaluated the effect of SPNS2 expression on the key components involved in EMT. The protein levels of the E-cadherin (epithelial marker) increased, accompanied by the decrease of vimentin and N-cadherin (mesenchymal markers) in SPNS2-overexpressing HCT116 cells (Figure 6G). While in SW480 cells, E-cadherin was downregulated, N-cadherin and vimentin were upregulated after SPNS2 knockdown. Similarly, the mRNA expression of CDH1, which encode the E-cadherin protein, was positively correlated with mRNA expression of SPNS2 (Figure S1A, D), while the mRNA expression of CDH2 and VIM, which encode the N-cadherin and vimentin protein, negatively correlated with mRNA expression of SPNS2 in CCLE cell lines (Figures S1B, C, E, F). By screening EMT-related transcription factors, we found that SPNS2 markedly inhibited Slug protein expression (Figure 6G). These results indicated that SPNS2 inhibited EMT in CRC. In addition, silencing of SPNS2 increased MMP2 and MMP9 expression, while overexpression of SPNS2 decreased the MMP2 and MMP9 expression (Figure 6H), which could degrade the extracellular matrix and stimulate tumor invasion and metastasis (32). Accordantly, the SPNS2 mRNA expression negatively correlated with MMP2 and MMP9 mRNA expression in CCLE cell lines (Figures S1G–J).

Collectively, these results indicated that loss of SPNS2 could promote migration, invasion, metastasis and EMT in CRC.



SPNS2 Inactivates PI3K/Akt Signaling in Colorectal Cancer

Given that SPNS2 can transport the intracellular S1P outside of the cell, so we speculate that SPNS2 functions through modulating the concentration of S1P between the cell and microenvironment. Indeed, the concentration of S1P in medium dramatically increased after SPNS2 overexpression in HCT116 cells by LC-MS/MS assay (Figure S2A). Previous researches have shown that S1P regulates the activities of numerous signaling pathways such as ERK, IL6, AKT and NF-κB (33). To elucidate the underlying molecular mechanisms of SPNS2-mediated anti-tumor effect, we screened these four cancer pathways pathway activity assay using Cignal Reporter Assay Kits of QIAGEN, which measuring the activities of downstream transcription factors through dual-luciferase format. Specifically, PI3K/Akt pathway activity is determined by measuring the luciferase activities of FoxO transcription factors, which are known downstream effectors of Akt (27). SPNS2 knockdown in SW480 cells stimulated PI3K/Akt signaling without affecting the activities of other three pathways (P < 0.01; Figure 7B). Conversely, Ectopic expression of SPNS2 in HCT116 cells specifically suppressed PI3K/Akt signaling (P < 0.01; Figure 7C). Consistently, GSEA revealed that SPNS2 expression was negatively associated with the functional gene sets of “HALLMARK PI3K AKT MTOR SIGNALING” (NES = -1.35, FDR q-value = 0.052) and “HALLMARK MTORC1 SIGNALING” (NES = -2.61, FDR q-value = 0.000) (Figure 7A), which is downstream signaling pathway of PI3K-AKT.




Figure 7 | Effects of SPNS2 on the AKT signaling pathway. (A) GSEA analysis in CCLE CRC cell lines showed that SPNS2 expression negatively correlated with “HALLMARK PI3K AKT MTOR SIGNALING” and “HALLMARK MTORC1 SIGNALING”. (B, C) The relative activities (mean ± S.D.) of AKT, ERK, STAT3, and NF-κB pathways were determined via Qiagen reporter luciferase assay in SPNS2-overexpressing HCT116 cells or SPNS2 knockdown SW480 cells versus the NC counterparts. **p < 0.01 (D) A representative western blot of total AKT, phosphorylated AKT (Ser473), ERK, phosphorylated ERK, P65 and phosphorylated P65 in the indicated CRC cells. (E) MK2206 reduced the phosphorylation level of AKT in SW480 si-SPNS2 cells and SC79 enhanced the phosphorylation level of AKT in HCT116 OE-SPNS2 cells. (F) MK2206 reduced cell migration and invasion in SW480 si-SPNS2 cells (scale bar = 100 µm). (G) SC79 enhanced cell migration and invasion in HCT116 OE-SPNS2 cells (scale bar = 100 µm).



Meanwhile, examining protein level of the key component involved in these pathways by western blot further supported the results of pathway activity. Activation of NF-κB occurs depends on phosphorylation of IκB proteins. p65 subunit is one of the five members of NF‐κB family and is considered as the most potent transcriptional activator of the family (34). AKT is activated by phosphorylation on Thr308 and Ser473 (35–37). Phosphorylation of AKT at Ser473 has been reported to specifically target FOXO (38) and promote tumor progression (37, 39). PTEN is a critical upstream molecule that inhibits Akt activation in cancer (40). We found that SPNS2 overexpression in HCT116 increased PTEN expression and decreased the p-AKT (Ser473) level, while knockdown of it in SW480 cells inhibited PTEN expression and promoted AKT phosphorylation (Figure 7D). However, the phosphorylation levels of ERK and P65 was not altered after knockdown or overexpression of SPNS2 (Figure 7D). Altogether, SPNS2 inhibited the Akt activation but had no effect on the regulation of the ERK and NF-κB signaling pathways in CRC.

To further confirm the role of AKT signaling in SPNS2‐regulated migration and invasion in CRC, we performed transwell assays in SW480 si-SPNS2 and HCT116 OE-SPNS2 cells after treatments with MK2206 (an AKT inhibitor) or SC79 (an AKT activator). MK2206 inhibited the AKT phosphorylation in SW480 si-SPNS2 cells while SC79 promoted the AKT phosphorylation in HCT116 OE-SPNS2 cells (Figure 7E). As shown in Figure 7F, MK2206 reversed the promoted migration and invasion by knockdown of SPNS2 in SW480, while SC79 reversed the impaired migration and invasion by overexpression of SPNS2 in HCT116 (Figure 7G).

Though ectopic expression of SPNS2 promoted the release of S1P from HCT116 and increased the S1P level in the medium to ~6nM (Figure S2A), we found that extracellular S1P could only activate AKT signaling and enhance invasion (Figures S2B, C) when the concentration reached above 100nM, which was far higher than the level of S1P transported outside the cells. This indicated that the effect of SPNS2 was probably not dependent on the change of extracellular S1P concentration. Thus, SPNS2 seems to regulate pathological processes in CRC not through the S1P-dependent pathway, but possibly by other modes, which needs further investigation.

Collectively, these finding suggested that low levels of SPNS2 induced CRC cell invasion by activating PI3K-AKT signaling.




Discussion

In the present study, we reported that the expression of SPNS2 in CRC specimens was lower than in its precursor lesion colon adenoma. And its low expression was associated with poor differentiation, advanced TNM stage and poor prognosis in CRC. Overexpressing SPNS2 suppressed CRC cell proliferation, migration, invasion, metastasis and EMT through inhibiting the AKT signaling pathway. In contrast, knockdown of SPNS2 in CRC cells promoted these phenotypes. Altogether, our study suggests that SPNS2 down-regulation may represent a crucial factor in CRC progression and be a candidate prognostic marker.

S1P, a bioactive sphingolipid metabolite that involved in many physiology and pathology process including cancer genesis and progression, is the transport target of SPNS2. It has been reported that SPNS2 generally showed a promoting effect in the genesis, apoptosis and migration of cancer, through S1P/S1PRs pathways activating downstream signaling such as AKT, STAT3, ERK, Ras and Rac (41). On the contrary, we found that SPNS2 was significantly downregulated in most types of tumors including LUAD and LUSC, which indicated the tumor suppressor function of SPNS2. Accordantly, a study demonstrated that SPNS2 induced apoptosis and suppressed survival in NSCLS cells (16). Although its expression level was significantly lower in normal tissue than in CRC and colon adenoma, CRC possessed a dramatically lower SPNS2 expression than colon adenoma, suggesting a provoking role of SPNS2 in the early stage of CRC but an inhibiting role of it during CRC progression. Indeed, we demonstrated that SPNS2 inhibited proliferation, motility and metastasis in CRC cells. More than 50% colorectal cancer are liver metastatic, which accounts for ~50% of death in colorectal cancer (42, 43) Therefore, inhibiting CRC metastasis is significant to improve clinical outcomes. Though most studies claim that SPNS2 mediates migration via regulating the cellular cytoskeleton (8, 44), SPNS2 may also regulate migration in other ways. EMT could enhance cell motility and invasion, and then confer metastatic properties to cancer cells (45). It is the dominant program in CRC, and promote metastasis of CRC cells (46, 47). In this study, we assessed the changes in key molecular of EMT after forced reversal of SPNS2 expression in CRC cells. SPNS2 expression was negatively associated with mesenchymal markers (Vimentin and N‐cadherin), but positively correlated with epithelial marker (E‐cadherin). Moreover, SPNS2 inhibited the expression of Slug, which is a zinc-finger transcriptional repressor of EMT. Thus, these findings suggest that SPNS2 mediates metastasis of CRC via inhibiting EMT and has potential to be a novel molecular target for anti-metastasis therapy in CRC.PI3K/Akt, JAK/STAT3 and ERK are reported to be simulated by SPNS2 via extracellular S1P/S1PRs combination in cancer cells. However, the key for S1P to exert its functions is the high concentration gradient from extracellular to intracellular, normally ~μM in plasma and ~nM in tissue (48). In the present study, after overexpressing SPNS2 in HCT116 cells, extracellular S1P concentration significantly increased without changing the intracellular S1P concentration, which was consistently with previous finds that SPNS2 does not influence the level of intracellular S1P in SPNS2 deficient mice (49) and ectopic SPNS2 expression didn’t alter intracellular level of S1P in lung cancer cells (16). But the concentration gradient of S1P did not exist in HCT116 SPNS2 overexpressing cells, because both intracellular and extracellular S1P maintained at a similar ~nM level. We also found that extracellular S1P enhanced migration and invasion only at the concentration reaching above 0.1 μM, when a high concentration gradient was built. We speculate that the function of SPNS2 in CRC was not dependent on S1P/S1PRs pathways. Actually, we revealed that inactivation of AKT pathway by PTEN was responsible for SPNS2 mediated phenotypes in CRC. The activation of the PTEN/AKT is observed in many kinds of tumor including colorectal cancer, promoting proliferation and metastasis (36). Also, the PTEN/AKT pathway and its downstream proteins play an essential role in EMT (50, 51). In this study, we observed increased the phosphorylation levels of AKT after SPNS2 knockdown, in line with a previous study in lung cancer (16). In addition, AKT inhibitors inhibited the phosphorylation levels of AKT, migration and invasion induced by knockdown of SPNS2 in CRC. Thus, SPNS2 might function by inhibiting the activation of AKT signaling pathway and then preventing EMT. However, the mechanism by which SPNS2 modulating the PTEN/AKT activity in CRC remains to be determined.



Conclusions

In summary, our data reveal that SPNS2 acts as a tumor suppressor during CRC progression. Its expression in CRC was lower than in colon adenoma, and was regulated by DNA methylation and copy number alteration. The decreased expression of SPNS2 promoted CRC cell proliferation, migration, invasion and metastasis through activating AKT signaling pathway. We believe that our study lays the foundation for specific mechanisms of CRC progression and can contribute to the improvements for early detection and therapy for colorectal cancer.
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Supplementary Figure 1 | Correlation between SPNS2 expression and invasion-related genes expression. (A–C) Spearman’s correlation analysis of SPNS2 expression and CDH1 (encoding E-cadherin), CDH2 (encoding N-cadherin), VIM (encoding Vimentin) expression performed in all cell lines of CCLE. (D–F) Spearman’s correlation analysis of SPNS2 expression and CDH1, CDH2, VIM expression performed in CRC cell lines of CCLE. (G, H) Spearman’s correlation analysis of SPNS2 expression and MMP2/MMP9 expression performed in all cell lines of CCLE. (D-F) Spearman’s correlation analysis of SPNS2 expression and MMP2/MMP9 expression performed in CRC cell lines of CCLE.

Supplementary Figure 2 | S1P enhances invasion and activates Akt under high concentration. (A) SPNS2 overexpression increased extracellular level of S1P. (B) Western blot analysis of phosphorylated Akt (p-Akt) and Akt in HCT116 treated with S1P at different concentrations. (C) The invasive ability of HCT116 cells treated with different concentration of S1P was determined by transwell assays.
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Worldwide, the incidence rate of gastric cancer ranks fifth, and the mortality rate of gastric cancer ranks third among all malignant tumors. However, the pathogenesis of gastric cancer remains poorly understood. In this study, we demonstrated that the expression level of NELFE is higher in human gastric cancer tissues than in adjacent nontumor tissues. A high level of NELFE is associated with worse postoperative overall survival (OS) and relapse-free survival (RFS) rates in patients with gastric cancer. Moreover, the expression of NELFE is correlated with high tumor grade and lymph node metastasis in gastric cancer patients. Knockdown of NELFE dramatically inhibits the cell proliferation and metastasis of gastric cancer xenografts in vivo. Furthermore, we found that NELFE binding to the 3’UTR of E2F2 affects the mRNA stability of E2F2 to regulate the expression level of E2F2. In gastric cancer, E2F2 also acts as an oncogene to inhibit the proliferation and migration of gastric cancer cells by knocking down the expression level of E2F2. However, overexpressing E2F2 in cells with NELFE knockdown significantly reverses the inhibition of cell proliferation and migration induced by NELFE knockdown. Therefore, NELFE at least partially functions as an oncogene through E2F2. Moreover, CIBERSORTx analysis of the proportion of tumor-infiltrating immune cells (TICs) revealed that immune cells are correlated with NELFE and E2F2 expression, suggesting that NELFE and E2F2 might be responsible for the preservation of the immunodominant status for gastric cancer. In conclusion, NELFE acts as an oncogene in gastric cancer and can be used as a potential therapeutic target.
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Introduction

Gastric cancer is one of the leading causes of cancer-related mortality worldwide (1, 2). Patients with gastric cancer are usually diagnosed in advanced stages. At present, the treatment methods for gastric cancer are also relatively limited, mainly surgical resection and adjuvant chemotherapy or radiotherapy (3). However, the recurrence rate of gastric cancer is still high, and the prognosis is poor (2). Although the prevalence and etiopathogenesis of gastric cancer exist with geographic differences (4), the 5-year survival rate of gastric cancer is also low compared to that of other malignant tumors worldwide. Therefore, it is necessary to further study the molecular mechanisms that promote the progression of gastric cancer to develop new diagnostic or prognostic indicators, as well as treatment strategies to improve clinical outcomes.

RNA-binding proteins play a multifaceted and crucial role in posttranscriptional gene regulation processes, such as RNA splicing, transport, translation, localization and stability (5–7). In recent years, an increasing number of studies have shown that RNA-binding proteins play an important role in the progression and drug resistance of tumors (8–13). Negative elongation factor complex member E (NELFE) is an RNA-binding protein. Dang et al. (14) reported that NELFE is an oncogenic protein that may cause transcriptome imbalance in hepatocellular carcinoma (HCC) by regulating MYC signaling and the NELFE-dependent MYC target (NDMT) gene signature to predict a unique subtype of HCC. Borisova et al. (15) reported that MK2 phosphorylates NELFE on serine 115 and that phosphorylation of NELFE can promote the rapid dissociation of 14-3-3 and the NELF complex from chromatin, accompanied by RNA polymerase II extension. Yu et al. (16) demonstrated that NELFE promoted gastric cancer progression by regulating CSNK2B. To the best of our knowledge, the intrinsic mechanism of NELFE with respect to promoting human gastric cancer is still unclear and further investigations are necessary.

A growing body of studies has demonstrated the importance of the tumor microenvironment (TME) in tumor development (17). As an important structural component of the TME, immune cells play important roles in tumor growth and progression. Increasing evidence has shown that tumor-infiltrating immune cells (TICs) in the TME directly or indirectly promote gastric tumorigenesis and the response to chemotherapy (18). However, the function of NELFE in gastric cancer and its role in TICs are still unclear and need to be studied.

In this study, we determined the tumor-promoting effect of NELFE in human gastric cancer. Overexpression of NELFE was observed in human gastric cancer tissues compared with adjacent nontumor tissues. High levels of NELFE were associated with low overall survival (OS) and low recurrence-free survival (RFS) in human gastric cancer patients. The results showed that knocking down the expression of NELFE can inhibit the proliferation and migration of gastric cancer cells in vitro and in vivo. Transcriptome sequencing data showed that knocking down the expression of NELFE caused significant changes in the expression of a number of downstream genes, of which we focused on the E2F2 gene. It was determined that the NELFE protein could directly bind to the 3’UTR of E2F2 and promote the expression of E2F2. Restoring the expression of E2F2 obviously reversed the cell proliferation and migration inhibition caused by NELFE knockdown. CIBERSORT analysis of the proportion of TICs revealed that immune cells were correlated with NELFE and E2F2 expression. Therefore, NELFE acts as an oncogene in human gastric cancer cells, and targeting NELFE can be considered a potential method for gastric cancer treatment.



Materials and Methods


Tissue Samples and Patients

Human gastric cancer tissues and adjacent nontumor tissues were collected at the Department of Pathology at the First Affiliated Hospital of Anhui Medical University (Hefei, Anhui, China) between 2013 and 2014. Patients with other diseases or special treatments were excluded from treatment before surgery. These gastric cancer patients were followed up for more than 5 years before the end of follow-up on December 31, 2019. 32 pairs of fresh gastric cancer tissues and adjacent nontumor tissues were collected at the Department of Gastrointestinal Surgery at the First Affiliated Hospital of Anhui Medical University in May 2019 and stored in liquid nitrogen. Clinical pathological TNM staging was carried out using standard methods (19). This study plan was approved by the institutional review boards of Anhui Medical University and was carried out in accordance with the code of ethics of the World Medical Association (Declaration of Helsinki). All patients had signed an informed consent form.



Immunohistochemistry

Tissue samples were paraffin embedded, sliced, and used for immunohistochemical testing according to standard procedures. Sections stained for immunohistochemistry were evaluated by pathologists using an Olympus microscope (Olympus, Japan). Antibodies against NELFE (1:100, 10705-1-AP, Proteintech Group, USA) and E2F2 (1:100, sc-9967, Santa Cruz, USA) were used.



Western Blot Analysis

The protein levels of NELFE and E2F2 in both cell lines and fresh human tissues were detected using western blotting. In short, 35 μg of protein was separated by a 10% SDS-PAGE gel and then transferred to a PVDF membrane (Millipore, USA). The membrane was blocked with 5% BSA for 1 hour at room temperature. Next, the membrane was incubated with NELFE antibody (1:1,000, 10705-1-AP, Proteintech Group, USA), E2F2 antibody (1:1,000, sc-9967, Santa Cruz, USA), or β-actin antibody (1:5,000, 66009-1-Ig, Proteintech Group, USA) overnight at 4°C. The membrane was then incubated with the secondary antibody (1:5,000, SA00001-2, Proteintech Group, USA) for 1 hour at room temperature. The protein bands were visualized with a chemiluminescence system (EMD Millipore). β-Actin was used as a control.



Cell Lines and Culture

Human gastric cancer cells (BGC-823, AGS, SGC-7901, HGC-27, MKN-45, and MGC-803) and liver cancer cells (Huh-1 and Hep3B) were obtained from Shanghai Cell Bank (Shanghai, China) or ATCC (the American Type Culture Collection). All of these cell lines were cultured at 5% CO2 and 37°C in a humidified atmosphere as recommended.



Cell Functional Assays

In this study, an MTT assay was carried out to evaluate cell viability. First, 1000 cells were plated into 96-well plates. From day 1 to day 5, 20 µL of MTT solution (5 mg/mL) was added to each well, and 570 nm wavelength was measured by a 96-well plate reader as described in a previous study.

For the cell colony formation assay, 1000 cells per well were seeded into 6-well plates, and colony formation was examined 10 days later as described previously.

For the migration assay, 5-10 × 104 BGC-823 and AGS cells were added to the top 8-µm chamber without Matrigel. For invasion assays, 10-20 × 104 cells were added to a Matrigel-coated upper chamber. The lower chambers were filled with medium containing 10-20% serum. After 24-48 hours of incubation, the inserts were rinsed with PBS and stained with 0.1% crystal violet solution for 5 min. Images were taken by an Olympus IX-70 microscope.



Xenograft Assays

Five-week-old male nude mice were used in xenograft assays. A total of 5 × 106 BGC-823 cells were mixed with the same volumes of Matrigel and injected subcutaneously into the flanks or tail veins of the animals. The volumes of tumors were continuously measured every three days after one week.



RT-qPCR

The mRNA levels of NELFE and E2F2 were examined using RT-quantitative PCR (RT-qPCR). GAPDH was used as control. The primers used in this study were as follows: NELFE (F: CAGATGGAGAAGAGGCAGAGG, R: GTTCAGGGAATGAATCCGACC), E2F2 (F: GAGCAGGCCTTGGACCAG, R: CCCTTGGGTGCTCTTGAG) and GAPDH (F: CTGCCTCTACTGGCGCTG, R: GGTCAGGTCCACCACTGAC).



mRNA Decay Assay

Gastric cancer cells were treated with 10 μg/mL actinomycin D. RNA was collected at 0, 2, 4, 6, and 8 hours, and the mRNA level of E2F2 was quantified by real-time fluorescent qPCR. GAPDH served as an endogenous control.



mRNP Immunoprecipitation for NELFE

The anti-NELFE antibody was used to capture the NELFE protein-E2F2 mRNA complex, and RT-qPCR was used to quantify the level of E2F2 mRNA. IgG was used as a control. The mRNA level of the negative control gene GAPDH was also determined.



Luciferase Assays

The 3′-UTRs of the human E2F2 were cloned into the dual-luciferase expression vector, psiCHECK2 vector. BGS-823 and AGS cells were plated in 24-well plates. Cells of 50% confluence were transfected using Lipofectamine 3000 (Invitrogen). Cell extracts were prepared after 48hs posttransfection with 100 ng plasmid and the luciferase activity was examined by the Dual Luciferase Assay System (Promega).



Biotin Pulldown Analysis

The biotinylated E2F2 entire 5’UTR, CDS and 3’UTR RNAs were obtained by chemical synthesis followed by biotin labeling. We purchased the above biotinylated RNA from a biological company (Sangon biotech, Shanghai, China). 3 μg biotinylated RNAs were incubated with whole-cell lysates (200 μg/sample) for 1 h at room temperature, and then complexes were isolated with streptavidin-coupled Dynabeads (#65305, Invitrogen). The association of NELFE with these RNAs was detected by Western blot analysis.



Raw Data of TICs

Transcriptome RNA sequencing data of 407 STAD cases (normal samples, 32 cases; tumor samples, 375 cases) and the corresponding clinical data were downloaded from TCGA database (https://portal.gdc.cancer.gov/) with level 3.



Heatmaps

Heatmaps of differentially expressed genes (DEGs) were generated by R language with the package pheatmap.



TIC Profile

The CIBERSORTx (20) computational method was applied to estimate the TIC abundance profile in all tumor samples.



Statistical Analyses

Data from cell proliferation and metastasis assays were analyzed using unpaired two-tailed t-tests. We used GraphPad Prism 8.02 software to reassess the correlation between NELFE and E2F2. Correlation analysis of clinicopathological parameters was performed using the Pearson chi-square test and Spearman rank correlation test. P<0.05 was considered statistically significant.




Results


High Expression of NELFE in Gastric Cancer Patients Indicates a Worse Survival Outcome for Patients

We collected tumor and adjacent nontumor tissue samples from 224 patients with gastric cancer. As shown by immunohistochemical examination in Figure 1A, 10% of patients with gastric cancer had strong NELFE protein expression in adjacent tissues, 21% had moderate NELFE expression, 30% had weak NELFE positive expression, and 39% were NELFE negative. The corresponding percentages in tumor tissues were 51%, 28%, 15% and 6%, respectively. The expression levels of NELFE in 32 pairs of fresh tumor tissues and adjacent nontumor tissues were detected by western blot and qRT-PCR assays. Correspondingly, the protein and RNA levels of NELFE in gastric cancer tissues were significantly higher than those in adjacent nontumor tissues (Figures 1B, C and Supplementary Figure S1). The correlation between NELFE expression and survival was analyzed in 224 patients with gastric cancer. As shown in Figure 1D, compared with gastric cancer patients with high NELFE levels, gastric cancer patients with low NELFE levels had significantly higher OS rates (P = 0.0016) and RFS rates (P = 0.0002). To understand the clinical implications of the increased expression, we examined the correlation of NELFE with the clinicopathologic features of GC. The higher NELFE expression was observed to be associated with tumor size (p < 0.01), differentiation of tumor (p < 0.01), TNM stage (p < 0.001) and lymph node metastasis (p < 0.001) of GC (Supplementary Table S1). The above results show that NELFE may be a potential oncogene in gastric cancer.




Figure 1 | NELFE was overexpressed in gastric cancer and associated with poor survival rates in gastric cancer patients. (A) The expression levels of NELFE in 236 pairs of gastric cancer tissues and normal gastric tissues were examined by immunohistochemical staining. (B, C) The expression levels of NELFE in 32 pairs of fresh tumor tissues and adjacent nontumor tissues were detected by western blotting and qRT-PCR. (D) The overall survival (OS) rates and relapse-free survival (RFS) rates in gastric cancer patients with high NELFE expression and low NELFE expression were analyzed by Kaplan-Meier curves. **P < 0.01.





NELFE Promotes the Proliferation of Human Gastric Cancer Cells

Previous studies have shown that NELFE is expressed at high levels in Huh-1 and Hep3B liver cancer cells. We tested the expression level of NELFE in gastric cancer and liver cancer cell lines. As shown in Figure 2A, the NELFE protein was generally expressed in gastric cancer cells, and its protein expression level was high in some gastric cancer cell lines, especially in BGC-823 and AGS cells. On the other hand, NELFE was relatively low expressed in SGC-7901 and MGC-803. Therefore, these four cell lines were selected for further functional studies. Next, we investigated the distribution of the NELFE protein in these cells by immunofluorescence experiments and found that the NELFE protein was clearly observed in the cytoplasm (Figure 2B). As shown in Figure 2C and Supplementary Figure S2A, the protein expression level of NELFE was significantly decreased or increased after shRNA-mediated knockdown or NELFE-overexpression plasmid-mediated overexpression of NELFE. The results of cell proliferation assays showed that the number of cells was significantly lower in the NELFE-knockdown group than the control group (Figure 2D). Next, cell viability was measured using the MTT assay. The results showed that cell viability was significantly inhibited after NELFE knockdown in vitro (Figure 2E), and the number of colonies formed by AGS and BGC-823 gastric cancer cells decreased significantly (Figures 2F, G). Conversely, overexpression of NELFE facilitated cell proliferation (Supplementary Figure S2B), cell viability(Supplementary Figure S2C) and the number of colonies formed (Supplementary Figure S2D). To further study the function of NELFE in vivo, we injected BGC-823 cells with stable knockdown of NELFE and control cells into the abdominal flanks of nude mice. The results showed that compared with those in the control group, the tumors formed by BGC-823 cells with NELFE knockdown were smaller and lighter (Figures 2H, I), and the proportion of ki67-positive cells in these tumors was significantly lower (Figure 2J). In short, knocking down NELFE significantly inhibited the growth of gastric cancer cells in vitro and their tumor formation ability in vivo.




Figure 2 | NELFE promoted the proliferation of human gastric cancer cells. (A) The expression levels of NELFE were examined by western blotting in liver cancer cells (Huh-1 and Hep3B) and gastric cancer cells (BGC-823, AGS, SGC-7901, HGC-27, MKN-45, and MGC-803). (B) The distribution of the NELFE protein in the cells was examined by immunofluorescence experiments. BGC-823 and AGS gastric cancer cells were transfected with sh-NELFE#1, sh-NELFE#2, or sh-control. (C) The protein expression level of NELFE was detected by western blotting. Actin was used as control. (D, E) Cell viability was measured by the MTT assay. (F, G) A cell colony formation assay was performed in BGC-823 and AGS cells. (H, I) Five-week-old male nude mice were used in xenograft assays, and BGC-823 cells were mixed with Matrigel and injected subcutaneously into the flanks. (J) The proportion of ki67-expressing cells in xenograft tumors was examined by immunohistochemical examination. **P < 0.01, ***P < 0.001.





NELFE Promotes the Metastasis of Human Gastric Cancer Cells

To explore the effect of NELFE on cell migration and invasion, we tested the effect of NELFE knockdown and overexpression on cell migration and invasion through Transwell experiments. As shown in Figures 3A, B, knockdown of NELFE in BGC-823 and AGS cells inhibited their migration. Then, we tested the effect of NELFE knockdown on cell invasion and observed that cell invasion was also inhibited (Figures 3C, D). Overexpression of NELFE promoted cells migration (Supplementary Figure S2E) and invasion (Supplementary Figure S2F). Furthermore, we used tail vein injection of BGC-823 cells to study the effect of NELFE on the metastatic ability of gastric cancer cells in vivo. The results showed that in the NELFE-knockdown group, no tumor metastases were observed in the lungs of the mice (0/6), while lung metastases were observed in each mouse in the control group (6/6) (Figure 3E). Therefore, NELFE is necessary for the metastasis of human gastric cancer cells.




Figure 3 | NELFE promoted metastasis of human gastric cancer cells. (A, B) Transwell migration and (C, D) Invasion assays. (E), Five-week-old male nude mice were used in xenograft assays, and BGC-823 cells were injected into the tail vein. Representative images of H&E staining of lungs and incidence of lung metastasis from mice inoculated with BGC-823 cells. **P < 0.01.





E2F2 Is Regulated by NELFE in Human Gastric Cancer Cells

To explore the downstream regulatory genes of NELFE, we used RNA sequencing to search for changes in gene expression after knocking down NELFE. Sequencing results showed that there were 23 genes whose expression decreased in BGC-823 and AGS cells after knocking down NELFE (Figure 4A). Among them, the E2F2 gene drew our attention. The results of real-time fluorescence qPCR confirmed that the expression of E2F2 decreased significantly when NELFE was knocked down (Figure 4B). The western blotting results also confirmed that the protein expression of E2F2 decreased significantly when NELFE was knocked down (Figure 4C). As shown in Figure 4D, the mRNA decay rate of E2F2 decreased dramatically in both NELFE-knockdown BGC-823 and AGS cells. Depletion of NELFE significantly decreased the luciferase activity of the E2F2 3’UTR reporter (Figure 4E). Moreover, the biotin-labeled E2F2 3’UTR could bind to the NELFE protein, while other regions and mutants labeled with biotin could not bind to the NELFE protein (Figures 4F–H). In the RNP-IP assay, the anti-NELFE antibody dramatically enriched E2F2 mRNA compared with the control IgG (Figure 4I). Thus, E2F2 is regulated by NELFE through posttranscriptional 3’UTR binding.




Figure 4 | E2F2 was regulated by NELFE in human gastric cancer cells. (A) Graph of 23 genes whose expression decreased in BGC-823 and AGS cells after NELFE knockdown, as demonstrated by RNA sequencing. (B, C) The expression levels of E2F2 were detected by qRT-PCR and western blotting when NELFE was knocked down. (D) The mRNA decay rate of E2F2 in NELFE-knockdown BGC-823 and AGS cells was detected by the mRNA decay assay. (E) Change in the E2F2 3’UTR luciferase reporter activity with the consumption of NELFE. (F) Schematic depiction of the E2F2 5’UTR, CDS and 3’UTR, as well as the biotinylated RNAs synthesized for use in biotin pulldown analysis. The interaction of NELFE protein with each biotinylated E2F2 5’UTR, CDS, wild-type 3’UTR, and mut-type 3’UTR RNA segment was analyzed by western blotting in BGC-823 (G) and AGS (H) cells, with β-actin as input control. (I) Enrichment of E2F2 mRNA was conducted by the mRNP immunoprecipitation assay. *P < 0.05, **P < 0.01, ***P < 0.001.





E2F2 Promotes the Growth and Metastasis of Human Gastric Cancer Cells

We examined the protein levels of E2F2 in human gastric cancer cells. Similar to NELFE, the E2F2 protein was ubiquitously expressed in gastric cancer cells, and the expression level was higher in BGC-823 and AGS cells (Figure 5A). We knocked down the expression of E2F2 by shRNA (Figure 5B). Knockdown of E2F2 dramatically decreased the total number (Figure 5C), viability (Figure 5D), colony formation (Figures 5E, F), migration (Figure 5G), and invasion (Figure 5H) of both BGC-823 and AGS cells. To further study the function of E2F2 in vivo, we injected BGC-823 cells with stable E2F2 knockdown or control cells into the abdominal flanks of nude mice. The results showed that compared with those formed by control cells, the tumors formed by BGC-823 cells with E2F2 knockdown were smaller and lighter (Figures 5I, J). Furthermore, we used tail vein injection of BGC-823 cells to study the effect of E2F2 on the metastatic ability of gastric cancer cells in vivo. The results showed that in the E2F2-knockdown group, no tumor metastases were observed in the lungs of the mice (0/6), while metastases were observed in the lungs of each mouse in the control group (6/6) (Figures 5K, L). Therefore, E2F2 also promotes the growth and metastasis of human gastric cancer cells in vitro and in vivo.




Figure 5 | E2F2 promoted the growth and metastasis of human gastric cancer cells. (A) Expression levels of E2F2 were examined by western blot in liver cancer cells (Huh-1 and Hep3B) and gastric cancer cells (BGC-823, AGS, SGC-7901, HGC-27, MKN-45, and MGC-803). BGC-823 and AGS gastric cancer cells were transfected with sh-E2F2#1, sh-E2F2#2, or sh-control. (B) The protein expression level of E2F2 was detected by western blotting. Actin was used as control. (C, D) Cell viability was measured by the MTT assay. (F, G) A cell colony formation assay was performed in BGC-823 and AGS cells. (E, F) A cell colony formation assay was performed in BGC-823 and AGS cells. (G) Transwell migration and (H) invasion assays. (I, J) Five-week-old male nude mice were used in xenograft assays, and BGC-823 cells were mixed with Matrigel and injected subcutaneously into the flanks. (K) The proportion of ki67-expressing cells in xenograft tumors was examined by immunohistochemical staining. (L) BGC-823 cells were injected into the tail vein. Representative images of H&E staining of lungs and incidence of lung metastasis from mice inoculated with BGC-823 cells. **P < 0.01, ***P < 0.001.





E2F2 Overexpression Reversed the Cancer-Promoting Function of NELFE

To verify whether E2F2 mediates the cancer-promoting effect of NELFE, we restored the expression level of E2F2 through an expression plasmid lacking the E2F2 3’UTR. The restoration of E2F2 expression in BGC-823 and AGS cells was confirmed by western blotting (Figure 6A). Consistent with previous results, knockdown of NELFE dramatically decreased the total number, viability, colony formation, migration, and invasion of BGC-823 and AGS cells (Figures 6B–F). In addition, these decreases were abated by the forced expression of E2F2 (Figures 6B–F). Therefore, E2F2 is necessary for NELFE to promote human gastric cancer.




Figure 6 | E2F2 overexpression reversed the cancer-promoting effect of NELFE. Overexpression of E2F2 plus knockdown of NELFE rescues the phenotype induced by NELFE knockdown. (A) The restoration of E2F2 expression in BGC-823 and AGS cells was confirmed by western blotting. (B), Proliferation curves of BGC-823 and AGS cells transfected with the control shRNA plus pBabe, shRNA plus E2F2, sh-NELFE plus pBabe and sh-NELFE plus E2F2. (C, D) MTT and colony formation assays of BGC-823 and AGS cells transfected with the control shRNA plus pBabe, shRNA plus E2F2, sh-NELFE plus pBabe and sh-NELFE plus E2F2. (E) Transwell migration and (F) invasion assays of BGC-823 and AGS cells transfected with the control shRNA plus pBabe, shRNA plus E2F2, sh-NELFE plus pBabe and sh-NELFE plus E2F2. *P < 0.05, **P < 0.01.





E2F2 Expression Is Elevated In Gastric Cancer and Is Positively Correlated With NELFE Expression

The levels of E2F2 in gastric tissues were examined. As shown in Figures 7A, B, compared with that in adjacent nontumor tissues, the expression level of E2F2 in tumor tissues was higher. In addition, after analyzing the correlation between NELFE and E2F2, we found that the expression levels of NELFE and E2F2 in gastric cancer tissue were significantly positively correlated (Figure 7C).




Figure 7 | E2F2 expression was elevated in gastric cancer and is positively correlated with NELFE. (A) Expression levels of E2F2 in gastric cancer tissues and normal gastric tissues were examined by immunohistochemical examination. (B) The expression levels of E2F2 in 32 pairs of fresh tumor tissues and adjacent nontumor tissues were detected by qRT-PCR. (C) The correlation between NELFE and E2F2. (D) The molecular mechanism of upregulation of E2F2 mRNA through NELFE in promoting gastric cancer pathogenesis. ***P < 0.001.





Correlation of NELFE and E2F2 With the Proportion of TICs

To further confirm the correlation of NELFE and E2F2 expression with the immune microenvironment, the proportion of tumor-infiltrating immune subsets was analyzed using the CIBERSORTx algorithm. 22 kinds of immune cell profiles in STAD samples were constructed (Figure 8A). The correlation between different immune cells in gastric cancer tissue was objective (Figure 8B). The results from the difference and correlation analyses showed that a total of five kinds of TICs were correlated with the expression of NELFE (Figures 8C, D), and six kinds of TICs were correlated with the expression of E2F2 (Figures 8E, F). Among them, M0 macrophages were positively correlated with NELFE expression; four kinds of TICs were negatively correlated with NELFE expression, namely, memory B cells, naïve B cells, resting mast cells, and resting memory CD4+ T cells (Figure 8G). Three kinds of TICs were positively correlated with E2F2 expression, namely, resting NK cells, activated memory CD4+ T cells, and follicular helper T cells; Three kinds of TICs were negatively correlated with E2F2 expression, namely, M2 macrophages, resting mast cells and monocytes (Figure 8H). These results further supported the findings that the levels of NELFE and E2F2 affected the immune activity of the TME.




Figure 8 | Correlation of NELFE and E2F2 with the proportion of TICs. TIC profile in tumor samples and correlation analysis. (A) Barplot showing the proportion of 22 kinds of TICs in gastric cancer samples. The column names in the plot are sample ID. (B) Heatmap showing the correlation between 22 kinds of TICs and numeric cells in each small box indicating the p value of the correlation between two kinds of cells. The shade of each small color box represents the corresponding correlation value between two cells, and the Pearson coefficient was used for the significance test. (C) Violin plot showing the ratio differentiation of 22 kinds of immune cells between gastric cancer samples with low or high NELFE expression relative to the median NELFE expression level, and Wilcoxon rank sum was used for the significance test. (D) Venn plot displaying five kinds of TICs correlated with NELFE expression codetermined by difference and correlation tests displayed in violin and scatter plots, respectively. (E) Violin plot showing the ratio differentiation of 22 kinds of immune cells between gastric cancer samples with low or high E2F2 expression relative to the median E2F2 expression level, and Wilcoxon rank sum was used for the significance test. (F) Venn plot displaying six kinds of TICs correlated with E2F2 expression codetermined by difference and correlation tests displayed in violin and scatter plots, respectively. (G, H) Scatter plot showing the correlation of the proportions of 5 kinds of TICs with NELFE expression and the proportions of 6 kinds of TICs with E2F2 expression.






Discussion

In our study, we systematically examined the promoting effect of an RNA-binding protein (NELFE) in human gastric cancer cells. Analysis of 224 cancer tissues and 224 adjacent nontumorous tissues indicated that NELFE was overexpressed in human gastric cancer compared with normal gastric tissues. Gastric cancer patients with high levels of NELFE showed both low OS rates and RFS rates. In BGC-823 and AGS gastric cancer cells, shRNA-mediated NELFE depletion dramatically decreased cell viability, as determined by the MTT assay and colony formation assay. In vivo, knockdown of NELFE inhibited the tumor formation ability in nude mice. In terms of metastasis, we also showed that knockdown of NELFE inhibited the metastasis ability in vitro and in vivo.

As reported previously, many RNA-binding proteins play important roles in the proliferation and metastasis of human cancer cells. Our team demonstrated that PCBP2 acted as an oncogene in gastric cancer and could promote the viability of human gastric cancer cells by regulating CDK2 (21). As a tandem zinc-finger RNA-binding protein, Loh et al. (22) proved that ZFP36L1 could markedly reduce bladder and breast cell proliferation in vitro and in vivo by suppressing hypoxia and cell cycle signaling. In terms of NELFE, Dang et al. (14) reported that NELFE promoted cell growth and metastasis of HCC. NELFE knockdown inhibited cell growth and metastasis both in vitro and in vivo. Furthermore, NELFE may cause HCC transcriptome imbalance by regulating MYC signaling and the NELFE-dependent MYC target (NDMT) gene signature to predict a unique subtype of HCC. These data all support the results obtained in our study. In addition, Han et al. (23) demonstrated that NELFE could promote proliferation, metastasis and EMT in pancreatic cancer. These results are in accordance with the data of the present study, which indicates that NELFE may have extensive carcinogenicity in tumors.

For the downstream pathway, E2F2 was chosen by RNA sequencing analysis. In this study, using an mRNA decay assay and a luciferase reporter assay, we found that the NELFE protein could bind to the E2F2 3’UTR and positively regulate E2F2 mRNA stability and protein expression. Exerting their biological activity by binding to RNAs is one of the functions of RNA-binding proteins. Zhao et al. (24) reported that RPS3 could promote HCC tumorigenesis both in vitro and in vivo. In addition, RPS3 stabilized SIRT1 mRNA by binding to AUUUA motifs on the 3’UTR of SIRT1 mRNA. In ovarian cancer, CELF2 could stabilize FAM198B mRNA by binding to AU/U-rich elements (AREs) in the 3’UTR (25). Moreover, ZFP36L1 bound to the HIF1A 3’UTR and mediated HIF1A mRNA degradation in bladder and breast cells (22).

Accordingly, E2F2 acts as an oncogene in gastric cancer. Abnormal overexpression or activation of E2F2 induces malignant cell viability. E2F2 was found to be overexpressed in human gastric cancer tissues compared with normal gastric tissues. In BGC-823 and AGS gastric cancer cells, E2F2 knockdown inhibited cell growth and metastasis both in vitro and in vivo. Rescue experiments showed that E2F2 overexpression abrogated the decrease in cell proliferation and metastasis by NELFE knockdown. In gastric cancer, E2F2 has not been systematically studied previously. E2F2 expression was reported to be upregulated in gastric cancer (26, 27), which is in accordance with the data of the present study. Additionally, H19 was demonstrated to promote gastric cancer cells to proliferate and invade through the miR-138/E2F2 axis (28). In cisplatin-resistant gastric cancer cells, miR-26a could improve the sensitivity of GC cells to cisplatin-based chemotherapies through E2F2 (29). All of these results support the findings of the present study. Moreover, E2F2 has been reported to promote tumor progression in many other human cancers, including breast cancer (30), ovarian cancer (31), lung cancer (32), and glioma (33). Therefore, through large number of in vivo and in vitro studies, we confirmed that NELFE facilitated the viability and metastasis of gastric cancer cells specifically by stabilizing the mRNA of E2F2. Herein, we propose a model to reveal the molecular mechanism of upregulation of E2F2 mRNA through NELFE in promoting gastric cancer pathogenesis, and it is illustrated in Figure 7D. The NELFE-E2F2 pathway was found to play an important role in human gastric cancer.

Recently, increasing evidence has shown that oncogenes and tumor suppressor genes could recruit or suppress different immune cells in the TME (34). TICs in the TME directly or indirectly promote tumorigenesis and the response to chemotherapy (18). It has been confirmed that the E2F family can recruit several immune cells in endometrial cancer (35) and CNS cancer (36). In the present study, we demonstrated that high expression of NELFE was positively correlated with M0 macrophages and that high expression of E2F2 was positively correlated with resting NK cells, activated memory CD4+ T cells, and follicular helper T cells. As a NELFE-E2F2 axis in gastric cancer, we were surprised to find that these two oncogenes played important roles in the infiltration of immune cells in gastric cancer. Combined with previous studies showing the relationship between TICs and tumor progression and drug resistance (18), we were able to conclude that the NELFE-E2F2 axis facilitated immune infiltration, which accelerated the proliferation and metastasis of gastric cancer. However, this finding needs to be verified in further research.

In summary, we have demonstrated that NELFE and E2F2 play a vital role in the proliferation and metastasis of gastric cancer, which may be mediated by effects on the tumor microenvironment. Enhanced NELFE and E2F2 expression levels were associated with poor survival rates in gastric cancer patients. NELFE and E2F2 inhibitors could be used as potential therapeutic targets for gastric cancer treatment. However, further study is needed to determine how the tumor microenvironment is regulated by NELFE and E2F2 or other RNA-binding proteins and to clarify the therapeutic value of these components.
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Purpose

The purpose of this study is to explore the prognostic value of associating pre-treatment neutrophil–lymphocyte ratio (NLR) with circulating tumor cells counts (CTCs) in patients with gastrointestinal cancer.



Materials and Methods

We collected the related data of 72 patients with gastric cancer (GC) and colorectal cancer (CRC) who received different therapies from August 2016 to October 2020, including age, gender, primary tumor location, TNM stage, tumor-differentiation, NLR, CTCs, disease-free survival (DFS) and overall survival (OS). We chose the optimal cut-off value of NLR >3.21 or NLR ≤3.21 and CTC >1 or CTC ≤1 by obtaining receiver operating characteristic (ROC) curve. The Kaplan–Meier survival analysis and Cox regression analysis were used to analyze DFS and OS. To clarify the role of the combination of NLR and CTCs counts in predicting the prognosis, we analyzed the DFS and OS when associated NLR and CTCs counts.



Results

A high NLR (>3.21) was associated with shorter DFS (P <0.0001) and OS (P <0.0001). Patients with high CTCs level (>1) had shorter DFS (P = 0.001) and OS (P = 0.0007) than patients with low CTCs level. Furthermore, patients who had both higher NLR and higher CTCs counts had obvious shorter DFS (P <0.0001) and OS (P <0.0001).



Conclusions

Patients with higher NLR and more CTCs respectively tended to have poor prognosis with shorter DFS and OS, which might be regarded as predictors of gastrointestinal cancer. In particular, associating NLR and CTCs counts might be a reliable predictor in patients with gastrointestinal cancer.





Keywords: neutrophil–lymphocyte ratio, circulating tumor cells counts, prognosis, gastrointestinal cancer, survival



Introduction

Gastrointestinal cancer is a kind of primary tumor located in the digestive tract, which mainly includes gastric cancer (GC) and colorectal cancer (CRC). GC and CRC are the most common malignancies in the world. The 5-year survival rate was approximately 30% in GC patients with radical surgery (1) and about 68.9% in CRC postoperative patients (2). The prognosis of GC and CRC patients was significantly correlated with tumor location, TNM stage, and the tumor size (3). The patients after surgery are mainly monitored by imaging examinations for recurrence or metastasis, but imaging is difficult to detect micro-metastatic lesions. Therefore, a sensible and easy indicator is urgently required to assist predicting prognosis of GC and CRC, which is significant for improving survival.

Nowadays, increasing studies have been suggesting that chronic inflammation is closely related to tumorigenesis and development. Inflammation is one of the key components of tumor microenvironment (TME), which is mainly comprised of tumor cells, stroma cells and immune cells (4). The prognosis of malignancies appeared to be predicted by a variety of inflammatory indices such as neutrophil–lymphocyte ratio (NLR), platelet–lymphocyte ratio (PLR), monocyte–lymphocyte ratio (MLR), systemic immune-inflammatory index (SII), systemic inflammatory marker (SIM) and so on. There were several studies that indicated that NLR as an immunoinflammatory marker can predict the prognosis of certain tumors, such as breast cancer, non-small-cell lung cancer, head and neck squamous cell carcinoma, gastric cancer, and colorectal cancer (5–10).

Circulating tumor cells (CTCs) are kinds of tumor cells that enter into the bloodstream from a primary or metastatic tumor location that may have metastatic potential. Currently, CTCs have been reported to have prognostic value in breast cancer, non-small-cell lung cancer, head and neck squamous cell carcinoma, gastric cancer and colon cancer (11–17).

The prognostic values of NLR (5–10) and CTCs (11–17) were studied respectively. In our former studies about CTCs, we observed that in advanced colorectal cancer patients, CTCs could be a predictor for prognosis, and more CTCs tended to accompany with shorter survival (17). Similarly, in patients with head and neck squamous cell carcinoma, it was also obvious that a high CTCs level was associated with poor prognosis (18). Additionally, we also come to a conclusion that SIM positively correlated with tumor progression in head and neck squamous cell carcinoma patients (14). With the consideration of CTCs and inflammatory index having both a role in predicting the prognosis of tumors, our study not only demonstrated the NLR and CTCs as factors to predict the prognosis, but we also intended to combine the NLR with CTCs to predict the prognosis of GC and CRC patients furthermore.



Materials and Methods


Patients

This was a retrospective study which included the patients with GC and CRC who have received therapies between August 2016 and October 2020. All patients were staged according to the 8th TNM-classification (AJCC). The included criteria of the group of patients were as follows: 1) patients were aged from 18 to 85 years; 2) patients had the whole clinicopathological data and follow-up data; 3) the blood examination and CTCs counts detection were carried out before the postoperative antitumor treatment, such as chemotherapy or other therapies; 4) patients were diagnosed definitely by histopathology; 5) patients who were excluded were those who had chronic infection or acute infection in the process of tumor treatment confirmed by microbiology; 6) patients who were excluded were those who were under the treatment with glucocorticoids in a week.



The Detection of CTCs

Approximately 5 ml peripheral blood was collected from every patient with GC or CRC before the treatment. The detection of CTCs, in brief, was used by immunomagnetic bead negative enrichment combined with immunofluorescence in situ hybridization (Im-FISH), according to our previous study (17).



Statistical Analysis

The demographic data and clinicopathologic features were collected retrospectively. DFS was defined as the time from the date of surgery to the date of definite diagnosis of disease recurrence. OS was calculated from the date of treatment to the date of death or the last follow-up. The data was analyzed by using SPSS 22.0 software (IBM, NY, USA), and the graphs were profiled by using GraphPad Prism 6.0 (GraphPad Software, CA, USA). We constructed the receiver-operating-curve (ROC) by using the OS as the status variable and calculating the optimal cut-off value for NLR and CTCs by Youden index (sensitivity + specificity − 1). In order to demonstrate the relationship between NLR and clinicopathological data, Pearson’s chi-square test or Fisher exact test was used to analyze them. The same method was applied in testifying the association of CTCs and patients’ characteristics. Survival curves were calculated with the Kaplan–Meier analysis and compared with log-rank test. The multivariate analysis was used to evaluate the independent factors of prognosis. The P-value <0.05 was considered significant in this paper.




Results


The Characteristics of Patients

We enrolled 72 patients with gastrointestinal cancer from August 2016 to October 2020. Patients were followed up to October 2020. The median follow-up time was 50.18 ± 3.41 months. The characteristics of these 72 patients are shown in Table 1. The median age of all these patients was 65 years (range 37 to 85 years). For primary tumor location, there were 25 (34.7%) patients in colon, 19 (26.4%) in rectum and 28 (38.9%) in stomach, respectively. Among them, 15 patients (20.8%) had visceral metastasis such as pulmonary or hepatic metastasis. The connection of NLR and clinicopathological variables was performed in Table 2; meanwhile, the association of CTCs and characteristics was also shown in Table 2. Our univariate analysis revealed that TNM stage, T stage and the number of metastatic tumor sites were related to DFS (Table 3). For OS, TNM stage, T stage and the number of metastatic tumor sites had significance (Table 3). In consideration of the difference of N stage in gastric cancer and colorectal cancer, we analyzed the N stage with the survival separately, after which we found that N stage of colorectal cancer was related to DFS and OS, whereas in gastric cancer, N stage had significance in DFS but had no significance in OS (Table 3). Nevertheless, age, gender, primary tumor location, tumor differentiation had no significance of DFS and OS (Table 3). In addition, patients diagnosed with visceral metastasis had worse prognosis than patients with non-visceral metastasis in DFS and OS (Table 3).


Table 1 | Clinicopathological variables of patients with gastrointestinal cancer.




Table 2 | Association of NLR (>3.21 versus ≤3.21) or CTC (>1 versus ≤1) with clinicopathological variables.




Table 3 | Univariate analysis of clinicopathological characteristics associated with survival.





The Relationship Between NLR With Clinicopathological Parameters and the Survival

We constructed the ROC by using the OS as the status variable (area under the curve (AUC) = 0.759) and determined the optimal cut-off value for NLR as 3.21. Patients were divided into two groups according to the cut-off value. In these patients, 22 (30.6%) of them had NLR>3.21 and the other 50 (69.4%) of patients had NLR ≤3.21. The association between NLR and clinicopathological variables was shown in Table 2. The results turned out that NLR was related with TNM stage, T stage, the number of metastatic tumor sites and visceral metastasis, whereas NLR seemingly had no significance with age, gender, primary tumor location and tumor differentiation. Among them, due to the difference of N stage of GC and CRC, we found that NLR was correlated with N stage of colorectal cancer but had no significance in N stage of gastric cancer.

In these 72 patients, 30 of them developed tumor recurrence during the follow-up. Results from our data showed that 17 patients (56.7%) in high NLR group and 13 patients (43.3%) in low NLR group had recurrence. Otherwise, we observed the prognostic value of NLR in these two groups. We found that the patients with NLR ≤3.21 had longer DFS (median, not reached (NR) vs. 14 months, P <0.0001, Figure 1A) and OS (median, NR vs. 26 months, P <0.0001, Figure 1B) than patients with NLR >3.21. Furthermore, in order to estimate the relevance between NLR and survival, we got information from describing Kaplan–Meier curves and then discovered that the 5-year DFS rate of patients with NLR >3.21 was 11.9% and 74% of patients with NLR ≤3.21, respectively (P <0.0001). In terms of OS, the 5-year OS rate was 19.5% in higher NLR group and 77.5% in lower NLR group (P <0.0001).




Figure 1 | The Kaplan–Meier analysis curves for NLR on DFS (A) and OS (B) and for CTCs on DFS (C) and OS (D) (DFS, disease-free survival; OS, overall survival; NLR, neutrophil–lymphocyte ratio; CTCs, circulating tumor cells). Patients in higher NLR group had poorer prognosis with shorter DFS and OS, meanwhile, patients with more CTCs tended to have worse clinical outcome with shorter DFS and OS.





Association of CTCs With Clinicopathological Variables and Survival

As for CTCs, we constructed the ROC by using the OS as the status variable (AUC = 0.738) and found the suitable cut-off value for CTCs was 1. We assessed the relationship between CTCs and patients’ clinical outcome. The CTCs counts were ≤1 among 52 (72.2%) patients and >1 among 20 (27.8%) patients. The relationship between CTCs and characteristics was shown in Table 2. From our results, TNM stage, T stage, the number of metastatic sites and visceral metastasis were linked with CTCs. Unfortunately, CTCs had no significance with other variables, as age, gender, primary tumor location, N stage and tumor differentiation.

Among those patients who had recurrence, there were two patients (10%) in the CTC ≤1 group while 18 patients (90%) in the CTC >1 group. In this paper, we investigated whether CTCs could predict the clinical outcomes of gastrointestinal cancer. In the process of studying the prognostic value of CTCs, we found that individuals with more CTCs tended to have shorter DFS (median, NR vs. 49 months, P = 0.001, Figure 1C) and OS (median, NR vs. 60 months, P = 0.001, Figure 1D) than the patients with less CTCs. Moreover, we explored the relationship of CTCs and survival by using Kaplan–Meier analysis, which demonstrated that the 5-year DFS rate was 44.6% and 89.5% (P = 0.001), in higher CTCs and lower CTCs group, respectively. Meanwhile, patients with CTC>1 had a decreased 5- year OS rate than the group of CTC ≤1 (46.7% vs. 94.1%, P = 0.001).



The Relationship Between NLR and CTCs Counts and Survival

Finally, our ultimate aim was to explore the combined effect of associating NLR with CTCs to predict the prognosis of gastrointestinal cancer. Therefore, we divided our patients into four groups: 1) patients with NLR ≤3.21 and CTC ≤1 (n = 17); 2) patients with NLR >3.21 and CTC ≤1 (n = 3); 3) patients with NLR ≤3.21 and CTC >1 (n = 33); and 4) patients with NLR >3.21 and CTC >1 (n = 19). After that we found that in the people who had both higher NLR and higher CTCs counts had shorter DFS (P <0.0001, Figure 2A) and OS (P <0.0001, Figure 2B) than the others.




Figure 2 | The Kaplan–Meier analysis curves on DFS (A) and OS (B) when associating NLR and CTCs counts (DFS, disease-free survival; OS, overall survival; NLR, neutrophil–lymphocyte ratio; CTCs, circulating tumor cells). In patients with higher NLR and higher CTCs counts had shorter DFS and OS.






Discussion

Gastrointestinal cancer is one of the most common tumors among the world, which nowadays accompanies with high incidence. The incidence rate of GC and CRC were approximately 11.1/100,000 and 19.7/100,000 worldwide, respectively (19). In the last decades, the appearance of an endoscope has brought the great advancement of disease diagnosis. GC screening such as endoscopy and Barium imaging could improve the detection of early GC, which could improve the 5-year survival rate as well (20). Colonoscopy could decrease the overall mortality by about 29% in CRC (21). However, the survival of gastrointestinal cancer is still poor. Thus, the relatively exact biomarker to predict the prognosis of GC and CRC is necessary.

Currently, the vital role of inflammation in the tumor microenvironment has been found in different researches. It is worth noting that neutrophils and lymphocytes as indispensable components of inflammation which demonstrated that they may have an effect on the development of tumor. Neutrophils are the first line of defense of the body which can increase rapidly when body gets acute infection, various poisoning and the damage of tissue. Now, a lot of growing research has suggested the positive role of neutrophils in the growth of tumor (22–24). Neutrophils are major inflammatory constituents of TME, which can facilitate the growth and development of tumor by different mechanisms (24, 25). Diefenhardt et al. (26) found that leukocytosis and neutrophilia tended to predict the poor clinical outcome. Meanwhile, the variation of lymphocytes often related to virus infection, as the center of immune response. For the prognostic value of lymphocytes, De Giorgi et al. (27) concluded that lymphocytopenia can be regarded as an independent prognostic factor for metastatic breast cancer. Therefore, to some extent, NLR reflects a balance between the inflammation and antitumor immunity (28), but the breaking of balance would promote the inflammatory response and consequently result in tumor progression. Therefore, the value of NLR, as an inflammatory index, might be applied to predict the prognosis of GC and CRC, which have been investigated in previous papers. There was a meta-analysis by Sun et al. (29) suggesting that patients with higher NLR had poorer prognosis for OS and PFS than patients with normal NLR in gastric cancer. Similar results were concluded from a meta-analysis by Randy et al. (30) in gastrointestinal cancer. According to some studies, comparable results were reported, from which it was found that for patients with GC, high postoperative NLR was a favorable tool for indicating poor prognosis (31, 32). A systemic review by Haram et al. (33) revealed that pre-operative elevated NLR was related with shorter survival in both patients with localized CRC and with liver metastasis. Identically, in a retrospective analysis, Wu et al. (34) concluded that NLR was a crucial prognostic factor for OS and PFS in patients with CRC, which was a predictor for therapy response as well. The combination of NLR and PLR were regarded as a predictor for prognosis in GC (35), the same conclusion was presented among the gastrointestinal cancer as well by Nora et al. (36). In our article, patients with lower NLR had a better outcome with longer DFS and OS, which revealed that lower NLR tended to accompany with better prognosis. Favorably, our results from multivariate analysis indicated that NLR was an independent factor predicting the prognosis (Table 4).


Table 4 | Independent factors associated with DFS and OS in multivariate analysis.



CTCs are a kind of tumor cells which survive in the bloodstream, playing a significant role in the tumor metastatic process. Nowadays, the prognostic role of CTCs in the gastrointestinal cancer is under active investigation. In colon cancer, high CTCs were an independent factor which meant worse OS and DFS (16). As our previous study mentioned, in advanced colorectal cancer, patients with CTCs ≥3 were reported with unfortunate survival with shorter PFS and OS (17). Likewise, CTCs were considered as a predicting factor for PFS and OS in metastatic colorectal cancer according to other researches (37, 38). Gao et al. (15) summarized a meta-analysis indicating that in patients with GC, the detection of increased CTCs predicted poor prognosis. Our data show a definite consequence that patients with more CTCs had a poorer prognosis along with shorter OS and DFS as well. However, resulting from our multivariate analysis, CTCs might not be an independent factor for prognosis (Table 4), which may due to the fact that our follow-up period was not long enough and thus our ending events were not adequate.

As mentioned previously, many studies have found that single NLR or single CTCs had the prognostic role in GC and CRC. Particularly, our past study found that inflammatory index had significance in head and neck squamous cell carcinoma. Meanwhile, CTCs were demonstrated to have the prognostic value in head and neck squamous cell carcinoma and advanced colorectal cancer. Thus, in consideration of NLR being closely linked with tumor progression and CTCs having the capability to predict prognosis, we chose a direction of combining NLR with CTCs to predict the outcome of gastrointestinal cancer. There were several similar studies that combined inflammatory indices with CTCs to predict the prognosis in malignancies. De Giorgi et al. (11) conducted a work in patients with breast cancer that combined MLR with CTCs, which suggested that MLR and CTCs are independent roles together for prognosis. Hu Bo et al. (39) carried on a research in hepatocellular carcinoma, which integrated SII with CTCs to predict the prognosis, finding that patients with higher SII and detectable CTCs tended to have poor prognosis. Fortunately, from our own perspective, we obtained a result that in patients with gastrointestinal cancer who had both NLR >3.21 and CTC >1 had obviously shorter DFS and OS than those with NLR ≤3.21 and CTC ≤1, which indicated that combining the NLR and CTCs had great prognostic value of GC and CRC.

However, this research had several potential limitations. First, the samples size of our research was too small to find the prognostic value of NLR and CTCs counts, and the follow-up time was not long enough. Second, this research was a retrospective analysis; some data about patients may have unavoidable error. Thirdly, we only collected the peripheral blood and CTCs counts before chemotherapy or other therapy and we did not evaluate NLR and/or CTCs before and after chemotherapy or other therapy dynamically. Additionally, although CTCs had a different application for tumor prognosis, it is still difficult for CTCs to become common in the clinical practice because at present, the majority of CTCs detection is through epithelial markers (such as EpCAM and cytokeratins) and epithelial cell surface-associated glycoproteins (such as MUC-1) (1), whereas nowadays these methods tend to ignore CTCs with mesenchymal phenotypes. However, epithelial–mesenchymal transition can appear in the metastatic process of tumor, which means CTCs detection with mesenchymal markers may be more accurate (1).

Nowadays, a definite diagnosis for progression of cancer depends on the pathological examination of surgery or biopsy tissue. Traditional biopsy such as surgical and puncture biopsy tend to accompany with relatively major trauma and limiting sampling location. In this way, liquid biopsy, as the novel detecting method, has far less damage to human’s body than traditional biopsy (40). And in the subsequent process of tumor therapies, liquid biopsy may play a vital role in guiding treatment dynamically. For example, Tammingam et al. (41) divided patients with small lung cancer into different groups on the basis of CTCs positive/negative and chemotherapy/immunotherapy, of which the survival consequence showed that CTCs positive patients have clearly lower survival rate than the opposite groups. As a result, CTCs counts might be regarded as a tool to be applied to stratify patients into different groups and then direct treatment to a certain degree in the future.



Conclusion

In conclusion, we found that higher NLR was an independent biomarker for poor prognosis in gastrointestinal cancer patients, while CTCs counts need further studies to be regarded as a significant factor. Meanwhile, combining NLR and CTCs counts might predict the clinical outcome in gastrointestinal cancer as well.
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Objectives

Long non-coding RNAs (lncRNAs) have been recently emerging as crucial molecules in multiple human cancers. However, their expression patterns, roles as well as the underlying mechanisms in gallbladder cancer (GBC) remain largely unclear.



Materials and Methods

The expression of lncRNAs in GBC was downloaded from GEO database. Quantitative real-time polymerase chain reaction (qRT-PCR) and RNA in situ hybridization (ISH) were used to detect the expression of lncRNAs in GBC tissues. The full-sequence of LINC01410 was determined by RACE assay. Subcellular distribution of LINC01410 was examined by nuclear/cytoplasmic RNA fractionation analysis. Loss- and gain-of-function experiments were conducted to explore the biological functions of LINC01410 in vitro and in vivo. RNA pull-down, RNA immune-precipitation (RIP), and Western blot assay were conducted to investigate the mechanisms underlying the biological function of LINC01410 in GBC.



Results

LINC01410 was significantly upregulated in the GBC tissues compared to adjacent non-tumor tissues. High LINC01410 expression was significantly associated with poor prognosis of GBC patients. We identified LINC01410 to be 2,877 bp in length and mainly localized in the cytoplasm of GBC cells. Overexpression of LINC01410 promoted GBC cell proliferation, migration, and invasion in vitro and GBC progression in vivo, whereas LINC01410 downregulation rescued these effects in vitro. From RNA pull-down and RIP assay, we identified that STAT5 was a critical downstream target of LINC01410. Furthermore, ErbB signaling pathway was involved in the malignant phenotypes of GBC mediated by LINC01410.



Conclusions

Our results suggested that LINC01410 was an important lncRNA that promoted GBC progression via targeting STAT5 and activating ErbB signaling pathway.
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Introduction

Gallbladder cancer (GBC) is the most common biliary tract malignancy and the seventh most common gastrointestinal cancer (1). Despite the encouraging developments and progress in the management of GBC, the 5-year survival of GBC patients remains less than 5% due to its highly aggressive behavior (2–4). Even more unfortunately, early diagnosis is difficult, as there are no specific clinical symptoms or tumor biomarkers for GBC. Therefore, it is of much significance to screen novel and effective targets involved in GBC, which is not only helpful to understand the mechanism of BC tumorigenesis and progression, but also to develop effective anti-tumor drugs.

Long non-coding RNAs (lncRNAs) comprise a wide variety of non-protein coding RNA species with a minimum of 200 nucleotides in length. LncRNAs are primarily thought as since they are unable to encode proteins, and now the lncRNAs have been identified as important actors in the occurrence, development, and progression of multiple malignances, including GBC. For example, it is reported that PVT1 is closely correlated with the poor survival of GBC by regulating miR-143/HK2 axis (5). FOXD2-AS1, which is stabilized by HuR, dismally enhances GBC progression and metastasis through activating miR-502-3p-SET-AKT cascade (6). Despite the growing list of annotated lncRNAs in GBC, the experimentally verified remains small in general. The genome-wide expression patterns, biological roles of lncRNAs in GBC are yet to be elucidated.

In this research, based on bio-informatic analysis of GBC microarray data, we evaluated the expression profiles of lncRNAs in GBC tissues and identified a novel lncRNA, LINC01410 (RefSeq accession number: NR_121647.1), which is highly expressed in GBC. However, its roles in GBC remain unknown. Herein, we aimed to investigate the clinical relevance, biological function, and molecular mechanisms of LINC01410 in GBC progression using bioinformatics and experimental methods.



Materials and Methods


Human GBC Tissue Samples

A total of 96 GBC tissues and matched adjacent tissues obtained from Zhongshan Hospital, Fudan University. All tissue specimens were evaluated and approved by the Ethic Committee of Zhongshan Hospital, Fudan University. All patients provided informed consent for inclusion in this study.



Bioinformatics Analysis

The GBC gene expression data were downloaded from the GEO database. The accession ID was GSE76633, which included nine pairs of GBC tissues and matched adjacent tissues (7). The sample platform used was GPL18180 Agilent-045142 Human LncRNA v4 4X180K.

The microarray files were preprocessed via the Robust multichip average method (8, 9). Using the annotation file, the probes were then mapped to the gene symbol. After that, 12,717 unique genes were retained, which included 4,239 protein coding genes and 8,478 lncRNAs based on the biotypes identified using GENECODE v22.

To identify the lncRNAs that are dysregulated in GBC, we used the R package limma to perform the difference analysis and used the pheatmap package to conduct the cluster analysis. The differentially expressed lncRNAs were considered to be significant when |log fold change (FC) | >1.0 and adjusted P-values <0.05.

The GSEA platform (v4.1.0) to perform gene set enrichment analysis (GSEA) on gene signatures associated with ErbB signaling pathway (10) was downloaded from the MSigDB database. The co-expression network between lncRNAs and mRNAs was analyzed in Cor function in the R and visualized by Cytoscape. Gene Ontology (GO) analysis was performed to cluster the lncRNA-related genes by biological functions.



Cell Lines and Culture

The human GBC cell lines (GBC-SD, SGC-996, G-415, TGBC2TKB, TGBC24TKB, and NOZ) were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). All cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS and 1% penicillin–streptomycin at 37°C in a 5% CO2 cell culture incubator.



RNA Isolation and Quantitative Real-Time PCR

Total RNAs in the frozen tissues and cells were extracted using Trizol reagent (Invitrogen) based on the instructions of the manufacturer. Then the amplification and qRT-PCR were conducted as described previously (11). Primers were as follows: LINC01410, forward: 5′-TCAGAGCCAGGTGACAAGAATG-3′, and reverse: 5′-TGGTTGTCCCTCCTTGTTGCT-3′; β-actin, forward: 5′-CACCCAGCACAATGAAGATCAAGAT-3′, and reverse: 5′-CCAGTTTTTAAATCCTGAGTCAAGC-3′.



Oligonucleotides, Vectors, and Transfections

Small interfering RNAs of LINC01410 (siLINC01410) and scramble siRNAs of LINC01410 mock (siRNA control) were designed and synthesized by GenePharma Co., Ltd (Shanghai, China), and transfected using Lipofectamine 2000 (Thermo Fisher Scientific, MA, USA) based on the instructions of the manufacturer. The sequences of the LINC01410 targeting siRNAs were: LINC01410-homo-1987 (forward: GCUGAUUGAGCAAGAAUUATT, reward: UAAUUCUUGCUCAAUCAGCTT). Sequences of non-target scramble controls were provided by GenePharma (GenePharma, Shanghai, China). CMV-MCS-polyA-EF1A-zsGreen-sv40-puromycin-LINC01410 overexpression lentiviruses and its negative control lentiviruses were infected into GBC-SD cells. Stably expressed clones were selected by qRT-PCR and immunoblotting assays. The primer information were listed as follows: LINC01410(59075-1)-P1: GTGGATCCGAGCTCGGTACCAAAGGGAGAGGGTGAGGGAGTTGTGGAG, LINC01410(59075-1)-P2: ATATTTTATTACCGGTTTAATTAATGCTATTTATACATTTATTGGGTTTGTTAATTATTC.



Rapid Amplification of cDNA Ends

The 5′- and 3′-RACE assay was conducted using the SMARTer RACE Kit (Clontech, Palo Alto, CA, USA) based on the instructions of the manufacturer. The RACE PCR products were separated on an agarose gel. PCR bands were cloned into pEASY-T1 vector (TransGen Biotech, China) and were sequenced.



Western Blot Analysis

Cell lysis, electrophoresis, and target protein visualization were performed as described in previous publications (12).



In Situ Hybridization

RNA ISH was conducted to determine the expression level of LINC01410 in the tissues. The slides were deproteinated, hydrated, and deparaffinized, and subsequently pre-hybridized in the hybridization buffer for 1 h at 37°C. Then slides then were hybridized with a double (5′ and 3′) digoxin-labeled LNA probe specific for LOC100133669 (5′-DIG-AGGTCCTGGTTGTCCCTCCTTGTTGCT-3′; Exiqon) at 37°C for overnight. The slides were treated with anti-DIG-HRP and incubated for 40 min at 37°C to develop the brown color. The cells were mounted and observed under a microscopic, and LINC01410 expression was evaluated using ImageJ software.



Cell Proliferation Assay

Cell proliferation assay was carried out using CCK-8 (Dojin Laboratories, Japan), as described previously (5). Each experiment was independently repeated in triplicate.



Wound Healing Assay

Cells were placed into six-well plates and incubated for 24 h for the formation of monolayer on the bottom plate. After that, a straight line was scratched onto the monolayer using a 200 μl pipette tip. Next, cells were incubated to allow healing and, the wound was photographed via microscopy at 0 and 24 h, respectively.



Cell Migration Assay

Transwell assays were performed using a 24-well transwell plate (8-μM pore size, Corning, MA, USA) to evaluate the migration and invasion abilities of GBC cells as described before (5). Briefly, the tumor cells in serum-free media were seeded in the upper chamber, and 600 μl complete DMEM medium was added to the lower chamber. The chambers were then maintained at 37°C in 5% CO2 for 48 h. Then, cells in the upper surface of the filters were gently wiped away using a cotton swab. The invasive tumor cells from the upper surface were fixed in 4% paraformaldehyde and stained with hematoxylin. Each experiment was independently repeated in triplicate.



Nuclear/Cytoplasmic RNA Fractionation Analysis

Approximately 1.0 × 107 GBC-SD cells were collected in order to determine the cellular localization of LINC01410. Nuclear and cytoplasmic RNAs were extracted and purified using the Cytoplasmic & Nuclear RNA Purification Kit (Norgen, Belmont, CA) according to the instructions of the manufacturer. The detailed methods used were described previously (11).



RNA Pull-Down Assay

LINC01410 full-length sense, antisense, and serial deletion sequences were transcribed with Biotin RNA Labeling Mix and T7 RNA polymerase (Roche, Switzerland), and purified with the RNeasy Mini Kit (Qiagen, USA) as described by the manufacturers. Biotin labeled LINC01410 was incubated with total cell lysates of GBC, and eluted proteins were purified and detected by Western blot assay.



RNA Immunoprecipitation Assay

We performed RIP assays using the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Bedford, MA, USA). Briefly, cells were lysated in lysis buffer containing protease inhibitor cocktail and RNase inhibitor. Then, cell extracts were incubated with magnetic beads conjugated with control IgG or anti-STAT5 antibody. After washing, Western blot was conducted to quantify the immunoprecipitation of RNAs.



Animal Models for Tumor Growth and Metastasis

The animal studies were strictly conducted in accordance with the protocols approved by the Ethic Committee of Zhongshan Hospital, Fudan University. Briefly, 2.0 × 106 GBC-SD cells with vector or OE-LINC01410 stable transfection were subcutaneously injected into the left flanks of nude Balb/c mice. The mice were euthanized, and the tumors were collected and weighed after 37 days. For metastasis in vivo, LINC01410 over-expressing GBC-SD cells were harvested and re-suspended. Hepatic and pulmonary metastases models were established by intrasplenic injection of 2.0 × 106 tumor cells and splenectomy according to prior publications (13). The mice were euthanized and the metastatic tissues were collected after 6 weeks.



Statistical Analysis

Statistical analysis was carried out using R, or GraphPad Prism 7.0 software. Two-tailed Student’s t-test, Chi-square test, or log-rank test was used for the indicated comparisons. p < 0.05 was considered to be statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001, ns, no significance).




Results


Distinct Expression Profiles of lncRNAs Between Paired GBC and Non-Tumor Samples

First, the GEO dataset GSE76633 was used to investigate the lncRNA expression in GBC, which included nine pairs of GBC and corresponding non-tumor samples. PCoA analysis revealed distinct expression profiles of lncRNAs between GBC and paired non-tumor samples (Figure 1A). A total of 1,036 significantly differentially expressed lncRNAs were identified by DESeq2, among which 519 were upregulated in GBC samples, and 517 were downregulated (Figure 1B). The clustering heatmaps were shown in Figure 1C.




Figure 1 | Identification of differentially expressed lncRNAs between the GBC and matched non-tumor samples. (A) Principal component analysis (PCA) of the lncRNA expression profiles in each sample. (B) Volcano plot of the differentially expressed lncRNAs. (C) Two-dimensional diagram of differential expressions of 1,036 lncRNAs, and the data were organized by transcript and tumor and non-tumor category based on similarity.





LINC01410 Was Upregulated in GBC and Associated With GBC Poor Survival

Among these differentially expressed lncRNAs, lncRNA-LINC01410 (NR_121647.1), which had never been investigated in GBC, was selected as the GBC-associated lncRNA. LINC01410 was highly expressed in GBC compared to non-tumor samples (Figure 2A). Furthermore, we detected LINC01410 expression in 96 pairs of GBC samples and adjacent non-tumor tissues using qRT-PCR and found that LINC01410 was more highly expressed in CRC tissues than in the paired non-tumor tissues (Figure 2B), and LINC01410 was over-expressed more than 2.0 fold in 82.3% of GBC samples (Figure 2C). Furthermore, we collected tissues from 12 GBC patients and used ISH to investigate the expression of LINC01410 (Figure 2D). Also, LINC01410 is significantly highly expressed in GBC tumors compared with normal tissues (Figure 2E). Next, to investigate the association between LINC01410 expression and the clinicopathological characteristics of GBC patients, the 96 GBC patients were classified into two groups according to the median of LINC01410 expression. TheChi-square test showed that LINC01410 expression was clearly associated with pathological stage and lymph node invasion in GBC patients (Table 1). Moreover, we investigated the association between LINC01410 expression and prognosis in GBC patients. Kaplan–Meier survival analysis showed that high expression of LINC01410 was associated with poor overall survival (Figure 2F). Collectively, these results indicated that LINC01410 can represent an enhancer in the development and progression of GBC.




Figure 2 | LINC01410 was significantly upregulated in GBC tissues and cells and associated with poor prognosis. (A) LINC01410 expression levels in GBC tissues and paired non-tumor tissues in the GSE76633 dataset. ***p < 0.001. (B) LINC01410 expression in GBC tissues detected by qRT-PCR in 96 pairs of GBC tissues and paired non-tumor tissues. (C) Distribution of LINC01410 expression in 96 pairs of GBC tissues. (D) Representative images of ISH for LINC01410 expression in GBC tissues and paired non-tumor tissues. (E) ISH analysis of LINC01410 expression in the GBC tissues and paired non-tumor tissues (n = 12). **p < 0.01. (F) Kaplan–Meier analysis of the overall survival of GBC patients stratified by LINC01410 expression (n = 96).




Table 1 | The relationship between LINC01410 expression and clinicopathologic characteristics of GBC patients in the present study.





Basic Characterization of LINC01410

Using UCSC Genome Browser, we further confirmed that LINC01410 was located on the human chromosome 9: q13.2 (Figure 3A). Analysis of the sequences using the Open Reading Frame Finder and codon substitution frequency (CSF) analysis indicated that LINC01410 had weak potential to code proteins (Figures 3B, C). RACE analysis resulted in the identification of full sequence of LINC01410, with a transcript length of 2,877 bp (Figure 3D). In addition, the existence and size of LINC01410 were confirmed using northern blot assays (Figure 3E). Furthermore, we analyzed the subcellular localization of LINC01410 in GBC cells using cell fractionation assays and found that LINC01410 was mainly located in the cytoplasm of GBC cells (Figure 3F), which was consistent with online software lncLocator predicting the localization of LINC01410 (Figure 3G).




Figure 3 | Basic characterization of LINC01410. (A) Schematic diagram of LINC01410. (B, C) ORF finder (B) and secondary structure (C) prediction for protein-coding potential of LINC01410. (D) Gel electrophoresis of nested PCR products from 5′-RACE and 3′-RACE. (E) Western blot analysis of LINC01410 transcripts in NOZ and GBC-SD cell lines. (F) Subcellular localization of LINC01410 in GBC cells using cell fractionation assays. (G) The location of URRCC predicted by lncLocator.





LncRNA-mRNA Co-Expression Network Revealed the Potential Role of LINC01410 in GBC

LncRNA itself does not encode proteins, but its functions are known to be closely associated with the biological processes in which co-expressed protein-coding genes (PCGs) are also potentially involved (14, 15). Therefore, we performed Spearman’s correlation for paired LINC01410 and PCG expression in the GBC patients from GSE76633 dataset. Using |coefficient| >0.6 and p <0.05 as the cut-off criterion, a total of 195 mRNAs were considered as LINC01410-correlated PCGs, and then construct co-expression networks (Figure 4A).




Figure 4 | Functional enrichment analysis of protein-coding genes co-expressed with LINC01410. (A) Network of protein-coding genes co-expressed with LINC01410 in GBC. Red nodes represented LINC01410, and green nodes represented LINC01410-correlated PCGs. (B) GO enrichment terms significantly associated with protein-coding genes in GBC.



To explore potential functions of LINC01410 in GBC, we performed GO enrichment analysis of LINC01410-correlated PCGs. The results revealed that these PCGs were significantly enriched in positive regulation of substrate adhesion-dependent cell spreading, NIK/NF-kappaB signaling, and positive regulation of canonical Wnt signaling pathway (Figure 4B). Interestingly, these enriched GO functions have been reported to be associated with GBC through literature investigation. Hence, LINC01410 can participate in GBC tumorigenesis via regulating the PCGs to influence several known GBC-associated biological functions.



LINC01410 Promoted GBC Cell Proliferation, Migration, and Invasion In Vitro

To confirm whether LINC01410 was involved in GBC tumorigenesis, we conducted loss- or gain-of-function experiments in GBC cells. First, we measured the LINC01410 expression in six human GBC cell lines using qRT-PCR (Figure 5A). Next, we selected the NOZ cells with relatively high expression of LINC01410 and the GBC-SD cells with relatively low expression for subsequent experiments. NOZ cells were transfected with siRNA to reduce LINC01410 expression, while GBC-SD cells were transfected with overexpression lentiviruses to establish the cells stably expressing LINC01410. Using qRT-PCR, we confirmed that knockdown and overexpression efficiency of LINC01410 in NOZ cells (Supplementary Figure S1) and GBC-SD cells (Supplementary Figure S2), respectively. CCK8 assays showed that overexpression of LINC01410 promoted GBC cell proliferation in GBC-SD cells, whereas downregulation of LINC01410 in NOZ cells suppressed the cell proliferation compared with a negative control group (Figures 5B, C). Thus, the data revealed that LINC01410 promoted GBC cell proliferation in vitro.




Figure 5 | LINC01410 promoted the development and progression of GBC in vitro. (A) qRT-PCR assay for LINC01410 expression levels in indicated GBC cell lines. (B, C) The effects of LINC01410 on cell proliferation were determined using CCK-8 assay. (D, E) The effects of LINC01410 on cell migration capability by wound healing assay. (F, G) Transwell assays were performed to determine the role of LINC01410 in the migration of GBC cells. Representative images of cell migration and statistical analysis of specific migrated cell number were shown. Scale bar, 100 μm.  ***p < 0.001; ****p < 0.0001; ns, not significance.



Subsequently, we investigated the potential of LINC01410 in regulating GBC cell migration and invasion. Wound healing assays indicated that downregulation of LINC01410 significantly suppressed the migration capability of NOZ cells (Figure 5D). Furthermore, transwell assay also revealed that the invasion of NOZ cells was blocked after downregulation of LINC01410 (Figure 5F). Conversely, the migration (Figure 5E), as well as invasion ability (Figure 5G) of GBC-SD cells was obviously enhanced after overexpression of LINC01410. Collectively, LINC01410 functioned as an oncogene through promoting GBC cell proliferation, migration, and invasion in vitro.



LINC01410 Promoted GBC Progression In Vivo

To explore the oncogenic role of LINC01410 on GBC in vivo, the GBC-SD cells with LINC01410-overexpressed lentiviruses and its negative control lentiviruses were injected subcutaneously into nude mice, respectively. As Figures 6A, B show, overexpression of LINC01410 led to dramatically fast tumor growth. This result was confirmed by tumor weights from each group (Figure 6C). Metastasis to distant organs is a dismal feature of GBC, and more than 50% of GBC patients would develop distant metastases (16, 17). To investigate the role of LINC01410 on GBC metastasis, the GBC-SD cells with LINC01410-overexpressed lentivirus were injected into the spleen. After 6 weeks, the mice were euthanized and the metastatic lesions in liver and lung were counted. Elevated LINC01410 expression led to increased numbers of metastasis to liver (Figure 6D) and lung (Figure 6E). Taken together, the oncogenic role of LINC01410 in GBC was confirmed in vivo.




Figure 6 | LINC01410 enhanced the development and progression of GBC in vivo. (A–C) The GBC-SD cells with LINC01410-overexpressed lentiviruses and its negative control lentiviruses were injected subcutaneously into nude mice, respectively. The established tumors (A), tumor growth curves (B) and tumor weights (C) were shown (n = 6). (D, E) LINC01410 over-expressing cells were injected into the spleen of nude mice. Representative microscopic images, and number of liver (D), and lung (E) metastatic lesions at 6 weeks after injection of tumor cells. ***p < 0.001.





STAT5 Is a Crucial Downstream Target of LINC01410

Our next aim was to investigate the mechanisms through which LINC01410 functioned its oncogenic role in GBC. The LncRNA has been demonstrated to interact with PCGs to exert its biological functions (18, 19). Given the lncRNA–mRNA co-expression network constructed above, we speculated that LINC01410 can function through the same way. To search for the PCGs that interacted with LINC01410, we performed RNA pull-down assay (Figure 6A). Differential bands between LINC01410 sense and antisense RNA were extracted for subsequent mass spectrometry. One of the LINC01410-correlated proteins was identified as signal transducer and activator of transcription 5 (STAT5) (Figure 7A). The interaction between LINC01410 and STAT5 was also validated by Western blot assay (Figure 7B). To investigate how LINC01410 regulated the expression of STAT5 protein, we performed RIP assays, and the results demonstrated that STAT5 protein strongly enriched LINC01410 in NOZ cells, confirming the specific target relationship between LINC01410 and STAT5 (Figure 7C). Collectively, STAT5 was regulated by LINC01410 and can function as a downstream target of LINC01410.




Figure 7 | STAT5 is a key downstream target of LINC01410. (A) Sliver staining of LINC01410-correlated proteins following RNA pull-down assay. STAT5, included in the differential band indicated by the red arrow, was identified as one of the LINC01410-correlated proteins using mass spectrometry analysis. (B) Western blot was performed to validate this interaction using anti-STAT5 antibody. β-actin was used as a negative RNA control. (C) RIP assay was performed to recover the interaction of LINC01410 and STAT5. (E) GSEA analysis of ErbB signaling pathway signatures in the GSE76633 dataset. (E, F) The mRNA (E), and protein levels (F) of target genes involved in the ErbB signaling pathway detected by RT-PCR and Western blot, respectively. (G) Schematic model showing LINC01410-based signaling pathway in GBC cells proliferation, migration, and invasion. *p < 0.05; **p < 0.01; ***p < 0.001.





LINC01410 Is Associated With ErbB Signaling Pathway

STAT5 is a multifunctional transcriptional factor known to be involved in cell growth, differentiation, proliferation, and apoptosis (20, 21). Studies have demonstrated that STAT5 can result in stimulation of ErbB signaling pathway (22, 23), whose aberrant status played an important role in GBC (24). To investigate whether ErbB signaling pathway was involved in the malignant phenotypes mediated by LINC01410, we performed GSEA analysis of the genes between GBC tissues with high LINC01410 expression and low LINC01410 expression in the GSE76633 dataset ​(Figure 7D). Interestingly, high expression of LINC01410 was positively correlated with ErbB signaling pathway, indicating LINC01410 can potentially regulate ErbB signaling pathway in GBC. Hence, we detected the expression of the target genes involved in the ErbB signaling pathway in both LINC01410-knockdown GBC-SD cells and LINC01410-over-expression ONZ cells. We observed that the expression of TNS4, GRB2, PI3K, and FAK was significantly decreased after LINC01410 knockdown, but increased after LINC01410 overexpression (Figure 7E). These results were further confirmed by Western blot (Figure 7F). Taken together, these data suggested that LINC01410 positively regulated ErbB signaling pathway, which can lead to the malignant phenotypes of GBC (Figure 7G).




Discussion

With the development of high-throughput sequencing and bioinformatics, numerous lncRNAs have recently been identified from the transcription of human genome (25). LncRNAs have been emerging in various biological processes and diseases, particularly in malignant tumors (26–28). For example, lncRNA LINC00673 inhibits tumor progression via reinforcing the interaction of PTPN11 with PRPF19 and facilitated STAT1-dependent antitumor response (29). LncRNA URRCC facilitates proliferation and metastasis of renal cancer by regulating the EGFL7/P-AKT/FOXO3 signaling pathway and indicates poor survival in patients (30). However, most of the lncRNAs involved in GBC have yet to be investigated. GBC is one of the most aggressive malignant tumors with prevalence rate rising in recent years (1). Hence, it was necessary to explore the biological basis of lncRNAs underlying GBC development and progression and identify novel targets for diagnosis and treatment.

In this study, we observed distinct expression profiles of lncRNAs between paired GBC and non-tumor samples, and screened the differentially expressed lncRNAs by gene microarray. We focused our attention on a functionally unknown lncRNA in GBC, LINC01410. In the NCBI database (https://www.ncbi.nlm.nih.gov/gene/103352539), we found that LOC100132707 was widely expressed in human tissues, such as appendix, bone marrow, spleen, gall and bladder. Recent studies have reported that LINC01410 is overexpressed in several cancers, including colon tumor (31), gastric cancer (32), and thyroid carcinoma (33). However, its role and potential mechanisms involved in GBC have been unexplored. In the present study, we evidenced that LINC01410 was significantly upregulated in GBC cells and tissues and closely associated with poor survival of GBC patients, indicating LINC01410 was potentially involved in the progression of GBC. These results prompted us to investigate LINC01410 in GBC more thoroughly. To do this, we defined the full-length of LINC01410 transcript in GBC cells using RACE assay for the first time.

To explore its function in GBC, we then carried out gain- and loss-of-function experiments in CBG cells. The results showed that overexpression of LINC01410 significantly promoted GBC cell proliferation, migration, and invasion capabilities in vitro, while knockdown of LINC01410 inhibited cell proliferation, migration, and invasion. Further experiments also showed that overexpression of LINC01410 also induced a significant acceleration in the tumor growth in vivo, together with increased rate of metastasis to distant organs. To our knowledge, this was the first study to report the biological roles of LINC01410 in GBC.

Several studies have suggested that the biological role of lncRNAs is usually related to their unique subcellular localizations (34). Cell fractionation assays showed that LINC01410 was mainly localized in the cytoplasm, which was consistent with the prediction from lncLocator, indicating that LINC01410 was likely to interact with molecules within the cytoplasm. The cytoplasmic lncRNAs are known to serve as mRNA decoys to influence mRNA translation or stability (35). In RNA pull-down and RIP assay, we identified that STAT5 was a critical downstream target of LINC01410. STAT5 belongs to one of the members of signal transducer and activator of transcription (STAT) family (36). It has two highly homologous isoforms, STAT5A and STAT5B. Compared with other members, STAT5 participates in a wider range of cell physiological regulation (37). STAT5 is proven as a multifunctional transcription factor involved in various processes (38, 39) and also as a tumor accelerator in multiple malignancies including GBC since persistent activation of STAT5 is the chief culprit of tumorigenesis (40, 41). Therefore, targeting STAT5 is a potential anticancer strategy (42, 43). Hence, we demonstrated that INC01410 expressed in the cytoplasm of GBC cells directly binds to STAT5, thereby regulating the malignant biological behaviors of GBC.

STAT5 is an important transcription factor in ErbB signaling pathway, which is involved in the regulation of cell proliferation, migration, differentiation, apoptosis (44). Maolan et al. (24) analyzed the exon sequencing data of 57 pairs of GBC and paired adjacent cancer samples and found that the ErbB signaling pathway was the most significant pathway with mutation enrichment, and the aberration of ErbB signaling pathway was associated with worse survival of GBC patients. The results indicated that the ErbB signaling pathway might play a crucial role in the pathological process of GBC. However, the roles of ErbB signaling pathway involved in GBC had not been reported. In our study, we found that LINC01410 expression was positively correlated with the ErbB signaling pathway in the GBC using bioinformatics analysis. Furthermore, gain- and loss-of-function experiments showed that LINC01410 considerably activated ErbB signaling pathway in GBC cells, which contributed to LINC01410-mediated malignant phenotypes of GBC

However, there were several limitations to this study, such as the limited size of cohort and detailed clinicopathological information of GBC patients. The potential mechanisms for LINC01410 overexpression in GBC also remained unclear and the exact interaction between LINC01410 and STAT5 should be elucidated in detail. Another limitation was that we did not clarify the effects of ErbB signaling pathway on LINC01410-mediated promotion in tumor development and progression. We planned to address the above problems in a future study.

In summary, LINC01410 expression was overexpressed and associated with poor survival in GBC patients. LINC01410 promoted GBC progression in vitro and in vivo. Mechanistically, LINC01410 promoted GBC progression by regulating STAT5 expression and activating ErbB signaling pathway. Thus, our findings identified LINC01410 as a novel oncogene in GBC, which is a potential promising target for diagnosis and therapy in GBC.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethic Committee of Zhongshan Hospital, Fudan University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Ethic Committee of Zhongshan Hospital, Fudan University.



Author Contributions

YZ and ZW designed and finalized the study. SZ conducted bioinformatics analysis. LL and ZS performed the experiments. WL helped on samples collection and experiments. YZ and SZ drew the charts and wrote the paper. All authors contributed to the article and approved the submitted version.



Funding

The present study was supported by grants from Shanghai Science and Technology Committee Project (No. 18ZR1406200).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.659123/full#supplementary-material

Supplementary Figure 1 | The expression of LINC01410 was determined by qRT-PCR in NOZ cells after transfection with the siRNA or siRNA-NC.

Supplementary Figure 2 | The expression of LINC01410 was determined by qRT-PCR in GBC-SD cells after transfection with the LINC01410 overexpression lentiviruses and its negative control lentiviruses.



References

1. Kanthan, R, Senger, JL, Ahmed, S, and Kanthan, SC. Gallbladder Cancer in the 21st Century. J Oncol (2015) 2015:967472. doi: 10.1155/2015/967472

2. Rakić, M, Patrlj, L, Kopljar, M, Kliček, R, Kolovrat, M, Loncar, B, et al. Gallbladder Cancer. Hepatobiliary Surg Nutr (2014) 3(5):221–6. doi: 10.3978/j.issn.2304-3881.2014.09.03

3. He, C, Cai, Z, Zhang, Y, and Lin, X. Prognostic Model to Predict Cancer-Specific Survival for Patients With Gallbladder Carcinoma After Surgery: A Population-Based Analysis. Front Oncol (2019) 9:1329. doi: 10.3389/fonc.2019.01329

4. Liang, H, Wang, Y, Chen, J, Xing, J, and Pu, Y. The Efficacy of Adjuvant Chemoradiotherapy in Early-Stage Gallbladder Adenocarcinoma Depends on the Tumor Invasion Depth and Differentiation Level. Front Oncol (2020) 10:616170. doi: 10.3389/fonc.2020.616170

5. Chen, J, Yu, Y, Li, H, Hu, Q, Chen, X, He, Y, et al. Long Non-Coding RNA PVT1 Promotes Tumor Progression by Regulating the miR-143/HK2 Axis in Gallbladder Cancer. Mol Cancer (2019) 18(1):33. doi: 10.1186/s12943-019-0947-9

6. Hu, YP, Jin, YP, Wu, XS, Yang, Y, Li, YS, Li, HF, et al. LncRNA-HGBC Stabilized by HuR Promotes Gallbladder Cancer Progression by Regulating miR-502-3p/SET/AKT Axis. Mol Cancer (2019) 18(1):167. doi: 10.1186/s12943-019-1097-9

7. Wu, XS, Wang, F, Li, HF, Hu, YP, Jiang, L, Zhang, F, et al. LncRNA-PAGBC Acts as a microRNA Sponge and Promotes Gallbladder Tumorigenesis. EMBO Rep (2017) 18(10):1837–53. doi: 10.15252/embr.201744147

8. Irizarry, RA, Hobbs, B, Collin, F, Beazer-Barclay, YD, Antonellis, KJ, Scherf, U, et al. Exploration, Normalization, and Summaries of High Density Oligonucleotide Array Probe Level Data. Biostatistics (2003) 4(2):249–64. doi: 10.1093/biostatistics/4.2.249

9. Bolstad, BM, Irizarry, RA, Astrand, M, and Speed, TP. A Comparison of Normalization Methods for High Density Oligonucleotide Array Data Based on Variance and Bias. Bioinformatics (2003) 19(2):185–93. doi: 10.1093/bioinformatics/19.2.185

10. Subramanian, A, Tamayo, P, Mootha, VK, Mukherjee, S, Ebert, BL, Gillette, MA, et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci USA (2005) 102(43):15545–50. doi: 10.1073/pnas.0506580102

11. Guan, Z, Wang, Y, Wang, Y, Liu, X, Wang, Y, Zhang, W, et al. Long non-Coding RNA LOC100133669 Promotes Cell Proliferation in Oesophageal Squamous Cell Carcinoma. Cell Prolif (2020) 53(4):e12750. doi: 10.1111/cpr.12750

12. Huarte, M, Guttman, M, Feldser, D, Garber, M, Koziol, MJ, Kenzelmann-Broz, D, et al. A Large Intergenic Noncoding RNA Induced by P53 Mediates Global Gene Repression in the P53 Response. Cell (2010) 142(3):409–19. doi: 10.1016/j.cell.2010.06.040

13. Dai, F, Chen, Y, Huang, L, Wang, J, Zhang, T, Li, J, et al. A Novel Synthetic Small Molecule YH-306 Suppresses Colorectal Tumour Growth and Metastasis via FAK Pathway. J Cell Mol Med (2015) 19(2):383–95. doi: 10.1111/jcmm.12450

14. Liao, Q, Liu, C, Yuan, X, Kang, S, Miao, R, Xiao, H, et al. Large-Scale Prediction of Long non-Coding RNA Functions in a Coding-Non-Coding Gene Co-Expression Network. Nucleic Acids Res (2011) 39(9):3864–78. doi: 10.1093/nar/gkq1348

15. Paci, P, Colombo, T, and Farina, L. Computational Analysis Identifies a Sponge Interaction Network Between Long Non-Coding RNAs and Messenger RNAs in Human Breast Cancer. BMC Syst Biol (2014) 8:83. doi: 10.1186/1752-0509-8-83

16. Wang, X, Yu, GY, Chen, M, Wei, R, Chen, J, and Wang, Z. Pattern of Distant Metastases in Primary Extrahepatic Bile-Duct Cancer: A SEER-Based Study. Cancer Med (2018) 7(10):5006–14. doi: 10.1002/cam4.1772

17. Rahman, R, Simoes, EJ, Schmaltz, C, Jackson, CS, and Ibdah, JA. Trend Analysis and Survival of Primary Gallbladder Cancer in the United States: A 1973-2009 Population-Based Study. Cancer Med (2017) 6(4):874–80. doi: 10.1002/cam4.1044

18. Wang, KC, Yang, YW, Liu, B, Sanyal, A, Corces-Zimmerman, R, Chen, Y, et al. A Long Noncoding RNA Maintains Active Chromatin to Coordinate Homeotic Gene Expression. Nature (2011) 472(7341):120–4. doi: 10.1038/nature09819

19. Rinn, JL, Kertesz, M, Wang, JK, Squazzo, SL, Xu, X, Brugmann, SA, et al. Functional Demarcation of Active and Silent Chromatin Domains in Human HOX Loci by Noncoding RNAs. Cell (2007) 129(7):1311–23. doi: 10.1016/j.cell.2007.05.022

20. Levy, DE, and Darnell, JE Jr. Stats: Transcriptional Control and Biological Impact. Nat Rev Mol Cell Biol (2002) 3(9):651–62. doi: 10.1038/nrm909

21. Buitenhuis, M, Coffer, PJ, and Koenderman, L. Signal Transducer and Activator of Transcription 5 (STAT5). Int J Biochem Cell Biol (2004) 36(11):2120–4. doi: 10.1016/j.biocel.2003.11.008

22. Olayioye, MA, Neve, RM, Lane, HA, and Hynes, NE. The ErbB Signaling Network: Receptor Heterodimerization in Development and Cancer. EMBO J (2000) 19(13):3159–67. doi: 10.1093/emboj/19.13.3159

23. Schulze, WX, Deng, L, and Mann, M. Phosphotyrosine Interactome of the ErbB-Receptor Kinase Family. Mol Syst Biol (2005) 1:2005.0008. doi: 10.1038/msb4100012

24. Zhou, Y, Zhang, Y, Huang, Y, Tan, R, Liu, T, Zhuang, R, et al. Liposarcoma miRNA Signatures Identified From Genome-Wide miRNA Expression Profiling. Future Oncol (2014) 10(8):1373–86. doi: 10.2217/fon.14.90

25. Lee, JT. Epigenetic Regulation by Long Noncoding RNAs. Science (2012) 338(6113):1435–9. doi: 10.1126/science.1231776

26. Gutschner, T, and Diederichs, S. The Hallmarks of Cancer: A Long Non-Coding RNA Point of View. RNA Biol (2012) 9(6):703–19. doi: 10.4161/rna.20481

27. Lu, Y, Zhao, X, Liu, Q, Li, C, Graves-Deal, R, Cao, Z, et al. lncRNA MIR100HG-Derived miR-100 and miR-125b Mediate Cetuximab Resistance via Wnt/beta-Catenin Signaling. Nat Med (2017) 23(11):1331–41. doi: 10.1038/nm.4424

28. Tan, DSW, Chong, FT, Leong, HS, Toh, SY, Lau, DP, Kwang, XL, et al. Long Noncoding RNA EGFR-AS1 Mediates Epidermal Growth Factor Receptor Addiction and Modulates Treatment Response in Squamous Cell Carcinoma. Nat Med (2017) 23(10):1167–75. doi: 10.1038/nm.4401

29. Zheng, J, Huang, X, Tan, W, Yu, D, Du, Z, Chang, J, et al. Pancreatic Cancer Risk Variant in LINC00673 Creates a miR-1231 Binding Site and Interferes With PTPN11 Degradation. Nat Genet (2016) 48(7):747–57. doi: 10.1038/ng.3568

30. Zhai, W, Zhu, R, Ma, J, Gong, D, Zhang, H, Zhang, J, et al. A Positive Feed-Forward Loop Between LncRNA-URRCC and EGFL7/P-AKT/FOXO3 Signaling Promotes Proliferation and Metastasis of Clear Cell Renal Cell Carcinoma. Mol Cancer (2019) 18(1):81. doi: 10.1186/s12943-019-0998-y

31. Luo, J, Guo, Y, Liu, X, Yang, X, Xiao, F, and Zhou, M. Long Non-Coding RNA LINC01410 Promotes Colon Cancer Cell Proliferation and Invasion by Inhibiting miR-3128. Exp Ther Med (2018) 16(6):4824–30. doi: 10.3892/etm.2018.6806

32. Zhang, JX, Chen, ZH, Chen, DL, Tian, XP, Wang, CY, Zhou, ZW, et al. LINC01410-miR-532-NCF2-NF-kB Feedback Loop Promotes Gastric Cancer Angiogenesis and Metastasis. Oncogene (2018) 37(20):2660–75. doi: 10.1038/s41388-018-0162-y

33. Wang, G, Wang, X, and Jin, Y. LINC01410/miR-3619-5p/FOXM1 Feedback Loop Regulates Papillary Thyroid Carcinoma Cell Proliferation and Apoptosis. Cancer Biother Radiopharm (2019) 34(9):572–80. doi: 10.1089/cbr.2019.2854

34. Chen, LL. Linking Long Noncoding RNA Localization and Function. Trends Biochem Sci (2016) 41(9):761–72. doi: 10.1016/j.tibs.2016.07.003

35. Schmitt, AM, and Chang, HY. Long Noncoding RNAs in Cancer Pathways. Cancer Cell (2016) 29(4):452–63. doi: 10.1016/j.ccell.2016.03.010

36. Berg, T. Signal Transducers and Activators of Transcription as Targets for Small Organic Molecules. Chembiochem (2008) 9(13):2039–44. doi: 10.1002/cbic.200800274

37. Hennighausen, L, and Robinson, GW. Interpretation of Cytokine Signaling Through the Transcription Factors STAT5A and STAT5B. Genes Dev (2008) 22(6):711–21. doi: 10.1101/gad.1643908

38. Miklossy, G, Hilliard, TS, and Turkson, J. Therapeutic Modulators of STAT Signalling for Human Diseases. Nat Rev Drug Discov (2013) 12(8):611–29. doi: 10.1038/nrd4088

39. Pencik, J, Pham, HT, Schmoellerl, J, Javaheri, T, Schlederer, M, Culig, Z, et al. JAK-STAT Signaling in Cancer: From Cytokines to Non-Coding Genome. Cytokine (2016) 87:26–36. doi: 10.1016/j.cyto.2016.06.017

40. Bowman, T, Garcia, R, Turkson, J, and Jove, R. STATs in Oncogenesis. Oncogene (2000) 19(21):2474–88. doi: 10.1038/sj.onc.1203527

41. Turkson, J, and Jove, R. STAT Proteins: Novel Molecular Targets for Cancer Drug Discovery. Oncogene (2000) 19(56):6613–26. doi: 10.1038/sj.onc.1204086

42. Elumalai, N, Berg, A, Rubner, S, Blechschmidt, L, Song, C, Natarajan, K, et al. Rational Development of Stafib-2: A Selective, Nanomolar Inhibitor of the Transcription Factor STAT5b. Sci Rep (2017) 7(1):819. doi: 10.1038/s41598-017-00920-3

43. Pastuszak-Lewandoska, D, Domańska-Senderowska, D, Antczak, A, Kordiak, J, Górski, P, Czarnecka, KH, et al. The Expression Levels of IL-4/IL-13/STAT6 Signaling Pathway Genes and SOCS3 Could Help to Differentiate the Histopathological Subtypes of Non-Small Cell Lung Carcinoma. Mol Diagn Ther (2018) 22(5):621–9. doi: 10.1007/s40291-018-0355-7

44. Kebenko, M, Drenckhan, A, Gros, SJ, Jücker, M, Grabinski, N, Ewald, F, et al. ErbB2 Signaling Activates the Hedgehog Pathway via PI3K-Akt in Human Esophageal Adenocarcinoma: Identification of Novel Targets for Concerted Therapy Concepts. Cell Signal (2015) 27(2):373–81. doi: 10.1016/j.cellsig.2014.11.022



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 Lu, Zhang, Song, Lu, Wang and Zhou. 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: 16 July 2021

doi: 10.3389/fonc.2021.683589

[image: image2]


Knockdown of SFRS9 Inhibits Progression of Colorectal Cancer Through Triggering Ferroptosis Mediated by GPX4 Reduction


Rui Wang 1, Rui Xing 2, Qi Su 3, Hongzhuan Yin 3, Di Wu 3, Chi Lv 3 and Zhaopeng Yan 3*


1 Department of Critical Care Medicine, Shengjing Hospital of China Medical University, Shenyang, China, 2 Department of Oncology, Shengjing Hospital of China Medical University, Shenyang, China, 3 Department of General Surgery, Shengjing Hospital of China Medical University, Shenyang, China




Edited by: 
Zsolt Kovács, George Emil Palade University of Medicine, Pharmacy, Sciences and Technology of Târgu Mureş, Romania

Reviewed by: 

Suraj Kadunganattil, Amala Cancer Research Centre, India

Jingping Zhang, Memorial Sloan Kettering Cancer Center, United States

*Correspondence: 

Zhaopeng Yan
 yanzpus@outlook.com

Specialty section: 
 This article was submitted to Gastrointestinal Cancers, a section of the journal Frontiers in Oncology


Received: 21 March 2021

Accepted: 18 June 2021

Published: 16 July 2021

Citation:
Wang R, Xing R, Su Q, Yin H, Wu D, Lv C and Yan Z (2021) Knockdown of SFRS9 Inhibits Progression of Colorectal Cancer Through Triggering Ferroptosis Mediated by GPX4 Reduction. Front. Oncol. 11:683589. doi: 10.3389/fonc.2021.683589



Ferroptosis, a newly discovered form of programmed cell death characterized by lipid peroxidation, crafts a new perspective on cancer treatment. Serine and arginine rich splicing factor 9 (SFRS9) is frequently described as a proto-oncogene in cervical and bladder cancer. However, the role of SFRS9 in colorectal cancer (CRC) and whether SFRS9 exerts its function associated with ferroptosis is largely unknown. Herein, we found that the expression of SFRS9 mRNA and protein in the CRC tissues was obviously higher than that in the paracancerous tissues. Function assays revealed that SFRS9 overexpression (SFRS9-OE) significantly promoted cell viability, cell cycle progression and colony formation of CRC cells. While SFRS9 knockdown by shRNAs transfection inhibited these progressions. Furthermore, cell death and lipid peroxidation induced by ferroptosis inducers erastin and sorafenib were suppressed by SFRS9-OE. Bioinformatics analysis indicated that SFRS9 can bind to peroxidase 4 (GPX4) mRNA which is a central regulator of ferroptosis. Western blot showed that GPX4 protein expression was clearly elevated upon SFRS9-OE, while it was decreased in SFRS9-inhibited CRC cells. RNA immunoprecipitation experiment was carried out in HCT116 cells to confirm the binding of SFRS9 and GPX4 mRNA specifically. SiGPX4 transfection reversed the inhibitory effects of SFRS9-OE on the erastin and sorafenib-induced ferroptosis. Consistent with our in vitro observations, SFRS9 promoted the growth of tumors while SFRS9 knockdown significantly inhibited tumor growth in nude mice. In conclusion, SFRS9 represents an obstructive factor to ferroptosis by upregulating GPX4 protein expression, and knocking down SFRS9 might be an effective treatment for CRC.
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Introduction

Colorectal cancer (CRC) is one of the most deadly cancers and it causes almost 700,000 deaths every year (1). Environmental and genetic factors are considered to play a major role in the pathogenesis of CRC. Also, westernization of dietary habits, low physical exercise and obesity are thought to be associated with an increased incidence of CRC as the world becomes richer (1). In a nutshell, CRC is a serious disease that poses a significant threat to human health. New therapeutic strategies such as laparoscopic surgery for primary disease, more-aggressive resection of metastatic disease, radiotherapy for rectal cancer and neoadjuvant chemotherapies have been continuously developed, providing more treatment options for CRC patients (2). However, the effectiveness of these treatments is limited, resulting in unsatisfactory outcomes, cure rates and long-term survival. Thus, exploring new therapeutic targets to prevent the tumorigenesis of CRC is urgently needed.

Ferroptosis, a newly discovered type of programmed cell death, is distinct from necrosis, autophagy, and apoptosis (3). Ferroptosis is driven by the suppression of lipid repair enzyme glutathione peroxidase 4 (GPX4), and subsequent accumulation of iron-dependent lipid reactive oxygen species (ROS). Accumulated evidences suggest that ferroptosis occurs under physiological conditions and in various diseases such as brain and cardiovascular disease and cancers (4–6). With regard to cancer treatments, one of the most difficult challenges is to effectively kill cancer cells while protecting healthy cells. Cancer cells need more iron to enable growth than normal cells and their dependence on iron makes them more susceptible to ferroptosis (7). Ferroptosis crafts a new perspective on cancer treatments. Studies have reported ferroptosis as an anti-tumor factor in non-small cell lung carcinoma (8), liver cancer (9) and renal cancer (10). Furthermore, ferroptosis activated by small molecules or regulated by some genes could effectively suppress the progression of CRC (11, 12). However, the molecular mechanism of ferroptosis occurrence in CRC remains unclear.

SFRS9 (serine/arginine-rich splicing factor 9) is a protein encoded by a gene which is a member of the serine/arginine (SR)-rich family of pre-mRNA splicing factors. Each of these factors contains an RNA recognition motif (RRM) that binds RNA and an RS domain that binds protein. SR proteins are involved in splicing, mRNA transport, formation of the translational initiation complex and other processes of protein regulation (13). Emerging evidence indicates that SFRS9 is frequently overexpressed in various tumor types and behaves as a proto-oncogene (14–16). However, the role of SFRS9 in CRC has not yet been examined. Bioinformatics analysis revealedSFRS9 can bind to GPX4 mRNA which is a key factor in ferroptosis, and its expression in colorectal cancer is significantly positively correlated with GPX4. Therefore, we speculated that SFRS9 can interact with GPX4 mRNA and it is involved in the regulation of ferroptosis in CRC. The present study was performed to validate our speculation.



Materials and Methods


Ethics

The CRC samples used were from the Biobank, Shengjing Hospital of China Medical University. The study was approved by the Ethics Committee of the Shengjing Hospital of China Medical University.



Cell Culture

Human CRC cell lines SW480, SW620, HT29, Colo205, Caco-2 and HCT116 were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co.,Ltd (Shanghai, China). Caco-2, SW620 and Colo205 cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), HCT116 cells were cultured in DMEM medium supplemented with 10% FBS, HT29 were cultured in McCoy’s 5A medium supplemented with 10% FBS, SW480 were cultured in Leibovitzs L-15 medium supplemented with 10% FBS. All types of culture mediums were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. All CRC cells were maintained in an incubator under the condition of 5% CO2 at 37°C.



Cell Transfection

The SFRS9-shRNA1 (5’-GATCCGGAAGGATCACATGCGAGAATTCAAGAGATTCTCGCATGTGATCCTTCTTTTTA-3’), SFRS9-shRNA2 (5’-GATCCGGCTGATGTGCAGAAGGATGTTCAAGAGACATCCTTCTGCACATCAGCTTTTTA-3’), and small interfering RNA (siRNA) oligonucleotides with sequence targeting GPX4 (5’-CAGGGAGUAACGAAGAGAU-3’) were purchased from Genepharma Co., Ltd (Shanghai, China). To overexpress SFRS9, the SFRS9 coding sequence was inserted into the pcDNA3.1 vector (pcDNA3.1-SFRS9, SFRS9-OE vector). SFRS9-OE vector, GPX4 siRNA, the SFRS9 shRNAs (SFRS9-shRNA1 and SFRS9-shRNA2), or their negative control (NC) were transfected into cells using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA).



Cell Treatment

After transfection with SFRS9 shRNAs or NC shRNA for 24 h, transfected CRC cells were treated with ferrostatin-1 (0.5 μM) or ZVAD-FMK (10 μM) for 24 h as needed.

After transfection with SFRS9-OE vector or empty vector for 24 h, or co-transfection with SFRS9-OE vector and SFRS9 shRNA, CRC cells were treated with erastin (20 μM) and sorafenib (10 μM) for 24 h as needed.



CCK8 Assay

The CCK-8 assay was carried out to detect cell viability. To explore the effects of SFRS9 on cell viability, CRC cells were incubated in 96-well plates with a density of 4×103 cells/well and transfected with SFRS9 shRNAs or SFRS9-OE vector, then allowed to grow for 0, 12, 24, 48, 72 and 96 h. To explore the role of SFRS9 in ferroptosis of CRC cells, ferroptosis inhibitor (Ferrostatin-1, 0.5 μM) or inducers (Erastin, 20 μM; sorafenib, 10 μM) were added for 24 h after transfection. The apoptosis inhibitor ZVAD-FMK (10 μM) were added for 24 h after shRNAs transfection to evaluate whether SFRS9 was involved in the apoptosis of CRC cells. At different time points, 10 μl CCK-8 solution (Beyotime Biotechnology, Shanghai, China) was added to each well. After 1 h incubation, optical density values were measured at 450 nm with a microplate reader (BioTek, Winooski, Vermont, USA).



Lipid Peroxidation Assay

C11-BODIPY dye obtained from ThermoFisher Scientific (Grand Island, NY, USA) was used to detect lipid peroxidation in CRC cells according to the manufacturer’s instructions.



Quantitative Real-Time PCR Analysis

Total RNA was extracted by Tripure reagent (BioTeke, Beijing, China), followed by reverse transcription with Super M-MLV reverse transcriptase (BioTeke). SYBR-Green PCR Master Mix (BioTeke) was obtained for Real-time PCR. The specific primers were as follows: SFRS9, sense: 5’-CCCTGCGTAAACTGGATG-3’, anti-sense, 5’- ACCGAGACCGTGAGTAGCC-3’; β-actin sense: 5’- GGCACCCAGCACAATGAA-3’, anti-sense: 5’- TAGAAGCATTTGCGGTGG-3’. β-actin was used as an internal control.



Western Blot Assay

Protein expressions were studied using western blot assay. Firstly, CRC cells or tumor tissues were lysed using Western and IP cell lysate (Beyotime Biotechnology), and the lysates were cleared by centrifugation at 10,000g for 5 min. After resolving on 12% SDS-PAGE gel, the proteins were transferred electrophoretically to polyvinylidene fluoride (PVDF) membranes and subsequently incubated with the primary antibody overnight. The various antibodies used for western blot were SFRS9 (1:1000) and GPX4 (1:1000) antibody which was purchased from ABclonal Technology (Wuhan, China). The units were normalized based on β-actin (1:1000, Santa Cruz Biotechnology, Dallas, Texas, USA). Thereafter, membranes were incubated with peroxidase-conjugated secondary antibody (1:5000, Beyotime Biotechnology) for 45 min at 37°C. The signals were visualized using Enhanced chemiluminescence (Beyotime) and the images were analyzed by Gel-pro analyzer software (Media Cybernetics, CA, USA).



Colony Formation Assay

A total of 200 CRC cells were seeded in a 35-mm cell culture dish and cultured for 14 days after treatments. After 14 days, colonies were fixed with 4% paraformaldehyde for 20 min at room temperature and stained with Wright-Giemsa dye (KeyGen Biotech Co.,Ltd, NanJing, China) for 5 min. The samples were photographed, and visible colonies were counted.



EdU Proliferation Assay

EdU (5-ethynyl-2′-deoxyuridine) proliferation assay was performed with an EdU detection kit (KeyGen Biotech Co.,Ltd) to measure cell proliferation. At 48 h after transfection, CRC cells were plated in 6-well plates at a density of 2 ×  105 cells/well, then treated with 10 nM Edu for 12 h. Then cells were fixed and permeabilized with 0.5% TritonX-100 for 20 min. Hereafter, Click-iT was added and cells were incubated for 30 min in the dark. After washing with PBS for two times, cells were counterstaining with Hoechst 33342 dye for 15-30 min in the dark and observed using a fluorescence microscope (IX53, Olympus, Tokyo, Japan).



Cell Cycle Assay

CRC cells were cultured to a confluence of 90% and seeded in 6-well plates (2×105/well). At 24 h after transfection, cells were cultured in an incubator with 5% CO2 at 37°C for 48 h. Then cells were collected, centrifuged (310 g, 5 min) and fixed in 70% cold ethanol (4°C, 12 h). After fixation, cell cycle of CRC cells was evaluated using a commercial Cell Cycle Assay kit (KeyGen Biotech Co.,Ltd) and analyzed by flow cytometry (NovoCyte, ACEA Biosciences Inc., San Diego, California, USA).



Immunohistochemistry (IHC) Staining

IHC staining for SFRS9 and Ki67 was performed. Tumor tissue sections were obtained from paraffin blocks and rehydrated, and then incubated overnight with the primary antibodies including anti-SFRS9 (1:100, ABclonal Technology, Wuhan, China) and anti-Ki67 (1:100, ABclonal Technology). The sections were then washed with PBS, and incubated with the appropriate HRP-conjugated secondary antibody (1:500 dilution, ThermoFisher Scientific, Waltham, MA, USA) at 37°C for 1 h, and visualized with DAB. The haematoxylin (Solarbio) was used to counterstain the sections. Finally, the sealed slides were photographed under a microscope (BX53, Olympus).



Bioinformatics Analysis

The online bioinformatic program Starbase v3.0 (http://starbase.sysu.edu.cn/) predicted that SFRS9 can bind to GPX4 mRNA.



RNA Immunoprecipitation Assay

The cell lysate was prepared for immunoprecipitation. Cell lysate was incubated with magnetic particles conjugated with anti-SFRS9 antibody (Abcam, Cambridge, UK) at 4°C overnight. Then SFRS9-associated RNAs were immunoprecipitated, restored and purified. The mRNA was analyzed by PCR and the precipitated proteins were analyzed by western blot assay.



In Vivo Tumor Xenograft Experiments

Animal experiments were premeditated and executed in accordance with the ethical norms approved by Shengjing Hospital of China Medical University and the guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.

Caco-2 cells were stably transfected with SFRS9-OE or empty vector. HCT116 cells were stably transfected with SFRS9-shRNA1 or NC-shRNA. Then the transfected CRC cells (2 × 105cells/100µl) were injected into the right armpit of 6 week-old male athymic nude mice (Beijing Huafukang Bioscience Co., Inc). Tumor volumes were measured every four days. Twenty-five days after injection, mice were sacrificed, and the tumor weights were recorded.



Statistical Analyses

All data are showed as means ± standard deviations (SD). Experimental data were analyzed using Student’s t test, one-way or two-way analysis of variance (ANOVA) followed by Tukey’s test to compare the differences between different groups. Graphpad prism software (Graphpad 8.0, Inc, San Diego, CA, USA) was used for the statistical analyses. Statistical significance was considered as p < 0.05.




Results


Detection of SFRS9 Expression in Paracancerous and CRC Tissues

Results showed that the SFRS9 mRNA expression in CRC tissues (CT) were higher than that in paracancerous tissues (PT) (N=30, Figure 1A). Similarly, the SFRS9 protein expression in CT was also significantly higher than that in the PT (N=8, Figure 1B).




Figure 1 | Expression of SFRS9 mRNA and protein in colon cancer tissues and paracancerous tissues. (A) Expression of SFRS9 mRNA level in different tissues (CT, CRC tissues; PT paracancerous tissues, N=30). (B) Expression of SFRS9 protein level in different tissues; N, 8). Values are mean ± SD. *p < 0.05, **p < 0.01.





Selection of CRC Cells and the Efficiency of shRNAs Transfection

To select suitable cell lines for the in vitro experiments, the level of SFRS9 mRNA in Caco-2, HCT116, SW620, HT29, SW480 and Colo205 CRC cells was determined. HCT116 CRC cells showed best SFRS9 mRNA expression, while Caco-2 cells showed relatively lower SFRS9 mRNA expression compared with other CRC cells (Figure 2A). We used HCT116 and Caco-2 cells for subsequent experiments. To illustrate the function of SFRS9 in CRC tumorigenesis, we firstly confirmed that SFRS9-OE vector transfection could significantly enhanced SFRS9 expression both at mRNA and protein levels in Caco-2 CRC cells (Figures 2B, C). Different siRNAs targeting SFRS9 could efficiently knockdown SFRS9 both at mRNA and protein expression in HCT116 cells, and siSFRS9-1 and siSFRS9-2 had the higher knockdown efficiency (Figures 2D, E). Next, shRNA-1 and shRNA-2 specific for SFRS9 were designed and were used in the subsequent experiments. Knockdown efficiency of shSFRS9-1 and shSFRS9-2 are shown in Figures 2F, G.




Figure 2 | SFRS9 expression in colorectal (CRC) cells and inhibition of SFRS9 using RNAi. (A) qRT-PCR analysis of SFRS9 mRNA expression in the CRC lines. (B, C) mRNA and protein levels of SFRS9 in Caco-2 cells transfected with SFRS9 overexpression (SFRS9-OE) vector. (D, E) qRT-PCR and western blot analysis indicating the efficiency of siRNAs transfection in HCT116 cells. (F, G) shRNA specific for SFRS9 was designed. qRT-PCR and western blotting analysis indicated the efficiency of shRNAs transfection in HCT116 cells. Values are mean ± SD. ***p < 0.001.





Effects of SFRS9 on CRC Tumorigenesis In Vitro

To investigate the function of SFRS9 on CRC cell viability, we first overexpressed SFRS9 in Caco-2 cells and performed CCK8 assay. We found that SFRS9-OE significantly enhanced cell viability (Figure 3A). Then cell proliferation was assessed using an EdU assay, results showed that the percentage of Caco-2 cells in S phase significantly increased upon SFRS9-OE vector transfection (Figures 3B, C). The results of flow cytometry assay further revealed that the percentage of SFRS9-overexpressed Caco-2 cells in the G1 phase was lower than that of the Vector group, while SFRS9-OE obviously increased the percentage of cells in the S phase of the cell cycle (Figures 3D, E). In the colony formation assay, the number of colonies formed from SFRS9-overexpressed Caco-2 cells was significantly higher than that from vector-treated control (Figures 3F, G).




Figure 3 | SFRS9 promoted the growth of CRC cells. (A) The viability of Caco-2 cells was measured using the CCK-8 assay (***p < 0.001 vs. Vector group). (B, C) Representative images and data analysis of EdU staining of Caco-2 cells transfected with SFRS9-OE vector, Scale bars: 50 μm. (D, E) Cell cycle analysis in Caco-2 cells transfected with SFRS9-OE vector. (F, G) Colony formation of Caco-2 cells transfected with SFRS9-OE vector was assessed. Values are mean ± SD. **p < 0.01, ***p < 0.001.



Subsequently, shSFRS9-1 or shSFRS9-2 was transfected into HCT116 cells to further explore the role of SFRS9 in CRC tumorigenesis. CCK8 assay results showed shSFRS9s transfection significantly reduced cell viability (Figure 4A). Remarkably, SFRS9 knockdown decreased the percentage of Caco-2 cells in S phase (Figures 4B, C). Analysis of cell cycle showed that there was a statistically significant increase in the percentage of SFRS9-inhibited HCT116 cells in the G1 phase (Figures 4D, E). ShSFRS9-1 obviously reduced percentage of SFRS9-suppressed HCT116 cells in the S phase of the cell cycle, shSFRS9-2 also induced a decrease in the proportion of cells in the S phase although there was no statistical difference (Figures 4D, E). In the colony formation assay, the number of colonies formed from SFRS9-suppressed HCT116 cells was significantly lower than that from vector-treated control (Figures 4F, G).




Figure 4 | SFRS9 knockdown inhibited the growth of CRC cells. (A) The viability of HCT116 cells was measured using the CCK-8 assay (***p < 0.001 vs. NC shRNA group; #p < 0.05, ###p < 0.001 vs. NC shRNA group). (B, C) Representative images and data analysis of EdU staining of HCT116 cells transfected with SFRS9 sh-RNAs, Scale bars: 50 μm. (D, E) Cell cycle analysis in HCT116 cells transfected with SFRS9 sh-RNAs. (F, G) Colony formation of HCT116 cells transfected with SFRS9 sh-RNAs was assessed. Values are mean ± SD. *p < 0.05, ***p < 0.001.





Effects of SFRS9 on Ferroptosis of CRC Cells

Ferroptosis is a new form of cell death. To assess whether ferroptosis mediated the tumor promotion of SFRS9 in CRC cells, we treated HCT116 cells with shSFRS9-1 in the absence or presence of ferroptosis inhibitor ferrostatin-1 and apoptosis inhibitor ZVAD-FMK. Our data showed both these inhibitors reversed SFRS9 knockdown induced viability inhibition in CRC cells (Figure 5A). Interestingly, ferroptosis inhibitor induced a slight increase in the prevention of SFRS9 knockdown-induced viability inhibition than the other inhibitor (Figure 5A). In Figures 5B, C, SFRS9-OE remarkably elevated cell viability which was inhibited by ferroptosis inducers erastin or sorafenib. Because the lipid peroxidation is a hallmark of ferroptosis, we next explored whether SFRS9 prevented the lipid peroxidation induced by ferroptosis inducers erastin and sorafenib. Lipid oxidation was measured by C11-BODIPY staining assay, a dye that detects lipid ROS. Results showed elevated SFRS9 expression inhibited the increase in oxidized lipids induced by ferroptosis inducers (Figure 5D).




Figure 5 | Effects of SFRS9 on ferroptosis in CRC cells. (A) The viability of HCT116 cells treated with SFRS9 shRNA with or without the indicated inhibitors was measured using the CCK-8 assay. (B) The viability of Caco-2 cells treated with SFRS9-OE vector with or without ferroptosis inducer sorafenib was measured using the CCK-8 assay. (C) The viability of Caco-2 cells treated with SFRS9 OE vector with or without ferroptosis inducer erastin was measured using the CCK-8 assay. (D) C11-BODIPY staining of Caco-2 cells following transfection with SFRS9-OE vector with or without ferroptosis inducer erastin or sorafenib. Scale bars: 100 μm. Values are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.





SFRS9 Could Bind to GPX4 mRNA and Regulate Its Protein Expression

Bioinformatics analysis revealed that SFRS9 might bind to GPX4 mRNA. To test whether SFRS9 was able to regulate GPX4 protein expression, we measured GPX4 protein in the SFRS9-OE transfected Caco-2 cells or SFRS9 shRNAs transfected HCT116 cells. As shown in Figures 6A, B, GPX4 protein expression was clearly elevated upon SFRS9-OE in CRC cells, while it was clearly decreased in SFRS9-inhibited CRC cells. Subsequently, RNA immunoprecipitation experiments was carried out in HCT116 cells to confirm that SFRS9 was able to pull-down GPX4 mRNA specifically (Figure 6C).




Figure 6 | SFRS9 regulation of GPX4. (A) Protein levels of GPX4 in Caco-2 cells transfected with SFRS9 OE vector. (B) Protein levels of GPX4 in HCT116 cells transfected with SFRS9 shRNAs. (C) RNA immunoprecipitation assay was performed to evaluate the interaction between SFRS9 and GPX4. Values are mean ± SD. ***p < 0.001.





SFRS9 Affected the Viability and Ferroptosis of CRC Cells Through Regulating GPX4

To confirm that SFRS9 exerts its pro-CRC effects through regulating GPX4, Caco-2 CRC cells were co-transfected with SFRS9-OE vector and siGPX4. SiGPX4 administration significantly inhibited the levels of GPX4 protein in SFRS9-overexpressed cells (Figure 7A). Indeed, Caco-2 cell viability and proliferation increased by SFRS9-OE was inhibited by GPX4 knockdown (Figures 7B–D). In addition, siGPX4 transfection reversed the inhibitory effects of SFRS9-OE on the erastin/sorafenib-induced ferroptosis, reflecting a decrease in cell viability and an increase in oxidized lipid level (Figures 7E, F).




Figure 7 | SFRS9 affected the viability and ferroptosis of CRC cells through regulating GPX4. (A) The protein levels of GPX4 in Caco-2 cells co-transfected with SFRS9-OE vector and siGPX4. (B) The viability of Caco-2 cells co-transfected with SFRS9-OE vector and siGPX4 was measured using the CCK-8 assay. (C, D) Representative images and data analysis of EdU staining of Caco-2 cells co-transfected with SFRS9-OE vector and siGPX4. Scale bars: 50 μm. (E) The viability of Caco-2 cells co-transfected with SFRS9-OE vector and siGPX4 in presence or absence ferroptosis inducer erastin or sorafenib. (F) C11-BODIPY staining of Caco-2 cells following transfection with SFRS9-OE vector and siGPX4 in presence or absence ferroptosis inducer erastin or sorafenib. Scale bars: 100 μm. Values are mean ± SD. *p < 0.05, ***p < 0.001.





Effects of SFRS9 on CRC Tumorigenesis In Vivo

SFRS9-OE stably transfected Caco-2 cells or sh-SFRS9 stably transfected HCT116 cells were subcutaneously injected into the right flank of nude mice to determine the functional role of SFRS9 in CRC tumorigenesis in vivo. Results showed that SFRS9-OE significantly promoted the growth of tumors (Figures 8A–C), while SFRS9 knockdown significantly induced tumor growth inhibition (Figures 8A, D, E). IHC staining for Ki67 was performed to detect the cell proliferation in tumor tissues, our results showed that overexpressed SFSF9 obviously increased CRC cells proliferation in tumor tissues (Figure 8F). Conversely, inhibited SFRS9 significantly suppressed the cell proliferation in tumor tissues from nude mice (Figure 8F). In addition, IHC and western blot assays were performed to determine the expression levels of SFRS9 and GPX4 in tumor tissues. As expected, SFRS9 protein expression was obviously upregulated in mice injected with SFRS9-overexpressed Caco-2 cells (Figures 8G, H), while it was significantly downregulated in the tumor tissues of mice with shSFRS9-transfected HCT116 cells injection (Figures 8G, J). In addition, we found higher GPX4 expression in SFRS9 overexpressed tumor tissues and lower GPX4 expression in SFRS9 inhibited tumor tissues compared with their respective controls (Figures 8I, K).




Figure 8 | Effect of SFRS9 on the growth of CRC in vivo. (A) Six primary tumors from mice injected with SFRS9-OE vector stably transfected Caco-2 cells or shSFRS9-1 stably transfected HCT116 cells. (B, C) Tumor growth curves and tumor weight of mice injected with Caco-2 cells containing stably transfected SFRS9-OE vector. (D, E) Tumor growth curves and tumor weight of mice injected with shSFRS9-1 stably transfected HCT116 cells. (F) Ki67 expression in the tumor tissues from mice with different treatmentS was detedcted by immumohistochemical staining. Scale bars: 50 μm. (G) SFRS9 expression in the tumor tissues from mice with different treatment was detected by immumohistochemical staining. Scale bars: 50 μm. (H, J) western blot analysis of SFRS9 protein expression in the tumor tissues from mice with different treatments. (I, K) western blot analysis of GPX4 protein expression in the tumor tissues from mice with different treatments. Values are mean ± SD. **p < 0.01, ***p < 0.001.






Discussion

Although the screening and chemoprevention strategies of CRC have reduced the incidence and mortality of CRC in the past decade (17), there is still a need for finding effective treatment targets for CRC. Triggering ferroptosis in cancer cells is a widely reported effective method for inhibiting tumorigenesis. In the present study, we showed that SFRS9 overexpression aggravated, whereas SFRS9 knockdown inhibited the development of CRC both in vitro and in vivo. SFRS9 limited erastin or sorafenib induced ferroptosis by promoting GPX4 protein expression. These findings reveal a molecular link between SFRS9 and GPX4 in the control of ferroptosis in CRC, and a possible treatment strategy for CRC by inhibiting SFRS9.

SFRS9 plays important roles in constitutive pre-mRNA splicing, mRNA nuclear export, nonsense-mediated mRNA decay and mRNA translation (13). There is ample evidence to indicate that affecting the alternative splicing of tumor suppressors explains some types of inherited and sporadic susceptibility to cancer (18). In addition, it has been reported that SFRS9 is an enhancer of Wnt/β-catenin signaling, and promotes Wnt signaling-mediated tumorigenesis by enhancing β-catenin biosynthesis at the mRNA translational step (14). Another study conducted by Yoshino et al. have shown that SFRS9 mRNA levels were significantly higher in the clinical BC specimens and bladder cancer cell lines than normal control, and SFRS9 knockdown significantly inhibited cell proliferation, migration, and invasion in bladder cancer cells (15). These studies indicate that SFRS9 exerts a pro-carcinogenic role through multiple mechanisms in various cancers. In our study, we found that overexpression of SFRS9 by transfection of SFRS9-OE vector promoted cell viability, proliferation, cycle progression and colony formation. By contrast, SFRS9 silencing significantly inhibited these malignant behaviors of CRC cells. Consistent with previous studies, SFRS9 functioned as a proto-oncogene in CRC cells.

Ferroptosis was first termed by Dixon et al. as a unique iron-dependent form of nonapoptotic cell death (19). Ferroptosis initiator erastin like glutamate, causes the inhibition of the cystine/glutamate antiporter system Xc−, thus triggering iron-dependent oxidative death (19). Drug resistance of cancer cells is one of the biggest obstacles in cancer treatment. Ferroptosis as a new form of cell death shows great potentials in cancer treatment particularly for malignancies those are resistant to traditional therapies. Bioinformatics analysis indicated that SFRS9 can bind to GPX4 mRNA. GPX4 is a well-known central regulator of ferroptosis. Thus, we next focused our attention on exploring the effects of SFRS9 on ferroptosis in CRC cells. Our data showed that both ferroptosis inhibitor ferrostatin-1 and apoptosis inhibitor ZVAD-FMK reversed SFRS9 knockdown induced death of CRC cells. Interestingly, ferroptosis inhibitor induced a slight increase in the prevention of SFRS9 knockdown-induced death than the other inhibitor. These data indicated that SFRS9 inhibition could induce CRC cell death through ferroptosis form partly, at least. It has been reported that SFRS9 knockdown by siRNA increased apoptosis of bladder cancer cells (15). Furthermore, in SFRS9 overexpressed cells, ferroptosis inducers erastin or soranefib increased cell viability and lipid peroxidation. Thus, SFRS9 exerted its function in CRC cells was through regulating ferroptotic cancer cell death.

GPX4, a peroxidase enzyme, protects cells against oxidative damage. Direct genetic evidence provided by Friedmann Angeli et al. show that the knockout of GPX4 causes cell death in a pathologically relevant form of ferroptosis (20). GPX4 has been described as an essential regulator of ferroptotic cancer cell death (21). In this study, direct binding between SFRS9 and GPX4 mRNA was experimentally confirmed by RNA immunoprecipitation assay. Reportedly, it is most likely that SR proteins regulate β-catenin at the mRNA translational step (14). Thus, it is possible that SFRS9 can promote GPX4 accumulation via binding GPX4 mRNA and enhancing its protein expression. Based on these, we knocked down GPX4 in SFRS9-overexpressed CRC cells and the consequent phenotypes including cell viability and cell proliferation were interrogated. In SFRS9 overexpressed cells, knockdown of GPX4 inhibited the promoting effects of SFRS9 on the cell viability and proliferation. Furthermore, siGPX4 transfection reversed the inhibitory effects of SFRS9-OE on the erastin/sorafenib-induced ferroptosis. These observations indicated that SFRS9 regulated ferroptosis of CRC cells via modulation of GPX4. In fact, previous papers have shown that GPX4 inhibition mediated by various small molecules or proteins induced ferroptosis (22, 23). Also, we investigated the role of SFRS9 in CRC tumorigenesis in vivo. Consistent with our in vitro observations, SFRS9 promoted the growth of tumors and SFRS9 knockdown significantly induced tumor growth inhibition in nude mice, and GPX4 expression in tumor tissues was consistent with that of SFRS9. Collectively, SFRS9 is a pro-oncogene and it inhibits ferroptosis by upregulating GPX4 expression in CRC. Knocking down SFRS9 might be an effective treatment for CRC.



Conclusion

In summary, SFRS9 represents an obstructive factor to ferroptosis by upregulating GPX4 protein expression, and targeting SFRS9 might be an effective treatment for CRC.
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Radioresistance is one of the main reasons causing unsatisfactory curative effects of ionizing radiation (IR) against colorectal cancer (CRC). However, its underlying mechanisms remain unclear yet. In the present study, we applied a genome-scale CRISPR knockout screen in combination of NGS sequencing upon CRC cell lines to explore regulatory factors involved radioresistance of CRC, and 3 candidate genes were identified. Cytotoxicity of IR was determined by Cell Counting Kit-8 (CCK-8) assay, colony formation assay and apoptosis assay, and microRNA-5197-5p (miR-5197) was found to significantly enhance the cytotoxicity of IR to CRC cells. By further mechanistic investigation, we demonstrated that miR-5197 directly targeted CDK6 and inhibited its expression in RKO cells, which induced cell cycle arrest at G1/S phase and inhibited cell division, thereby radiosensitivity was enhanced by miR-5197. Our findings revealed that miR-5197 might be a critical factor regulating CRC cell radiosensitivity and provided novel insights into the development of therapeutic strategies for CRC patients who are resistant to IR.
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Introduction

Colorectal cancer (CRC) ranks the third most frequently diagnosed cancer and accounts for one of the leading causes of cancer-related death worldwide (1, 2). Apart from surgical resection and chemotherapy, adjuvant radiotherapy is another widely applied method in the treatment of CRC, which plays crucial roles in prolonging survival rates of patients with CRC (3, 4). However, approximately 50% patients are resistant to radiotherapy, which results in unsatisfactory curative effects, recurrence, and metastasis (5, 6). Therefore, it is necessary to ascertain underlying mechanisms of radioresistance to improve the therapeutic outcomes of CRC patients.

In the past decades, comprehensive approaches have been developed to identify elements that lead to CRC radioresistance (7–9). Although conventional loss/gain-of-function (such as RNAi and cDNA-based overexpression) methods have revealed some potential associations between specific genetic characteristics and response of CRC cells to radiotherapy (10), several limitations remain to be overcome. For example, RNAi-induced knockdown of genes is incomplete and nonpersistent, thereby hindering the identification of target genes that require complete inactivation.

With the emergence of clustered regularly interspaced short palindrome repeats (CRISPR) and CRISPR-associated protein 9 (Cas9) gene editing technology, utilizing functional genetic single-guide RNA (sgRNA) libraries to achieve more effective loss/gain-of function screening at genome level has become feasible (11, 12). For instance, Ji et al. identified kinases that modulate FGFR inhibitor response in gastric cancer using a functional CRISPR/Cas9 screen (13). In another cell culture model, genome-wide CRISPR-Cas9 knockout screen revealed SGOL1 as a druggable target of sorafenib-treated hepatocellular carcinoma (HCC) (14). Although these studies indicate the potential of CRISPR screen in evaluating the biological functions of genes involved in drug resistance, it is still unclear whether this approach is effective in identifying genes related with CRC radioresistance.

In the present study, we employed a genome-scale CRISPR knockout (GeCKO v2) library containing 123,411 targeting 19050 genes and 1864 microRNAs (miRNAs) sgRNAs (15) to systematically identify loss-of-function mutations conferring to radioresistance of CRC cells. Through NGS sequencing, miRNA-5197-5p (herein referred to as miR-5197) was identified as the most prominent candidate enhancing the killing effects of radiotherapy on CRC cells. Mechanistically, miR-5197 induced cell cycle arrest in G1/S phase and suppressed cell division by targeting Cyclin-Dependent Kinase 6 (CDK6) and inhibiting its expression.



Materials and Methods


Cell Culture and Reagents

Human CRC cell lines RKO, HCT116 and SW620 were purchased from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All cell lines were authenticated by short tandem repeat (STR) profiling analysis and cultured in Dulbecco’s Modified Eagle medium (DMEM, Corning, Inc., NY, USA) and RMPI-1640 medium supplemented with 10% fetal bovine serum (FBS, Corning, Inc., NY, USA) and 1% penicillin/streptomycin (M&C Gene Technology Ltd., Beijing, China) in a humidified incubator at 37°C with 5% CO2. The CDK4/6 inhibitor Palbociclib (PD-0332991) was purchased from Selleckchem, TX, USA, and the working solution was 500 nM.



Ionizing Radiation (IR)

Cells were treated with IR by a 6-megavolt x-ray linear accelerator (Varian, EDGE, CA, USA) at different doses. The radiation conditions were as follows: treatment field: 40×40cm, source-skin distance: 100 cm, and radiation dose rate: 5 Gy/min.



CRISPR Screen for Radioresistance of CRC Cells

The human GeCKOv2 CRISPR knockout pooled library was synthesized and purchased from Genechem Co, Ltd., Shanghai, China. Prior to the screening, the sgRNA library was sequenced by Genechem Co, Ltd., Shanghai, China to verify that all sgRNAs were presented. Briefly, RKO cells were transduced with the GeCKOv2 CRISPR knockout pooled library at a MOI of 0.3 and selected with puromycin for 1 week (2.5 μg/ml, Sigma, MO, USA). The transduced cells were divided into 3 groups with a minimum of 3 × 107 cells for each and subjected to various doses of IR (0 Gy, 6 Gy and 12 Gy). After 1 week of culture, cells were rinsed with PBS and centrifuged to remove dead cells and debris, the surviving cells were harvested for genomic DNA extraction (Tiangen Biotech, Beijing, China). Then we amplified sgRNA region using PCR method and analyzed the enrichment of sgRNAs using NGS sequencing conducted by Oebiotech, Shanghai, China. The sequencing data after the screening has been deposited in the NCBI database Sequence Read Archive (SRA, accession number: PRJNA723460). All sgRNA reads and their targeting genes were shown, and nearly 90% of the intended targets were covered, indicating that the library was in good quality. Considering that enrichments of sgRNAs targeting specific genes in the surviving cells meant the absence of these genes promoted the radioresistance of RKO cells, sgRNAs with an increased copy number comparing with the control group (0 Gy) were considered as radiosensitivity candidate genes. The screening criteria was as follows: 1) log2 (fold change) ≥ 2.0; 2) false discovery rate (FDR)-corrected q-value < 0.05. 3) the copy number of candidate sgRNAs should be increased in both 6 Gy and 12 Gy groups compared to untreated cells.



Transient Transfection

Small inference RNAs (siRNAs) against POLA2 (siPOLA2-1 and siPOLA2-2), RSAD2 (siRSAD2-1 and siRSAD2), miRNA-5197-5p mimics (miR-5197 mimics), miRNA-5197-5p inhibitor (anti-miR-5197), control siRNAs (siNC), control mimics (miR-NC) and control inhibitor were designed and synthesized by GenePharma Biotech (Shanghai, China). For transient transfection, the CRC cells were seeded into a 6-well plate at a density of ~40% per well. After cell attachment, cells were transfected with the indicated siRNAs or miRNA mimics/inhibitor using the Lipofectamine 3000 Reagents (Introgen, CA, USA) according to the manufacture’s protocol.



Western Blot Analysis

To isolate cellular proteins, cells were lysed with RIPA lysis buffer (Beyotime, Jiangsu, China), protein concentration was quantified using a TaKaRa BCA Protein Assay Kit (Takara Bio, Kyoto, Japan). Standard western blot procedures were performed as described previously (16), and the immunoreactive signal was exposed by an Odyssey Infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA). The specific primary antibodies used were as follows: anti-CDK6 (1:500, #14052-1-AP, ProteinTech, Wuhan, China), anti-Cyclin E2 (1:1000, #4132, Cell Signaling Technology, MA, USA) anti-β-actin (1:1,000, #81178, Santa Cruz Biotechnology, CA, USA).



Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was extracted from CRC cells using TRIzol reagents (Sigma-Aldrich, Merck KGaA, Germany) and reverse transcribed into cDNA with a Primescript™ RT Reagent kit with gDNA Eraser (Takara, Kyoto, Japan) according to the manufacturers’ protocols. To measure miR-5197 levels, RNAs were reversely transcribed by specific stem-loop RT primer. Standard Quantitative real-time PCR procedures were conducted on an ABI QuantStudio™ 6 Flex system with SYBR-Green reagents (Takara, Kyoto, Japan). Data were analyzed by the comparative 2ΔΔCT method. β-actin was selected as internal reference for POLA, RSAD2 and CDK6, and U6 was selected as internal reference for miR-5197. Primer sequences used were listed in Table 1.


Table 1 | Primer sequences.





Cytotoxicity Assay

Cell Counting Kit-8 (CCK-8) assays and colony formation assays were performed to determine CRC cell sensitivity to ionizing radiation. For CCK-8 assay, the indicated cells were seeded into a 96-well plate with a density of 3,000 cells/well and cultured for 24 h. At 48 h after treatment with ionizing radiation, cell viability was detected using a CCK-8 Kit (Dojindo, Kumamoto, Japan) in accordance with the instruction manual, and absorbance at 450 nm was measured on a microplate reader (SpectraMax M5, Molecular Devices, CA, USA). For colony formation assay, the indicated cells were plated into a 6-well plate at a density of 1,000 cells/well. After culture for 24 h, the cells were treated with ionizing radiation at the indicated doses and culture for 2 weeks. After staining with 0.5% crystal violet for 20 min, the colonies were photographed and counted.



Flow Cytometry

Apoptosis and cell cycle distribution of CRC cells were evaluated by flow cytometry. For cell apoptotic rate analysis, the indicated cells were treated with radiotherapy at the indicated doses. After culture for 48, the cells were stained with the Annexin V‐FITC/PI Apoptosis Detection Kit (Dojindo, Kumamoto, Japan) and analyzed by flow cytometry (Arial II, BD Biosciences, CA, USA) following the manufacturer’s instruction manual. For cell cycle detection, the indicated cells were transfected with miR-5197 mimics/miR-NC for 48 h, and a cell cycle detection kit (Dojindo, Kumamoto, Japan) was used to measure cell cycle distributions on a CytoFLEX flow cytometer (Beckman Coulter, CA, USA), and data was analyzed using Modfit LT 5.0 software (Verity Software House, ME, USA).



EdU Incorporation Analysis

Cell cycle phases and cell proliferation were evaluated using a Cell-Light EdU In vitro Kit (RiboBio, Guangzhou, China). Briefly, cells transfected with miR-5197 mimics/miR-NC for 24 h and seeded into a 12-well plate in exponential growth phase. After 24 h, the medium was changed to a medium containing EdU (μM) for 2 h at 37°C. After fixing the cells with 4% paraformaldehyde, Apollo and Hoechst 33342 staining was performed according to the manufacturer’s instructions. The EdU incorporation rates were quantified as the ratio of EdU-positive cells (red) to Hoechst 33342-positive cells (blue) under a fluorescence microscope (Leica Microsystems, Wetzlar, Germany).



Dual Luciferase Reporter Assay

Wild-type (WT) and mutant (MUT-1/2/3) CDK6 3’UTR sequences with mutated miR-5197 binding sites were cloned into pGL3 luciferase reporter, respectively. The products were verified by DNA sequencing. Dual luciferase assays were performed using a Dual Luciferase Reporter Assay kit (Promega, WI, USA) following the operating manual. Briefly, the indicated cells were seeded into a 24-well plate in exponential growth phase. After transfection of miR-5197 mimics/miR-NC for 24 h, the cells were co-transfected with the indicated luciferase reporter constructs and pRL-SV40 plasmid containing the renilla luciferase gene. After 24 h, luciferase activities were quantified on a Dual-Glo® Luciferase Assay System (Promega, WI, USA) following the specifications. Relative luciferase activity was calculated as the ratio of firefly to renilla luciferase activity.



Statistical Analysis

Data were represented as mean ± standard error of the mean (SEM), and statistical analysis was performed using GraphPad Prism 7.0 software. Statistical significance of the data from independent experiments were determined using the two-tailed Student t-test or one-way analysis of variance (ANOVA), and P values < 0.05 were considered statistically significant.




Results


Identification of 3 Candidate Genes as Radiosensitivity Factors in CRC by CRISPR-Cas9 Knockout Screen

Prior to the screen, RKO cells were tested with ionizing radiation (IR) at different doses, and cell viability was evaluated to select the optimal dose for the screen. As shown in Figure 1A, the enhancement of viability inhibition became more distinct when the dose reached 6 Gy and became less evident when the dose was greater than 12 Gy. Therefore, 6 Gy and 12 Gy were selected as optimal doses. Then a high-throughput genome-scale CRISPR-Cas9 knockout screen was conducted as follows: RKO cells were transduced with a human GeCKO v2 library containing 123,411 sgRNAs targeting 19,050 genes and 1864 miRNAs, which is available from Addgene (http://www.addgene.org/crispr/libraries/geckov2/) and selected by IR (6 Gy or 12 Gy). After culture for 7 days, genomic DNA from the surviving cells was PCR-amplified and subjected to NGS sequencing (Figure 1B). Considering that enrichment of specific sgRNAs in the surviving cells meant knockout of their corresponding genes significantly promoted the resistance of CRC to IR, we focused on the up-regulated sgRNAs. According to the criterion adopted by this study, 190 and 77 increased sgRNAs were found in 6 Gy group and 12 Gy group, respectively (Figure 1C). To further narrow the possible candidate genes, we took the intersection of the top 50 up-regulated sgRNAs in 6 Gy group and 12 Gy group compared to the control group, and 10 candidate genes were finally identified (Figures 1D, E). Among these candidate genes, DNA polymerase alpha 2 (POLA2), radical S-adenosyl methionine domain containing 2 (RSAD2) and microRNA5197-5p (miR-5197) showed the highest fold changes in both 6 Gy and 12 Gy groups. Furthermore, qRT-PCR analysis also verified that POLA2/RSAD2/miR-5197 expression was significantly downregulated in the surviving cells (Supplementary Figure 1). Therefore, these 3 genes were subsequently selected as candidate radiosensitization factors of CRC.




Figure 1 | Identification of candidate genes related with CRC radioresistance by a genome wide CRISPR knock-out screen (A) RKO cells were treated with IR at the indicated doses, and CCK-8 assays were performed after 48 h. (B) A schematic picture showed the experimental setup of the screen. (C) Scatterplots of sgRNA frequency in RKO cells treated with 6 Gy (left) and 12 Gy (right) compared to the control group (0 Gy). (D) Venn diagram of the top 50 ranking sgRNAs up-regulated in 6 Gy and 12 Gy groups compared to the control group. (E) Top 10 ranking sgRNAs up-regulated in both 6 Gy and 12 Gy groups and their up-regulation fold changes were shown.





MiR-5197 Promotes CRC Cell Sensitivity to IR

To verify the accuracy of the screening results, expression of the 3 candidate genes in RKO cells were interfered by transfection with siRNAs against POLA2 and RSAD2 and miR-5197 mimics, respectively (Figure 2A). CCK-8 cell viability assays were performed after exposure to IR at different dosages (2/4/6 Gy). Knockdown of POLA2 or RSAD2 in RKO cells promoted cell radioresistance slightly, while transfection of miR-5197 mimics impaired radioresistance to a large extent (Figure 2B). Considering that cells with overexpression of miR-5197 showed the most prominent effect comparing with the other groups, we supposed miR-5197 might be an important factor in the radiosensitivity of CRC cells. Further clonogenic assays were performed after exposing different CRC cell lines to IR. Similar to the results of CCK-8 assays, miR-5197 overexpression significantly inhibited CRC cell viability after exposure to IR, and the inhibition was enhanced with increasing IR doses (Figure 2C). Additionally, we analyzed whether miR-5197 influenced cell apoptosis under different conditions (control vs. IR) by flow cytometry. Compared with the control group, miR-5197 overexpression strongly promoted IR-induced apoptosis of RKO cells (Figure 2D). Taken together, these data supported that CRISPR-Cas9 knockout screen is a potent tool for identification of genes involved in CRC radiosensitivity, and miR-5197 plays an important role in regulating CRC cell sensitivity to IR.




Figure 2 | Mir-5197 was identified as a candidate radiosensitization factor in CRC cells (A) RKO cells were transfected with siRNAs against POLA2 and RSAD2 and miR-5197 mimics for 48 h, respectively. Then qRT-PCR analysis was performed to verify their efficiencies. (B) The indicated cells were treated with IR at different doses (0, 2, 4, 6 Gy), and CCK-8 assays were performed after 48 h. Cell viabilities were calculated according to the ratio of each group to the control group. (C) The indicated cells were used to performed colony formation assays to assess cell survival at 2 weeks after IR treatment. (D) Apoptosis rates of RKO cells after exposure to IR were examined by Annexin V/PI double-staining assays with flow cytometry. *P < 0.05, **P < 0.01.





CDK6 Is a Direct Target Gene of miR-5197

To uncover the underlying mechanisms of miR-5197-mediated CRC sensitivity to IR, potential target genes of miR-5197 were predicted using 4 different miRNA binding prediction databases (miRDB, TargetScan, Diana Tools and miRTarbase), and 18 common target genes of miR-5197 were found (Figure 3A). Among them, CDK6 and cyclin E2 caught our attention, and putative miR-5197 binding sites in their 3’UTR regions were shown in Figure 3B. As we know, cell cycle regulation is crucial to cellular DNA damage response to IR, and both of CDK6 and cyclin E2 are essential regulatory factors that drive cell cycle transitions and their activities are under stringent control to ensure normal cell division (17–19), hinting us that CDK6 and cyclin E2 might be involved in the regulation of CRC radiosensitivity by miR-5197. Thus, we examined the effects of miR-5197 on CDK6 and cyclin E2 protein levels in different CRC cell lines. Overexpression of miR-5197 strongly inhibited CDK6 protein expression in RKO, HCT116 and SW620 cells, while no significant changes of cyclin E2 levels were observed between two groups (Figure 3C). Therefore, CDK6 was chosen for further experiments. Besides, we confirmed the suppressive effects of miR-5197 on CDK6 mRNA expression by qRT-PCR analysis (Figure 3D). To investigate whether miR-5197 could directly target CDK6, reporter plasmids containing wild type (WT) or mutant 3’UTR of CDK6 (MUT-1, MUT-2 or MUT-3) to perform dual luciferase reporter assays (Figure 3E). As expected, miR-5197 substantially inhibited the luciferase activity in RKO cells transfected with WT, which was largely weaken in cells transfected with MUT-1 and MUT-2, and this effect was almost completely absent in cells transfected with MUT-3 containing mutation of both miR-5197 binding sites (Figure 3F). The above findings demonstrated that miR-5197 could directly target CDK6 via specifically binding to its 3’UTR region.




Figure 3 | CDK6 was identified as a direct target of miR-5197 (A) 18 common genes were predicted could be targeted by miR-5197 using four databases. (B) Prediction of possible miR-5197 binding sites in the 3’UTR regions of CDK6 and CCNE2. (C, D) Western blot (C) and qRT-PCR (D) analyses were performed using RKO, HCT116 and SW620 cells transfected with miR-5197 mimics, respectively. (E) Wild type (WT) and mutant (MUT-1 and MUT-2) miR-5197 binding sites in the 3’-UTR of CDK6 were shown. (F) RKO cells with miR-5197 overexpression were transfected with the indicated reporter plasmids (MUT-3 contained mutation of both sites), dual luciferase reporter assays were conducted after 24 h. *P < 0.05, **P < 0.01.





MiR-5197 Induces G1/S Cell Cycle Arrest and Retards Proliferation of CRC Cells

It has been well established that activated CDK6 forms a complex with CDK4 and cyclin D1 and initiates the phosphorylation of pRb releasing E2F transcription factors, thereby driving the expression of genes required for cellular commitment to enter S phase and ultimately mitotic cell division (20). Thus, we next examined whether miR-5197 influences cell cycle transition and cell division via inhibiting CDK6 expression. As evidenced by Figures 4A, B, G0/G1 portion in RKO and SW620 cells transfected with miR-5197 mimics increased largely compared to the control cells. In contrast, a sharp reduction of S portion was observed after miR-5197 overexpression. EdU incorporation assays were then carried out to explore whether cell division is altered by miR-5197. Compared with the control group, the ratio of EdU-positive cells to total DAPI-positive cells was remarkedly decreased in RKO and SW620 cells with miR-5197 overexpression (Figures 4C, D). Thus, these data verified that miR-5197 induced G1/S cell cycle arrest and inhibited CRC cell division by targeting CDK6.




Figure 4 | Mir-5197 induced cell cycle arrest at G1/S phase and inhibited CRC cell division (A, B) Cell cycle distribution of RKO (A) and SW620 (B) cells transfected with miR-5197 mimics was analyzed by flow cytometry (left panel), and proportion of each part was quantified (right panel). (C, D) Representative images (left panel) of EdU incorporation assays using RKO (C) and SW620 (D) cells with miR-5197 overexpression were shown. Cells undergoing DNA replication were stained with EdU (red) and cell nuclei were stained with DAPI (blue). The percentage of EdU-positive cells were quantified (right panel). **P < 0.01.





Radiosensitization by miR-5197 Is Mediated by Targeting CDK6

Previous studies have revealed that CDK6 enhances radioresistance in human malignancies including nasopharyngeal cancer and HPV negative head and neck squamous cell carcinoma possibly by promoting RAD51 and BRCA1 expression and thereby activating homologous recombinational (HR) DNA repair after IR (21, 22). Given the regulatory effects of miR-5197 on CDK6 expression, we next asked whether miR-5197 repressed CRC radioresistance by inhibiting CDK6 expression. After transfection of miR-5197 inhibitor (anti-miR-5197) or negative control miRNA inhibitor (anti-NC) into RKO cells for 48 h (Figure 5A), qRT-PCR and western blot analyses confirmed the positive effects of miR-5197 inhibition on CDK6 mRNA and protein levels, respectively (Figure 5B). Subsequently, these cells were treated with Palbociclib (PD-0332991), a highly selective CDK4/6 inhibitor, and colony formation assays were conducted after exposure to IR (2 Gy). Down-regulation of miR-5197 significantly promoted radioresistance of RKO cells. In contrast, cells treated with Palbociclib alone were more sensitive to IR, which was consistent with previous studies. More importantly, the effects induced by anti-miR-5197 were completely reversed by Palbociblib treatment (Figure 5C). Therefore, these findings provided strong credence to our hypothesis that miR-5197 promoted CRC cell radioresistance via targeting CDK6.




Figure 5 | Mir-5197 promoted CRC cell sensitivity to IR by regulating the expression of CDK6 (A) RKO cells were transfected with miR-5197 inhibitor (anti-miR-5197) and its efficiency was verified by qRT-PCR analysis. (B) CDK6 mRNA (left) and protein (right) expression in RKO cells transfected with anti-miR-5197 were analyzed by qRT-PCR and western blot analyses, respectively. (C) RKO cells with knockdown of miR-5197 were exposed to IR (2 Gy) after treatment with Palbociclib (500 nM) or PBS, and colony formation assays were performed. Representative images (left) and quantification (right) of colonies were shown. (D) A schematic overview of the mechanism underlying miR-5197-mediated radiosensitization of CRC cells. In normal CRC cells, miR-5197 targets and inhibits CDK6 expression, thereby inducing cell cycle arrest and enhancing the sensitivity to IR. In radioresistant CRC cells, with lower miR-5197 expression, CDK6 level is up-regulated, and cells are more sensitive to Palbociclib. **P < 0.01.






Discussion

Numerous studies have revealed that radioresistance is closely associated with recurrence after radiotherapy and worse prognosis of CRC patients (5, 8). To date, however, no such clear predictive biomarkers have been discovered to guide IR treatment. In the present study, we performed a genome-wide CRISPR-Cas9 knockout screen in combination with NGS sequencing to systematically identify loss-of-function mutations conferring to radioresistance of CRC cells for the first time. Our data showed that miR-5197 contributes to enhanced sensitivity of CRC cells to IR and may serves as an effective biomarker to select CRC patients who could benefit the most from IR treatment.

Mir-5197, located on the long arm of chromosome 5, was initially identified in a study of pediatric acute lymphoblastic leukemia (ALL) through high-throughput sequencing (23). It has been reported that the polymorphisms of miR-5197 contributes to the chemotherapy toxicity of lung cancer (24). However, its biological functions in cancers including CRC, is still unclear. Herein, we found that sgRNA specifically targeting miR-5197 was enriched in surviving RKO cells after exposure to 6 Gy and 12 Gy of IR, which suggested that its deficiency enhanced resistance of CRC cells to IR. Further CCK-8 and colony formation assays confirmed that miR-5197 significantly weakened CRC cell viability and promoted cell apoptosis after exposure to IR. These findings indicated that radioresistance of CRC patients could be due to down-regulation of miR-5197 expression in tumor cells. Nonetheless, it is necessary to verify our results using an in vivo radiotherapy model in future studies.

Mechanistically, CDK6, an important cell cycle regulatory protein, was identified as a direct target of miR-5197. By inhibiting CDK6 mRNA and protein expression in CRC cells, miR-5197 induced cell cycle arrest in G1/S phase and retarded cell division. Additionally, treatment with Palbociclib (a highly selective inhibitor of CDK4/6) reversed the positive effects on radioresistance induced by down-regulation of miR-5197, hinting us that miR-5197 promoted CRC cell sensitivity to IR via targeting CDK6.

As one of the most important cell cycle machineries, CDK6 forms an active complex with CDK4 and cyclin D1 to phosphorylate downstream proteins such as the retinoblastoma tumor suppressor protein (RB) and E2F transcription factors, activation of which finally promotes cell cycle progression through G1 to S phase (20, 25). Palbociclib is the first selective CDK4/6 inhibitor applied in the treatment of breast cancer (26, 27), and it has been reported to enhance radiosensitivity of HPV negative head and neck squamous cell carcinomas by inhibiting CDK4/6 (21). Our findings provided further evidence in support of this conclusion. From a clinical perspective, it is possible that patients with lower miR-5197 expression will benefit more from combination therapy (Palbociclib + IR) than IR alone.

In conclusion, the present study identified miR-5197 as a radiosensitization factor that promoted IR-induced apoptosis of CRC cells. Mechanistically, miR-5197 inhibited CDK6 expression and thereby promoting cell cycle arrest in G1/S phase and inhibiting cell division (Figure 5D). Our findings might provide novel insights into the development of precise therapeutic strategies against CRC in the future.
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Background

Colorectal cancer (CRC), one of the most common malignant tumors worldwide, has a high mortality rate, especially for patients with CRC liver metastasis (CLM). However, CLM pathogenesis remains unclear.



Methods

We integrated multiple cohort datasets and databases to clarify and verify potential key candidate biomarkers and signal transduction pathways in CLM. GEO2R, DAVID 6.8, ImageGP, STRING, UALCAN, ONCOMINE, THE HUMAN PROTEIN ATLAS, GEPIA 2.0, cBioPortal, TIMER 2.0, DRUGSURV, CRN, GSEA 4.0.3, FUNRICH 3.1.3 and R 4.0.3 were utilized in this study.



Results

Sixty-three pairs of matched colorectal primary cancer and liver metastatic gene expression profiles were screened from three gene expression profiles (GSE6988, GSE14297 and GSE81558). Thirty-one up-regulated genes and four down-regulated genes were identified from these three gene expression profiles and verified by another gene expression profiles (GSE 49355) and TCGA database. Two pathways (IGFBP-IGF signaling pathway and complement-coagulation cascade), eighteen key differentially expressed genes (DEGs), six hub genes (SPARCL1, CDH2, CP, HP, TF and SERPINA5) and two biomarkers (CDH2 and SPARCL1) with significantly prognostic values were screened by multi-omics data analysis and verified by Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) cohort.



Conclusions

In this study, we identified a robust set of potential candidate biomarkers in CLM, which would provide potential value for early diagnosis and prognosis, and would promote molecular targeting therapy for CRC and CLM.
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Introduction

Colorectal cancer (CRC) is one of the most common malignant tumors worldwide. According to global cancer statistics, more than 1.9 million new CRC cases and 935,000 deaths were reported in 2020, accounting for approximately one-tenth of cancer cases and deaths. Overall, the incidence of CRC ranks third globally, and the mortality rate ranks second (1). Colorectal cancer liver metastasis (CLM) is one of the primary causes of this high mortality rate, which occurs in 30% of CRC patients, accounting for two-thirds of the related deaths (2). Further, more than 50% of patients relapse within 2 years after CLM resection (3).

Numerous clinical data indicate that the liver is the most common target organ for CRC metastasis. To date, the relevant mechanisms underlying the formation and progression of liver metastasis during disease progression of this disease have been extensively studied, however, the pathogenesis has not been fully elucidated. With the rise of emerging technologies such as genome and transcriptome sequencing, gene-editing technology, and artificial intelligence (AI), biomedical research is undergoing revolutionary changes, gradually transforming from traditional medicine to precision medicine. Among them, next-generation sequencing (NGS) technology has revolutionized our ability to obtain information from the genome regarding the DNA sequence itself, as well as the state of the transcriptome and the epigenome (4). However, most NGS technologies have not solved the functional interpretation of differentially expressed genes (DEGs) to identify appropriate key genes. Indeed, the occurrence and development of CLM involves a myriad of epigenetic and genetic changes within multiple functional signaling pathways. These different networks are susceptible to regulation by genetic and epigenetic events, leading to diversity in the expression profiles. Therefore, the combination of integrated bioinformatics methods and expression profiling technology may have the ability to overcome, thus screening suitable biomarkers and guiding the selection of clinical systemic prevention, diagnostic, and treatment options.

In this study, we aimed to analyze and predict candidate biomarkers of CLM. Firstly, key DEGs were screened from gene expression profiles of GEO database (Gene Expression Omnibus). Specifically, we identified the biological functions and signal transduction pathways of the selected DEGs through GO (Gene ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis. Further, we constructed protein-protein interaction (PPI) networks and analyzed prognostic values of candidate genes in CRC through data mining. Finally, to evaluate whether the selected candidate biomarkers are reliable, we analyzed the gene expression profile data sets, RNA-Seq data sets of GEO and TCGA databases, and used CNV (copy number variation), GESA (Gene Set Enrichment Analysis), IHC (immunohistochemistry), and other methods for verification. Moreover, the verification results are basically consistent with our research conclusions. Therefore, this study will contribute to understanding the molecular mechanism in depth and contribute to the discovery of new appropriate molecular diagnostic and therapeutic targets, and more accurately prognose long term outcome in patients with CRC.



Materials and Methods


NCBI-GEO

NCBI-GEO (Gene Expression Omnibus) (https://www.ncbi.nlm.nih.gov/geo) is a free microarray/gene profile and NGS database. In our study, we screened GSE6988 (5), GSE14297 (6), and GSE81558 (7) microarray datasets containing expression profiles of matching colorectal liver metastases (primary colon cancer samples and liver metastasis samples of the same patient), and 63 pairs of matching primary CRC and liver metastatic cancer tissues were used. To confirm the reliability of DEGs identified from the three GSE datasets, this study selected the GSE49355 (8) microarray dataset, which includes 13 pairs of matched primary colorectal cancer and liver metastasis samples, in the GEO database for verification.



GEO2R

GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/), is a data processing tool on GEO. Statistically significant differences were identified based on a classic t-test, considering p < 0.05 and |log FC| > 1 as the cut-off criteria. In this study, we used GEO2R to filter the original data to determine DEGs and visualized them with SANGERBOX (http://sangerbox.com/Index), FUNRICH and R.



DAVID

Database for Annotation, Visualization and Integrated Discovery (DAVID) 6.8 (https://david.ncifcrf.gov/home.jsp) is a comprehensive, functional annotation website that help investigators better clarify the biological function of submitted genes (9). In our study, the Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs were isolated from DAVID 6.8 and visualized with EHbio (http://www.ehbio.com/ImageGP/index.php/home/index/scatterplot.html). Biological processes (BP), cellular components (CC) and molecular function (MF) were included in GO enrichment analysis.



STRING

STRING (https://string-db.org/) aims to collect, score, and integrate all publicly available sources of protein-protein interaction (PPI) data and complement these with computational predictions of potential functions (10). We used STRING to develop and construct DEG-encoded proteins and PPI networks and analyze the interactions among candidate DEG-encoded proteins, and we visualized them with CYTOSCAPE 3.7.2.



UALCAN

UALCAN (http://ualcan.path.uab.edu/analysis.html), a comprehensive web resource, provides analyses based on The Cancer Genome Atlas (TCGA) and MET500 cohort data (11). In this study, we used UALCAN to analyze the expression profiles and prognostic values of DEGs. Student’s t-test was used to generate a p-value. The p-value cutoff was 0.05.



ONCOMINE

ONCOMINE (www.oncomine.org), currently the world’s largest oncogene chip database and integrated data mining platform, contains 715 gene expression data sets and data from 86,733 cancer tissues and normal tissues (12). In this study, DEG expression was assessed in CRC tissues relative to its expression in normal tissues, and a p-value of 0.05, a fold change of 1.5, and a gene rank in the top 10% were set as the significance thresholds.



GEPIA

GEPIA (http://gepia.cancer-pku.cn/index.html) is an analysis tool containing RNA sequence expression data of 9,736 tumors and 8,587 normal tissue samples, which was developed at Peking University (13). In this study, we performed a differential gene expression analysis of tumor and normal tissues, and prognostic analysis of DEGs with the “Expression Analysis” module of GEPIA2. The p-value cut-off was 0.05 Student’s t-test was used to generate a p-value for expression analysis. The prognostic analysis was performed using a Kaplan-Meier curve.



cBioPortal

cBioPortal (www.cbioportal.org), a comprehensive web resource, can visualize and analyze multidimensional cancer genomics data (14). Five hundred and ninety-four colorectal adenocarcinoma samples (TCGA, PanCancer Atlas) were analyzed. mRNA expression z-scores (RNA Seq V2 RSEM) were obtained using a z-score threshold of ± 2.0. Protein expression z-scores (RPPA) were obtained using a z-score threshold of ± 2.0.



TIMER

TIMER (https://cistrome.shinyapps.io/timer/) is a comprehensive resource for systematical analysis of immune infiltrates across diverse cancer types and allows users to explore tumor clinical and genomic features comprehensively (15).



DRUGSURV

DRUGSURV (http://www.bioprofiling.de/GEO/DRUGSURV/) is the first computational tool to estimate the potential effects of a drug using patient survival information derived from clinical cancer expression data sets (16).



GSEA

GSEA (Gene Set Enrichment Analysis) is a computational method that can determine whether a predefined set of genes shows statistically significant agreement between two biological states (such as phenotype). The difference is used to evaluate the distribution trend of the group of genes in the gene table ranked by the phenotype correlation, to judge its contribution to the phenotype.



CRN

CRN (Cancer RNA-Seq Nexus) (http://syslab4.nchu.edu.tw/) is the first public database providing phenotype-specific coding-transcript/lncRNA expression profiles and lncRNA regulatory networks in cancer cells. It systematically collected RNA-seq datasets from TCGA, NCBI GEO and SRA (Sequence Read Archive) and resulted in 89 cancer RNA-seq datasets including 325 subsets and 12,167 samples.



THE HUMAN PROTEIN ATLAS

THE HUMAN PROTEIN ATLAS is a Swedish-based program initiated in 2003 to map all the human proteins in cells, tissues and organs using an integration of various omics technologies, including antibody-based imaging, mass spectrometry-based proteomics, transcriptomics and systems biology (17). In this study, we used THE HUMAN PROTEIN ATLAS database for protein expression profiling.




Results


Screening and Identification of DEGs

We screened microarray datasets from primary CRC and CLM tissue samples from the NCBI-GEO database, which consisted of GSE6988, GSE14297, and GSE81558 datasets. Among them, GSE6988 is based on the GPL4811 platform and was published on February 1, 2008. From this whole-genome dataset of human CLM markers, comprising 123 samples including 25 normal colorectal mucosae, 27 primary CRCs, 13 normal liver tissues, and 27 liver metastases, as well as 20 primary CRC tissues without liver metastases, we selected sample data from 26 pairs of primary CRC with metastatic liver tissues. GSE14297 is based on the GPL6370 platform [Illumina Human-6 v2.0 expression bead chip (extended)] and was published on January 13, 2009. From this primary CRC and related liver metastasis expression spectral dataset, comprising a total of 48 samples including 18 primary CRC, 18 liver metastases, seven normal colorectal mucosa tissues, and five normal liver tissues, we selected data from 18 pairs of CRC and liver metastasis tissues. GSE81558 is based on the GPL15207 platform ([Prime View] Affymetrix) and was published on June 12, 2017. Genomic features of this dataset of liver metastases from CRC patients with expression arrays include a total of 51 samples, including 23 primary CRCs, 19 liver metastases, and nine normal colon mucosal tissues; from this, we selected sample data from 19 pairs of CRC primary cancer and liver metastasis tissues. Then, we used GEO2R to preprocess and filter the original data, using p < 0.05 and [log FC] > 1 as the cut-off criteria, ultimately extracting 315, 233, and 117 differences from these three expression profile datasets, respectively (Figures 1A–C). Using FUNRICH software, we identified 35 consistent DEGs from these three genome datasets (Figure 2A), including 4 downregulated and 31 upregulated genes (Table 1 and Figures 2B, C). In addition, R software (version 3.6.3) was used to perform cluster analysis and draw a heat map to show the expression of 35 DEGs from the three datasets (Figures 1D–F).




Figure 1 | Distributions of differentially expressed genes in CRC and CLM (|log2FC| >1 and adjusted P-value < 0.05) in 63 pairs of matched colorectal primary cancer and liver metastatic tissues. These were volcano maps and heatmaps of 3 data sets, included GSE6988 (A, D), GSE14297 (B, E), and GSE81558 (C, F) data set. Red stands for upregulations, green stands for downregulations and black stands for normal expression in volcanoes. Each point represents a gene.






Figure 2 | Venn diagram was visualized in FUNRICH software (A–D). The expression profile of GSE49355 were visualized in volcano map and heatmap (D, E). Intersection between GSE49355 and 35 DEGs (F).




Table 1 | Up and down regulation of 35 differentially expressed genes (DEG) in colorectal cancer liver metastasis.



To confirm the reliability of DEGs identified from the GSE datasets, we also analyzed the GSE49355 dataset from the GEO database for verification (Figures 2D, E). According to the VENN map results using the FUNRICH software, 30 out of 35 DEGs identified during this study were significantly overexpressed in the GSE49355 dataset. Additionally, four genes were also significantly downregulated in the GSE49355 dataset, with only 1 upregulated gene not present in the list of genes (Figure 2F). The similarity in expression patterns between upregulated and downregulated genes was 97.14%, which indicated that the candidate genes identified in this study were reliable.



Gene Ontology (GO) and Signaling Pathway Enrichment Analyses


GO Enrichment Analysis

GO analysis from Database for Annotation, Visualization and Integrated Discovery (DAVID) showed that selected candidate DEGs were divided into three functional groups: molecular functional group, biological process group, and cell component group. In the biological process group (Figure 3A), DEGs were enriched in many processes such as acute inflammation, post-translational protein modification, platelet degranulation, regulating coagulation and fibrinolytic systems, and regulating protein activation cascades. In the molecular function group (Figure 3B), DEGs were mainly enriched in processes that modulate serine endopeptidase inhibitors and hydrolase activity, peptidase modulator activity, glycosaminoglycan binding, heparin and collagen binding, and other processes. In the cell component group (Figure 3C), DEGs were mainly enriched in processes that mediate the extracellular space, extracellular region, endoplasmic reticulum, intimal system, platelet α-granules, and cytoplasmic vesicles.




Figure 3 | The enrichment analysis of 35 DEGs in CLM (David 6.8). (A–C) Bubble diagram of GO enrichment in biological process terms, molecular function terms and cellular component terms. (D) Bubble diagram of KEGG enriched terms.



These results indicate that DEGs were mainly enriched in the extracellular area, endoplasmic reticulum and platelet alpha granules, and are mainly involved in inflammation, platelet degranulation, peptidase regulation, protein metabolism, and regulation of the coagulation and fibrinolysis systems.



Signaling Pathway Enrichment Analysis

Results from our analysis showed that candidate DEGs shared common signal transduction pathways and reaction processes(Figure 3D), including those mainly enriched in the complement-coagulation cascade, drug metabolism (i.e., metabolic enzymes such as cytochrome P450), and steroid hormone synthesis. We also found that these DEGs play a role in the following pathways: chemical carcinogenesis, metabolism of xenobiotics via cytochrome P450, linoleic acid metabolism, insulin-like growth factor binding proteins (IGFBPs) that regulate the transport and uptake of insulin-like growth factors (IGFs), post-translational protein phosphorylation, platelet degranulation, activation, aggregation, and other signaling pathways. Among them, the complement-coagulation cascade, platelet activation, degranulation and aggregation, IGFBP-IGF signaling, and drug metabolism were key signal transduction pathways.




PPI Network Screening and Enrichment Analysis


Screening and Modular Analysis of Key Genes

We used the STRING database to filter 35 DEGs into a PPI network containing 35 nodes and 189 edges (Figure 4A), with an average node degree of 10.8, and an average local clustering coefficient of 0.66 with a PPI concentration p-value less than 1.0e-16. Among them, four out of 35 DEGs (AADAC, FOXF1, CTSK, and VNN1) did not fall within the PPI network; therefore, we ultimately screened 31 DEGs that were designated as key genes. Meanwhile, using k-means clustering analysis, 35 DEGs were divided into three categories, and 26 key genes were selected. Then, we used CYTOSCAPE to remove no-node genes, and make a PPI network diagram based on the interaction and expression between the nodes (Figures 4B, C). Using MCODE modular analysis in CYTOSCAPE, 18 candidate genes were screened out (Figures 4D–H, Table 2).




Figure 4 | PPI network was visualized in STRING and CYTOSCAPE. (A) The PPI network was visualized in STRING that contained 35 nodes and 189 edges, with an average node degree of 10.8, and an average local clustering coefficient of 0.66 with a PPI concentration p-value less than 1.0e-16. (B) Four out of 35 DEGs (AADAC, FOXF1, CTSK, and VNN1) did not fall within the PPI network. (C, D) PPI network of 31 DEGs was visualized in CYTOSCAPE, yellow and green in the node means down regulation, blue and red represents up regulation. The thickness of the node connecting line represents the size of the comparison score. Module analysis of DEGs enrolled in PPI network with the criterion degree cutoff = 2, node score cutoff = 0.2, k-core=2, max depth = 100. The yellow dot in the circle in (E) were modular nodes through MCODE analysis. (F, G) MCODE Genes were visualized in CYTOSCAPE, included 18 nodes and 119 edges. (H) Intersection of 18 modular genes in MCODE and 15 key genes in STRING.



Based on the PPI network analysis using the STRING database, we divided 26 key DEGs into two modules that included 15 genes. Module 1 comprised proteins that mainly regulate the IGFBP-IGF signaling pathway, whereas module 2 mainly included proteins belonging to the complement-coagulation cascade. Specifically, module 1 included the genes IGFBP1, SPARCL1, CDH2, ITIH2, F5, APOA2, TF, CP, FGA, SERPINC1, F2 and PLG. Module 2 included the genes C4BPA, F5, FGA, SERPINC1, F2, PLG, SERPINA5and VTN. Moreover, F5, FGA, SERPINC1, F2, and PLG participate in both two pathways. In addition, FMO3, CYP2E1, CYP3A4, and UGT2B4 were enriched in the drug metabolism-cytochrome P450 signaling pathway. According to the analysis of the three functional groups, 26 DEGs were enriched in extracellular regions, seven DEGs were enriched in platelet alpha particles, and 18 DEGs were enriched in the endoplasmic reticulum.



Protein Domain Analysis

In this study, specific protein domains were screened using PPI enrichment analysis, which included Kringle, copper oxidase, trypsin, serine protease inhibitor, hemagglutinin, and cytochrome P450 domains as well as fibrinogen β chain, γ chain, and globular C-terminus domains.




Gene Set Enrichment Analysis (GSEA) Enrichment Analysis

We used the GSE6988 gene set for enrichment analysis. A total of 9587 effective genes were screened out from the GSE6988 data set, and the genome size filter criterion was set to “minimum equal to 15 and maximum equal to 500”. A total of 8722 gene sets were removed, and the remaining 17002 gene sets were used for enrichment analysis. According to the analysis results, in the CLM phenotype, 6014 gene sets were upregulated; 970 gene sets were significantly enriched under an FDR<25% condition; 440 gene sets were significantly enriched under a p<0.01 condition; and 945 gene sets were significantly enriched under a p<0.05 condition. In the CRC phenotype, 10988 gene sets were upregulated; 17 were enriched under an FDR <25% condition; 219 gene sets were significantly enriched under a p<0.01 condition; 898 gene sets were significantly enriched under a p<0.05 condition. In this study, “|NES|>1, NOM p-val<0.05, and FDR q-val<0.25” were used as the criteria for significant pathway enrichment, and the twenty gene sets with the highest enrichment scores were selected from the CLM and CRC groups (Figure 5).




Figure 5 | (A) GSEA software are used to create a heat map of the top 50 genes with high expression levels in the CLM and CRC phenotypes in GSE6988 (the color range is from “red-blue” to show the range of expression values as “high to low”). (B) This figure shows the positive correlation (left) and negative correlation (right) between gene grade and ranking index score. (C–G) GSEA analysis about blood circulation and platelet activation-related gene profiles based on CLM and CRC phenotypes in TCGA database.



Results show that activation of blood cells and endothelial cells centered on platelets (leading to alterations in cell movement, secretion, enzyme production), Ca2+ metabolism and endocytosis (Figure 5D), inflammation, and vascular permeability disruption were enriched in the CLM group. Moreover, 14 of the top 100 genes in the GSEA genetic sequence belong to the 18 DEGs previously screened (Table 2).


Table 2 | 18 DEGs in MCODE modular analysis.





Expression Analysis

We used the ONCOMINE (Figure 6), GEPIA 2 and UALCAN database to analyze the expression of 18 candidate genes in cancer tissues and adjacent normal tissues. Results show that SPARCL1, CDH2, CP, HP, TF and SERPINA5 were all significant downregulated in cancer tissues (p < 0.05; Figures 7A–F). Moreover, CDH2, SPARCL1 and TF were significantly differentially expressed during the pathological stage in CRC (p < 0.05; Figures 7G–L). Additionally, the expressions of SPARCL1, CP and TF differed significantly between stage IV colon cancer and normal (p < 0.05; Figures 8A–F), while that of SPARCL1, CDH2, CP and SERPINA5 differed significantly between rectum adenocarcinoma and normal tissues (Figures 8G–L).




Figure 6 | Gene levels of 18 DEGs in CRC (ONCOMINE). The figure shows the numbers of datasets with statistically significant gene over-expression (red) or down-regulated expression (blue) of DEGs.






Figure 7 | (A–F) Differential gene expression analysis of tumor and normal tissues in GEPIA. SPARCL1, CDH2, CP, HP, TF, SERPINA5 were significant lowly expressed in cancer tissues. *P < 0.05. (G–L) Correlation between six hub genes and the pathological stage of CRC patients (GEPIA).






Figure 8 | (A–L) Expression profile of SPARCL1, CDH2, CP, HP, TF and SERPINA5 in subgroups of patients with colon cancer and rectum adenocarcinoma, stratified based on stage criteria (UALCAN). Data are mean ± SE. *P < 0.05; **P < 0.01; ***P < 0.001.





Prognostic Analysis and Correlation Analysis

A total of six genes were identified as candidate biomarkers. The results of the survival curve analysis indicated that there were two DEGs (CDH2 and SPARCL1) were regarded as prognostic factors (p<0.05). Moreover, CDH2 and SPARCL1 expression levels were found to be significantly related to prognostication. Meanwhile, based on combined Kaplan–Meier curves with log-rank p test, CDH2 was obviously associated with overall survival (OS; p<0.01) and disease-free survival (DFS; p<0.01) in CRC, with a particularly strong associated observed for rectum cancer (Figures 9, 10A–D). Furthermore, a strong correlation was observed between the expression of CDH2 and SPARCL1 (Figures 10E–H).




Figure 9 | (A–L) The prognostic value of DEGs in CRC patients in the overall survival (OS) and disease free survival (DFS) curve (GEPIA).






Figure 10 | (A–D) The prognostic value of CDH2 and SPARCL1 patients in the survival curve (UALCAN). (E, F) The correlation analysis of CDH2 and SPARCL1 in CRC patients in the scatter diagram based on correlation coefficient of Spearman and Pearson (GEPIA). (G, H) The correlation analysis of CDH2 and SPARCL1 expression level in CRC (TIMER).



To reveal whether the hub genes identified using the Cancer Genome Atlas (TCGA) database exhibit equal prognostic value in other CRC cases, we used the GSE17538 dataset and GSE50760 as a validation set. HPX, CDH2, VTN, IGFBP1, CP, HP, ORM2, APOA2, TF, HRG, PLG, SERPINA5, ITIH2, SERPINC1, FGA, F2 and GC were upregulated in CLM samples. Meanwhile, SPARCL1, ORM2, IGFBP1, FGA, APOA2, and VTN were significantly differentially expressed (adjusted p-value < 0.01). Further, CDH2 and SPARCL1 were associated with poor prognosis in CRC, suggesting that both may represent potential genetic biomarkers for poor prognosis in CRC, and may provide potential value for CRC treatment in the future (Figure 11).




Figure 11 | (A) Differential gene expression analysis of CRC and CLM in CRN.SPARCL1, ORM2, IGFBP1, FGA, APOA2, and VTN were significant differential expressed in CLM. (adjusted p-value < 0.01). (B, C) CDH2 and SPARCL1 were associated with poor prognosis in CRC in DRUGSURV.



We also observed CDH2, CP, HP, TF, and SERPINA5 were upregulated in liver metastatic cancer tissues and downregulated in primary cancer tissues; whereas SPARCL1 exhibited the opposite expression pattern. Moreover, compared to CRC tissues, SPARCL1, CDH2, CP, HP, TF, and SERPINA5 were relatively highly expressed in normal colorectal tissues. In addition, compared to liver metastatic cancer tissues, CP, HP, TF, and SERPINA5 were upregulated in normal liver tissues, while the expression CDH2 and SPARCL1 did not exhibit significant differences between the two tissues. Therefore, in the observed tissues, SPARCL1 was most highly expressed in normal colorectal tissues, and CDH2 had the highest expression in normal liver tissues and liver metastatic cancer tissues, while CP, HP, TF, and SERPINA5 with the most highly expressed in normal liver tissues.



Genetic Alteration and Co-Expression Analyses

We then performed a comprehensive analysis of the molecular characteristics of six hub genes (CDH2, SPARCL1, CP, HP, TF, and SERPINA5) using the Pan Cancer Atlas of TCGA. Results show that CDH2, SPARCL1, CP, HP, TF, and SERPINA5 were altered in 16%, 7%, 10%, 6%, 8%, and 8% of the queried CRC samples, respectively. Additionally, the six hub genes were altered in 213 (36%) queried samples. Enhanced mRNA expression was the most commonly observed change in these samples. We next explored the potential co-expression of these hub genes and found that the expression of CDH2, SPARCL1, CP, HP, TF and SERPINA5 exhibited significant correlations, with the strongest association observed between CDH2 and SPARCL1 (Figure 12).




Figure 12 | Genetic alteration and co-expression analyses of six hub genes (SPARCL1, CDH2, CP, HP, TF and SERPINA5) in CRC patients. (A) Summary of alterations in six hub genes in CRC. (B) Summary of mutation type in CRC. (C–H) Mutation type and copy number of six hub genes. (I) The correlation analysis of mutation in mRNA expression between CDH2 and SPARCL1 in CRC.





Prognostic Gene Validation Using Clinical Tissue Samples

To further confirm the prognostic value of the hub genes with prognostic values, we used immunohistochemical (IHC) staining to detect the protein expression of CDH2 and SPARCL1 in normal tissues and tumor tissues. The results showed that compared to normal tissues, CDH2 and SPARCL1 were significantly under-expressed in primary CRC tissues. Meanwhile, SPARCL1 was relatively overexpressed in normal colorectal tissues, and CDH2 was highly expressed in normal liver tissues (Figure 13) which agreed with our research conclusions.




Figure 13 | IHC analysis of CDH2 and SPARCL1 with prognostic values. (A–F) Differentially expressed proteins of CDH2 and SPARCL1 with prognostic values in CRC, colorectal normal tissues and liver normal tissues in The Human Protein Atlas database.






Discussion

In the past few decades, many basic and clinical studies have revealed causes and potential mechanisms that mediate CRC formation and development; however, the incidence and mortality of this disease are very high, and the high recurrence rate and liver metastasis are the main contributors to patient mortality (18, 19). Most studies have focused on a single genetic event or results derived from a single cohort study (20). However, approximately 90% of CRC cases develop sporadically, and only a few (less than 10%) can be attributed to genetic sources (21). With the widespread application of gene-related technologies such as gene chips and NGS, a large amount of core slice data has been generated, and most of the data have been stored in public databases. Therefore, integrating and re-analyzing these datasets can provide valuable clues for new research.

In recent years, researchers have conducted many microarray data analysis studies on CRC (22) and have obtained hundreds of DEGs, but the analysis of microarray data from CLM is lacking. Due to the organization of independent research or sample heterogeneity, the results are always limited or inconsistent, and reliable and effective biomarkers have not been identified. Moreover, most NGS studies have not dealt with the functional interpretation of these DEGs to clearly identify suitable key genes. The combination of integrated bioinformatics methods and expression profiling techniques will likely solve this shortcoming. In the present study, we integrated three cohort datasets from different sources and conducted an in-depth analysis of these data using multiple bioinformatic methods. Moreover, to avoid the potential impact of radiotherapy and chemotherapy on the genomic clonal changes in tumor tissues, we sought to exclude any such samples. Comparative gene expression profiling of matched CRC and CLM tissues revealed very few statistically significant, DEGs. Nevertheless, despite the high similarity at the genomic level, we were able to detect these subtle changes. Accordingly, two pathways, 18 DEGs and 6 hub genes were screened based on genome and transcriptome sequencing data, as well as the analysis of expression profile and prognosis.

For decades, researchers have noticed a certain relationship between the different components of the insulin-like growth factor IGF system and the development of cancers such as solid tumors and hematological malignancies (23–26). As polypeptide growth factors, IGF is a key regulator of different cancer progression stages and is related to tumorigenesis, development, and metastasis (23, 24, 27). The IGF system is complex; in addition to insulin, it also includes two IGFs (IGF1 and IGF2) and their surface receptors, six IGFBPs, IGFBP protease, and insulin substrate proteins (IRS1–6). The production and secretion of different members of the IGF family during the development of colon cancer are affected by genetic and environmental factors (28–30). IGF1 and IGF2 are highly expressed in CRC, and a variety of metabolic disorders such as obesity, dyslipidemia, hyperinsulinemia, and glucose homeostasis are common in these patients, making the IGF system a biomarker of human CRC susceptibility and prognosis (31–34). Recent data also describe the CRIS-D subtype, which includes the activation of the wingless/integration (Wnt) pathway and the overexpression and amplification of IGF2. An analysis of approximately 300 publicly available CRC datasets indicated that patients with CRIS-D tumors have longer disease-free survival (35). CRC is also called obesity-related cancer, and its pathogenesis is related to being overweight and obese, caused by PI3K/AKT pathway activation (36, 37). Insulin and IGF signaling combined with chronic inflammation are also important factors for obesity, promoting CRC development (28).

In all fetal tissues, IGF2 is transcribed from three ubiquitous promoters (P2–P4). In the adult liver, IGF2 gene transcription is initiated by the liver-specific promoter (P1), but the P2–P4 promoters are still active in adult peripheral tissues (29). Studies suggest that IGF2 has an autocrine effect (30, 38–40). Compared to that in primary CRC, the expression level of IGF2 in CRC metastatic tumors (mainly liver metastases) changes to a greater extent, and its expression can be both high (41) and low (42). IGF2, together with transforming growth factor-α and matrix metalloproteinase-2, is used as a tumor staging marker (43, 44) and is also a key factor in the early stage of CRC (45).

The autocrine/paracrine effect of IGF2 mainly involves polypeptides produced by extrahepatic tissues, including colorectal tumor cells and CRC tumor stromal cells (cancer-associated fibroblasts) (46, 47). IGF2 is involved in the induction of some activation and suppression markers (e.g. Wnt5a, CEACAM6, IGFBP3, KPN2A, BRCA2, and CDK1) (48). Studies have shown that IGF2 concentrations are positively correlated with more advanced CRC (49, 50), and this correlation is positively correlated with an increase in disease stage and regional lymph node metastasis (51). The general expression/overexpression of IGF2 in primary CRC and liver metastases is usually associated with disease progression, increased grade or stage, or poor survival and prognosis (52, 53).

At present, the role of IGF2 in the metastasis of CRC is still unclear. Studies conducted on highly metastatic CRC cell lines indicate that IGF1 and IGFBP1, but not IGF2, are potentially associated with CRC metastasis (54). In addition, there are some studies that suggest that IGF2 is an important tissue marker for tumor progression in patients with liver metastases from CRC (41, 43). The PPI network analysis results of the present study indicate that IGFBP1, SPARCL1, CDH2, ITIH2, F5, APOA2, TF, CP, FGA, SERPINC1, F2, and PLG participate in IGFBP processes to regulate IGF transport and uptake signaling pathways, and these DEGs might participate in this pathway to affect the invasion and metastasis of CRC. Meanwhile, SPARCL1, CDH2, CP and TF may play a key role. Moreover, CDH2, CP and TF were low expressed in primary cancer than normal tissues, but highly expressed in metastatic liver cancer. Therefore, these three genes might have the key effect of promoting cancer metastasis.

In the GO analysis results of the present study, DEGs were found to be mainly enriched in extracellular regions, vacuole cavities, and platelet alpha particles in cell component modules and to participate in signal transduction pathways such as the complement-coagulation cascade. The main function of platelets is to recognize blood vessel damage and promote thrombosis, thereby stopping bleeding. However, this characteristic of platelets also contributes to the cancer development, which can interact with circulating tumor cells (CTCs). Receptor recognition and factor-mediated interactions between tumor cells and platelets stimulate platelet activation, factor release, and aggregation, thus promoting tumor cell survival and cancer progression. Tumors are essentially composed of multiple heterogeneous molecules and sub-cytokines, which can be exchanged with the circulatory system through various mechanisms. Compared to a discrete tissue biopsy, a liquid biopsy method that collects relevant lesion components in the vascular system by draining tumor cells might be more conducive to the discovery of a more representative tumor microenvironment (55).

In recent years, the role of platelets in tumor metastasis has become increasingly important. Studies have reported that increased platelet counts can promote ovarian cancer (56). Circulating platelets are derived from megakaryocytes in the bone marrow. Platelets have a special function in the highly organized and progressive response to vascular injury. They are activated, releasing special particles and forming aggregates, generating coagulation plugs, and controlling bleeding (57). In addition, the transcriptome of platelets is unique and was proven to be different from that of other cell types. The number of transcriptomes of platelets is estimated to be approximately 3,000-6,000 (58, 59). Further, there is increasing evidence that the progression of cancer might be the result of platelet-related diseases. Platelet microparticles (PMPs) are thought to transfer receptors to the surface of tumor cells through membrane fusion, induce tumor cell chemotaxis, promote tumor cell proliferation, and induce the expression of IL-8, MMP-9, and VEGF (60). Other studies have also shown that PMPs can increase metastasis and angiogenesis, and prevent apoptosis (61–63). CTCs are easily killed by the sheer force of blood flow and natural killer cells, which makes it difficult for tumor cells to initiate the metastatic cascade. Some studies have pointed out that the activation of the coagulation cascade with the activation of platelets, mediated by tumor cell tissue factors, can protect circulating CTCs by wrapping them in a platelet-rich thrombus (51, 64), resulting in immune escape. In addition, platelets can promote CTC migration by preventing CTCs from adhering to the endothelial cells of the vessel wall (51). One receptor–ligand pair with this function is ADMA9 on tumor cells, which binds integrin α6β1 on the surface of platelets. This interaction is thought to promote platelet activation, granule secretion, and tumor cell migration through the endothelium (65).

Platelet-secreted proteins, such as agrin and thrombin-reactive protein 1, can also enhance the activity and expression of MMP-9 through the p38MAPK pathway, thereby stimulating the aggressiveness of colon cancer (66). In addition, platelets can also induce the transformation of epithelial cells to mesenchymal cells by transforming growth factor-β and nuclear factor-κB signals in tumor cells. Studies have revealed that high platelet counts are significantly associated with invasion, metastasis, and a reduced survival rate in CRC patients (67, 68). Activated platelets increase phosphatidylserine exposure on their surface, which might put them in a more favorable state of coagulation in CRC patients. In addition, the liver has a double blood supply, and approximately two-thirds to three-quarters of the blood supply comes from the portal vein, with the rest originating from the hepatic artery. Gastrointestinal tumor cells can spread to the liver through portal vein circulation and systemic circulation (69). In this path, the coagulation state is more conducive to the formation of cancerous tumor cells and arrival in liver tissue.

The PPI network analysis results of the present study showed that C4BPA, F5, FGA, SERPINC1, F2, PLG, SERPINA5, and VTN are enriched in the complement-coagulation cascade signaling pathway, with F5, FGA, ORM2, HRG, PLG, SERPINA5, and GIG25 enriched in platelet alpha particles. Among them, F5, FGA, PLG, and SERPINA5 were found to be both enriched in the signaling pathway of the complement and coagulation cascade and platelet alpha particles. Therefore, these DEGs might shape the microenvironment of vascular tumors through the platelet coagulation cascade, thus participating in the occurrence and development of CLM.

According to bioinformatics analysis results, we suggest that these candidate DEGs might be tissue-specific and mainly expressed in liver tissues. However, based on the verification of the TCGA database it was determined that although the candidate DEGs are enriched in the hepatobiliary system, the difference in expression levels between normal tissues and cancer tissues was not significant. Thus, it can be speculated that the difference in the expression of these genes might not only be caused by primary cancer of the hepatobiliary system. The occurrence of metastatic liver cancer is most likely related to the driving effect of DEGs in the primary foci of CRC, resulting in changes in liver tissue gene sequences and expression profiles. This driving effect might require the help of the tumor microenvironment in extracellular fluid. A small number of DEGs or their protein products in primary CRC might settle in liver tissue along with body fluids (such as blood and lymph) to promote the development of metastatic cancer. These protein products might play key roles based on the following functional domains: Kringle, trypsin, copper oxidase, serine protease inhibitors, and hemagglutinin. In addition, the tumor metastasis induction produced by the candidate DEGs might not be caused by the expression of a single independent gene but rather by multiple genes or a gene expression complex acting together. The genetic ontology results showed that the candidate DEGs we selected are mainly derived from extracellular regions and platelet alpha particles, which further validates our perspective. In our results of GSEA, in the CLM group, there was a high likelihood that blood cells, such as platelets were activated, thus promoting particle secretion (endocytosis), tumor cell metastasis, transport of particles in the blood in the form of phospholipid microvesicles, and circulation through blood and lymph transfer to the liver to complete the migration. Tumor cell particles could also activate vascular endothelial cells, thus affecting vascular permeability and enabling migration outside the blood vessel. In addition, Ca2+ plays a key role in regulating platelet secretion.

Certain limitations were noted in our study. For instance, the analysis of genome and transcriptome data alone cannot fully reflect the specific molecular mechanism of liver metastasis in CRC, and the variation of each gene is highly uncertain. Moreover, additional independent cohort, in vitro and in vivo studies are needed to validate our results. Nevertheless, our results provide a reliable theoretical basis for additional research to elucidate the specific mechanism underlying the malignant progression of CRC. Moreover, the identified candidate DEGs are primarily involved in the complement-coagulation cascade and IGFBP-IGF signaling pathways, which play an important role in shaping the microenvironment of vascular tumors. These findings significantly improve the understanding of the cause and underlying molecular events in CLM and provide potentially reliable biomarker information for early detection and diagnosis of CLM, as well as the candidate genes and pathways that could be used as therapeutic targets.

We also found that SPARCL1 was downregulated in liver metastasis, which may have been caused by the loss of various activities such as platelet activation driving the acquisition of a metastatic signature; hence, SPARCL1 may have been lost as a normal liver-specific gene. Similarly, CDH2, CP, HP, TF, and SERPINA5 may gradually transform into normal liver tissue-specific genes during liver metastasis. Moreover, CDH2 exhibited the highest mutation frequency, while its expression did not differ between normal liver and metastatic liver cancer tissues. Hence, CDH2 and SPARCL1 likely play a more significant role in the metastasis of primary CRC cells to normal liver tissues.

CDH2 (Cadherin 2) encodes N-cadherin, a classical cadherin superfamily member, and is associated with neural crest differentiation, mesenchymal stem cells, and lineage-specific markers, according to the GeneCards database. We observed that CDH2 was enriched in the endoplasmic reticulum, plasma membrane, and cell junctions and may participate in the IGFBP processes to regulate IGF transport and uptake signaling pathway to affect the invasion and metastasis of CRC. Moreover, CDH2 overexpression likely shifts the hierarchy of stem and progenitor cells within liver metastases, resulting in enhanced self-renewal, and potentially affecting the clinical behavior of CRC. In addition, Ca2+ plays a key role in regulating platelet secretion. As a calcium-dependent cell adhesion protein, CDH2 can mediate homotypic cell-cell adhesion by dimerization with a CDH2 chain from another cell to promote tumor cell metastasis.

SPARCL1 (SPARC-like 1) is associated with calcium ion binding according to the GeneCards database. We observed that SPARCL1 was enriched in the extracellular region and might participate in the IGFBP-IGF signaling pathway. Moreover, as a plasma protein, SPARCL1 may promote tumor cell metastasis by promoting the secretion of granules (endocytosis and exocytosis). In addition, SPARCL1 and CDH2 may be related to the activation, secretion, aggregation, and migration of platelets. Therefore, SPARCL1 and CDH2 may be co-expressed and work in concert to promote liver metastasis of CRC.



Conclusion

In conclusion, the complement-coagulation cascade and IGFBP-IGF pathway may be key signaling pathways for CLM. We found that HPX, SPARCL1, CDH2, VTN, IGFBP1, CP, HP, ORM2, APOA2, TF, HRG, PLG, SERPINA5, ITIH2, SERPINC1, FGA, F2 and GC were key candidate genes, and SPARCL1, CDH2, CP, HP, TF and SERPINA5 play a central role. Moreover, CDH2 and SPARCL1 were significantly related to the prognosis of CRC. Identifying these candidate genes and targeting these specific pathways maybe more accurately to diagnose, prevent and treat CRC and CLM.
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Colorectal adenocarcinoma (CRC) ranks one of the five most lethal malignant tumors both in China and worldwide. Early diagnosis and treatment of CRC could substantially increase the survival rate. Emerging evidence has revealed the importance of gut microbiome on CRC, thus fecal microbial community could be termed as a potential screen for non-invasive diagnosis. Importantly, few numbers of bacteria genus as non-invasive biomarkers with high sensitivity and specificity causing less cost would be benefitted more in clinical compared with the whole microbial community analysis. Here we analyzed the gut microbiome between CRC patients and healthy people using 16s rRNA sequencing showing the divergence of microbial composition between case and control. Furthermore, ExtraTrees classifier was performed for the classification of CRC gut microbiome and heathy control, and 13 bacteria were screened as biomarkers for CRC. In addition, 13 biomarkers including 12 bacteria genera and FOBT showed an outstanding sensitivity and specificity for discrimination of CRC patients from healthy controls. This method could be used as a non-invasive method for CRC early diagnosis.
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Introduction

As one of the most common gastrointestinal tumors worldwide, colorectal cancer (CRC) ranks third in the world among men and second among women, affecting more than 1.36 million people every year (1). Most of the CRC patients display no symptoms at early stages; in addition, the majority of CRCs develop slowly from adenomatous precursors (2). It has been estimated that >95% of colorectal cancer (CRC) would benefit from curative surgery if diagnosed at earlier or intermediate stages (3–6). Thus, early detection is of vital importance for improving the survival of CRC patients. Conventional screening methods including barium enema, colonoscopy, and sigmoidoscopy are uncomfortable, invasive, time consuming and expensive (7, 8). Fecal occult-blood testing (FOBT) and serum carcinoembryonic antigen (CEA) test are non-invasive methods; however, they are compromised by its low specificity (9–13). More non-invasive screening methods with high specificity and high sensitivity should be established for early detection of CRC.

Massive efforts in whole-genome sequencing and genome-wide association studies show that genetic factors only explain a small proportion of disease variance (14), and only about 5% cancers occur in the setting of a known genetic predisposition syndrome (15). It has been established that epigenetic regulation altering gene expression alone or in combination with inherited or somatic mutation plays important contribution to CRC (16). As a result, an intensive effort has been undertaken on CRC early diagnosis, which largely focuses on the methylation detection of tumor DNA or combined with the mutation deletion on certain genes (17–19). More importantly, the epigenetic alteration can be strongly affected by some environmental aspect, including diet habits or chronic alcohol consumption, which also affect human gut microbiota (20).

The gut microbiota maintains survival and metabolism with nutrients in the human body and works with the human body to respond to external environmental factors, carry out metabolic and immune activities, and maintain human health (21). Studying the intestinal microbiome composition of colorectal cancer patients can open new inspection methods for tumor screening. Recent studies, including ours, have suggested that microbiota profiles determined by high-throughput sequencing may be effective in predicting CRCs (22). It has been reported that peptostreptococcus anaerobius, an anaerobic bacterium enriched in the fecal and mucosal microbiota from CRC patients, promotes CRC (23). In addition, a number of bacteria, including Bacteroides fragilis and a strain of Escherichia coli (24–29), Streptococcus bovis (30, 31), Clostridium septicumand (32), and Fusobacterium nucleatum (33, 34) have been reported to be associated with CRC. Furthermore, metagenomic analysis of fecal microbiome has been performed and a couple of gene markers have been identified and validated as biomarkers for early diagnosis of CRC (35). Difference in gut microbiota between colorectal cancer patients and healthy people combined with other methods such as fecal immunochemical test (FIT), CEA, or other risks factors such as age and BMI index is required for improving accuracy (22, 36).

We evaluated differences in bacterial communities in stool samples of colorectal cancers and non-cancer controls through 16S rRNA high-throughput sequencing. In addition, 12 microbial biomarkers combined with FOBT have been identified for non-invasive early diagnosis of CRC.



Materials and Methods


Study Participants and Stool Samples Collection

Stool samples were collected from 382 individuals undergoing colonoscopy at the endoscopy center of Liaoning Cancer Hospital and Dongfang Hospital Affiliated to Tongji University, including 226 CRCs and 156 healthy controls. To avoid potential alternation of the gut microbiota, the exclusion criteria were: (1) past history of any cancer; (2) use of antibiotics within the past 3 months; (3) had surgery or invasive procedure within the past 3 months; and (4) had an inflammatory bowel disease. All enrolled subjects were asked to keep a steady dietary schedule and lifestyle and leave fecal sample over 1.0 g in a special containment before bowel preparation for any endoscopy or surgery. After stool collection from the patients, samples were stored at −80°C immediately for further analysis.



16S rRNA Gene Sequencing

DNA from stool samples was extracted using Qiagen QIAamp DNA Stool Mini Kit (Qiagen) according to instructions of the manufacturer. Quality and quantity of extracted DNA were examined by electrophoretic separation in a 0.8% (wt/vol) agarose gel and NanoDrop 2000 spectrophotometer, respectively.

The hypervariable V3–V4 regions of the 16S rRNA gene were amplified using the primer set of 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR amplification uses Pfu high-fidelity DNA polymerase from TransGen Biotech and strictly controls the number of amplification cycles to keep the number of cycles as low as possible while ensuring the same amplification conditions for the same batch of samples. PCR amplification, purification of amplified product, sequencing library preparation, and pyrosequencing were performed at paired-end 250 bp on the Illumina MiSeq platform by Personal Biotechnology, Co., Ltd. (Shanghai, China).



Sequence Data Processing

Raw sequencing data were processed using Quantitative Insights into Microbial Ecology (QIIME) v1.8.0 (37) and filtered by removing tags and primers. A quality cut-off was applied to discarding the reads (1) that are shorter than 150 bp, with (2) an average Phred score lower than 20, (3) with ambiguous bases. After that, the filtered reads were assembled using FLASH software v1.2.7 with overlapping between the paired-end reads >10. Chimeric sequences were filtered using USEARCH v5.2.236 (http://www.drive5.com/usearch/). After quality filtering and chimera removal, clean reads were then clustered into operational taxonomic units (OTUs) at 97% sequence identity using UCLUST. The taxonomic classification was performed with Greengenes database release 13.8. Alpha diversity indices of Chao1, ACE, Simpson and Shannon were estimated. Beta diversity analysis was performed with UniFrac in QIIME. Non-metric multi-dimensional scaling (NMDS) was generated by R language release package for analysis based on distance.



Fecal Occult Blood Test

All enrolled subjects were asked to offer a valid fecal occult blood test report from a community hospital or a general hospital in recent 6 months. Stool samples with blank FIT result would have to be examined using Fecal Occult Blood Diagnostic Kit (Colloidal Gold) (Chemtrue@) which had been approved by the Chinese Food and Drug Administration Bureau. The cut-off value for positive FOBT was 200 ng/ml according to the instructions of the manufacturer.



Statistical Analysis

Significant differences among treatments were identified through one-way analysis of variance (ANOVA) followed by Tukey’s test. Typically, homogeneity of variance for the obtained data was tested, and data of the test values >0.05 were adopted for the ANOVA analysis. All statistical analyses were performed using SPSS 19.0 (IBM, New York, USA), and significant levels were reported at p <0.05 and p <0.01.

FOBT test results were recorded as positive or negative.



Classifier Construction

We used an SVM (support vector machine) (R 3.6.1; the e1071 R package) to build the classifier for colorectal cancer with genera abundances as features. All the genera were normalized, and rare genera with less than 20% occurrences in all samples were removed. To filter out redundant features from the resulting 107 genera, the mRMR algorithm (38) was performed to 10 data sets with 50 features, each using the R package “mRMRe”. Leave-one-out cross-validation LDA (linear discriminant analysis) was applied to determine how many features to be used. We tuned both radial basis function (RBF) kernel (Gaussian kernel) and a linear kernel function of SVM with a tolerance of 0.001 to get a better performance using 10-fold cross-validation. For RBF kernel, the penalty parameter C was varied as {1e-4, 1e-3…, 1e4} and the gamma parameter G as {1e-5, 1e-3…, 1e3}. For linear kernel, the penalty parameter C was varied as {1e-4, 1e-3…, 1e4}. FOBT test from stool sample has been widely used in diagnosis; genera data together with FOBT test result were selected as feature set as well. Matthews correlation coefficient (MCC) was chosen as indicator of the performance. Receiver operating characteristic (ROC) figures were drawn using R package “pROC”.




Results


The Gut Microbiome Is Dysbiotic in Colorectal Adenocarcinoma Patients

After quality filtering and primer trimming, a total of 5,153 usable high-quality sequence reads were generated from 382 samples, the length of which was about 468 bp. In this study, a total of 4,728 OTUs were obtained from the colon cancer group and 4,331 OTUs from the healthy control group. A total of 3,906 OTUs were shared among the two groups. Compared with 423 unique OTUs from the healthy group, CRC group contained 822 unique OTUs (Supplemental Figure S1). Rarefaction curves of CRC and control samples almost plateaued, suggesting the sequencing was sufficient (Supplemental Figure S2).

Based on the total OTU statistical sequence, fecal microbial richness, as estimated by ACE and Chao1 (P-values <0.001, respectively), was significantly decreased in CRC (Figures 1A, B). The fecal microbial diversity, estimated by Shannon and Simpson, did not show significance between control and CRCs (Supplemental Figure S3). When microbiota composition between CRC and healthy gut was compared, beta-diversity exhibited difference between two groups (p = 0.001) (Figures 1C, D). These results suggested dysbiosis in the gut microbiome of CRC patients.




Figure 1 | Comparison of gut microbiome between CRC and healthy gut. (A) Alpha diversity communities based on observed OTUs by richness (Chao1, ACE). (B) Beta diversity measured by unweighted unifrac. (C) Beta diversity measured by unweighted unifrac. (D) Beta diversity measured by weighted unifrac. Overall differences in the microbiome composition among groups were assessed by ANOSIM. *** means biological significance.





The Divergent Taxonomic Composition and Functional Performance of Microbiota in CRC and Healthy Gut

After quality filtering, sequences at a 97% sequence similarity were selected for taxonomic composition analysis; 21 bacterial phyla, 34 microbial class, 56 microbial orders, 107 microbial families, 209 microbial genera, and 268 microbial species have been identified (Supplemental Table S1).

The LEfSe (linear discriminant analysis effect size) analysis was performed to determine differences in bacterial taxonomy. The histogram with cladogram showed that overall phylum Bacteroidetes was highly accumulated in CRC while overall phylum Actinobacteria was overall less accumulated in health samples. Divergent alteration was observed at lower taxonomic levels from phylum Firmicutes and Proteobacteria (Figure 2).




Figure 2 | Linear discriminant analysis effect size (LEfSe) analysis of gut microbiota composition between two groups.



We further compared the difference between control and CRC microbiome at different levels. At the phylum level, four phyla were detected with relatively high abundance. CRC samples showed increased abundance of phylum Bacteroidetes while healthy samples showed increased abundance of Firmicutes, Proteobacteria, and Actinobacteria (Supplemental Figure S4A). At the family level, for the family with relatively high abundance, CRC samples had higher abundances of Bacteroidaceae, Veillonellaceae and Prevotellaceae whereas healthy samples had higher abundances of Ruminococcaceae, Lachnospiraceae, Enterobacteriaceae, and Bifidobacteriaceae (Supplemental Figure S4B). At the genus level, the most abundant genera identified in healthy samples were Faecalibacterium (10.49%), Bifidobacterium (7.65%), and Bacteroides (7.33%), while in CRC gut, the most abundant genera were Faecalibacterium (6.37%), Bacteroides (21.79%), and Prevotella (5.14%) (Figure 3A). The most abundant gut microbe, Fecalibacterium, termed as the marker of healthy gut (39), decreased by 60%. Beneficial intestinal bacteria Bifidobacterium (40) decreased by 35% in the CRC gut (Figure 3B). Importantly, the role of several genera the role in CRC, such as Peptostreptococcus (23), Fusobacterium (33, 34), Porphyromonas, Parvimonas, Gemella, and Prevotella (41) had been reported; they were extremely upregulated in the CRC gut (Figure 3C and Supplemental Table S2). The abundance of all gut microbes was listed as Supplemental Table S1. These results strongly suggested the dysbiosis in the CRC gut.




Figure 3 | Analysis of genus level and selected genus between CRC and control. (A) The distribution of two groups at genus level. (B) Abundance of benefit intestinal bacteria between two groups. (C) Abundance of CRC related intestinal bacteria between two groups.



We further compared the functional capacity of the gut microbiota between CRC and healthy subjects; the transporter pathway, especially the ABC transporter pathway, is significantly increased in CRC gut, and a large number of metabolism related pathways, such as vitamin B6 metabolism, energy metabolism, amino sugar and nucleotide sugar metabolism, fructose and mannose metabolism, phosphonate and phosphinate metabolism, pyruvate metabolism, phenylalanine metabolism, D-Glutamine and D-glutamate metabolism, sphingolipid metabolism, and nitrogen metabolism decreased in CRC gut, with the exception of glycerophospholipid metabolism. These results suggested the disorder of metabolism in CRC patients (Figure 4).




Figure 4 | Pathways altered in CRC and healthy guts.





Fecal Microbial Biomarkers for Colorectal Adenocarcinoma Non-Invasive Diagnosis

The changes in the bacterial community between the two groups could be screened as biomarkers for colorectal cancer detection to assist in its diagnosis. To select the most relevant feature which could be term as biomarkers for CRC, the ExtraTrees classifier calculating feature importance score was performed. Forty significantly different features showing different abundances were selected for further analysis (Supplemental Table S3).



Machine Learning Classification for CRC to Identify Fecal Microbial Biomarkers for Non-Invasive Diagnosis

To illustrate the diagnostic value of the selected biomarkers in the gut microbiome for colorectal cancer and find out a smaller number of biomarkers for diagnosis, we constructed a classifier established by SVM (Support Vector Machine) model to detect cancerous samples. We selected 267 samples as training set, including 141 from Liaoning and 126 from Shanghai; in addition, the rest 115 samples were selected as verification set, including 61 from Liaoning and 54 from Shanghai. The SVM model used 13 genera (Supplemental Table S4) from bacteria as features to distinguish CRC patients from healthy controls with a sensitivity of 82.6%, specificity of 78.3%, precision of 85.1%, and accuracy of 80.9% under the para1 conditions (‘C’: 1,000, ‘gamma’: 1e-5, ‘kernel’: ‘radial’) (Supplemental Table S5 and Supplemental Figure S5). We also constructed the classifier from bacteria together with FOBT; 13 features including 12 bacteria genera and FOBT (Table 1) could distinguish CRC and healthy people. The sensitivity, specificity, precision, and accuracy increased into 91.3, 93.5, 95.4, and 92.2% under the para2 conditions (‘C’: 10, ‘kernel’: ‘linear’) (Table 2 and Figure 5). The 12 fecal bacteria and FOBT could be termed as non-invasive biomarkers for colorectal adenocarcinoma.


Table 1 | The weight for CRC and healthy gut classification of 12 bacteria genus and FOBT.




Table 2 | The performance of 13 biomarkers including bacteria genus and FOBT.






Figure 5 | ROC curve for 12 fecal microbial markers plus FOBT.






Discussion

CRC is a high risk cancer in China and all over the world. Early detection and treatment of CRC are important for improving the late survival rate and reducing the cost of late treatment. Colonoscopy and FOBT are widely used in CRC screening; however, for their low compliance or sensitivity, more non-invasive and painless methods with high sensitivity and specificity are required (7–13). Circulating tumor DNA (ctDNA) is an extracellular DNA that originates from tumor cells and circulates in several bodily fluids, including blood, synovial fluid, and cerebrospinal fluid (42). For the similarity of genetic and epigenetic information provided by ctDNA to that of invasive tumor biopsies, ctDNA has been widely used to detect the gene mutation and is termed as a non-invasive diagnostic tool for several cancers (43). In many tumors, increased methylation of tumor suppressor genes occurs at an early stage, thus, ctDNA methylation profiling detection can be used as an alternative non-invasive diagnostic tool (44–46). Some specific DNA methylation sites, such as SEPT9, have been identified as biomarkers of CRC (47, 48). However, the extremely low level in the blood and the non-organ information of ctDNA present a great challenge to early diagnosis.

The gut microbiome plays a major role in protecting the host against the overgrowth of pathogens and in sustaining the health of colon. There is intensive evidence revealing the close relationship between gut microbiome and colorectal cancer (49–51). In clinical application, changes of gut microbiome can be regularly monitored, thus, revealing gut microbiome divergence between CRC and healthy control would help to find out the weighted bacteria for distinguishing them, and the bacteria can be termed biomarkers for CRC early diagnosis.

We have performed high-throughput sequencing on the v3–v4 regions of intestinal bacteria 16S rRNA gene in stool and described the patterns of gut microbiome relative to healthy control and CRC patients. Fecal richness from colorectal cancer patients decreased; in addition, the proportion of various beneficial bacteria decreased, and the proportion of harmful bacteria significantly increased. A dozen of opportunistic pathogens including Bacteroides and Prevotella were significantly increased in patients with colorectal cancer (Figure 3). A couple of pathogens, including Fusobacterium nucleatum (33, 34), Peptostreptococcus anaerobius, and enterotoxigenic Bacteroides fragilis (52), whose roles have been established in CRC induction, were highly accumulated in CRC patients (Figure 3 and Supplemental Table S1). The identification of dysbiosis characteristics could be facilitated, and they can be considered as taxonomic biomarkers for CRC screening.

We performed machine learning using SVM model between pairs of cohorts to conduct binary classification for classifying CRC patients and control. A variety of features including taxonomic, functional (53), and k-mer-based (54) classification schemes have been used for machine learning approaches. Here, we used 13 genera of the gut bacteria to show their great contribution in differentiating the CRC state versus control for machine learning. In addition, FOBT test results were selected as a their importance on CRC diagnosis in clinical practice. Our machine learning results showed high performances in CRC versus control models (Table 1 and Figure 5). Parvimonas, Prevotella (41), Clostridium (32), Dorea (55), and Bacteroides (56) have been reported to have higher accumulation in CRC gut. On the other side, Blautia and Faecalibacterium have been reported to have lower accumulation in CRC gut (57). Notably, Blautia, Lachnospira, and Roseburia belong to Lachnospiraceae, whose lower levels were associated with CRC (58). In our results, the genera beneficial for health were increased, and the genera harmful for health were reduced in the CRC gut. In addition, the association of Odoribacter and SMB53 with CRC was reported for the first time. The high performance of fecal bacteria and FOBT test from stool sample facilitates the establishment of a new non-invasive method for an examination of colorectal cancer.

In addition to causing intestinal diseases, gut microbiome also contributes to obesity, diabetes, allergic asthma, and neuropsychiatric diseases (59–61); thus, clinical monitoring of fecal bacteria can assist in the diagnosis of other diseases related to gut microbiome. Furthermore, gut status could be improved by artificially guiding the intervention of diet or the intake of beneficial bacteria according to the changes of gut microbiome (62), and the improvement could be easily detected from the fecal bacteria. Thus, gut microbiome has become a hot spot in clinical research.

In summary, we monitored the gut microbiome and took 12 bacteria genus and FOBT displaying high weight for classification between CRC and healthy gut as biomarkers for CRC early diagnosis. The method benefits those who cannot receive colonoscopy in a short time and those who are not willing to use colonoscopy. Compared with the existing methods of CRC diagnosis, our method is non-invasive and painless; not only does it not require complex examination and preparation before sampling, but also improves the sensitivity and specificity of the test compared with the FOBT alone.
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Background

Growing evidence demonstrates that the initiation and progression of colorectal carcinoma (CRC) is related to the presence of cancer stem cells (CSCs). However, the mechanism through which the stem cell features of CRC cells are maintained is poorly understood. In this study, we identified the oncogenic histone cluster 2 H2B family member F (HIST2H2BF) and aimed to investigate the function of upregulated HIST2H2BF expression in maintaining the stem cell features of CRC cells, which accelerate the progression of CRC.



Methods

HIST2H2BF expression was quantified using real-time polymerase chain reaction, immunohistochemistry, and western blotting. The correlation between CpG island methylation status and HIST2H2BF re-expression was assessed through bisulfite sequencing polymerase chain reaction, methylation-specific polymerase chain reaction, and 5-Aza-dC treatment. Functional assays were performed on CRC cells and mice to investigate the HIST2H2BF-induced stem cell-like and cancer properties of CRC. Using the Notch pathway inhibitor FLI-06, the regulatory effect of HIST2H2BF on downstream Notch signaling was confirmed.



Results

HIST2H2BF was highly expressed in CRC tissues and cell lines. The reactivation of HIST2H2BF in CRC stems at least in part from the hypomethylated CpG islands. CRC patients with high HIST2H2BF expression have poor survival outcomes. Functional studies have shown that HIST2H2BF promotes CSC phenotype, malignancy, and liver metastasis through the activation of Notch signaling in CRC. Blockage of the Notch pathway reduced the stem cell-like and cancer properties.



Conclusion

Our study suggests that HIST2H2BF upregulation enhances the CSC phenotype, malignancy, and liver metastasis through the activation of Notch signaling in CRC. These results identified a new perspective on the mechanism by which the stem cell features of CRC cells are maintained and highlighted the potential novel therapeutic targets for CRC.





Keywords: HIST2H2BF, DNA methylation, cancer stem cells, liver metastasis, Notch pathway



Introduction

Colorectal carcinoma (CRC) is one of the most common types of cancer in the world (1–3). Despite the advances in CRC treatment, patients experience a high rate of recurrence and resistance to chemotherapy (3–5). Consequently, novel interventions for CRC are urgently needed to enlighten the advances in novel treatment strategies and improve the prognosis of patients with CRC.

Previous studies have demonstrated that epigenetic modifications are involved in the development and progression of CRC, altering the gene expression without changing the original DNA sequence (6). DNA methylation, which is a common epigenetic modification, occurs mainly in promoter regions and often drives gene silencing (7, 8). The methylation modifications of specific genes are correlated with the progression of CRC (9). However, the precise mechanism still needs to be elucidated.

Compelling evidence has shown that CSCs, also considered as tumor-initiating cells (TICs), are the primary cells responsible for the seeding and colonization of distant metastases (10, 11). CSCs possess the capacity for self-renewal, heterogeneous lineage differentiation, clonal tumor initiation, and distant repopulation potential. The CSC hypothesis indicates that similar to normal colorectal tissues, CRC cells are organized hierarchically and depend on CSCs for population maintenance (12, 13). Accumulating evidence has demonstrated that CSCs play an important role in the poor prognosis and relapse of cancers, including CRC (14, 15). Thus, the development of an alternative strategy for targeting CSCs is highly desirable. Nevertheless, the underlying mechanisms of CSC emergence and expansion in CRC remain unclear.

To our knowledge, only a few studies have reported the association between HIST2H2BF and cancer development. J Castillo et al. claimed that proteomic analysis of the exosome “surfaceome” demonstrated a series of pancreatic ductal adenocarcinoma-specific biomarker candidates: HIST2H2BE, HIST2H2BF, EPCAM, CLDN4, LGALS3BP, and CD151 (16). Zeng et al. reported that HIST2H2BF could act as a new biomarker for the prognosis of lung cancer (17). However, it remains unknown whether HIST2H2BF plays a vital role in CRC. The clinicopathological significance of HIST2H2BF in the development of CRC still needs to be investigated, and no study has uncovered the functional role of HIST2H2BF in the development of CRC.

Here, we aimed to identify the correlation between CpG island methylation status and HIST2H2BF re-expression and the oncogenic role of HIST2H2BF in human colorectal CSCs. The biological, mechanistic, and clinical implications of our study clarified the mechanisms of CRC malignancy and liver metastasis and provided a novel prognostic biomarker and therapeutic target for patients with CRC.



Materials and Methods


CRC Tissues and Cell Culture

A total of 100 paired CRC tissues and their corresponding adjacent normal tissues were obtained from CRC patients who underwent primary resection without preoperative chemoradiotherapy at Jiangsu Province Hospital (Nanjing, China) between 2011 and 2016. All patients provided a written informed consent. The CRC cell lines (LOVO, HCT116, DLD-1, HT29, and SW480) and the human normal colon epithelial cell line NCM460 were derived from the Chinese Academy of Science (China) and cultured as previously reported (18, 19).



Lentivirus and Reagents

To upregulate and downregulate the expression of HIST2H2BF, commercially available lentiviral vectors encoding HIST2H2BF and short hairpin RNAs targeting HIST2H2BF were synthesized by GeneChem (Shanghai, China). The empty lentiviral construct served as a negative control (vector versus overexpression; control versus knockdown). These constructs were verified by DNA sequencing before being used to overexpress or knockdown HIST2H2BF in CRC cells. The infected cell lines were harvested after selection with 5 μg/ml of puromycin for 10 days.



Cell Counting Kit-8 Assays

In line with the manufacturers’ protocols, Cell Counting Kit-8 (CCK-8) (Dojindo, Japan) was used to analyze the proliferation of CRC cells. Briefly, the CRC cells (500 cells/100 μL) were seeded, and 10 μL of Cell Counting Kit-8 solution was added at the same time of each day. After incubating for 2 h in an incubator, the absorbance (450 nm) was measured.



Clonogenic Assay

Stable CRC cells (1 × 103) were cultured in a 6-well plate in Dulbecco’s Modified Eagle Medium for 2 weeks. Proliferating colonies were stained with crystal violet (Beyotime, Shanghai, China), and colonies consisting of 50 cells or more were counted and photographed for statistical analysis. All procedures were performed in triplicate.



Apoptosis Assay

Stable CRC cells (3 × 103) cells were treated with or without various concentrations of 5-fluorouracil (5-FU) (0, 2, 4, and 8 μg/ml) and cisplatin (0, 25, 50, and 100 μg/ml) for 2 days. The cells were then collected and stained with fluorescein isothiocyanate-conjugated annexin V and propidium iodide. The harvested cells were detected using a flow cytometer on a BD FACSCanto II, and the data were analyzed using the FlowJo software.



Migration and Invasion Assays

As described previously (20–22), transwell inserts (Corning Inc., Corning, NY, USA) with or without Matrigel (BD Biosciences, San Diego, CA, USA) were used to evaluate cell invasion and migration, respectively. For cell invasion assay, the upper chambers were coated with Matrigel. A total of 2 × 104 cells were seeded into the upper chamber filled with 200 μl of serum-free medium. Then, the lower chambers were added with 600 μl of Dulbecco’s Modified Eagle Medium containing 10% fetal bovine serum. After 24 h of incubation, the invaded cells were fixed with 4% paraformaldehyde, stained with 1% crystal violet, and photographed under a microscope. Cell migration assay was carried out in a similar manner without coating the upper chambers with Matrigel.



Quantitative Reverse Transcription-Polymerase Chain Reaction

Total RNA was extracted from CRC tissues and cell lines with a TRIzol reagent (Invitrogen). cDNA synthesis was carried out using PrimeScript RT Master Mix (TaKaRa, Dalian, China), while reverse transcription-polymerase chain reaction (PCR) was performed using TB Green Premix Ex Taq (TaKaRa) on the 7900HT Fast Real‐Time PCR System (Applied Biosystems, Foster City, CA, USA; Thermo Fisher Scientific). β-actin was used as the internal control. The primer sequences were as follows: HIST2H2BF: forward: 5′-TCCAAAAAGGCTGTTACGAAAG-3′, reverse: 5′-GTTGACGAAGGAGTTCATGATG-3′; CD133: forward: 5′-CACTACCAAGGACAAGGCGT-3′, reverse: 5′-TCCAACGCCTCTTTGGTCTC-3′; CD44: forward: 5′- CACACCCTCCCCTCATTCAC-3′, reverse: 5′-CAGCTGTCCCTGTTGTCGAA-3′; ABCG2: forward: 5′- GCATCGATCTCTCACCCTGG-3′, reverse: 5′-ATTGCTGCTGTGCAACAGTG-3′; ALDH1: forward: 5′-TGCCGGGAAAAGCAATCTGA-3′, reverse: 5′-AGCATTGTCCAAGTCGGCAT-3′; Nanog: forward: 5′-GGGCACTTACGTGCATTGT-3′, reverse: 5′- GCAGGCACAAGATGGGAAAAG-3′; Bmi-1: forward: 5′-CGCTTGGCTCGCATTCATT-3′, reverse: 5′-TTGCTGGTCTCCAGGTAACG-3′; Oct-4: forward: 5′-CCGTATGAGTTCTGTGGGGG-3′, reverse: 5′-CCAGCTTCTCCTTCTCCAGC-3′; and β-actin: forward: 5′-TGACGTGGACATCCGCAAAG-3′, reverse: 5′-CTGGAAGGTGGACAGCGAGG-3′.



Western Blotting

CRC tissues and cell lines were collected and lysed in radioimmunoprecipitation assay buffer with PMSF (Beyotime, Shanghai, China). Protein samples were separated by sodium dodecyl sulphate–polyacrylamide gel electrophoresis and transferred in the polyvinylidene difluoride membranes (Millipore). Then, 5% non-fat milk was used to block the membranes for 2 h. Subsequently, the membranes were incubated with primary antibodies at 4°C overnight and incubated with the corresponding horseradish peroxidase-conjugated secondary antibody. Each band was visualized by enhanced chemiluminescence reagents (Yeasen, Shanghai, China). The following antibodies were used for Western blotting: HIST2H2BF (Thermo Fisher Scientific, USA, 1:1000), NICD (CST, Beverly, MA, USA, 1:1000), Hes1 (CST, 1:1000), Hey1 (Abcam, 1:1000), CD133 (Abcam, 1:1000), CD44 (Abcam, 1:1000), ABCG2 (Abcam, 1:1000), ALDH1 (Abcam, 1:1000), Nanog (Abcam, 1:1000), Bmi-1 (Abcam, 1:1000), Oct-4 (Abcam, 1:1000), glyceraldehyde-3-phosphate dehydrogenase (Abcam, 1:1000), horseradish peroxidase-linked anti-rabbit IgG (CST, 1:3000), and horseradish peroxidase-linked anti-mouse IgG (CST, 1:3000). Glyceraldehyde-3-phosphate dehydrogenase was used as an internal control.



Limiting Dilution Assay

As previously described (23), in vitro limiting dilution assay (LDA) was performed using ultra-low adhesion plates. After 10 days of incubation, wells without spheres were counted to analyze the efficiency of sphere formation. For in vivo LDA, CRC cells were serially diluted to obtain the correct number for transfer and then subcutaneously injected into the nonobese diabetic/severe combined immunodeficiency mice. Two months later, the number of tumors was recorded, and the frequency of CSCs was analyzed using the Extreme Limiting Dilution Analysis software.



Subcutaneous Tumorigenicity

CRC cells (1 × 106 cells/100 μL) were injected subcutaneously into the nude mice. Two dimensions of tumors were recorded using calipers. After 24 days, the mice were euthanized, and the tumor size was obtained using the formula (length × width2)/2. The heterografts were collected for immunohistochemistry (IHC) analysis.



Liver Metastasis Assays

Using a 29-G injector, CRC cells (1 × 106 cells/100 μL) were injected into the portal vein of nude mice. The mice were euthanized 8 weeks after the injection or died spontaneously. The livers were harvested, fixed in 4% paraformaldehyde, and stained with hematoxylin and eosin. The liver metastatic foci were validated and counted microscopically. The survival time was also recorded at 12 weeks as the cutoff.



Statistical Analysis

The results were recorded as the mean ± standard error of the mean (SEM). SPSS software ver. 20.0 and GraphPad Prism 7.0 were used to performed the statistical analysis. The differences between groups were assessed using the Student’s t-test or analysis of variance. The Kaplan-Meier analysis was utilized to investigate the survival disparity between different groups. Cox proportional hazards models were used for univariate and multivariate analyses. The statistical significance was set at P < 0.05.




Results


High Expression of HIST2H2BF in CRC and Its Correlation With Poor Prognosis

We initially compared the HIST2H2BF expression in 100 paired CRC tissues and adjacent normal tissues using reverse transcription-PCR. Results showed that HIST2H2BF was overexpressed in CRC tissues (Figure 1A). IHC analysis verified that HIST2H2BF protein expression was markedly higher in CRC tissues than in adjacent normal tissues (Figure 1B). The results of Western blotting confirmed the increased HIST2H2BF protein expression in eight randomly selected pairs of CRC tissues and adjacent normal tissues (Figure 1C). The HIST2H2BF expression was analyzed in five human CRC cell lines and normal human colon epithelial cells (NCM460). Consistently, both HIST2H2BF mRNA and protein expression levels were found to be elevated in CRC cell lines by reverse transcription-PCR and Western blotting, respectively (Figures 1D, E). The expression levels of HIST2H2BF in different stages of CRC determined using the online database GEPIA (http://gepia2.cancer-pku.cn/#analysis) showed a positive correlation with tumor stage (Figure 1F). The relevance analysis of HIST2H2BF expression in 100 CRC patients also revealed its positive correlation with tumor size, TNM stage, depth of invasion, and distant metastasis (Supplemental Table 1). The Kaplan-Meier analysis of the survival outcomes of the 100 CRC patients showed that patients with high HIST2H2BF expression had poor overall survival (OS) and recurrence-free survival (Figures 1G, H). This finding is consistent with the results of the analysis conducted using the online database GEPIA (Figures 1I, J). High HIST2H2BF expression was an independent prognostic factor for OS (hazard ratio = 1.95, 95% confidence interval: 1.23–2.87; P = 0.014) and recurrence-free survival (hazard ratio = 1.803, 95% confidence interval: 1.294–2.989; P = 0.029) in CRC patients using multivariate Cox regression analysis (Supplemental Table 2). These data indicate that HIST2H2BF overexpression plays a vital role in CRC progression and may predict poor clinical outcomes in CRC.




Figure 1 | HIST2H2BF was overexpressed in CRC and relates to poor prognosis in patients with CRC. (A) HIST2H2BF mRNA levels were determined in 100 paired CRC and adjacent normal tissues using real-time PCR. (B) Representative images of HIST2H2BF expression analyzed by immunohistochemistry in paired CRC and adjacent normal tissues. Scale bars, 100 μm. (C) Western blotting of HIST2H2BF expression in paired CRC and adjacent normal tissues (n = 8). (D) The expression levels of HIST2H2BF mRNA in five CRC cell lines (LOVO, HCT116, DLD-1, HT29, and SW480) and the human normal colon epithelial cell NCM460 were detected using real-time PCR. (E) The expression levels of HIST2H2BF protein in CRC cell lines and NCM460. (F) The rxpression levels of HIST2H2BF in different stages of CRC in the GEPIA database using TCGA data. (G, H) The Kaplan-Meier OS (G) and RFS (H) curves of patients with CRC with high (n = 50) and low (n = 50) expressions of HIST2H2BF mRNAs in 100 paired CRC and adjacent normal tissues, respectively. (I, J) The Kaplan-Meier OS (I) and RFS (J) curves of patients with CRC with high (n = 179) and low (n = 179) expressions of HIST2H2BF mRNAs, respectively, in the GEPIA database using TCGA data. *P < 0.05, ***P < 0.001.





CpG Hypomethylation Stimulating the HIST2H2BF Expression in CRC

Next, we explored the potential mechanisms that may lead to HIST2H2BF upregulation in CRC. Data from cBioPortal database showed that, in CRC tissues, a negative correlation was observed between HIST2H2BF DNA methylation and HIST2H2BF mRNA expression (Figure 2A). Indeed, one typical CpG island was detected near the HIST2H2BF promoter region (Figure 2B). Thus, we employed bisulfite sequencing PCR analysis to determine the methylation status of the promoter region of HIST2H2BF in two matched CRC tissues and adjacent normal tissues. The bisulfite sequencing PCR results confirmed the lower CpG methylation levels in CRC tissues with higher HIST2H2BF expression (Figure 2C). Methylation-specific PCR analysis was then performed on the three paired CRC tissues. The methylation proportion of HIST2H2BF in CRC tissues was significantly lower than that in adjacent normal tissues (Figure 2D). 5‐Aza‐deoxy‐cytidine (5‐Aza‐dC) is a commonly used DNA demethylating agent. We treated the low HIST2H2BF-expressing CRC cell lines (LOVO and DLD-1) with 5-Aza-dC (5 μmol/L for 4 days). The HIST2H2BF levels were significantly elevated in LOVO and DLD-1 cells treated with 5-Aza-dC. Consistently, the HIST2H2BF protein was also elevated in LOVO and DLD-1 cells following 5-Aza-dC treatment (Figures 2E, F). Collectively, these data verified that the reactivation of HIST2H2BF in CRC results from the hypomethylation of CpG.




Figure 2 | CpG hypomethylation contributes to the upregulation of HIST2H2BF in CRC. (A) cBioPortal data were employed to display the relevance between HIST2H2BF DNA methylation status and its mRNA expression in CRC. (B) MethPrimer program was employed to predict the CpG islands of the HIST2H2BF promoter and synthesis primers. (C) Bisulfite sequencing PCR was employed to demonstrate the methylation status of HIST2H2BF CpG islands using two paired CRC tissues and adjacent normal tissues. Open circles: unmethylated CpG sites, filled circles: methylated CpG sites. (D) Methylation-specific PCR was employed to determine the HIST2H2BF methylation status in three paired CRC tissues (T) and adjacent normal tissues (N). M: methylated, U: unmethylated. (E, F) LOVO and DLD-1 cells were treated with 5-Aza-dC. HIST2H2BF mRNA and protein expression were then detected by RT-qPCR and Western blotting, respectively. **P < 0.01, ***P < 0.001.





HIST2H2BF Overexpression Markedly Enhancing the Stemness of CRC Cells

CSCs are thought to contribute to tumor initiation and development of cancers, especially in CRC. Thus, we investigated the relationship between HIST2H2BF and CSCs. Sphere-forming assays were used to separate CSCs from the CRC cell lines. In comparison with monolayer cells, sphere cells displayed higher HIST2H2BF expression at the mRNA and protein levels (Figures 3A, B). Furthermore, low HIST2H2BF-expressing LOVO cells were selected to overexpress HIST2H2BF by transfection with LV-HIST2H2BF. The HIST2H2BF overexpression was validated at the mRNA and protein levels (Figures 3C, D). In addition, high HIST2H2BF-expressing SW480 cells were selected to establish the HIST2H2BF knockdown cell lines by transfection with short hairpin RNA. We then confirmed the knockdown efficiency of three HIST2H2BF-specific short hairpin RNAs at the mRNA and protein levels (Figures 3C, D). Subsequent experiments were performed using sh1 and sh2, which induced the highest knockdown efficiency. HIST2H2BF overexpression increased the expression of CSC-related biomarkers (CD133, CD44, ABCG2, ALDH1, Nanog, Bmi-1, and Oct-4). By contrast, HIST2H2BF suppression decreased the CSC-related biomarker levels (Figures 3E, F). Spheroid formation was enhanced in HIST2H2BF-overexpressing LOVO cells and attenuated in HIST2H2BF knockdown SW480 cells (Figure 3G). In vitro limiting dilution analysis also showed that HIST2H2BF overexpression increased the sphere formation, whereas HIST2H2BF knockdown decreased the sphere formation (Figure 3H).




Figure 3 | HIST2H2BF promotes stemness of CRC cells. (A, B) Real-time PCR and Western blotting detected HIST2H2BF levels in sphere-forming cells and monolayer cells in CRC cell lines. (C, D) Real-time PCR and Western blotting of HIST2H2BF expression after transfection with lentivirus HIST2H2BF or shHIST2H2BF. (E, F) Real-time PCR and Western blotting of the expression CSC-related biomarkers in LOVO and SW480 cells transfected with lentivirus HIST2H2BF or shHIST2H2BF. (G) Number of spheres in LOVO and SW480 cells infected with lentivirus HIST2H2BF or shHIST2H2BF. Scale bar, 100 μm. (H) LDA determined sphere formation ability following HIST2H2BF overexpression or knockdown. *P < 0.05, **P < 0.01, ***P < 0.001.





HIST2H2BF Promoting the Proliferation, Migration, Invasion, and Drug Resistance in CRC

Cell Counting Kit-8 assays demonstrated that HIST2H2BF overexpression markedly promoted the LOVO cell proliferation, while HIST2H2BF knockdown suppressed the SW480 cell proliferation (Figures 4A, B). Subsequently, colony formation assays confirmed the enhanced effect of increased HIST2H2BF expression on LOVO cell proliferation, while HIST2H2BF knockdown suppressed the colony formation ability in SW480 cells (Figures 4C, D). Apoptosis analysis revealed that HIST2H2BF overexpression in CRC cells decreased the cell apoptosis, while the opposite effect was observed in SW480 cells with HIST2H2BF knockdown (Figures 4E, F). Transwell assays suggested that HIST2H2BF overexpression resulted in a significant increase in the migratory and invasive ability of CRC cells. Meanwhile, HIST2H2BF downregulation decreased the migratory and invasive ability of these cells (Figures 4G, H). Chemoresistance is a vital trait of CSCs, and 5-FU and cisplatin are commonly used chemotherapeutic agents in the treatment of CRC. In this study, HIST2H2BF overexpression contributed to the resistance of CRC cells to apoptosis induced by 5-FU and cisplatin. However, HIST2H2BF knockdown contributed to the chemosensitivity of CRC cells to apoptosis induced by 5-FU and cisplatin (Figures 4I, J). In addition, following treatment with 5-FU and cisplatin, LOVO cells displayed a HIST2H2BF-enriched subpopulation (Figures 4K, L).




Figure 4 | HIST2H2BF promoted proliferation, migration, invasion, and drug resistance in CRC. (A, B) Growth curves were recorded using CCK8 assays. (C, D) Colony formation assays of CRC cells; the number of colonies in each well was then counted. (E, F) Apoptosis of CRC cells was analyzed using a flow cytometer. (G, H) Migration and invasion assays of CRC cells; the number of migrated and invaded CRC cells were then counted. (I, J) Apoptosis of CRC cells was detected after 5-FU and cisplatin treatment. (K, L) Western blotting indicating HIST2H2BF expression in LOVO cells after treatment with various concentrations of 5-FU and cisplatin. *P < 0.05, **P < 0.01, ***P < 0.001.





HIST2H2BF Facilitating CRC Initiation, Progression, and Liver Metastasis In Vivo

We examined the impact of HIST2H2BF on CSC expansion using in vivo LDA. We found that HIST2H2BF overexpression in LOVO cells resulted in a higher tumor formation rate and CSC frequency. Consistently, HIST2H2BF knockdown inhibited the tumor formation rate and decreased the CSC frequency in CRC cells (Figures 5A, B). Moreover, HIST2H2BF overexpression in CRC cells increased the tumor growth, volume, and weight (Figures 5C–E). IHC staining showed decreased apoptosis and increased proliferation in the HIST2H2BF-overexpressed xenografts, as revealed by Ki-67 and TUNEL staining (Figure 5F). Moreover, compared with the controls, the combination of HIST2H2BF overexpression and cisplatin treatment promoted tumor growth by as much as 152%, indicating the promotive role of HIST2H2BF in CSC propagation and development (Figures 5C–E). As expected, HIST2H2BF knockdown decreased the tumor growth, volume, and weight (Figures 5C–E). Meanwhile, Ki-67 and TUNEL staining also exhibited decreased proliferation and increased apoptosis rate in SW480-sh1 xenografts, respectively (Figure 5F). As expected, HIST2H2BF knockdown suppressed the tumor growth following cisplatin treatment in comparison with the effects observed in the control group (Figures 5C–E). Liver metastasis models were established through adoptive CRC cell transfer into the nude mice via the portal vein. The biological effect of HIST2H2BF on liver metastasis was further investigated using LOVO and SW480 cells transfected with HIST2H2BF-overexpressed and knockdown vectors, respectively (12 mice/group) (Figure 5G). IHC staining confirmed that the protein levels of HIST2H2BF were consistent with those observed in vitro (Figure 5H). There were significantly more liver metastases in the LOVO-HIST2H2BF group, while the opposite result was observed in the HIST2H2BF knockdown group (Figure 5G). HE staining of liver metastasis was further performed to verify the metastatic nodules (Figure 5I). Compared with the corresponding control mice, HIST2H2BF overexpression and knockdown mice also displayed shorter and longer OS, respectively (Figure 5J). Collectively, these data suggest that HIST2H2BF plays a significant role in facilitating CRC progression and liver metastasis.




Figure 5 | HIST2H2BF promoted tumor initiation, self-renewal, and liver metastasis in mice. (A) LOVO and SW480 cells transfected with lentivirus HIST2H2BF or shHIST2H2BF were injected subcutaneously in nonobese diabetic/severe combined immunodeficiency mice. The tumor-forming rates were determined 2 months post-injection. (B) The frequency of CSCs was obtained. (C) Tumors harvested from LOVO and SW480 cells, with or without cisplatin treatment. (D) Growth curves of LOVO and SW480 xenografts. Two-way ANOVA was employed to analyze the differences in tumor growth. (E) Tumor weight was weighted in LOVO and SW480 cells. (F) Ki-67 and TUNEL staining in the tumors harvested from LOVO and SW480 cells without cisplatin treatment. (G) Representative images of liver metastatic foci (marked by black arrowheads). (H) IHC staining for HIST2H2BF expression in the liver metastatic foci from LOVO and SW480 cells. (I) Hematoxylin and eosin (HE) of liver metastasis in the mouse model (upper panel). Scale bar, 200 μm. The number of liver metastatic foci were counted (lower panel). (J) OS of mice injected with LOVO and SW480 cells. *P < 0.05, **P < 0.01, ***P < 0.001.





HIST2H2BF Activating the Notch Signaling to Promote Stemness and Malignancy of CRC

Investigation of the downstream signaling of HIST2H2BF is crucial to uncover the mechanisms underlying the HIST2H2BF regulation of stemness and malignancy of CRC. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was then performed using LinkedOmics (http://www.linkedomics.org/login.php) (Figure 6A). The data revealed that Notch signaling was regulated by HIST2H2BF (Figure 6B). Previous studies have shed light on the significant role of Notch signaling in promoting stemness and malignancy. As shown in Figure 6C, HIST2H2BF overexpression contributed to the release of the Notch intracellular domain (NICD) and upregulated the downstream target genes, including Hes-1 and Hey-1 in LOVO cells. By contrast, HIST2H2BF knockdown significantly suppressed the Notch signaling in SW480 cells. Consistently, the cellular immunofluorescence assay indicated a similar effect. As shown in Figure 6D, HIST2H2BF overexpression enhanced the fluorescence intensity of NICD in the nucleus. These results indicated that HIST2H2BF promotes the expression of NICD, the activated form of Notch1, and this effect may further promote downstream gene transcription. To confirm that HIST2H2BF activates Notch signaling to promote stemness and malignancy in CRC, we treated the LOVO cells with FLI-06 (Notch pathway suppressor) for 2 days (24). Immunofluorescence assay and Western blotting verified the FLI-06-induced inactivation of Notch signaling (Figures 6D, E). Meanwhile, the FLI-06-induced inhibition of Notch signaling reversed these stem cell-like properties, based on the results of spheroid formation assays and CSC-related biomarker levels (Figures 6F–H). In addition, the enhanced proliferative, migratory, and invasive ability of HIST2H2BF overexpression in LOVO cells was rescued by treatment with FLI-06 (Figures 6I–K). These results suggest that HIST2H2BF activates Notch signaling to promote stemness and malignancy in CRC.




Figure 6 | HIST2H2BF activates Notch signaling to promote the development of stem cell-like and cancer properties in CRC. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was performed via LinkedOmics. (B) Notch signaling is regulated by HIST2H2BF. (C) Western blotting indicated NICD, Hey1, and Hes1 expression in LOVO and SW480 cells infected with lentivirus HIST2H2BF or shHIST2H2BF. (D) Fluorescence microscopy analysis for NICD in LOVO cells. Arrowheads indicate the expression of NICD in the nucleus. Green, NICD; blue, nucleus. (E) Following FLI-06 treatment, Western blotting indicated NICD, Hey1, and Hes1 expression in LOVO cells infected with lentivirus HIST2H2BF. (F) Following FLI-06 treatment, the spheres were counted in LOVO cells infected with lentivirus HIST2H2BF. (G) Following FLI-06 treatment, the expression CSC-related biomarkers were detected in LOVO cells infected with lentivirus HIST2H2BF using real-time PCR. (H) Following FLI-06 treatment, the expression CSC-related biomarkers were detected in LOVO cells infected with lentivirus HIST2H2BF using Western blotting. (I) Following FLI-06 treatment, colony formation assays were carried out in LOVO cells infected with lentivirus HIST2H2BF. (J) Following FLI-06 treatment, apoptosis assays were carried out in LOVO cells infected with lentivirus HIST2H2BF. (K) Following FLI-06 treatment, migration and invasion assays were carried out in LOVO cells infected with lentivirus HIST2H2BF. *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

Extensive evidence indicates that CRC is attributed to various factors, including genetic, molecular, and epigenetic alterations (25, 26). An understanding of the underlying mechanisms and factors that facilitate the development and progression of CRC can aid in the exploration of specific therapeutic targets to improve the standard treatments. Our results indicated an obvious overexpression of HIST2H2BF in CRC tissues and cell lines. Moreover, high HIST2H2BF expression is an independent prognostic biomarker for OS and recurrence-free survival in patients with CRC. Both in vitro and in vivo assays revealed that HIST2H2BF promotes malignant tumor behaviors in CRC.

DNA methylation deregulation contributes markedly to tumor progression and acts as a vital marker to predict the response to therapy and prognosis in tumors (27, 28). In our study, we examined the methylation levels of the HIST2H2BF promoter with methylation-specific PCR and bisulfite sequencing PCR in CRC tissues and adjacent normal tissues. Our results showed a lower methylation level of the HIST2H2BF promoter in CRC tissues, suggesting that promoter hypomethylation might contribute to HIST2H2BF transcription. As expected, HIST2H2BF was also significantly upregulated following 5’-Aza-dC treatment. To our knowledge, this is the first study to report the association of hypomethylation of the HIST2H2BF promoter with transcriptional upregulation of HIST2H2BF in CRC.

CSCs account for tumor initiation, development, progression, and metastasis (29, 30). CSCs are also attributed to tumor relapse, resistance to chemotherapy, and radiation therapy, which are common clinical events (31). Thus, therapies targeting cells may be a potential strategy for cancer therapy. In our study, we found that HIST2H2BF was highly expressed in CSCs. HIST2H2BF overexpression in vitro significantly increased the sphere formation and gene expression levels related to stemness. A series of in vivo experiments also indicated that HIST2H2BF contributes to tumor initiation and liver metastasis in CRC.

The Notch pathway, which is an extremely conserved pathway, accounts for the direct cell-to-cell interactions in multicellular organisms (32, 33). The normal state of the Notch pathway is important for maintaining cell proliferation, apoptosis, development, and differentiation (34, 35). Growing evidence suggests that the activation of the Notch pathway plays an oncogenic role in CRC tumorigenesis (36). The activation of Notch1 upregulated the expression of the downstream targets, Hes-1, and Hey-1 in CRC cells (37). Recent research also claimed that the activity of the Notch pathway in the early stage of CRC is comparatively elevated compared with that in the advanced stage. Notch signaling mainly promotes CRC development and progression by regulating the cell cycle and apoptosis (38). Moreover, accumulating evidence has confirmed that Notch signaling plays a vital role in the development of cancer stem cell-like properties (39). In our study, we found that HIST2H2BF activates Notch signaling to promote stemness and malignancy in CRC. FLI-06, a Notch pathway suppressor, reversed the stemness and malignancy. However, given the complexity of disruption of the signaling pathways in CRC such as the JNK signaling pathway and Wnt signaling pathway (40–42), it remains unclear whether HIST2H2BF also affects other pathways to promote stemness and malignancy, which needs further investigation.

In conclusion, we found that hypomethylation-induced HIST2H2BF upregulation enhances the CSC phenotype, malignancy, and liver metastasis through the activation of Notch signaling in CRC. This provides a new perspective on the mechanism by which the stem cell features of CRC cells are maintained and highlights potential novel therapeutic targets for CRC.
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Liver metastasis of colorectal cancer (LMCRC) severely damages patient health, causing poor prognosis and tumor relapse. Marker genes associated with LMCRC identified by previous study did not meet therapeutic demand. Therefore, it is necessary to identify new biomarkers regulating the metastasis network and screen potential drugs for future treatment. Here, we identified that cell adhesion molecules and peroxisome proliferator-activated receptor (PPAR) signaling pathway were significantly enriched by analyzing the integrated-multiple expression profiles. Moreover, analysis with robust rank aggregation approach revealed a total of 138 differentially expressed genes (DEGs), including 108 upexpressed and 30 downexpressed genes. With establishing protein–protein interaction network, we also identified the subnetwork significantly enriching the metastasis-associated hub genes including ALB, APOE, CDH2, and ORM1. ESR2, FOXO3, and SRY were determined as key transcription factors regulating hub genes. In addition, ADH-1, epigallocatechin, CHEMBL1945287, and cochinchinenin C were predicted as potential therapeutic drugs. Moreover, the antimigration capacity of ADH-1 and epigallocatechin were confirmed in CRC cell lines. In conclusion, our findings not only offer opportunities to understand metastasis mechanism but also identify potential therapeutic targets for CRC.
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Introduction

Colorectal cancer (CRC) is a notorious malignant tumor with high incidence and mortality rate around the world, causing more than 1.9 million new cases and 935,000 deaths in 2020 (1). It was estimated by the World Health Organization that in 2040, CRC would be a dominant public health problem influencing more than 30 million people (2). Liver is the major target organ for metastasis of patients with CRC, leaving patients few treatment alternatives, thus responsible for the majority of cancer-related deaths. If left untreated, the median survival period of patients with liver metastasis is reported to be only 6.9 months, and the 5-year survival rate of unresectable patients is near to 0, while that of patients with liver metastasis completely removed can be up to 30%–50% (3, 4). Therefore, it is preferred to study the molecular mechanism regulating liver metastasis of colorectal cancer (LMCRC), providing evidence for the prevention and new drug screening to improve prognosis and life quality of patients.

Peripheral lymph nodes are considered as the first station of pan-cancer metastasis, followed by distal organ. Widely accepted programs regulating cancer metastasis involve transforming growth factor beta (TGF-beta) and Wnt signaling pathway, and cell adhesion molecules (5–7). Cytokines and chemokines are believed to be secreted by the primary tumor and fertilize distal origin through blood circulation, facilitating metastasis (8, 9). David et al. found progastrin as a potential predictive marker of liver metastasis in CRC by immunohistochemistry (10); other researchers identified HOXD10, SLC13A2, OSM, MMP3, CXCL6, and CXCL8 as liver metastasis-associated hub genes of CRC through bioinformatics (11). Zhang et al. suggested that AMBP, F2, APOH, and other seven hub genes might be related to metastasis (12). Recent studies revealed that the distal metastasis of CRC is regulated by a complex system (13–15), leading to adjuvant therapy and multiple drugs combination (16–18). However, the present therapy could not fully satisfy patients’ demand due to poor prognosis and acute side effect, or failed at clinical trial. Hence, expanding sample sizes, applying novel analysis algorithms to explore new biomarkers, and identifying potential hub genes and related regulating network, like transcription factors, are necessary to understand the mechanism of liver metastasis of CRC. As a result, chemotherapy with a combination of current and new drugs to eliminate tumors is an urgent need.

In this study, we comprehensively analyzed whole expression data of four Gene Expression Omnibus (GEO) series (GSE) containing liver metastasis and primary colorectal cancer by integrated methods and found that cell adhesion molecules and peroxisome proliferator-activated receptor (PPAR) signaling pathway were significantly enriched. Moreover, a total of 138 differentially expressed genes (DEGs), including 108 upexpressed and 30 downexpressed genes were identified by robust rank aggregation. By establishing protein–protein interaction network, ALB, APOE, CDH2, and ORM1 were determined as hub genes; ESR2, FOXO3, and SRY were ascertained as transcription factor regulating hub genes. In addition, ADH-1, epigallocatechin, CHEMBL1945287, and cochinchinenin C were predicted to be potential therapeutic drugs. In addition, we also showed that both ADH-1 and epigallocatechin have significant antimigration capacity against CRC cells in vitro. Collectively, this work reveals that these hub genes, transcription factors, and the enriched signaling pathways serve as potential biomarkers for LMCRC.



Materials and Methods


Data Download and Quality Control

Matrix data from GSE100480 (19), GSE49355 (20), GSE81558 (21), and GSE41258 (22) were downloaded from the Gene Expression Omnibus (GEO) database. Expression data of GSE100480 and GSE81558 were normalized using robust multichip average (RMA) method; thus, log2 transformation not required. GSE49355 was normalized using MAS5 method and GSE41258 using PLIER method before being uploaded; log2 transformation were performed to scale these data. Phenodata were investigated, and expression data of liver metastasis (LM) and primary colorectal cancer (PC) were extracted for later analysis. Quantile normalization were applied using R package preprocessCore to ensure the data have the same distribution (23).



Identification of Differentially Expressed Genes

Least squares, empirical Bayes, and t-test methods based on R package limma were used to analyze the DEGs between LM and PC in four GSEs separately (24). Probes representing multiple genes and duplicated genes were omitted. A p < 0.05 and | log2fold change (FC) | >1 were defined as the threshold for DEGs screening. Robust rank aggregation method from R package RobustRankAggreg was executed to integrate DEGs from four GSEs (25). Adjusted p < 0.05 and | log2FC | > 1 were set as the criteria to filter statistically significant DEGs.



Functional Enrichment Analysis

Gene set enrichment analysis (GSEA) was performed in R package clusterProfiler (26, 27), with genes metric ranked according to average log2FC and Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets from the Molecular Signatures Database (MSigDB) as input. p < 0.05 and adjusted p < 0.25 were considered as significant.

KEGG pathway and Gene Ontology (GO) of integrated up- and downregulated genes were enriched and annotated by the Database for Annotation, Visualization and Integrated Discovery (DAVID), respectively, including biological process (BP), cellular component (CC), and molecular function (MF) (28, 29). Top terms with p < 0.05 were deemed as significant and visualized with R package ggplot2 (30).



Construction and Analysis of Protein–Protein Interaction Network

Relationships among integrated DEGs were evaluated by STRING (31); interactions with combined score >0.4 were exported to Cytoscape (version 3.8.2, https://cytoscape.org). Nodes’ scores were calculated by plug-in cytoHubba using 12 methods, and the top 50 genes of each method were kept. Genes existing at least 10 out of 12 methods were selected as candidate hub genes.



Hub Genes Identification With Survival Analysis

The Cancer Genome Atlas (TCGA) colorectal cancer cohort were divided into two groups according to median gene expression level. Gene Expression Profiling Interactive Analysis 2.0 (GEPIA2) was used to evaluate the difference in disease-free survival (DFS) between the groups (32). Mantel–Cox test value <0.05 was set to determine hub genes associated with poor prognosis of colorectal cancer. Comparisons of hub genes’ expression between LM and PC from GSE41258 were analyzed using Wilcoxon rank sum test with continuity correction; p < 0.05 were considered as statistically significant.



Transcription Factors Prediction

The online website oPOSSUM 3.0 was used to predict the transcription factor (TF) of the hub genes (33). Overrepresented conserved TF binding sites were detected based on the criteria that the conservation cutoff was 0.4. The amount of upstream/downstream sequence was 5,000/5,000; the species was Homo sapiens, with Z-score value >10. Pearson’s correlation coefficient were used to the determine the relationship between transcription factors and genes; p < 0.05 was considered as statistically significant.



Gene and Potential Drugs Interaction

Protein expression level in different stages of CRC was curated from the Clinical Proteomic Tumor Analysis Consortium (CPTAC) by UALCAN. The immunohistochemical images of the hub genes in advance and early stages were also identified using Human Protein Atlas (34, 35). The Drug Gene Interaction Database (DGIdb) was used to predict the potential drugs targeting hub genes (36). Drugs with combined value of query score and interaction score >10 were selected for docking. Homologous structures of gene-encoded protein were downloaded from the Protein Data Bank (PDB) and three-dimension structures of drug from PubChem (37, 38). Autodock (version 4.2.6) software was used to preprocess and define the proteins and drugs to receptors and ligands, respectively (39). The docking grid box was set to envelop the whole receptors; docking parameters was set as genetic algorithm with short maximum number of evaluations. The docking results were ranked by energy, and the first model was exported to Pymol for visualization (40).



Transwell Assay

HCT116 and LoVo cells were harvested and resuspended with Dulbecco’s modified Eagle’s medium (DMEM) at a concentration of 3 × 106 cells/ml. Then, 200 μl cell suspension with 200 μM ADH-1 (Cat. No. HY-13541, MedChemExpress, USA) or epigallocatechin (Cat. No. HY-N0225, MedChemExpress, USA) was added into the top chambers, and the bottom chambers were filled with DMEM with 10% fetal bovine serum (FBS). Cells were allowed to migrate for 24 h. Non-migrated cells were erased with a cotton swab, and migrated cells were fixed with 4% paraformaldehyde for 20 min and stained with crystal violet.



Colony Formation Assay

LO2, Huh7, and SK-Hep1 cells were digested with trypsin to obtain a single cell suspension. Approximately 500 cells were seeded onto a 48-well plate with different concentrations (0, 50, 100, 200, and 400 μM) of ADH-1 or epigallocatechin and incubated for 10 days. When the colony was visible to the naked eye, the colonies were carefully washed twice with phosphate-buffered saline (PBS). Then, the colonies were fixed with 4% paraformaldehyde for 20 min and stained using crystal violet.



CCK8 Assay

LO2, Huh7, and SK-Hep1 cells were digested with trypsin to obtain a single cell suspension. Approximately 2,000 cells were seeded onto a 96-well plate with different concentrations (0,12.5, 25, 50, 100, 200, 400, and 800 μM) of ADH-1 or epigallocatechin and incubated for 72 h. Ten microliters of CCK8 reagent was added and treated for 3 h; then, the absorbance was measured at 450 nm.



Statistical Analysis

R 3.6.3 (https://www.R-project.org/) and GraphPad Prism 5 were used for statistical analysis. In vitro data were expressed as mean ± SEM, Students’ t-test was used for calculation of p values. *** indicates p < 0.0001.




Results


Schematic Workflow of This Study

This study was conducted based on the process described in Figure 1. Briefly, we downloaded expression matrix of four GSE series containing liver metastasis (LM) and primary colorectal cancer (PC) from GEO and employed preprocess and quality control to obtain analysis-ready data. GSEA was performed to determine concordant differences between LM and PC. Next, we applied a robust method to integrate and identify common DEGs between LM and PC. To further investigate the characteristic of LM, GO and KEGG annotation were performed. Meanwhile, we constructed a PPI network to analyze the relationships among DEGs. Along with survival analysis from TCGA colorectal patients, we identified four hub genes upexpressed in LM compared with PC, which were associated with poor prognosis of patients. Furthermore, we predicted transcription factor (TF) of hub genes and estimated their correlation. Simultaneously, potential drugs targeting hub genes were predicted, and protein–drug interaction was evaluated. Lastly, in vitro experiments were conducted to analyze the antitumor abilities of the two predicted drugs.




Figure 1 | Schematic workflow to present the design of this study.





Identification of Differentially Expressed Genes Between LM and PC

To diminish the system bias in microarray data and make sure that the difference was biologically significant, quantile normalization method was used in the selected sample of four GSEs (Supplementary Figures S1A–D). There were 8 LM and 13 PC in GSE100480, 19 LM and 20 PC in GSE49355, 19 LM and 23 PC in GSE81558, and 47 LM and 186 PC in GSE41258; a total of 93 liver metastasis tumor and 242 primary tumor expression data were included in this study. Limma identified 336 significantly upexpressed and 83 downexpressed genes in GSE100480 (Supplementary Figure S2A), 171 upexpressed and 127 downexpressed genes in GSE49355 (Supplementary Figure S2B), 189 upexpressed and 69 downexpressed genes in GSE81558 (Supplementary Figure S2C), and 88 upexpressed and 102 downexpressed genes in GSE41258 (Supplementary Figure S2D). Heatmaps demonstrating expression of DEGs were also shown (Supplementary Figures S3A–D). Robust rank aggregation method was executed to integrate DEGs from the four GSE series; eventually, 138 overlapping genes including 108 significantly upexpressed and 30 downexpressed genes were obtained (Figure 2 and Supplementary Table 1).




Figure 2 | Common DEGs identified by robust rank aggregation algorithm; heatmap shows top 20 of up- and downregulated genes. From green to red, the expression value of the gene in four GEO series gradually increases. The GEO series are presented on the x-axis and gene expression value on the y-axis.





GSEA, GO, and KEGG Annotation Revealed Distinct Characteristic of LM

We performed GSEA to investigate whether a priori defined gene sets relevant to cancer metastasis were significantly different between LM and PC. A total of 22,750 genes were involved. Results suggested that genes comprising the Wnt signaling pathway (Figure 3A) and TGF-β (Figure 3B), two canonical pathways widely accepted for regulating metastasis of cancer, were not statistically significant. However, we observed significant enrichment in cell adhesion molecules (Figure 3C) and PPAR signaling pathway (Figure 3D), which may participate in the regulatory role of liver metastasis.




Figure 3 | Gene set enrichment analysis (GSEA) plots. The enrichment of the (A) Wnt pathway, (B) TGF-beta pathway, (C) cell adhesion molecules, and (D) PPAR pathway in different genes among four GSE series. Ranked list metrics were determined by log2(fold change).



To explain the biological difference between LM and PC groups, functional enrichment of integrated DEGs was also performed. According to the results, upexpressed genes were significantly enriched in the negative regulation of endopeptidase activity of BP, blood microparticle of CC, and serine-type endopeptidase inhibitor activity of MF (Supplementary Figure S4A). Besides, enriched KEGG pathway of upexpressed genes were significant in complement and coagulation cascades (Supplementary Figure S4B). In addition, the downexpressed genes were mainly associated with the collagen catabolic process of BP, proteinaceous extracellular matrix of CC, and metalloendopeptidase activity of MF (Supplementary Figure S4C). Meanwhile, KEGG enrichment of downexpressed genes were significantly participated in pancreatic secretion (Supplementary Figure S4D).



Hub Genes Associated With Poor Prognosis of Colorectal Patients

The protein–protein interaction network of DEGs in LM was constructed via STRING. Except for combined score <0.4, a total of 138 nodes and 1,388 edges were established in Cytoscape (Figure 4A). A node represents a gene encoded protein, and an edge indicates mutual interaction. Plug-in cytoHubba was used to calculate nodes’ scores with 12 methods, and 35 nodes with 506 edges were selected as candidate hub genes (Figure 4B and Supplementary Table S2), which were all remarkably upexpressed in the LM group (Figures 5A–D). We next looked into DFS information of TCGA CRC cohort using GEPIA2. High expression of ALB (Figure 5A), APOE (Figure 5B), CDH2 (Figure 5C), and ORM1 (Figure 5D) were identified as biomarkers significantly related to poor prognosis of CRC patients. GO and KEGG analysis of these four genes indicated that they were responsible for extracellular exosome and protein binding (Supplementary Figure S5). The above three characteristics illustrated that these four hub genes contribute to LM and severely threat patients’ health.




Figure 4 | PPI network among DEGs. (A) PPI network constructed by STRING; DEGs involving in KEGG pathway were represented by different colors. (B) Candidate hub genes with interactions visualized in Cytoscape; from pale red to dark red, the log2FC value of the gene in the sample gradually increases. Edge between two nodes indicates interactions.






Figure 5 | The gene expression at different regions of colorectal cancer in GSE41258 and survival analysis from GEPIA2. (A) ALB, (B) APOE, (C) CDH2, and (D) ORM1. The statistical significance of correlations was determined using Wilcoxon rank-sum test with continuity correction and Mantel–Cox test, respectively.





Correlation Between Predicted Transcription Factors and Hub Genes

To further investigate the underlying mechanism that regulates hub genes, potential transcription factors (TFs) were predicted by oPOSSUM 3.0 (Supplementary Table S3). Based on prescribed criteria, we obtained three TFs, namely, ESR2, FOXO3, and SRY. The estimated binding site of TFs and genes was established, respectively (Figure 6A and Supplementary Table S4). We then examined whether an association existed between TFs and hub genes in samples recruited in this study (Figure 6B). There was indeed a positive correlation between ALB and FOXO3 expression and that of CDH2 and FOXO3 expression (Figure 6C). We also found a negative correlation between APOE and ESR2 expression and ORM1 and SRY expression (Figure 6D). Interestingly, the four hub genes were strongly positively correlated with each other (R > 0.5), implying that they might have synergistic effect to promote LMCRC.




Figure 6 | Prediction of hub genes-related transcription factor. (A) Potential binding site of TF and genes predicted with oPOSSum 3.0. (B) Expression correlation of TF and genes in four GEO series. (C) Significant positive correlation between ALB and FOXO3 expression and CDH2 and FOXO3 expression. (D) Significant negative correlation between APOE and ESR2 expression and ORM1 and SRY expression. The statistical significance of correlations was determined using Pearson’s correlation coefficient.





Screening of Potential Drugs for LM Patients

Four genes, namely, ALB, APOE, CDH2, and ORM1, were considered as hub genes and highly expressed in LM. We examined protein expression of these genes and found that higher expression accompanied with advanced stage (Figures 7A–D). It was consistent with our previous findings. Thus, hub genes might serve as potential therapeutic targets. In this context, we used DGIdb online database to search drug–gene interactions. A total of 58 drugs targeting hub genes were obtained (Figure 8A and Supplementary Table S5). Among them, four drugs, namely, ADH-1, epigallocatechin, CHEMBL1945287, and cochinchinenin C, receiving higher scores than preset criteria were selected. The molecular structures of drugs and proteins downloaded from PubChem (CID: 9916058, 72277, 18877472, and 23634528) and PDB (6RJV and 2QVI) were demonstrated (Supplementary Figures S6A–F) separately. Docking results showed that interactions existed between ALB and epigallocatechin (Figure 8B) with binding energy of −3.89, CDH2 and ADH-1 (Figure 8C) with binding energy of −5.04, ALB and cochinchinenin C (Supplementary Figure S7A) with binding energy of −2.32, and ALB and CHEMBL194528 (Supplementary Figure S7B) with binding energy of −3.9, respectively. These drugs were potentially prospective agents to prevent and treat LM by interfering with hub genes ALB and CDH2.




Figure 7 | Protein expression level in different stages of colon cancer. Protein expression and immunohistochemical images of (A) ALB, (B) CDH2, (C) APOE, and (D) ORM1. Data were extracted from UALCAN and Human Protein Atlas, respectively.






Figure 8 | Potential drug screening of hub genes and interactions. (A) Drug prediction using DGIdb online database; the size and color of line indicates interaction score. Protein–drug interactions between (B) ALB and epigallocatechin and (C) CDH2 and ADH-1. Yellow dot indicates any type of interactions.



To further confirm our findings, in vitro experiments were conducted with two available drugs. First, the capacity of ADH-1 and epigallocatechin on colorectal cancer metastasis was examined. The transwell assay results showed that both ADH-1 and epigallocatechin significantly inhibited the migration of HCT116 and LoVo cells (Figures 9A, B). Meanwhile, we also evaluated whether ADH-1 and epigallocatechin had an effect on the proliferation of normal liver cell LO2 and tumor cells such as Huh7 and SK-Hep1. As we expected, colony formation and CCK8 indicated that ADH-1 did not affect the proliferation of normal liver cells and tumor cells (Figures 9C, D), while epigallocatechin reduced liver cells’ proliferation abilities (Figures 9E, F). These results supported that both potential drugs can prevent colorectal cancer cells metastasis.




Figure 9 | ADH-1 and epigallocatechin suppress colorectal cancer cells metastasis. Transwell assay for (A) HCT116 and (B) LoVo treated with ADH-1 and epigallocatechin at 200 μM, 24 h. Left panel: crystal violet staining. Scale bar = 200 μm. Right panel: statistic results of migration cells per filed (n = 6). ***p < 0.0001. Colony formation assay for LO2, Huh7, and Sk-Hep1 treated with (C) ADH-1 and (E) epigallocatechin for 10 days at different concentrations. CCK8 kit measured cell viabilities of LO2, Huh7, and SK-Hep1 treated with (D) ADH-1 and (F) epigallocatechin for 3 days at different concentrations (n = 6). Statistics shown as mean ± SEM.






Discussion

LMCRC is the major cause for poor prognosis and tumor recurrence. In the present study, gene expression data of four GSE series containing LM and PC were included for comprehensive analysis. A total of 138 liver metastasis-associated DEGs of CRC were identified from four GSE series using robust rank aggregation (RRA) method. Among them, 108 genes were upexpressed and 30 downexpressed. The GO and KEGG enrichment results of DEGs suggested that the metastasis process was a complex system involving a variety of function change. Molecules binding activity, organelle formation, and cell metabolism somehow contributed to cancer metastasis. Ayuko et al. suggested that exosomes may play a critical role in metastasis of cancer cells in the body, which was consistent with our findings (41). By constructing protein–protein interaction network, we observed vast mutual interactions among DEGs, indicating their complementary function. Disease-free survival is defined as the time from randomization to recurrence of tumor or death; therefore, it is a better criterion than overall survival in this study. Taking gene scores and survival analysis into consideration, we then identified four hub genes, namely, ALB, APOE, CDH2, and ORM1, associated with liver metastasis and poor outcome. Albumin (ALB) is a protein-coding gene, and its major function is binding water and irons. Shen et al. suggested that it could be used as an indicator of the metastasis risk of bladder malignant tumors (42). Apolipoprotein E (APOE) is a protein associating with lipid particles. It can bind to a specific liver and peripheral cell receptor. Hyo et al. found that APOE was a useful marker for assessing nonsmall cell lung cancer (NSCLC) patients with lymph node metastasis (43). N-cadherin (CDH2) is a classical cadherin and is related to cell adhesion. The loss of E-cadherin expression and upregulation of N-cadherin, which is called cadherin switch, were well investigated and universally acknowledged as a marker for tumor metastasis progression (44). Orosomucoid 1 (ORM1) encodes a key acute phase plasma protein. However, the specific function of this protein has not yet been determined. We assume that it cooperates in inflammation and promotes cancer metastasis by reprogramming and changing the immune microenvironment.

Based on the average log2FC of genes among four GSE series, we performed GSEA to explore the concordant differences between the two stages. The results suggested that PPAR signaling pathway, instead of Wnt or TGF-beta signaling pathway, along with cell adhesion molecules, was significantly enriched in liver metastasis stage. There were five upregulated genes, namely, APOA1, APOA2, APOC3, CYP27A1, and FABP1 in DEGs, and one downregulated gene, MMP1, which belongs to PPAR signaling pathway that contains three ligand-activated transcription factors, PPARA, PPARD, and PPARG. Unsurprisingly, there was a line of evidence to support our findings that activating PPARA could reduce metastatic nonsmall cell lung cancer growth (45) and the protective role of PPARD in melanoma metastasis (46). In addition, a high correlation between PPARD expression and metastasis-free survival is demonstrated experimentally and clinically (47). The previous study has shown that PPARG could promote metastasis in prostate cancer cells (48). In other words, PPAR signaling pathway participated in cancer metastasis through crosstalk with other pathways. Meanwhile, our findings also indicated that further studies on its role in LMCRC are also needed.

To investigate in-depth the underlying mechanism regulating hub genes, we predicted their TFs and theoretical binding sites. The expression results illustrated that ESR2, FOXO3, and SRY jointly regulates hub genes. The correlation between TF and genes showed that FOXO3 positively regulated ALB and CDH2, and ESR2 and SRY negatively regulated APOE and ORM1, respectively. FOXO3 potentially regulated three hub genes and positively correlated with all hub genes, which might serve as a therapeutic target to treat LMCRC. However, current studies did not explain the interactions well; further evidence(s) to uncover the regulating networks is still needed. We also found strong autocorrelations among the four hub genes, suggesting that a synergistic effect contributes to reprogramming of the tumor microenvironment. All of the above serve as evidence to design TFs or hub genes-targeted drugs to prevent and treat LMCRC.

Consequently, we predicted potential drugs and focused on four drugs with higher scores. Adherex’s biotechnology compound (ADH-1) has been used to treat prostate and pancreatic cancer (49, 50). There were several clinical trials about ADH-1 treatment against locally advanced or metastasis pancreatic or biliary tract cancer ((NCT01825603, phase I) and solid tumors (NCT00265057, phase II). ADH-1 can directly target at N-cadherins expressed in cancer cells to disturb cadherin-mediated signaling transduction, eventually leading to apoptosis of cancer cells or causing angiolysis and damage to tumor cells. Thus, it is reasonable that in our study, ADH-1 significantly inhibited colorectal cancer cells migration but had no obvious effect on growth of liver cells possibly due to scarcity of N-cadherins. Epigallocatechin is a flavan-3-ol containing a benzopyran-3,5,7-triol linked to a 3,4,5-hydroxyphenyl moiety and has completed phase II clinical trials with the purpose of treating prostate cancer (NCT00669656). Epigallocatechin showed great effect in inhibiting colorectal and liver tumor cells migration and proliferation. However, its nonspecific cytotoxicity effect on normal liver cells may attenuate the advantages of clinical treatment. We retrieved no existing information about cancer treatment with CHEMBL1945287 and cochinchinenin C. Nevertheless, the potential anticancer properties of these drugs, especially combined with other approved treatment, are promising to relieve the burden of patients with LMCRC.

In this study, we validated existing evidence and proposed new mechanism regulating LMCRC, potential therapeutic targets, and prospective drugs using bioinformatics, providing an avenue for better healthcare. However, limitations still remain to be solved, and the results shown above also need to be validated further by more in vitro and in vivo approaches in the future.



Data Availability Statement

Publicly available datasets were analyzed in this study. These data can be found here: GSE100480 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE100480), GSE49355 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49355), GSE81558 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81558), GSE41258 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41258).



Author Contributions

Conceptualization: SL and JH. Original draft writing and editing: SL, YZ, LQ, BZ, and JH. Figure creation: SL, YZ, and SZ. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Key Research and Development Program of China (2018YFC1312300), the Foundation for Innovative Research Groups of the National Natural Science Foundation of China (81821002), National Clinical Research Center for Geriatrics (Z20201007), and 1·3·5 Project for Disciplines of Excellence, West China Hospital (ZYGD18003), Sichuan University.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.714866/full#supplementary-material



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

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

3. Kopetz, S, Chang, GJ, Overman, MJ, Eng, C, Sargent, DJ, Larson, DW, et al. Improved Survival in Metastatic Colorectal Cancer is Associated With Adoption of Hepatic Resection and Improved Chemotherapy. J Clin Oncol (2009) 27(22):3677–83. doi: 10.1200/jco.2008.20.5278

4. de Jong, MC, Pulitano, C, Ribero, D, Strub, J, Mentha, G, Schulick, RD, et al. Rates and Patterns of Recurrence Following Curative Intent Surgery for Colorectal Liver Metastasis: An International Multi-Institutional Analysis of 1669 Patients. Ann Surg (2009) 250(3):440–8. doi: 10.1097/SLA.0b013e3181b4539b

5. Santibanez, JF, Krstic, J, Quintanilla, M, and Bernabeu, C. “TGF-β Signalling and Its Role in Cancer Progression and Metastasis”. In: eLS John Wiley & Sons, Ltd. (2016) doi: 10.1002/9780470015902.a0025045

6. Attisano, L, and Labbé, E. TGFbeta and Wnt Pathway Cross-Talk. Cancer Metastasis Rev (2004) 23(1-2):53–61. doi: 10.1023/a:1025811012690

7. Zarour, LR, Anand, S, Billingsley, KG, Bisson, WH, Cercek, A, Clarke, MF, et al. Colorectal Cancer Liver Metastasis: Evolving Paradigms and Future Directions. Cell Mol Gastroenterol Hepatol (2017) 3(2):163–73. doi: 10.1016/j.jcmgh.2017.01.006

8. Dinarello, CA. The Paradox of Pro-Inflammatory Cytokines in Cancer. Cancer Metastasis Rev (2006) 25(3):307–13. doi: 10.1007/s10555-006-9000-8

9. Koizumi, K, Hojo, S, Akashi, T, Yasumoto, K, and Saiki, I. Chemokine Receptors in Cancer Metastasis and Cancer Cell-Derived Chemokines in Host Immune Response. Cancer Sci (2007) 98(11):1652–8. doi: 10.1111/j.1349-7006.2007.00606.x

10. Westwood, DA, Patel, O, Christophi, C, Shulkes, A, and Baldwin, GS. Progastrin: A Potential Predictive Marker of Liver Metastasis in Colorectal Cancer. Int J Colorectal Dis (2017) 32(7):1061–4. doi: 10.1007/s00384-017-2822-8

11. Wang, S, Zhang, C, Zhang, Z, Qian, W, Sun, Y, Ji, B, et al. Transcriptome Analysis in Primary Colorectal Cancer Tissues From Patients With and Without Liver Metastases Using Next-Generation Sequencing. Cancer Med (2017) 6(8):1976–87. doi: 10.1002/cam4.1147

12. Zhang, T, Guo, J, Gu, J, Wang, Z, Wang, G, Li, H, et al. Identifying the Key Genes and microRNAs in Colorectal Cancer Liver Metastasis by Bioinformatics Analysis and In Vitro Experiments. Oncol Rep (2019) 41(1):279–91. doi: 10.3892/or.2018.6840

13. Liu, H, Xu, Y, Zhang, Q, Yang, H, Shi, W, Liu, Z, et al. Prognostic Significance of TBL1XR1 in Predicting Liver Metastasis for Early Stage Colorectal Cancer. Surg Oncol (2017) 26(1):13–20. doi: 10.1016/j.suronc.2016.12.003

14. Tang, L, Lei, YY, Liu, YJ, Tang, B, and Yang, SM. The Expression of Seven Key Genes can Predict Distant Metastasis of Colorectal Cancer to the Liver or Lung. J Dig Dis (2020) 21(11):639–49. doi: 10.1111/1751-2980.12936

15. Xu, C, Tian, G, Jiang, C, Xue, H, Kuerbanjiang, M, Sun, L, et al. NPTX2 Promotes Colorectal Cancer Growth and Liver Metastasis by the Activation of the Canonical Wnt/β-Catenin Pathway Via FZD6. Cell Death Dis (2019) 10(3):217. doi: 10.1038/s41419-019-1467-7

16. Cáceres, M, Pascual, M, Alonso, S, Montagut, C, Gallén, M, Courtier, R, et al. [Treatment of Colorectal Cancer With Unresectable Metastasis With Chemotherapy Without Primary Tumor Resection: Analysis of Tumor-Related Complications]. Cir Esp (2014) 92(1):30–7. doi: 10.1016/j.ciresp.2013.04.015

17. Brouquet, A, and Nordlinger, B. Adjuvant Therapy in Combination With Resection of Colorectal Cancer Metastasis to the Liver or Lungs. Curr Colorectal Cancer Rep (2014) 10(3):354–61. doi: 10.1007/s11888-014-0239-0

18. Shen, F, Cai, WS, Li, JL, Feng, Z, Liu, QC, Xiao, HQ, et al. Synergism From the Combination of Ulinastatin and Curcumin Offers Greater Inhibition Against Colorectal Cancer Liver Metastases via Modulating Matrix Metalloproteinase-9 and E-Cadherin Expression. Onco Targets Ther (2014) 7:305–14. doi: 10.2147/ott.S57126

19. Linnekamp, JF, Hooff, SRV, Prasetyanti, PR, Kandimalla, R, Buikhuisen, JY, Fessler, E, et al. Consensus Molecular Subtypes of Colorectal Cancer are Recapitulated in In Vitro and In Vivo Models. Cell Death Differ (2018) 25(3):616–33. doi: 10.1038/s41418-017-0011-5

20. Del Rio, M, Mollevi, C, Vezzio-Vie, N, Bibeau, F, Ychou, M, and Martineau, P. Specific Extracellular Matrix Remodeling Signature of Colon Hepatic Metastases. PLoS One (2013) 8(9):e74599. doi: 10.1371/journal.pone.0074599

21. Sayagués, JM, Corchete, LA, Gutiérrez, ML, Sarasquete, ME, Del Mar Abad, M, Bengoechea, O, et al. Genomic Characterization of Liver Metastases From Colorectal Cancer Patients. Oncotarget (2016) 7(45):72908–22. doi: 10.18632/oncotarget.12140

22. Martin, ML, Zeng, Z, Adileh, M, Jacobo, A, Li, C, Vakiani, E, et al. Logarithmic Expansion of LGR5(+) Cells in Human Colorectal Cancer. Cell Signal (2018) 42:97–105. doi: 10.1016/j.cellsig.2017.09.018

23. Bolstad, B. Preprocesscore: A Collection of Pre-Processing Functions (2019). Available at: https://github.com/bmbolstad/preprocessCore.

24. Ritchie, M, Phipson, B, Wu, D, Hu, Y, Law, C, Shi, W, et al. LIMMA Powers Differential Expression Analyses for RNA-Sequencing and Microarray Studies. Nucleic Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

25. Kolde, R, Laur, S, Adler, P, and Vilo, J. Robust Rank Aggregation for Gene List Integration and Meta-Analysis. Bioinformatics (2012) 28(4):573–80. doi: 10.1093/bioinformatics/btr709

26. Subramanian, A, Tamayo, P, Mootha, VK, Mukherjee, S, Ebert, BL, Gillette, MA, et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci (2005) 102(43):15545–50. doi: 10.1073/pnas.0506580102

27. Yu, G, Wang, L-G, Han, Y, and He, Q-Y. Clusterprofiler: An R Package for Comparing Biological Themes Among Gene Clusters. OMICS (2012) 16(5):284–7. doi: 10.1089/omi.2011.0118

28. Huang da, W, Sherman, BT, and Lempicki, RA. Systematic and Integrative Analysis of Large Gene Lists Using DAVID Bioinformatics Resources. Nat Protoc (2009) 4(1):44–57. doi: 10.1038/nprot.2008.211

29. Huang da, W, Sherman, BT, and Lempicki, RA. Bioinformatics Enrichment Tools: Paths Toward the Comprehensive Functional Analysis of Large Gene Lists. Nucleic Acids Res (2009) 37(1):1–13. doi: 10.1093/nar/gkn923

30. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis. New York: Springer-Verlag (2009).

31. Szklarczyk, D, Gable, AL, Lyon, D, Junge, A, Wyder, S, Huerta-Cepas, J, et al. STRING V11: Protein-Protein Association Networks With Increased Coverage, Supporting Functional Discovery in Genome-Wide Experimental Datasets. Nucleic Acids Res (2019) 47(D1):D607–d613. doi: 10.1093/nar/gky1131

32. Tang, Z, Kang, B, Li, C, Chen, T, and Zhang, Z. GEPIA2: An Enhanced Web Server for Large-Scale Expression Profiling and Interactive Analysis. Nucleic Acids Res (2019) 47(W1):W556–60. doi: 10.1093/nar/gkz430

33. Kwon, AT, Arenillas, DJ, Worsley Hunt, R, and Wasserman, WW. oPOSSUM-3: Advanced Analysis of Regulatory Motif Over-Representation Across Genes or ChIP-Seq Datasets. G3 (Bethesda) (2012) 2(9):987–1002. doi: 10.1534/g3.112.003202

34. Whiteaker, JR, Halusa, GN, Hoofnagle, AN, Sharma, V, MacLean, B, Yan, P, et al. CPTAC Assay Portal: A Repository of Targeted Proteomic Assays. Nat Methods (2014) 11(7):703–4. doi: 10.1038/nmeth.3002

35. Chandrashekar, DS, Bashel, B, Balasubramanya, SAH, Creighton, CJ, Ponce-Rodriguez, I, Chakravarthi, B, et al. UALCAN: A Portal for Facilitating Tumor Subgroup Gene Expression and Survival Analyses. Neoplasia (2017) 19(8):649–58. doi: 10.1016/j.neo.2017.05.002

36. Cotto, KC, Wagner, AH, Feng, Y-Y, Kiwala, S, Coffman, AC, Spies, G, et al. DGIdb 3.0: A Redesign and Expansion of the Drug–Gene Interaction Database. Nucleic Acids Res (2017) 46(D1):D1068–73. doi: 10.1093/nar/gkx1143

37. Berman, HM, Westbrook, J, Feng, Z, Gilliland, G, Bhat, TN, Weissig, H, et al. The Protein Data Bank. Nucleic Acids Res (2000) 28(1):235–42. doi: 10.1093/nar/28.1.235

38. Kim, S, Chen, J, Cheng, T, Gindulyte, A, He, J, He, S, et al. PubChem in 2021: New Data Content and Improved Web Interfaces. Nucleic Acids Res (2021) 49(D1):D1388–d1395. doi: 10.1093/nar/gkaa971

39. Morris, GM, Huey, R, Lindstrom, W, Sanner, MF, Belew, RK, Goodsell, DS, et al. AutoDock4 and AutoDockTools4: Automated Docking With Selective Receptor Flexibility. J Comput Chem (2009) 30(16):2785–91. doi: 10.1002/jcc.21256

40. Schrodinger, LLC. The PyMOL Molecular Graphics System, Version 1.8. Science and Education (2015).

41. Hoshino, A, Costa-Silva, B, Shen, TL, Rodrigues, G, Hashimoto, A, Tesic Mark, M, et al. Tumour Exosome Integrins Determine Organotropic Metastasis. Nature (2015) 527(7578):329–35. doi: 10.1038/nature15756

42. Shen, W, Chen, J, and Shen, J. Relationship Between Basic Serum Albumin(ALB) Level and Metastasis Risk of Bladder Cancer After Treatment. Pract J Cancer (2019) (9):1438–40. doi: CNKI:SUN:SYAZ.0.2019-09-014


43. An, HJ, Koh, HM, and Song, DH. Apolipoprotein E is a Predictive Marker for Assessing non-Small Cell Lung Cancer Patients With Lymph Node Metastasis. Pathol Res Pract (2019) 215(10):152607. doi: 10.1016/j.prp.2019.152607

44. Hazan, RB, Qiao, R, Keren, R, Badano, I, and Suyama, K. Cadherin Switch in Tumor Progression. Ann N Y Acad Sci (2004) 1014(1):155–63. doi: 10.1196/annals.1294.016

45. Skrypnyk, N, Chen, X, Hu, W, Su, Y, Mont, S, Yang, S, et al. PPARα Activation can Help Prevent and Treat Non-Small Cell Lung Cancer. Cancer Res (2014) 74(2):621–31. doi: 10.1158/0008-5472.Can-13-1928

46. Lim, JCW, Kwan, YP, Tan, MS, Teo, MHY, Chiba, S, Wahli, W, et al. The Role of PPARβ/δ in Melanoma Metastasis. Int J Mol Sci (2018) 19(10):2860. doi: 10.3390/ijms19102860

47. Zuo, X, Xu, W, Xu, M, Tian, R, Moussalli, MJ, Mao, F, et al. Metastasis Regulation by PPARD Expression in Cancer Cells. JCI Insight (2017) 2(1):e91419–9. doi: 10.1172/jci.insight.91419

48. Liu, RZ, Choi, WS, Jain, S, Dinakaran, D, Xu, X, Han, WH, et al. The FABP12/PPARγ Pathway Promotes Metastatic Transformation by Inducing Epithelial-to-Mesenchymal Transition and Lipid-Derived Energy Production in Prostate Cancer Cells. Mol Oncol (2020) 14(12):3100–20. doi: 10.1002/1878-0261.12818

49. Li, H, Price, DK, and Figg, WD. ADH1, an N-Cadherin Inhibitor, Evaluated in Preclinical Models of Angiogenesis and Androgen-Independent Prostate Cancer. Anticancer Drugs (2007) 18(5):563–8. doi: 10.1097/CAD.0b013e328020043e

50. Shintani, Y, Fukumoto, Y, Chaika, N, Grandgenett, PM, Hollingsworth, MA, Wheelock, MJ, et al. ADH-1 Suppresses N-Cadherin-Dependent Pancreatic Cancer Progression. Int J Cancer (2008) 122(1):71–7. doi: 10.1002/ijc.23027




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 Liu, Zhang, Zhang, Qiu, Zhang and Han. 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: 24 August 2021

doi: 10.3389/fonc.2021.708039

[image: image2]


Association of Serum Anti-PCSK9 Antibody Levels with Favorable Postoperative Prognosis in Esophageal Cancer


Masaaki Ito 1, Takaki Hiwasa 1,2, Yoko Oshima 3, Satoshi Yajima 3, Takashi Suzuki 3, Tatsuki Nanami 3, Makoto Sumazaki 3, Fumiaki Shiratori 3, Kimihiko Funahashi 3, Shu-Yang Li 2, Yasuo Iwadate 2, Hiroki Yamagata 4, Byambasteren Jambaljav 4, Minoru Takemoto 4,5, Koutaro Yokote 4, Hirotaka Takizawa 6 and Hideaki Shimada 1,3*


1 Department of Clinical Oncology, Toho University Graduate School of Medicine, Tokyo, Japan, 2 Department of Neurological Surgery, Chiba University Graduate School of Medicine, Chiba, Japan, 3 Department of Gastroenterological Surgery, Toho University School of Medicine, Tokyo, Japan, 4 Department of Diabetes, Metabolism and Endocrinology, School of Medicine, International University of Health and Welfare, Chiba, Japan, 5 Department of Endocrinology, Hematology and Gerontology, Graduate School of Medicine, Chiba University, Chiba, Japan, 6 Port Square Kashiwado Clinic, Kashiwado Memorial Foundation, Chiba, Japan




Edited by: 
Zsolt Kovács, George Emil Palade University of Medicine, Pharmacy, Sciences and Technology of Târgu Mureş, Romania

Reviewed by: 

Qingyuan Yang, Massachusetts General Hospital and Harvard Medical School, United States

Nicola Tartaglia, University of Foggia, Italy

*Correspondence: 

Hideaki Shimada
 hideaki.shimada@med.toho-u.ac.jp

Specialty section: 
 This article was submitted to Gastrointestinal Cancers, a section of the journal Frontiers in Oncology


Received: 11 May 2021

Accepted: 03 August 2021

Published: 24 August 2021

Citation:
Ito M, Hiwasa T, Oshima Y, Yajima S, Suzuki T, Nanami T, Sumazaki M, Shiratori F, Funahashi K, Li S-Y, Iwadate Y, Yamagata H, Jambaljav B, Takemoto M, Yokote K, Takizawa H and Shimada H (2021) Association of Serum Anti-PCSK9 Antibody Levels with Favorable Postoperative Prognosis in Esophageal Cancer. Front. Oncol. 11:708039. doi: 10.3389/fonc.2021.708039




Background

Esophageal cancer often appears as postoperative metastasis or recurrence after radical surgery. Although we had previously reported that serum programmed cell death ligand 1 (PD-L1) level correlated with the prognosis of esophageal cancer, further novel biomarkers are required for more precise prediction of the prognosis. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is associated with the cholesterol metabolism. But there was no report of relationship between serum PCSK9 antibody and cancer. Therefore, we investigated whether anti-PCSK9 antibodies could be a novel biomarker for solid cancer.



Methods

Serum levels of anti-PCSK9 antibodies and antigens in patients with solid cancer were analyzed using amplified luminescence proximity homogeneous assay-linked immunosorbent assay (AlphaLISA). The reactivity of serum antibodies against recombinant PCSK9 protein was investigated by Western blotting, and the expression of PCSK9 antigens in esophageal cancer tissues was examined by immunohistochemical staining.



Results

AlphaLISA showed that serum anti-PCSK9 antibody (s-PCSK9-Ab) levels were significantly higher in patients with esophageal cancer, gastric cancer, colorectal cancer, lung cancer, and breast cancer than in healthy donors, and patients with esophageal cancer had the highest levels. The presence of serum antibody in patients was confirmed by Western blotting. There was no apparent correlation between s-PCSK9-Ab and PCSK9 antigen levels. Immunohistochemical staining demonstrated the expression of PCSK9 antigen in both the cytoplasm and nuclear compartments of esophageal squamous cell carcinoma tissue but not in normal tissue. Compared with patients with low s-PCSK9-Ab levels, those with high s-PCSK9-Ab levels had a favorable postoperative prognosis after radical surgery for esophageal cancer. In the multivariate analysis, tumor depth and s-PCSK9-Ab level were identified as independent prognostic factors. In the univariate analysis of clinicopathological features, high PCSK9 antibody levels were not associated with sex, age, location, tumor depth, lymph node status, squamous cell carcinoma antigen, or p53-Ab, whereas they correlated significantly with PD-L1 levels, which were associated with unfavorable prognosis. Correlation between s-PCSK9-Ab and PD-L1 levels was also confirmed in the logistic regression analysis; therefore, low s-PCSK9-Ab levels could discriminate another poor prognosis group other than high-PD-L1 group.



Conclusions

Patients with solid cancer had higher s-PCSK9-Ab levels than healthy donors. High s-PCSK9-Ab levels indicated better prognosis for overall survival after surgery in patients with esophageal cancer.
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Introduction

Esophageal cancer progresses rapidly and has a very poor prognosis compared with other solid cancers (1). There are several cases of metastatic recurrence, and hence the malignant potential is high even if it receives adequate therapy in the early stage (2). Various anticancer drugs have been recently developed for cancers of digestive organs, including immune checkpoint inhibitors. Nivolumab has been recently used for treating esophageal cancer worldwide; however, the treatment results have not been necessarily satisfactory (3). Regarding newly developed biomarkers, we had previously reported that high serum levels of programmed cell death ligand 1 (PD-L1) exhibited poor prognosis in patients with esophageal cancer (4). PD-L1 could become a predictive marker of prognosis, and it is expected to be used in the early diagnosis and treatment of immune checkpoint inhibitors for improving curability.

The proprotein convertase subtilisin kexin/type 9 (PCSK9) gene mutations was first identified to cause autosomal dominant hypercholesterolemia for a risk factor of coronary heart disease (5). PCSK9 is affected to cholesterol metabolism via low density lipoprotein receptor destruction (6–9). And PCSK9 inhibition can be used for treatment of hypercholesterolemia (10). The United States Food and Drug Administration already approved two monoclonal antibodies (evolocumab, alirocumab) to treat hypercholesterolemia. Recently Large-scale clinical randomized trials using PCSK9 monoclonal antibody were performed. ODYSSEY investigators conducted a randomized trial involving for 2341 patients and demonstrated that alirocumab showed significantly reduced LDL cholesterol levels (11). In addition, the risk of recurrent ischemic cardiovascular events for alirocmab after acute coronary syndrome patients was reduced (12). In terms of evolocumab, a randomized, double-blind, placebo-controlled FOURIER Clinical Trial was conducted with 27,564 patients (13). And the results also showed that inhibition of PCSK9 lowered LDL cholesterol levels and reduced the risk of cardiovascular events. It was still controversial whether serum cholesterol influenced to cancer (14–18), but in terms of PCSK9 and cancer several reported were documented (19, 20).

Recently, Liu et al. reported that deleting the PCSK9 gene in mouse cancer cells substantially attenuated or prevented cancer growth in mice in a manner that depended on cytotoxic T cells. It also enhanced the efficacy of immune therapy that was targeted at the checkpoint protein PD1. Moreover, clinically approved PCSK9-neutralizing antibodies were found to synergize with anti-PD1 therapy in suppressing tumor growth in mouse models of cancer (21). Besides, PCSK9 is thought to be engaged in multiple biological processes including cell cycle, inflammation, and apoptosis (22–27). But there was no report concerned to the relationship between serum PCSK9 autoantibody and cancer. Therefore, in the present study, we investigated the levels of serum anti-PCSK9 autoantibodies (s-PCSK9-Ab) and serum PCSK9 antigen (s-PCSK9-Ag) in patients with solid cancer, as well as their clinicopathological features and prognosis.



Materials and Methods


Collection of Serum Samples

Serum samples from patients with various types of cancer involving the esophagus (n = 192), stomach (n = 96), colorectum (n = 192), lung (n = 96), and breast (n = 96) were obtained. A total of 96 healthy donor (HD) samples were collected from Port Square Kashiwado Clinic.

Among the 192 patients with esophageal cancer, 91 underwent radical surgery at Toho University Omori Hospital between June 2010 and February 2016. A total of 63 of these patients received neoadjuvant chemotherapy. The number of patients in each stage (Japanese Classification of Esophageal Cancer, 11th Edition) (28) was as follows: 9 patients in stage 0, 14 patients in stage I, 25 patients in stage II, 34 patients in stage III, and 9 patients in stage IVa. All patients were followed up till July 2018 or death. Each clinicopathological feature and prognosis of these patients was examined. The cutoff level of serum PD-L1 was set at 75 percentile (65.6 pg/mL) of esophageal cancer (4).



Measurement of s-PCSK9-Ab and -Ag Levels and Conventional Serum Markers

Serum samples were collected before treatment, centrifuged at 3000 g for 10 min, and stored at −80°C until use. The levels of s-PCSK9-Ab and -Ag were measured using amplified luminescence proximity homogeneous assay-linked immunosorbent assay (AlphaLISA) for PCSK9. AlphaLISA was conducted using 384-well microtiter plates (white opaque OptiPlate™, PerkinElmer) containing 2.5 μL of 1/100-diluted sera and 2.5 μL of GST or GST-fusion proteins (10 μg/mL) in AlphaLISA buffer (25 mM HEPES, pH 7.4, 0.1% casein, 0.5% Triton X-100, 1 mg/mL dextran-500, and 0.05% Proclin-300) according to the manufacturer’s instructions (PerkinElmer, http://www.perkinelmer.com/lab-solutions/resources/docs/GDE_ELISA-to-AlphaLISA.pdf). The reaction mixture was incubated at room temperature for 6–8 h, after which anti-human IgG-conjugated acceptor beads (2.5 μL of 40 μg/mL) and glutathione-conjugated donor beads (2.5 μL of 40 μg/mL) were added and incubated further for 7–21 days at room temperature in the dark. The chemical emission at 607–623 nm (Alpha photon count) which represents the antigen-antibody binding level was read on an EnSpire Alpha microplate reader (PerkinElmer) as described previously (29–31). Specific reactions were estimated by subtracting the Alpha values of GST control from the values of GST-fusion proteins. The levels of serum p53 antibodies (p53-Abs) (32) and squamous cell carcinoma antigen (SCC-Ag) (33) were also evaluated as previously described. The cutoff values for serum p53-Abs and SCC-Ag were set at 1.3 IU/mL and 1.5 ng/mL, respectively.



Purification of Recombinant Proteins

The full-length coding sequence of human PCSK9 gene (NCBI Accession number: NM_174936.3) was recombined into EcoRI/XhoI site of pGEX-4T-1. ECOS™ competent Escherichia coli JM-109 cells (Nippon Gene) were transformed with the eukaryotic expression plasmid pGEX-4T-1 or pGEX-4T-1-PCSK9 and then cultured for 3 h in 200 mL of Luria broth (LB) containing 0.1 mM isopropyl β-d-thiogalactopyranoside (IPTG; Wako Pure Chemicals, Osaka, Japan). Next, the cells were harvested, washed with phosphate-buffered saline, and lysed by sonication in BugBuster Protein Extraction Reagent (Merck Millipore, Darmstadt, Germany). Lysates were centrifuged at 15,000 g for 10 min at 4°C, and GST and GST-fused PCSK9 proteins were purified by affinity chromatography using glutathione–Sepharose columns (GE Healthcare Life Sciences) as described previously (34–36).



Western Blotting

GST and GST-fused PCSK9 proteins (0.3 μg) were separated on sodium dodecyl sulfate-polyacrylamide gels. After transfer, the membranes were incubated with anti-GST antibodies (Rockland, Gilbertsville, PA), anti-PCSK9 antibody (GeneTex, CA), or sera from HDs or patients with esophageal cancer. After incubation with a horseradish peroxidase-conjugated secondary antibody, immunoreactivity was detected using Immobilon (Merck Millipore, Darmstadt, Germany) as described previously (29, 35–38).



Immunohistochemical Staining

Formalin-fixed paraffin-embedded esophageal cancer tissues were cut into 4-µm-thick sections. Sections were deparaffinized, blocked with a detection kit (ab64261, Abcam, Cambridge, UK), reacted with primary anti-PCSK9 antibodies (GTX81524, rabbit polyclonal antibodies, GeneTex, CA) at 2 µg/mL for 1 h at room temperature, incubated with biotinylated anti-goat IgG, and reacted with streptavidin conjugated to horseradish peroxidase reagent. Finally, the reaction was visualized using a diaminobenzidine chromogen. Sections were then counterstained with hematoxylin, dehydrated, and mounted.



Statistical Analysis

The Mann–Whitney U test was used for comparisons between unpaired groups. Differences in the distribution of two variables were evaluated using Fisher’s exact test. The Kruskal-Wallis test (Mann–Whitney U test with Bonferroni’s correction applied) was used to evaluate the corresponding differences among three variables. Clinicopathological data were analyzed using logistic regression analysis to evaluate the association with serum PCSK9 antibody level. Survival curves were plotted using the Kaplan–Meier method and compared using log-rank test. The Cox proportional hazards model was used to evaluate significant predictors. All analyses were conducted using the EZR software (39). Statistical significance levels were defined as p <0.05, written bold in tables.




Results


Comparison of S-PCSK9-Ab and S-PCSK9-Ag Levels Between HDs and Patients With Solid Tumors

We recombined the full-length PCSK9 cDNA into pGEX-4T-1, purified the GST-PCSK9 protein, and examined the s-PCSK9-Ab levels in patients with esophageal cancer, gastric cancer, colorectal cancer, lung cancer, and breast cancer. The mean s-PCSK9-Ab levels (± standard deviation; no units) were as follows: HDs, 231 ± 553; patients with esophageal cancer, 1671 ± 2759; patients with gastric cancer, 1067 ± 1538; patients with colorectal cancer, 1205 ± 4349; patients with lung cancer, 1182 ± 1629; and patients with breast cancer, 884 ± 1138. The Kruskal-Wallis test revealed that patients with any type of cancer had significantly higher levels of s-PCSK9-Abs than HDs (Figure 1), suggesting that s-PCSK9-Ab is a common marker for solid cancers. The levels were especially higher in those with esophageal cancer and relatively lower in patients with breast cancer.




Figure 1 | Comparison of serum anti-PCSK9 antibody (s-PCSK9-Ab) levels between solid cancers and healthy donors. The levels of s-PCSK9-Abs in HDs and patients with esophageal cancer, gastric cancer, colorectal cancer, lung cancer, and breast cancer examined by AlphaLISA are shown. The bars represent mean and mean ± SD. The numbers in parentheses indicate the number of cases. Arabic numerals represent PCSK9 antibody titers. ***p < 0.001; evaluated with the Kruskal-Wallis test.



We then conducted a receiver operating characteristic (ROC) curve analysis to evaluate the sensitivity and specificity between patients with any type of cancer and HDs (Figure 2). Results revealed that the area under the curve (AUC) was >0.6 for all cancers. When the cutoff value was determined to be 542, the sensitivity and specificity of serum PCSK9-Abs for patients with esophageal cancer were 62.5% and 81.2%, respectively (Figure 2A).




Figure 2 | Receiver operating characteristic (ROC) curve analysis. ROC analysis was performed to evaluate sensitivity and specificity between esophageal cancer (A), gastric cancer (B), colorectal cancer (C), lung cancer (D), and breast cancer (E) and healthy donor. Numbers in the figure represent cutoff level, specificity and sensitivity. The area below the curve in the graph shows the Area Under the Curve (AUC). AUC takes a value from 0 to 1, and the closer the value is to 1, the higher the discriminant ability. CI, confidence interval.





Western Blotting

The presence of anti-PCSK9 antibodies in patients’ sera was confirmed by Western blotting. GST-PCSK9 and GST proteins were detected as 100- and 26-kDa proteins, respectively, using the anti-GST antibody (Figures 3A, B). The asterisks in the figure represent the degradation products. GST-PCSK9 but not GST reacted with the PCSK9 antibody (Figure 3C). GST-PCSK9 was recognized by serum IgG antibodies of patients with esophageal cancer (EC#36, EC#38) but not by those of HDs (Figures 3D–F). The GST protein exhibited no apparent reactivity against serum IgG antibodies, irrespective of those obtained from HDs or patients with esophageal cancer.




Figure 3 | Western blotting analysis of sera with esophageal cancer patient. Representative results of Western blotting are shown. GST and GST-PCSK9 proteins were electrophoresed through SDS-polyacrylamide gels followed by staining with Coomassie Brilliant Blue (CBB) (A), or Western blotting using anti-GST (αGST) (B), anti-PCSK9 antibody (αPCSK9) (C), sera of patients [#36 (D), #38 (E)], or a healthy donor serum [#13 (F)]. The arrows indicate the positions of GST-PCSK9 and GST. The asterisks represent degradation products of GST-PCSK9. Molecular weights are shown to the left.





Comparison of s-PCSK9-Ag Levels Between HDs and Patients With Esophageal and Gastric Cancer

We next investigated serum PCSK9 antigen levels in patients with esophageal cancer and gastric cancer and HDs using the same abovementioned methods. The mean s-PCSK9-Ag levels (± standard deviation; SD) were as follows: HDs, 97145 ± 20673; patients with esophageal cancer, 107136 ± 24013; and patients with gastric cancer, 101045 ± 22184. Patients with esophageal cancer had significantly higher levels of s-PCSK9-Ag than HDs (p = 0.002), but no significant difference was observed between patients with gastric cancer and HDs (p = 0.057) (Figure 4A). The ROC curve analysis showed that the AUC values of s-PCSK-Ag between patients with esophageal cancer and those with gastric cancer were 0.633 and 0.561, respectively (Figures 4B, C).




Figure 4 | Comparison of s-PCSK9-Ag levels between esophageal cancer, gastric cancer and healthy donors. The levels of serum PCSK9 in HDs and patients with esophageal cancer and gastric cancer examined by AlphaLISA are shown in a box-whisker plot (A). The bars represent mean and mean ± SD. **p < 0.01, evaluated with the Kruskal-Wallis test. NS, not significant. ROC curve analysis was performed to evaluate sensitivity and specificity between each cancer and healthy donor. Numbers in the figure represent cutoff level, specificity and sensitivity (B, C). The correlation between serum PCSK9 antigen and antibody level is shown in a scatter plot (D). *p value was calculated with Spearman’s rank correlation analysis.



We then explored the relationship between s-PCSK9-Ab and s-PCSK9-Ag levels. Unexpectedly, no apparent correlation was detected between s-PCSK9-Ab and s-PCSK9-Ag levels (Figure 4D), suggesting that the increase in s-PCSK9-Ag levels is not the primary cause for the increase in s-PCSK9-Ab levels.



Comparison of Serum PCSK9 Antibody and Antigen Levels According to the Pathological Stage of Esophageal Cancer

Because the AUC showed the highest values for esophageal cancer among the solid tumors (Figure 2), we focused on the 91 surgical cases of esophageal cancer and examined the correlation between stages and s-PCSK9-Ab levels. The mean ± SD values of s-PCSK9-Ab levels for stage 0 (n = 9), stage I (n = 14), stage II (n = 25), stage III (n = 34), and stage IVa (n = 9) were 1518 ± 1934, 1142 ± 1472, 2602 ± 4804, 1037 ± 1429, and 1363 ± 1432, respectively (Figure 5A). No significant association was found between each stage and s-PCSK9-Ab level in the Kruskal-Wallis test. The level of s-PCSK9-Ag also showed no correlation with the stages. The mean ± SD values of s-PCSK9-Ag levels were as follows: stage 0, 118245 ± 18098, stage I, 97409 ± 28218; stage II, 109181 ± 31432; stage III, 105061 ± 22983; and stage IV, 103195 ± 27414 (Figure 5B). Of the 91 patients with esophageal cancer, 50 died within 5 years after surgery, with a mortality rate of 54.9%.




Figure 5 | The s-PCSK9-Ab levels in different stages of esophageal cancer. The s-PCSK9-Ab levels examined by AlphaLISA are shown in box-whisker plots. Box bars represent 25, 50 and 75 percentiles. The upper and lower horizontal lines represent the limits. The dots present the deviant values (A). The s-PCSK9-Ag level was also divided into each stage in esophageal cancer as well as PCSK9 antibody (B). *p values calculated with Kruskal-Wallis test are shown.





Relationship Between S-PCSK9-Ab Levels and Overall Survival

To clarify the characteristics of s-PCSK9-Abs, we divided s-PCSK9-Ab levels into every one-fourth quartiles, Q1, Q2, Q3, and Q4 (Figure 6A). Serum anti-PCSK9 antibody levels of Q1 ranged from −887 to 219, those of Q2 ranged from 243 to 649, those of Q3 ranged from 660 to 1773, and those of Q4 ranged from 1929 to 22051. There was no significant survival difference between each group. However, the Q4 group showed a favorable prognosis compared with other groups. Although no statistically significant difference was observed between each group in the log-rank test (p = 0.128) (Table 1), the difference in survival rates between Q4 and Q1+Q2+Q3 groups increased by two times at 60 months after the surgery. We next calculated the PCSK9 antigen level and also classified the levels into one-fourth quartiles, in a similar manner as done for s-PCSK9-Ab level (Figure 6B). The levels of s-PCSK9-Ag of Q1 ranged from 51371 to 82991, those of Q2 ranged from 83921 to 105502, those of Q3 ranged from 105607 to 125685, and those of Q4 ranged from 126684 to 187710. No significant difference was observed between s-PCSK9-Ag levels and survival (p = 0.918).




Figure 6 | Comparison of overall survivals of the patients with esophageal cancer according to s-PCSK9-Ab levels classified into two groups (Q1+Q2+Q3 vs Q4) (A). *Statistical analyses were performed by the Log-Rank test between two groups. The p value at 60 months after surgery was 0.128 (A). The PCSK9 antigen level was also classified into every one-fourth quartiles according to antigen level (B). The numbers in parentheses represent the antigen or antibody titers of each group. There was no statistic significant in each group.




Table 1 | Univariate and multivariate analysis of risk factors for overall survival in the 91 patients with esophageal carcinoma.





Relationship Between Clinicopathological Factors and Prognosis

In the univariate analysis, no significant correlation was found between s-PCSK9-Ab levels and survival (Table 1, left panel) as mentioned in the previous section. We then performed Cox proportional hazards regression analysis (Table 1, right panel), with tumor depth, SCC-Ag, and PCSK9-Ab set as explanatory variables. The high s-PCSK9-Ab group (Q4) demonstrated a statistically significant correlation for survival (p = 0.042), whereas no significant difference was found between s-PCSK9-Ab levels and age, tumor location, SCC-Ag level, p53-Ab, and PD-L1 levels in the univariate analysis of survival.



Relationship of High Serum PCSK9 Antibody Level With Clinicopathological Factors

Fisher’s exact probability test showed that high serum anti-PCSK9-Ab levels were significantly associated with high-PD-L1 levels (Table 2, left panel). However, sex, age, location, tumor depth, lymph node metastasis, SCC-Ag, and p53 antibody levels were not associated with serum PCSK9-Ab level. High-PD-L1 level (>65.6 pg/mL; according to our previous report) was also significantly associated with high serum PCSK9-Ab level in the logistic regression analysis (Table 2, right panel).


Table 2 | Comparison of serum PCSK9 antibody levels according to clinicopathological characters of the patients with esophageal cancer.





Immunohistochemical Staining

In the immunohistochemical staining, the cytoplasm and nuclear compartments of esophageal squamous cell carcinoma tissue, but not the surrounding normal tissue, were predominantly stained with the PCSK9 antibody (Figure 7A). No apparent staining signal was observed in the negative control without the primary PCSK9 antibody (Figure 7B).




Figure 7 | Immunohistchemical staining of esophageal cancer. Positively stained in the esophageal squamous cell cancer with PCSK9 antibody (A). Cytoplasm and nuclear compartments of esophageal cancer was stained. In the negative control, esophageal squamous cell cancer was not stained without the primary PCSK9 antibody (B).






Discussion

We demonstrated that s-PCSK9-Ab levels were significantly higher in patients with solid cancer than in HDs (Figure 1). Moreover, patients with high s-PCSK9-Ab levels were found to have a favorable prognosis in the case of esophageal cancer (Figure 6A). Although s-PCSK9-Ag levels were also elevated in patients with esophageal cancer (Figure 4A), they showed no association with prognosis (Figure 6B). This is the first report that s-PCSK9-Ab levels were examined by AlphaLISA which produced more stable and reproducible results than enzyme-linked immuno-sorbent assay (ELISA).

Regarding serum PCSK9 and cancers, low circulating levels of PCSK9 antigen independently predicted a better overall survival in non–small cell lung cancer (NSCLC) (40). Moreover, circulating levels of PCSK9 of <95 ng/mL during the second cycle of nivolumab treatment could independently predict a better overall survival in elderly patients with advanced, pretreated NSCLC (40). The assessment of serum PCSK9 might represent a useful tool for clinicians to evaluate and address patients with advanced NSCLC to the best therapeutic strategy (40). Momtazi-Borojeni et al. reported that PCSK9 inhibition may improve breast cancer (41), and that nanoliposomal anti-PCSK9 vaccine was useful for the treatment of colon and breast cancer (41, 42). It has been suggested that controlling serum PCSK9 level as a low titer contributes to the suppression of cancer development and improving the prognosis of cancer (21). These results are consistent with the concept that anti-PCSK9 autoantibodies have a tumor-suppressive role in a manner similar to that of anti-PCSK9 vaccine. Regarding the relationship between PCSK9 antigen and cancer, several reports have been published that it is better to keep the PCSK9 antigen titer low for improving prognosis, as mentioned above. Liu et al. reported that inhibition of PCSK9 can boost tumor response to immune checkpoint therapy, albeit through a mechanism independent of its cholesterol regulating functions. PCSK9 inhibition, either through genetic deletion or PCSK9 antibodies, caused a significant increase in tumor cell surface major histocompatibility protein class I (MHC I) expression, which promoted robust intratumoral infiltration of cytotoxic T-cells. Then, we focused on autoantibodies of PCSK9 and assumed that the higher the antibody titer, the better the prognosis by maintaining the PCSK9 antigen titer low.

In pathological and biochemical aspects, it has been reported that the mRNA and protein levels of PCSK9 were elevated in tumor tissues under glucose supply (43), as shown in Figure 7. In tumor-bearing mice, the transcriptional regulation of PCSK9 by glucose was found to enhance serum PCSK9 levels. In general, patients with cancer often show hyperglycemia due to various reasons (44), and the elevated PCSK9 expression increases the serum LDL levels, which can promote metastatic progression (17, 40, 44). Deng et al. reported the correlation between LDL and esophageal cancer prognosis (45). They discussed that LDL can enhance the growth and metastasis of esophageal cancer cells, which may be mediated by LDL receptor-related protein 1 (46, 47).

We also investigated the relationship between the antigen and antibody titers of PCSK9. We could not find any correlation in Spearman’s rank correlation analysis (Figure 4D). Their levels did not change with the progression of the cancer stage (Figure 5A). The absence of correlation of antigen and antibody was attributed to the PCSK9 protein assembled in the cancer tissue as detected by immunohistochemistry (Figure 7). And this time there was not shown statistically significant in PCSK9-Ab levels and sex, age, and pathological factors in univariate analysis (Table 2). As there was not confounding in these factors, and there was no report for serum PCSK9 antibody and cancer, we considered as follows. Antibody levels are increased by repeated leaking out of a small amount of antigens from cancer cells into the blood due to tissue destruction. Therefore, even if the amount of antigen is low, the antibody titer may be high. As IgG antibodies are highly stable in the blood, measuring antibody levels is highly sensitive and reproducible. To find out any function of serum PCSK9 antibody, we referred to Liu et al. journal (21). They reported that while administration of the anti-PCSK9 antibodies alone delayed tumor growth of MC38 tumors, their efficacies were enhanced significantly when combined with an anti-PD1 antibody, with long-term survival of some host mice (21). For that reason we also evaluated correlation between serum anti-PCSK9 antibody and PD-L1 levels.

Regarding biomarker, we recently reported about PD-L1, which is a poor prognostic biomarker in esophageal cancer (4). Unexpectedly, in the present study, PD-L1 correlated positively with favorable-prognosis-associated s-PCSK9-Ab levels (Table 2). To clarify the correlation of these two factors, we compared the characteristics in both poor prognosis cases. We selected the highest 23 cases of PD-L1 and the lowest 23 cases of s-PCSK9-Ab (Q1). We statistically evaluated the blood and biochemical relationship. Results showed that serum HbA1c level and total cholesterol level were higher in the low-PCSK9-Ab group than in the high-PD-L1 group (HbA1c; p = 0.022) (total cholesterol; p = 0.101) (Supplementary Table S1). This suggested that the poor prognosis of the low-PCSK9-Ab group but not of the high-PD-L1 group can be explained by hypercholesterolemia or diabetes mellitus because hyperlipidemia and diabetes mellitus have been reported to be relevant and independent risk factors for the recurrence of esophageal cancer (48).

Next, we evaluated the efficacy of measuring PCSK9 antibody levels. Among the lowest PD-L1 cases with a favorable prognosis, the PCSK9-Ab level was evaluated for the dead cases. The number of PD-L1 was selected at 23 cases (25%), because the prognosis was the most favorable with the lowest 25% of PD-L1 level according to our previous report (4). Of the 23 cases, 15 were dead. Among the 15 cases, 14 demonstrated low PCSK9-Ab levels (75 percentile or less). This result indicated that the mortality rate was high when the PCSK9-Ab levels were low despite low PD-L1 (Supplementary Figure S1). Therefore, consideration of s-PCSK9-Ab in addition to PD-L1 for predicting the overall survival is highly meaningful.

Currently, anti-PCSK9 monoclonal antibodies have been clinically applied worldwide for the therapy of hyperlipidemia to decrease LDL receptor levels on liver tissue (12, 13). This study has raised the possibility that anti-PCSK9 monoclonal antibody or PCSK9 vaccine is effective in improving the prognosis of low s-PCSK9-Ab patients with esophageal cancer. However, little is known about the function of PCSK9-Ab in cancer. Due to poor data on effectiveness and safety of PCSK9 inhibitors in cancer, the impact of PCSK9 inhibition in these pathological conditions is still unknown (P). Further study is required to determine the mechanism and the antitumor effect of anti-PCSK9 drugs in comparison with immune checkpoint inhibitor therapy.



Conclusion

The levels of s-PCSK9-Ab were higher in patients with solid cancers such as esophageal cancer, gastric cancer, colorectal cancer, lung cancer, and breast cancer than in HDs. Regarding esophageal cancer, patients with high s-PCSK9-Ab levels showed favorable prognosis compared with those with low s-PCSK9-Ab levels.
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Background

In China, the prevalence and mortality of colorectal cancer (CRC) have always been high, and more than 95% of CRC cases have evolved from colorectal polyps (CPs), especially adenoma. Early detection and treatment of CPs through colonoscopy is essential to reduce the incidence of CRC. Helicobacter pylori (Hp) is regarded as a risk factor for gastritis and gastric cancer and may also be a risk factor for CPs and CRC. However, few studies based on vast clinical cases exist in China to clarify whether Hp is a risk factor for CPs and CRC, and whether Hp-positive patients need to undergo colonoscopy checks earlier. This article attempts to make up for that deficiency.



Method

This cross-sectional study was conducted based on 13,037 patients without a treatment history of Hp who underwent their first gastroscopy and colonoscopy simultaneously at The First Affiliated Hospital of Zhejiang Chinese Medical University from January 2018 to December 2019. Pearson χ2 test and logistic regression were used to determine whether Hp is a risk factor for CPs and CRC. Multifactor analysis of variance was used to define the impact of Hp on CPs prevalence with different ages, sexes.



Results

For Chinese individuals, Hp is a risk factor for CPs and CRC. The odds ratio (OR) value are 1.228 (95% CI, 1.130 to 1.336) and 1.862 (95% CI 1.240-2.796), respectively. Hp-positive patients have a higher probability of multiple or large intestinal polyps. However, Hp infection does not increase the incidence of adenomas, nor does it affect the pathological type of adenomas. The OR of Hp on the risk of CPs was 1.432 (95%CI 1.275-1.608) for males but increased to 1.937 (95%CI 1.334-2.815) for those aged 35 to 40. For females, the results were similar.



Conclusions

For the Chinese, Hp is a risk factor for CPs and CRC (OR>1); the infection of Hp increased CPs risk in Chinese of all ages, especially aged 35-40, suggesting that Hp-positive patients should undergo colonoscopy frequently.





Keywords: colorectal polyps, colorectal cancer, adenoma, cross-sectional study, age, Chinese



Introduction

The incidence of colorectal cancer (CRC) ranks second worldwide among malignant tumors and increases annually. Each year, nearly 900,000 people die from CRC (1). From 2006 to 2016, CRC incidence in China increased by 34% (2), ranking 5th in malignant tumors. Colorectal polyps (CPs) are precancerous lesions related to the occurrence of CRC (3).

CPs are conventionally divided into nonneoplastic hyperplastic polyps and adenomas; the latter is the culprit in CRC development. Compared with larger polyps (≥ 10mm), small polyps (6-9mm) and micropolyps (1-5mm) generally do not have the characteristics of advanced adenomas and are less likely to be CRC. In addition, patients with multiple polyps also have a higher risk of CRC. In most cases, CPs have no apparent symptoms. Therefore, screening risk factors associated with CPs and CRC, which are applicable for Chinese patients, will help early diagnosis and prevention of the diseases.

Helicobacter pylori (Hp) is recognized as the main pathogenic factor of peptic ulcer, atrophic gastritis, and gastric cancer (4). In recent years, with the deepening of Hp research, it was found that Hp infection may be related to the occurrence and progression of CPs and CRC (5–7). However, most related studies are meta-analyses and lack direct verification through clinical patients. In addition, large-scale sample research on Chinese cases is still scarce. It is crucial to make up for this deficiency. This study conducted a cross-sectional analysis of 13,037 Chinese patients without a history of Hp treatment who underwent gastrointestinal endoscopy at The First Affiliated Hospital of Zhejiang Chinese Medical University from 2018.1-2019.12 to clarify whether Hp is a risk factor for CPs and CRC, and whether Hp-positive Chinese patients need to undergo colonoscopy screening earlier.



Methods


Objects

This study was approved by the Medical Ethics Committee of The First Affiliated Hospital of Zhejiang Chinese Medical University and waived patient informed consent (2021-K-339-01). Because this study was retrospective, we followed the Observational Studies in Epidemiology (STROBE) reporting guidelines (8).

Gastrointestinal endoscopy, pathology, biopsy, and immunohistochemical analysis data of 61,153 inpatients, outpatients, and physical examinees in Hubin and Xiasha districts of The First Affiliated Hospital of Zhejiang Chinese Medical University from January 2018 to December 2019 were collected. Patients who were not undergoing gastrointestinal endoscopy simultaneously in the hospital for the first time or with the experience of intestinal tumor surgery or Hp treatment history were excluded. A total of 13,037 cases were selected for analysis (Figure 1). HE staining of the gastric antrum and gastric mucosa specimens was used to detect Hp infection.




Figure 1 | Flowchart of cases selection.





Analyzing the Relationship Between Hp and CPs, CRC

① Among the 13,037 cases, 3,291 cases were Hp-positive, and 9,746 cases were Hp-negative. According to disease classification, the above 13,037 cases were divided into three groups, the noncolorectal polyps group (NCPs) (7,968 cases), CPs group (4,969 cases), and CRC group (100 cases) to analyze the correlation between Hp, CPs, and CRC. ② A total of 4,435 cases that had undergone biopsy and histopathological analysis, were selected from 4,969 CPs cases to investigate the correlation between Hp and the size, morphological and pathological characteristics of polyps. ③ A total of 2,508 cases diagnosed as adenoma, a type of intestinal polyp that is highly prone to CRC, were chosen to examine the correlation between Hp and the type and grade of adenoma. ④ A total of 375 cases, which underwent immunohistochemical analysis, were selected to investigate the correlation between Hp and P53, Ki-67, MLH1, PMS2, MSH2, and MSH6. The immunohistochemical EnVision method was used to detect the P53, Ki-67, MLH1, PMS2, MSH2, and MSH6 expressions of CPs and then group them. According to the proportion of positive cells (9), P53 was divided into 5 grades: (1) ≤5%; (2) 6% to 25%; (3) 26% to 50%; (4) 51-75%; and (5) greater than 76%. Ki-67 was recorded as positive when it was equal to or greater than 30%. The criteria for the positive results of mismatch repair genes MLH1, PMS2, MSH2, and MSH6 were if the expression of the mismatch repair gene protein in the nucleus was determined to be positive (independent of the strength of nuclear staining) or the diffuse or focal distribution of positive cells (10).



Analyzing the Relationship Between Different Hp Infection Levels and CPs, CRC

Cases in the Hp-positive group will be further divided into three different degrees of Hp (+), (++), and (+++), according to the results of HE staining. The classification of Hp infection is based on the number of Hp bacteria in a field of view under the microscope. The specific category refers to the criterion of Consensus Opinions on Chronic Gastritis in China (2012, Shanghai) (11). +: A few Hp bacteria; Hp distribution is less than 1/3 of the total length of the specimen. ++: Continuous and sparsely existing on the surface of the specimen; Hp distribution reaches or exceeds 1/3 of the entire length of the specimen, less than 2/3. +++: Hp exists in piles, and is basically distributed over the entire length of the specimen. The prevalence of CPs and CRC at different Hp infection levels was calculated to judge whether different Hp infection levels affect the incidence of CPs and CRC.



Statistical Analysis

SPSS 22.0 statistical software was used for statistical analysis. The measurement data are shown as the mean ± standard deviation; The counting data are represented by the number of cases (percentage). The comparison between groups adopted the Pearson χ2 test and Wilcoxon rank sum test. Logistic regression was used to determine the OR value of Hp, age, and gender for CPs, adenoma, CRCs, and corresponding pathological results. Multivariate analysis of variance was used to study the interaction of Hp infection and age on CPs. P <0.05 indicates that the result is statistically significant.




Results


Analysis of Influencing Factors of Hp

Among the total of 13,037 cases, 9,746 cases were Hp-negative, and 3,291 cases were positive via gastroscopy biopsy and HE staining. The rate of Hp infection is 25.2%. This rate is far below the 55.8% Hp infection rate reported in literature in China (12). The infection rate of Hp is closely related to the environment and diet (13). Studies have found that HP can be detected in unclean water (14). The vast majority of subjects in the study came from Zhejiang. Zhejiang is a province in China with good economic conditions. Compared with economically underdeveloped areas, Zhejiang has better clean food and public health. Therefore, it is understandable that the Hp infection rate in the study is far lower than the Hp infection rate reported in the Chinese literature. The age of 9,746 Hp-negative cases was 47.0 ± 12.8, including 4,773 males and 4,973 females. A total of 3,291 Hp-positive cases included 1,737 males and 1,554 females, aged 50.7 ± 12.0 years old. Male incidence was 26.7%, and female incidence was 23.6%. The χ2 test showed that the Hp infection rate in men was higher than that in women (P < 0.01) (Table 1), indicating that compared with females, males may be more susceptible to being infected by Hp.


Table 1 | Analysis of Hp infection.





Analysis of Influencing Factors of CPs and CRC

In the 13,037 cases, there were 7,968 cases in the NCPs group, 4,969 cases with CPs, and 100 cases with CRC. General information was as follows: In the CPs group, there were 2,897 males and 2,072 females (1.40:1), and the age ranged from 17 to 90 years old (50.6 ± 11.11). There were 61 males and 39 females in the CRC group with a male-to-female ratio of 1.56:1, and age from 28 to 79 years old (61.3 ± 10.8). The 7,968 cases in the NCPs group included 4,416 males and 3,552 females. The ratio was 1.24:1 (male- to-female); the mean age was 49.3 ± 12.8. The total prevalence of CPs and CRC was 38.11% and 7.67‰, respectively. According to the results of χ2 test, sex, and age both had statistically significant impacts on the incidence of CPs and CRC (P < 0.01) (Table 2).


Table 2 | Analysis of CPs and CRC.





The Relationship Between Hp, CPs, and CRC

After statistical analysis, it was found that, among the 9,746 Hp-negative cases, there were 3,609 cases with CPs. The prevalence of CPs was 37.0%. Among 3,291 Hp-positive cases, there were 1,360 cases with CPs. The prevalence rate was 41.3%. The results of χ2 test indicated a significant correlation between Hp infection and CPs (P < 0.01). Of the 13037 total cases, 9,746 were Hp-negative, including 62 cases of CRC accounting for 6.36‰. There was a total of 3,291 Hp-positive cases, among which 38 had CRC, accounting for 11.54‰. The χ2 test showed a significant correlation between Hp and CRC incidence (P < 0.01). The results indicated that Hp-positive cases had a higher prevalence of CPs and CRC (Table 3).


Table 3 | Analysis of CPs and CRC.



Multivariate logistic regression was used to analyze whether Hp infection is a risk factor for CPs and CRC. The results showed that the OR value of Hp with CPs was 1.228 (95%CI 1.130-1.336), indicating that Hp infection could promote the occurrence of CPs (Figure 2A). The OR value for Hp with CRC was 1.862 (95%CI 1.240-2.796), suggesting that Hp infection will increase CRC incidence (Figure 2B).




Figure 2 | OR value of Hp infection from logistic regression. (A) OR value of gender, age, and Hp for CPs. (B) OR value of gender, age, and Hp for CRC.





The Relationship Between Hp and the Size, and Number of CPs

Among the 4,969 cases with CPs, 3,609 cases were Hp negative, of which 503 cases were CPs with a diameter ≥ 10 mm (13.9%), and 3106 cases were CPs with a diameter of < 10 mm (86.1%). Multiple polyps (n ≥ 2) were found in 1,480 cases (41.0%), and the single polyp (n < 2) was found in 2,129 cases (59.0%). A total of 1,360 Hp positive cases included 224 cases with CPs diameter ≥ 10 mm (16.47%), and 1,136 cases with CPs diameter < 10 mm (83.53%). A total of 619 CPs patients with Hp infection had multiple polyps (n ≥ 2) (45.5%), and 741 cases had single polyp (n < 2) (54.5%). The Pearson χ2 test indicated that, compared with Hp-positive patients, Hp-negative patients had a lower probability of having multiple polyps (n ≥ 2) or larger polyps (diameter ≥ 10) (P < 0.05) (Table 4).


Table 4 | The χ2 test for the effect of HP, and size, number of CPs.



Multivariate logistic regression analysis was used to determine whether Hp infection was related to the occurrence of polyp diameter ≥ 10 mm or multiple polyps (n ≥ 2). The results showed that the OR value was 1.222 (95%CI 1.029-1.452) for the incidence of CPs with a diameter ≥ 10 mm. The OR value is 1.199 (95%CI 1.09-1.40) for multiple CPs (n ≥ 2) (Figure 3). The OR values indicate that Hp is a risk factor for the incidence of multiple polyps and larger polyps.




Figure 3 | OR value of HP, gender, and age for the size and numbers of CPs.





The Relationship Between Hp and Adenomas

Among the 4,969 cases in the CPs group, 4,435 cases were underwent biopsy. According to the pathological classification, there were 1,938 cases of hyperplastic polyps accounting for 43.7% and 2,497 cases of adenomas accounting for 56.3%. In the 3,211 Hp-negative patients, 1,396 cases were polyps accounting for 43.5%, and 1,815 cases were adenomas accounting for 56.5%. Among the 1,224 Hp-positive patients, 542 cases were hyperplastic polyps accounting for 44.3%, and 682 cases were adenomas accounting for 55.7%. The χ2 test showed no significant difference between Hp infection and hyperplastic polyps or adenomas (P > 0.05).

In addition, the 2,497 cases of adenomas were divided into four categories: tubular adenoma, serrated adenoma, villous adenoma, and mixed adenoma according to the pathological features. There were 1,811 Hp-negative cases, including 1,354 (74.8%) cases with tubular adenomas, 8 (0.4%) cases with serrated adenomas, 3 (0.2%) cases with villous adenomas, and 446 (24.6%) cases with mixed adenomas. A total of 686 Hp-positive patients included 505 (73.6%) cases with tubular adenomas, 5 (0.8%) cases with serrated adenomas, 3 (0.4%) cases with villous adenomas, and 173 (25.2%) cases with mixed adenomas. The results of χ2 test showed no statistically significant difference between Hp and the pathological type of adenoma (P > 0.05).

Furthermore, the 2,497 cases of adenomas were divided into two categories: serrated adenoma and nonserrated adenoma. There were 1,811 Hp-negative cases, including 4 (1.9%) serrated adenoma cases and 1,777 (98.1%) other adenoma cases. A total of 686 cases with Hp-positive included 19 (2.8%) cases with serrated adenoma and 667 (97.2%) cases with nonserrated adenoma. There was no statistically significant difference between Hp and serrated adenoma incidence (P > 0.05).

According to the pathological grade of neoplasia within adenoma, the adenomas are divided into high-grade internal neoplasia and low-grade internal neoplasia. A total of 1,811 Hp-negative cases included 156 (8.6%) high-grade internal neoplasia cases and 1655 (91.4%) low-grade internal neoplasia cases. A total of 686 Hp-positive cases were grouped into 66 (9.6%) cases with high-grade internal neoplasia and 620 (90.4%) cases with low-grade internal neoplasia. The χ2 test showed that there was no significant difference between Hp infection and neoplasia in adenoma (P > 0.05).

The above analysis indicated that Hp does not affect the incidence of adenoma or the pathological morphology or grade of adenoma.



The Relationship Between Hp and the Results of Immunohistochemistry

Immunohistochemical examinations of P53, Ki-67, MLH1, PMS2, MSH2, and MSH6 were performed on 375 adenoma cases. According to the χ2 test, the positive rate of P53 nuclei in the immunohistochemistry of Hp-positive patients was significantly higher than that of Hp-negative patients (P < 0.05). There was no statistical significance between Hp and Ki-67 infection (P > 0.05) and the loss of mismatched repair proteins (P > 0.05) (Table 5). Studies have confirmed that P53 is a vital gene leading to CRCs susceptibility, and it may also be a crucial gene associated with CPs and early-onset of CRCs (15, 16). In addition, the higher the positive rate of P53 is, the higher the malignancy and recurrence rate of CPs are (17). The results of immunohistochemistry and χ2 analysis proved that Hp infection is related to the expression of P53, suggesting that Hp may affect the occurrence of CPs and CRCs by controlling the expression of P53.


Table 5 | The effect of HP infection on the results of immunohistochemistry with χ2 test.





The Relationship Between Hp Infection Levels and CPs, and CRC

According to the degree of Hp infection, 3,291 Hp positive cases were divided into Hp (+), Hp (++) and Hp (+++) groups. There were 2,469 Hp (+) cases, which included 1048 cases of CPs (42.44%); 445 Hp (++) cases, including 183 cases of CPs (41.12%); 377 Hp (+++) cases, including 167 CPs cases (44.30%). The results of χ2 test showed no significant difference between the degree of Hp infection and CPs (P > 0.05). In addition, among 2,469 Hp (+) cases, there were 27 CRC cases (10.94‰); 445 Hp (++) cases included 5 cases of CRC (11.23‰); and 377 Hp (+++) cases included 6 cases of CRC (15.91‰). The results of χ2 test showed no significant difference between the degree of HP infection and CRC (P > 0.05). The results show that the degree of Hp infection does not affect the incidence of CPs and CRC (Table 6).


Table 6 | Analysis of Hp infectious levels.





The Interaction of Hp, Age, and Gender for CPs

Age, gender, and Hp are recognized as risk factors for CPs. However, the impact of the combination of age, sex, and Hp infection on CPs is still unclear. To more accurately study the interaction of age, gender, and Hp infection on CPs, the cases aged 35 to 60 were specifically subdivided: < 35 years old, 36 to 40 years old, 41 to 45 years old, 46 to 50 years old, 51 to 55 years old, 56 to 60 years old, and > 60 years old. The secondary grouping was based on gender. We used multifactor variance analysis to discover the interaction of Hp infection and CPs in different ages and sexes. The percentage difference was calculated to reflect the impact of Hp infection on the prevalence of CPs (percentage difference = (Hp (+) - Hp (-))/((Hp (+) - Hp (-))/2) *100%). The results showed that, at the ages of 35-40, the prevalence of CPs in male Hp-positive patients was significantly higher than that in Hp-negative patients (45.11%) (Figure 4A1). The Hp-positive female patients aged 35-40 years had a significantly increased prevalence of CPs (increased by 34.95%) (Figure 4A2). The results suggest that we should further study the relationship between Hp and the prevalence of CPs in 35 to 40-years-old patients.




Figure 4 | The influence of Hp on the prevalence of CPs in the Chinese of different ages. (A1) Relationship between the prevalence of CPs and Hp in males. (A2) Relationship between the prevalence of CPs and Hp in females. (B) OR value of Hp and different groups of age for CPs from logistic regression.



According to the results of logistic regression analysis, the OR value of Hp infection for CPs was 1.432 (95%CI 1.275-1.608) for all male cases. However, for males aged 35 to 40, the OR value of Hp suddenly increased to 1.937 (95%CI 1.334-2.815). The OR value of Hp for CPs was 1.185 (95%CI 1.047-1.342) for all female cases. For females aged 35 to 40, the OR value of Hp increased to 1.557 (95%CI 0.935-2.592), but the P value was more significant than 0.05 (Figure 4B). The results show that Hp is a high-risk factor for CPs in all age groups, regardless of sex. Among them, the OR value of Hp in Chinese patients aged 35-40 will increase significantly.




Discussion

In China, CRC is the fifth most commonly diagnosed cancer and the fifth most common cause of cancer-inducing death (18). The incidence and mortality of CRCs in China are on the continuous rise, and the prevalence and mortality in urban areas are higher than those in rural areas (19). Most CRC comes from preexisting CPs (20), especially adenomas and serrated polyps (21). The concern for CPs cannot be ignored.

Screening for CPs and CRC-related risk factors is essential to prevent the prevalence of CPs and even CRCs. Since Hp has been identified as a significant cause of gastritis, gastric ulcer, and gastric cancer, it has received increasing scientific research attention (22). Scholars have gradually realized the relationship between Hp, CPs, and CRC (5–7). However, few large-sample clinical research of Chinese individuals directly clarifies it. Due to the persistently high Hp infection rate in China, it is imperative to confirm whether Hp is a risk factor for CPs and CRC as to the Chinese population and study the relationship between Hp, CPs, and CRC through analyzing Chinese patients’ gastrointestinal endoscopy data. A large volume of clinical cases and strong pertinence (for Chinese individuals only) are the unique features of the study.

In the 13,037 cases, the Hp infection rate was 25.2%, of which the female infection rate was 23.6%, and the male infection rate was 26.7%, indicating that the Hp infection rate in males may be slightly higher than that in females. This result is consistent with other’ research results (23), suggesting that men are more likely to be infected with Hp. In 9,746 Hp -negative cases, there were 3,609 cases with CPs (37.0%). In 3,291 Hp -positive cases, there were 1,360 cases with CPs (41.3%). Combined with the results of Pearson χ2 test, we found that Hp-positive patients were at higher risk of developing CPs. Multiple logistic regression analysis results showed that Hp is a risk factor for CPs and CRC. The OR values of Hp infection with CPs and CRC were 1.228 (95%CI 1.130-1.336) and 1.862 (95%CI 1.240-2.796), respectively. OR value greater than 1 means that Hp positive will increase the prevalence of CPs and CRC. Currently, some studies link Hp to CRC and prove that Hp is a high-risk factor for CRC (24), which is consistent with our results. However, few studies have linked Hp with CPs and the malignancy rate of CPs. The infection of CPs causes approximately 70% of CRC. CPs are vital indicators for early screening of CRC (25). We believe that discussing the relationship between Hp and CRC alone is somewhat inadequate. Hp -CPs-CRC should be analyzed systematically. Our results showed that Hp is a risk factor for both CPs and CRC, further supporting the importance of systematic analysis of the relationship between Hp-CPs-CRC. In addition, for Hp positive patients, the probability of multiple CPs (n ≥ 2) (OR: 1.199, 95% CI 1.09-1.40) and large-diameter polyps (diameter ≥ 10 mm) (OR: 1.222, 95% CI 1.029-1.452) was increased. Many studies have fully proven that multiple CPs and large-diameter CPs are more likely to transform into CRC than ordinary polyps (26). In the study, we found that Hp-positive patients with CPs had a higher P53 positive rate. The mutation and upregulated expression of P53 promote the rate of CPs malignancy by accelerating cell proliferation, and inhibiting cell apoptosis (27). The higher the expression of P53 is, the greater the recurrence and malignancy rate of CPs are in patients (28). Based on the above results, we thought that Hp positive might activate the expression of P53 and promote the incidence of CPs, especially multiple CPs and large-diameter CPs. The above CPs are likely to become CRC. This crucial correlation may also be a possible reason for Hp to be seen as having a high risk of CRC. Therefore, we have reasons to believe that Hp is a crucial risk factor for both CPs and CRC and suggest that Hp-positive patients should undergo colonoscopy in a timely manner.

However, in the study, we found that the degree of Hp infection did not affect the incidence of CPs and CRC. We believe that Hp might act as a ‘starting gun’ in the pathogenesis of CPs and CRC. Positive Hp rapidly activates the cyclooxygenase 2 (COX-2) and increases the expression of P53, thus increasing the incidence of CPs and CRC (29, 30). In this process, the presence/absence of Hp may play a more critical inducing role than the degree of Hp infection. The selected biopsy site under gastroscopy may also influence the above results. Antrum lesser curvature, upper body lesser curvature (UBLC) and upper body greater curvature (UBGC) are the main biopsy sites of the stomach. The study confirmed that the UBGC side is the most sensitive and specific biopsy site to detect Hp, where the Hp content may be higher (31). Meanwhile, the process of checking Hp under the gastroscope is to pick up a part of the gastric mucosa (biopsy site) for HE staining and observe whether Hp exists under the microscope. The degree of Hp infection was classified according to the number of Hp bacteria visible under the microscope. Although this detection method is the gold standard for clinical diagnosis of Hp, the reliability of the classification of Hp infection degree obtained by only detecting part of the gastric mucosa is not enough. The results obtained only represent the Hp infection at the biopsy site. Therefore, using the results of pathological detection of Hp to classify the degree of Hp infection is less reliable. In response to this shortcoming, we planned to use 13C-urea breath tests to detect the degree of Hp infection, quantify the degree of Hp infection, and determine the relationship between the degree of Hp infection and the prevalence of CPs and CRC.

Age and sex are currently recognized as high-risk pathogenic factors for CPs (32). To further research the interaction between age, gender, and Hp, we subdivided the cases into 7 age groups and conducted a multifactor analysis of variance for men and women separately. It was surprising to find that at the age of 35-40, whether males or females, Hp infection had a significant increase in the incidence of CPs. The OR value of Hp was 1.432 (95%CI 1.275-1.608) for all male cases and 1.937 (95%CI 1.334-2.815) for the males aged 35 to 40. The OR of Hp was 1.185 (95%CI 1.047-1.342) for all female cases. For females aged 35 to 40, the OR value of Hp increased to 1.557 (95%CI 0.935-2.592). Therefore, we proposed that compared to patients of other age groups, Chinese individuals aged 35-40 with Hp positivity should undergo colonoscopy regularly. It is vital to detect precancerous polyps through colonoscopy in time and remove them directly during the operation to reduce CRCs incidence (33).



Conclusion

(1) Hp positivity will promote the incidence of CPs and CRC. However, the degree of Hp infection will not affect the incidence; (2) Hp-positive patients are prone to develop multiple polyps (n ≥ 2) and larger polyps (diameter > 10 mm); (3) Hp positivity has an impact on P53 expression in adenomas which may promote adenomas conversion to CRCs but has no effect on the formation and pathological morphology of adenomas; (4) The prevalence of CPs in Hp-positive Chinese patients aged 35-40 is significantly higher than that in other age groups, suggesting that Chinese individuals aged 35-40 with Hp positivity should undergo colonoscopy regularly.
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MicroRNAs (miRNAs) regulate gene expression in a tissue-specific manner. However, little is known about the miRNA expression changes induced by the therapy in rectal cancer (RC) patients. We evaluated miRNA expression levels before and after therapy and identified specific miRNA signatures reflecting disease course and treatment responses of RC patients. First, miRNA expression levels were assessed by next-generation sequencing in two plasma samplings (at the time of diagnosis and a year after) from 20 RC patients. MiR-122-5p and miR-142-5p were classified for subsequent validation in plasma and plasma extracellular vesicles (EVs) on an independent group of RC patients (n=107). Due to the intrinsic high differences in miRNA expression levels between samplings, cancer-free individuals (n=51) were included in the validation phase to determine the baseline expression levels of the selected miRNAs. Expression levels of these miRNAs were significantly different between RC patients and controls (for all p <0.001). A year after diagnosis, miRNA expression profiles were significantly modified in patients responding to treatment and were no longer different from those measured in cancer-free individuals. On the other hand, patients not responding to therapy maintained low expression levels in their second sampling (miR-122-5p: plasma: p=0.05, EVs: p=0.007; miR-142-5p: plasma: p=0.008). Besides, overexpression of miR-122-5p and miR-142-5p in RC cell lines inhibited cell growth and survival. This study provides novel evidence that circulating miR-122-5p and miR-142-5p have a high potential for RC screening and early detection as well as for the assessment of patients’ outcomes and the effectiveness of treatment schedule.




Keywords: biomarker, microRNA, liquid biopsy, plasma, miR-122-5p, miR-142-5p, rectal cancer



Introduction

MicroRNAs (miRNAs), a class of non-coding RNAs, can modulate gene expression post-transcriptionally by RNA interference (1). Many studies showed that miRNAs target tumor suppressor genes or oncogenes reflect the corresponding effect on tumorigenesis (2–6). Aberrant miRNA expression profiles were identified in tumor patients, but also were identified as biomarkers of cancer prognosis, and/or therapy response (7–9). Several studies have identified miRNAs associated with chemoresistance or tumor chemo- and radiosensitivity (10–12). Most of the studies examined miRNA role as predictors for therapy outcome by comparing their expression between responders and non-responders focusing only on samples collecting either before or only after treatment in colorectal cancer patients (6). Other studies investigated the changes in the expression levels of circulating miRNAs in incident colorectal cancer (13–15). Besides this, little is known about the changes in miRNA expression profiles before and after therapy and if this diversity is associated with the patient’s prognosis. Accumulating evidence about the presence of miRNAs in body fluids has suggested their potential as promising biomarkers with clinical utility (16, 17). Despite modern surgical techniques and improvement of systematic therapy, colorectal cancer still represents the third most common cancer worldwide and one of the leading causes of cancer-related mortality (18). Colorectal cancer is a heterogeneous disease, with colon and rectum having embryologic, anatomical, molecular, therapeutic, and prognostic differences. For these reasons, the two sites should be considered as separate diseases (19–22).

Rectal cancer (RC) accounts approximately for 30% of all colorectal cancer. Unlike the tumor in colon, RC tends to be diagnosed at a younger age, it is more frequently associated with lung-only metastasis and requires a different treatment strategy (23–25). Although neoadjuvant chemoradiotherapy based on 5-fluorouracil (5-FU), followed by surgery and potential adjuvant chemotherapy, represents the standard therapy a significant proportion of RC cases do not profit from this treatment schedule. There is a continuous effort to identify new biomarkers that can predict a patient´s prognosis or improve an earlier RC diagnosis. Liquid biopsy is currently at the center of this research interest.

The present study aimed to describe the changes in miRNA expression in plasma of RC patients before and after therapy and to explain why patients with the same cancer stage may have different treatment susceptibility and long-term outcomes. The expression profiles of selected miRNAs were also compared to those of cancer-free individuals. Identified prognostic miRNAs were further investigated for their involvement in cellular processes (such as proliferation, survival, and impact on cell cycle) in in vitro experiments using RC cell lines together with the administration of 5-FU.



Material and Methods


Design of the Study

High throughput sequencing of the whole miRNome was performed on plasma samples from 20 patients with RC (Discovery cohort). Specifically, plasma was sampled at two different time-points: at the time of diagnosis (before surgery) and a year after the diagnosis (corresponding to the time of termination of the therapy). Those miRNAs showing the highest differences in expression levels (based on p-value and fold change) between these two samplings, as well as those associated with the therapy response were selected for the validation phase.

Significant miRNA expression levels were further validated by real-time quantitative polymerase chain reaction (RT-qPCR) in plasma of an independent group of RC patients (n=107, Validation cohort) whose sampling was performed in a similar way as the Discovery cohort. Due to the observed high differences in miRNA expression levels between the two samplings, the selected miRNAs were also investigated in a control group consisting of cancer-free individuals (n=51). In addition, for the Validation cohort the expression levels of the selected miRNAs were analyzed also in plasma extracellular vesicles (EVs) in both 2 samplings. For detailed clinical characteristics of patients from both Discovery and Validation cohorts, see Table 1.


Table 1 | Patient’s clinical characteristics.



Finally, to partially address their mechanism of action, the selected miRNAs associated with the therapy response were further studied in vitro for their effect on cell proliferation, survival, and cell cycle after the administration of 5-FU.

A simplified workflow of the study is depicted in Figure 1.




Figure 1 | A schematic overview of the workflow. High throughput sequencing (Discovery cohort – 20 RC patients) was performed on whole plasma collected at 2 sampling occasions to identify those miRNAs differentially expressed between two samplings (the first, at the time of diagnosis, T0 and the second, a year after the diagnosis, T1). miR-122-5p and miR-142-5p were validated in plasma and further in plasma EVs on an independent group of RC patients (n=107, Validation cohort) at the same 2 sampling occasions. Both miRNAs were also investigated in a control group consisting of cancer-free individuals (n=51) by RT-qPCR. The effect on cell proliferation, survival, and cell cycle was also studied on rectal cancer cell lines (in vitro studies).





Study Population and Collection of Biological Specimens

The Discovery cohort comprised of 20 patients with RC while the Validation cohort consisted of 107 RC patients and 51 cancer-free volunteers. All patients were recruited between 2007 and 2018 at the Department of Surgery, the Thomayer Hospital in Prague, Czech Republic. Study participants provided information on their lifestyle, body mass index (BMI), and family/personal history of cancer, using a structured questionnaire to determine basic demographic characteristics and potential risk factors for RC. All patients were followed up until August 2020. Clinical data of all patients are represented by clinical stage at diagnosis (classified as the Tumor-Node-Metastasis (TNM) system according to Union for International Cancer Control), grade, information about neoadjuvant and adjuvant treatment regimens, the presence of recurrence, and survival. In both the Discovery and Validation cohorts, RC patients were divided into responders (those who benefit from the chemotherapy and with no relapses) and non-responders (patients with lack of any therapy response, or those that died very early after diagnosis).

For all patients and controls, peripheral blood was collected into EDTA tubes, stored at 4°C, and centrifugated at 1400 rpm at 4°C for 10 min within 1 hour after its collection for plasma separation. The plasma fraction was immediately frozen and preserved at -80°C.

All study individuals signed a written consent to participate in the study and approved the use of their biological samples for genetic analyses according to the Helsinki declaration. The design of the study was approved by the Ethics Committee of the Institute of Experimental Medicine and the Thomayer Hospital, Prague, Czech Republic.



MiRNA Isolation From Whole Plasma and Plasma EVs


RNA Extraction and Quality Control

RNA from whole plasma was extracted using Plasma/Serum Circulating and Exosomal RNA Purification Kit (Norgen Biotek, Canada) according to manufacturer´s protocol.

ExoQuick exosome precipitation solution (System Biosciences, USA) was used for EVs precipitation from plasma according to manufacturers’ instructions and as described by us (26). Briefly, 200 μl plasma was mixed with 50.4 μl of ExoQuick solution and refrigerated at 4°C overnight (at least 12h). The mixture was centrifuged at 1500xg at 4°C for 30min. The EVs pellet was dissolved in 200 μl of nuclease-free water and RNA was extracted immediately from the solution using Plasma/Serum Circulating and Exosomal RNA Purification Kit (Norgen Biotek, Canada).

For all samples, RNA concentration was quantified with Qubit 3.0 Fluorometer using the Qubit microRNA assay Kit (Thermo Fisher Scientific, USA).



Small RNA-Sequencing

The next generation sequencing library preparation for the Discovery set was carried out as described in Sabo et al. (26). MiRNA libraries were constructed using the NEB Next Multiplex Small RNA Library Prep Set for Illumina (New England BioLabs Inc., USA) according to the manufacturer’s protocols. Briefly, miRNA samples (5-10 ng) were ligated with 5´and 3´adapters, followed by reverse transcription- for complementary DNA (cDNA) library construction and incorporation of index tags. The cDNA library fragments were purified by AMP Pure XP Beads and separated on a 6% TBE PAGE gel and 145–160 bp size fraction containing miRNA inserts was isolated. The twenty cDNA library samples were pooled in equimolar amounts and used for cluster generation and sequence analysis in a single lane on an Illumina HiSeq2000 (50 bp single read). This work was performed at the Italian Institute for Genomic Medicine.

Sequencing data analysis was conducted using the miARma-Seq pipeline (http://miarmaseq.cbbio.es/). miARma-Seq is a new comprehensive pipeline analysis suite designed for mRNA, miRNA, and circRNA identification and differential expression analysis, applicable to any sequenced organism. It integrates, among others, the Bowtie tool for read mapping and the miRDeep2 tool for miRNA expression analysis and de novo miRNA prediction (27). Quality control was performed using FastQC (version 0.11.5). The results for individual samples were merged into the summary report using MultiQC. Read length was constant for all samples (51 bp). Data were then filtered using Trimmomatic tool (version 0.36), with the following parameters: i) SLIDINGWINDOW:4:20 - trimming of low-quality bases from 3’ end using sliding window; ii) TRAILING:20 - trimming of low-quality bases from 3’ (with base quality <20); iii) ILLUMINACLIP: Adapter_sequences. fa: 4:20:5 - trimming of adapter sequences; vi) MINLEN:15 - discarding reads of length > 15 bp. After filtering, read length peaked around 22 and 32 bp, respectively.

All the samples were mapped to the i) reference human genome (hg38 release), ii) known human matured miRNAs (using the miRanalyzer web server tool (http://bioinfo2.ugr.es/miRanalyzer/miRanalyzer.php), iii) known human miRNA hairpins (miRBase database, version 22), and vi) human tRNAs (UCSC database). The alignment to the human tRNA sequences was performed to reveal potential contaminations.




MiRNA Expression Analysis by RT-qPCR

For evaluating miRNA expression levels in whole plasma and plasma EVs in the Validation cohort, cDNA was synthesized from total RNA by TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, USA) and analyzed using TaqMan MicroRNA assays (hsa-miR-142-5p - ID 002248, hsa-miR-122-5p – ID 002245, RNU48 – ID 001006, RNU6B – ID 001093, Applied Biosystems, USA) according to the manufacturer´s protocol. RNU48 and RNU6B were used as reference genes selected by Normfinder (GenEx Enterprise, MultiD, Thermo Fisher Scientific). For 10 μl reverse transcription reaction, 5 μl of RNA sample (40 ng RNA) were used to prepare cDNA and reaction mixtures were incubated for 30 min at 16°C, 30 min at 42°C, 5 min at 85°C and then held at 4°C (MJ Research PTC-200 Thermal Cycler, Marshall Scientific).

All samples were pre-amplified prior to use in RT-qPCR using an IQ SuperMix (Bio-Rad, USA). The pre-amplification reaction contained 2 μl cDNA, 1.5 μl miRNA primer, 5 μl IQ SuperMix and 1.5 μl RNAse free water. Preamplification was performed as follows: 95°C for 3 min, 18 cycles of 95°C for 15 sec and 59°C for 4 min and then held at 4°C (MJ Research PTC-200 Thermal Cycler, Marshall Scientific). After pre-amplification, each reaction mixture was diluted 100x.

RT-qPCR was performed using the Applied Biosystems 7500 Sequence Detection System. The 20 μl PCR reaction mixture consisted of 2 μl of 100x diluted pre-amplified cDNA, 1 μl of primer (TaqMan microRNA Assay kit, Applied Biosystems, USA), 10 μl TaqMan Universal MasterMix II – no UNG (Applied Biosystems, USA) and 7 μl RNAse-free water. Reactions were run in a 96-well optical plate at 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec and 60°C for 10 min.



Cell Lines and Cell Culture

Both RC cell lines (HRA16 and SW1463) were originally obtained from ECACC (Sigma Aldrich, USA). The cells were confirmed free from mycoplasma contamination with MycoAlert PLUS Mycoplasma Detection Kit (Lonza, Switzerland). HRA16 and SW1463 were cultured in a humidified atmosphere at 37°C and 5% CO2 in Dulbecco´s Modified Eagle Medium (DMEM, Sigma Aldrich, USA) and in Roswell Park Memorial Institute (RPMI-1640, Sigma Aldrich, USA), respectively, and supplemented with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific), 1 mM L-Glutamine, 100 U/ml penicillin/streptomycin and, in case of RPMI, 1 mM sodium pyruvate (Biosera). Cells were used up to 8 passages.



Cell Transfection and Treatment

Cells were transfected 24 hours after seeding with 10 nM hsa-miR-142-5p (HMI0068; Sigma Aldrich, USA) and hsa-miR-122-5p (HMI0218; Sigma Aldrich, USA) mimics and miRNA mimics negative control with no homology to the human genome (HMC0003; Sigma Aldrich, USA) using Lipofectamine® RNAiMAX (Invitrogen, USA) according to the manufacturer’s protocol. All the experiments were performed in three independent replicates. The transfection efficiency was confirmed by RT-qPCR. After transfection, 5-FU (Sigma Aldrich, USA) was dissolved in DMSO (Sigma Aldrich, USA) to 5 µM 5-FU, added to selected wells, and cells were treated for 24 hours.



Cell Proliferation (WST-1 Assay) and Colony Forming Assay

The proliferative capacity in miRNA-modulated cells (750 000 cells/ml) was measured using a water-soluble tetrazolium-1 solution (WST-1 proliferation assay, Roche, USA) 48 hours after transfection. The WST-1 reagent was added into the media according to the manufacturer´s instructions and measured at 450 and 690 nm. Absorbance was measured using fluorescence reader Biotek ELx808 (Biotek, USA) and proliferation was monitored for different time points (24, 48, 72 hours). For colony forming assay, transfected cells were plated on 6-well plates (500 cells per well). After 24 hours, cells were treated with 5 μM 5-FU for 24 hours, and then the medium was replaced with fresh medium. After 12 days, colonies were fixed with 3% formaldehyde and stained with 1% crystal violet. The number of colonies was counted manually. Both measurements were performed in triplicates.



Cell Cycle Analysis

Cells (750 000 cells/ml) were seeded on 12-well plates (with and without 5-FU treatment), harvested by trypsinization, washed with PBS, and spun down at 1000 rpm at room temperature for 10 min. Then, 1 ml of Propidium iodide (PI) staining solution (0.02 mg/ml PI, 0.02 mg/ml RNase, 0.05% Triton X-100) was added to the cell pellet and cells were incubated for 30 min at 37°C in the dark. After incubation, samples were measured using flow cytometer Apogee A-50 micro (Apogee, USA). Measured data were analyzed with Flowlogic software (Inivai Technologies, Australia).



External Validation Through TCGA Data

All miRNA-Seq transcriptional profiles and detailed clinical information were downloaded from The Cancer Genome Atlas TCGA (https://portal.gdc.cancer.gov) using the TCGA biolinks R package (28). For the present study, data from the project TCGA-READ (rectal adenocarcinoma, n=155) were analysed and filtered according to the following criteria: 1) analyses were performed on rectal tumor patients only (ICD-10 Classification code “C20”) which have miR-122 and miR-142 expression levels data available and 2) clinical data including survival data should also be available. Finally, a total of 74 RC patients presented expression levels of miR-142 and 22 RC patients had data for miR-122.



Statistical Analysis

Differential expression of the miRNA-Seq raw count data was assessed using the EdgeR and Noiseq directly using the miARma-Seq pipeline. Due to the small sample size and the heterogeneity of the RC phenotype, unadjusted p-values were used. Statistical significance was set up at p ≤ 0.05. RT-qPCR statistical analysis was performed by GenEx qPCR data analysis software version 6 (multiD) and R version 3.4.0. The linear mixed models were used (R package lmer and multcomp) for the comparison of miRNA expression in different conditions and different tissues. In vitro analyses were evaluated using the Mann-Whitney test in GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). Statistical analysis for TCGA data was performed using the R environment using the dplyr and survival, survminer and ggplot2 package. The survival significance was measured by log-rank test and Mann-Whitney was employed for the differential expression analyses. The significance was set to non-adjusted p = 0.05. The multivariate Cox regression analysis was performed in the R environment using the olsrr package and the ols_step_all_possible function that uses the Akaike information criterion (AIC) criterion for all possible combinations of factors on the patient dataset after screening and EVs and plasma specimen.



Bioinformatics Analysis


Identification of miRNAs as Potential Pharmacogenomic Biomarkers for Anticancer Drugs

To identify potential pharmacogenomic biomarkers characterized by miRNA expression and discover the underlying mechanisms of anticancer drug responses mediated by miRNAs, the Small Molecule-miRNA Network-Based Inference [SMiR-NBI; http://lmmd.ecust.edu.cn/database/smir-nbi/ (29–31)] model was used. The SMiR-NBI model was built on the basis of a heterogeneous network connecting drugs, miRNAs, and genes [34] and predicts interactions between small molecules and miRNAs.



Identification of Validated Targets for Studied MiRNAs

The miRWalk tool was used to conduct in silico prediction of miRNA targets (miRNA-mRNA Interaction Analysis). miRWalk, an open-source platform, generates up-to-date predicted and validated miRNA-binding sites of known genes [http://mirwalk.umm.uni-heidelberg.de (32)]. The gene set enrichment analysis (GSEA) was employed to test whether any functional group of genes (e.g. pathways, the target of a transcription factor) from the list of target genes were significantly enriched in specific pathways or molecular functions.





Results


Discovery Cohort

In the 20 RC patients forming the Discovery cohort, sixty-three miRNAs resulted significantly differently expressed between the two plasma samplings. MiR-122-5p showed the highest difference between consecutive samplings and was selected for further validation. With the advantage of long-term follow-up, we additionally evaluated the differentially expressed miRNAs between consecutive samplings and correlated the results with the response to therapy; from this last evaluation we identified also miR-142-5p for further validation.

miR-122-5p expression levels were significantly higher in the second sampling than in the first sampling (p<0.001, 2.9-fold change). miR-142-5p was identified as associated with patients’ therapy response: non-responders (i.e. patients who died within a year after the diagnosis, did not benefit from therapy, or had a local recurrence) exhibited significantly lower expression levels in their second sampling compared to the first one (p<0.001, -10.3-fold change). Downregulation of these miRNAs was calculated comparing the second sampling vs the first sampling.



Validation by RT-qPCR

miR-122-5p and miR-142-5p were validated by RT-qPCR in whole plasma and further in plasma EVs of RC patients (n=107) and cancer-free controls (n=51). Both analyzed miRNAs were detectable in whole plasma and plasma EVs. Results are represented in Figures 2 and 3.




Figure 2 | Expression analysis of miR-122-5p and miR-142-5p in plasma. (A, B) The expression levels of miR-122-5p and miR-142-5p were significantly lower at the 1st plasma sampling (T0) compared to 2nd sampling (T1) of RC patients (miR-122-5p: p=0.0003, 3.2-fold change; miR-142-5p: p=0.0002, 2.4-fold change). (C, D) Expression levels of miR-122-5p and miR-142-5p were significantly lower in plasma from RC patients compared to the plasma of cancer-free individuals (for all p <0.001). (E, F) A year from the diagnosis (2nd sampling, T1), a significant difference was observed between patients that do not respond a year after diagnosis and cancer-free individuals (miR-122-5p: plasma: 4.9-fold change, p=0.05; miR-142-5p: plasma: 4.5-fold change, p=0.008). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.






Figure 3 | Expression analysis of miR-122-5p and miR-142-5p in EVs. (A, B) Expression levels of miR-122-5p and miR-142-5p were significantly lower in plasma EVs of RC patients compared to EVs of cancer-free individuals (for all p <0.001). (C, D) A year from the diagnosis (2nd sampling, T1), a significant difference was observed between patients that do not respond a year after diagnosis and cancer-free individuals for miR-122-5p (4.9-fold change, p=0.007). This trend was not observed for miR-142-5p. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



As in the Discovery cohort, in the Validation cohort miR-122-5p was significantly upregulated in the second (T1) plasma sampling when compared with the first one (T0) of RC patients. miR-122-5p expression levels in second sampling (T1) were significantly higher than those in the first sampling (T0; p=0.0003, 3.2-fold change; Figure 2A). Interestingly, the same effect was observed for miR-142-5p that was associated with the response to therapy in the Discovery cohort (p=0.0002, 2.4-fold change; Figure 2B).

Due to the observed differences between consecutive plasma samplings in RC patients, we wanted to determine the baseline expression levels of selected miRNAs. For this reason, we included plasma samples from a control group consisting of healthy volunteers and compared the miRNA expression levels of RC patients at the first sampling (T0 at the time of the diagnosis) with those from the control group. The results revealed that both, miR-122-5p and miR-142-5p, were significantly down-regulated in RC patients when compared with the control group in plasma samples (for all the analyses p <0.001; miR-122-5p: -4.5-fold change, miR-142-5p:-4.8-fold change; Figures 2C, D).

With the advantage of long-term follow-up and gathering the clinical data, we further stratified the patients according to the response to therapy. Identified miRNAs were further evaluated for patient´s clinical characteristics and treatment response (recurrence of the tumor after the therapy and 3-year survival of the patients since diagnosis). At the time of the diagnosis (1st sampling, T0), the expression levels of both tested miRNAs did not differ between patients that benefited from the therapy and were alive from those dying during the follow-up period (Figures 2E, F). A year after the diagnosis (2nd sampling, T1), both miRNA expression profiles were significantly modified in responding patients and no longer different from those measured in controls (Figures 2E, F). On the contrary, we observed a significant difference between patients that do not respond a year after diagnosis and the control group (miR-122-5p: plasma: 4.9-fold change, p=0.05; miR-142-5p: plasma: 4.5-fold change, p=0.008, Figures 2E, F).

EVs are cell-derived membranous structures of endocytic origin and contains various functional protein, mRNA, or miRNAs (33). Despite their promising potential, the clinical use is still limited. Today, several studies focused on comparing plasma and EVs miRNAs as non-invasive biomarkers (34, 35). Following these evidences, miRNA expression levels were also analyzed in plasma EVs to see if their expression profiles in EVs mimics those in plasma. The results revealed that both miR-122-5p and miR-142-5p in plasma EVs were significantly down-regulated in RC patients at the time of the diagnosis (T0) when compared with cancer-free controls (for all analyses, p <0.001; miR-122-5p: -2.3-fold change, miR-142-5p -2.1-fold change; Figures 3A, B). We did not observe any difference between consecutive plasma EVs samplings. However, after stratification of RC patients based on therapy response, we observed a similar trend as in plasma of RC patients (data not shown). Concerning miR-122-5p EVs expression levels a year after diagnosis (T1), the expression levels in RC patients that benefited from therapy were not different from the expression levels in the control group while patients that did not respond to therapy still evinced lower miR-122-5p expression levels (comparison with controls: miR-122-5p: 4.9-fold change, p=0.007, Figures 3C, D). This trend was not observed for miR-142-5p in plasma EVs (1.6-fold change, p=0.4). This discrepancy might be caused by a relatively small number of patients that evinced relapse and did not respond well to therapy.

No significant differences were observed between different stages of RC, neither for miR-122-5p nor for miR-142-5p in EVs and plasma. These non-significant outcomes can be attributed to the small number of patients in some of the stages (I=5, II=34, III=51, and IV=8, Supplementary Figure 1).



Cell-Culture-Based Assessment


The Impact of miRNAs on Proliferation, Colony Formation, and Cell Cycle Distribution

To prove the effect of miR-122-5p ad miR-142-5p on RC pathogenesis and prognosis, RC cell lines SW1463 and HRA16 were further analyzed. The over-expression of both miRNAs was tested in the RC cells and measured for their ability to affect the proliferation, to form single-cell colonies, and for their impact on the cell cycle. The significant increase in the expression levels of both analyzed miRNAs following the miRNA mimics transfection was confirmed by RT-qPCR.

The effect of miR-122-5p and miR-142-5p (with and without 5-FU) on proliferation activity of SW1463 and HRA16 was measured by WST-1 assay. After 24h, a significant decrease in cell proliferation of SW1463 cells after the miR-122-5p transfection was observed (Figure 4A, without 5-FU: p<0.001, with 5-FU: p=0.0003), and the same trend was also recorded after 48 h (Figure 4A, without 5-FU: p=0.2, with 5-FU: p=0.008). miR-122-5p also affected the cell proliferation of HRA16 cells (Figure 4B, for 24 h: p=0.05, for 48 h: p= 0.04). miR-142-5p had a moderate impact on SW1463 proliferation (Figure 4C, p=0.007), whereas no effect on proliferation was recorded in HRA16 transfected cells with miR-142-5p mimics (Figure 4D).




Figure 4 | Cell-culture-based assessment. The effect of miR-122-5p and miR-142-5p on cell proliferation (A–D), colony-forming activity (E–H), and cell cycle distribution (I-P) in rectal cancer cell lines. (A, B) - A significant decrease in cell proliferation of SW1463 cells after the miR-122-5p transfection (A) was observed after both 24h and 48h (24h: without 5-FU: p<0.001, with 5-FU: p=0.0003; 48h: without 5-FU: p=0.2, with 5-FU: p=0.008). Same trend was recorded for HRA16 [(B), for 24 h: p=0.05, for 48 h: p= 0.04]. (C, D) miR-142-5p transfection had a moderate impact on SW1463 proliferation [(C), p=0.007] but no effect on HRA16 proliferation (D). (E, F–H) Both HRA16 and SW1463 transfected with miR-122-5p and miR-142-5p mimics formed significantly fewer colonies than those transfected with control oligonucleotide (miR-122-5p: SW1463 - no significant results, HRA16 – p=0.05; miR-142-5p: SW1463 – p=0.02, HRA16 – p=0.001). The same effect was also observed after the 5-FU administration (miR-122-5p + 5-FU: SW1463 – no significant results, HRA16 – p=0.01; miR-142-5p + 5FU: SW1463 – p=0.0008, HRA16 – p=0.005). (I–P) No significant change in cell cycle progression after miR-122-5p and miR-142-5p transfection was observed. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



To investigate the long-term survival of cancer cells, the colony-forming assay was performed. After 12 days, both cell lines transfected with miRNA mimics formed significantly fewer colonies than those transfected with control oligonucleotide (Figures 4E–H and Supplementary Figure 2, miR-122-5p: SW1463 - no significant results, HRA16 – p=0.05; miR-142-5p: SW1463 – p=0.02, HRA16 – p=0.001). The same effect was also observed after the 5-FU administration (miR-122-5p + 5-FU: SW1463 – no significant results, HRA16 – p=0.01; miR-142-5p + 5FU: SW1463 – p=0.0008, HRA16 – p=0.005). These results suggest that high levels of both miRNAs, as observed in human samples, might mediate the anti-proliferative effect in tumor cells.

Given these results, we investigated whether these miRNAs have an impact on cell cycle arrest (Figures 4I–P and Supplementary Figure 2). In both cell lines, we did not observe any significant changes in cell cycle progression after miR-122-5p and miR-142-5p transfection.




External Validation Through TCGA Data

In order to validate our results, we used the miRNA expression levels reported in the TCGA project (The Cancer Genome Atlas Rectum Adenocarcinoma TCGA-READ portal). We focused only on those samples included in the TCGA-READ project that had clinical data including survival data, reported miR-122 or miR-142 expression levels. Unfortunately, for miR-122 expression levels were available for 22 patients only and no significant outcomes were noticed (data not shown). Concerning miR-142 expression levels, in non-responders we observed a significantly reduced expression levels for this miRNA when compared to responders (Fold change=1.69, p=0.05, Figure 5). This outcome is in agreement with our results.




Figure 5 | Differential expression analysis of miR-142 in tumor tissues from TCGA-READ project stratified for their responsiveness or not to therapy. *p ≤ 0.05.





Multivariate Analysis of Survival With Clinical Factors and the miRNA Signature

Factors affecting the survival (such as sex, `hsa-miR-142`,` hsamiR-122`, pT, pN, pM, Administration of Neoadjuvant chemotherapy, Administration of Adjuvant chemotherapy) were analyzed using the selection method variables (stepwise selection). This analysis was performed for EVs and plasma samples either considering the expression levels measured in these specimens together or separately.

The overall survival for EVs and plasma samples analyzed together was predominantly dependent on pN, sex, pM and Adjuvant chemotherapy (AIC=67.26).

By ranking the significance of the combinations of individual factors according to the AIC criterion, the combination `hsa-miR-142`-pN-sex-pM-Adjuvant chemotherapy ranked 9th (AIC=69.18), and the combination` hsa-miR-122`-pN-sex-pM-Adjuvant chemotherapy ranked 11th (AIC=69.22) out of a list 511 possible combinations. These results indicated the potential prediction of survival status of both miRNAs.

For the analysis on plasma only, the combination pN and Adjuvant chemotherapy was the strongest predictors (AIC=37.18). Besides, the 8th and 9th place of 255 possible were taken by the combinations containing `hsa-miR-122`-pN-Adjuvant chemotherapy (AIC=39.05) and ` hsa-miR-142`-pN-Adjuvant chemotherapy (AIC=39.16), respectively.

Considering EVs only, the outcomes were similar to those obtained in plasma. The most significant results were for the parameters pN and Adjuvant chemotherapy (AIC=40.89) while the combination `hsa-miR-122`-pN-Adjuvant chemotherapy (AIC=42.09) and` hsa-miR-142`-pN-Adjuvant chemotherapy (AIC=42.85) were on the 3rd and 7th position, respectively.

In summary, the majority of tested models (approx. 70%) included miRNAs as significant predictors (data not shown).



Bioinformatic Analysis


Identification of miRNAs as Potential Pharmacogenomic Biomarkers for Anticancer Drugs

To identify whether both tested miRNAs could work as potential pharmacogenomic biomarkers for anticancer drugs, we have performed an additional analysis with the implementation of SMiR-NBI model which predicts interactions between small molecules and miRNAs (Table 2). According to this in silico analysis, both miRNAs resulted regulated by many drugs, such as cisplatin or 5-FU. This in silico outcome agrees with our findings that both RC cell lines with artificially increased miRNA levels had worse survival after 5-FU therapy.


Table 2 | The prediction of interaction of small molecules with miR-122-5p and miR-142-5p.





Identification of Validated Targets for Studied miRNAs

Firstly, we identified miRNA targets that have previously been predicted or validated by experimental approaches through miRWalk algorithm and the other tools (including TargetScan, miRTarBase, and miRDB) included in miRWalk. Target genes that could be predicted in at least three databases were defined as highly predicted miRNA targets. For these target genes, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were conducted by GSEA.

For miR-122-5p, 236 target genes were predicted according to miRWalk and validated in miRTarBase (Supplementary Table 1). Several terms in KEGG, such as “PI3K-Akt signaling pathway”, “Pathways in cancer,” and “Metabolism in cancer” were enriched (Supplementary Table 2). After consideration for Benjamini-Hochberg corrections, all these terms were not considered significant. GO analysis of the validated and predicted miRNA targets was conducted, and a total of 6 biological processes (BP), 3 molecular functions (MF), and 3 cellular components (CC) terms were identified. Among them, “Negative regulation of apoptotic process” and “protein phosphorylation” were two of the tops from BP (Supplementary Table 3). Interestingly, from Reactome analysis, the neutrophil degranulation showed the only outcome. In the response to infection, neutrophils leave the circulation and migrate towards the inflammatory focus. This result seems to be relevant as inflammation is also likely to be involved in other forms of sporadic as well as heritable colon cancer.

For miRNA-142-5p, 8 target genes predicted in miRWalk were also validated according to miRTarBase (Supplementary Table 4). Due to low number of validated target genes, the GSEA analysis was not possible to be performed.





Discussion

RC disease course and prognosis are heterogeneous and for a proper disease management the discovery of new biomarkers for early diagnosis and treatment response prediction is necessary. In this study, we initially profiled miRNA expression levels of 20 RC patients with consecutive plasma samples by next generation sequencing. Two miRNAs (miR-122-5p and miR-142-5p) were selected for further validation. To investigate whether these miRNAs might be used as non-invasive diagnostic and prognostic biomarkers, miR-122-5p and miR-142-5p were analyzed in plasma and further in plasma EVs of 107 RC patients and 51 cancer-free individuals. Plasma and plasma EVs of RC patients were examined at the time of diagnosis and one year after. EVs are considered as both mediators of cell-to-cell communication, and as potential delivery vesicles for a therapeutic approach (36, 37). We identified miR-122-5p and miR-142-5p as down-regulated in plasma and plasma EVs of RC patients compared to cancer-free individuals. Accordingly, patients with a persistent low miR-122-5p expression levels (in whole plasma and plasma EVs) and miR-142-5p (in whole plasma) in their second sample displayed worse survival. The different expression trends between T1 responders and non-responders in plasma EVs was observed in our study for miR-142-5p. At the time of diagnosis, these differences were not significant. Since we did not observe a similar trend for miR-122-5p, we assumed that the limited number of patients analyzed might be one of the possible explanations. We hypothesize that this observation may be also related to the biological function of miR-142-5p. Sukma Dewi et al. (38) pointed to functional significance of miR-142-3p in establishing cell-to-cell communication. Li and Li (39), observed that miR-142-3p clearly upregulated the cancer stem cells (CSCs) colon population. In their study, authors reported that miR-142-3p in EVs was the main factor for increasing the colon CSC population in colon cancer. The authors also found that this miRNA inhibited the proliferation of colon cancer cells. However, they also showed that miR-142-3p promoted the population of CSCs in colon cancer as a tumour booster. Due to the biological similarity of miRNAs -3p and -5p, we assume the same effect for both isoforms, although this has not yet been described in the literature. We also believe that the same applies also for RC. This may be the reason why in our study, patients who did not respond to treatment had higher levels of miR-142-5p both at the time of diagnosis and one year after diagnosis. However, many questions still remain to be answered about the biological role and mechanism of action of miR-142-5p in RC.

To further explain our observation, both miRNAs were artificially overexpressed in RC cell lines (SW1463 and HRA16) and investigated for their effect on long-term survival with and without administration of 5-FU. Increased levels of both miRNAs in RC cell lines were associated with significantly less formed colonies after administration of 5-FU. These results are in concordance with RC patients and suggest that miR-122-5p and miR-142-5p act as tumor suppressors. In addition, it has been proved that miR-122-5p is up-regulated in the presence of 5-FU by SMiR-NBI model and it might be assumed that the miRNA effect is thus potentiated. Studies connected to colon and rectal pathogenesis and miR-122-5p expression levels were mainly focused on metastatic colorectal cancer. One of the most frequent sites for colon and rectal cancer metastasis is liver and miR-122-5p was identified as liver-specific miRNA (40–42). Several studies showed that expression levels of miR-122-5p can distinguish colorectal cancer patients from healthy controls and higher expression levels of miR-122-5p indicated the higher occurrence of metastasis in colorectal patients (43–46). Similarly, increased miR-122-5p expression levels in plasma (47) or serum EVs (48) were associated with the presence of distant metastases, worse survival and a higher risk of relapse (47). These findings are not in agreement with our results; however, several issues explain these inconsistencies. In the study of Maierthaler et al. (47) the cohort included only 25% of RC patients and the study of Sun et al. (48) did not specified the number of RC. Our study is exclusively focused on RC patients. Moreover, many studies were not focused on liquid biopsy and only analyzed expression in tumor tissues (or cancer cell lines). Similarly to us, the expression of serum miR-122-5p in patients with gastric cancer was significantly lower than in healthy controls and the authors also described correlation with the survival status – lower levels being associated with poor survival (49). Two other studies focused on plasma described a lower expression of miR-122-5p in gastric cancer patients than in healthy controls or patients with benign gastrointestinal diseases (50, 51). miR-122-5p plasma expression levels were also tested in patients with hepatocellular carcinoma (HCC). In the study of Amr et al. (52), authors showed that miR-122-5p was down-regulated in HCC patients compared to healthy controls and an analogous pattern was observed in the serum of HCC patients (53, 54). All these observations, describing down-regulation of miR-122-5p in serum and plasma of cancer patients, are consistent with our results.

To the best of our knowledge, the study of Kunigenas et al. is the only one focused on miR-142-5p in RC. The authors reported increased expression levels of this miRNA in rectal tissue compared to adjacent non-malignant mucosa (55). In colorectal cancer, the role of miR-142-5p seems to be more controversial. In two studies, miR-142-5p was described as up-regulated in colorectal tumor tissue compared to adjacent mucosa (56, 57). On the other hand, in the study of Kong et al., authors observed lower expression levels in tumor tissue (58). Unfortunately, these studies lack the stratification of patients according to the tumor localization and do not provide more detailed results about RC. Moreover, there is no study focusing on miR-142-5p in liquid biopsy.

The major advantage of our study is specific focus on RC patients. Moreover, all samples were enrolled in a single-center hospital and were of the same ethnicity and socio-cultural background. Plasma samples, as the source for miRNA expression analysis, were collected repeatedly within a year with the ability to monitor the therapy outcome. Generally, most studies are focused on the identification of diagnostic or prognostic biomarkers in body fluids collected only at the time of the diagnosis. The consecutive blood samplings as performed in the present study are usually lacking and this highlight the unique design of our study. In comparison with a traditional tissue biopsy, plasma samples bring advantages of easy, non-invasive collection that can be repeatedly collected overtime. The main limitation of this study is a relatively small cohort of patients with an available second sample and a lack of tissue material. The present study is, to our knowledge, the first study to evaluate changes in miRNA expression levels within the RC patients over the course of treatment, and their correlation with their follow-up.
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Colorectal cancer (CRC) is one of the most frequent malignant neoplasms worldwide, and the effect of treatments is limited. Fibroblast growth factor 1 (FGF1) has been involved in a wide variety of several malignant diseases and takes part in the tumorigenesis of CRC. However, the function and mechanism of FGF1 in CRC remains elusive. In this study, the results indicated that FGF1 is elevated in CRC tissues and linked with poor prognosis (P < 0.001). In subgroup analysis of FGF1 in CRC, regardless of any clinic-factors except gender, high level FGF1 expression was associated with markedly shorter survival (P < 0.05). In addition, the expression of p-S6K1 and FGF1 was not associated in normal tissue (P = 0.781), but their expression was closely related in tumor tissue (P = 0.010). The oncogenic role of FGF1 was determined using in vitro and in vivo functional assays. FGF1 depletion inhibited the proliferation and migration of CRC cells in vitro and vivo. FGF1 was also significantly correlated with mTOR-S6K1 pathway on the gene and protein levels (P < 0.05). In conclusion, FGF1 acts as a tumor activator in CRC, and against FGF1 may provide a new visual field on treating CRC, especially for mTORC1-targeted resistant patients.
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Introduction

Colorectal cancer (CRC) is the second cause of cancer death in western countries. Nearly half of the CRC patients will die from the disease which is due to distant metastasis of the primary CRC (1, 2). CRC is also one of the most prevalent malignant tumors in China, with high incidence rate and mortality. Early screening has been shown to be effective in reducing the incidence of, and mortality from CRC. A curative therapy to control the huge threat should include surgical and nonsurgical treatment. Thus, it is extremely urgent to identify effective biomarker for diagnosis and against target for treatment.

Surrounding non-neoplastic stroma acts an important role in the metastasis and invasion of tumor. Stromal cells, at the front of malignant tumor invasion, have a complicated interaction with tumor cells. Fibroblast growth factors (FGFs), called a family of heparin-binding growth factors, interact with several kinds of endothelial receptors which leads to the angiogenesis (3–5). It is recognized that the invasion and metastasis of tumor have something to do with angiogenesis, also numerous studies show the progress of inducing angiogenesis.

FGFs are closely related to FGF receptors (FGFRs) on the target cells’ surface when their biological activities are exerted. Numerous vitro studies pay their attention on the FGF1 and FGFR1 (4, 6). FGFR1, which helps FGF-1 to exert its biological activity, is expressed by endothelial cells. Various studies measure the expression level of the FGF1 and FGFR1 in different cancers, including breast carcinoma, hepatocellular carcinoma and esophagus cancer. The expression level of FGF1 and FGFR1 in these cancers indicated that FGF1 induce the invasion and metastasis of tumor cells. In cancer cells, amplified FGF1 expression promotes the proliferation and migration ability of tumor cells (7–10). However, its expression level in CRC tissues and its expression correlated with clinical indicators and survival, have not been fully elucidated (11).

In this study, we aim to investigate the expression level of FGF1 in CRC, and detect the relationship between FGF1 expression level and diagnosis and prognosis in CRC patients in subgroup analysis. Meanwhile, we hypothesized that FGF1 regulates CRC development via mTOR-S6K1 dependent pathway, and our findings demonstrated a novel role of FGF1 in CRC and identified its potential diagnostic and therapeutic relevance.



Methods


Human Tissue Specimens

Pairs of CRC and surrounding normal tissues were collected from 2010 to 2013. None of the patients had received radiotherapy or chemotherapy before radical surgery. Our study has been approved by the Independent Ethics Committee of the Affiliated Suzhou Hospital of Nanjing Medical University and the First Affiliated Hospital of Soochow University (IRB approval number, 2020076), and all patients wrote informed consent.



Tissue Specimens and Immunohistochemistry

Tissues were fixed with 10% formalin, embedded in paraffin, and cut into 5μm-thick sections. Then, they were detected via IHC according to the protocol as our previous study (12, 13). a) The sections were dewaxed in xylene twice and rehydrated using ethanol (95%, 90%, 75%) and distilled water. b) Submerged the sections in sodium citrate antigen-repair buffer and oven heating the buffer to 92-98°C for 15min, and then cool down to room temperature for 2-3 times. Wash with PBS for 2-3 times. c) Block the endogenous peroxidase with 3% hydrogen peroxide for 10-15min, and then washed with PBS for 2-3 times. d) The sections were incubated with 5% goat serum for 30 min, then the goat serum was removed and antibodies were added overnight at 4°C. e) The slides were washed with PBS for 3 times/10 min and incubated with secondary antibodies for 30 min, and then washed with PBS for 3 times/10 min. f) Finally, the sections were colored with diaminobenzidine (DAB) and stained nuclei with hematoxylin. g) Seal the sections with neutral resins.

A tissue staining kit (Zhongshan Biotechnology, China) was used and tissue sections were incubated overnight with 1:200 diluted polyclonal anti-human FGF1 (BOSTER, China) or anti-human p-S6K1 (Cell Signaling Technology, USA) at 4°C. The percentage of positively stained cells was scored as follows: score 0 represents 0-5%; score 1 represents 6-25%; score 2 represents 26-50%; score 3 represents 51-75%; score 4 represents >75%. The staining intensity was scored as 0 (negative), 1 (weak), 2 (moderate) and 3 (strong). The percentage score was multiplied by intensity score to show the selected region. The final score was the average of five random selected regions. It graded as follows: – (0), + (1-4), ++ (5-8) and +++ (9-12). Samples with final scores ++ or +++ were graded positive, and - or + as negative. The tumor budding was quantified according the criteria of International Tumor Budding Consensus Conference (ITBCC) (14). The invasion front and hot-spot areas were identified in low-power view, then single cell and clusters of up to 4 cells at the invasive margin of CRC were counted with 20 x objective lens (15, 16).



Bioinformatics Analysis

Relevant gene expression datasets were analyzed via the Oncomine (https://www.oncomine.org) and GEPIA (Gene Expression Profiling Interactive Analysis, http://gepia.cancer-pku.cn) platform.



Cell Culture and Transfection

CRC cell lines were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China), and were cultured in RPMI 1640 medium (Hyclone, USA) supplemented with 10% fetal bovine serum (Gibco, USA), penicillin G sodium (100U/ml) and streptomycin (100μg/ml) at 37°C under 5% CO2. The cells were grown till 70% confluency, and transfected with human FGF1 shRNA (5’-CCGGGCCCTGACCGAGAAGTTTAATTTCAAGAGAATTAAACTTCTCGGTCAGGGCTTTTTT-3’) according to the manufacturer’s instructions. The transfected cells were selected using 500μg/ml G418 (Roche, Switzerland) for 3-4 weeks, and clones with a stable knockdown of FGF1 were selected for further experiments.



RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted from the tissues or cells using TRIzol reagent (Invitrogen, Life Technologies, USA) according to the manufacturer’s protocol. Following DNAse I (Thermo Fisher Scientific, USA) treatment to remove genomic DNA, 1μg RNA was reverse transcribed using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA). The qRT-PCR was performed using Power SYBR® Green PCR Master Mix (ABI, USA) on the 7500 real time PCR system (ABI, USA) according to the manufacturer’s instructions. The following primers were used: FGF1 forward (5’-GTGGATGGGACAAGGGACAG-3’) and reverse (5’-GGCAGGGGGAGAAACAAGAT-3’); β-actin forward (5’- CCACACTGTGCCCATCTACG-3’) and reverse (5’-AGGATCTTCATGAGGTAGTCAGTCAG-3’). Fold changes were calculated relative to β-actin (internal control) using the 2-ΔΔCT method.



Western Blotting

The extracted proteins were separated by SDS-PAGE and transferred onto PVDF membranes (Millipore, USA). After blocking with 5% non-fat milk for 1h, the membranes were probed overnight with FGF1 (1:1000, BOSTER, China), p-mTOR (1:1000, Cell Signaling Technology, USA), mTOR (1:1000, Bioss, China), p-S6K1 (1:1000, Cell Signaling Technology, USA), and S6K1 (1:1000, Bioss, China) and β-Actin (1:5000, BOSTER, China) antibodies at 4°C with gentle shaking, followed by horseradish peroxidase-conjugated secondary antibodies. The protein bands were visualized by chemiluminescence and quantified by ImageJ (NIH, USA).



Colony Formation Assay

The suitably transfected cells were seeded in 6-well plates at the density of 1000 cells/well, and cultured for 10 days before being fixed and stained with 0.1% crystal violet. The colonies with more than 100 cells were counted at 40x magnification under an optical microscope (Nikon, Japan) fitted with a digital camera (Nikon, Japan).



Transwell Assay

Cell migration ability was assessed using Transwell inserts (pore size 8μm; Corning, USA). The cells were seeded into the upper chambers of the inserts at the density of 10,000 cells/200µl in serum-free RPMI 1640 medium, and the lower chambers were filled with 800μl complete medium per well. After incubating for 12h at 37°C, the cells remaining on the upper surface of the membrane were removed using a cotton swab. The filters were then fixed with 4% paraformaldehyde, and the cells on the lower surface were stained with 0.1% crystal violet and counted in 5 random fields per sample.



Wound Healing Assay

Wound healing assay was also adopted to test the migration ability of colon cancer cells. Cells were plated in 6-well plates, when cell confluence reached approximately 100%, the old medium was removed and the monolayer was wounded by scratching with a 100μl sterile pipette tip lengthwise along the chamber, then cells were washed three times with PBS and cultured with serum-free medium at 37°C. Images of cells migrating into the wound were recorded at 0h and 24h using an inverted microscope. Wound width was measured using OpenLab (Agilent, USA). The experiments were repeated three times.



Subcutaneous Xenograft Establishment

SPF male BALB/c nude mice (4weeks old and weighing 16-18g) were purchased from Shanghai SLRC laboratory Animal Co. Ltd. (Shanghai, China). The mice were randomly divided into the FGF1 knock down (KD) and negative control (NC) groups (n = 5 per group), and accordingly injected subcutaneously with 5×106 FGF1-KD or NC-shRNA HCT116 into the right dorsal flank on day 0. All animal experiments were approved by the Animal Ethics Committee of the Affiliated Suzhou Hospital of Nanjing Medical University (Suzhou, China).



Statistical Analysis

All methods were carried out in accordance with relevant guidelines and regulations. All patients were followed up by personal or telephonic interviews for 60 months, and the time point was set as the date of CRC-related death or 60 months after surgery. Self-developed R program (version 3.6.1 for Windows, http://cran.r-project.org/) was used for Cluster analysis and Nomogram analysis. SPSS 22.0 software (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 8 (San Diego, CA) were also used to perform statistical analysis. All data were presented as mean ± SD of three independent experiments. The Student’s t-test (unpaired, two-tailed) or one-way ANOVA were used to compare means between two groups. IHC results were analyzed by Chi-squared or Fisher’s exact tests. P < 0.05 was considered statistically significant.




Results


FGF1 Is Elevated in CRC Tissues and Linked With Poor Prognosis

To assess the FGF1 expression level in colorectal normal tissue and paired CRC tissue, we searched the findings of Skrzypczak et al, which revealed FGF1 was aberrant active in CRC tissue (Figure 1A). However, the outcome was not consistent with the findings of pooled analysis of FGF1 expression of CRC and normal tissues across 16 datasets searched via Oncomine platform (Figure 1B). To confirm the inconsistent result, we detected the FGF1 expression in 135 CRC and paired normal colorectal tissues via IHC. The FGF1 protein was reduced in normal colon tissues, and significantly higher in the CRC tissues (P < 0.001, Figures 1C, D and Table 1).




Figure 1 | Expression of FGF1 in CRC and paired normal tissues. (A) FGF1 mRNA levels in CRC and normal tissues in Skrzypczak’s datasets. (B) Comparison of FGF1 mRNA expression in CRC and normal tissues across 16 Oncomine datasets. (C) Representative IHC images showing in situ FGF1 expression in CRC and normal tissues (scale bar = 100μm). (D) IHC scores of FGF1 in CRC vs normal tissues. (E) OS of FGF1(+) and FGF1(-) in CRC patients in TCGA dataset searched via GEPIA platform. (F) OS of FGF1(+) and FGF1(-) in CRC patients. ***P < 0.001.




Table 1 | Statistics of FGF1 expression in 135 CRC tissues and adjacent normal tissue.



Moreover, FGF1 expression was significantly associated with lymph node metastasis (P = 0.003), tumor budding degree (P = 0.002) and TNM stage (P = 0.001, Table 2), while no correlation was observed with other clinicopathological variables such as age, gender, tumor size, the depth of invasion, degree of differentiation, venous invasion and neural invasion (P > 0.05, Table 2). In further univariate analysis, it revealed that depth of invasion, degree of differentiation, lymph node metastasis, venous invasion, neural invasion, TNM stage and FGF1 expression (P < 0.001, Table 3) acted as an independent prognostic factor for the survival of CRC patients. Meanwhile, FGF1 expression level also played a significant role in multivariate analysis (P < 0.001, Table 3). To demarcated the patients according to FGF1 expression levels, we found the reduced FGF1 expression promoted prognosis in TCGA dataset searched by GEPIA platform (Figure 1E) and checked in 135 CRC tissues (Figure 1F).


Table 2 | Relationship between FGF1 and clinic-pathological factors in CRC patients.




Table 3 | Results of univariate and multivariate analyses of underwent gastrectomy patients’ survival by Cox’s proportional hazard model.





Subgroup Analysis of FGF1 in CRC

After the analysis of FGF1 expression in CRC and normal tissues, and expression effect on prognosis, we further investigated the subgroup influence of FGF1 exerts in CRC. 135 CRC tissues were assessed according to the outcome of IHC test (Figure 2A). FGF1 levels was significantly increased in patients with tumor−node−metastasis (TNM) stage III-IV compared with I-II (Figure 2B). Furthermore, FGF1 expression showed similar elevated trend in CRC tissues with lymph node metastasis compared with those without in situ (Figure 2C). No matter in TNM stage I-II or III-IV subgroup, amplified FGF1 expression still indicated the poor prognosis (Figures 2D, E).




Figure 2 | Effect of FGF1 on survival. (A) IHC images showing in situ FGF1 expression in CRC tissues (scale bar = 100μm). Negative (a), Weak (b), Moderate (c), Strong (d). (B) IHC scores of FGF1 in TNM stage I-II vs stage III-IV. (C) IHC scores of FGF1 in nLNM vs LNM. (D, E) OS of FGF1(+) and FGF1(-) CRC patients with TNM staging (D) I-II and (E) III-IV. nLNM, no lymph node metastasis; LNM, lymph node metastasis. **P < 0.01.



In order to better reveal the influence of FGF1 level on the prognosis of CRC patients, we conducted subgroup analysis on prognosis of patients based on various clinicopathological characteristics. The outcome suggested that regardless of age, gender, tumor size, depth of invasion, lymph node metastasis, degree of differentiation, venous invasion, neural invasion and TNM stage, high level FGF1 expression was associated with markedly shorter survival (Figure 3).




Figure 3 | Subgroup analysis for the influence factor of survival duration of CRC patients according to FGF1 expression. *P < 0.05.





The Nomogram Predicts the Prognosis of the CRC Patients

Age, gender, neural invasion, vascular invasion, tumor size, differentiation, T stage, N stage, M stage and FGF1 expression were used to estimate 3- and 5- year OS (Figure 4). The nomogram gave every prognostic variable a score on the point scale and we found a score associated with each prognostic factor on the nomogram point scale and calculated the total score (Figure 4). And, FGF1 acted as an important role in the prognosis of CRC patients.




Figure 4 | Nomograms to predict survival of CRC patients. Points of each variable were obtained via a vertical line between each variable and the point scale. The predicted survival rate was correlated with the total points by drawing a vertical line from the total points scale to the overall survival.





Association Between FGF1 and p-S6K1 Expression

As reported, studies suggested that FGF1 may promote proliferation and metastasis of tumor cells by regulating the AKT-mTOR-S6K1 signaling pathway in a variety of tumors. TCGA dataset analysis by GEPIA platform showed that the expression of FGF1 in colorectal cancer tissues was positively correlated with S6K1 (Figure 5A). To verify the relationship between FGF1 and the AKT-mTOR-S6K1 axis in CRC, firstly, we investigated the expression of p-S6K1 in 135 samples in protein level via IHC (Figure 5B). Compared to normal tissues, the expression of p-S6K1 in CRC tissue was significantly elevated (Figure 5C). Then, we examined the correlation between FGF1 and p-S6K1 expression. The expression of p-S6K1 and FGF1 was not associated in normal tissue, but their expression was closely related in tumor tissue (Figures 5D, E).




Figure 5 | The relationship between FGF1 and p-S6K1.Nomograms to predict survival of CRC patients. (A) Correlation analysis of FGF1 and S6K1 at gene level in CRC tissues from TCGA datasets by GEPIA platform. (B) Representative IHC images showing in situ p-S6K1 expression in CRC and normal tissues (scale bar = 100μm). (C) IHC scores of p-S6K1 in CRC vs normal tissues. (D–G) Correlation between FGF1 and p-S6K1 at protein level in (D) CRC tissue, (E) normal tissue, (F) TNM stage I-II tissue and (G) TNM stage III-IV tissue. (H) Stratification of 135 pairs of CRC and normal tissues into cluster 1 and cluster 2 according to FGF1 and p-S6K1 IHC scores. ***P < 0.001.



In subgroup analysis according to the TNM stage, their expression was no obvious association in tissues at TNM stage I-II (Figure 5F). Whereas, in the TNM stage III-IV group, p-S6K1 was closely linked to FGF1 (Figure 5G). Therefore, the expression of FGF1 and p-S6K1 increased aberrantly in a large proportion of CRC specimens. Meanwhile, p-S6K1 expression was associated with FGF1 expression obviously in advanced CRC. Moreover, PCoA cluster analysis was performed based on the IHC scores of FGF1 and p-sk61. The difference between tumor tissue and normal tissue can be clearly distinguished on the PC1 axis (Figure 5H).

To gain further mechanistic insights, we examined the knockdown effect of FGF1 in colorectal cancer cells firstly. Then, the p-mTOR and p-S6K1 expression in CRC cells transfected with FGF1-shRNA was analyzed. It indicated that inhibiting FGF1 downregulated mTOR-S6K1 pathway (Figures 6A, B).




Figure 6 | FGF1 regulates CRC cell growth in an mTOR-S6K1 pathway dependent manner. (A) Immunoblot showing FGF1, p-mTOR, mTOR, p-S6K1 and S6K1, β-Actin protein levels in CRC cells transfected with FGF1-shRNA. (B) Immunoblot result of FGF1/β-Actin, p-mTOR/mTOR and p-S6K1/S6K1 were semi-quantified by ImageJ. Data are presented as mean ± SD. NC, negative control; KD, FGF1-shRNA. *P < 0.05, **P < 0.01.





Ectopic FGF1 Promotes Proliferation and Migration Ability of CRC Cells

mTOR-S6K1 pathway is closely related to the proliferation and migration of cancer cells. Due to the close regulatory relationship between FGF1 and mTOR-S6K1 pathway, we investigated the biological role of FGF1 on the proliferation and migration ability of CRC cells. Compared to the negative controls, the colony-formation ability of FGF1-KD cells was significantly reduced (Figure 7A). Consistent with this, the FGF1-KD cells also showed decreased migration ability in transwell assays (Figure 7B), and wound healing assays (Figures 7C, D). Taken together, the ectopic expression of FGF1 promotes tumorigenesis of CRC cells in vitro.




Figure 7 | FGF1 promotes proliferation and migration ability of CRC cells. (A, B) Colony formation capacity (A) and migration rates (B) of FGF1-KD CRC cells. CRC, colorectal cancer. (C) Wound healing assays were carried out at 24h after transfection in 6-well plates. The gap width was measured using Open Lab software. (D) The wound rate was calculated and displayed graphically according to the measured results by Open Lab software. NC, negative control; KD, FGF1-shRNA. Data are presented as mean ± SD (n=3). Ns, no significance, *P < 0.05.





FGF1 Enhances Colorectal Tumorigenesis In Vivo

The role of FGF1 in CRC tumor growth was analyzed by establishing an in vivo xenograft model using wild-type and FGF1-KD HCT116 cells. Depletion of FGF1 alleviated the nutritional status of mice to a certain extent (Figure 8A), and significantly inhibited the proliferative capacity of the CRC cells, which was manifested as reduced tumor size (Figures 8B, C) and weight (Figure 8D) compared to control group. Then, we evaluated the difference of mice weight after tumor removal, and the weight of mice in FGF1-KD group was still superior to negative controls (Figure 8E).




Figure 8 | FGF1 induces CRC tumor growth in vivo. (A, B) Total body weight (A) and tumor volume (B) of the mice during the experiment. (C) Representative pictures of subcutaneous tumors harvested from NC and FGF1-KD group. (D) The weights of tumor masses. (E) Net body weight after subtracting the respective tumor weights. (F) Relative FGF1 mRNA levels in the tumors and the tumor weight correlation. (G) Stratification of mice into cluster 1 (blue) and cluster 2 (grey) according to tumor weight and FGF mRNA levels. (H) Percentage of NC and FGF1-KD mice in each cluster. Data are presented as mean ± SD (n=5). CRC, colorectal cancer. NC, negative control; KD, FGF1-shRNA. *P < 0.05.



Furthermore, FGF1 mRNA levels in situ were markedly affected the weight of Subcutaneous tumor, and showed significant statistical correlation (Figure 8F). We next performed a cluster analysis to consider the combined effects of tumor volume and FGF1 expression level (Figure 8G). 80% of the FGF1-KD group mice were in Cluster 1, and 100% of the NC and 20% of the FGF1-KD group mice were in Cluster 2 (Figure 8H). It suggests that there is a significant difference between FGF1-KD and negative control CRC cells in vivo.




Discussion

In recent years, at least 22 different FGFs have been identified, ranging from nematodes and fruit flies to mice and humans (17, 18). FGF family members possess broad mitogenic and cell survival activities, and are involved in a variety of biological processes, including embryonic development, cell growth, morphogenesis, tissue repair, tumor growth and invasion. As an important member of the FGFs family, FGF1 functions as a modifier of endothelial cell migration and proliferation, as well as an angiogenic factor (5, 7). It acts as a mitogen for a variety of mesoderm- and neuroectoderm-derived cells in vitro, thus is thought to be involved in organogenesis.

As reported, FGF2 and FGF20 are the major FGFs involved in embryogenesis and colorectal tissue regeneration. However, the expression level and role of FGF1 in colorectal cancer remain unclear. In this study, FGF1 expression was significantly higher in colorectal cancer than in normal tissues by detecting 135 normal and paired CRC tissues. Regarding the detection of FGF1 expression level, our results were consistent with Skrzypczak’s (19). However, a pooled analysis of 16 studies included by the Oncomine platform do not support the result that expression levels of FGF1 is higher in CRC than in normal tissues (20, 21). Therefore, more studies are needed to clarify and support this conclusion. Meanwhile, elevated FGF1 expression level in tumor tissues was associated with poor prognosis. This result is consistent with TCGA database outcome. Studies in ovarian cancer, breast cancer and lung cancer suggest that FGF1 expression levels in tumor tissues are closely related to prognosis (4, 7–10). However, the prognostic role of FGF1 in CRC patients is still lacking.

In addition to demonstrating that FGF1 predicts a poor prognosis in CRC, we also performed a subgroup analysis to further reveal the association between FGF1 and survival of CRC patients in different subgroups. Interestingly, we found that high expression of FGF1 predicted poor prognosis no matter at different TNM stages, lymph node metastasis, degree of differentiation, and depth of tissue infiltration etc. However, we found different prognostic effects of FGF1 in nongender-specific subgroups. FGF1 was associated with survival in the female subgroup, but not in the male subgroup. It indicates FGF1 may be more effective in predicting survival in female patients. However, this conclusion has its limitation, which may be due to the low number of positive FGF1 detected in CRC tissues in male patients. Therefore, the analysis may not be accurate (22, 23). And, a further increase in male cases is needed to provide reliable analysis.

FGF1 is involved in cell proliferation, survival, migration, invasion, differentiation, and angiogenesis. It is recognized that the invasion and metastasis of tumor have something to do with angiogenesis. As FGF1 was found to be correlated with lymph node metastases. Study suggests that the angiogenesis intensity in CRC is higher in early-stages of the tumoral proliferation. However, it is not an increasing process, having rather an oscillating character (24). High angiogenic activity in early tumor tissues may be an important factor in promoting the gradual increase of FGF1 expression. Thus, it is easily hijacked by cancer cells and shows oncogenic roles in many cancers (17, 18). The phosphorylation of FGFRs by FGFs initiates biological effects through activation of different signaling pathways including the PI3K-AKT-mTOR pathway. However, the association of FGF1 with PI3K-AKT-mTOR pathway in CRC is unclarified (7, 25, 26). TCGA dataset analysis revealed that FGF1 links with SK61, which is the downstream target of mTOR. IHC results showed no correlation between FGF1 and phosphorylated S6K1 in normal colorectal tissues, but a positive correlation in CRC tissues. Furthermore, in a subgroup analysis based on TNM stage, we found no correlation between FGF1 and p-S6K1 in early CRC, while FGF1 was closely associated with p-S6K1 in advanced CRC. This evidence enhanced that FGF1 expression levels and their association with the AKT-mTOR signaling pathway become increasingly tight as tumors develop. And, FGF1 may act as an excellent biomarker to predict the process of tumorigenesis (7).

PI3K-Akt-mTOR is an important metabolic signaling pathway (27, 28), which is aberrant expression in a variety of tumor cells (29–32). Studies have shown that the abnormal activation of mTORC1 complex promotes the proliferation and migration ability of CRC cells (33–35). However, FGF1 is closely related to the activation level of mTORC1, the potential regulatory mechanism between FGF1 and mTORC1 has not been clarified in a variety of digestive tract tumors. To further clarify the regulatory relationship between FGF1 and mTOR related signaling pathways, we knocked down the expression of FGF1, analyzed the expression alteration of mTOR and its downstream targets, and evaluated the proliferation and migration ability of tumor cells in vitro and in vivo. The results indicated that knockdown of FGF1 negatively regulated the phosphorylation levels of mTOR and S6K1. Meanwhile, down-regulation of FGF1 expression can effectively inhibit the proliferation and migration ability of colorectal cancer cells in vitro. In vivo, down-regulation of FGF1 expression delayed the occurrence and progression of tumors and effectively improved the nutritional status of tumor-bearing mice.

In sum, there are still few studies on FGF1 in CRC, and its role and underlying mechanism have not been fully elucidated. The comprehensive understanding of FGF1 structure and function, as well as elucidation of the specific FGF1 inhibitor interactions, and combined with further study of the effect of FGF1 in CRC may promote new strategies for the treatment of CRC.
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With a high occurrence rate and high mortality, the treatment of colorectal cancer (CRC) is increasingly attracting the attention of scholars. Hub genes that determine the phenotypes of CRC become essential for targeted therapy. In the present study, the importance of cyclin-dependent kinases (CDKs) on the occurrence of CRC was identified by data mining of The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO). The results showed that the gene expression levels of CDK1, CDK4, and CDK6 were obviously changed in different stages of CRC. Among the CDKs, CDK4 was suggested as an independent risk factor for CRC based on Cox analysis. Furthermore, chondroitin sulfate (CS), a kind of dietary supplement to treat osteoarthritis, was predicted to treat CRC based on its chemical structure and GEO datasets. Cell assay experiments with the human CRC cell line HCT-116 also verified this prediction. CS inhibited the gene and protein expression levels of CDKs and increased the ratios of apoptotic or dead HCT-116 cells by regulating mitogen-activated protein (MAP) kinase pathways. Our data highlight the essential roles of CDKs in CRC carcinogenesis and the effects of CS on treating CRC, both of which will contribute to the future CRC treatment.
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Introduction

Colorectal cancer (CRC) is considered the third most common and the second leading cause of death worldwide (1). The 5-year survival prognosis is highly dependent on the tumor stage of CRC: over 90% survival for stage I CRC and nearly 10% survival for stage IV CRC (2). CRC treatments consist mainly of surgery combined with adjuvant chemotherapy and neoadjuvant radiotherapy (3). However, these therapies have not been proven to effectively cure CRC with many side effects. Therefore, it is meaningful to identify hub genes and biomarkers that determine the phenotypes or tumor stages of CRC for cancer treatment.

Cyclin-dependent kinases (CDKs) are key molecules for the cell cycle. Interphase CDKs promote tumor cells to exit the G0 phase, which commits to S phase (DNA synthesis). Following S phase, DNA damage checkpoint kinases induce cell cycle arrest in G1 phase and G1-S phases (4). CDKs in mammalian cell cycle regulation, including CDK1, CDK2, CDK4, and CDK6, are usual targets for treating CRC (5). Recently, microarray technology has been widely applied to identify genetic alterations at the genome level, screen differentially expressed genes and develop novel cancer therapies (6). Along with microarray technology, bioinformatics has been processed to predict hub genes and related functional pathways (7). In the present study, two databases, The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) (8), were used to clarify the importance of CDKs in the progression of CRC. To define the functions of CDKs, gene set enrichment analysis (GSEA), Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were performed. Moreover, Tetsu et al. (9) determined that inhibition of CDK2 and CDK4 leads to G1 arrest in CRC following inhibition of the mitogen-activated protein (MAP) kinase pathways, which highlights the relationships between the CDKs and MAP kinases. In addition, MAP kinase pathways, including the extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (p38 MAPK), were highlighted to upregulate key inflammatory mediators of cancer promoters (10, 11). These MAP kinases participate in the growth, proliferation, differentiation, and migration of various tumor cell types (10) such as pancreatic cancer, CRC, breast cancer, and gastric cancer (11).

Inhibitors of CDKs are also gaining increasing attention as novel CRC therapies (12, 13). According to the protein–ligand interaction pattern, the corresponding pharmacological effect of active molecules could be predicted (14). Based on chemical structure of active compounds and GEO datasets, we predicted that chondroitin sulfate (CS) is probably an alternative medicine to treat CRC. CS, which is extracted from terrestrial biospheres such as cows or pigs and marine biospheres such as sharks, salmon, and squid, has been reported to play a key role in the development of atherosclerosis and cancer progression in vivo (15). As an exogenous supplement, CS was first introduced to treat osteoarthritis (16) but has barely been reported to be a therapy for CRC. This prediction was also confirmed experimentally. We suggested that CS inhibited the gene expression levels of CDKs and increased the apoptosis or death of HCT-116 cells (a human cell line derived from colon cancer) by downregulating the MAP kinase pathways to treat CRC. Our data highlight the importance of CDKs in CRC progression and possible alternative medicines in future CRC treatment.



Materials and Methods


TCGA Data Mining

Clinical information was obtained from TCGA database. Gene expression (CDK1, CDK2, CDK4, and CDK6) was determined using R and Perl software (17). Gene expression levels of different tumor stages and survival rate calculations were processed by Gene Expression Profiling Interactive Analysis (GEPIA) (18).



Cox Analysis

Cox analysis containing univariate and multivariate Cox analyses was used to select potential prognostic factors and verify the correlations between CDK expression and survival along with other clinical features (age, gender, tumor stage, T classification, M classification, and N classification) (19). p < 0.05 was considered statistically significant.



GSEA

GSEA is a computational method that determines the potential function of a set of genes. To identify the potential mechanism of CDKs in CRC, “c2.cp.kegg.v7.2.symbols” was used to study the related effective pathways of CDKs (19). Gene sets with false discovery rate (FDR) q-values<0.05 were considered to be significantly enriched.



GEO Data Mining

Expression profiling by arrays, including series GSE21510, GSE24514, and GSE8671, was used for GEO data mining. GSE21510 contains gene expression in colorectal cancer (CRC; n = 19) tissues and non-colorectal cancer (non-CRC; n = 25) tissues (20), GSE24514 contains 34 CRC tissues and 15 non-CRC tissues (21), and GSE8671 contains 32 CRC tissues and 32 non-CRC tissues (22). The microarray data were from the National Center for Biotechnology Information (NCBI) GEO database. The data quantity of all probes contained in the database were assessed by R software (version 3.6.3) with the R packages “affyPLM” and “affy” from the Bioconductor project and converted into the corresponding gene symbol based on annotation information in the platform GPL570 (20).



Identification of Differential Expression Genes

The differential expression genes (DEGs) between CRC and non−CRC tissues were screened using GEO2R. |log2FC (fold change)| > 0.3 and p < 0.05 were considered statistically significant and calculated by R software with the R package “limma” from the Bioconductor project (6). The overlapping DEGs of GEO datasets were obtained by FunRich (version 3.1.3 for Windows; http://www.funrich.org/).



Prediction of Regulated DEGs by Structure of CS

The 3D structure of CS (C13H21NO15S; compound CID, 24766) was obtained from PubChem. The potential target identification of CS was predicted by the PharmMapper Server using the 3D structure of CS (23) and TCMSP (the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform) (24). A total of 1,200 genes were associated with target DEGs of CS. Two kinds of filtrating parameters, betweenness centrality (BC) and degree centrality (DC), were calculated. After filtering the top 30% BC, the top 10% DC genes were considered as the core network with Cytoscape software (National Resource for Network Biology; version 3.8.0).



GO and KEGG Pathway Analysis

KEGG pathway analyses, GO biological process (BP), GO molecular function (MF), and GO cellular component (CC) of DEGs were predicted by the Enrichr database (25). The R packages “clusterProfiler”, “org.Hs.eg.db”, “enrichplot”, and “DOSE” from the Bioconductor project were also used to enrich the GO or KEGG pathways of DEGs. All the interactions in the present study were predicted by Cytoscape software.



Cell Culture and Cell Viability Assay

Chondroitin sulfate was purchased from Maruha Nichiro (Tokyo, Japan). The HCT-116 cell line and Caco-2 cell line were purchased from RIKEN BioResource Research Center Cell Bank (Tsukuba, Ibaraki, Japan). The HCT-116 cell culture medium was composed of 94% Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, Waltham, MA, United States), 5% heat-inactivated FBS (Thermo Fisher Scientific), and 1% streptomycin (Nacalai Tesque, Kyoto, Japan). The Caco-2 cell culture medium was composed of 89% DMEM, 10% heat-inactivated FBS, and 1% streptomycin. The influences of CS on HCT-116 cell viability were determined by CCK-8 (Dojindo Molecular Technologies, Kumamoto, Japan). In brief, a density of 5 × 104 HCT-116 cells/well was first seeded into 96-well flat bottom plates (Corning, New York, NY, USA) after 1 day of culture until the 60–70% area of the well was covered by cells. Different concentrations of CS (0, 0.08, 0.4, 2, 10, and 50 mg/ml) were applied to each well. After 24, 48, and 72 h incubation, the medium was removed. A total of 100 μl of CCK-8 (diluted 10 times) was put into each well. Following incubation for 30 min in an incubator (37°C, 5% CO2), the absorbance at 450 nm of each well was measured by a microplate reader (Tecan Trading AG, Männedorf, Switzerland). Finally, the cell viabilities under different treatments were determined by the following formula: % ratio of viable cells = [(Asample − Ablank)/(Acontrol − Ablank)] × 100%, in which Asample is the absorbance of each treated sample, Ablank is the absorbance of reagent only without cells, and Acontrol is the absorbance of the cells in the DMEM culture medium.



Quantitative PCR

Total RNA from the cells was isolated using a QIAshredder (QIAGEN, Hilden, Germany) and RNeasy Mini Kit (QIAGEN). Quantitative PCR was performed with QuantiTect SYBR Green PCR Kits (QIAGEN) using a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). All relative gene expression levels were normalized to the gene expression level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All the primer sequences for qPCR are shown in Supplementary Table 1.



Apoptosis Assay

The apoptosis ratio was determined with an Annexin V-FITC Apoptosis Staining/Detection Kit (Abcam, Cambridge, UK). HCT-116 cells were cultured with CS (0.08 mg/ml). After 24, 48, and 72 h, the cells were washed twice with PBS(−) and resuspended in 500 μl binding buffer containing 5 μl Annexin V-FITC and 5 μl PI according to the manufacturer’s protocol. The fluorescence levels were measured by FACS Verse (BD Bioscience, Franklin Lakes, NJ, USA). All data were analyzed with FlowJo (BD Biosciences).



Cell Protein Extracts and Immunoblotting

HCT-116 cells (6 × 108) were seeded in flat-bottom 10-cm plates (Corning). After 24 h of culture (60%–70% area of plate covered by cells), 0.08 mg/ml CS was added to the plates and then cultured in an incubator (5% CO2; 37°C) for another 24 h. The cells were collected by 0.1% trypsin (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), which was dissolved in EDTA-PBS(−). Protease and phosphatase inhibitor cocktail (FUJIFILM Wako Pure Chemical Corporation) was dissolved in the tissue protein extraction reagent (Thermo Fisher Scientific), which was used as protein lysis buffer. The purified protein concentration of each sample was determined by the Bradford method. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used for the separation of all the sample proteins (20 μg). Acrylamide gel was electrophoretically transferred to polyvinylidene difluoride membrane (Millipore, Burlington, MA, USA). After blocking in 5% BSA/TBST (TBST buffer: 50 mM Tris–HCl, 150 mM NaCl, 30 mM KCl, 1% Tween-20, pH 7.5) for 1 h, the membranes were cultured overnight in the primary antibody at 4°C. The primary rabbit antibodies were β-actin, p38 MAPK, p46/54 SAPK/JNK, p44/42 MAPK (Erk1/2), phospho-p38 MAPK, phospho-p46/54 SAPK/JNK, and phospho-p44/42 MAPK (Erk1/2) (Cell Signaling Technology, Danvers, MA, USA). The primary mouse antibodies were CDK1, CDK2, CDK4, and CDK6 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). After that, the membranes were immersed in the bound antibody (Thermo Fisher Scientific), which stabilized goat antirabbit IgG (Thermo Fisher Scientific) for MAPKs and goat antimouse IgG (Thermo Fisher Scientific) for CDKs (1 h at room temperature). Immunoreactivity was measured by an Amersham Imager 680 (Cytiva, Marlborough, MA, USA) after dealing with sensitivity substrate (Thermo Fisher Scientific) and analyzed by the attached software (GE Healthcare Life Science, Marlborough, MA, USA).



Cell Migration and Invasion Assay

HCT-116 cells (2 × 104) were suspended in serum-free medium (300 μl) containing PBS with or without dissolved CS (0.08 mg/ml) at the upper chambers of Transwell system (Corning, 24 wells, 8-mm pore size with polycarbonate membrane). Without Matrigel (Corning) upper chambers or Matrigel-coated chambers were for migration and invasion assay, respectively. The lower chambers were filled with 750 μl 20% FBS DMEM medium. After 14 h (migration assay) or 48 h (invasion assay) incubation (5% CO2; 37°C), cells were fixed with methanol (FUJIFILM Wako Pure Chemical Corporation) and then stained with Crystal Violet (Cosmo Bio Co. Ltd., Tokyo, Japan). The stained cells were subsequently photographed (magnification, 40×; Olympus, Tokyo, Japan).



Wound Healing Assay

HCT-116 cells (5 × 105) were incubated in the six-well plate (Corning) overnight at 37°C, allowing cells to adhere and spread on the substrate completely. After culturing for 2 h with 10 μg/ml Mitomycin C (FUJIFILM Wako Pure Chemical Corporation), a pipet tip was used to scrape the cell monolayer in a straight line to create a “scratch”. The wounded monolayers were washed twice with PBS to remove non-adherent cells and cultured in an incubator (5% CO2; 37°C) containing PBS with or without dissolved CS (0.08 mg/ml). Plates were photographed at different time points, including 12, 24, 48, and 72 h (magnification, 40×; Olympus, Tokyo, Japan).



Statistics

All the values are presented as the mean ± SEM and were analyzed by one-way ANOVA followed by Dunnett’s multiple comparison or Student’s t-test. A p < 0.05 was considered a significant difference (26).




Results


Gene Expression Levels of CDKs in CRC Tissues and Paracancerous Tissues Based on the TCGA Database

The CDK family is reported to control the tumor cell cycle and is essential for the carcinogenesis and progression of cancers (5). TCGA was used to analyze the CDKs, including CDK1, CDK2, CDK4, and CDK6. We found that in CRC tissues, the gene expression levels of CDK1, CDK2, CDK4, and CDK6 were significantly higher than the gene expression levels in paracancerous tissues (Figure 1A). All four CDKs had much higher expressions in the 398 CRC samples than in the 39 paracancerous samples (Figures 1B–E). For the paired difference analysis, CDK expression in CRC tissues was much higher than the CDK expression in paracancerous tissues from each patient (Figures 1F–I). Except for CD2, CDK1, CDK4, and CDK6 had obvious or inclined differential expression when comparing paracancerous tissues with stage IV CRC tissues (Figures 1J–M). However, the four CDKs did not show a significant influence on the survival rate of patients (Supplementary Figure 1), which means that although CDK1, CDK2, CDK4, and CDK6 could possibly determine the phenotypes of CRC, the CDKs could not increase the mortality rate of CRC patients. To further study the risk factors that were essential for the occurrence of CRC, univariate Cox analyses were applied to age, gender, tumor stage, T classification, M classification, N classification, and CDK family (CDK1, CDK2, CDK4, and CDK6) expressions in CRC patients (n = 331) (Supplementary Table 2). Among all the clinical status, the p-values of age, tumor stage, and tumor–node–metastasis (TMN) classification of malignant tumors were <0.05, which means that these conditions could be risk factors for overall survival among CRC patients. In addition to univariate analysis, multivariate Cox analyses were also applied to identify the independent risk factors for CRC. As shown in Figure 2A, the prevalence of CRC increased by 1.05 times every year, and male individuals have a 1.09 times higher prevalence than female individuals. When tumor stages and T, M, and N classifications of CRC increase 1 level, the prevalence of CRC increases by 2, 1.46, 1.57, and 1.21 times, respectively. Similarly, when the gene expression levels of CDK1, CDK2, CDK4, and CDK6 increased by one transcript per million, the prevalence of CRC increased by 1.15, 0.96, 2.15, and 1.47 times, respectively. Among all the elements, age and CDK4 expression were the two independent risk factors for the occurrence of CRC. Furthermore, to identify the potential mechanisms of CDKs in CRC, GSEA was performed to predict the CDK-related pathways with an FDR q < 0.05 as a filtrating value. Figure 2B and Table 1 show that the cell cycle, CRC, DNA replication, fatty acid metabolism, NOD-like receptor, p53, protein export, and RNA degradation signaling pathways have positive correlations with CDKs, while basal cell carcinoma, glycosaminoglycan biosynthesis, and Hedgehog signaling pathways have negative correlations with CDKs. Especially for CDK6, in addition to the pathways downregulated by CDKs, the neuroactive ligand receptor interaction was also decreased by high CDK6 expression.




Figure 1 | Gene expression levels of CDKs in CRC based on TCGA database. (A) Gene expression levels of CDK1, CDK2, CDK4, and CDK6 in paracancerous tissue and CRC tissue. TPM means transcripts per kilobase million. (B‒E) Gene expression levels of CDK1 (B), CDK2 (C), CDK4 (D), and CDK6 (E) in paracancerous tissue (n = 39) and CRC tissue (n = 398) of CRC. (F‒I) Gene expression levels of CDK1 (F), CDK2 (G), CDK4 (H), and CDK6 (I) in paracancerous tissue and CRC tissue from each patient. (J‒M) Gene expression levels of CDK1 (J), CDK2 (K), CDK4 (L), and CDK6 (M) in different CRC stages.






Figure 2 | Multivariate Cox analyses and potential regulatory signaling pathways of CDKs. (A) Multivariate Cox analyses of clinical features and CDKs. (B) Related regulatory pathway prediction of CDKs based on GSEA. The pathways in the figure are as follows: 1, basal cell carcinoma; 2, cell cycle; 3, colorectal cancer; 4, DNA replication; 5, fatty acid metabolism; 6, glycosaminoglycan biosynthesis of chondroitin sulfate; 7, hedgehog signaling pathway; 8, NOD-like receptor signaling pathway; 9, p53 signaling pathway; 10, protein export; 11, RNA degradation; 12, neuroactive ligand receptor interaction. The enrichment processes of all the related pathways are shown below as bar codes. *p < 0.05 or ***p < 0.001 in the multivariate Cox analyses were considered statistically significant.




Table 1 | The FDR q-values of CDKs in the KEGG pathways based on GSEA.





DEG Mining Between CRC Tissues and Non-CRC Tissues Based on the GEO Database

Expression profiling by microarrays from series GSE21510, GSE24514, and GSE8671 was selected to help analyze the DEGs between the CRC tissues and non-CRC tissues with R software. The filtrating values to distinguish the differentially expressed genes of the three datasets were p < 0.05 and |log2FC (fold change)| > 0.3. Heatmap showed the representative gene expression levels (the top 10 highest expression and top 10 lowest expression genes in two groups) in CRC, which were significantly different from those parameters in the non-CRC group (Figure 3A). As shown in Figure 3B, the red or green spots in the CRC denote the up- or downregulated genes compared with non-CRC, respectively. A total of 2,055 overlapping DEGs (Figure 3C) of the three datasets were used to apply GO functional analysis and KEGG pathways with Enrichr (Figure 3D), and we found that the cell cycle and DNA replication were the top 2 regulated pathways, which meant that the cell cycle and DNA replication were crucial for the progression of CRC. Therefore, we searched the CDKs from the GEO microarrays. All the selected genes, including CDK1, CDK2, CDK4, and CDK6 in the three GEO datasets, showed significant differences when we compared the two groups (Table 2). In particular, the log2FC of CDK1 and CDK4 were more than 1, suggesting that these genes were possible critical genes that control the phenotypes of non-CRC or CRC. The results also clarified that CDKs expression were essential for the occurrence of CRC, which corresponded with the data from TCGA.




Figure 3 | DEG mining between non-CRC tissues and CRC tissues based on the GEO database. (A) Heatmap of the differential gene expression in all the samples from non-CRC and CRC at the datasets GSE21510, GSE24514, and GSE8671; the color bar represents differential gene expression magnitude. (B) Identification of the differentially expressed genes between non-CRC and CRC at the datasets GSE21510, GSE24514, and GSE8671. (The red and green spots in the CRC were classified by the upregulated and downregulated genes compared with non-CRC, respectively.) (C) Venn plot of DEGs at the datasets GSE21510, GSE24514, and GSE8671 (6,544 genes were mapped in 7,173 DEGs of GSE21510; 3,790 genes were mapped in 3,883 DEGs of GSE24514; and 7,446 genes were mapped in 8,479 DEGs of GSE8671). (D) KEGG pathways and GO functional analysis of overlapped DEGs at the datasets GSE21510, GSE24514, and GSE8671 based on the Enrichr online tool.




Table 2 | The significance of CDKs in GEO microarrays.





The Predicted Targets of CS on CRC-Induced DEGs

Compared with chemical drugs, natural products have the advantages of being safe, having no side effects, and having multiple therapeutic targets; therefore, they are promising in the development of related drugs to treat various diseases. In the present study, chondroitin sulfate (CS), which was first introduced to treat osteoarthritis, was predicted to have effects on treating CRC. Based on the 3D structures (Figure 4A), the effective targets of CS could be predicted by PharmMapper Server and TCMSP. The overlapping DEGs of GEO samples mentioned in Figure 3 and the predicted targets of CS could be possible targets of CS in treating CRC. The effective targets of CS and their interactions were also predicted in Figure 4B. Based on MF analysis (Figure 4C), the targets of CS on CRC-induced DEGs were highly enriched at DNA binding (GO:0030983 and GO:0003684). The interaction between the CS target genes and MF are shown in Figure 4D. The degree of interactions is shown by the size of delineation (genes are described by triangles, and MFs are shown by arrows). Figure 4D also shows that proliferating cell nuclear antigen (PCNA) had the highest affinity for MFs, and CS target genes were highly enriched at GO:0016829 (lyase activity) and GO:0000287 (magnesium ion binding). In addition, DEGs were induced by BP, and cellular component (CC) prediction of CS in CRC is shown in Supplementary Figure 2 and Supplementary Table 3. Furthermore, based on the Homo sapiens database, the CS target genes in Figure 4B and their neighboring genes were analyzed. Two kinds of filtrating parameters, betweenness centrality (BC) and degree centrality (DC), were calculated. After filtering the top 30% BCs, the top 10% DC genes were considered as the core network. Finally, PCNA and protein phosphatase 1β (PP1CB) seemed to be the core genes in the network topology of predicted targets, as shown in Figure 4E. In particularly, PCNA is reported to be a biomarker of colonic cell proliferation (27). We also found that CS downregulated the mRNA expression levels of PCNA and PP1CB in HCT-116 cells (Supplementary Figure 3). The results suggest that CS might have certain effects on treating CRC.




Figure 4 | CS was predicted to treat CRC-induced DEGs. (A) 3D structure of CS. (B) Target identification of CS on CRC-induced DEGs. (C) Regulated GO molecular function prediction of CS on CRC-induced DEGs. GO:0032404, mismatch repair complex binding; GO:0030983, mismatched DNA binding; GO:0035035, histone acetyltransferase binding; GO:0016831, carboxy-lyase activity; GO:0030331, estrogen receptor binding; GO:0016829, lyase activity; GO:0016830, carbon-carbon lyase activity; GO:0000287, magnesium ion binding; and GO:0003684, damaged DNA binding; p.adjust, p-value after correction; and Gene Ratio, the proportion of genes enriched in the molecular function. (D) Interaction of GO molecular function and related target genes of CS. (E) Network topology of CS on CRC-induced DEGs. A total of 1,200 genes were associated with target DEGs of CS. Two kinds of filtrating parameters, betweenness centrality (BC) and degree centrality (DC), were calculated. After filtering the top 30% BC, the top 10% DC genes were considered as the core network.





Effects of CS on Decreasing Expression Levels of CDKs and Related Signaling Pathways in CRC Based on Experimental Validation

As all the results obtained in the bioinformatics analysis based on GEO and TCGA, CDKs were suggested to play important roles in the occurrence of CRC and CS might be a potential compound to treat CRC. A human CRC cell line, HCT-116, was used to explore the effective mechanism of CS in the present study. As shown in Figure 5A, CS significantly influenced HCT-116 cell viability after 24, 48, and 72 h of culture. For the 24 h coculture system of CS and HCT-116 cells, 0.08 mg/ml CS did not have a fatal influence on HCT-116 cells, which was a proper concentration to further study the antitumor mechanism of CS. The mRNA expression levels of CDK1, CDK2, CDK4, and CDK6 were significantly or tendentiously decreased by CS (0.08 mg/ml) treatment at 24 h of culture in HCT-116 cells (Figure 5B). We also applied another colorectal cancer cell line Caco-2 to support our results at gene levels. We found that in addition to HCT-116, CS also downregulated the expressions of CDK1, CDK2, and CDK6 in Caco-2 cells (Figure 5B). In addition, apoptosis assays showed that CS significantly increased the apoptotic rate of HCT-116 cells at 24 h of culture but had no influence on cell death. Meanwhile, the dead cells caused by CS were obviously increased after 48 h of culture, and the status continued after 72 h of culture (Figures 5C–E). The results also correspond with Figure 5A. The related gating processes using flow cytometry are shown in Supplementary Figure 4. Furthermore, we have exerted cell invasion, cell migration, and wound scratch assay to clarify the colorectal cancer cells’ proliferation ability as shown in Supplementary Figure 5. We found that CS had significant effects on inhibiting the proliferation abilities of HCT-116 cells.




Figure 5 | Effects of CS on decreasing the mRNA expression of CDKs and apoptosis in colorectal cancer cell lines. (A) The influence of different concentrations of CS (0, 0.08, 0.4, 2, 10, and 50 mg/ml) on HCT-116 cell viability after 24, 48, and 72 h (n = 4). (B) The effects of CS (0.08 mg/ml) on the mRNA expression levels of CDK1, CDK2, CDK4, and CDK6 after 24 h of culture (n = 4) in HCT-116 cells and Caco-2 cells. (C) Different cell status in the apoptosis assay with flow cytometry in HCT-116 cells. (D) Ratios of cell apoptosis and death after culture with CS (24, 48, and 72 h). (E) Histograms of cell apoptosis and death after culture with CS (24, 48, and 72 h, n = 6–9). The results are shown as the mean ± SEM. #p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001 versus 0 μg/ml CS (Con) assessed using one-way ANOVA followed by Dunnett’s multiple comparison for panel (A), Student’s t-test for panels (B, E) The results represent one of two independent experiments with similar results.



The protein levels of CDKs shown in Figures 6A, B were also conducted with western blotting. The results showed that CS could downregulate the protein levels of CDK1 and CDK4, which were the important DEGs based on the GEO datasets as shown in Table 2. In addition, CDK4 and CDK2 have been reported to inhibit G1 arrest in CRC following inhibition of the MAP kinase pathway (9). MAP kinases can influence various biological processes such as cell proliferation, inflammation, differentiation, transformation, and apoptosis. Therefore, the whole cell protein from 24 h culture of HCT-116 cells and CS (0.08 mg/ml) was subjected to Western blotting analysis to examine the effects of CS on regulating MAP kinases. The levels of the corresponding bands of phosphorylated ERK, JNK, and p38 MAPK decreased, while unphosphorylated ERK and JNK showed no significant changes (Figures 6C, D), which suggested that CS regulated MAP kinase signaling in HCT-116 cells. The results highlighted that CS was a possible candidate compound for the treatment of CRC through regulating MAP kinase signaling pathways and decreasing the mRNA expression and protein levels of CDKs.




Figure 6 | CDKs and MAP kinase regulated by CS in HCT-116 cells. (A) Immunoblotting of CDK1, CDK2, CDK4, CDK6 and β-actin in HCT-116 cells (β-actin was the internal control). (B) The protein levels of CDK1, CDK2, CDK4, and CDK6 (n = 3). (C) Immunoblotting of phosphorylated and unphosphorylated ERK, JNK, p38 MAPK, and β-actin in HCT-116 cells (β-actin was the internal control). (D) The protein levels of p-ERK, p-JNK, p-p38 MAPK, ERK, JNK, and p38 MAPK (n = 5). The results are shown as the mean ± SEM. #p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001 versus 0 μg/ml CS assessed using Student’s t-test. The results represent one of three (CDKs) or five (MAPKs) independent experiments with similar results.






Discussion

With low consumption and high accuracy, a growing attention has been focused on bioinformatics to apply hub genes prediction, which would be biomarkers for disease treatment. In the present study, TCGA and GEO were performed to help us to understand the underlying mechanisms of CDKs in the production of CRC. CDKs are essential proteins in regulating epigenetic modifications, interrupting DNA-damage responses, and participating in cell cycle machinery (28). Abnormal activation of CDKs would promote the development of malignant cancer (29). However, the significant roles of CDKs during the CRC procession from big data perspective are not yet elucidated. In the study, multivariate Cox analyses were applied to identify the risk factors for CRC. We found that among all the elements (including age, gender, tumor stages T, M, and N classifications of CRC, and gene expressions of CDKs), age and CDK4 expression were the two independent risk factors for the occurrence of CRC. That means CDK4 would be an independent biomarker, which would be helpful for the clinical diagnosis of CRC. Although CDKs did not influence the survival rate of CRC patients, it does not mean CDKs were not meaningful. The CDKs, including CDK1, CDK2, CDK4, and CDK6 in the three GEO datasets (GSE21520, GSE24514, and GSE8671), showed significant difference when we compared the non-CRC and CRC groups (Table 2). In particular, the log2FC values of CDK1 and CDK4 were more than 1, suggesting that these genes were probably critical genes that control the phenotypes of the two groups. The results also clarified that CDKs expression was essential for the occurrence of CRC, which agreed with the data from TCGA (Figures 1, 2). In addition, GSEA was applied to determine the underlying pathways regulated by CDKs in CRC. We found that besides the cell cycle, DNA replication, fatty acid metabolism, protein export, and RNA degradation signaling pathways, the NOD-like receptor and p53 pathways were also regulated. NOD-like receptors such as NLRP2 (30), NLRP6 (31), and NLRP12 (32) are widely reported to play important roles in colon inflammation and tumorigenesis. Meanwhile, p53 is a substrate of serine kinases such as JNK, p38 MAPK, and ERK (33). As an anticancer target, p53 elicits cellular responses to various cellular stresses and further affects DNA repair, cell cycle arrest, senescence, and apoptosis (34). All the results mentioned above suggested the essential roles of CDKs in the carcinogenesis of CRC.

Drugs targeting CDKs have been conducted for the treatment of various tumors (35). CDK2 and CDK4 have been reported to inhibit G1 arrest in CRC following inhibition of the MAP kinase pathways, which suggests interrelation between CDKs and MAP kinases (9). In addition, among the MAP kinases, the activation of the JNK and p38 MAPK pathways influences the tumorigenesis-related functions of tumor cells, alters the tumor microenvironment, and plays essential roles on crosstalk with other signaling pathways (11). There is also growing evidence that activation of MAP kinases promotes pathogenesis, progression, oncogenic behavior, invasion, and metastasis of CRC (36). Based on the chemical structures of small molecular compounds, CS, a sulfated glycosaminoglycan used in dietary supplements as an alternative medicine to treat osteoarthritis, was predicted to be capable of treating CRC. Potential drug target identification of CS suggested that CS may regulate PCNA and PPP1CB. PCNA seems to be a new marker to study human colonic cell proliferation (27), and high PCNA expression has prognostic significance in colon adenocarcinoma (37). These predictions also supported that CS impacts CRC formation and progression. Furthermore, to clarify the effects of CS on CRC, experimental validations that related to HCT-116 cell line were applied. We found that CS decreased the mRNA and protein expression levels of CDKs and inhibited the proliferation abilities of HCT-116 cells. Meanwhile, CS significantly increased the ratios of apoptotic or dead HCT-116 cells by regulating the ERK, JNK, and p38 pathways. The results suggested that CS might have effects on treating CRC.



Conclusions

The present study presented the importance of CDKs in colorectal cancer procession based on the GEO and TCGA databases. Among all the CDKs, including CDK1, CDK2, CDK4, and CDK6, CDK4 was defined as an independent risk factor for colorectal cancer. In addition, chondroitin sulfate was suggested to be a possible medicine that can treat CRC by regulating MAP kinase signaling pathways and decreasing the mRNA expression and protein levels of CDKs. The study provides that CS is a potential candidate for CRC treatment and the basic evidence for a future in vivo study.
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Purpose

The morbidity and mortality of gastric cancer (GC) remain high worldwide. In recent years, circular RNAs (circRNAs) have attracted widespread attention among cancer researchers due to the stable ring structure. The present work aims to find serum circRNA biomarkers that can be used in clinical applications and effective diagnosis.



Methods

Hsa_circ_0007507 was extracted through circRNA sequencing. Exonuclease digestion assay, actinomycin D, agarose gel electrophoresis (AGE), and Sanger sequencing verified the potential of hsa_circ_0007507 as a biomarker. Besides, a real-time fluorescent quantitative polymerase chain reaction (RT-qPCR) was established to detect the level of expression of hsa_circ_0007507. Twenty cases of GC and the paired adjacent tissues were collected to verify its overexpression. Then, serum samples from 30 cases of colorectal cancer, 30 cases of thyroid cancer, and 30 cases of breast cancer were collected to verify their organ specificity. Additionally, serum samples from 80 healthy people, 62 gastritis patients, 31 intestinal metaplasia patients, and 100 GC patients were collected, and the diagnostic efficacy was evaluated through analysis of the receiver operating characteristic (ROC) curve. Furthermore, 16 post-operative GC samples, samples of 65 relapsed patients and 36 non-relapsed patients were collected to evaluate the prognosis of GC.



Results

The level of expression of hsa_circ_0007507 in GC tissues was up-regulated (p = 0.0121), which was consistent with the results of circRNA sequencing. Exonuclease digestion assay and actinomycin D confirmed that hsa_circ_0007507 had a stable structure and a longer half-life. In the analysis of organ specificity experiments, serum hsa_circ_0007507 did not have specificity for patients with colorectal cancer (p = 0.5319), thyroid cancer (p = 0.5422), or breast cancer (p = 0.5178). Analysis of diagnostic efficacy indicated that the expression of hsa_circ_0007507 was significantly higher than that of normal people (p <0.0001); the area under the ROC (AUC) was 0.832 (95% CI: 0.771-0.892); the diagnostic power of hsa_circ_0007507 was higher than that of CEA (AUC = 0.765, 95% CI: 0.697-0.833) and CA199 (AUC = 0.587, 95% CI: 0.504-0.67). Through diagnosis using a combination of the three, GC patients could be distinguished from normal people (AUC = 0.849), and higher diagnostic efficiency could be achieved. The expression of serum hsa_circ_0007507 in GC patients significantly decreased after surgery (p = 0.001). Besides, the expression of serum hsa_circ_0007507 in patients with post-operative recurrence was significantly up-regulated again (p = 0.0139).



Conclusions

Serum hsa_circ_0007507 is differentially expressed in GC patients, post-operative GC patients, gastritis patients, intestinal metaplasia patients and relapsed patients, suggesting that serum hsa_circ_0007507 can be used as a new diagnostic and dynamic monitoring biomarker for GC.





Keywords: gastric cancer, GC, hsa_circ_0007507, biomarker, diagnosis



Introduction

GC remains among those cancers with the highest incidence in the world, ranking third in the list of global causes of cancer-related death (1). Generally, patients with early GC have no obvious symptoms and are at an advanced stage when diagnosed (2). Since GC has high rate of recurrence and is prone to distant metastasis, it still has the worst consequence among all solid organ tumors. Therefore, it is necessary to find new diagnostic methods, evaluate prognostic indicators, and determine its characteristic biological targets.

Non-coding RNA (ncRNA) is the general term for RNA that is not involved in protein coding. According to the Human Genome Sequencing Project, scientists found that the genes encoding proteins account for only a small number thereof, and about 80% of the transcripts are ncRNAs (3). These have long been considered “useless” transcription products. Besides, they are currently confirmed to play an essential role in maintaining normal physiological functions of the body (4–6) and the normal metabolism of cells (7, 8); moreover, they can regulate the proliferation, invasion, and migration of GC cells through different mechanisms (9–11), providing a potential target for the treatment of GC. In recent years, the non-coding RNAs that are most relevant to the diagnosis (12) of GC are mainly circular RNA, long-chain non-coding RNA (1ncRNA), and small RNA (mirco-RNA).

CircRNAs are a type of single-stranded RNA with developmental/tissue-specific expression patterns in eukaryotic cells. CircRNAs are produced by “reverse splicing” of the pre-mRNA transcript, forming a covalently closed loop-structure without 5’ and 3’ polarity or a 3’ polyA tail structure (13). The unique circular structure of the circRNA equips it with inherent resistance to exonuclease, making it more stable than the linear mother gene. It has been verified that circRNAs are abnormally expressed in tumor tissues and cells and play an indispensable role in the occurrence and development of various tumors, such as hepatocellular carcinoma (HCC), lung cancer, GC, breast cancer, bladder cancer, and glioblastoma (14–19). Therefore, circRNAs have great potential as valuable diagnostic biomarkers or therapeutic targets. CircRNAs usually exhibit different functions according to their location in the cell. Most circRNAs are derived from gene exons, called exon circRNAs (ecircRNAs), located in the cytoplasm. circRNAs can regulate gene expression at the transcriptional level by combining miRNA as a molecular sponge and bind to RNA-binding proteins and interfere with the normal function of genes after transcription. The other two circRNAs, intron circRNA (ciRNA) and exon-intron circular RNA (EIciRNA), are mostly located in the nucleus, playing a regulatory role in the transcription of their mother gene or serving as a template for protein translation (20). These findings provide new directions for circRNAs as targeted molecules for disease diagnosis and prognosis.

To ascertain those differentially expressed circRNAs, we used high-throughput sequencing to detect the expression of circRNAs in three pairs of GC tissues and identified 2007 significantly different circRNAs through circRNA sequencing. Subsequently, hsa_circ_0007507 was selected as the research object to further investigate serum samples from 100 GC patients and 80 normal people. Besides, the clinical utility of hsa_circ_0007507 in GC diagnosis was evaluated through receiver operating characteristic (ROC) curve analysis to provide a novel biomarker for GC research.



Materials and Methods


Specimen Collection

Participants in this study were either patients or healthy people who came for physical examination in the Affiliated Hospital of Nantong University (Nantong, China). Twenty pairs of GC and corresponding adjacent tissues were collected. In addition, peripheral blood serum samples of the following different populations were collected: newly diagnosed GC patients (100), superficial gastritis patients (30), atrophic gastritis patients (32), intestinal metaplasia patients (31), colorectal cancer patients (30), thyroid cancer patients (30), breast cancer patients (30) and age-matched healthy controls (80). Besides the above GC patients (100) who were pathologically or clinically diagnosed and had not been subjected neither to surgery related to the present study, nor chemotherapy or radiotherapy were collected, as well as peripheral blood serum samples of post-operative recurrence patients (65) and corresponding post-operative GC patients (16). All samples were stored at -80°C in a refrigerator until subsequent processing. The study was conducted under the approval of the Ethics Committee of Affiliated Hospital of Nantong University (ethical review report number: 2018-L055).



Cell Culture

Human GC cell lines (MKN-45, SGC-7901, HGC-27, BGC-823, MKN-1, and AGS) and human gastric epithelial cells (GES-1) were purchased from the Stem Cell Bank of the Chinese Academy of Sciences (Shanghai, China), among which GES-1 was taken as the normal control. The cells were cultured in RPMI-1640 medium (Corning, Manassas, VA), which was subsequently supplemented with 10% Fetal bovine serum (FBS, Gibco, Grand Island, NY) and 1% penicillin and streptomycin, in a humidified incubator at 37°C and with 5% CO2.



Total RNA and gDNA Extraction

The total RNA in cells and serum was extracted by TRIzol reagent (Invitrogen, Karlsruhe, Germany) and TRIzol LS reagent (Invitrogen, Canada), respectively. Then, their concentration and purity were detected by NanoDropTM One (Thermo Fisher Scientific, USA). Besides, genomic DNA (gDNA) was extracted from cells using the Revert Aid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, MA, USA).



Reverse Transcription and Real-Time Fluorescent Quantitative PCR

The total RNA was reverse-transcribed into cDNA by a reverse transcription kit (Thermo Fisher Scientific, MA, USA) after extraction, under the following the protocols: 25°C for 5 minutes, 42°C for 60 minutes, and 70°C for 5 minutes. RT-qPCR was conducted using LightCycler ® 480 (Roche, Switzerland) with the 2−ΔΔCT relative quantitative calculation method. The housekeeping gene GAPDH and 18S, whose primers were synthesized by Sangon Biotech Corporation (Shanghai, China), were taken as the internal control for cells and serum samples, respectively. The specific divergent primers used in this study were synthesized by RiboBio Corporation (Suzhou, China). The sequences of the involved gene included: hsa_circ_0007507: AGTAGAAGAGGTGGTGGTATCA (forward) and GGCCTCCGATCACTCTCTCT (reverse); RASA1: CAGGGAAGTCTGGCAGTTATCT (forward) and TCTCCACACATAGCAATAATCCT (reverse); GAPDH: AGAAGGCTGGGGCTCATTTG (forward) and GCAGGAGGCATTGCTGATGAT (reverse); 18S: CGGCTACCACATCCAAGGAA (forward) and GCTGGAATTACCGCGGCT (reverse). Besides, PCR products were stored at -20°C in a refrigerator until subsequent Sanger sequencing and AGE.



RNase R and Actinomycin D Assays

Total RNA (10 μg) extracted from BGC-823 and MKN-1 cells was treated with Ribonuclease R (RNase R, 3-4U/μg) from Geneseed Biotech Co., Ltd (Guangzhou, China). The reaction system was then incubated at 37°C for 1 minute, followed by incubation at 70°C for 10 minutes, to inactivate the enzyme and terminate the reaction for subsequent reverse transcription. Next, 1 mg/ml actinomycin D was diluted into 2.5 μg/ml actinomycin D with a complete medium, and the ordinary medium in the six-well plate was replaced with the treated complete medium. Cellular RNA was extracted at 0h, 2h, 4h, 8h, and 12h, respectively.



Nucleoplasm Separation Assay

The nuclear and cytoplasmic RNA of SGC-7901and BGC-823 cells were separated and isolated using a PARISTM Kit (Thermo Fisher Scientific) according to procedures in the manual. After trypsinization, the cells were counted to obtain a cell suspension of up to 107, whose culture medium was discarded after centrifugation at low speed. The cell pellet was washed once with PBS, and subsequent operations on ice were performed. Besides, the cells with 100 to 500μl pre-chilled cell fractionation buffer were resuspended, followed by incubation on ice for 5-10 minutes. Then, they were centrifuged at 500g for 1-5min at 4°C, after which the cytoplasm was in the supernatant while the nucleus was in the pellet. The supernatant containing cytoplasm was transferred to a new tube for RNA extraction. The pellet containing nucleus was subsequently mixed with Cell Disruption Buffer, using the same volume as that of Cell Fractionation Buffer. The resulting mixture was vortexed until the lysate was uniform, thus obtaining the nucleus. The nuclear and cytoplasmic RNA were extracted according to the following instructions. An equal amount of 2× Lysis/Binding Solution was added and mixed at room temperature. Immediately gently pipet 3-4 times or invert the tube to mix well. Then, an equal amount of Ethanol absolute (ACS Grade) was added and fully mixed. The 700µl mixture was transferred into the adsorption column at a time and centrifuged at 12000 rpm for 1min. It was washed once with 700µl Wash Solution 1 and twice with 500µl Wash Solution 2/3, before getting centrifuged for 30s to remove any residue. The filter element was placed in the attached clean collection tube, while the RNA was eluted twice (40μl and 20μl respectively) with the Elution Solution preheated at 95-100°C and then centrifuged at 12000 rpm for 30s. Finally, the separated nuclear and cytoplasmic RNA solution were obtained, for storage at -80°C.



Luciferase Reporter Assay

Selected for Luciferase reporter assay, MKN-1 and BGC-823 cells were inoculated in 24-well plates when grown into the third generation. Cell transfection was conducted when the fusion reached the range of 30%~40%. The hsa_circ_0007507 WT plasmid and several mimics of microRNA, with the predicted binding relationship with hsa_circ_0007507, were designed by Ribo. After 48 hours, Luciferase reporter assay was performed according to the protocols of the kit as follows. Firstly, 100μl of LAR II was added to the 96-well white plate, and then 20μl of the PLB lysed cell lysate was added to measure firefly fluorescence. Finally, 100μl Stop & Glo Reagent was added to detect Renilla fluorescence. Through a comparison of the relative fluorescence of the firefly to the Renilla fluorescence with the control well, the binding relationship between the molecules was verified.



Statistical Analysis

As for the analysis of sequencing results, the reads were mapped to the latest UCSC transcript set by Bowtie 2 version 2.1.0, and the gene level of expression was estimated utilising RSEM v1.2.15, which was then normalized by the trimmed mean M-value (TMM). Genes which were differentially expressed were then identified using the edgeR program. Those showing altered expression with more than two-fold changes were considered to be differentially expressed. SPSS 26.0 (IBM SPSS Statistics, Chicago, USA) and GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA) were used for statistical analysis. The analysis of relative hsa_circ_0007507 expression was conducted using GraphPad Prism 9.0 using Student’s t-test. The unpaired t-test was used to analyze the difference of expression between patients with different diseases and the healthy controls while the paired t-test was used to analyze the difference of expression among the same patients before and after surgery. Moreover, one-way ANOVA was used when more than two groups of data were being compared. The ROC curve was plotted using SPSS, also playing a role in conducting chi-squared testing and Spearman correlation testing for analyzing the correlation with clinical features. A P-value of less than 0.05 is considered statistically significant. OS rate was evaluated by employing the Kaplan‐Meier method. P value < 0.05 was considered to be statistically significant.




Results


Method Verification of hsa_circ_0007507

High-throughput sequencing of three GC tissues and their matched noncancerous tissues was carried out to identify circRNAs aberrantly expressed in GC tissues (Supplementary Files S1, S2), from which hsa_circ_0007507 was selected. According to the Human circRNA Database (circbank, http://www.circbank.cn/index.html), hsa_circ_0007507 was located on chr5_86564070_86687743, and the length of its mature transcript was 478 bp. As analyzed by circPrimer software, hsa_circ_0007507 was composed of exons 2, 3, 4, and 5 (Figure 1A). Considering that circRNAs usually form a closed loop through reverse splicing, a divergent primer that can reverse-amplify the circular molecule was designed based on the hsa_circ_0007507 circularization site. The level of expression of hsa_circ_0007507 was then detected by RT-qPCR, the product of which was detected by 2% AGE. The electrophoresis band was 112 bp, which was consistent with the size of the primer amplified product (Figure 1B). The reverse splicing site of hsa_circ_0007507 was further determined using Sanger sequencing (Figure 1C). Then, RT-qPCR was performed with genomic DNA (gDNA) and cDNA as templates, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a negative control. Agarose electrophoresis revealed that hsa_circ_0007507 can be amplified from PCR products with cDNA as a template while negative results were observed in the control group with gDNA as a template (Figure 1D).




Figure 1 | Methodological evaluation of hsa_circ_0007507 in gastric cancer (GC) cells. (A) The origin of hsa_circ_0007507 searched through the University of California Santa Cruz (UCSC) genome browser. (B) Verification of the size of the primer amplification product (112 bp) by agarose gel electrophoresis. (C) Detection of the cyclization site by Sanger sequencing. (D) Verification of the ring structure of hsa_circ_0007507.





The Characteristics of hsa_circ_0007507

First, the expression of hsa_circ_0007507 was detected in 20 pairs of GC tissue and corresponding adjacent tissue samples by real-time quantitative PCR (RT-qPCR), and it was revealed to be significantly up-regulated in GC tissues (Supplementary Files S3). In order to explore its ability as a serum biomarker, the serum samples of 20 GC patients and 20 healthy donors were compared (Figure 2A). Many nucleases in cells can easily degrade RNA molecules while circRNAs have better stability and are not easily degraded. Therefore, BGC-823 and MKN-1 cells were treated with RNase R to verify the stability of hsa_circ_0007507. It was demonstrated that hsa_circ_0007507 was not easily degraded while its transcription gene RASA1 was severely degraded (Figure 2B). Besides, BGC-823 cells were cultured in a medium containing actinomycin D for 12 h, which can inhibit RNA production by inhibiting RNA polymerase. RT-qPCR showed that the half-life of hsa_circ_0007507 was significantly longer than the half-life of its transcription gene RASA1, further verifying the stability of hsa_circ_0007507 (Figure 2C). Furthermore, a large sample verification was conducted to verify the organ specificity of hsa_circ_0007507. Specifically, 30 serum specimens from patients with colorectal cancer were collected, and 22 normal human serum specimens were used as controls. The results of RT-qPCR indicated that the expression of hsa_circ_0007507 in colorectal cancer serum was not significantly different from that in normal human serum (p = 0.5319) (Figure 2D). Moreover, 30 serum samples from patients with thyroid cancer were collected, and 30 normal human serum samples were used as controls. The results of RT-qPCR proved that the expression of hsa_circ_0007507 in thyroid cancer serum was not significantly different from that in normal human serum (p = 0.5422) (Figure 2E). Moreover, 30 breast cancer serum samples were collected, and 27 normal human serum samples were used as controls. The results of RT-qPCR confirmed that the expression of hsa_circ_0007507 in breast cancer serum was not significantly different from that in normal human serum (p = 0.5178) (Figure 2F).




Figure 2 | The characteristics of hsa_circ_0007507. (A) Differential expression of hsa_circ_0007507 in the serum of GC patients (n=20), and healthy donors (n=20). (B) Stability of hsa_circ_0007507 confirmed by Rnase R digestion assay. (C) Longer half-life of hsa_circ_0007507 verified by actinomycin D assay. (D) Differential expression of hsa_circ_0007507 in the serum of colorectal cancer patients (n=30), and healthy donors (n=22). (E) Differential expression of hsa_circ_0007507 in the serum of thyroid cancer patients (n=30), and healthy donors. (n=30). (F) Differential expression of hsa_circ_0007507 in the serum of breast cancer patients (n=30), and healthy donors. (n=27). Indicated statistical significance (***p < 0.001), ns indicated p > 0.05.



Considering the clinicopathological parameters of these patients, it can be concluded that the expression of hsa_circ_0007507 shows specificity in GC while the expression of colorectal cancer, thyroid cancer, and breast cancer is not statistically significant. Therefore, hsa_circ_0007507 has organ specificity in GC.



The Diagnostic Value of hsa_circ_0007507

A large sample verification was conducted to assess the diagnostic significance of hsa_circ_0007507 in gastritis, intestinal metaplasia, and GC serum. Serum samples from 100 GC patients and 80 healthy donors were collected for detecting the difference in their level of expressions. Since the early diagnosis of many patients with GC is difficult, and a considerable number of cases were misdiagnosed as from gastritis and intestinal metaplasia, it is particularly important for us to distinguish GC from gastritis. Then we also collected the serum samples from 30 cases of superficial gastritis, 32 cases of atrophic gastritis and 31 cases of patients with early gastric cancer lesions (intestinal metaplasia). We performed statistical analysis on the expression of hsa_circ_0007507 in the serum samples of normal people, gastritis, gastric cancer and intestinal metaplasia. Statistically, the expression of normal subjects was significantly different from that of the other three groups (gastritis, intestinal metaplasia and gastric cancer) (p <0.0001), and there were statistically significant differences between gastritis and intestinal metaplasia (p =0.0158) and gastric cancer (p <0.0001), as well as between intestinal metaplasia and gastric cancer (p =0.0358). The results showed that, as gastritis developed towards gastric cancer, the expression of hsa_circ_0007507 showed an increasing trend (Figure 3A).




Figure 3 | Evaluation of the diagnostic value of hsa_circ_0007507. (A) Differential expression of hsa_circ_0007507 in the serum of healthy donors (n=80), gastritis patients (n=62), intestinal metaplasia patients (n=31), and GC patients (n=100). (B) ROC curve analysis of serum hsa_circ_0007507 for discriminating GC patients and healthy donors (AUC=0.832). (C) The diagnostic efficacy of CEA (AUC=0.765). (D) The diagnostic efficacy of CA199 (AUC=0.587). (E) Combined diagnostic of serum hsa_circ_0007507, CEA and CA199 exerted the best diagnostic efficacy in distinguishing GC patients and healthy donors (AUC=0.849). (F) Differential expression of hsa_circ_0007507 in the serum of superficial gastritis patients (n=30) and atrophic gastritis patients (n=32). ROC, receiver operating characteristic curve; AUC, the area under the ROC. Indicated statistical significance (*p < 0.05, ****p < 0.0001).



To understand whether hsa_circ_0007507 can be used as a potential GC diagnostic marker, ROC curves of hsa_circ_0007507, CEA, and CA199 were analyzed, and the area under the curve (AUC) was calculated based on the data obtained. The ROC curve demonstrated that the AUC value of hsa_circ_0007507 was 0.832 (95% CI: 0.771-0.892, p < 0.001) (Figure 3B), higher than CEA (0.765, 95% CI: 0.697-0.833, p < 0.001) (Figure 3C), and CA199 (0.587, 95% CI: 0.504-0.67, p = 0.044) (Figure 3D). Particularly, the combined use of hsa_circ_0007507 and CEA produced an AUC of 0.839; the combined use of hsa_circ_0007507 and CA199 resulted in an AUC of 0.835; the combined use of the three produced the largest AUC of 0.849 (Figure 3E). Besides, hsa_circ_0007507 was higher than CEA and CA199 in terms of sensitivity (73%), specificity (85%), overall accuracy (78%), positive predictive value (86%), and negative predictive value (72%) (Table 1). This analysis suggested that the combined use can make up for the limitations of a single marker, and hsa_circ_0007507 as a biomarker has potential in the diagnosis of GC. Meanwhile, 30 cases of superficial gastritis and 32 cases of atrophic gastritis were statistically analyzed by t-test, and the results showed that there was no significant difference between the two groups(p =0.3047). However, the expression of hsa_circ_0007507 in atrophic gastritis samples was higher than that of superficial gastritis (Figure 3F).


Table 1 | Evaluation of the diagnostic values of combination of hsa_circ_0007507, CEA, CA199 between GC patients and healthy donors.



Then the 100 GC patients were divided into two groups [hsa_circ_0007507(high) and hsa_circ_0007507(low)] after the Youden index had been determined, which was calculated using SPSS software by importing the relative level of expressions of serum hsa_circ_0007507 in 100 GC patients and 80 healthy donors to evaluate the correlation between hsa_circ_0007507 expression and clinicopathological features in GC patients. As shown in Table 2, the level of expression of hsa_circ_0007507 was significantly related to tumor depth (p = 0.032*), lymph node metastasis (p = 0.028*), and TNM stage (p = 0.003**) using Pearson’s χ2 test, while there was no evidence that hsa_circ_0007507 expression was correlated with gender (p = 0.828), age (p = 0.517), tumor size (p = 0.1), differentiation grade (p = 0.464), or nerve/vascular invasion (p = 0.122).


Table 2 | The association between hsa_circ_0007507 expression and the clinicopathological parameters in GC patients.





Prognostic Analysis of hsa_circ_0007507

Post-operative serum samples of 16 patients were collected one week after surgery to evaluate hsa_circ_0007507 expression. The level of expression of hsa_circ_0007507 decreased significantly after surgery (Figure 4A). The results verified that hsa_circ_0007507 can be used for cancer surveillance. Besides, 65 relapsed patients and 36 non-relapsed patients serum samples were collected. The results showed that the serum hsa_circ_0007507 expression in relapsed patients was higher than that in non-relapsed patients, with statistical significance (p =0.0139) (Figure 4B). The survival rate of the hsa_circ_0007507 (low) group was higher than that of the hsa_circ_0007507 (high) group (Figure 4C).




Figure 4 | Prognostic analysis of hsa_circ_0007507. (A) Expression level of hsa_circ_0007507 in GC patients decreased after operation (n=16, p=0.0010). (B) Differential expression of hsa_circ_0007507 in the serum of recurrent GC patients (n=65), and non-recurrent patients (n=36). (C) The Kaplan–Meier survival curve verifies the prognostic value of hsa_circ_0007507. Indicated statistical significance (*p < 0.05, **p < 0.01).





Exploration of the Downstream Regulatory Network of hsa_circ_0007507 in GC Cells

To investigate the functional mechanism of hsa_circ_0007507 in GC cell lines, normal gastric mucosal epithelial GES-1 cells were used as controls to detect the level of expression of hsa_circ_0007507 in six GC cell lines (HGC-27, MKN-45, SGC-7901, MKN-1, AGS, and BGC-823). Besides, the expression of hsa_circ_0007507 was significantly up-regulated in BGC-823, and MKN-1, and SGC-7901, and down-regulated in HGC-27, MKN-45, and AGS (Figure 5A). Furthermore, RNA was extracted from BGC-823 and SGC-7901 through nuclear and cytoplasmic separation. It was revealed that hsa_circ_0007507 accounted for a higher proportion of the cytoplasm. The FISH assay also showed that hsa_circ_0007507 was mainly distributed in the cytoplasm of BGC-823 cell line (Supplementary Files S4). indicating that it may participate in the process of GC mainly through post-transcriptional regulation (Figure 5B). Next, the potential circRNA-miRNA-mRNA regulatory axis in GC was predicted using bioinformatics database analysis (miRanda, PITA, TargetScan). As illustrated in Figure 5C, 11 miRNAs (hsa-miR-676-5p, hsa-miR-544b, hsa-miR-7852-3p, hsa-miR-6878-3p, hsa-miR-4789-3p, hsa-miR-6747-3p, hsa-miR-4725-5p, hsa-miR-4743-3p, hsa-miR-4649-3p, hsa-miR-4312, and hsa-miR-6733-3p) and their corresponding target mRNAs were depicted. The interaction of hsa_circ_0007507 and these miRNAs was preliminarily verified by dual luciferase assay (Supplementary Files S5), indicating that hsa_circ_0007507, which was highly expressed in gastric cancer patients’ tissues, serum and gastric cancer cell lines, might be able to sponge functional mi-RNA and play a role in the occurrence and development of gastric cancer. This provides a new direction for future exploration of the regulatory network involved in hsa_circ_0007507 in GC.




Figure 5 | Exploration of the downstream regulatory network of hsa_circ_0007507 in gastric cancer (GC) cells. (A) Detection of hsa_circ_0007507 expression in six GC cell lines. (B) Detection of hsa_circ_0007507 location in BGC-823 and SGC-7901 cell lines by nucleoplasm separation assays. (C) Prediction of circular RNA (circRNA)-microRNA (miRNA)–messenger RNA (mRNA) network map of hsa_circ_0007507. The red round shape represents hsa_circ_0007507, and the yellow rectangle represents eleven miRNAs that could interact with hsa_circ_0007507, while the green triangle represents the target mRNA of the corresponding miRNA. Indicated statistical significance (**p < 0.01, ****p < 0.0001).






Discussion

GC is one of the most common tumors. It poses a severe threat to human health due to its insidious onset, ease of metastasis, high degree of malignancy, and poor prognosis. General GC laboratory examinations rely on X-rays and endoscopy (21). These tests can be used to assist the diagnosis of GC, and the final diagnosis of GC must be based on biopsy or cytology, however, these auxiliary methods may miss patients at an early stage. Therefore, it is currently necessary to find relatively non-invasive and convenient GC potential diagnostic tumor markers in clinical practice.

CircRNAs are a subclass of ncRNA that is widely expressed in mammalian cells. Much evidence suggests that circRNAs are mainly produced by precursor messenger RNA (pre-mRNA) through alternative splicing. With the development of high-throughput sequencing technology and bioinformatics, circRNAs have been widely observed in eukaryotic cells. The level of expression of circRNAs has specificity in species, tissue, and time (22). More research reports have shown that circRNAs are involved in the development of malignant tumors, and a group of circRNAs is specifically involved in signal regulation in the process of colorectal cancer (23–25). Moreover, a group of circRNAs was found to be abnormally expressed in hepatocellular carcinoma (HCC) (26–28), enabling the early detection of liver cancer. In this study, hsa_circ_0007507 was selected for follow-up research according to the results of circRNA sequencing of three pairs of GC tissues and circRNA-related databases.

Since circRNAs are connected at the 3’ and 5’ ends through exon or intron circularization to form a complete loop structure, they are not easily degraded by an exonuclease and are more stable than linear RNA (29). Our study revealed that compared with RASA1 mRNA, hsa_circ_0007507 did not degrade significantly after RNA exonuclease treatment, indicating that hsa_circ_0007507 is relatively stable. Besides, miR-335 is down-regulated in GC via aberrant promoter hypermethylation, which acts on the target RASA1 gene and participates in the GC process. The increase in the expression of RASA1 mRNA (RASA1 mRNA levels) is closely related to the progress of GC (30). Other reports indicate that RASA1 may be used as a promising biomarker for the early detection of pulmonary sarcomatoid carcinoma (31). Our study confirmed that hsa_circ_0007507 derived from its parent gene RASA1 (up-regulated in GC) has a more stable loop structure and is significantly up-regulated in GC. The trend in the expression between hsa_circ_0007507 and its parent gene RASA1 is the same. This will guide us to continue to study its signal regulation axis in the future.

The ideal tumor marker should have organ specificity. This study confirmed that the expression of hsa_circ_0007507 in the serum of patients with GC has specificity while the expression in colorectal cancer, thyroid cancer, and breast cancer was not statistically significant. ROC analysis verified that the AUC area of hsa_circ_0007507 in distinguishing GC patients from healthy donors was 0.832, which was higher than the AUC of other laboratory markers such as CEA and CA199 in the diagnosis of GC. Moreover, combining hsa_circ_0007507 with other existing tumor markers can produce a maximum AUC value of 0.849. These results indicate that hsa_circ_0007507 can be used as a biomarker with good sensitivity and specificity in GC.

Gastritis, intestinal metaplasia and GC are usually confused in terms of symptoms and need to be distinguished with related tests such as gastroscopy or barium meal. In particular, gastritis and intestinal metaplasia are the main precancerous lesions of GC, developing into GC after multiple stages and accumulation of multi-gene mutations, therefore, the screening of serum markers is an essential method for early diagnosis and early treatment of high-risk groups of gastritis, intestinal metaplasia and GC. In this study, the results showed that, as gastritis developed towards gastric cancer, the expression of hsa_circ_0007507 showed an increasing trend. Thus, hsa_circ_0007507 can be used as an auxiliary screening method for gastritis. Regarding the differences in the expression of other circRNAs between gastritis and otherwise healthy people, Wang et al. found that the expression of hsa_circ_0005654 in 43 gastritis patients was significantly higher than that of healthy donor samples (p < 0.001) (32); however, Xu et al. discovered that the expression of hsa_circ_0004771 in 40 patients with gastritis was not significantly different from that of healthy donor samples (p = 0.1639) (33). Therefore, not all the expression of circRNAs arises in the serum samples of gastritis patients. In future research, more samples will be collected to verify that hsa_circ_0007507 can be used as a biomarker for gastritis screening.

In the 16 post-operative serum samples we collected, the expression of hsa_circ_0007507 exhibited a significant downward trend. Among the 65 relapsed serum samples and 36 non-relapsed samples we collected, hsa_circ_0007507 exhibited a significant upward trend in recurrence samples. The amount of the recurrence samples we collected was sufficient, exceeding that required to assess statistical significance. In addition, follow-up and survival curves showed that hsa_circ_0007507 could serve as an independent prognostic marker. Therefore, hsa_circ_0007507 can be used as a biomarker for post-operative monitoring, GC recurrence monitoring, and reoperation indications.

Our previous research demonstrated that hsa_circ_0007507 has advantages as a clinical diagnostic marker. We attempt to explore further the relevant mechanism of hsa_circ_0007507 in the development of GC and provide new ideas for GC treatment. This study revealed that the expression of hsa_circ_0007507 was significantly up-regulated in BGC-823, MKN-1, and SGC-7901, and down-regulated in HGC-27, MKN-45, and AGS. The results may be caused by the different characteristics of HGC-27, MKN-45 and AGS cell lines and the different patient sources, leading to the inhibition of hsa_circ_0007507 expression. The nuclear and cytoplasmic separation tests in this study indicated that hsa_circ_0007507 accounted for a high proportion of the cytoplasm, suggesting that it may regulate the process of GC at the post-transcriptional level, which was also confirmed by FISH assay using BGC-823 cell line. Besides, the circRNA-miRNA-mRNA regulation axis in GC was predictable. As illustrated by bioinformatics analysis, hsa_circ_0007507 may interact with hsa-miR-676-5p, hsa-miR-544b, hsa-miR-7852-3p, hsa-miR-6878-3p, hsa-miR-4789-3p, hsa-miR-6747-3p, hsa-miR-4725-5p, hsa-miR-4743-3p, hsa-miR-4649-3p, hsa-miR-4312, and hsa-miR-6733-3p. Among these miRNAs, the transfer of miR-544 mediated by extracellular vesicles of GC inhibits the expression of promyelocytic leukaemia zinc finger (PLZF) protein, increasing the invasion potential (34). Furthermore, Woo et al. found that miR-6733 acted as a GC tumor suppressor and can inhibit the proliferation of GC cells (35). These findings reveal a diverse regulatory network in the GC process, which may involve hsa_circ_0007507.

The expression of hsa_circ_0007507 in GC serum samples was significantly up-regulated, verifying that hsa_circ_0007507 may be a potential diagnostic biomarker for GC. The combined diagnosis of hsa_circ_0007507 and existing immunohistochemical markers can significantly improve diagnostic accuracy; however, the detailed mechanism of action of hsa_circ_0007507 in GC remains to be confirmed, and the circRNA–miRNA–mRNA regulation axis predicted by bioinformatics needs to be further verified in the future, so as to deepen understanding of the role of hsa_circ_0007507 in the progress of GC.
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Supplementary Files S1 | Clustered heatmap. Each column represents a tissue sample and each row represents a circRNA. The color reflects the multiple of log2 difference ranging from green (low) to black (medium) to red (high). N, normal; C, cancer.

Supplementary Files S2 | Volcano plots. Each dot represents a circRNA. Among them, the red points represent significantly up-regulated ones while the green points indicate down-regulation.

Supplementary Files S3 | Differential expression of hsa_circ_0007507 in the GC tissues (n=20), and paired adjacent tissues (n=20).

Supplementary Files S4 | The FISH assay of hsa_circ_0007507 in BGC-823.

Supplementary Files S5 | Luciferase reporter assay was conducted using BGC-823 and MKN-1 cotransfected with hsa_circ_0007507 and predicted miRNAs.
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Hepatocellular carcinoma is a common malignant tumor with poor prognosis, poor treatment effect, and lack of effective biomarkers. In this study, bioinformatics analysis of immune-related genes of hepatocellular carcinoma was used to construct a multi-gene combined marker that can predict the prognosis of patients. The RNA expression data of hepatocellular carcinoma were downloaded from The Cancer Genome Atlas (TCGA) database, and immune-related genes were obtained from the IMMPORT database. Differential analysis was performed by Wilcox test to obtain differentially expressed genes. Univariate Cox regression analysis, lasso regression analysis and multivariate Cox regression analysis were performed to establish a prognostic model of immune genes, a total of 5 genes (HDAC1, BIRC5, SPP1, STC2, NR6A1) were identified to construct the models. The expression levels of 5 genes in HCC tissues were significantly different from those in paracancerous tissues. The Kaplan-Meier survival curve showed that the risk score calculated according to the prognostic model was significantly related to the overall survival (OS) of HCC. The receiver operating characteristic (ROC) curve confirmed that the prognostic model had high accuracy. Independent prognostic analysis was performed to prove that the risk value can be used as an independent prognostic factor. Then, the gene expression data of hepatocellular carcinoma in the ICGC database was used as a validation data set for the verification of the above steps. In addition, we used the CIBERSORT software and TIMER database to conduct immune infiltration research, and the results showed that the five genes of the model and the risk score have a certain correlation with the content of immune cells. Moreover, through Gene Set Enrichment Analysis (GSEA) and the construction of protein interaction networks, we found that the p53-mediated signal transduction pathway is a potentially important signal pathway for hepatocellular carcinoma and is positively regulated by certain genes in the prognostic model. In conclusion, this study provides potential targets for predicting the prognosis and treatment of hepatocellular carcinoma patients, and also provides new ideas about the correlation between immune genes and potential pathways of hepatocellular carcinoma.
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Introduction

Liver cancer is the most common cause of cancer death worldwide and is the only one of the top five deadliest cancers to have an annual percentage increase in occurrence. The incidence of liver cancer is rising faster than any other cancer, and pancreatic and liver cancer have the lowest survival rates compared with other cancers (1). Hepatocellular carcinoma (HCC), the most common liver cancer, accounts for 80% of all liver cancer cases (2), is the third leading cause of cancer-related mortality worldwide (3). Because of the high heterogeneity of hepatocellular carcinoma, there is an urgent need for biomarkers that can predict the prognosis of patients. Alpha-fetoprotein (AFP), Neutrophil-to-Lymphocyte Ratio (NLR), Glypican-3 (GPC3) and other indicators were considered to indicate the prognosis of patients with hepatocellular carcinoma, but because of the complex molecular mechanism and strong heterogeneity of hepatocellular carcinoma, these indicators still have some limitations (4). However, due to the complex molecular mechanism and high heterogeneity of hepatocellular carcinoma, the predictive ability of traditional prognostic indicators is slightly inadequate. Therefore, it is necessary to find suitable biomarkers to effectively evaluate the prognosis of patients with HCC.

Recent studies have shown that immunity is closely related to the occurrence and development of tumors, and the immune system has been proved to be a decisive factor in the occurrence and development of cancer (5). The molecular mechanism of the interaction between tumor and immune system provides a new way for the treatment of tumor (6, 7). Immunotherapy for cancer can specifically fight against malignant cells, and has become one of the most promising cancer therapies (8). Inhibitory therapy for PD-1/PD-L1 immune checkpoint has been used to treat hepatocellular carcinoma (9), and the therapeutic effect is good. These studies can reflect that immune-related molecules may play an important role in tumor therapy and have the potential to become therapeutic targets. The studies of Zhang et al. have shown that the molecular map of immune components in tumor microenvironment is of great value as a biomarker of prognosis (10). In recent years, due to the maturity of high-throughput sequencing technology, a series of changes in tumor tissue genome and normal tissue genome have been excavated. Several studies in different types of cancer, including ovarian cancer, cervical cancer and lung squamous cell cancer (11–13), immune-related genes were used to establish tumor prognostic models, which further reflects the potential of immune-related genes to become tumor prognostic markers.

In this study, we used the immune genes provided by IMMPORT database to obtain the data of differentially expressed immune genes in the TCGA-LIHC cohort. Through univariate cox regression analysis, lasso regression analysis and multivariate cox regression analysis, the immune gene risk score model related to prognosis was established, including HDAC1, BIRC5, SPP1, STC2 and NR6A1 five genes. According to the median risk score, patients were divided into high risk group and low risk group, and then Kaplan-Meier survival curve and ROC curve were constructed to evaluate the predictive value of risk score for the prognosis of patients with hepatocellular carcinoma. We verified the predictive ability of the prognostic model in the ICGC liver cancer cohort, and explored the expression patterns and immune infiltration levels of the five genes in the model. Finally, the relationship between prognosis-related immune genes and the potential pathway of hepatocellular carcinoma was explored by bioenrichment analysis.



Materials and Methods


Data Acquisition

The RNA-seq data and clinical data of the hepatocellular carcinoma dataset were downloaded from the TCGA (https://portal.gdc.cancer.gov/) database and the ICGC database (https://dcc.icgc.org/).We downloaded the gene list of the IMMPORT database (https://www.immport.org/shared/home/) to obtain immune-related genes. The genes related to the signal transduction pathway by p53 class mediator were obtained by gene set enrichment analysis (GSEA) of RNA-seq data from hepatocellular carcinoma data set.We obtained the immune cell content file of the TCGA sample from the Timer database (https://cistrome.shinyapps.io/timer/). The software CIBERSORT was used to estimate the composition of immune cells in hepatocellular carcinoma tissues.We used R (4. 0.2) to standardize data and analyzed differential expression to obtain significantly different immune genes and genes related to the signal transduction pathway of p53 mediators. The Cytoscape software was used to construct the PPI network.



Construction of the Prognostic Models

After standardizing the data downloaded from TCGA database and ICGC database, the expression data was obtained. The wilcox test was used to analyze the difference of gene expression data obtained from TCGA database, and then significant differential genes (DEGs) were screened (screening conditions: | logFC | > 1, FDR (False Discovery Rate) <0.05). Immune-related genes were obtained from the gene list in the IMMPORT database, and the differential immune genes were obtained by intersection with the DEGs. The differential immune genes were intersected with the genes in ICGC hepatocellular carcinoma data, and the expression data of hepatocellular carcinoma differential immune genes in TCGA and ICGC databases were obtained. Univariate COX risk regression analysis was used to screen immune genes that are significantly related to overall survival (OS) in the TCGA hepatocellular carcinoma data set. Lasso regression analysis was used to eliminate the highly correlated genes among these prognostic genes to avoid the problem of overfitting, the cross-validation error of the remaining genes is minimal. The “survival” R package was used to perform multivariate COX risk regression analysis, and the constructed prognosis model of hepatocellular carcinoma immune genes was based on data from the TCGA database. The patient’s risk score was calculated by the prognostic model: risk score=∑XJ*coefJ, “XJ” is the relative expression level of each immune gene in the model; “coefJ” is the correlation coefficient of the gene. Patients in the two databases were divided into two groups (high-risk group and low-risk group) with their respective median risk score as the critical value.



Evaluation of the Accuracy of the Prognostic Model and Verification of External Databases

The risk score of hepatocellular carcinoma patients in the TCGA database and the gene expression data in the model are combined to output a risk file. In order to observe the accuracy of the model and judge the predictive ability of risk score to the prognosis of patients with hepatocellular carcinoma. In order to observe whether the risk score can effectively predict the clinical prognosis of patients with hepatocellular carcinoma, Kaplan-Meier (K-M) survival curve was established to analyze the difference in survival between patients in the high-risk group and the low-risk group. The accuracy of the prognostic model was evaluated by constructing the ROC curve. In order to explore whether the risk score of patients with hepatocellular carcinoma based on the prognostic model can be used as an independent prognostic factor, age and other clinical traits and the risk score were used for univariate independent prognostic analysis and multivariate independent prognostic analysis. The gene expression data from the ICGC database were substituted into the model as a verification set, and the above process was repeated to verify the prognostic model.



Verification of the Prognostic Genes Expression and Immune Infiltration

The gene expression was verified by extracting the expression of five prognostic genes in TCGA database and ICGC database. The immunohistochemical results of prognostic genes were obtained by searching the HPA database. The content of immune cells in the sample was obtained by using TCGA hepatocellular carcinoma expression data, and the correlation between prognostic genes and immune infiltration was obtained. The content of immune cells was obtained from the TIMER database, and the correlation between the risk value and the content of immune cells was further obtained.



GSEA of the Hepatocellular Carcinoma Data Set and Construction of PPI Network

We used GSEA software to perform enrichment analysis of hepatocellular carcinoma dataset to obtain genes related to the signal transduction pathway of p53 mediators, and screened these genes to obtain differentially expressed genes. The resulting genes were used for correlation analysis of prognostic-related immune genes, and the PPI network was constructed according to the results of the analysis.




Results


Differential Gene Expression Analysis

In order to show our research process more clearly, an analysis flow chart is used to describe (Figure 1). The research team obtained the mRNA expression profile and clinical information of patients with hepatocellular carcinoma from the TCGA database. The TCGA-LIHC cohort included 374 hepatocellular carcinoma tissues and 50 non-tumor liver tissues. Wilcoxon test was used to analyze the differences of all RNA sequencing data (screening condition: | logFC | > 1, FDR < 0.05), and 7754 differentially expressed genes (DEGs) were obtained, and used the “pheatmap” package in R to draw a heat map and a volcano map (Figures 2A, B). These DEGs were intersected with the immune genes obtained from the IMMPORT database, and 333 differentially expressed immune genes were obtained, and also used the “pheatmap” package to draw a heat map and a volcano map (Figures 2C, D). The 333 genes based on the TCGA database were intersected with the gene expression data of hepatocellular carcinoma in the ICGA database, and 323 differentially expressed immune genes were obtained.




Figure 1 | Flow chart of this study.






Figure 2 | Heat map (A) and volcano map (B) of differentially expressed genes; heat map (C) and volcano map (D) of immune differential genes; heat map (E) and volcano map (F) of differentially expressed genes related to the signal transduction pathway of P53 mediators. The abscissa of the heat map represents the sample: the blue area represents the adjacent tissue, the red area represents the hepatocellular carcinoma tissue; the ordinate represents the gene. The red dots on the volcano map represent genes whose expression levels are up-regulated, and the green dots represent genes whose expression levels are down-regulated.





The Accurate Prognostic Gene Model of Hepatocellular Carcinoma Was Constructed

First, merge the expression data of 323 genes with survival information, which includes survival time and survival status; After that, univariate cox regression analysis was performed on 323 differential immune genes, and 12 high-risk genes(Hazard ratio > 1) related to prognosis were obtained (Figure 3A). High-risk genes mean that the higher the expression level of the gene, the greater the risk of the patient and the shorter the survival time. These 12 prognostic genes all satisfy P value <0.0001. In order to prevent over-fitting when constructing a prognostic model of hepatocellular carcinoma, the 12 prognostic-related genes were subjected to the lasso regression analysis, and the genes with high correlation were deleted. 11 genes (Supplementary Data Sheet 1) were obtained when the cross-validation error was the smallest (Figures 3B, C). After that, the “survival” package was used to perform multivariate cox regression analysis on these 11 genes in R, and finally 5 genes(HDAC1ˎBIRC5ˎSPP1ˎSTC2ˎNR6A1) related to the prognosis of LIHC were obtained to construct a prognostic model. Use the relative expression level of each gene in the prognostic model and the correlation coefficient of each gene to calculate the patient’s risk score, risk score = (0.293753798* expression level of HDAC1) + (0.140659127 * expression level of BIRC5) + (0.083311679 * expression level of SPP1) + (0.245656937 * expression level of STC2) + (0.404582055 * expression level of NR6A1). The correlation coefficient of each gene was shown in Table 1.




Figure 3 | (A) Forest map of 12 immune genes related to the prognosis of hepatocellular carcinoma, analyzed by univariate Cox regression, all 12 genes are high risk genes (HR >1, P < 0.0001). (B) LASSO coefficient spectrum of 12 immune genes, Generate a coefficient distribution map for a logarithmic (λ) sequence. (C) Selecting the best parameters for LIHC in the LASSO model (λ).




Table 1 | Genes contained in the prognostic model of hepatocellular carcinoma.



Patients were classified according to the calculated median risk score. 185 patients in the TCGA database were divided into high risk group and 185 patients were divided into low risk group (Supplementary Data Sheet 2). Figure 4A shows the distribution of the risk scores of hepatocellular carcinoma patients from low to high. Figure 4B shows that with the increase of the risk score, the prognosis of the patient is worse. Draw a heat map of 5 genes in the model to show the expression profiles of patients in high-risk and low-risk groups (Figure 4C). The results showed that patients in the high-risk group were more likely to express these five genes. The Kaplan-Meier survival curve (Figure 5A) drawn with “survival” package and “survminer” package in R showed a significant difference in survival prognosis between the two groups (P=2. 29e-06): the five-year survival rate was 37. 8% (95%CI:28. 40%~50.2%) in the high-risk group and 58. 2% (95%CI:47. 94% ~ 70.8%) in the low-risk group. The predictive ability of the model used the “survivalROC” package to draw the ROC curve and calculate the AUC value for evaluation. The results show that the AUC based on the risk score obtained by the model was 0.764, which shows that the prediction accuracy of the model is good. (Figure 5B). The patients in the TCGA-LIHC cohort were divided into training set and verification set according to the proportion of 7:3. The internal verification results indicated that the predictive ability of our risk score model was good, and the survival probability of patients in the high-risk group was significantly worse than that in the low-risk group (Figure S1).




Figure 4 | (A, B) Distribution of risk score in patients with hepatocellular carcinoma. The black dotted line serves as the dividing line between the high-risk group and the low-risk group. (C, D) Diagram of the relationship between risk score and patient survival time. (E, F) Heat map of five immune genes in prognostic model, the abscissa represents the sample: the red area is the low-risk group, and the blue area is the high-risk group. The result of (A, C, E) is based on TCGA data(training set), and the result of (B, D, F) is based on ICGC data (validation set).






Figure 5 | (A, B) Kaplan-Meier survival curves of the training set and the validation set, the survival prognosis of the patients in the high-risk group was significantly worse than that of the patients in the low-risk group (P < 0.05). (C, D) The ROC curve of the prognostic model, the results of the training set (AUC = 0.762) and the validation set (AUC = 0.758) show that the predictive ability of the model is good. (The meaning of AUC value: 0.5-0.7 indicates acceptable predictive ability, 0.7-0.9 indicates good predictive ability, >0.9 indicates excellent predictive ability).





The Prognostic Model Is an Independent Prognostic Factor

Univariate independent prognostic analysis and multivariate independent prognostic analysis were used to evaluate the independent predictive value of a prognostic model composed of five genes in 235 patients with complete clinical information from the TCGA-LIHC cohort. Univariate independent prognostic analysis showed that the risk score of TCGA-LIHC had a certain predictive value for prognosis, and was significantly correlated with overall survival (OS) (HR=1. 760, 95%CI: 1. 528~2. 028, P<0.001) (Figure 6A). Multivariate independent prognostic analysis showed that risk score was an independent prognostic factor related to OS (HR=1. 712, 95%CI: 1. 460~2. 007, P<0.001) (Figure 6B). The above results indicate that the risk score obtained through the prognostic model can be used as an independent prognostic factor in clinical practice and has important clinical significance.




Figure 6 | (A) Univariate independent prognostic analysis of the training set. Forest plot of the association between risk factors and overall survival of patients. (B) Multivariate independent prognostic analysis of the training set. The risk score based on the prognostic model can be used as an independent prognostic factor for hepatocellular carcinoma. (C, D) Independent prognostic analysis of univariate and multifactorial factors in the validation set. The forest map shows that the risk score can also be used as an independent prognostic factor for hepatocellular carcinoma in the validation set.





External Verification of Prognostic Model Using ICGC Database

In order to test the general applicability of the prognostic model, it is necessary to use data from different sources for external verification. Through the analysis of hepatocellular carcinoma data in the ICGC database, to verify the predictive ability of the prognostic model in the prognosis of hepatocellular carcinoma patients. According to the median value of the risk score calculated by the prognosis model, 232 patients in the ICGC database were divided, 164 patients were classified into the high-risk group, and 68 patients were classified into the low-risk group (Supplementary Data Sheet 3). The risk score distribution map (Figure 4D), survival status map (Figure 4E) and gene heat map (Figure 4F) drawn based on the hepatocellular carcinoma data of the ICGC database also showed that the higher the risk score, the worse the prognosis of the patient. Consistent with the TCGA results, the Kaplan-Meier survival curve (Figure 5C) showed that the survival prognosis of patients in the high-risk group and the low-risk group in the ICGA data was significantly different (P=7. 665e−04): the five-year survival rate of the high-risk group was 51. 6% (95%CI: 35. 9%~74. 1%), the five-year survival rate of the low-risk group was 86. 4% (95%CI: 71. 1%~100%). The ROC curve shows that the AUC of risk score based on the prognostic model is 0.785, which indicates that the prognostic model still has good predictive ability in the ICGC database (Figure 5D). The data of 232 patients with hepatocellular carcinoma with complete clinical information in the ICGC database were used for univariate independent prognostic analysis and multivariate independent prognostic analysis. The results showed that the risk score was still significantly correlated with OS and can be used as an independent prognostic factor (Figures 6C, D).



The Correlation Between Prognostic Models and Immune Cells

Download the immune cell content files of TCGA database samples from the TIMER database, including six types of immune cells: B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells. The correlation analysis between the content of the immune cells of the samples and the risk scores of the samples showed that the risk scores were positively correlated with the six immune cells (cor>0, P<0.05) (Figures 7A–F). In order to further study the relationship between the prognostic model composed of five genes and immune cells, the gene expression data of the samples in the TCGA-LIHC cohort and the gene expression profiles of 22 kinds of immune cells were analyzed by CIBERSORT software, and the contents of various immune cells in the samples were estimated (Figure 8A). According to the expression level of each gene, patients were divided into high expression group and low expression group. Combining the content of various immune cells in the sample, use the “limma” software package and the “vioplot” software package to perform differential analysis in R to determine whether different immune cells have significant differences in the high gene expression group and the low gene expression group. The results showed that there were significant differences in some immune cells between the high expression group and low expression group of certain genes (P<0.05) (Figures 8B–F and Table 2).




Figure 7 | Correlation analysis between the expression of immune microenvironment cells and risk score. There are six types of immune cells involved in the correlation analysis, including B cells (A), CD4+ T cells (B), CD8+ T cells (C), dendritic cells (D), macrophages (E), and neutrophils (F).






Figure 8 | (A) Histogram of immune cells. The abscissa is the sample selected from the TCGA-LIHC cohort (screening condition: P < 0.05), and the vertical row represents the composition of various immune cells in the sample. Each color represents a different cell type. (B–F) Violin diagrams of five genes for constructing the model, including HDAC1 (B), BIRC5 (C), SPP1 (D), STC2 (E) and NR6A1 (F). There are 22 kinds of immune cells on the abscissa, and the ordinate represents the content of immune cells. The red area represents the high expression group of genes, and the green area represents the low expression group of genes.




Table 2 | Details of immune cells with different contents between the high gene expression group and the low gene expression group.





Validation of Five Gene Expression Patterns

In order to verify the expression levels of the five genes that constitute the prognostic model of hepatocellular carcinoma, the “limma” and “beeswarm” packages were used in R to extract the expression levels of five genes from the gene expression matrix of the TCGA-LIHC cohort, and the results showed that the expression levels of the five genes in hepatocellular carcinoma tissues were significantly higher than those in adjacent tissues (Figures 9A–E Training Set). In order to further verify this result, we used the hepatocellular carcinoma data of the ICGC database to compare the expression levels of five genes again. Consistent with the results of TCGA, the expression levels of the five genes in hepatocellular carcinoma tissues (234 samples) were significantly higher than those in adjacent tissues (202 samples), and the results all met P<0.05 (Figures 9A–E Validation Set). In order to study the protein expression of the five genes in normal tissues and hepatocellular carcinoma tissues, we searched through the Human Protein Atlas (HPA) database and obtained the immunohistochemical results of the four genes (Figures 10A, B). The results of immunohistochemistry showed that the protein expression levels of HDAC1, BIRC5, SPP1, STC2 in hepatocellular carcinoma tissues were higher than those in normal tissues. However, the immunohistochemical results of NR6A1 were not found in the database.




Figure 9 | The five prognostic genes are upregulated in human HCC specimens: HDAC1 (A) , BIRC5 (B) , SPP1 (C) , STC2 (D) , NR6A1 (E). Training Set: TCGA data showing the expression profiles of the five prognostic genes in normal liver (n = 50) vs tumor tissue (n = 371). Validation Set: ICGC data showing the expression profiles of the five prognostic genes in normal liver (n = 202) vs tumor tissue (n = 243).






Figure 10 | (A, B) The expression profiles of these five genes in normal liver tissues and hepatocellular carcinoma tissues. The results of immunohistochemistry were all from HPA database.





Gene Set Enrichment Analysis and Construction of PPI Network

In order to explore the potential molecular pathways related to the prognostic markers of hepatocellular carcinoma, we used GSEA software to perform gene set enrichment analysis (GSEA) on 424 samples in the TCGA-LIHC cohort, including 374 hepatocellular carcinoma samples and 50 normal samples. The results of enrichment analysis showed that 261 genes were enriched on the signal transduction pathway of p53 mediators (Figure 11A). The enrichment results of this pathway showed |NES|>1, NOM p-val<0.05, FDR q-val<0.25, indicating that the gene set was meaningful. The results of enrichment analysis were reliable (NES=2. 0237732, FDRNES=6. 65 E-04), and the enrichment of genes was good (PNES=0.017). The 261 genes enriched in the signal transduction pathway of P53 mediators and the 7754 differentially expressed genes obtained by differential gene expression analysis were crossed, as a result, 108 genes were obtained. While these genes were enriched in the signal transduction pathway of P53 mediators, they were also differentially expressed in the TCGA-LIHC cohort. The heat maps and volcanoes of these genes are shown in Figures 2E, F. Twelve immune genes related to the prognosis of hepatocellular carcinoma obtained after univariate cox regression analysis. The 108 genes (Supplementary Data Sheet 4) and 12 immune genes were tested for correlation, cor=0.58 and pvalue=0.001 as the screening criteria to obtain the analysis results (Table 3). According to the analysis results, the Cytoscape software was used to draw the protein interaction network (Figure 11B).




Figure 11 | (A) Enrichment plot of 261 genes enriched on the signal transduction pathway of p53 class mediator. (B) Regulatory networks between prognosis-related immune genes and genes enriched in the pathway. There are three genes (BIRC5, HDAC1, NR6A1) in the model that participate in the hub of the network.




Table 3 | Details of the genes involved in the construction of regulatory networks.






Discussion

As a highly lethal malignant tumor, liver cancer has a large number of patients all over the world. Due to the high degree of heterogeneity of liver cancer, conventional indicators such as TMN staging, age and gender are slightly insufficient in predicting the prognosis of liver cancer patients. Anwanwan et al. reported that patients are often diagnosed with liver cancer in advanced stages, contributing to its poor prognosis (14). Of all liver cancer cases, 80% are hepatocellular carcinomas (HCCs) (2). Most patients with HCC are diagnosed by surveillance or incidental imaging analysis (15). Therefore, finding biomarkers with diagnostic significance and good predictive ability for the prognosis of liver cancer patients is an important research direction.

In addition, research in recent years found that the immune system plays a pivotal role in the maintenance of the integrity of an organism. Besides the protection against pathogens, it is strongly involved in cancer prevention, development and defense (16). The immune system has been shown to be a decisive factor in the occurrence and development of cancer (5). A variety of immune cells and immune-related molecules have been proved to be related to tumorigenesis, proliferation and development, for example, Yi L, Sun D, Han Q et al. found that interferon regulatory factor 3 can mediate the innate immune response and apoptosis of non-small cell lung cancer induced by Poly (16). Studying the role of immunity in tumors is of great significance, and immune-related genes are important research content. Some studies have found that immune genes are related to various biological behaviors such as tumor development, metastasis, and apoptosis (17, 18). At present, the gene signal based on abnormal mRNA has been used to predict the prognosis of hepatocellular carcinoma, which has great potential (19, 20). Gene signatures based on immune-related genes have been reported in a variety of cancers, such as lung squamous cell cancer, non-small cell lung cancer, esophageal carcinoma, etc (13, 21, 22). In this study, the high-throughput expression profiles of immune-related genes in TCGA-LIHC cohort were analyzed, and the differentially expressed immune genes were screened by differential analysis. After univariate cox regression analysis, lasso analysis and multivariate cox analysis, a five-gene signature (including HDAC1, BIRC5, SPP1, STC2, NR6A1) was constructed to predict the prognosis of hepatocellular carcinoma. The high expression of five genes was related to the poor prognosis of hepatocellular carcinoma patients. Calculate the patient’s risk values based on the relative expression levels of the five genes, and divide the patients into high-risk and low-risk groups based on the risk value. The results of survival analysis showed that the survival prognosis of patients in the high-risk group was significantly worse than that in the low-risk group. The AUC value of the ROC curve of the prognostic model was 0.764, indicating that the risk score prognostic model has a good predictive ability for survival prognosis. Univariate and multivariate independent prognostic analysis confirmed that the risk value based on this prognostic model can be used as an independent prognostic factor for hepatocellular carcinoma. In addition, in the independent hepatocellular carcinoma data set of the ICGC database, we conducted external verification of the prognosis model, and the predictive ability of the five-gene signature in the prognosis of hepatocellular carcinoma was further confirmed, and the expression levels of the five genes were verified.

Yamashita et al. reported that the immune cells within the tumor microenvironment (TME) play important roles in tumorigenesis. It has been known that these tumor associated immune cells may possess tumor-antagonizing or tumor-promoting functions (15). On the one hand, our study confirmed that the risk score based on the prognostic model has a significant correlation with the six immune cells through the TIMER database. On the other hand, the CIBERSORT algorithm was used to estimate the immune cell content of the TCGA-LIHC cohort samples and confirmed that the expression level of these five genes is related to the content of some immune cells.

Previous studies have shown that the five genes contained in the genetic signature can affect the occurrence and development of hepatocellular carcinoma. The full name of HDAC1 is histone deacetylase 1, the protein encoded by this gene belongs to the histone deacetylase/acuc/apha family and is a component of the histone deacetylase complex. This complex is a key element in the control of cell proliferation and differentiation. HDAC1 has been proved to be closely related to the occurrence and development of hepatocellular carcinoma. NoufAl-yhya et al. found that the application of HDAC1 inhibitors can inhibit the proliferation and migration of hepatocellular carcinoma cells (23).

The human baculoviral IAP repeat containing 5 (BIRC5), also known as survivin, is a conserved member of the inhibitor of apoptosis protein (IAPs) family (24). It is reported that the increased expression of BIRC5 in hepatocellular carcinoma inhibits the apoptosis of tumor cells, promotes the proliferation of tumor cells, and increases the resistance of hepatocellular carcinoma cells to radiotherapy and chemotherapy (25). TianQG et al. found that there was a positive correlation between the expression of BIRC5 and VEGF, which could promote tumor angiogenesis (26). In addition, it is suggested that BIRC5 can be used as a universal tumor antigen and a unique target for tumor immunotherapy (27).

Secreted phosphoprotein 1 (SPP1) also called as Osteopontin (OPN), it has been reported to be involved in tumor progression, metastasis and suggested as a promising prognosis/therapeutic target biomarker (28). Studies by AlexanderD.Nardo et al. have indicated that the imbalance of SPP1 expression can promote the malignant development of hepatocellular carcinoma (29). LiguangYang et al. found that the overexpression of SPP1 was associated with poor survival and could promote the proliferation of HCC cells (30).

Stanniocalcin 2 (STC2) is a glycoprotein hormone involved in many biological processes and a secretory protein that regulates malignant tumor progression. Studies by FanWu et al. have shown that down-regulation of STC2 expression can inhibit the proliferation and survival of HCC cells (31). Recent studies have indicated that STC2 plays an important role in the occurrence and development of hepatocellular carcinoma and contributes to the development of new HCC treatment strategies (32).

Although there are few related studies on Nuclear Receptor Subfamily 6 Group A Member 1 (NR6A1), the results of SunGD et al. confirmed that NR6A1 plays an important role in the prognosis of patients with hepatocellular carcinoma (33).

In summary, the five genes that constitute the prognostic model of hepatocellular carcinoma may play an important role in the occurrence and development of tumors and have great research significance. The results of bioenrichment analysis of TCGA-LIHC cohort samples showed that 261 genes were enriched in the signal transduction pathway of P53 mediators. P53 is an important tumor suppressor gene, the P53-mediated cell signal transduction pathway plays an important role in regulating the normal life activities of cells, and its connection with other signal transduction pathways in the cell is very complicated. P53 mutation can play a protective role in inflammation and cancer (34). P53 plays an important regulatory role in blocking the cell cycle, promoting cell apoptosis, maintaining genome stability, and inhibiting tumor angiogenesis. The genes present in the signal transduction pathway of P53 mediators constitute a huge regulatory network, and some genes control the biological functions of a large number of related proteins (35). Muñoz-Fontela et al. have found that some genes in p53 pathway can participate in the process of immune regulation and play a role in the occurrence and development of tumors (36). In order to explore the potential relationship between these genes and prognostic-related immune genes, we conducted a correlation analysis of the two and constructed a regulatory network based on the results. From the network diagram, it can be seen that many genes in the signal transduction pathway of P53 mediators have a positive regulation relationship with some prognostic-related immune genes (HDAC1 BIRC5, NR6A1, PSMD2, CDK4, ISG20L2, NDRG1). Three genes in the prognostic model of hepatocellular carcinoma are involved in the construction of the regulatory network, which to a certain extent also shows that the five-gene signature has 3 great research value.

To our knowledge, the five-gene signature related prognostic model has not been reported, and may be able to provide effective strategies for the early diagnosis and treatment of hepatocellular carcinoma. Clinicians can calculate the risk score of each patient through the model, then select high-risk groups, and formulate treatment policies and strategies in advance according to the results. The calculation of risk score is based on the relative expression of genes, which is more practical in the process of diagnosis. Compared with conventional indicators, the prognostic model may be more accurate to predict the prognosis of patients.

However, it should be recognized that there are still some limitations in our study. First, our study is retrospective and needs to be further verified in prospective studies; Second, the model is mainly based on the data of the TCGA-LIHC cohort, the main races are white and black, and whether other races can be applied remains to be confirmed; Third, due to the lack of further functional experiments, the potential mechanism and interrelationship of the five genes need to be studied; finally, it is difficult to apply the risk score to clinical practice. In the follow-up research, we will further explore the predictive ability of the model, in-depth study of the potential mechanism of the five genes and the interaction between genes.



Conclusion

In summary, our study established a new prognostic model of immune genes for hepatocellular carcinoma to predict the prognosis of patients, which may provide a potential target for clinical treatment of hepatocellular carcinoma. Our study also provides a new idea for the correlation between immune genes and the potential pathway of hepatocellular carcinoma.
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Background

The role of fetal-lethal non-coding developmental regulatory RNA (FENDRR) has been explored in various cancers; however, its relationship with colon adenocarcinoma/rectum adenocarcinoma (COAD/READ) remains unclear. The objectives of this study were to identify and assess any associations between FENDRR and COAD/READ using The Cancer Genome Atlas (TCGA) database and the Genetic Data Commons (GDC) Data Portal.



Methods

The records of patients with COAD/READ were collected from the GDC Data Portal. After comparing the expression level of FENDRR in COAD/READ and healthy tissues, we evaluated the association of FENDRR with clinicopathological characters and the survival rate, the impact of FENDRR on prognosis, the biological function of FENDRR, and the relative abundance of tumor-infiltrating immune cells in patients with COAD/READ. Moreover, we aimed to construct a protein-protein interaction (PPI) network for selecting genes and a ceRNA network for presenting mRNA-miRNA-lncRNA interactions.



Results

In patients with COAD/READ, FENDRR expression could differentiate tumor tissues from the adjacent healthy tissues since it was significantly lower in the former than in the latter. High FENDRR expression was correlated with poorer survival and higher tumor stage, current tumor stage, and metastasis stage, and also exhibited high scores for apoptosis, autophagy, and senescence. Immune cell infiltration analysis showed that the high expression group had significantly lower immune and stromal scores. Low FENDRR expression was correlated with poor overall survival (OS), and thus, it could serve as an independent risk factor. The prognostic models constructed in the study performed well for the prediction of OS and disease-specific survival (DFS) using FENDRR expression. Gene set enrichment analysis revealed that vascular smooth muscle contraction, melanogenesis, basal cell carcinoma, and Hedgehog signaling pathways were significantly enriched in patients with high FENDRR expression. Eight hub genes, namely, PKM, ALDOA, PFKP, ALDOC, PYGL, CTNNB1, PSMA5, and WNT5A, were selected from the PPI network, and a ceRNA network was constructed based on the differentially expressed mRNAs, miRNAs, and lncRNAs to illustrate their regulatory relationships.



Conclusion

FENDRR may serve as a potential biomarker for the diagnosis and prognosis of COAD/READ.
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Introduction

Colon adenocarcinoma/rectum adenocarcinoma (COAD/READ) is the most common pathological type of colorectal cancer (CRC), which ranks third in incidence and second in mortality among all cancers, causing yearly more than 800,000 deaths worldwide (1). CRC primarily affects young individuals (2). The 5-year survival rate of CRC patients with early local tumors is approximately 90%, whereas that of advanced patients is around 14% (3). CRC prognosis and overall mortality rate have improved due to multi-disciplinary treatments; however, the median survival time is18–21 months, and > 50% of patients decease due to recurrence and metastasis (4). Therefore, early diagnosis and effective treatment strategies are necessary for the accurate prediction of prognosis for CRC and especially for COAD/READ. The stage of COAD/READ is the most crucial predictor of prognosis. Nevertheless, the current tumor-node-metastasis (TNM) stage has limited sensitivity in predicting tumor recurrence and metastasis. Besides, imaging examinations are delayed, and serological markers, such as carcinoembryonic antigen (CEA) and carbohydrate antigen 199 (CA-199), have limited predictive value due to low sensitivity and specificity (5). Hence, it is crucial to identify a sensitive and effective COAD/READ marker for accurate diagnosis and prediction of prognosis that may also serve as a new therapeutic target.

Long noncoding RNAs (lncRNAs) are over 200 bp in length with little or no protein encoding capability (6). They are known to play important roles in the occurrence and progression of various diseases and regulate gene expression by interacting with numerous different molecules in tumors. Specifically, several lncRNAs have been identified to trigger the onset of CRC through different pathways (7). Thus, lncRNAs can serve as potential markers for cancer diagnosis and prognosis. Several lncRNAs have been identified to trigger the onset of CRC through different pathways (7).

Fetal-lethal non-coding developmental regulatory RNA (FENDRR) is a newly found lncRNA that has been regarded as a tumor suppressor in various malignancies such as gastric cancer (8), breast cancer (9), and hepatocellular carcinoma (HCC) (10). In HCC, FENDRR is significantly downregulated in tumor tissues and cells, targeting Glypican-3 at the epigenetic level, whereas FENDRR restoration potentially prevents disease progression and metastasis (11); in lung adenocarcinoma, high FENDRR expression is associated with better clinical outcome (12); whereas in renal cell carcinoma, FENDRR downregulation is a poor predictor of prognosis (13). Thus, FENDRR expression level could serve as a prognosis marker; however, information on the relationship between FENDRR and COAD/READ is still limited.

This study aimed to evaluate the relationship between FENDRR and COAD/READ using The Cancer Genome Atlas (TCGA) database and the Genetic Data Commons (GDC) Portal. To this end, we obtained RNA-seq data from the GDC Data Portal (https://portal.gdc.cancer.gov/) to assess the prognostic value of FENDRR in COAD/READ and detect any differences in FENDRR expression between COAD/READ tumors and healthy tissues; we analyzed the expression levels of FENDRR and prognostic values based on clinicopathological characteristics of COAD/READ patients to identify any significant associations; we carried out gene-set enrichment analysis to reveal the FENDRR-related biological pathways involved in COAD/READ; and we constructed a competing endogenous RNA (ceRNA) network based on mRNA-miRNA-lncRNA interactions. All analyses carried out in this study are shown in Figure 1.




Figure 1 | The flowchart of all analysis processes.





Materials and Methods


Data Sources

Gene expression data generated by RNA-sequencing for 607 patients with COAD/READ and 64 healthy tissues were downloaded from the GDC Data Portal (https://portal.gdc.cancer.gov/). The data were classified into mRNA and lncRNA expression profiles. Additionally, clinicopathological characteristics, including gender, age, and tumor stage, as well as prognostic information, were downloaded from the University of California, Santa Cruz Xena website (http://xena.ucsc.edu/). After excluding patients with missing clinical data, 597 tumor samples and 57 healthy tissue samples were included in the study (14). The clinical data for patients with COAD/READ are presented in Table 1.


Table 1 | Baseline characteristics of patients with colon adenocarcinoma/rectum adenocarcinoma (COAD/READ) in the Cancer Genome Atlas (TCGA) database.





Differentially Expressed Genes (DEGs)

To analyze the effect of FENDRR, tumor samples from patients with COAD/READ in TCGA were divided into high- and low-expression groups using the median FENDRR level as a threshold. DEGs between the two groups were identified using the package ‘limma’ in r with a log fold change (logFC) > 1.5 and an adjusted p < 0.05 as thresholds (15). The results were summarized in a heatmap and volcano plot.



Function, Pathway, and Gene-Set Enrichment Analyses

Gene Ontology (GO) function and Kyoto Encyclopedia for Genes and Genomes (KEGG) pathway enrichment analyses were carried out using the package ‘clusterProfiler’ in R with a false discovery rate (FDR) of < 0.05 (16). including the sub-ontologies biological process (BP), molecular function (MF), and cellular component (CC), are frequently used for large-scale functional enrichment studies. KEGG is widely used to evaluate enrichment for biological pathways. The R software package clusterProfiler (16) was used for GO annotation and KEGG pathway enrichment analyses of the signature genes. We also performed gene-set enrichment analysis (GSEA) to identify terms enriched in biological processes for DEGs between the high- and low-expression groups using the ‘c2.cp.kegg.v6.2.-symbols’ gene set from the MSigDB database the gene expression profile datasets for patients with COAD/READ. GSEA is a computational method for determining whether a predefined set of genes exhibits significant differences between two biological states. It is typically used to estimate changes in pathways and biological processes in expression datasets (17). with an adjusted p < 0.05 (17). Genes in the relevant pathways were further searched against the GeneCard database. A single-sample gene-set enrichment analysis (ssGSEA) was performed to calculate enrichment scores for different pathways in each patient.



Immune Cell Infiltration and Enrichment Scores

The ssGSEA algorithm was applied to quantify the relative abundance of tumor-infiltrating immune cells (i.e., CD8+ T cells, dendritic cells, macrophages, and regulatory T cells) in patients with COAD/READ as described previously (18). Enrichment scores, which represent the level of infiltration by each immune cell type in each sample, were computed using the package ‘gsva’ in R with ssGSEA (17).

Immune activity (i.e., immune cell infiltration level) and stromal scores were calculated for each tumor using the package ‘estimate’ in R (19). Mann-Whitney U tests were used to compare the levels of immune cell infiltration between the high- and low-expression groups.



Construction and Validation of a Clinical Prediction Model

To further investigate the combined effects of FENDRR expression and clinicopathological characteristics on patient prognosis, univariate and multivariate Cox analyses were used to assess associations with overall survival (OS). Independent prognostic factors were used to construct nomogram models for the prediction of clinical outcomes. Harrell’s concordance index (C-index) was used to quantify the discrimination performance. The actual observed survival rates were used to assess the performance of nomograms, and calibration curves were generated by comparing predicted survival rates.



Protein-Protein Interaction (PPI) Network Construction and Selection of Hub Genes

A PPI network was constructed using genes from the STRING database with a score of >0.4 and visualized using Cytoscape 3.7.2 (20). The Maximal Clique Centrality (MCC) for each node was computed using the plugin ‘CytoHubba’ in Cytoscape, and genes with the top eight MCC values were considered hub genes (21).



Construction of a ceRNA Network Based on mRNA-miRNA-lncRNA Interactions

The lncRNA-miRNA interaction data were downloaded from the miRcode database, whereas the miRNA-mRNA interaction data from the miRTarBase, miRDB, and TargetScan databases. Differentially expressed miRNAs and lncRNAs between the high- and low-expression groups were identified using the package ‘limma’ in R with a logFC > 1.5 and an adjusted p < 0.05 as thresholds. A correlation analysis was performed to evaluate miRNAs that regulated both lncRNAs and mRNAs, and a ceRNA network was constructed using Cytoscape 3.7.2 (20).



Statistical Analysis

All data processing and analyses were conducted using R 4.0.2. Independent Student’s t-test was used for pairwise comparisons of normally distributed continuous variables; Mann-Whitney U test (i.e., Wilcoxon rank-sum test) for pairwise comparisons of variables that did not follow a normal distribution; and chi-square or Fisher exact tests for pairwise comparisons of categorical variables. Pearson correlation was used to calculate the coefficients for significant associations between the expression levels of different genes. Survival analysis was carried out using the package ‘survival’ in R, and the differences were evaluated using Kaplan-Meier survival curves. The log-rank test was used to assess the difference in survival time between the high- and low-expression groups. Univariate and multivariate Cox analyses were performed to identify independent prognostic factors. The receiver operating characteristic (ROC) curve was generated using the package ‘pROC’ in R (22). The area under the curve (AUC) was calculated to evaluate the accuracy of the risk score for prognostication. All p are two-sided, and significance was set at p < 0.05.




Results


Correlation Between FENDRR Expression and Clinical Characteristics

Most tumors in TCGA exhibited significantly lower FENDRR expression levels than healthy tissues adjacent to the tumor (Figures 2A–C). FENDRR expression in tumor tissues was significantly lower than that in adjacent healthy tissues in patients with COAD/READ (p < 0.001; Figure 2B) or in matched adjacent healthy tissues (p < 0.001; Figure 2C). A ROC curve analysis showed that FENDRR expression could differentiate tumor tissues from adjacent healthy tissues in patients with COAD/READ (AUC, 0.932; 95% confidence interval, 0.920–0.982; Figure 2D). The Kruskal-Wallis and Wilcoxon rank sum tests revealed that high FENDRR expression was closely correlated with poorer survival (p = 0.002; Figure 3A), higher tumor stage (p = 0.004; Figure 3B), T stage (p = 0.015; Figure 3C), and M stage (p = 0.055; Figure 3D). However, FENDRR expression was not correlated with gender (p = 0.243; Figure 3E) or N stage (p = 0.435; Figure 3F).




Figure 2 | Fetal-lethal non-coding developmental regulatory RNA (FENDRR) expression in patients with colon adenocarcinoma/rectum adenocarcinoma (COAD/READ). (A) FENDRR expression in 33 tumor types and adjacent healthy tissues. (B) FENDRR expression in tumors and adjacent healthy tissues. (C) FENDRR expression in tumors and matched adjacent healthy tissues. (D) Receiver operating characteristic (ROC) curve analysis of FENDRR expression in tumors and adjacent healthy tissues. *, **, ***, indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively.






Figure 3 | Correlation between fetal-lethal non-coding developmental regulatory RNA (FENDRR) expression and clinicopathological characteristics in patients with colon adenocarcinoma/rectum adenocarcinoma (COAD/READ). (A–F) Association of FENDRR expression with poorer survival (p = 0.002), higher tumor stage (p = 0.004), T stage (p = 0.015), M stage (p = 0.055), N stage (p = 0.435), and (p = 0.243).





Correlation Between FENDRR Expression and Biological Characteristics

We analyzed the effects of FENDRR expression on various biological processes in patients with COAD/READ. Patients with high FENDRR expression exhibited higher scores for apoptosis (p < 0.001; Figure 4A), autophagy (p < 0.001; Figure 4B), and senescence (p = 0.044; Figure 4C), whereas FENDRR expression was not associated with the platinum resistance score (p = 0.553; Figure 4D).




Figure 4 | Correlation between fetal-lethal non-coding developmental regulatory RNA (FENDRR) expression and biological pathways. (A–D) Association of FENDRR expression with apoptosis (p < 0.001), autophagy (p < 0.001), senescence (p = 0.044), and platinum resistance score (p = 0.553).





Correlation Between FENDRR Expression and Immune Cell Infiltration

We analyzed the effects of high and low expression levels on immune characteristics and 22 different immune cell subtypes. Patients in the high-expression group exhibited significantly lower immune and stromal scores than those in the low-expression group (p < 0.001; Figures 5A, B). The levels of infiltration of multiple subtypes of immune cells differed significantly between the high- and low- expression groups (p < 0.05, Figure 5C). As shown in Figure 5D, we found a positive correlation between the expression of FENDRR and type II interferon levels.




Figure 5 | Correlation between fetal-lethal non-coding developmental regulatory RNA (FENDRR) expression and immune cell infiltration. (A, B) Association of high FENDRR with immune scores and stromal scores (p < 0.001). (C) Association of high and low FENDRR expression with the proportions of multiple subtypes of immune cells. (D) Lollipop chart of FENDRR expression and different immune cell subtypes. Circle sizes represent the magnitude of the correlation coefficients. Colors represent the significance level (i.e., p-values). *, **, ***, indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively. ns, indicates no statistical significance.





Prognostication Based on FENDRR Expression

We analyzed the association between FENDRR expression and prognostic indicators, including OS, progression-free survival (PFS), and disease-specific survival (DFS). The results showed that low FENDRR expression was correlated with poor OS (Log-rank p < 0.001; Figure 6A) and poor DFS (log-rank P < 0.001; Figure 6C); however, no significant association was found with PFS (Log-rank p = 0.324; Figure 6B). Univariate and multivariate Cox regression analyses showed that FENDRR expression level was an independent risk factor for OS (Table 2).




Figure 6 | Effect of fetal-lethal non-coding developmental regulatory RNA (FENDRR) expression on colon adenocarcinoma/rectum adenocarcinoma (COAD/READ) prognosis. (A–C) Kaplan-Meier analysis for overall survival (OS), disease-free survival (DFS), and progression-free survival (PFS) in relation to FENDRR expression. (D, F) Nomograms for predicting OS and DFS. (E, G) Calibration curves of nomograms. X-axis, survival status predicted by the nomogram; Y-axis, actual observed survival status.




Table 2 | Univariate and multivariate Cox analyses of fetal-lethal non-coding developmental regulatory RNA (FENDRR) expression data for the prediction of overall survival (OS).



We then incorporated the expression status of FENDRR into a multivariate COX analysis to identify significant clinicopathological characteristics (p < 0.05) that were used to construct nomograms for predicting OS and DFS in patients with COAD/READ (Figures 6D, F). Based on the C-index, the nomograms exhibited excellent discrimination performance (OS, 0.740 [0.690–0.790]; DFS, 0.803 [0.748–0.858]). Furthermore, we tested the predictive power of the models using calibration charts. We compared the nomogram-predicted 1-year, 3-year, and 5-year OS and DFS with the actual patient data and observed a high concordance between the predicted values and observed data. Overall, these results suggested that the constructed prognostic models performed well for the prediction of OS and DFS (Figures 6E, G).



Correlation Between FENDRR Expression and Genome-Wide Expression Profiles

To evaluate the correlation between FENDRR expression and genome-wide expression profiles, we divided patients with COAD/READ into high- and low-expression groups based on the median expression level of FENDRR and then analyzed DEGs between the two groups. Using |logFC| > 1.5 and FDR < 0.05 as thresholds, 1,632 DEGs were identified between the low- and high-expression groups (Figures 7A, B). GO and KEGG analyses showed that DEGs were enriched in various biological process terms, such as co-translational protein targeting to membrane, signal-recognition particle-dependent co-translational protein targeting to membrane, and ribosomes (Figures 7C, D). GSEA showed that various pathways, such as Vascular smooth muscle contraction, melanogenesis, basal cell carcinoma, and Hedgehog signaling, were significantly enriched in patients with high FENDRR expression (Figure 8A). Other pathways, including Huntington’s disease, oxidative phosphorylation, Parkinson’s disease, and proteasome pathways, were significantly downregulated in patients with high FENDRR expression (Figure 8B).




Figure 7 |  Analysis of differentially expressed genes (DEGs) between high and low fetal-lethal non-coding developmental regulatory RNA (FENDRR) expression groups. (A, B) Volcano plot and heat map of DEGs. (C, D) DEGs enriched for biological signaling pathways.






Figure 8 | Gene set enrichment analysis (GSEA) based on fetal-lethal non-coding developmental regulatory RNA (FENDRR) expression. (A) Association of FENDRR expression with vascular smooth muscle contraction, melanogenesis, and basal cell carcinoma pathways. (B) Association of FENDRR expression with Huntington’s disease, oxidative phosphorylation, and other pathways.





PPI and ceRNA Networks

Univariate Cox regression analysis of all DEGs revealed 136 genes significantly associated with prognosis (p < 0.05). A PPI network was constructed using the signature genes, and the top eight hub genes (PKM, ALDOA, PFKP, ALDOC, PYGL, CTNNB1, PSMA5, and WNT5A) were selected using the MCC algorithm (Figures 9A, B). A ceRNA network was constructed based on the differentially expressed mRNAs, miRNAs, and lncRNAs to illustrate their regulatory relationships (Figure 9C).




Figure 9 | Visualization of protein-protein interaction (PPI) and ceRNA networks. (A) PPI network of 136 genes associated with colon adenocarcinoma/rectum adenocarcinoma (COAD/READ). Each node represents a gene. (B) Hub genes in the PPI network. Red and yellow nodes represent eight hub genes. (C) CeRNA network based on differentially expressed mRNAs, miRNAs, and lncRNAs. Ovals, diamonds, and squares represent mRNAs, lncRNAs, and miRNAs, respectively.






Discussion

COAD/READ accounts for approximately 90% of all CRC, one of the most common cancers worldwide with a high relapse rate (23, 24). Although the implementation of comprehensive treatments, such as surgery and preoperative/postoperative radiotherapy combined with chemotherapy, has markedly improved the 5-year survival rate of CRC patients, invasion and metastasis signify an abominably ominous prognosis (25). Moreover, early diagnosis and the follow-up monitoring of COAD/READ remains a challenge due to the lack of early specific symptoms (26). Colonoscopy is considered the gold standard for detecting and monitoring COAD/READ, but it is an invasive procedure that often causes discomfort and cannot detect metastases early (27, 28). Therefore, it is crucial to find new prognostic and therapeutic targets to improve the clinical strategies and outcomes of COAD/READ.

FENDRR was first reported to be involved in embryonic development as an essential regulatory RNA during embryonic development and differentiation by mediating the epigenetic modification of the target promoter (29). A previous study showed that FENDRR downregulation in mice changes the expression of transcription factors related to the differentiation of the lateral mesoderm, resulting in fatal malformations of the heart and ventral body wall (30). After mutation of FENDRR, the levels of H3K4me3 in the promoter regions of Gate6 and Nkx2.5 increase, affecting cardiac differentiation (29). In gastric cancer, FENDRR suppresses cell invasion, and migration by downregulating fibronectin1, whereas its low expression is associated with poor prognosis (8). In breast cancer, FENDRR inhibits cell proliferation and is associated with a good prognosis (9). However, information on the involvement of FENDRR in the occurrence and development of CRC is limited. Previous studies suggested that FENDRR attenuated CRC progression by repressing SOX4 and that FENDRR levels are negatively correlated with advanced stage and poor clinical outcomes (31); thus, overexpression of FENDRR suppresses the proliferation, migration, and invasion of CRC cells. Nevertheless, the underlying molecular mechanism of FENDRR affecting CRC, especially COAD/READ, was not defined.

Here, we aimed to investigate the expression of FENDRR in COAD/READ tissues and its potential therapeutic and prognostic value. Analyzing high-throughput RNA sequencing data from the TCGA database, we found that FENDRR was significantly downregulated in COAD/READ tissues compared with the paired healthy tissues. The large sample size determined that the probability of overfitting was minimal, leading to accurate conclusions. The results showed that higher expression of FENDRR in COAD/READ tissues was positively correlated with higher tumor stage, T stage, and M stage, suggesting poor survival rate. Moreover, analysis of FENDRR prognosis in COAD/READ indicated that the expression level of FENDRR was an independent risk factor for OS and could serve as a potential prognostic indicator in patients with COAD/READ (8, 9, 13).

TCGA-based analysis indicated that high FENDRR expression promotes autophagy, apoptosis, and senescence in COAD/READ. Furthermore, immune cell infiltration analysis suggested that high FENDRR expression is associated with significantly lower immune and stromal scores and positively correlated with type II interferon levels. FENDRR reportedly promotes apoptosis in hepatic carcinoma, gastric cancer, breast cancer, and even in acute pancreatitis (9, 32–34). In addition to apoptosis, we found that FENDRR was also involved in regulating other biological processes in COAD/READ such as autophagy and senescence; however, the regulatory relationships need to be verified experimentally. A previous study demonstrated that FENDRR enhances IFNγ-induced M1 macrophage polarization, suggesting that FENDRR may be involved in COAD/READ immune regulation (35). Our GSEA results showed that high FENDRR expression was positively correlated with vascular smooth muscle contraction, melanogenesis, basal cell carcinoma, and Hedgehog signaling, but negatively correlated with the proteasome, Huntington’s disease, oxidative phosphorylation, and Parkinson’s disease. Previous studies explored the roles of Hedgehog signaling in the formation, proliferation, and metastasis of CRC and suggested potential treatment, prognosis, and prevention targets (36). The involvement of oxidative phosphorylation (37) and proteasome pathways (38) in CRC progression has been previously reported, but all the other pathways identified in the present study need further exploration.

LncRNAs, as ceRNAs, regulate gene expression by competitively binding microRNAs, which cause gene silencing. In cervical cancer, FENDRR acts as a ceRNA, inhibiting tumor progression by upregulating tubulin alpha1A (TUBA1A) in a miR-15a/b-5p-dependent manner (39). In HCC, FENDRR acts as a sponge of miR-362-5p, promoting apoptosis and deactivating the p38-MAPK pathway (32). In gastric cancer, FENDRR affects cell malignant activity via the miR-214-3P/TET2 axis, whereas in prostate cancer, it reduces malignancy by competitively binding miR-18a-5p with Runt-related transcription factor 1 (RUNX1) (33, 40). In CRC, FENDRR increases the expression of growth inhibitor 4 (ING4) by interacting with miR-18a-5p (41). In the present study, we selected the top eight hub genes from the PPI network and constructed a ceRNA network based on the differentially expressed mRNAs, miRNAs, and lncRNAs, highlighting the regulating role of FENDRR in the occurrence and development of COAD/READ.

Our study had some limitations: 1) we collected data from a public database that lack important clinical factors (i.e., treatments received by patients) and were inconsistent since experiments were performed in different laboratories; 2) the number of healthy subjects used as controls was markedly different from that of cancer patients in the current study; 3) as a retrospective study, it failed to failed to include different races and regions that may affect RNA expression in COAD/READ;. Overall, although a multi-center study in public databases intends to complement the short-comings of single center studies, retrospective studies still have their own limits, especially nonuniform intervening measures and absence of some information. Therefore, prospective studies should be performed in the future to avoid analysis bias arising from the retrospective nature of the current study. 4) onlyRNA sequencing data from TCGA were analyzed and, consequently, additional important signaling pathways associated with FENDRR may have been missed. Therefore, further research is necessary to verify the binding affinities between lncRNAs, miRNAs, and mRNAs predicted in the present study as well as to. Thus, there are several areas in which further work is needed to deepen our understanding. First, as the response of COAD/READ, it would be interesting to investigate the basic expression and function of FENDRR in COAD/READ. a clean loss-of-function and gain-on-function study with tissue-type specificity and cell-type specificity remains warranted. A recent series of molecular experiments about other tumors may prove strong evidence for the possible phenotype and pathway regulation of FENDRR regulation underlying COAD/READ. Third, the co-expression and interaction among hub genes is a new exciting frontier that awaits further investigation. Co-Immunoprecipitation and pull-down assays would suggest a powerful evidence for molecular mechanisms in the development of COAD/READ. Finally, further research is needed to confirm the ceRNA network centered by FENDRR and its role in COAD/READ, dual luciferase reporter assay, RIP and RNA pull down would be effective means to solve those problems. Overall, additional studies are needed to improve the statistical power and validate our findings.

In summary, we found that decreased FENDRR was related to COAD/READ and poor prognosis. Thus, it may have important roles in the regulation of COAD/READ via different pathways; however, additional experiments are needed to demonstrate the biological impact of FENDRR in COAD/READ and further evaluate the relationship of FENDRR expression with clinical characteristics, COAD/READ stage, and prognosis using more extensive clinical data. Overall, we partially unveiled the roles of FENDRR in COAD/READ, and our results might facilitate the identification of a new diagnostic and prognostic biomarker.
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Hepatocellular carcinoma (HCC) is one of the most prevalent malignant tumors with the poor prognosis. Nowadays, alcohol is becoming a leading risk factor of HCC in many countries. In our study, we obtained the DEGs in alcohol-related HCC through two databases (TCGA and GEO). Subsequently, we performed enrichment analyses (GO and KEGG), constructed the PPI network and screened the 53 hub genes by Cytoscape. Two genes (BUB1B and CENPF) from hub genes was screened by LASSO and Cox regression analyses to construct the prognostic model. Then, we found that the high risk group had the worse prognosis and verified the clinical value of the risk score in alcohol-related HCC. Finally, we analyzed the tumor microenvironment between high and low risk groups through CIBERSORT and ESTIMATE. In summary, we constructed the two-gene prognostic model that could predict the poor prognosis in patients with alcohol-related HCC.
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Introduction

Liver cancer is the sixth most common malignancy and the third leading cause of cancer-related death worldwide by 2020 and hepatocellular carcinoma (HCC) is the most common type of liver cancer, accounting for 75%–85% cases (1). The common driving factors of HCC are viral hepatitis (HBV or HCV), fatty liver disease, diabetes, alcohol, aflatoxin and aristolochic acid (2). With the improvement of anti-virus therapies and increase of the alcohol consumption in many regions, alcohol may become a leading role of HCC in the future (3–5). Early retrospective studies indicated that the tumor stage at diagnosis was influenced by the etiology and alcohol-related HCC was diagnosed at a later stage (4, 6). Similarly, a prospective study found that patients with alcohol-related HCC have reduced overall survival time compared with patients with non–alcohol-related HCC and patients with alcohol-related HCC have worse liver function and tumor characteristics at diagnosis (7). Thus, early detection and diagnosis is crucial for the treatment and prognosis of alcohol-related HCC. Unfortunately, there are no effective markers for its detection and prognostic prediction.

Considering the development of sequencing technology and the reduction of costs, technologies of the gene sequencing and bioinformatic analysis have been widely used to screen potential biomarkers at the mRNA level and helped us identify the differentially expressed genes (DEGs) and functional pathways involved in the progression of cancer. Recent years, research combined with big data analysis is becoming a trend of future research in tumor. In addition, the tumor microenvironment (TME) included immune cells, stromal cells, endothelial cells, inflammatory cells, and fibroblasts (8), and increasing studies have showed that the compositions of TME can influence the treatment and prognosis of tumor (9–11). Therefore, in order to effectively improve the prognosis and treatment of tumor, it is necessary to understand the cell compositions and function of the TME.

In the current study, we screened the 2-gene signature from TCGA and GEO databases and constructed a prognostic model in alcohol-related HCC. Furthermore, we explored the TME between high and low risk groups in alcohol-related HCC based on the CIBERSORT and ESTIMATE algorithm.



Materials And Methods


Data Collection and Processing

We obtained the Gene Expression Quantification data(HTSeq-Counts) of RNA-Seq and corresponding clinical information of 377 HCC patients from the TCGA-LIHC cohort (https://portal.gdc.cancer.gov/) through the ‘TCGAbiolinks’ package that can access the National Cancer Institute (NCI) Genomic Data Commons (GDC) through the GDC Application Programming Interface (API). Next, we eliminated information of patients that didn’t meet the criteria. The exclusion criteria were as follows (1): alcohol consumption is not the only risk factor for HCC (2); incomplete clinical information(including prognostic, TNM staging, gender, age and risk factors information). Finally, we got the mRNA expression profile and corresponding clinical information of 68 patients with alcohol-related HCC from TCGA. For GEO data, we chose the mRNA pression profile of GSE59259 which contained 8 alcohol-related HCC tissues and paired 8 the cancer-free surrounding liver tissues as of May 05, 2015.



Differentially Expressed Gene Screening

For TCGA data, we used the ‘DESeq2’ package in R software to obtain differentially expressed genes (DEGs) in alcohol-related HCC. Then DEGs with absolute log2 foldchange (FC) ≥2 and adjusted P value <0.05 were considered to be included for subsequent analysis. For GEO data, we used the ‘GEO2R’ to obtain DEGs in alcohol-related HCC and chose DEGs with absolute log2 foldchange (FC) ≥1 and adjusted P value <0.05 for subsequent analysis. Finally, we obtained the final DEGs through intersection of TCGA and GEO databases (http://bioinformatics.psb.ugent.be/webtools/Venn/).



Functional Enrichment Analysis and PPI (Protein-Protein Interactions) Network Construction

Enrichment analysis of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway for final DEGs or hub genes was performed using the DAVID v6.8(https://david.ncifcrf.gov/tools.jsp) (12, 13).

We employed the STRING(v11.0) database with validated and conjectural PPI to obtain the corresponding PPI network. Subsequently, the MCODE (14) clustering algorithm was used for subnets screening. With the default settings, we chose the highest score subnet. Then, we employed the cytoHubba plugin (15) to calculate the degrees of genes in the subnet and genes with no less than 100 degrees were identified as hub genes. The above results were visualized by the ‘ggplot2’ package in R software or Cytoscape v3.7.



Establishment of a Prognostic Signature Model and Survival Analysis

The least absolute shrinkage and selection operator(LASSO) and multivariate Cox regression analyses were used to study the correlation between the prognosis and gene expression levels. Firstly, we used LASSO regression analysis to identify genes associated with the prognosis in hub genes through R software. Secondly, we applied multivariate Cox regression to further narrow the range of alcohol-related HCC marker genes through SPSS v20 and finally obtained 2 genes as marker. A multi-gene prognostic risk score was established based on a combination of regression coefficients from the multivariate Cox regression model (β) multiplied by their mRNA expression levels. Risk score(RS) = (expression level of BUB1B * β) + (expression level of CENPF * β). Taking the median risk score as a cutoff value, 68 alcohol-related HCC patients from TCGA were divided into high(n=34) and low(n=34) risk groups. Kaplan–Meier survival curves and time-dependent receiver operational feature (ROC) curve analyses were made to assess the predictive capacity of the model.



Validation of Independent Predictor Factors for Overall Survival

We used univariate and multivariate Cox analysis to study the independent prognostic value of the RS and other clinical characteristics, and further explored the independent prognostic value of the RS in different subgroups by stratified analysis.



Estimating the Composition of Immune Cells

CIBERSORT is a deconvolution algorithm based on the principle of linear support vector regression used to describe the infiltration of immune cells in the sample (16). LM22 is composed of 547 genes that accurately distinguish 22 human hematopoietic cell phenotypes, including seven T cell types, naïve and memory B cells, plasma cells, NK cells, and myeloid subsets (16). We used CIBERSORT and LM22 to jointly estimate the scores of 22 human immune cell types in alcohol-related HCC specimens from the TCGA cohort. For each specimen, the sum of all estimated immune cell type scores was equal to 1. Then, we described the total distribution of all estimated immune cell types and compared differences in the composition of immune cell types between high and low risk groups. Furthermore, we discussed the differences of compositions of each immune cell type between high and low risk groups and analyzed the correlation between immune cell types (P < 0.05) and RS in different clinical characteristics subgroups.




Results


Study Process and Summary Of Patients’ Information in TCGA

To better describe the entire process of our study, we developed a flowchart in Figure 1. We obtained clinical information of 377 patients from TCGA and excluded patients who were inconsistent with the purpose of our study or whose clinical data were missing. Finally, information of 68 alcohol-related HCC patients were obtained and presented in Table 1.




Figure 1 | Overall flowchart of the study.




Table 1 | Clinical information of alcohol-related HCC from TCGA.





Screening DEGs and Enrichment Analysis of DEGs

Firstly, we completed a comparative analysis of mRNA expression profiles between alcohol-related HCC tissues(n=68) and normal tissues (n=49) and screened 2894 DEGs (| logFC | ≥ 2, adjusted P < 0.05) by ‘DESeq2’ algorithms. Similarly, we obtained 1564 DEGs(| logFC | ≥ 1, adjusted P < 0.05) between alcohol-related HCC tissues(n=8) and the cancer-free surrounding liver tissues(n=8) from GEO(GSE59259) by GEO2R (Figure 2A). Then, we intersected DEGs of TCGA and GEO, and finally obtained 424 DEGs for subsequent enrichment analysis (Figure 2B). Biological process(BP) and molecular function (MF) of GO analysis showed that these DEGs is mainly enriched in the cell division, mitotic nuclear division, sister chromatid cohesion and protein binding, ATP binding, calcium ion binding,respectively. More details about GO analysis of DEGs can be learned in Figure 2C. And KEGG analysis showed the key pathways correlated with the alcohol-related HCC samples: cell cycle, oocyte meiosis, mineral absorption, progesterone-mediated oocyte maturation, p53 signaling pathway, fanconi anemia pathway and Homologous recombination(P < 0.05)(Figure 2D).




Figure 2 | Screening and enrichment analysis of DEGs. (A) Volcano plots showed differentially expressed genes (DEGs) in alcohol-related HCC from TCGA and GEO. (B) Venn diagram showed final DEGs that are differentially expressed in both databases (TCGA and GEO). (C) GO analysis of DEGs. (D) KEGG analysis of DEGs.





Identification of Hub Genes and Corresponding Enrichment Analysis

We used 424 overlapping DEGs to construct a PPI network from STRING database (medium confidence ≥ 0.4). The network had 410 nodes and 5969 edges, with an average node degree of 29.1. The grey or yellow dots represent genes or hub genes, respectively, and the color gradients from sky blue to rose hermosa represent the combined score of two genes (Figure 3A). Then, we visualized the PPI network through Cytoscape 3.7. The core subnets were isolated via the MCODE plugin with the criteria of K-core ≥ 2, node score cut off = 0.2, degree cut-off = 2, and max depth = 100. We chose the highest score subnet (101 nodes and 4446 edges) and further selected 53 genes with degree ≥ 100 as hub genes through cytoHubba plugin (Figure 3B). Likewise, we performed GO and KEGG analyses of hub genes and visualized the results by Cytoscape 3.7 to find the key pathway. BP of GO analyses indicated that these genes mainly participated in the cell division, DNA replication, sister chromatid cohesion, anaphase-promoting complex-dependent catabolic process and G1/S transition of mitotic cell cycle. MF of GO analyses also indicated that these genes mainly participated in protein binding(including ATPase activity, ATP binding, protein kinase activity or binding, etc.), microtubule motor activity and microtubule binding (Figure 3C). Furthermore, KEGG analyses showed that these genes were mainly involved in cell cycle, oocyte meiosis, p53 signaling pathway, FoxO signaling pathway, cellular senescence and progesterone-mediated oocyte maturation (Figure 3D).




Figure 3 | Construction of PPI network and corresponding enrichment analysis of hub genes. (A) PPI network of 424 DEGs. (B) The crucial module identified by MCODE. The grey or yellow dots represent genes or hub genes, respectively, and the color gradients from sky blue to rose hermosa represent the combined score of two genes. (C) GO analysis of hub genes. (D) KEGG analysis of hub genes.





Construction and Evaluation of 2-Gene Signature Prognostic Model

It was found that deletion of the hub protein is more likely to be lethal than deletion of the non-hub protein (also known as the centrality-lethality rule), and this small fraction of genes is vital because the genes are linked to the survival of an organism (17). Thus, we firstly applied the LASSO regression analysis to identify 8 initial markers(CCNA2, BUB1B, BIRC5, AURKA, CENPF, KIF15, CEP55, PLK4) from 53 hub genes. In order to make the results more reliable, we further narrowed the range through the multivariate Cox regression analysis and finally obtained two genes (BUB1B and CENPF). The entire process of extracting stable markers from 53 hub genes in alcohol-related HCC to build a survival prediction model is presented in Figure 4A. Interestingly, we found the mRNA expression levels of both genes were higher in alcohol-related HCC specimens than in the normal specimens in TCGA cohort (Figure 4B). Consistently, the mRNA expression levels of both genes were higher in HCC specimens than in normal specimens by GEPIA(Gene Expression Profiling Interactive Analysis) that match TCGA normal and GTEx data (Figure 4B). We further explored the protein expression levels of the 2 genes in HPA(Human Protein Atlas) and found CENPF was more strongly stained in HCC specimens (Figure 4C) while BUB1B did not have sufficient information on IHC staining of HCC in HPA.




Figure 4 | Screening prognostic genes and expression of the genes in alcohol-related HCC and entire HCC. (A) Process of screening prognostic genes. (B) The mRNA expression levels of two genes in alcohol-related HCC and entire HCC. (C) Protein expression level of CENPF in HCC. *P < 0.05.



Then, we calculated the risk score of each HCC patient from TCGA and constructed a prognostic model based on two genes. RS(risk score) = BUB1B x 1.493 + CENPF x (-1.192). Subsequently, 68 HCC patients with follow-up information were divided into low risk group and high risk group according to the median value of risk scores in the TCGA (Figure 5A). The Kaplan–Meier survival curve was applied to demonstrate that patients in the high risk group had poorer outcomes than patients at the low risk group (Figure 5B). Besides, the time-dependent ROC curve was used to assess the prognostic ability of the two-gene signature, and AUCs of the 2-gene signature at 1, 3, and 5 years were 0.81, 0.85 and 0.88, respectively (Figure 5C).




Figure 5 | Identification of a 2-gene signature model associated with the overall survival of patients with alcohol-related HCC. (A) The risk scores distribution, survival status, and gene expression patterns of patients in high and low risk groups. (B) The Kaplan-Meier curve analysis of overall survival of alcohol-related HCC patients between high and low risk groups. (C) The time-dependent ROC curves analyses.





Stratified Analysis Based on Clinicopathological Features

To assess whether our risk score could be more instructive than other clinicopathological features (age, gender, TNM staging), we used univariate and multivariate Cox regression analyses to assess independent predictive values for the two-gene signature in alcohol-related HCC patients. The hazard ratio of RS in univariate and multivariate Cox regression analyses is 2.72(1.57-4.72, P <0.001) and 3.77 (1.84-7.70, P <0.001), respectively. However, other clinicopathological features were not statistically significant in univariate and multivariate Cox regression (Figures 6A, B). Furthermore, we carried out a stratified analysis to illuminate the association between RS and survival in different clinicopathological features subgroups by univariate Cox regression analyses. We found that HR of RS in age <60, age ≥60 and stage I-II groups were 3.99(1.03-15.45, P =0.045), 2.63(1.30-5.30, P =0.007) and 3.70(1.56-8.79, P =0.003), respectively, while the HR of RS in stage III-IV group was not statistically significant (Figure 6C). These results suggest that RS can be a good independent prognostic factor.




Figure 6 | Cox regression analyses of the association between clinicopathological factors and overall survival (OS). (A, B) Univariate/multivariate Cox regression analyses of clinicopathological factors(including RS) and OS of patients in TCGA. (C) Univariate Cox regression analyses of RS and OS indifferent clinicopathological subgroups.





Analysis of Tumor Microenvironment Between High and Low Risk Groups

We estimated the immune cell composition of 70 samples in alcohol-related HCC and quantified the relative levels of different cell types in the mixed cell population through CIBERSORT (Figure 7A). We compared different cell types of patients while there were no significant differences in all cell type comparisons between the low risk group and the high risk group (Figure S1A). Then, we further compared different cell types in different clinicopathological features subgroups. We found the composition of NK cells activated in the low risk group was higher (P=0.018) than in the high risk group among people aged ≥60. Similarly, we found that the composition of resting mast cells in the low risk group was higher (P=0.047) than in the high risk group among people with TNM staging III/IV (Figure 7B). Unfortunately, there was no significant difference in all cell type comparisons between the low risk group and the high risk group in age<60 or TNM staging I/II subgroups (Figure S1B). Similarly, we calculated the stromal and immune scores between the high and low risk groups through ESTIMATE. Unfortunately, there was no significantly difference in stromal or immune scores between the high and low risk groups (Figures S2A, B).




Figure 7 | Tumor microenvironment analysis in high and low risk groups. (A) Relative proportion of 22 immune cells infiltrating in alcohol-related HCC patients. (B) Differences in 22 immune cells between the high and low groups in age subgroups. The top graph is the group that age≥60 and the bottom graph is the group that TNM staging III/IV. (C) Correlation analysis of immune cells and RS in different subgroups. The groups are entire groups of alcohol-related HCC, age ≥60 and <60 groups from left to right and from top to bottom. *P < 0.05.



Subsequently, we analyzed the correlation between RS and compositions of all cell types across the whole or various subgroups. The results indicated that the compositions of T cells CD4 memory activated and macrophages M2 positively correlated (P<0.05) with RS in alcohol-related HCC. Furthermore, the composition of NK cells activated was negatively correlated (P<0.05) with RS in the age ≥60 group, which was consistent with the results of previous comparison. The compositions of B cells memory and monocytes were negatively correlated (P<0.05) with RS and the compositions of M2 macrophages was positively correlated (P<0.05) with RS in the age<60 group (Figure 7C). However, there was no correlation between the composition of all cell types and RS in the TNM staging groups. These results suggest that RS as an independent prognostic factor may be due to differences of immune cells in the tumor microenvironment among people with alcohol-related HCC.

Finally, we explored the correlation between the expression of the 2 genes and 22 immune cells through the Spearman correlation analysis. The results indicated the expression of CENPF was positively correlated (P<0.05) with the composition of B cells memory and negatively correlated (P<0.05) with the compositions of B cells naïve and monocytes. And the expression of BUB1B was positively correlated (P<0.05) with the compositions of T cells CD4 memory activated and T cells follicular helper (Figure S2C).




Discussion

So far, HCC is still one of the most life-threatening malignancies in the world due to the complicated molecular mechanisms and microenvironment (18). Encouragingly, many treatments for HCC have been improved with the development of next-generation sequencing technology and targeted therapies (19). However, there are not always satisfactory for HCC targeted therapies in partial patients due to the differences of their clinicopathological features and genes (20). For example, it is well known that alcohol consumption is a risk factor for HCC and other cancers (21–25), but there are still many unknown molecular mechanisms and prognostic biomarkers in alcohol-related HCC. Therefore, prognostic biomarkers with higher prediction accuracy in predicting prognosis are urgently needed before detectable clinicopathological abnormalities in treatments of alcohol-related HCC patients.

In our study, We applied two different datasets to eliminate heterogeneity. Notedly, we found that the enrichment analysis results of DEGs and hub genes, including the cell cycle and p53 pathways, have been widely documented as the vital roles in HCC development (26, 27). Combined with the results of the prognostic model, our study suggested that BUB1B and CENPF may participate in the development of alcohol-related HCC.

In fact, several studies have showed that BUB1B promote tumor growth and metastasis in many solid tumors (28–30). Jiannan Qiu et al. found that the BUB1B, overexpressed in HCC, could inhibit apoptosis and prevent G0/G1 cell cycle arrest through activation of mTORC1 signaling pathway (30). CENPF, centromere protein F, is a transient kinetochore protein that regulates multiple cellular processes, including chromosome segregation during mitosis (31, 32). It has been documented that CENPF can interact with several key cell cycle checkpoint proteins and late telophase proteins, including syntaxin 4 and synaptosomal−associated protein 25, to further affect cellular processes (33, 34). Tang Hexiao et al. found that the knockdown of CENPF inhibited the progression of lung adenocarcinoma mediated by ERβ2/5 pathway (35). Similarly, the overexpression of CENPF has been observed in HCC tissues and the CENPF regulated by lymphoid‐specific helicase (LSH) can promote the growth of HCC (36). However, the specific molecular mechanisms of the two genes in alcohol-related HCC remain unclear. We hypothesized that the two genes may influence the cycle and metabolism of hepatocytes in the context of alcohol consumption.

Previous studies have shown that the TME plays a vital role in the occurrence and progression of cancer (37–39). Thus, we estimated the scores of 22 human immune cell types in alcohol-related HCC samples by CIBERSORT, and compared differences in the composition of immune cell types and the between high and low risk groups. Moreover, we analyzed the correlation between RS and compositions of all cell types in the whole or various subgroups. Interestingly, our results indicated that the carcinogenic effects of memory activated CD4 T cells and M2 macrophages may be further amplified in alcohol-related HCC (40, 41). Notedly, the compositions of the activated NK cells and resting mask cells have significant differences in subgroups of age ≥60 or TNM III/IV stages, respectively. This may be related to the fact that alcohol-related HCC is more easily detected in patients with poorer pathological status (7). Furthermore, our study indicated that M2 macrophages, CD4+ T cells, NK cells, B cells and monocytes may participated in the development of alcohol-related HCC, which may involve the activation of STAT3 and NF-kB transcription factors or the accumulation of ROS and iron (42). In the future research, we need explore the exact molecular mechanisms of these immune cells in alcohol-related HCC and learned whether CENPF and BUB1B can affect the development of alcohol-related HCC through the regulation of immune cells.

The most significant advantage of the present work is construction of the prognostic model in alcohol-related HCC. In fact, Xiuzhi Zhang et al. identified several key genes for alcohol-related hepatocellular carcinoma through bioinformatic analysis (43). Unfortunately, their work only screened out genes in alcohol-related HCC without establishing and analyzing the relevant prognostic model. Thus, we screened out the 2-gene signature and constructed a risk model to predict the prognosis in alcohol-related HCC. In addition, there is a limitation that we need to acknowledge in our study. There are only 68 patients with alcohol-related HCC from TCGA in our study, which results in a lack of external datasets to verify the stability of our model. Similarly, we did not perform the subgroup analysis of the gender due to the severe imbalance in the ratio of males to females.

In summary, our results indicated that a two-gene signature prognostic model could be used to predict the prognosis in alcohol-related HCC patients. Hopefully, the prognostic model could be a clinically beneficial tool for individualized treatment in patients with alcohol-related HCC.
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Supplementary Figure S1 | Tumor microenvironment analysis in high and low risk groups in different subgroups. (A) Differences in 22 immune cells between the high and low groups in alcohol-related HCC. (B) Differences in 22 immune cells between the high and low groups in age <60 subgroups. (C) Differences in 22 immune cells between the high and low groups in staging I/II subgroups.

Supplementary Figure S2 | Comparison of tumor purity between high and low risk groups and correlation analysis between two genes and 22 immune cells. (A) Comparison of stromal score between high and low risk groups. (B) Comparison of immune score between high and low risk groups. (C) Spearman correlation analysis between two genes and 22 immune cells. *P < 0.05, **P < 0.01.
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Gastric cancer (GC) is the fifth most common cancer in the world and a serious threat to human health. Due to its high morbidity and mortality, a simple, rapid and accurate early screening method for GC is urgently needed. In this study, the potential of Raman spectroscopy combined with different machine learning methods was explored to distinguish serum samples from GC patients and healthy controls. Serum Raman spectra were collected from 109 patients with GC (including 35 in stage I, 14 in stage II, 35 in stage III, and 25 in stage IV) and 104 healthy volunteers matched for age, presenting for a routine physical examination. We analyzed the difference in serum metabolism between GC patients and healthy people through a comparative study of the average Raman spectra of the two groups. Four machine learning methods, one-dimensional convolutional neural network, random forest, support vector machine, and K-nearest neighbor were used to explore identifying two sets of Raman spectral data. The classification model was established by using 70% of the data as a training set and 30% as a test set. Using unseen data to test the model, the RF model yielded an accuracy of 92.8%, and the sensitivity and specificity were 94.7% and 90.8%. The performance of the RF model was further confirmed by the receiver operating characteristic (ROC) curve, with an area under the curve (AUC) of 0.9199. This exploratory work shows that serum Raman spectroscopy combined with RF has great potential in the machine-assisted classification of GC, and is expected to provide a non-destructive and convenient technology for the screening of GC patients.
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Introduction

Gastric cancer (GC) is a clinically common malignant tumor of the digestive tract, accounting for 5.7% of the total new incidences of malignant tumors (1). Its mortality rate is about the second highest among malignant tumor diseases, and the high incidence of GC worldwide is concentrated in developing countries, especially China (2). Because the early symptoms of GC are not specific enough, people tend to ignore or misjudge the condition, leading to some patients whose condition has progressed to the middle and late stages when they are diagnosed. Thus, the optimal treatment time is missed, and the treatment effect and prognosis are relatively poor (3). Therefore, improving the diagnosis rate detection rate of early GC is of significance for reducing the mortality of GC. At present, the clinical diagnosis of GC mainly uses CT and gastrointestinal endoscopic biopsy techniques. However, during CT examinations, breathing artifacts are prone to occur, affecting the diagnosis and treatment results (4). Although gastroscopic biopsy, which is the gold standard for GC diagnosis, has reliable accuracy, it is difficult to popularize it to routine screening diagnosis because gastroscopy is invasive and affected by patient compliance and operator techniques. Therefore, there is an urgent need for simple and practical serum detection technology in order to help accurately identify GC patients.

Raman spectroscopy is a powerful spectroscopic technique to assess the chemical composition of samples, which is based on inelastic scattering generated by the rotational and vibrational modes of molecular bonds (5). Therefore, the spectral distributions produced by the Raman active functional groups of biomolecules with distinct chemical and molecular features (proteins, nucleic acids, lipids etc.) are different, and this can be used as “fingerprints” of compounds and mixtures. Meanwhile, changes in these “fingerprints” can provide disease information, which plays an extremely important role in disease diagnosis and monitoring of disease progress (6). With its unique technical advantages of non-destructive testing, high sensitivity, simplicity and speediness, Raman spectroscopy has shown good application potential in the fields of biomacromolecule detection, pathogenic microorganism detection, tumor disease diagnosis and other fields (7–9).

Biological fluids (such as blood, urine, saliva, etc.) contain a variety of chemical components, reflecting the metabolism of the body. Because of their advantages such as easy collection, low risk of invasion, and repeatable sampling, biological fluids have been widely applied in clinical. In recent years, label-free Raman spectroscopy of biological fluids combined with machine learning methods has been extensively exploited for early disease screening and cancer staging research.

Because the scattering cross section of some molecules is very small, the Raman scattering signal is weak and easily interfered by the fluorescent background, resulting in the insignificant difference in the spectra of normal and diseased serum samples (10). Therefore, advanced statistical analysis techniques are needed to extract effective information from the enormous Raman spectra datasets to distinguish these samples. K-nearest neighbor (KNN), a relatively mature, comprehensible and simple machine learning method, has always been the classic algorithm in popularity. Support vector machine (SVM) is a powerful and supervised machine learning algorithm. Employing kernel functions, SVM transforms the original data to a higher dimensional feature space, where the data might be linearly separable. At the same time, a decision boundary (called hyperplane) is created so that the two classes can be separated correctly and the classification interval is maximum (11). Random forest (RF) is a kind of ensemble learning algorithm with fast training speed and high model robustness, which was proposed by Breiman in 2001 (12). RF uses bootstrap sampling method to extract multiple samples from the original data set. Each bootstrap sample participates in the construction of a decision tree, and the prediction results of the final model are determined by voting on the classification results of multiple decision trees (13). By building a large number of decision trees, RF has the advantages of anti-noise, preventing over-fitting, and strong predictive ability, and has been increasingly applied in various types of data mining. Deep learning is one of the hottest areas of research in recent years, and its development has created great opportunities in the fields of chemistry and biology. Convolutional Neural Network (CNN) is one of the representative deep learning algorithms for high-dimensional data, which is constructed by imitating biological visual perception mechanism. As an advanced technology with strong learning ability, CNN has excellent performance in Raman spectral analysis. For example, Wang et al. could assess the biochemical signatures of different Arcobacter strains by using Raman spectroscopy combined with CNN, and achieved a recognition accuracy of 97.2% for 18 Arcobacter species (14). Shao et al. used CNN model to identify the serum Raman spectrum of prostate cancer patients with bone metastases, and obtained a testing classification accuracy of 81.7% (15). In addition, Hollon et al. completed a significant study that combined stimulated Raman histology with CNN to automate the diagnosis of intraoperative brain tumors in near real-time, the diagnostic results can be predicted within 150 seconds with an overall accuracy of 94.6% (16). These studies indicate the great potential of combining deep learning and Raman spectroscopy for classification.

In this study, we analyzed the differences in serum Raman spectra of GC patients and normal subjects, and explored the metabolic differences between them. Four promising machine learning methods (1D-CNN, RF, SVM and KNN) were developed for discriminant analysis of two groups of Raman spectral data, and the actual performance of these four methods was evaluated. This work may provide a non-destructive, fast and simple serum test for screening of GC.



Methods


Collection and Preparation of Serum Samples

Serum samples of 109 patients with GC were collected in the First Affiliated Hospital of Army Medical University from May 2019 to January 2020, including 35 cases in stage I, 14 cases in stage II, 35 cases in stage III, and 25 cases in stage IV. All patients need to meet the following conditions: diagnosed with GC by gastroscopy plus pathological biopsy; no tumors of other systemic systems; no serious dysfunction of heart, lung, liver, kidney and other organs; no surgery or chemotherapy prior to sample collection. In the meantime, serum samples of 104 healthy volunteers matching the age of the GC group from the physical examination department were collected as the control group. All the included healthy controls had no history of gastrointestinal disease. Informed consent was obtained for all participants in this experiment. And this study was approved by the Ethics Committee of the First Affiliated Hospital of Army Medical University (approval no.KY2020165).

After an overnight fast for 10 hours, 3 ml of peripheral blood was collected from each subject. The blood was centrifuged at 3000 rpm for 10 min after coagulation. The supernatant serum sample was collected in a special cryopreservation tube and stored in a -80°C refrigerator until the Raman measurement was performed.



Raman Spectra Measurements and Data Preprocessing

A Raman micro-spectrometer (XploRA PLUS, Horiba Scientifics, France) was used to acquire serum Raman spectra at excitation wavelength of 532 nm and power of 6.3 mW. The laser was focused on the dried serum sample through a 100x magnification objectives, and the Raman spectrum in the range of 600-1800 cm-1 was recorded. The total acquisition time of each spectrum is 20 s. Every sample was measured five times in different spots, and the average spectrum was taken for further analysis

Prior to data analysis, LabSpec 6 software (Horiba Scientifics, France) was used to preprocess Raman spectra, including smoothing, baseline correction and normalization, to filter the interference noise and remove the fluorescence background. The processed data was analyzed using different machine learning methods, including 1D-CNN, RF, SVM and KNN. The specific experimental flow chart is shown in Figure 1.




Figure 1 | Flow chart of serum Raman spectroscopy combined with different machine learning methods for non-invasive screening of gastric cancer. Four popular and high-performance machine learning methods include one-dimensional convolutional neural network (1D-CNN), random forest (RF), support vector machine (SVM), and k-nearest neighbor (KNN).





1D - CNN

Since Raman spectrum signals are one-dimensional, referring to the classic model structure of LeNet-5, we developed a 1D-CNN model to identify the serum Raman spectrum of GC. Its model structure can be viewed in Figure 2. In the model, one input layer, three convolutional layers, three fully connected layers, and a Softmax output layer are included. The input data is 764 nodes. In the convolution layer, there are one convolution function, one activation function and one pooling function. And the convolution kernel size of each layer is set as 15x1, 7x1 and 5x1 respectively. After dimension reduction by the Max-Pooling method on each layer, 32 Raman features are obtained. These Raman features were flattened into a one-dimensional vector, connected to the full connection layer with the number of neurons of 1312,800,100, and finally connected to the last output layer. The number of neurons in the output layer was set to 2, representing negative (normal group) and positive (GC group). In this 1D-CNN model, the learning rate was 0.0005.




Figure 2 | One-dimensional convolutional neural network (1D-CNN) model architecture based on serum Raman spectra. Using 3-layer 1D convolution block, combined with fully connected neural network, construct a gastric cancer serum Raman spectrum discrimination model.



The accuracy-epoch and loss-epoch curves of the 1D-CNN model were calculated, and the results are shown in Figure S1. As the epoch increased, whether it was the training set or the test set, the accuracy-epoch curves first raised quickly and then gradually reached a plateau (Figure S1A). As shown in Figure S1B, the loss-epoch curves had a downward trend in both the training set and the test set. This indicates that the training process of the 1D-CNN model is effective.



RF

Given the Raman spectroscopy dataset contains N samples, which is defined as LN = {l1, l2, l3,…, ln} ∈ RN×K. Each sample in it has K-dimension frequency response features, which defines the attribute dataset as A = {a1, a2, a3,…, aK}. There are two possible values V = {Positive, Negative} for every attribute, which directs over the threshold and below the threshold, respectively. As the RF is a special bagging method of decision trees, the Raman spectroscopy RF classification model in this manuscript adopted classical CART decision trees (17). For each node in CART decision tree, to get the best optimization dividing of subtree, the Gini Index is instructed to calculate the information gain rate of every decision node. Firstly, the calculation of Gini is defined as:

	

where the pn is the probability of the evaluation samples belong to class n. Therefore, the smaller result of Gini(L), the more purity of the decision node. As the feature of Raman spectroscopy is composed by a K-dimension frequency response, the Gini Index which is used for optimizing the dividing of subtree is defined below:

	

where the Lv is represent the number of samples which the attribute gets a value of v. The best optimization dividing of subtree is the attribute has the smallest result of Gini Index. It can convert to the object function:

	

where the a* is the attribute makes the Gini Index smallest. Especially, when the output of Gini Index is zero, the current evaluation node is set to the final leaf node which exports the classification result. In our RF classification model, there were m decision trees. We have trained all the decision trees by the construction standard described above. The final output of the RF classification model was the combination prediction results of all the decision trees by majority voting algorithm. The visualization of a single decision tree in our model is shown in Figure 3. In the RF model, the number of decision trees constructed was set as 300, and the maximum leaf node depth was set as 200.




Figure 3 | Single decision tree structure diagram of random forest (RF) model.





SVM

In this paper, SVM based on Radial Basis Function (RBF) was used for experiments. There are two main parameters, the penalty coefficient C and the gamma value of the RBF kernel function. C is used to punish the tolerance of classification error in training. Increasing the C value can make the model better fit the classification hyperplane of training samples, but it is easy to cause overfitting. On the contrary, if the C value is reduced, it is easy to cause underfitting. The gamma value determines the data mapping to the new feature space. The larger the gamma value, the less support vectors calculated by the model for classification will be. In the experiment, a cross-validation evaluation method was used to optimize parameter C and gamma. For the Raman spectroscopy prediction task, the optimal C was 5 and gamma was 0.5.



KNN

As a classic and simple supervised recognition method, KNN was used for comparative research on effectiveness. In this paper, KNN adopted the 3-nearest neighbor model. The distance of reference point of sample classification was measured based on Euclidean space.



Model Training and Test Performance Evaluation

In this study, for all training and testing procedures, the four machine learning methods were implemented using Pytorch and Sklearn. At the same time, to ensure all the data including the GC group and the normal group are randomly split into training set and test set, the Dataloader class in Pytorch was imported and the shuffle attribute was set to true. Since the sample sizes of the gastric cancer group and the normal group are similar, randomization can ensure the similar data distribution and proportions in the process of division.

In order to test the validity and robustness of these classification models, the data set was divided into two subsets. The training set contains 70% samples of total dataset, and the testing set consists of the left 30% samples. All the samples in each set were selected by random sampling. In addition, for the purpose of exploring the 1D-CNN model classification effectiveness on a small sample size dataset, three different proportions of training sets and test sets were constructed, including 8:2 (retaining 20% of the samples as test samples), 7:3 (retaining 30% of the samples as test samples) and 6:4 (retaining 40% of the samples as test samples). For every different division ratio of each method, 10 independent evaluation experiments were conducted. The final result was an average of the 10 evaluation experiments.

In order to evaluate the diagnostic efficiency of the four machine learning classification models, some common parameters were used, including accuracy (Acc), sensitivity (Se), specificity (Sp), positive predictive value (PPV), negative predictive value (NPV). Their calculation equations are as follows:

	

	

	

	

	

Where P, N, TP, FP, FN and TN represent actual positive, actual negative, true positive, false positive, false negative and true negative, respectively.




Results


Baseline Characteristics

In this study, there were 109 people in the GC group and 104 people in the control group. The baseline characteristics are shown in Table 1. There were 82 males and 27 females in the GC group. The results are consistent with a previous study, which is a significant gender difference in the incidence of GC (18). The incidence of GC in men is significantly higher than that in women. Besides, we found there was no significant difference in age between the two groups (P =0.388).


Table 1 | Detailed information about the subjects in this study.





Raman Spectra Analysis

A total of 545 serum Raman spectra from GC patients and 520 serum Raman spectra from normal individuals were collected successfully. Figure 4 shows the normalized average spectra ±1 standard deviations from the two sample groups. Stable and distinct peaks at 1000, 1152, 1445, 1514 and 1658 cm-1 were observed in all the Raman spectra of diseased and control group. According to the previous literatures and studies, the peak position, the vibrational mode and tentative molecular assignments of these major Raman peaks are summarized in Table 2 (19–21). The bottom of the figure shows the difference spectrum of the normalized average spectrum of the GC group minus the normalized average spectrum of the normal group, reflecting the spectral differences between the two groups more clearly and intuitively. Compared with the normal group serum Raman spectra, the Raman peak intensity of GC serum at 1000, 1152, 1514 cm-1 is lower. However, the Raman peaks of GC have higher intensity at 1445 and 1658 cm-1.




Figure 4 | Normalized average Raman spectra of gastric cancer (red) and normal (blue) serum samples. The shaded areas represent the standard deviations. Also shown at the bottom is the difference spectrum of gastric cancer minus normal. For the purpose of clarity, spectra have been offset.




Table 2 | The peak position and tentative vibrational mode assignment of the serum Raman spectra.





Machine Learning Methods

In order to evaluate the ability of serum Raman spectroscopy to distinguish between the GC group and the normal group, exploratory analysis was performed using four machine learning classification models. In this study, 70% of the total data was randomly selected as the training set, and the remaining 30% was used as invisible data to assess the classification and prediction ability of the model. 10 trials were conducted for each method, and the final result adopted an average of these trials.

Table 3 shows the test performance evaluation index results of four machine learning classification models, including accuracy, sensitivity, specificity, PPV and NPV. For 30% of the total data as test samples, the classification accuracy of 1D-CNN, RF, SVM and KNN are 88.6%, 92.8%, 91.5% and 88.9%, respectively. It is clear that the RF and the SVM classification models provide very promising results. Specifically, the RF model performed well in the following evaluation indicators: Se, Sp, PPV and NPV were 94.7%, 90.8%, 91.4% and 94.3%, respectively, and all evaluation indicators reaching more than 90%. The Sp and PPV of SVM classification model were 94.3% and 94.2%, respectively, which achieved a better result, but the sensitivity was sacrificed, and its Se and NPV were 88.9% and 89.1%, respectively. The sensitivity results of the 1D-CNN and KNN models are 94.7% and 92.6%, respectively.


Table 3 | Evaluation of diagnostic efficiency of one-dimensional convolutional neural network (1D-CNN), random forest (RF), support vector machine (SVM), and K-nearest neighbor (KNN) classification models.



The experiment shows that the 94th and 95th Raman spectral bands can effectively distinguish the patient with GC or not by previously modeling and training. Therefore, the two-dimensional feature space of the 94th and 95th Raman spectral bands was constructed to process data visualization and analysis in our research, which was shown in Figure 5. The Multidimensional Scaling (MDS) graph can clearly reveal the similarity between GC samples and normal samples in the created feature space. Each point indicates an enrolled sample, red represents the GC group and green represents the normal group. The distance between every two samples demonstrates their similarity in this feature space, the closer the distance, the higher the similarity and the further the distance, the lower the similarity. As can be seen from the MDS graph, most of the samples, come from different groups, can be effectively distinguished in this feature space (the distance between samples is far away). But a small amount of overlapping samples are displayed that it cannot robust classify all the samples only with the information of the 94th and 95th Raman spectral bands. These samples are too close, which reveals the relationship between them is similar in this feature space. In order to distinguish the overlapping samples, the remaining Raman spectral bands would be integrated together and construct the multi-dimensional feature space, as in every classification module.




Figure 5 | The scatter plots of the gastric cancer group and the normal group based on the spectral frequency response characteristics of the random forest (RF) classification model. Red represents the gastric cancer group, and green represents the control group.



In order to further evaluate the diagnostic performance of the four machine learning models, the receiver operating characteristic (ROC) curve was generated and shown in Figure 6. The larger the area under the curve (AUC), the better the diagnostic performance of the model. The AUC values of 1D-CNN, RF, SVM and KNN are 0.8859, 0.9199, 0.8881 and 0.8407, respectively.




Figure 6 | ROC curves of serum Raman spectra generated from four machine learning models, including one-dimensional convolutional neural network (1D-CNN), random forest (RF), support vector machine (SVM), and K-nearest neighbor (KNN).



The box plot Figure S2 shows the distribution of GC prediction probability in different machine learning algorithms. Each light blue box represents the normal probability and the light yellow box indicates the GC probability. The orange line in each box shows the median value of sample distribution, and the green triangle shows the mean value of sample distribution. The whole box reveals the prediction probability range of test samples in 95% confidence intervals. And the maximum and minimum values in the distribution space are displayed at the top and bottom of each box plot, respectively. In particular, the red dots represent outlier samples in every distribution model.

As shown in Figure S2, the prediction probability distributions of the RF model and SVM model have large variances, which are 0.017 for the normal group and 0.016 for the GC group in the RF model; 0.018 for the normal group and 0.008 for the GC group in the SVM model. There is a wide range of test samples at 95% confidence intervals. The RF model has a 95% confidence intervals range of [0.895, 0.999] in normal prediction distribution and [0.738, 0.946] in GC. The SVM model is [0.792, 0.987] for the normal group and [0.849, 0.969] for the GC group. From the figure, it also indicates the variances of CNN are small, which are 0.004 for the normal group, 0.004 for the GC group, respectively. The 95% confidence interval range of normal and GC prediction probability are [0.907, 0.909] and [0.909, 0.910]. In addition, KNN is a special model that the classification has no probability score. So, the variances in KNN are 0, and the distribution of prediction only has one point with value 1.

In this study, 1D-CNN was further divided into training and test sets in different proportions, including 8:2 (retaining 20% of the samples as test samples), 7:3 (retaining 30% of the samples as test samples) and 6:4 (retaining 40% of the samples as test samples). Table 4 shows the Acc, Se, Sp, PPV and NPV of the 1D-CNN model under these three sample partition ratios. When the division ratio of data training set is 0.8, 0.7 and 0.6, the average accuracy is 91.4%, 88.6% and 89.5%, respectively. This indicates that there is little correlation between test results and different proportions of data division.


Table 4 | Test performance evaluation of one-dimensional convolutional neural network (1D-CNN) model under three division ratios.






Discussion

As one of the most common malignant tumors, GC brings a heavy economic burden to the country and society. Therefore, early diagnosis and treatment of GC are of great significance to improve the prognosis of patients and reduce mortality. As a non-invasive method, Raman spectroscopy technology has attracted widespread attention in the field of tumor detection due to its advantages of non-destructive detection, simplicity and rapidity.

The Raman spectrum of serum is the result of different vibration modes of various biomolecules, which can reflect the changes of protein, nucleic acid and lipid in serum. Compared with normal human serum, the composition and content of biomolecules in the serum of cancer patients may have subtle changes. By analyzing the difference of the serum Raman spectra, the metabolic changes of the disease can be better understood. Our research results show that the intensity of the Raman peak at 1000 cm-1 attributable to phenylalanine is reduced in GC serum than in the normal group, which is consistent with the previous studies of the Raman spectrum of GC tissue (22). Moreover, the intensity of Raman peak at 1152 and 1514cm-1 assigned for carotenoids is also decreased. Carotenoids have antioxidant properties and may help inhibit cancer formation. Hata et al. found that the concentration of carotenoids in the skin of lesions was lower than the skin of healthy people (23). Furthermore, the Raman peak at 1445cm-1 caused by the CH2 bending mode of collagen and phospholipid is increased in GC serum. This peak has diagnostic significance as reported in previous studies of GC and lung cancer serum Raman spectroscopy (24, 25). The Raman peak at 1658 cm-1 belongs to the amide I band (α-helix), which is associated with the structure of the protein. Compared with normal serum, this peak is slightly increased in GC serum, which has been reported in the Raman spectrum of GC tissue (22). The metabolic disorder of tumor patients can produce the spectral results of biomolecular changes, which are different from those in normal people. But this difference is usually slight, so powerful algorithms need to be developed to diagnose diseases.

In this paper, four popular machine learning methods with high performance, including 1D-CNN, RF, SVM and KNN, were used to identify the serum Raman spectrum of GC. Our results show that the RF model has an excellent distinguishing effect for the serum Raman spectrum of GC, and the classification accuracy, sensitivity and specificity were 92.8%, 94.7% and 90.8%, respectively. Meanwhile, the ROC curve further demonstrates the excellent performance of the RF model, with an AUC value of 0.9199. The most anticipated 1D-CNN model shows the worst classification accuracy among the four algorithms, which is inconsistent with the previous excellent classification results of CNN on serum Raman spectroscopy data (15, 26). This may be because deep learning has better learning effects on high-dimensional complex data, such as high-dimension images with semantic information. Through tens of thousands to millions of massive samples to learn, the characteristics of semantic information can be obtained and expressed well. However, traditional methods are hard to extract those features well for this kind of data. Moreover, after the normalization of Raman spectral data, the representation of their features becomes more obvious, which is more suitable for traditional machine learning algorithms, such as SVM, RF, etc. Therefore, the performance results of deep learning with one-dimensional data such as Raman spectroscopy are not much different from traditional machine learning methods. Meanwhile, for deep learning, more clinical samples should be used for training to achieve better learning effect. The sample size of this paper is not large, and in the future new samples can be added to further evaluate the classification effect of the CNN model. In addition, since the control group included in this study was healthy volunteers without stomach disease, there may be some limitations in exploring clinical applications. The exclusion of gastric problem could be to avoid some undiagnosed cancer being included in the control group, but it potentially introduced an opposite bias. In order to make the differential diagnosis of GC more reliable in the clinical setting, more clinical samples of gastritis, gastric ulcer, gastric polyp and other benign gastric lesions may be needed to further establish a more complete and reliable detection method.

In fact, the clinical diagnosis of disease is relatively complicated, and it is difficult to confirm the diagnosis with a single inspection result. The purpose of this study is to explore a non-invasive, fast and convenient method to pre-screen high-risk population of GC, and then perform targeted combined diagnosis of gastroscopy biopsy, so as to help accurately identify patients with GC.



Conclusion

In conclusion, we measured the serum Raman spectra of GC patients and healthy controls, and analyzed the attribution of the major Raman peaks and the metabolic differences in the blood. Then, four mainstream machine learning algorithms, 1D-CNN, RF, SVM and KNN, were employed to develop diagnostic models for spectral data classification. At the same time, the overall accuracy, sensitivity, specificity, PPV, NPV and the ROC curve were used as evaluation indicators to judge the classification performance of these four methods on these spectral data. The results show that the RF classification model has better performance in the overall evaluation, and it is expected to provide a more accurate diagnostic model for the serum Raman spectrum of the disease.
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Background

Tumor microenvironment (TME) provides the essential prerequisite niche for promoting cancer progression and metastasis. Calebin A, a component of Curcuma longa, has long been investigated as a safe multitargeted agent with antitumor and anti-inflammatory properties. However, the multicellular-TME-induced malignancy and the antitumorigenic potential of Calebin A on colorectal cancer (CRC) cells in 3D-alginate cultures are not yet understood, and more in-depth research is needed.



Methods

3D-alginate tumor cultures (HCT116 cells) in the multicellular proinflammatory TME (fibroblast cells/T lymphocytes), tumor necrosis factor beta (TNF-β)-TME (fibroblast cells/TNF-β) were treated with/without Calebin A to address the pleiotropic actions of Calebin A in the CRC.



Results

We found that Calebin A downmodulated proliferation, vitality, and migration of HCT116 cells in 3D-alginate cultures in multicellular proinflammatory TME or TNF-β-TME. In addition, Calebin A suppressed TNF-β-, similar to multicellular-TME-induced phosphorylation of nuclear factor kappa B (NF-κB) in a concentration-dependent manner. NF-κB-promoting proinflammatory mediators, associated with tumor growth and antiapoptotic molecules (i.e.,MMP-9, CXCR4, Ki-67, β1-integrin, and Caspase-3) and its translocation to the nucleus in HCT116 cells, were increased in both TME cultures. The multicellular-TME cultures further induced the survival of cancer stem cells (CSCs) (upregulation of CD133, CD44, and ALDH1). Last but not the least, Calebin A suppressed multicellular-, similar to TNF-β-TME-induced rigorous upregulation of NF-κB phosphorylation, various NF-κB-regulated gene products, CSCs activation, and survival in 3D-alginate tumor cultures.



Conclusions

The downmodulation of multicellular proinflammatory-, similar to TNF-β-TME-induced CRC proliferation, survival, and migration by the multitargeting agent Calebin A could be a new therapeutic strategy to suppress inflammation and CRC tumorigenesis.





Keywords: Calebin A, colorectal cancer, T-lymphocyte, TNF-β, stromal cell, tumor microenvironment, NF-κB



Introduction

The increasing incidence of colorectal cancer (CRC) worldwide combined with high mortality rates necessitate the eminent need to develop newer therapeutic strategies to regress the current negative trend in global CRC statistics (1). CRC is a multifactorial heterogeneous disease, as environmental factors influencing lifestyle (diet, smoking, and alcohol) and a genetic predisposition interact and contribute to its development. In CRC, the multistage process from a benign polyp to an invasive adenocarcinoma is supported with a long-lasting chronic low-grade inflammation that promotes the development of malignant cells (2, 3). In fact, it has been reported that patients with chronic inflammatory diseases of the colon, such as chronic inflammatory bowel disease, have an increased risk of CRC (4). It is now widely accepted that cancer’s malignant progression is mediated by the crosstalk between tumor cells and the surrounding stromal cells (5–7). Under the influence of cytokines, growth factors, and chemotactic stimuli, the cancer cells recruit the stromal fibroblasts and transform them, leading to a rearrangement of the stromal extracellular matrix (ECM) and creating a localized stimulating tumor microenvironment (TME) (5, 8).

The TME is multicellular and consists of a highly complex interaction between the tumor cells, stromal cells, immune cells, and microorganisms (9). This multicellular interaction, based on soluble factors, transformed ECM, epigenetic modifications, immune cells, and transformed fibroblasts, not only induces the malignancy and metastasis of tumors but also delays and blocks the response to tumor treatment leading to the acquisition of drug resistance (9). Tumor-recruited fibroblasts, also known as cancer-associated fibroblasts (CAFs), have increased migration capacity, secrete tumor-stimulating factors into the TME, and are considered key modulators in the process of ECM transformation in the TME (10). Besides, tumor-associated fibroblasts, immune cells, which have a broad spectrum of proinflammatory and anti-inflammatory functions, play an essential role in maintaining tissue homeostasis in the intestine, and their dysregulation leads to chronic inflammation, which drives cancer development (11). Immune cells such as macrophages and lymphocytes have a context-dependent, dual function in cancer progression by orchestrating an anti-neoplastic activity or a tumor-promoting tissue repair response by producing reactive oxygen species and inflammatory cytokines (12, 13). Interestingly, it has been observed that tumor-infiltrating lymphocytes exercise protumorigenic activities and help to evade an immunological response (14, 15). Therefore, the tumor-associated immune cells not only inhibit the antitumor activity but also act as prominent mediators of tumor development and metastasis (16) and could be identified as novel therapeutic targets circumventing CRC.

The transcription factor NF-κB regulates the activation of several proinflammatory and antiapoptotic genes and has been described to be constitutively expressed in metastatic CRC (17–19). Moreover, the constitutive activation of the proinflammatory NF-κB and its downstream signaling cascade in TME promotes tumor cell survival and stimulates the misdirected immunosuppressive activity of immune cells (14, 20). NF-κB induces the production and activation of proinflammatory cytokines that are prominent members of the tumor necrosis factor (TNF) family, such as TNF-α and TNF-β, also known as lymphotoxin-α (21, 22). A plethora of literature has implicated the functional role of TNF-α and TNF-β in promoting cancer development through autocrine and paracrine signal transduction involved in cancer cell proliferation, invasion, and metastasis even in CRC (22–25). Interestingly, it has been reported that lymphocytes including B- and T-cells in the TME stimulate tumor progression by secreting TNF-β (26). In addition, NF-κB-dependent transcription factors were upregulated in tumor-associated lymphocytes, which promoted proliferation/invasion and induced inflammation and T-cell depletion pathways (27). Due to the aforementioned facts, the focus on cytokine receptor pathways could be a promising antitumor strategy (16). Under physiological conditions, integrins are essential regulators of cell survival, proliferation, adhesion, and migration in all tissues by mediating cell–cell and cell–matrix interactions (28). Interestingly, integrins have been shown to play a critical role in mediating the interaction between tumor cells and TME, and drugs targeting this interaction may offer new therapeutic potential (29, 30). Colorectal cancer stem cells (CSCs) play a central role in the crosstalk between the tumor and its TME. They secrete chemokines and cytokines, which in turn trigger cancer malignancy and metastasis and could be an important target for devising new therapeutic strategies for combating CRC (31, 32).

Mono-target therapies have proven to be unsatisfactory with limited clinical outcomes because they cannot meet the challenge posed by multicellular TME. Therefore, the identification of novel multitargeting agents is imperative for effective strategies targeting not only tumor cells but, more importantly, the multicellular TME. Natural polyphenols have been studied extensively for their multitargeted, antineoplastic activities in the last decade (33, 34). Calebin A is a recently isolated pharmacologically active component of the turmeric rhizome (Curcuma longa L. Zingiberaceae), which is widely used in traditional Ayurvedic and Chinese herbal medicine (35–37). Calebin A possesses antitumor properties and has been shown to target the NF-κB signaling pathway (35, 38). Recent research has shown that Calebin A blocks TNF-β-induced activation of the NF-κB signaling pathway, thereby inhibiting proliferation, invasion, and apoptosis in CRC cells (23, 39). Furthermore, Calebin A has great potential for chemosensitizing CRC cells compared to the standard treatment with 5-fluorouracil (5-FU) (39).

Given the important role that leukocyte cells, cytokines, and stromal fibroblast cells in the TME play in promoting CRC tumorigenesis (proliferation, CSCs, and invasion), we have developed a novel 3D multicellular proinflammatory TME that combines CRC cells, T-lymphocytes, and fibroblasts in vitro to better mimic a heterogeneous proinflammatory TME similar to in vivo conditions. We hypothesized that the functional and biochemical interaction between tumor cells and stroma in this TME could induce tumor metastasis by activating the NF-κB signaling pathway, its downstream effector molecules, and CSCs. Based on our hypothesis, this interaction could be reversed by the natural polyphenol Calebin A treatment. In addition, using our progressive experimental approach and the consequent gaining of original results may help to potentially uncover newer insights and opportunities for the treatment and clinical management of CRC malignancy and extend our knowledge about mechanisms associated with CRC progression.



Materials and Methods


Antibodies and Chemicals

Monoclonal antibodies to p65, and phospho-specific p65-NF-κB, MMP-9, CXCR4, cleaved-Caspase-3, and β1-Integrin, were obtained from R&D Systems (Heidelberg, Germany). Antibodies to β-actin were from Sigma-Aldrich (Taufkirchen, Germany). Secondary rhodamine-coupled antibodies for immunofluorescence and anti-Ki67 were from Dianova (Hamburg, Germany), and alkaline phosphatase-linked antibodies for Western blotting were from EMD Millipore (Schwalbach, Germany). Monoclonal anti-ALDH1 was obtained from Acris Antibodies GmbH (Herold, Germany). Monoclonal anti-CD133 and anti-CD44 were purchased from Abcam PLC (Cambridge, UK). MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), 4′,6-diamidino-2-phenylindole (DAPI), and alginate were from Sigma-Aldrich (Taufkirchen, Germany). TNF-β was purchased from eBiosciences (Frankfurt, Germany). Furthermore, TNF-β was given as a kind gift by Genetech (South San Francisco, CA, USA). Calebin A was a generous gift from Sabinsa Corporation (East Windsor, NJ, USA). Calebin A was diluted as 10,000 µM stock solution in dimethyl sulfoxide (DMSO) and further diluted in cell culture medium for experimental investigations. The final concentration of DMSO did not exceed 0.1% during the experiments.



Cells and Cell Culture Conditions

The CRC cell line HCT116 and normal human fibroblast cells (MRC-5) were obtained from the European Collection of Cell Cultures (Salisbury, UK).

HCT116 and MRC-5 cells were cultured as monolayers under standard conditions (37°C, 5% CO2) with whole-cell culture growth medium [10% fetal calf serum (FCS)] as previously described (40) and passaged when cells reached 70–80% confluency. A human T-lymphocyte cell line (Jurkat cells) was cultured in suspension with a whole-cell culture growth medium containing 10% FCS (41). Before all experiments, the cells were washed three times with serum-starved medium (3% FCS) and further incubated for 30 min with the same medium before initiation of experiments. All experiments were performed with the serum-starved medium.



Study Design

The aim of this study was to establish a multicellular proinflammatory TME culture in vitro (Figures 1A, B).




Figure 1 | Working model showing the experimental procedures of multicellular proinflammatory TME cultures as a scheme (A) and light microscopic photograph (B).



As “basal control,” CRC cells (HCT116) encapsulated in 3D-alginate beads, were cultured alone.

To establish the “multicellular proinflammatory TME” culture, stromal fibroblasts (MRC-5) were first seeded in monolayer (3,000 cells/cm2) and allowed to adhere to the bottom of the Petri dishes for 24 h in 10% FCS whole-cell culture growth medium. In the next step, CRC cells were encapsulated in 3D-alginate beads as described below. Finally, to establish the “multicellular proinflammatory TME” cultures, these HCT116-alginate beads and T-lymphocytes (Jurkat cells) (10,000/ml) were added to the Petri dishes containing the monolayer fibroblasts and all co-cultured in serum-starved medium (3% FCS).

To compare the “multicellular proinflammatory TME” and the role of proinflammatory cytokines in the TME, additional experiments were performed without T-lymphocytes but with TNF-β (10ng/ml), and these were referred to as “TNF-β-TME” cultures.

Overall, for the experiments, HCT116 cells were cultured in alginate beads either alone (basal control) or in “multicellular proinflammatory TME” culture or in “TNF-β-TME” culture alone or in combination with Calebin A in a concentration-dependent manner (1, 2, and 5 µM) for 10 days.



Alginate Bead Culture

3D-alginate bead cultures were prepared as previously described in detail (40, 42). Briefly, CRC HCT116 cells (1 × 106/ml) were resuspended in sterile liquid alginate (2% in 0.15 M NaCl, stirring for 1–2 h), and this suspension was added dropwise to a sterile CaCl2 solution (100 mM) where the drops polymerized to alginate beads. After polymerizing of the beads in the CaCl2 solution for 15 min, the beads were washed three times with a NaCl solution (0.15 M) and twice with the whole-cell culture medium. Finally, the beads were washed with serum-starved medium, incubated for 30 min with serum-starved medium, and finally transferred to Petri dishes that were either empty (for basal control) or contained MRC-5 in monolayer for creating TME cultures.



Vitality Assay of CRC Cells From Alginate Cultures

Viability and proliferation potential of CRC HCT116 cells in the proinflammatory TME culture was evaluated by the MTT method as described in detail (25). Briefly, alginate beads were dissolved for 20 min in a sterile 55 mM sodium citrate solution to release the HCT116 cell from the alginate. After washing twice with balanced Hank’s salt solution, HCT116 cells were resuspended in modified whole-cell culture medium (without phenol red, without vitamin C, 3% FCS) and immediately distributed to a 96-well plate (100 µl cell suspension/well) and 10 μl MTT solution (5 mg/ml) was added to each well. After 3 h incubation, the reaction was blocked by adding 100 µl of MTT solubilization solution (10% Triton X-100/acidic isopropanol) to each well. After overnight incubation at 37°C, metabolically active tumor cells were determined by measuring the optical density (OD) at 550 nm (OD550) using a revelation 96-well multiscanner plate ELISA reader (Bio-Rad Laboratories Inc. Munich, Germany).



Migration and Colony Formation Assay

CRC HCT116 cells were cultured in TME as described above, and colonosphere formation and migration capacity were investigated as previously described (23). Briefly, on day 10, colonosphere formation in the beads was quantified by counting 20 microscopic fields with a phase-contrast microscope (Zeiss, Germany), and images were digitally stored. The invasion was quantified by staining adhered colonies at the bottom of the Petri dish with toluidine blue, colonies manually counted under a light microscope (Zeiss, Germany), and images captured and digitally stored.



Immunofluorescence Labeling

For immunofluorescence investigations, the “multicellular proinflammatory TME” culture described above was slightly modified (Figure 4). Stromal fibroblasts were seeded in a monolayer on the bottom of a Petri dish (3,000 cells/cm2), and CRC cells HCT116 were seeded separately in a monolayer on glass plates (5,000/glass plate); the cells were let to adhere for 24 h in whole-cell culture growth medium (10% FCS). To establish the “multicellular proinflammatory TME” cultures, the HCT116-containing glass plates were placed on a steel net bridge into the Petri dishes containing the fibroblast culture, and T-lymphocytes (10,000/ml) were added. To allow the development of proinflammatory TME conditions, cultures were kept in a serum-starved medium for 24 h before starting treatment (Figure 4). To compare the “multicellular proinflammatory TME” and the role and potential of proinflammatory cytokines in the TME, additional experiments for immunofluorescence were performed without T-lymphocytes but with TNF-β (10 ng/ml), and these were referred to as “TNF-β-TME” cultures. For “basal control,” CRC cells were cultured on glass plates (5,000/glass plate) alone. For the experiments, they were either cultured alone (basal control) or cultured in “multicellular proinflammatory TME” or in “TNF-β-TME” alone or in combination with Calebin A in a dose-dependent manner (1, 2, and 5 µM) for 4 h.

For immunofluorescence investigation, HCT116 cells were was fixated with methanol, washed in phosphate-buffered saline (PBS), and incubated overnight (4°C) with primary NF-κB antibodies [dilution 1:100 in PBS/bovine serum albumin (BSA 1%)], followed by secondary antibody incubation (rhodamine-coupled, 1:100) for 2 h. Finally, to visualize nuclei, samples were stained with DAPI for 15 min, embedded with Fluoromount (Sigma-Aldrich, Germany), and images were captured with a Leica DM2000 microscope (Wetzlar, Germany) and digitally stored. Quantification of apoptotic nuclei and NF-κB positively labeled cells was performed by counting 400–500 cells in 20 microscopic fields.



Immunoblotting

Western blot investigation of whole-cell lysates from HCT116 alginate beads was performed as described before (40). HCT116 cells were cultured in TME as described above and dissolved for 20 min in a sterile 55 mM sodium citrate solution to release the HCT116 cell from the alginate. After subsequent washing with Hank’s balanced salt solution, proteins were extracted on ice with lysis buffer [50 mM Tris/HCl, pH 7.2/150 mM NaCl/(v/v) Triton X-100/1 mM sodium orthovanadate/50 mM sodium pyrophosphate/100 mM sodium fluoride/4 µg/ml pepstatin A/1 mM phenylmethylsulfonyl fluoride (PMSF)] for 30 min. After centrifugation for 30 min at 10,000 g supernatant was stored at −80°C. Total protein content was measured with the bicinchoninic acid system (Uptima, France) using BSA as standard. Proteins were reduced with 2-mercaptoethanol and total protein concentrations adjusted (500 ng per lane total protein). Finally, proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), blotted onto a nitrocellulose membrane using a transblot apparatus (Bio-Rad, Munich) and, after blocking (skimmed milk powder 1% in PBS), primary antibodies (1:10,000) incubated overnight at 4°C. After additional washing, membranes were incubated for 1 h with secondary alkaline-phosphatase coupled antibodies (1:10,000), and specific binding was detected using nitro blue tetrazolium and 5-bromo-4-chloro-3-indoyl-phosphate (VWR, Germany). β-Actin was used to normalize samples to control, and densitometric quantification of bands was performed with the Quantity One program (Bio-Rad, Munich).



Statistical Evaluation

All assays were performed three times as single assays using three different replicates. A Wilcoxon–Mann–Whitney test was used for statistical analysis. The results were presented as mean + SD or SEM and compared by one-, two-, or three-way ANOVA using SPSS Statistics if the normality test was passed (Kolmogorov–Smirnov test). A p-value of <0.05 was considered to detect statistically significant differences in the study.




Results

The purpose of this study was to investigate the effect of Calebin A on 3D-alginate HCT116 CRC cells with an in vitro coculture of the multicellular TME (stromal components: MRC-5 fibroblast cells and T-lymphocytes) model (Figures 1A, B) to provide an in vivo approach of TME. This model helps to clarify the role of multicellular TME-induced inflammation and how these actions might be linked by specific signaling pathways during the initiation and development of human CRC.


Calebin A Blocks CRC Cell Proliferation Promoted by Multicellular Proinflammatory TME

To examine the significance of inflammatory TME condition in CRC progression, we first investigated the proliferation capacity of HCT116 cells in 3D-alginate cultures alone (basal control) or co-cultured with MRC-5 fibroblasts and T-lymphocytes (multicellular proinflammatory TME cultures) and/or treated with TNF-β and/or with Calebin A (Figures 1A, B), by the MTT assay, as described in Materials and Methods. It has been previously shown that TNF-β as a proinflammatory cytokine promotes CRC cell malignancy (43). Therefore, to show that TNF-β is one of the most important proinflammatory cytokines produced by leukocytes, we also conducted a comparative experiment with TNF-β alone in parallel assays to lymphocytes.

As shown in Figure 2, multicellular proinflammatory TME with T-lymphocytes or with TNF-β alone was found to significantly increase HCT116 cell proliferation, compared with basal control. On the contrary, cotreatment of these cells with Calebin A showed a marked dose-dependent decrease compared to the excess proliferation of CRC cells induced in both cases, and the maximum growth inhibition was observed in response to 5 µM Calebin A (Figure 2). This dose was selected for the subsequent investigations. Taken together, these results suggest that Calebin A indeed showed superior antitumor potency in a 3D-alginate stimulated multicellular proinflammatory TME.




Figure 2 | Effects of Calebin A on multicellular proinflammatory TME-induced HCT116 cell proliferation in 3D-alginate culture. Serum-starved cultures of HCT116 cells in 3D-alginate cultures alone (basal control = co) or co-cultured with fibroblasts and T-lymphocytes (proinflammatory multicellular TME) or co-cultured with fibroblasts and TNF-β (10 ng/ml) (TNF-β-TME) were either left untreated or treated with various concentrations of Calebin A (CA) (1, 2, and 5 µM) for 10 days in alginate cultures, and cell viability and proliferation were evaluated with the MTT assay, as described in Materials and Methods. All assays were performed with at least three independent replicates. *p < 0.05 and **p < 0.01 indicate a significant difference compared to the control group.





Calebin A Downregulates CRC Cell Colony Formation and Migration Promoted by Multicellular Proinflammatory TME

To examine that Calebin A mediates its antitumor actions in multicellular proinflammatory TME cultures through inhibition of colony formation and migration, the CRC cells were treated as described in detail in Materials and Methods, and the response was evaluated by phase-contrast light microscopy.

Additionally, HCT116 cells were investigated in alginate microenvironment cultures, without MRC-5 fibroblasts and T-lymphocytes as a basal control. As demonstrated in Figure 3, multicellular proinflammatory TME with T-lymphocytes or with TNF-β by itself prompted and significantly increased the number of colonosphere formations (Figures 3A, C) and invasion (Figures 3B, D) in HCT116 cells compared to that in basal control cultures, suggesting the pivotal role of multicellular proinflammatory TME cultures-mediated malignant potential of CRC cells. On the contrary, the concomitant treatment with Calebin A showed a dose-dependent inhibition of colonosphere formations (Figures 3A, C) and invasion (Figures 3B, D) in CRC cells in the TME co-cultures compared to that of control cultures. Taken together, these results underline that proinflammatory TME can stimulate malignancy of the tumor cells, and Calebin A exhibits anticancer and anti-invasive attributes in this multicellular proinflammatory TME.




Figure 3 | Effects of Calebin A on multicellular proinflammatory TME-induced HCT116 cell colony formation and invasion in 3D-alginate culture. Serum-depleted cultures of HCT116 cells in 3D-alginate (*) cultures alone (co) or co-cultured with fibroblasts (MRC-5) and T-lymphocytes (Jurkat) or cocultured with fibroblasts and TNF-β (10 ng/ml) were either left untreated or treated with different concentrations of Calebin A (CA) as described in Materials and Methods. (A) Colonosphere formation and (B) invasion were examined by light microscopy after 10 days. All experiments were performed at least three times. The number of colonospheres (A, arrows) was quantified by counting 20 different microscopic fields (C), and the number of attached colonies as invasion parameter stained with toluidine blue was quantified in each well (D). *p < 0.05 and **p < 0.01 indicate a significant difference compared with the control group. Magnification A: 24×, bars = 0.2 mm.





Calebin A Decreases Multicellular Proinflammatory TME-Induced Activation and Nuclear Translocation of p65-NF-κB in CRC Cells

It is known that proinflammatory cytokines promote tumor cell growth and invasion through activation of transcription factor NF-κB (18); therefore, we explored the expression and nuclear translocation of NF-κB associated with malignancy and survival of CRC cells and performed immunofluorescence labeling for p65-NF-κB as described in Materials and Methods. In the untreated control multicellular proinflammatory TME cultures, 98% of HCT116 cells revealed strong positive labeling for p65-NF-κB in the nucleus. A similar positive signal was observed in the TNF-β stimulated TME cultures (97%), while HCT116 cells as basal control showed 84% nuclear labeling (Figures 4A–C). Interestingly, treatment with Calebin A lowered the nuclear staining and nuclear translocation of p65-NF-κB in CRC cells in a dose-dependent manner (1, 2, and 5 µM) in both multicellular proinflammatory TME cultures (85%, 37%, and 21%) and in TNF-β-TME (76%, 30%, and 22%), respectively, suggesting the essential synergistic role of the paracrine interaction between HCT116, MRC-5 cells, and T-lymphocytes/TNF-β in maintaining tumor promotion. Taken together, these results suggest further that Calebin A modulates the tumorigenic impact promoted by proinflammatory cytokine TNF-β or T-lymphocytes, at least in part by the suppression of the NF-κB signaling pathway. Furthermore, we examined the extent of cell death by apoptosis using DAPI staining and fluorescence microscopy to understand the nuclear morphological changes that occurred during Calebin A treatment (Figure 4C). In the untreated multicellular proinflammatory- and TNF-β-TME cultures, HCT116 cells displayed usual nuclear size and minimal morphological changes resulting in 4% and 6% of the cells in apoptosis, similar to basal control cultures (4%). In contrast, a significant gain in fragmented nuclei and apoptotic morphological changes were observed in HCT116 cells co-treated with Calebin A in a dose-dependent manner with 14%, 35%, and 59% in multicellular proinflammatory TME co-cultures and with 16%, 37%, and 48% in TNF-β-TME co-cultures, respectively (Figure 4C). These results are in concordance with data from the MTT assay and support the fact that Calebin A significantly blocks protumorigenic effects of the proinflammatory TME in CRC cells by inducing apoptosis (Figure 4C).




Figure 4 | Effect of Calebin A on multicellular proinflammatory TME-induced activation and nuclear translocation of p65-NF-κB in CRC cells. (A) Schematic representing the experiment model of the HCT116 cells in TME for immunofluorescence assay. (B) Serum-starved HCT116 cells in monolayer cultures alone (co) or co-cultured with fibroblasts and T-lymphocytes or co-cultured with fibroblasts and TNF-β (10 ng/ml) were either left untreated, or treated with various concentrations of Calebin A (CA) (1, 2, and 5 µM), as described in Materials and Methods. Magnification 600×; scale bar = 30 mm. All experiments were performed at least in triplicate, and quantification of positively labeled p65-NF-κB-nuclei and apoptotic nuclei (white arrows) were performed by counting 400–500 cells from 20 different microscopic fields (C). Values were compared with the control, and *p < 0.05 and **p < 0.01 were considered statistically significant.





Calebin A Blocks Multicellular Proinflammatory TME-Induced NF-κB Activation and NF-κB-Regulated Gene End-Products in CRC Cells

Given that activation of the transcription factor NF-κB signaling cascade mediates the stimulation of the proinflammatory TME in CRC, we sought to examine if Calebin A had the potential in inhibiting TME-promoted NF-κB activation and NF-κB-promoted gene products involved in proliferation (Ki-67), invasion (MMP-9), metastasis (CXCR4, β1-integrin), and apoptosis (cleavage of Caspase-3). The multicellular TME cultures were treated or either left untreated as described in Materials and Methods. Additionally, HCT116 cells alone in the alginate microenvironment were used as basal control. To evaluate whether Calebin A inhibits the TME-induced activation of NF-κB, HCT116 were examined for the phosphorylated form of the p65-NF-κB subunits. The results demonstrated that significantly more activation of p65 subunit in multicellular proinflammatory- and TNF-β-TME compared to basal control HCT116 alginate cultures. Calebin A significantly inhibited the multicellular proinflammatory- or TNF-β-TME-induced phosphorylation of p65 subunits in a concentration-dependent manner in HCT116 cells. Furthermore, the expression of mentioned NF-κB-promoted gene products was markedly upregulated in the multicellular proinflammatory TME and TNF-β-TME cultures compared to basal control HCT116 alginate cultures (Figure 5). Calebin A treatment in these cultures downregulated the expression of mentioned NF-κB-promoted gene products in a concentration-dependent manner (Figure 5). Densitometric analysis of Western blot experiments confirmed dose dependently the downregulation of NF-κB, Ki-67, MMP-9, CXCR4, and β1-integrin, and upregulation of apoptosis (cleavage of caspase-3) in HCT116 cells in TME cultures treated with Calebin A (Figure 5). These results are in agreement with the previous reports that suggest that proinflammatory agents are upregulated in the TME (44–46) and are regulated by proinflammatory transcription factor NF-κB (47). In addition, it is in concordance with the suppression of p65-NF-κB observed through immunofluorescence analysis in the current study, and with the existing literature that describes the potential of Calebin A in proinflammatory monocellular-TME culture (39). Taken together, these findings underline that the multicellular proinflammatory TME promotes HCT116 tumor cell progression, at least in part through NF-κB signaling pathways, and this pathway could be specifically inhibited by Calebin A. Thus, Calebin-A-mediated regulation of the NF-κB signaling pathway might exert an antitumorigenic effect in CRC tumor.




Figure 5 | Effect of Calebin A on multicellular proinflammatory TME-induced activation of NF-κB and NF-κB-regulated gene end-products in CRC cells. Serum starved cultures of HCT116 cells in 3D-alginate cultures alone (co) or co-cultured with fibroblasts and T-lymphocytes or co-cultured with fibroblasts and TNF-β (10 ng/ml) were either left untreated or treated with various doses of Calebin A (CA) (1, 2, and 5 µM), as described in Materials and Methods. Immunoblotting of whole-cell lysates from HCT116 was performed for anti-p65-NF-kB, anti-phospho-p65-NF-κB, anti-β1-integrin, anti-MMP-9, anti-CXCR4, anti-Ki67, and anti-cleaved-caspase-3. β-Actin served as an internal loading control in all experiments. For densitometric evaluation, results are compared to control, and *p < 0.05 and **p < 0.01 were considered statistically significant.





Cancer Stem Cells Are Targeted in Multicellular Proinflammatory TME Co-Cultures by Calebin A

It has been previously reported that the TME plays an important role in the induction of the cancer stem cells (CSCs) affected by stroma, inflammatory cells, cytokines, and growth factors secreted by the stromal fibroblasts (48, 49). Therefore, we investigated the reaction of CSCs within the CRC cell population, and multicellular proinflammatory TMEs of HCT116 cells were either left untreated or treated as described in Materials and Methods. In addition, HCT116 cells alone in the alginate microenvironment were used as basal control for these experiments. We examined CSC markers (CD133, CD44, and ALDH1) expression for tumor formation capacity and the potential effect of Calebin A on these CSC markers. Control alginate microenvironment cultures (without MRC-5 fibroblasts or T-lymphocytes) of HCT116 cells showed basal expression of CSC markers (Figure 6). Contrary to this, the immunoblotting investigation showed notable upregulated levels of CD133, CD44, and ALDH1 in HCT116 cells from multicellular and TNF-β-TME cultures (Figure 6). However, treatment with Calebin A significantly downregulated CSC marker expression in a concentration-dependent manner, suggesting the prominent targeting effect of Calebin A on CSCs (Figure 6). Densitometric analysis of Western blot experiments showed and confirmed the above-mentioned results (Figure 6). Altogether, these results suggest that the paracrine interaction between tumor, stromal cells, and T-lymphocytes in 3D-alginate multicellular proinflammatory TME cultures are essential in directing CSCs phenotype. These findings further underline the essential role of Calebin A in modulating multicellular proinflammatory-, similar to TNF-β-TME-enhanced and stimulated CSCs. Moreover, these results further suggest that the antitumorigenic effects of Calebin A are, in part, mediated through the downregulation of the CSCs pathway and also the through inhibition of NF-κB activation.




Figure 6 | Effect of Calebin A on multicellular proinflammatory TME-induced activation of cancer stem cells. Serum-starved cultures of HCT116 cells in 3D-alginate cultures alone (basal control = co) or co-cultured with fibroblasts and T-lymphocytes (proinflammatory multicellular TME cultures) or co-cultured with fibroblasts and TNF-β (10 ng/ml) (TNF-β-TME) were either left untreated or treated with various concentrations of Calebin A (CA) (1, 2, and 5 µM), as described in Materials and Methods. Immunoblotting of whole-cell lysates from HCT116 cells was performed for anti-CD133, anti-CD44, and anti-ALDH1 in HCT116 cells. β-Actin served as an internal loading control in all experiments. Densitometric values were compared with the control, and *p < 0.05 and **p < 0.01 were considered statistically significant.






Discussion

The modulation of tumor and stromal cells in the TME is crucial for tumor cell progression and malignancy. To better understand the underlying paracellular interaction between different cells in TME, we have created a new 3D-alginate multicellular proinflammatory TME model (Figures 1A, B) composed of tumor cells, stromal fibroblasts cells, and T-lymphocytes that better mimics the in vivo heterogeneous proinflammatory TME. In the present study, we have shown how Calebin A (a component of Curcuma longa), at least partially, modulates the inflammation-promoted survival and progression of CRC cells.

The results of this study indicated that Calebin A blocked the proliferation, migration, and vitality of HCT116 cells in 3D-alignate multicellular proinflammatory TME culture and inhibited the activation of the transcription factor p65-NF-κB and its nuclear translocation. Calebin A was found to significantly suppressed NF-κB-promoted gene products associated with cell survival, proliferation, and metastasis and induced apoptosis in multicellular proinflammatory TME cocultured with T-lymphocyte cultures, and TNF-β induced TME. In addition, Calebin A targeted and inhibited CSCs of the CRC population in the multicellular proinflammatory TME cultures and TNF-β-TME. To our knowledge, we have shown for the first time that the cytokine TNF-β-TME mediates proinflammatory signals in alginate HCT116 3D-alginate, similar to T-lymphocytes multicellular TME, which underlines the important role of this cytokine in the proinflammatory progression of CRC cells.

In vitro 3D-TME models have become an indispensable asset in the evaluation of tumor cell dynamics before in vivo research. These models are recognized as intermediatory between in vitro cancer cell cultures and in vivo investigation (40, 50–55). The 3D-TME models have gained increasing popularity in tumor cell research, preclinical tumor research, and drug discovery because these models recapitulate the essential properties of in vivo tumor conditions (e.g., cell adhesion, crosstalk, microenvironment, and necrosis) that cannot be reproduced in conventional 2D-tumor cultures in monolayers. Due to the lack of a tumor-specific architecture in 2D-tumor models, the cells represent a decreased malignant phenotype compared to the tumor cells of in vivo settings (54, 56, 57). For these reasons, the results of 2D-cultures obtained in in vitro conditions often cannot be reproduced in in vivo conditions.

Increasing experimental evidence over the past decades has implicated chronic inflammation as a significant and important trigger mechanism for the development of various cancers (58, 59). Previous studies have also reported that chronic inflammation with a low tumor grade modulates the intricate cross-talk between tumor cells and their immediate microenvironment, thereby dramatically increasing the malignancy potential of tumors (20, 60). In fact, environmental stress factors are responsible for 95% of cancers incidence because they mediate and trigger chronic inflammation in patients (20). Interestingly, several studies suggested that proinflammatory cytokines such as members of the TNF family play a key role in cancer initiation and progression (60, 61). Furthermore, in studies reported by our laboratory and others as well, it has already been shown that the proinflammatory cytokine TNF-β promotes tumor progression and thus activates CRC cells malignancy (HCT116 cells and HCT116 5-FU resistant cells) with the same efficacy as TNF-α (23, 62, 63). These data highlight an essential role of TNF-β in the inflammatory environment and in the stimulation of the ongoing TME interactions. In addition, it has been reported that TNF-β produced by tumor-associated lymphocytes in the TME induces angiogenesis by signaling via the canonical NF-κB signaling pathway (26). In addition, autocrine signaling of TNF-β was shown to promote disease progression by maintaining NF-κB phosphorylation in Hodgkin’s lymphoma (63).

In order to investigate and better establish the role of the proinflammatory cytokine TNF-β in inflammation-induced TME in CRC, we conducted comparative experiments between TME with T-lymphocytes and TME with TNF-β. Moreover, it is known that the inflammation and associated with an upregulation of proinflammatory mediators such as IL-1β, IL-6, IL-8, and TNF-α, and prostaglandins by leukocytes play a major role in tumor development in TME (64–67). In addition, several studies from other laboratories including our own have previously reported that Calebin A shows significant anti-inflammatory effects in the migration, proliferation, and invasion of tumor cells (23, 35, 37). Furthermore, in accordance with our recently published findings, Calebin A has been demonstrated to inhibit TNF-β-induced survival, invasion, and antiapoptotic capacity in CRC cells in vitro (23, 39, 68). However, in the current work, we have shown for the first time the suppression of proliferation, survival, and migration of CRC cells by Calebin A in a multicellular proinflammatory TME HCT116 3D-alginate culture mimicking physiological TME.

We have revealed that Calebin A alone significantly induced apoptosis in the multicellular proinflammatory TME of HCT116, similar to TNF-β-TME, probably by suppressing the activation, phosphorylation of NF-κB and its translocation in the nucleus in HCT116 cells. Suppression of phosphorylation and activity of NF-κB subunits could be a potential therapy and chemopreventive intervention in colon carcinogenesis by Calebin A. To support this assumption, in previous studies, Calebin A treatment was found to sensitize human lung, cervical cancer, and CRC cells to paclitaxel or cisplatin or 5-FU effectively inhibiting the NF-κB pathway (23, 37, 39). We also found that Calebin A suppresses the expression of gene products associated with cell proliferation (Ki-67), invasion (MMP-9), metastasis (CXCR4, integrin β1), and apoptosis (Caspase-3) in HCT116 multicellular proinflammatory TME and TNF-β-TME. Since these tumorigenic proteins are promoted by NF-κB, it is likely that the suppression of NF-κB contributes to the downmodulation of these proteins. These data suggest that Calebin A may be able to act as an active multitargeting anticancer agent, and its action is partially mediated by the suppression of NF-κB and NF-κB-induced gene products in CRC-TME cells.

Our results in this study showed that T-lymphocytes activated NF-κB and NF-κB-promoted proteins in HCT116 CRC cells in multicellular TME cultures, similar to the proinflammatory cytokine TNF-β-TME. Furthermore, it is known that NF-κB is stimulated by different cytokines or growth factors in different tumor cells (69, 70). In the past, TNF-β, a member of the TNF family, has been reported to trigger inflammatory effects in CRC cells with a potency similar to TNF-α (25, 62). We have also previously reported that TNF-β promoted NF-κB activation, and this was suppressed by other natural substances such as resveratrol or curcumin (25, 40, 62). Recently, our group reported that TNF-β stimulates the NF-κB signaling pathway and NF-κB-induced gene products in CRC tumor cells, which was associated with survival, proliferation, invasion, and epithelial-to-mesenchymal transition of tumor cells (25, 62), similar to the results of multicellular proinflammatory TME in the current study. These results underline that the cytokine TNF-β, like TNF-α, is one of the most important cytokines in inflammatory multicellular TMEs that are produced by T-lymphocytes (67).

In order to better understand the mechanism involved in the survival and proliferation of tumor cells in the TME, it might be important to identify other types of new targets for the chemopreventive and chemotherapeutic agent Calebin A. In the current study, we have also found for the first time that the expression of cancer stem cells (CSC) in the HCT116 cell population was significantly increased in multicellular pro-inflammatory-, similar to TNF-β-TME cultures, compared to HCT116 alginate basic control cultures. These results dictate that multicellular pro-inflammatory TME is a fundamental factor that induces and supports the formation of CSCs subpopulations. Furthermore, it has been reported in the literature earlier that CSCs are responsible for the onset, aggressiveness, progress, and resistance of the cancer population (71, 72). Interestingly, Calebin A was shown to inhibited the expression of various stem cell markers (CD44, CD133, and ALDH1) in HCT116 multicellular proinflammatory TME and TNF-β-TME cultures. Accumulating evidence has reported that CSCs are one of the main reasons for therapy resistance, therapy failure, and tumor recurrence (73–75), which underlines the potentially important role of Calebin A in preventing tumor cell proliferation, invasion, metastasis, and induction of apoptosis in tumor cells. These results suggest that when designing new approaches in cancer treatment, attention should be paid to the specific target the interactions TME and CSCs. These data are consistent with results from other studies suggesting that other natural agents such as curcumin and resveratrol significantly reduced the expression of CSC biomarkers in CRC cells (24, 76). Overall, the modulation of interaction in multicellular proinflammatory TME, similar to TNF-β-TME cultures by Calebin A, could be a novel therapeutic approach to targeting inflammation during CRC pathogenesis.

In conclusion, most malignant tumors, including colon cancer, represent very dynamic structures that create new tumor cell with morphological and genotypical changes within the tumor mass. Such malignancies present a highly variable sensitivity to therapeutics and incur resistance to the treatment. In combinatorial approaches involving conventional therapies with plant-derived molecules with proven cytotoxic, multitargeted effects should be superior compared to cancer monotherapy and may delay the development of drug resistance in cancer (77). Therefore, further research warrants the need for the identification of new molecules (including plant-derived compounds) with well-validated anticancer properties for further progressing the novel and more efficacious therapies within the clinical oncology. Such multicellular-TME-based models and investigations are crucial for their heterogenicity similar to those under in vivo conditions, and this is pivotal for the discovery, screening, and testing of new, promising anticancer drugs and strengthening preclinical and clinical research. The critical role of the multicellular TME in controlling tumor progression and metastasis is now widely recognized. Hence, the targeted attack on the formation of a specialized microenvironment, and thus the inhibition of the survival and growth of tumor cells or CSCs by a multitargeted drug such as Calebin A, is therefore of great clinical relevance in the future of cancer medicine.
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Gastric cancer is one of the major malignancies with poor survival outcome. In this study, we reported that NUDT21 promoted cell proliferation, colony formation, cell migration and invasion in gastric cancer cells. The expression levels of NUDT21 were found to be much higher in human gastric cancer tissues compared with normal gastric tissues. NUDT21 expression was positively correlated with tumor size, lymph node metastasis and clinical stage in gastric cancer patients. High level of NUDT21 was associated with poor overall survival (OS) rates in gastric cancer patients. The expression levels of NUDT21 were also much higher in gastric cancer tissues from patients with tumor metastasis compared with those of patients without tumor metastasis. Moreover, forced expression of NUDT21 in gastric cancer cells promoted tumor growth and cell proliferation in xenograft nude mice, and depletion of NUDT21 in gastric cancer cells restrained lung metastasis in vivo. Through high throughput RNA-sequencing, SGPP2 was identified to be positively regulated by NUDT21 and mediated the tumor promoting role of NUDT21 in gastric cancer cells. Therefore, NUDT21 played an oncogenic role in human gastric cancer cells. NUDT21 could be considered as a novel potential target for gastric cancer therapy.
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Introduction

Gastric cancer is one of the major malignancies with high morbidity worldwide (1). Effective specific diagnosis, prognostic markers and therapeutic targets for gastric cancer remain limited. The median 5-year survival rates of patients with advanced gastric cancer are less than 20% (2). Currently, the optimal remedy for gastric cancer is surgical resection, supplemented by adjuvant chemotherapy or radiotherapy (3). However, the recurrence rate of gastric cancer is still high and the prognosis of gastric cancer patients is poor (4, 5). It deserves further study about the intrinsic molecular mechanisms involved in tumorigenesis, proliferation and metastasis of gastric cancer to improve clinical outcomes.

NUDT21 (nudix hydrolase 21), a complex of RNA-binding proteins, has been reported to be involved in alternative polyadenylation (APA) (6, 7). Justin et al. reported that NUDT21 was a new post-transcriptional regulator of cell fate, a direct link was established between alternative polyadenylation and chromatin signaling. Moreover, NUDT21 plays an important physiological function in the occurrence and development of many diseases (8). For example, the study of Xiao-Lang et al. proved that abnormal expression of NUDT21 promoted preeclampsia by targeting the 3’-UTR of EZH2 mRNA (9). There are reports that NUDT21-mediated Glutaminase isoform switching promotes hematopoietic stem cell metabolism upon stress (10). In addition, NUDT21-mediated high-mobility AT-hook 2 (HMGA2) 3’-UTR replacement polyadenylic acid damages the stemness of human tendon stem cells (11). As reported previously, NUDT21 played oncogenic roles in human pancreatic ductal adenocarcinoma cells and leukemia cells (12–14). However, in our previous study, we have found NUDT21 inhibits cell proliferation and metastasis in human hepatocellular carcinoma and breast cancer (15, 16). Nevertheless, the role of NUDT21 in human gastric cancer cells remains unclear.

In this study, we demonstrated that NUDT21 was high expressed in human gastric cancer tissues/cells compared with normal gastric tissues/cells. The expression levels of NUDT21 were also higher in gastric cancer tissues from patients with tumor metastasis compared with the tissues from patients without tumor metastasis. Gastric cancer patients with high expression of NUDT21 showed poor clinicopathological parameters and overall survival (OS) rates. Depletion of NUDT21 decreased both cell proliferation and metastasis in gastric cancer cells. Forced expression of NUDT21 enhanced cell oncogenic futures of gastric cancer cells. NUDT21 but also promoted tumor growth and metastasis in nude mice. Through high throughput RNA-sequencing, an important oncogene SGPP2 (sphingosine-1-phosphate phosphatase 2, also known as SPP2) was found to be positively regulated by NUDT21 and mediated the tumor promoting role of NUDT21 in gastric cancer cells. Therefore, we provided evidence that NUDT21 played an important oncogenic role in human gastric cancer. NUDT21 could possibly be perceived as a novel target for gastric cancer therapy.



Materiials And Methods


Clinical Samples

In this study, 70 cases of paraffin-embedded gastric cancer tissues and 70 normal gastric tissues were collected at the Department of Pathology in the First Affiliated Hospital of Anhui Medical University (Hefei, Anhui, China). These tissues were from patients who underwent surgical resection between 2012 and 2015, and gastric cancer tissues were not paired with normal gastric tissues. The clinicopathological parameters of these gastric cancer patients were collected for correlation analysis. Moreover, these 70 gastric cancer patients were followed up for more than 5 years, and their OS rates were collected. We performed this work according to The Code of Ethics of the World Medical Association (Declaration of Helsinki). This work has been approved by the Institutional Review Board of Anhui Medical University and the informed consent of all patients has been obtained.



Immunohistochemistry

Immunohistochemistry (IHC) was performed to examine the expression of NUDT21 protein in paraffin sections of gastric cancer/normal gastric tissues and the expression of Ki-67 protein in paraffin sections of tumors in mice, essentially as described in former study by using an Ultra Sensitive-SP kit (Maixin-Bio, Fuzhou, China) (17, 18). Rabbit polyclonal antibody against NUDT21 (both 1:100, Proteintech Group, Inc., Chicago, USA) and mouse monoclonal antibody against Ki-67 (1:1, Zhongshan Goldenbrige Biotechnology Co, Beijing, China) were used. The stained sections were evaluated using an Olympus microscope (Olympus America, Inc., Melville, NY). For NUDT21 analysis, tissue samples with 10% or more positive stained cells were designated as NUDT21 positive; tissue samples with less than 10% positive stained cells were designated as NUDT21 negative.



Cells Lines and Cell Culture

Human gastric cancer cell lines (AGS, BGC-823, SGC-7901, HGC-27, MKN-28) were from the American Type Culture Collection (ATCC, Manassas, VA). The normal gastric cell line GES-1 was from the Chinese Academy of Sciences (Shanghai, China). All of these cells were cultured in a 37°C incubator containing 5% CO2 as recommended.



Western Blot

Cells were lysed with lysis buffer, centrifuged and extracted, and the proteins were separated by 10% SDS-PAGE, and then transferred to a PVDF membrane (Merck Millipore, Darmstadt, Germany). It was blocked in 5% skim milk at room temperature for 40 minutes, the membranes were incubated with primary antibodies at room temperature for 2 hours, and then washed with Tween-20-containing phosphate buffer for 3 times. Secondary antibody incubation was performed for 1 hour. After washing for 3 times with PBST, Pierce ECL substrate (Advansta) and ChemiDoc Mp System (BioRad) were used to detect the immunoreactive signal. ImageJ software (National Institutes of Health) was used to analyze the optical density of the bands. Rabbit polyclonal antibody against NUDT21, Bcl-2, CCNE1 (all 1:1000, Proteintech Group, Inc., Chicago, USA), rabbit polyclonal antibody against SGPP2 (1:1000, Sigma) and mouse β-actin monoclonal antibody (1:5000, Sigma) were used. The whole gel images were shown in Supplementary Figure 3.



RT-qPCR

RT-qPCR was performed essentially as described in former study by using SYBR Green Master Mix (Applied Biosystems) (17, 19). Trizol (Invitrogen) was used to extract total RNA. Prime Script RT reagent kit (TaKaRa Bio, Inc., Otsu, Japan) was used to synthesize single-stranded cDNA. The relative expression levels of RNA were analyzed using the 2–ΔΔCT method. GAPDH was detected as control. The primers used were: NUDT21: 5’- GGTCACTCAGTTCGGCAACAA -3’ (forward) and 5’- CTCATGCGCTGAAATCTGGC -3’ (reverse); SGPP2: 5’- TGTGTTGGGACTGGTGATGG -3’ (forward) and 5’- TGTAGGTGGTGAGTGGTGGG -3’ (reverse); c-Myc: 5’- TGAGGAGACACCGCCCAC -3’ (forward) and 5’- CAACATCGATTTCTTCCTCATCTTC -3’ (reverse); Bcl-2: 5’- AGTGGGATGCGGGAGATGT -3’ (forward) and 5’- CGGGCTGGGAGGAGAAGA -3’ (reverse); CCND1: 5’- TGAACTACCTGGACCGCTTC -3’ (forward) and 5’- CCACTTGAGCTTGTTCACCA -3’ (reverse); CCNE1: 5’- GCCAGCCTTGGGACAATAATG -3’ (forward) and 5’- CTTGCACGTTGAGTTTGGGT -3’ (reverse); p53: 5’- CAGCACATGACGGAGGTTG -3’ (forward) and 5’- TCATCCAAATACTCCACACGC -3’ (reverse); PTEN: 5’- TGGATTCGACTTAGACTTGACC -3’ (forward) and 5’- AGGATATTGTGCAACTCTGCAA -3’ (reverse); GAPDH: 5’- TGACTTCAACAGCGACACCCA -3’ (forward) and 5’- CACCCTGTTGCTGTAGCCAAA -3’ (reverse).



Plasmid Constructs and RNA Oligonucleotides Transfection

In this study, we used the mammalian expression vector pIRESneo3 (Invitrogen) to construct NUDT21 and SGPP2 overexpression plasmids. The transcript of the NUDT21 coding sequence (GenBank accession number NM_007006.3) was cloned into pIRESneo3 and designated as NUDT21#OE. The SGPP2 coding sequence transcript (GenBank accession number NM_001320833.2) was cloned into pIRESneo3 and designated as SGPP2#OE. shRNAs including sh-NUDT21#1, sh-NUDT21#2, sh-ctrl and siRNAs including si-SGPP2 and si-NC were synthesized in GenePharma (Shanghai, China). Plasmid constructs and RNA oligonucleotides were transfected using lip2000 (QIAGEN). Specific shRNA and siRNA sequences were: NUDT21: 5’- GGTCACTCAGTTCGGCAACAA -3’ (forward) and 5’- CTCATGCGCTGAAATCTGGC-3’ (reverse); SGPP2: 5’- TGTGTTGGGACTGGTGATGG -3’ (forward) and 5’- TGTAGGTGGTGAGTGGTGGG -3’ (reverse); GAPDH: 5’- TGACTTCAACAGCGACACCCA -3’ (forward) and 5’- CACCCTGTTGCTGTAGCCAAA -3’ (reverse).



Cell Functional Assays

MTT assay, cell colony formation assay, EdU assay, cell migration assay and cell invasion assay were performed as described in previous study (17, 18, 20, 21). Briefly, for MTT assay, 1000 cells per well were inoculated in 96-well plates, and MTT examination was performed every day for 5 days. A microplate reader (BioTek, Vermont, USA) was used to detect the absorbance at 570 nm. For cell colony formation assay, 1000 cells per well were inoculated in 6-well plates and cell colony formation was examined after 2 weeks. For EdU assay, the EdU test kit (Ribobio, Guangzhou, China) was used. For cell migration and invasion assays, cells were seeded into the upper chamber with (migration assay) or without (invasion assay) matrigel. Transferred cells were calculated after 24-48 hours. Images were taken using an Olympus IX-70 microscope.



Xenograft Analyses

For nude mice subcutaneous injection, cells (500×104 per site per 125μl) were injected subcutaneously into the dorsal side of 4-week-old BALB/c-nu/nu mice (GemPharmatech Co., Ltd., China). Both cells were injected into 6 mice (12 sites) respectively, and significant tumors formed after about a week. Length and width of the tumors were measured every 5 days. Tumor volume was calculated according to the formula: Volume (mm³) = L×W2×Π/6. After 30 days, these mice were sacrificed and tumors were harvested. The weight of the tumors was measured, and then these tumors were made into paraffin sections and the Ki-67 protein levels were examined by immunohistochemistry. For nude mice tail vein injection, cells (500×10⁶ cells in 250μL PBS) were injected into 4-week-old BALB/c-nu/nu mice by tail vein injection. Each group contained 8 mice. After about 40 days, these mice were sacrificed and their lungs were collected and prepared for histological examination. Five random hematoxylin and eosin stained sections of each sample were examined, and the lung micrometastasis was calculated. The animal experiments in this study were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee (available from www.iacuc.org). Local agency approval of the Animal Ethics Committee of Anhui Medical University has been obtained before work.



RNA-Sequencing

To explore the downstream mechanisms involved in the role of NUDT21 in gastric cancer cells, BGC-823-sh-NUDT21#1 and BGC-823-sh-ctrl cells were harvested and mRNA sequencing was carried out in Kangcheng Biotechnology Company (Shanghai, China).



Statistical Analyses

Each experiment in this study was performed for at least 3 times, and the figures and tables were the average results. Chi-square test was used to analyze the expression levels of NUDT21 in clinical tissues, the correlation between NUDT21 expression and clinicopathological parameters in gastric cancer patients, and the lung metastasis in mice. Unpaired two-tailed t-test was used in RT-qPCR, MTT assay, cell colony formation assay, EdU assay, cell migration assay, cell invasion assay, tumor growth curves and tumor weight in mice and the Ki-67 examination. Kaplan–Meier curves were used to analyze the OS rates in gastric cancer patients, and Log rank test was used. The correlation between NUDT21 and SGPP2 expression was analyzed by Pearson correlation analysis. P<0.05 indicated that the difference was statistically significant.




Results


Expression of NUDT21 in Human Gastric Cancer/Normal Gastric Tissue Samples and Cell Lines

In this study, 70 gastric cancer tissues and 70 normal gastric tissues from patients were collected and immunohistochemistry (IHC) assay was performed to determine the protein level of NUDT21. As shown in Figure 1A, NUDT21 protein was mainly located in the cytoplasm of gastric cancer cells and glandular epithelial cells. The expression levels of NUDT21 were extremely higher in gastric cancer tissues (64.3%) compared with normal gastric tissues (40.0%) (P<0.01) (Figures 1A, B). The mRNA levels of NUDT21 in normal gastric cell line GES-1 and gastric cancer cell lines AGS, BGC-823, SGC-7901, HGC-27, MKN-28 were examined by RT-qPCR. As shown in Figure 1C, the mRNA levels of NUDT21 were extremely higher in gastric cancer cells compared with normal gastric cells (P<0.05). Moreover, the protein levels of NUDT21 in gastric cancer cells AGS, BGC-823, SGC-7901, HGC-27, MKN-28 were also much higher compared with normal gastric cell line GES-1 as determined by western blot (Figure 1D). For further study, the mRNA levels of NUDT21 in the 70 gastric cancer tissues and 70 normal gastric tissues were also examined. Concordantly, the mRNA levels of NUDT21 were significantly higher in the gastric cancer tissues compared with normal gastric tissues (Figure 1E). Moreover, the mRNA levels of NUDT21 were dramatically higher in gastric cancer tissues from patients with tumor metastasis compared with gastric cancer tissues from patients without tumor metastasis (Figure 1F). Therefore, the expression levels of NUDT21 were higher in human gastric cancer tissues/cells compared with normal gastric tissues/cells.




Figure 1 | Expression of NUDT21 in human gastric cancer/normal gastric tissue samples and cell lines. (A, B) Protein levels of NUDT21 in 70 gastric cancer tissues and 70 normal gastric tissues were examined by immunohistochemistry. The magnifications were 200 and 100 respectively. Red arrows: normal gastric tissue; black arrows: gastric cancer tissue. (C) Relative mRNA levels of NUDT21 in gastric cancer cells AGS, BGC-823, SGC-7901, HGC-27, MKN-28 and normal gastric cell GES-1 were examined by RT-qPCR. GAPDH was used as control. (D) Protein levels of NUDT21 in gastric cancer cells AGS, BGC-823, SGC-7901, HGC-27, MKN-28 and normal gastric cell GES-1 were examined by western blot. β-Actin was used as control. (E) mRNA levels of NUDT21 in 70 gastric cancer tissues and 70 normal gastric tissues were examined by RT-qPCR. (F) mRNA levels of NUDT21 in 31 gastric cancer tissues from patients with metastasis and 39 gastric cancer tissues from patients without metastasis were analyzed by RT-qPCR. (G) Kaplan-Meier curves showed the overall survival (OS) rates in gastric cancer patients with high and low levels of NUDT21. *P < 0.05; **P < 0.01.





High Level of NUDT21 Was Associated With Poor Clinicopathological Features and Survival Rates in Gastric Cancer Patients

In these 70 gastric cancer patients, their clinicopathological features (including age, gender, tumor size, lymph node metastasis, histology grade and clinical stage) were collected and the correlation between NUDT21 expression levels and the clinicopathological features were analyzed. As shown in Table 1, the expression of NUDT21 was positively correlated with tumor size (P=0.017), lymph node metastasis (P=0.020) and clinical stage (P=0.006). However, there was no statistically significant correlation between NUDT21 expression with patients´ age, gender or histology grade (all P>0.05). Moreover, these 70 gastric cancer patients were followed up for more than 5 years, and the correlation between NUDT21 expression and patient overall survival (OS) rates was analyzed through Kaplan-Meier analysis. Patients with low expression level of NUDT21 showed significantly lower OS rates compared with patients with high expression level of NUDT21 (P=0.0367) (Figure 1G). Therefore, high level of NUDT21 was associated with poor clinicopathological features and survival rates in gastric cancer patients.


Table 1 | Association of NUDT21 expression with clinicopathological features in gastric cancer patients.





NUDT21 Stimulated Cell Proliferation, Migration and Invasion of Human Gastric Cancer Cells

Gastric cancer cell lines BGC-823 and MKN-28 were selected to examine the functional role of NUDT21 in gastric cancer cells. As shown in Figures 1C, D, among the five gastric cancer cell lines, the basal level of NUDT21 was highest in BGC-823 cells, and was lowest in MKN-28 cells. Therefore, we selected BGC-823 cells for NUDT21 depletion study, and selected MKN-28 cells for NUDT21 overexpression study. After transfected with NUDT21 shRNAs (designated as sh-NUDT21#1 and sh-NUDT21#2), both mRNA and protein levels of NUDT21 decreased significantly in BGC-823 cells (Figures 2A, B). In monolayer culture, MTT assay showed a significant decrease of cell viability after transfected with sh-NUDT21#1 or sh-NUDT21#2 in BGC-823 cells within 5 days (Figure 2E). The shRNA mediated depletion of NUDT21 significantly reduced cell colony formation in BGC-823 cells (Figure 2F). Moreover, in EdU assay, sh-NUDT21#1 or sh-NUDT21#2 extremely reduced the numbers of proliferating cells compared with control shRNA (sh-ctrl) in BGC-823 cells (Figure 2G). In addition, as determined by cell migration and invasion assays, BGC-823 cells after transfected with sh-NUDT21#1 or sh-NUDT21#2 showed both significant decreased cell migration and invasion compared with control (Figure 2K).




Figure 2 | NUDT21 stimulated cell proliferation, migration and invasion of human gastric cancer cells. BGC-823 cells were transfected with sh-NUDT21#1, sh-NUDT21#2 or sh-ctrl. MKN-28 cells were transfected with the NUDT21 overexpression plasmids (NUDT21#OE) and Vector control plasmids (Vector). (A, C) Relative mRNA levels of NUDT21 were examined by RT-qPCR. GAPDH was used as control. (B, D) Protein levels of NUDT21 were detected by western blot. β-Actin was used as control. (E, H) MTT assay was carried out to evaluate cell viability. (F, I) Cell colony formation assay. Cell colony numbers were calculated after 14 days. (G, J) EdU assay was performed to evaluate cell proliferation. (K, L) Cell migration and invasion assays were carried out to examine cell metastasis. *P < 0.05; **P < 0.01; ***P < 0.001.



On the other hand, the expression levels (both mRNA and protein) of NUDT21 increased significantly after stably transfected with NUDT21 overexpression plasmids (NUDT21#OE) compared with control (Vector) in MKN-28 cells (Figures 2C, D). As shown in Figure 2H, cell viability of MKN-28 cells increased significantly after transfected with NUDT21#OE within 5 days compared with control Vector. Concordantly, forced expression of NUDT21 enhanced cell colony formation in MKN-28 cells as determined by cell colony formation assay (Figure 2I). The number of proliferating cells in MKN-28 cells transfected with NUDT21#OE increased significantly compared with control as examined by EdU assay (Figure 2J). In addition, forced expression of NUDT21 significantly promoted both cell migration and invasion in MKN-28 cells (Figure 2L).

Therefore, NUDT21 stimulated cell proliferation, migration and invasion in human gastric cancer cells.



NUDT21 Promoted Xenograft Growth and Metastasis of Human Gastric Cancer Cells

To determine the effect of NUDT21 on tumor growth in vivo, MKN-28 cells stably transfected with NUDT21 overexpression plasmids (NUDT21#OE) or control vector plasmids (Vector) were injected subcutaneously into the dorsal side of nude mice. Tumor sizes were measured every 5 days. The tumor growth curves showed that the generated MKN-28-NUDT21#OE tumors grew much faster than the MKN-28-Vector tumors (Figure 3A). After 30 days, these mice were sacrificed and the tumors were harvested. The average weight of tumors formed by MKN-28-NUDT21#OE cells was significantly higher than that of tumors formed by MKN-28-Vector cells (P<0.01) (Figure 3B). Moreover, these tumors were made into paraffin sections and the Ki-67 protein levels were examined by immunohistochemistry. As shown in Figure 3C, the Ki-67-positive cell population in tumors formed by MKN-28-NUDT21#OE cells was extremely higher compared with tumors formed by MKN-28-Vector cells (P<0.01). Meantime, we tested the effect of NUDT21 on tumor metastasis in vivo by nude mice tail vein injection of MKN-28-NUDT21#OE and MKN-28-Vector cells. Forty days after cell injection, these mice were sacrificed and their lungs were collected for histological examination. Five random sections of each mouse lung were examined for tumor micrometastasis. More mice injected with MKN-28-NUDT21#OE cells (5 out of 8) were observed obvious lung micrometastasis compared with mice injected with MKN-28-Vector cells (1 out of 8) (P=0.0389) (Figure 3D).




Figure 3 | NUDT21 promoted tumor growth and metastasis of gastric cancer cells in nude mice. MKN-28-NUDT21#OE/MKN-28-Vector cells and BGC-823-sh-ctrl/BGC-823-sh-NUDT21#1/BGC-823-sh-NUDT21#2 cells were subcutaneously injected into the dorsal side of nude mice. Each group contained 6 mice. (A, E) Tumor volumes were evaluated every 5 days for 30 days, and tumor growth curves were analyzed. (B, F) Weights of the tumors were measured. (C, G) Ki-67 staining in xenograft tumor sections by immunohistochemistry. MKN-28-NUDT21#OE/MKN-28-Vector cells and BGC-823-sh-ctrl/BGC-823-sh-NUDT21#1/BGC-823-sh-NUDT21#2 cells were injected into the venous circulation of nude mice. Each group contained 8 mice. After about 40 days, the mice were sacrificed and their lungs were collected. (D, H) Hematoxylin and eosin staining of lung sections. The arrows pointed to tumor micrometastasis. Lung metastasis of tumor in these mice was calculated. **P < 0.01; ***P < 0.001.



Moreover, NUDT21 shRNAs or control shRNA transfected BGC-823 cells (designated as BGC-823-sh-NUDT21#1, sh-NUDT21#2, and sh-ctrl respectively) were also injected subcutaneously into the dorsal side and into tail vein respectively to examine the effect of NUDT21 on tumor growth and metastasis in vivo. Concordantly, both BGC-823-sh-NUDT21#1 and BGC-823-sh-NUDT21#2 derived tumors grew much slower than the BGC-823-sh-ctrl tumors (Figure 3E). The average weights of tumors formed by BGC-823-sh-NUDT21#1 or BGC-823-sh-NUDT21#2 cells were significantly lower than that of tumors formed by BGC-823-sh-ctrl cells (both P<0.01) (Figure 3F). The Ki-67-positive cell populations in tumors formed by BGC-823-sh-NUDT21#1 or BGC-823-sh-NUDT21#2 cells were extremely lower compared with tumors formed by BGC-823-sh-ctrl cells (both P<0.01) (Figure 3G). Fewer mice injected with BGC-823-sh-NUDT21#1 cells (2 out of 8) or BGC-823-sh-NUDT21#2 cells (1 out of 8) were observed obvious lung micrometastasis compared with mice injected with BGC-823-sh-ctrl cells (7 out of 8) (P=0.0117 and P=0.0027 respectively) (Figure 3H).

Therefore, NUDT21 promoted gastric cancer cell proliferation, tumor growth and tumor metastasis in vivo.



NUDT21 Regulated the Expression of SGPP2 in Gastric Cancer Cells

To explore the downstream mechanisms involved in the tumor promoting role of NUDT21 in gastric cancer cells, we performed high throughput RNA-sequencing to find gene differential expression between BGC-823-sh-NUDT21#1 and BGC-823-sh-ctrl cells. Figures 4A–C showed the differential gene expression profile in BGC-823-sh-NUDT21#1 and BGC-823-sh-ctrl cells. Among these genes, the mRNA level SGPP2 was found to be significantly lower in BGC-823-sh-NUDT21#1 cells compared with BGC-823-sh-ctrl cells (in fact, several candidate genes were examined to be regulated by NUDT21, and SGPP2 was examined to mediate the tumor promoting role of NUDT21 in gastric cancer cells). To confirm this result, the mRNA and protein levels of NUDT21 in BGC-823 cells after transfected with sh-NUDT21#1, sh-NUDT21#2 and sh-ctrl were examined by RT-qPCR and western blot respectively. Concordant with the RNA-sequencing result, both mRNA and protein levels of SGPP2 decreased dramatically in BGC-823 cells after transfected with sh-NUDT21#1 or sh-NUDT21#2 compared with cells transfected with sh-ctrl (Figures 4D, F). Moreover, the mRNA and protein levels of SGPP2 in MKN-28 cells after transfected with NUDT21#OE and Vector were also determined. Consistently, forced expression of NUDT21 significantly enhanced the mRNA and protein levels of SGPP2 in MKN-28 cells (Figures 4E, G). In addition, we detected the mRNA level of NUDT21 and SGPP2 in the 70 gastric cancer tissues, Pearson correlation analysis indicated a positive correlation between NUDT21 and SGPP2 expression in gastric cancer tissues (r=0.2890, P=0.0153) (Figure 4H). Therefore, NUDT21 positively regulated the expression of SGPP2 in human gastric cancer cells.




Figure 4 | NUDT21 regulated the expression of SGPP2 in gastric cancer cells. mRNA sequencing was performed in BGC-823-sh-NUDT21#1 and BGC-823-sh-ctrl cells. (A, B) Scatter plots showed the mRNAs with significant change between BGC-823-sh-NUDT21#1 and BGC-823-sh-ctrl cells. (C) Hierarchical clustering analysis. (D) mRNA levels of SGPP2 in BGC-823 cells after transfected with sh-NUDT21#1, sh-NUDT21#2 or sh-ctrl were examined by RT-qPCR. (E) mRNA levels of SGPP2 in MKN-28 cells after transfected with NUDT21#OE or Vector were examined by RT-qPCR. (F) Protein levels of Bcl-2, CCNE1 and SGPP2 in BGC-823 cells after transfected with sh-NUDT21#1, sh-NUDT21#2 or sh-ctrl were examined by western blot. (G) Protein levels of Bcl-2, CCNE1 and SGPP2 in MKN-28 cells after transfected with NUDT21#OE or Vector were examined by western blot. For RT-qPCR, GAPDH was used as control. For western blot, β-Actin was used as control. (H) The mRNA levels of NUDT21 and SGPP2 in the 70 gastric cancer tissues were examined by RT-qPCR, and the correlation between NUDT21 and SGPP2 expression was analyzed by Pearson correlation analysis. **P < 0.01.



Besides, several other cell proliferation or apoptosis related genes (including c-Myc, Bcl-2, CCND1, CCNE1, p53 and PTEN) were also examined in NUDT21 shRNA transfected BGC-823 cells and NUDT21#OE plasmids transfected MKN-28 cells. As shown in Supplementary Figure 1, the mRNA levels of Bcl-2 and CCNE1 were much lower in BGC-823-sh-NUDT21#1/BGC-823-sh-NUDT21#2 cells compared with BGC-823-sh-ctrl cells and were much higher in MKN-28-NUDT21#OE cells compared with MKN-28-Vector cells. However, there were no significant expression level changes of c-Myc, CCND1, p53 or PTEN. Consistently, the protein levels (examined by western blot) of Bcl-2 and CCNE1 in BGC-823-sh-NUDT21#1/BGC-823-sh-NUDT21#2/BGC-823-sh-ctrl and MKN-28-NUDT21#OE/MKN-28-Vector cells showed the same trend as the mRNA levels (Figures 4F, G). Therefore, Bcl-2 and CCNE1 might contribute to the tumor promoting role of the NUDT21/SGPP2 pathway.



NUDT21 Stimulated Cell Proliferation and Metastasis in Gastric Cancer Cells via Up-Regulating SGPP2

To examine whether the promoting role of NUDT21 in gastric cancer cells was mediated by SGPP2, rescue experiments were performed in BGC-823 and MKN-28 cells. As shown in Figures 5A, B, in BGC-823 cells, both mRNA and protein levels of SGPP2 decreased significantly after co-transfected with sh-NUDT21#1 and Vector, but these decreases were abolished by co-transfection with sh-NUDT21#1 and SGPP2 overexpressing plasmids (SGPP2#OE). Concordant with former results, cell viability (examined by MTT assay), cell colony formation (examined by cell colony formation assay), cell proliferation (examined by EdU assay), cell migration (examined by cell migration assay) and invasion (examined by cell invasion assay) all reduced significantly in BGC-823 cells after co-transfected with sh-NUDT21#1 and Vector. However, these decreases were abrogated by co-transfection with sh-NUDT21#1 and SGPP2#OE (Figures 5E–H).




Figure 5 | SGPP2 mediated the oncogenic role of NUDT21 in gastric cancer cells. BGC-823 cells were co-transfected with sh-NUDT21#1/sh-ctrl and SGPP2#OE/Vector, MKN-28 cells were co-transfected with NUDT21#OE/Vector and si-SGPP2/si-NC. (A, C) mRNA levels of SGPP2 were examined by RT-qPCR. GAPDH was used as control. (B, D) Protein levels of SGPP2 were examined by western blot. β-Actin was used as control. (E, I) MTT assay was carried out to detect cell viability. (F, J) Cell colony formation assay was performed to evaluate cell growth. (G, K) EdU assay was performed to evaluate cell proliferation. (H, L) Cell migration and invasion assays were carried out to detect cell metastasis. *P < 0.05; **P < 0.01; ***P < 0.001.



On the other hand, in MKN-28 cells, both mRNA and protein levels of SGPP2 increased significantly after co-transfected with NUDT21#OE and negative control siRNA (si-NC), but these increases were abolished by co-transfection with NUDT21#OE and SGPP2 siRNA (si-SGPP2) (Figures 5C, D). Concordantly, MTT assay, cell colony formation assay, EdU assay, cell migration and invasion assays showed cell proliferation and metastasis increased significantly in MKN-28 cells after co-transfected with NUDT21#OE and si-NC. However, these increases were abrogated by co-transfection with NUDT21#OE and si-SGPP2 (Figures 5I–L).

In addition, we examined the role of SGPP2 in gastric cancer cells in vivo. As shown in Supplementary Figure 2, MKN-28-SGPP2#OE derived tumors showed faster growth, higher weight and more Ki-67 levels compared with MKN-28-Vector derived tumors in vivo; and more mice injected with MKN-28-SGPP2#OE cells (6 out of 8) were observed obvious lung micrometastasis compared with mice injected with MKN-28-Vector cells (2 out of 8) (P=0.0455).

Therefore, NUDT21 stimulated cell proliferation and metastasis in gastric cancer cells through specific regulation of SGPP2.




Discussion

In this study, we systematically examined the functional role of NUDT21 in human gastric cancer cells. The expression levels of NUDT21 were much higher in human gastric cancer tissues/cells compared with normal gastric tissues/cells. Gastric cancer tissues from patients with tumor metastasis showed an elevated NUDT21 level compared with the tissues from patients without tumor metastasis. High expression level of NUDT21 was associated with tumor size, lymph node metastasis and clinical stage in gastric cancer patients, and patients with high expression of NUDT21 showed poor OS rates compared with patients with low expression of NUDT21. shRNA mediated depletion of NUDT21 dramatically decreased cell viability, cell colony formation, cell proliferation, cell migration and invasion in gastric cancer cells as determined by MTT assay, cell colony formation assay, EdU assay, cell migration assay and cell invasion assay respectively. Forced expression of NUDT21 concordantly promoted both cell proliferation and metastasis in gastric cancer cells. Moreover, in animal experiments, forced expression of NUDT21 promoted tumor growth and cell proliferation in gastric cancer cells, and depletion of NUDT21 restrained lung metastasis of gastric cancer cells. As reported previously, NUDT21 played an oncogenic role in human pancreatic ductal adenocarcinoma cells, promoting both cell proliferation and metastasis (12). Pancreatic ductal adenocarcinoma tissues showed elevated NUDT21 compared with normal tissues, and high level of NUDT21 predicted poor prognosis of patients with pancreatic ductal adenocarcinoma (12). In leukemic cells, depletion of NUDT21 was reported to inhibit cell proliferation and promote cell apoptosis (13, 14). The NUDT21 mRNA levels were much higher in patients with primary chronic myelocytic leukemia compared with normal control (13, 14). These published results were consistent with our current findings. However, NUDT21 was identified to be a tumor suppressor in human cervical cancer (22), bladder cancer (23), lung cancer (including small cell lung cancer and non-small cell lung cancer) (24–26), breast cancer (16, 27, 28), and hepatocellular carcinoma (15, 29, 30). Moreover, the role of NUDT21 in human glioma was controversial: Jia-Cheng et al. reported that NUDT21 was up-regulated in human glioma tissues, and NUDT21 promoted the proliferation of glioma cells through the NF-κB signaling pathway (31); in Chu Y et al.’s study, they identified that NUDT21 regulated the alternative polyadenylation of Pak1 and reduced expression of NUDT21 predicted worse survival in low grade glioma and glioblastoma patients (32). These results demonstrated that NUDT21 had tissue specificity in different kinds of human cancers.

For downstream mechanisms, SGPP2 was identified to be positively regulated by NUDT21 in gastric cancer cells. Forced expression of SGPP2 rescued the decrease of cell proliferation and metastasis induced by NUDT21 depletion in BGC-823 cells; depletion of SGPP2 rescued the increase of cell proliferation and metastasis induced by NUDT21 in MKN-28 cells. Therefore, SGPP2 mediated the tumor promoting role of NUDT21 in gastric cancer cells. As reported previously, increased expression of SGPP2 promoted cell proliferation, survival, invasion and tumor angiogenesis in glioblastoma by promoting the soluble sphingolipid metabolite sphingosine 1-phosphate (S1P) (33). The 5-methylcytosine correlation score composed of SGPP2 and 6 other genes was reported to be significantly related to the prognosis of hepatocellular carcinoma (34). These results were concordant with our present results. Besides, SGPP2 was involved in sphingolipid metabolism, and the defect of sphingolipid metabolism was related to the pathogenesis of SLE (35); induction of SGPP2 expression contributed to the pathogenesis of colitis by promoting the destruction of mucosal barrier function (36); β cell endoplasmic reticulum stress caused by the loss of SGPP2 facilitated the development of diabetes (37). We herein reported that SGPP2 was specifically regulated by NUDT21, promoting gastric cancer cell proliferation and metastasis, and mediated the oncogenic role of NUDT21 in gastric cancer cells. In addition, we have examined that Bcl-2 and CCNE1 were positively regulated by NUDT21. Bcl-2 and CCNE1 were famous factors contributing to cell proliferation in nearly all kinds of human cancers (38–41). Moreover, Lan Zhang et al. have reported that both Bcl-2 and CCNE1 were positively regulated by NUDT21 and they mediated the promoting role of NUDT21 in human leukemia cells (13). These results were consistent with our present study and supported our results. Therefore, Bcl-2 and CCNE1 might contribute to the tumor promoting role of the NUDT21/SGPP2 pathway in gastric cancer cells. For detailed mechanism involved, it should be studied in further.

In summary, we have demonstrated the oncogenic role of NUDT21 in human gastric cancer cells. Gastric cancer tissues (especially with tumor metastasis) expressed high level of NUDT21. High level of NUDT21 was correlated with poor clinicopathological features and survival rates in gastric cancer patients. SGPP2 was positively regulated by NUDT21 and mediated the oncogenic role of NUDT21 in gastric cancer cells. NUDT21 could be used as a potential diagnostic and therapeutic target for human gastric cancer.
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Background

Long noncoding RNAs (lncRNAs) have emerged to have irreplaceable roles in the epigenetic regulation of cancer progression, but their biological functions in colorectal cancer (CRC) remain unclear.



Methods

LncRNA expression profiles in CRC tissue and their normal counterpart were explored. Through gain and loss of function approaches, the role of lncRNA PTTG3P was validated in relevant CRC cells and subcutaneous tumor model. The correlations of PTTG3P expression with clinical outcomes were assessed.



Results

PTTG3P was upregulated in CRC tissues and was closely correlated with unsatisfactory prognosis. PTTG3P facilitated glycolysis and proliferation, and the transcriptional regulator YAP1 was necessary for PTTG3P-induced proliferation. Mechanistically, the N6-methyladenosine (m6A) subunit METTL3 increased PTTG3P expression by influencing its stability, while insulin-like growth factor 2 mRNA binding protein 2 (IGF2BP2) could identify PTTG3P m6A methylation status and bind to it. IGF2BP2 knockdown partly recovered PTTG3P expression induced by METTL3, indicating that METTL3-regulated PTTG3P expression depended on the presence of IGF2BP2. Finally, rescue assays validated the critical role of the METTL3/PTTG3P/YAP1 axis on CRC proliferation.



Conclusions

PTTG3P is an independent prognostic biomarker for CRC. The METTL3/PTTG3P/YAP1 axis promotes the progression of CRC and is a promising treatment target.





Keywords: proliferation, CRC, METTL3, IGF2BP2, YAP1



Introduction

Colorectal cancer (CRC) remains a major cause of death from malignant tumors. As of 2012, CRC has become the second most common cancer in women (9.2% of cancer diagnoses) and the third most common cause in men (10.0%9) and is the fourth cause of cancer deaths after lung, stomach, and liver cancer (1, 2). Metabolic reprogramming in cancer is due to the oncogenic activation of signal transduction pathways and associated factors. Epigenetic mechanisms also contribute to regulating metabolic gene expression in cancer. Accumulating evidence suggests that metabolic alterations may affect the epigenome. Understanding the relationship between metabolism and epigenetics in cancer may provide new opportunities for anticancer treatment strategies (3).

Malignant tumor cells perform glycolysis at a rate that is 10 times faster than their noncancerous tissue counterparts (4). N6-methyladenosine (m6A) is responsible for the methylation of the nitrogen at position 6 of the adenosine base within mRNA and was first characterized in the 1970s (5). Currently, associations between m6A and malignant tumors have been reported in breast cancer, prostate cancer, pancreatic cancer, kidney cancer, leukemia, stomach cancer, and sarcoma (6–9). LncRNA PTTG3P, or pituitary tumor-transforming 3, pseudogene (PTTG3P) (accession no. NR_002734), is located at chromosome 8q13.1. It is an intronless gene that is highly homologous to its family members pituitary tumor-transforming 1 (PTTG1) and pituitary tumor-transforming 2 (PTTG2) and was first reported in the study of the human pituitary tumor transforming gene (hPTTG) family in 2000 (10).

Our study determined that METTL3 could increase PTTG3P expression, and highly expressed PTTG3P was predictive of unsatisfactory prognosis in patients with CRC. Further study revealed that PTTG3P facilitated proliferation by regulating the METTL3/PTTG3P/YAP1 axis. These findings may provide a rationale for PTTG3P as a potential therapeutic target for CRC treatment.



Materials and Methods


Clinical Samples

One hundred twenty patients with CRC were enrolled from the Affiliated Hospital of Youjiang Medical University for Nationalities, the Central Hospital of Shenyang Medical Hospital and Liaoning Cancer Hospital between March 2010 and November 2015. The including criteria were as follow: patients have definite pathological diagnosis and did not receive chemotherapy or radiotherapy before surgery. The tumor and paired non-tumor tissues were also collected after lesion excision within 30 min and stored in liquid nitrogen, then transferred to a −80°C refrigerator. The characteristics of cases were thoroughly noted. All of the CRC patients have signed informed consent before utilizing the clinical resources for investigation aims. The study was approved by the Ethics Committee of Youjiang Medical University for Nationalities and Liaoning Cancer Hospital.



Cell Lines Culture

Five human CRC cell lines (HT29, SW620, HCT-8, SW480, and HCT-116) and normal human intestinal epithelial cell lines (FHC, NCM460) were obtained from ATCC (Manassas, VA, USA) and cultured according to their instructions. All cells were cultured in an incubator according to their instructions at 37°C and in a humidified atmosphere with 5% CO2.



Total RNA Isolation, qRT−PCR, and Transfection

The expression levels of RNA were calculated by the quantitative real-time PCR (qRT-PCR) system. Total RNA was extracted by TRIzol Reagent (Invitrogen), and 1 μg of total RNA was reverse transcribed using the PrimeScript RT Reagent Kit (Perfect Real-Time; Takara). pcDNA3.1-PTTG3P and PTTG3P-containing lentiviral sequence vector (sh-PTTG3P) were purchased from GeneChem Corporation (Shanghai, China). CRC cells were transfected with plasmids in the presence of Lipofectamine 3000 (Invitrogen). After 48 h of transfection, cells were gathered for further use in the following experiments. The gene expression quantity was calculated using the 2−ΔΔCt method. The detail is in Supplementary Tables S1, S2.



Cell Proliferation Assay

Cell viability assay was carried out to analyze cell proliferation. Cell viability was estimated using CCK8 (CK04, DOJINDO, Beijing, China), on the basis of the manufacturer’s instruction. Cells were seeded in 96-well culture plates. After incubation for the indicated time, CCK-8 reagent (10 μl) was added to each well. Cell viability was measured with a microplate reader for absorbance at a wavelength of 450 nm.



EdU Assay

The cells were incubated with 5-ethynyl-20-deoxyuridine (EdU) (Ribobio, Guangzhou, China) for 5 h and processed according to the manufacturer’s instruction. After three washes with phosphate buffer saline (PBS), the cells were treated with 200 μl of 1× Apollo® reaction cocktail for 30 min. Then, the DNA contents of the cells in each well were stained with 100 μl of Hoechst 33342 (5 μg/ml) for 30 min and visualized under a fluorescence microscope.



Flow Cytometry of Apoptosis

CRC cells in six-well plates were rinsed in PBS and then were trypsinized and resuspended in 100 μl binding buffer added with 2.5 μl of fluorescein isothiocyanate (FITC) conjugated Annexin V and 1 μl of PI (Invitrogen). Fifteen minutes later, flow cytometry (BD Biosciences) was utilized for apoptotic cells.



Glucose, Lactate, Adenosine Triphosphate Levels, and Extracellular Acidification Rate

The levels of glucose and lactate were calculated with a Glucose Colorimetric Assay Kit (BioVision, CA) and a Lactate Assay Kit (BioVision, CA) in line with the instructions of the manufacturer. Adenosine triphosphate (ATP) level was tested using Cell Titer-Glo Luminescent Cell Viability Assay (Promega, Madison, MI). Extracellular acidification rate (ECAR) was detected using Seahorse XF 96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA) according to the manufacturer’s instructions.



m6A Analysis

The quantification of m6A RNA methylation level in total RNA was detected using the m6A RNA methylation detection kit (Epigentek, Farmingdale, NY), according to the manufacturer’s instructions.



Methylated RNA Immune−Precipitation Assay

Total RNA was extracted from cells using TRIzol (Invitrogen) following the manufacturer’s instructions. m6A antibody (Abcam) and Magna methylated RNA immune-precipitation (MeRIP) m6AKit (Merck Millipore) were explored to immunoprecipitate chemically fragmented RNA (~100 nucleotides) according to its instruction. Enrichment of m6A containing RNA was measured by qRT-PCR.



Animal Study

HCT-116 cells were transfected with sh-PTTG3P. Indicated cells (1 × 107) were subcutaneously injected into 4-week-old male nude mice. Tumor volume was measured every 5 days. After 35 days, the mice were sacrificed, and the tumor weight was measured. The animal study was carried out following the Guide for the Care and Use of Laboratory Animals of the NIH. This study had been approved by the Committee on the Ethics of Animal Experiments of Youjiang Medical University for nationalities.



Statistical Analysis

All the data were shown as the mean ± standard deviation, in at least three independent experiments. The difference between the two independent groups was analyzed by a two-tailed Student’s t-test, while multigroup comparison was made by ANOVA. Expression correlation between genes was analyzed by Pearson correlation analysis. Survival analysis was conducted using the Kaplan–Meier method and analyzed by the log-rank test. SPSS 22.0 (SPSS Inc., Chicago, IL, USA) was used to conduct statistical analyses, and differences were ensured when p-value was <0.05.




Results


PTTG3P Was Highly Expressed in CRC

To identify lncRNAs involved in CRC progression, we examined lncRNAs expression profiles using the GSE 84983 dataset (https://ftp.ncbi.nlm.nih.gov/geo/series/GSE84nnn/GSE84983/matrix/). We compared the gene expression between CRC tumor tissues and adjacent normal tissues; we focused on the upregulated lncRNAs (fold change >5, p < 0.01) in CRC tumor tissues, as these lncRNAs might potentially be identified oncogenes and therapeutic targets (Supplementary Figure S1A). The expression of LncRNA PTTG3P was significantly enhanced in CRC tumor tissues and thus became the focus of the present study (Supplementary Figure S1B). Through the analysis of the open-reading frames (ORFs) Finder and conserved domain database, we determined that PTTG3P could not consistently code proteins. Five other different online metrics confirmed the above conclusion (Supplementary Tables S3). No valid Kozak consensus sequence was identified in PTTG3P (11), indicating that PTTG3P is an lncRNA with no protein-coding potential. To verify the expression of PTTG3P in CRC, we investigated the detailed annotative process of preclinical human cancer models via the Cancer Cell Line Encyclopedia (CCLE) (www.broadinstitute.org/ccle) and found that PTTG3P was remarkably overexpressed in CRC cell lines (Supplementary Figures 1E, F). Next, the HT29, SW620, HCT-8, SW480, HCT-116, NCM460, and FHC cells were evaluated for PTTG3P expression. As shown in Figure 1A, PTTG3P expression was higher in HT29, SW620, HCT-8, SW480, and HCT-116 cells, compared with NCM460 and FHC cells. Furthermore, we explored PTTG3P expression in a cohort of 120 paired CRC and non-tumor tissues; the clinicopathological characteristics are reported in Table 1. PTTG3P was overexpressed in CRC tissues (Figures 1B, C), which was in accordance with the results of the findings using datasets from the Cancer Genome Atlas (TCGA) database (Figures 1D, E). In addition, high PTTG3P expression was observed in several types of malignant tumors (Supplementary Figure S1G). Furthermore, our specimens confirmed that PTTG3P was overexpressed in stomach adenocarcinoma (STAD) and esophageal squamous cell carcinoma (ESCA) (Figures 1F, G). Altogether, these data revealed that PTTG3P was elevated in CRC and might be an oncogene.




Figure 1 | PTTG3P exhibits high expression in CRC. (A) The expression profiles of PTTG3P in NCM460, FHC, HT29, SW620, HCT-8, SW480 and HCT-116 were detected with qRT-PCR. (B, C) High PTTG3P expression was observed in 120 paired tumor and paired adjacent non-tumor tissues. (D, E) High PTTG3P expression was observed in the TCGA database of COAD (n=521). (F, G) High PTTG3P expression was observed in STAD (n=20) and ESCA (n=20) . *p < 0.05, **p < 0.01, ***p < 0.001.




Table 1 | Correlation between PTTG3P expression in serum and clinicopathologic characteristics of CRC patients.





PTTG3P Correlated With Patient Prognosis

To identify the correlation between PTTG3P expression and clinicopathological features, we divided cases into low and high expression based on the median expression. Highly expressed     PTTG3P was positively associated with tumor size (p = 0.02) and differentiation (p = 0.01), but not with age (p = 0.86), sex (p = 0.74), tumor invasion depth (p = 0.28), lymph node metastasis (p = 0.09), or vessel invasion (p = 0.06) (Table 2). PTTG3P was more highly expressed in stage III–IV (advanced stage) tumors than in stage I–II (early stage) tumors (Figure 2A). Kaplan–Meier survival curves revealed that patients with higher expression of PTTG3P had poorer survival (Figure 2B). Furthermore, we determined the prognostic ability of PTTG3P in CRC. As shown in Table 2, univariate analyses revealed that high expression of PTTG3P was associated with a dramatic risk of death (p < 0.01), and multivariate analysis showed that PTTG3P expression could be an independent prognostic factor (p < 0.01). Subsequently, receiver operating characteristic (ROC) curves was constructed to evaluate the diagnostic value of PTTG3P in CRC; the area under the ROC curve (AUC) was 0.776 [95% confidence interval (CI) 0.733–0.819] (Figure 2C). Thus, our findings suggested that higher expression of PTTG3P predicted a worse prognosis and may serve as an independent prognostic factor of disease outcome.


Table 2 | Univariate and multivariate analyses of clinicopathologic characteristics for correlations with overall survival.






Figure 2 | PTTG3P correlates with patient prognosis (A) PTTG3P expression was checked in different clinical stages of CRC tissues. (B) PTTG3P expression and survival predicted poor prognosis of overall survival in a cohort of 120 paired cases. (C) ROC curve analysis of the diagnostic ability of PTTG3P expression. (D) Short hairpin RNA (shRNA) targeting PTTG3P and PTTG3P overexpressed plasmids were transfected into HCT-116 and HT29 cells. (E) GSEA plot showing that PTTG3P expression positively correlated with glycolysis-activated gene signatures (REACTOME GLYCOLYSIS). (F) Analysis of glycolytic gene expression with PTTG3P knockdown or PTTG3P knockdown with PTTG3P re-expression. *p < 0.05, **p < 0.01, ***p < 0.001.





Overexpression of PTTG3P Promoted CRC Cell Glycolysis and Proliferation

To explore the function of PTTG3P, we transfected PTTG3P-encoding plasmids and short hairpin RNA (shRNA)-targeting PTTG3P into HT29 and HCT-116 cells (Figure 2D). By determining PTTG3P expression via gene set enrichment analysis (GSEA) of TCGA profiles, we determined that PTTG3P expression was positively correlated with glycolysis and affected genes involved in glycolysis regulation (Figure 2E). Decreased PTTG3P levels were accompanied by depletion of GLUT-1, ALDOA, PKM2, and LDHA levels, which are regulator genes of glycolysis. These decreased gene expression could be rescued by re-expression of PTTG3P (Figure 2F). Next, we determined that PTTG3P depletion in vitro repressed glucose uptake, lactate production, ATP levels, and ECAR levels, whereas the opposite outcomes were observed after enforced expression of PTTG3P (Figures 3A–D). Furthermore, we carried out rescue experiments to explore whether GLUT-1, ALDOA, PKM2, and LDHA took part in PTTG3P regulation of glycolysis genes. We found that PTTG3P + si-GLUT-1 and PTTG3P + si-LDHA could partly rescue glucose uptake, PTTG3P + si-GLUT-1 could partly rescue lactate production, and PTTG3P + si-PKM2 could partly rescue glucose uptake (Supplementary Figure S3). Furthermore, we found that silenced PTTG3P expression suppressed cell proliferation and facilitated apoptosis, while PTTG3P overexpression enhanced these functions (Figures 3E, F). In the subcutaneous tumor model, PTTG3P overexpression facilitated tumor growth (Figures 3G, H). We then explored whether glycolysis played a vital role in proliferation. As expected, the glycolic inhibitors 2-DG and 3-BP or depletion of LDHA, which could catalyze the last step of glycolysis, partially abrogated cell proliferation and tumor growth (Figures 3I, K). In addition, EDU proliferation assays showed that the cell proliferation capacity of cancer cells with silenced PTTG3P expression was significantly lower compared to the control group. Furthermore, YAP1 could rescue the proliferation induced by PTTG3P depletion (Supplementary Figure S4).




Figure 3 | Overexpression of PTTG3P promoted CRC cell glycolysis and proliferation (A) Glucose uptake analysis, (B) Lactate production analysis, (C) ATP analysis explored with PTTG3P knockdown or PTTG3P overexpression in HCT116 or HT-29 cells. (D) Extracellular acidification rate (ECAR) analysis tested the glycolytic capacity with PTTG3P knockdown or PTTG3P overexpression in HCT116 or HT-29 cells. (E) CCK8 assay detected the proliferation of HCT-116 and HT29 cells transfected with PTTG3P knockdown or PTTG3P overexpression. (F) Flow cytometry assays revealed that PTTG3P affected cell apoptosis. (G) Tumor volume and (H) weight were measured in vivo when injected with overexpressed PTTG3P transfected HCT-116 cells. (I) CCK8 assay detected the proliferation of HT29 cells transfected with overexpressed PTTG3P and treated with 2.5mM 2-DG or 100 μM 3-BP. (J) Xenograft tumors volume, (K) Xenograft tumors weight was established, with injected with PTTG3P or PTTG3P plus sh-LDHA or PTTG3P treated with 2-DG (1000 mg/kg, injected into the abdominal cavity). (L) Tumor volume and (M) weight were measured in vivo when injected with PTTG3P knockdown (20 nmol twice per week) and oxaliplatin treatment (5 mg/kg twice per week, injected into the abdominal cavity) transfected HCT-116 cells. *p < 0.05, **p < 0.01, ***p < 0.001.



Clinically, oxaliplatin is used for CRC treatment. Glycolysis suppression is an effective strategy for blocking cell proliferation and overcoming drug resistance (12). We speculated that PTTG3P ablation and oxaliplatin might play a synergistic antitumor effect. As shown in Figures 3L, M, PTTG3P depletion could be associated with simultaneous oxaliplatin treatment. Taken together, PTTG3P ablation plus oxaliplatin therapy was a promising strategy for treating CRC.



YAP1 Depletion Partially Abrogated the Proliferation Induced by PTTG3P

To explain the pathways involved in PTTG3P-mediated CRC proliferation, GSEA using published TCGA colon adenocarcinoma (COAD) datasets were explored. Our analysis indicated that PTTG3P expression associated with Yes1-associated transcriptional regulator (YAP1) activated gene signatures, indicating that the Hippo signaling pathway might take part in PTTG3P function (Figure 4A). As verification of this speculation, hub genes in the Hippo pathway, including LATS1/2, MST1/2, and YAP1, and Hippo pathway target genes, such as CDX2, FOXM1, CTGF, and CYR61, were tested. We observed diminished PTTG3P interfered with the expression of YAP1, FOXM1, and CTGF (Figure 4B). YAP1 is a crucial factor in the Hippo pathway and is involved in cell proliferation and suppression of apoptotic genes. In this study, PTTG3P and YAP1 were positively associated (Figure 4C). Furthermore, YAP1 was highly expressed in tumor tissues in the TCGA datasets of COAD (Supplementary Figures S1C, D), and YAP1 was associated with advanced clinical characteristics of CRC (Supplementary Table S4). In addition, we designed and carried out a series of rescue experiments, PTTG3P plus YAP1 knockdown partly reversed proliferation, apoptosis, and tumor growth induced by PTTG3P (Figures 4D–G); however, treatment with the Hippo pathway inhibitor, XMU-MP-1 (an inhibitor of MST1/2), barely induced any effects on these processes (Figures 4H–K). This suggests that PTTG3P might bypass the key factor MST1/2 while modulating YAP1 to display pivotal functions.




Figure 4 | YAP1 depletion partially abrogated the proliferation caused by PTTG3P. (A) GSEA plot showing that PTTG3P expression positively correlated with YAP-activated gene signatures. (B) PTTG3P silencing impaired the mRNA level of YAP1, FOXM1 and CTGF. (C) The relationship between PTTG3P and YAP1 was analyzed by Spearman’s correlation analysis. (D) CCK8 assay showed that PTTG3P plus YAP1 knockdown partly rescued cell proliferation. (E) Flow cytometry assays revealed that PTTG3P plus YAP1 knockdown partly rescued cell apoptosis. (F) Xenograft tumors volume, (G) Xenograft tumors weight were established, with injected with PTTG3P or PTTG3P plus sh-YAP1. Empty vector as indicated. (H) CCK8 assay showed that PTTG3P plus XMU-MP-1barely rescued cell proliferation. (I) Flow cytometry assays revealed that PTTG3P plus XMU-MP-1barely rescued cell apoptosis. (J) Xenograft tumors volume, (K) Xenograft tumors weight was established, with injected with PTTG3P or PTTG3P plus XMU-MP-1. Data are presented as the mean ± SD from three independent experiments. *p < 0.05, **p < 0.01. NC, negative control.





m6A Modification Was Involved in PTTG3P Expression

To determine specific factors involved in regulating PTTG3P expression, we applied DNA methyltransferase inhibition in HT29 and HCT-116 cells, and no influence was found on PTTG3P expression (Figure 5A). Next, we exposed these cell lines to SAHA and NaB, broad-spectrum HDAC inhibitors, to examine whether histone acetylation exerted a role in PTTG3P expression, and discovered that HDAC inhibitors failed to alter PTTG3P levels (Figure 5B). Neither HDAC6 nor HDAC8 influenced PTTG3P expression (Figure 5C). Subsequently, MeRIP-qPCR indicated that m6A modification was dramatically increased in HT29 and HCT-116 cells (Figure 5D). The methylation of adenosine is directed by a large m6A methyltransferase complex containing METTL3 as the SAM-binding subunit. We confirmed that METTL3 significantly increased the level of PTTG3P expression (Figure 5E). Fat mass and obesity-associated protein (FTO) and demethylase alkB homolog 5 (ALKBH5) have been described as m6A demethylases (13, 14). Next, we determined that ALKBH5 suppressed PTTG3P expression (Figure 5F). Next, we conducted RNA stability analyses by treating cells with Act-D, which binds DNA at the initiation complex and prevents RNA chain elongation. We found that METTL3 strengthened the stability of PTTG3P (Figure 5G). The biological functions of m6A are mediated through a group of RNA binding proteins that specifically recognize the methylated adenosine on RNA. Recently, insulin-like growth factor-2 mRNA-binding proteins 1, 2, and 3 (IGF2BP1-3) have been described as m6A readers. We performed RNA immunoprecipitation PCR (RIP-PCR) to evaluate the potential binding of IGF2BP1-3 to PTTG3P. The results indicated that IGF2BP2 could bind to PTTG3P, and METTL3 strengthened their binding (Figure 5H). Interestingly, IGF2BP2 knockdown could partly rescue the PTTG3P expression increased by METTL3 (Figure 5I). METTL3 could increase the expression level of YAP1 and was positively correlated with YAP1 expression (Figures 5J–L). Finally, the association between METTL3 and IGF2BP2 expression and clinicopathological characteristics from TCGA are summarized in Supplementary Tables S5, S6.




Figure 5 | m6A modification is involved in the ectopic expression of PTTG3P in CRC (A) qRT-PCR analysis of PTTG3P treated with DMSO or 5-Azacytidine (5 μM or 10 μM) for 72 hr (n = 3).  (B) HT29 cells were treated with SAHA (2 µM), or NaB (2 mM) for 24 h, and PTTG3P expression was measured. (C) After transfection with vector control, pcDNA/HDAC6, or pcDNA/HDAC8 for 24 h, PTTG3P expression in HT29 cells was measured by qRT-PCR. (D) MeRIP-qPCR showed the m6A modification expression in FHC cells as compared with the HT29 and HCT-116 cells. (E) The qRT-PCR analysis of PTTG3P levels in control and METTL3 overexpression in HT29 and HCT-116 cells. (F) The qRT-PCR analysis of PTTG3P levels in control and ALKBH5 overexpression in HT29 and HCT-116 cells. (G) RNA stability analysis showed the stability of PTTG3P in HT29 cells treated with actinomycin D (Act-D, 5 μg/m). (H) After transfection with vector or METTL3 for 24 h, the binding of PTTG3P and IGF2BP2 was analyzed by RIP-PCR in HT29 and HCT-116 cells. (I) After transfection with IGF2BP2 knockdown, the PTTG3P level increased by METTL3 was partly rescued. (J) METTL3 increased the level of YAP1 analyzed by qRT-PCR in HT-29 and HCT116 cells. (K) METTL3 and YAP1 are positively correlated from the TCGA database of colon adenocarcinoma (COAD). (L) PTTG3P co-expression heat map, TCGA (https://portal.gdc.cancer.gov/) COAD, level 3 HTSeq FPKM. Data are presented as the mean ± SD from three independent experiments.  *p < 0.05, **p < 0.01, ***p < 0.001.





The METTL3/PTTG3P/YAP1 Axis Was Vital for CRC Proliferation

To evaluate the involvement of the METTL3/PTTG3P/YAP1 axis in CRC proliferation, we carried out a series of rescue experiments in HCT-116 and HT29 cells and found that PTTG3P KD plus METTL3, PTTG3P plus YAP1 KD, and METTL3 plus YAP1 KD could partly recover the proliferative phenotype (Figures 6A–C). Hence, the METTL3/PTTG3P/YAP1 axis played a pivotal role in CRC progression. Clinically, the METTL3/PTTG3P high and PTTG3P/YAP1 high groups defined a more unsatisfactory prognosis than low group (Figures 6D, E). Furthermore, higher levels of METTL3, ALKBH5, and IGF2BP2 predicted poor prognosis and diagnostic value in CRC using the TCGA dataset (Supplementary Figure S2).




Figure 6 | The METTL3/PTTG3P/YAP1 axis is vital for CRC progression (A) CCK8 assay detected the proliferation of HCT-116 cells transfected with sh-PTTG3P or sh-PTTG3P+METTL3. (B) CCK8 assay detected the proliferation of HT29 cells transfected with PTTG3P or PTTG3P+sh-YAP1. (C) CCK8 assay detected the proliferation of HCT-116 cells transfected with METTL3 or METTL3sh-YAP1. (D) Kaplan-Meier analysis of the OS curves for patients with METTL3/PTTG3P-high (both levels of METTL3/PTTG3P were high), METTL3/PTTG3P-low (both levels of METTL3/PTTG3P were low) expression. (E) Kaplan-Meier analysis of the OS curves for patients with PTTG3P/YAP1-high (both levels of PTTG3P/YAP1 were high), PTTG3P/YAP1-low (both levels of PTTG3P/YAP1 were low) expression. Data are presented as the mean ± SD from three independent experiments. *p < 0.05, **p < 0.01.






Discussion

Pseudogenes may be transcribed into RNA at low levels due to promoter elements inherited from the ancestral gene or arising by new mutations. Although most transcripts have rarely been reported to have functional significance, other than chance transcripts from other parts of the genome, some pseudogenes have given rise to regulatory RNAs and new proteins. For instance, the lncRNA HK2P1, a pseudogene of HK2, promoted lactate production and glucose uptake in endometrial stromal cells (15). Pseudogene PTENP1 repressed the oncogenic PI3K/AKT pathway and inhibited hepatocellular carcinoma (HCC) progression (16). Our findings provide evidence that PTTG3P facilitates CRC progression via the METTL3/PTTG3P/YAP1 axis, and PTTG3P has a potential diagnostic value, with an AUC of 0.776 (95% CI, 0.733–0.819). Clinically, high PTTG3P expression significantly associates with tumor size and TNM stage and shorter survival time. Furthermore, our data are in line with other research studies. Liu et al. (17) reported that PTTG3P is markedly upregulated in CRC tissues. Zhou et al. (18) proposed that PTTG3P is a valuable marker of HCC progression and is useful for biomarker development. Weng et al. (19) reported that PTTG3P facilitates cell proliferation, migration, invasion, and serves as a new promising strategy for interfering with gastric cancer. In addition, PTTG3P plays an important role in breast cancer (20) and pancreatic cancer (21). Thus, the oncogenic role of PTTG3P is strongly supported by findings in the literature.

Malignant tumors undergo glycolysis at a higher speed than normal tissue (22, 23). This phenomenon is known as the Warburg effect, which demonstrates that a malignant tumor is caused by mitochondrial metabolism disorder (24). Doherty et al. (23) found that tumor lactate levels correlate with increased metastasis, tumor recurrence, and poor outcomes. Thus, targeting lactate metabolism is a prospective method for cancer therapeutics. Furthermore, cancer cells with a high level of glycolysis and acid resistance have an energetic growth advantage, which facilitates unrestrained proliferation and invasion. In this study, we proposed that PTTG3P could increase glycolysis by regulating genes linked with metabolic pathways. Recently, the ketogenic diet was used to constrain glycolysis to starve cancer cells, by adjusting mitochondrial metabolism (25). The Hippo signaling pathway has become increasingly important in human cancer (26); the key regulator YAP1 is upregulated in breast cancer, colorectal cancer, and liver cancer (27); and YAP1 promotes proliferation (28–30) and inhibits apoptosis (30). Clinically, YAP1 is used as a target for cancer drug development (31). Yi et al. (32) suggested that inhibiting TEAD–YAP1 interactions or blocking the binding function of WW domains is a pharmacologically viable strategy against the activity of the YAP1 oncoprotein. We discovered that PTTG3P activates the Hippo signaling pathway by promoting YAP1, FOXM1, and CTGF, but not MST1/2 expression. The impact of m6A on cancer cell proliferation might be much more profound. The depletion of METTL3 is known to cause apoptosis of cancer cells and may reduce their invasiveness (33, 34), while the activation of ALKBH5 by hypoxia has been shown to induce cancer stem cell enrichment (35). Our data demonstrated that METTL3 and ALKBH5 coordinately mediated the m6A modification of PTTG3P expression, whereas IGF2BP2 mediated m6A-dependent functions; that is, METTL3-enhanced PTTG3P expression depended on IGF2BP2 activity.

To investigate whether PTTG3P might regulate the expression of the genes such as YAP1, GLUT-1, ALDOA, PKM2, and LDHA via a competing endogenous RNA (ceRNA) mechanism or directly by binding to a common motif, we used the database ENCORI to analyze the relationship between PTTG3P and those genes. However, neither the ceRNA mechanism nor direct binding showed regulation of PTTG3P and YAP1, GLUT-1, ALDOA, PKM2, and LDHA. In the future, we will carry out RNA pulldown and mass spectrometry to identify proteins directly binding to PTTG3P or RIP-qPCR to identify YAP1, GLUT-1, ALDOA, PKM2, and LDHA binding RNA.

Overall, our study revealed the METTL3/PTTG3P/YAP1 axis in CRC progression, and m6A readers IGF2BP2 takes part in this progress. Hence, PTTG3P might be a useful target for CRC prevention and therapy and may shed some light on the role of the poorly understood m6A and pseudogene in cancer biology.
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Supplementary Figure S1 | (A) According to an online database (GSE84983), the volcano graph showed differential gene. (B) qRT-PCR of the expressions of the top 5 up-regulated lncRNAs in CRC. (C, D) High YAP1 expression was observed in CRC (TCGA-COAD, n = 521). (E, F) Exploring PTTG3P expression in CRC cell lines by assembling the Cancer Cell Line Encyclopedia (CCLE) (www.broadinstitute.org/ccle). (G) High PTTG3P expression was observed in many kinds of tumors. ***P < 0.001.

Supplementary Figure S2 | (A) ROC curve of PTTG3P, METTL3, YAP1 and IGF2BP2. (B) Survival curve of METTL3 in progress free interval. (C) Survival curve of ALKBH5 in overall survival, disease specific survival and progress free interval. (D) Survival curve of IGF2BP2 in overall survival, disease specific survival and progress free interval.

Supplementary Figure S3 | (A) Rescue assay was performed, PTTG3P+si-GLUT1 and PTTG3P+si-LDHA could abrogate the PTTG3P induced glucose uptake. (B) Rescue assay was performed, PTTG3P+si-GLUT1 could abrogate the PTTG3P induced lactate production. (C) Rescue assay was performed, PTTG3P+si-PKM2 could abrogate the PTTG3P induced ATP accumulation. *P < 0.05, **P < 0.01.

Supplementary Figure S4 | The cancer cells proliferation capacity was detected by EdU assays in HCT-116 cell lines transfected with the sh-NC, sh-PTTG3P and sh-PTTG3P+YAP1 plasmid (Scale bar, 20μm).
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Angiogenesis is an important mechanism underlying the development and metastasis of colorectal cancer (CRC) and has emerged as a therapeutic target for metastatic CRC (mCRC). Our recent studies found that Peroxisome proliferator-activated receptor β/δ/D (PPARδ) regulates vascular endothelial growth factor A(VEGFA) secretion and the sensitivity to bevacizumab in CRC. However, its exact effect and underlying mechanisms remain unidentified. In this study, we showed that PPARδ expression was inversely associated with the microvascular density in human CRC tissues. Knockdown of PPARδ enhanced VEGFA expression in HCT116 cells and HUVEC angiogenesis in vitro; these phenomena were replicated in the experimental in vivo studies. By tandem mass tag (TMT)-labeling proteomics and chromatin immunoprecipitation sequencing (ChIP-seq) analyses, endoplasmic reticulum oxidoreductase 1 alpha (ERO1A) was screened and predicted as a target gene of PPARδ. This was verified by exploring the effect of coregulation of PPARδ and ERO1A on the VEGFA expression in HCT116 cells. The results revealed that PPARδ induced VEGFA by interacting with ERO1A. In conclusion, our results suggest that knockdown of PPARδ can promote CRC angiogenesis by upregulating VEGFA through ERO1A. This pathway may be a potential target for mCRC treatment.
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Introduction

Colorectal cancer (CRC) is the third most common malignant tumor and the second highest cause of cancer-associated death worldwide, with estimated more than 1.8 million new patients as well as over 800,000 deaths in 2018 (1). At initial diagnosis approximately 20-25% of patients had distant metastatic CRC (mCRC), and 50-60% of patients will eventually develop metachronous distant metastasis even after curative resection of the primary cancer (2, 3). Patients with mCRC without any treatment have a median survival time of 5-6 months (4). Targeting tumor angiogenesis has been shown to be an important strategy for mCRC treatment (5). Combining antiangiogenic drugs with established chemotherapeutic regimens has increased the median overall survival of mCRC patients from 12 months in the mid-1990s to almost 30 months (6, 7). Unfortunately, these antiangiogenic drugs fail to elicit long-lasting clinical responses in most patients due to primary or acquired resistance (8–10). The underlying mechanisms of therapeutic resistance remain unclear. However, this gap in knowledge is partly a result of the poor understanding of the molecular mechanisms of altered angiogenesis in the tumor microenvironment. Therefore, it is imperative to explore the complex angiogenic mechanisms of CRC to provide more potential targets for the development of therapeutic treatments.

Peroxisome proliferator-activated receptor β/δ/D (PPARδ), one of the nuclear hormone receptor superfamilymembers, is a ligand-dependent transcription factor. PPARδ plays a role in regulating fatty acid catabolism, energy homeostasis, cell differentiation, inflammation and tumorigenesis (11, 12). Previous studies have implicated PPARδ in the carcinogenesis of CRC; however, the results regarding the relationship of PPARδ with CRC are conflicting. Some studies support PPARδ as a promoter of CRC carcinogenesis, while other studies have reported the opposite results (13–22). In a series of studies, we found that the high PPARδ expression was linked to longer survival in patients with primary cancers, and PPARδ suppressed the proliferation and facilitated the differentiation of CRC cells (23–25). Our studies support the inhibitory role of PPARδ in CRC tumorigenesis.

Recently, we demonstrated a correlation between PPARδ and vascular endothelial growth factor A (VEGFA), which is recognized as a key contributor to the process of angiogenesis and a critical therapeutical target for mCRC (26). Our study revealed that knockdown of PPARδ promoted VEGFA secretion and reduced the sensitivity to bevacizumab (27). The low expression levels of PPARδ in vascular endothelial cells of CRC were associated with the increased expression of VEGFA (28). These studies indicate that PPARδ is involved in angiogenesis in CRC, but its exact role in CRC angiogenesis still need be defined.

In the present study, we found that the expression of PARRδ inversely correlated with CRC-associated angiogenesis. Furthermore, our results demonstrate that knockdown of PARRδ promoted CRC angiogenesis. Moreover, we combine proteomics with ChIP-Seq analyses to define a definitive molecular mechanism for PPARδ in regulating CRC angiogenesis. We identified that PPARδ suppress the expression of VEGFA mediated by endoplasmic reticulum oxidoreductase 1 alpha (ERO1A), an oxidase located in the endoplasmic reticulum. Our study suggests that PARRδ may be considered as a potential target for anti-angiogenic therapy in CRC.



Materials and Methods


Patients and Specimens

Human tissue specimens and patient information were obtained from the Department of Gastrointestinal Surgery, West China Hospital (Chengdu, Sichuan, China). A total of 120 patients with primary CRC were enrolled in this study between 2009 and 2011. No patients had received adjuvant treatment prior to surgery. All informed consent was acquired from patients, and Biomedical Ethics Committee of West China Hospital approved this study. Histological examination verified the diagnosis of CRC. Tumor staging were defined by two experienced pathologists independently based on the 8th edition of the AJCC (29, 30). All tissue samples were snap-frozen in liquid nitrogen and conserved at -80°C until further use. Detailed information on the patients and tumors is shown in the Supplementary Table 1.



Immunohistochemical (IHC) Analysis and Microvessel Counting

Immunohistochemistry was conducted as described before (25). Briefly, slides were incubated with the diluted primary antibodies anti-PPARδ (SC-74517, CST) and anti-CD31 (ab76533, Abcam), followed by HRP-linked secondary antibody incubation. The IHC slides were examined by two independent pathologists according to our previous study (25). Each investigator assessed the proportion of cells stained and the intensity of staining in the whole section. The intensity in epithelial cells or tumor cells was scored as 0 (negative staining), 1 (weak staining exhibited as light yellow), 2 (moderate staining exhibited as yellow brown), and 3 (strong staining exhibited as brown).The proportion of cells stained was accessed using a 5 scoring system:0 (no positive cells), 1 (<10% positive cells), 2 (10%–40% positive cells), 3 (40%–70% positive cells), and 4 (>70% positive cells). The immunostaining intensity score and the percentage of positive cells were scored. The two scores were multiplied to obtain an immunostaining score that ranged from 0 to 12.

Microvessel density (MVD) was determined by Weidner’s methods (31). Briefly, the stained sections were first screened at low power (100× magnification) to determine the area of most intense staining of the tumor microvessel. Individual microvascular counts of the most intensely stained areas were obtained in a high-power magnification (200×) field (three fields per tumor section). All brown-stained endothelial cell and endothelial cell cluster, obviously separating from adjacent cells, were also calculated as a single, countable neovessel. The highest microvessels’ number was recorded as MVD in any 200× field. Each sample was separately examined, then scored by two pathologists. If there was a discrepancy in individual scores, a discussion was held to reach a consensus.



Cell Lines and Culture

The human CRC cell lines (SW480, HCT116, SW620, HT29, and T84) used in our study were purchased from Procell Life Sciences Co. Ltd. (Wuhan, Hubei, China) and STR analysis was used to authenticate them by Procell Life Sciences Co. Ltd. (Supplementary Material). Dr. Lei Dai provided Human umbilical vein endothelial cells (HUVECs) (State Key Laboratory of Biotherapy, Sichuan University, Chengdu, Sichuan, China). The SW480, HCT116,SW620, HT29 and T84 cell lines were cultured in DMEM containing antibiotics and 10% fetal bovine serum (FBS). HUVECs were cultured in EndoGRO-VEGF medium (Millipore, MA, USA). All cell lines were incubated in a 37°C humidified incubator containing 5% CO2.



Cell Transfection

The LV-PPARδ-shRNA-Puromycin (PPARδ-shRNA), LV-Flag-PPARδ-Puromycin (PPARδ), LV- ERO1A-shRNA-Puromycin (ERO1A-shRNA), LV-Flag- ERO1A-Puromycin (ERO1A) and negative control viruses were purchased from GeneChem Co., Ltd. (Shanghai, China). The shRNA targeting sequences were as below: PPARδ (#1) 5ʹ-GCTGGAGTACGAGAAGTGTGA-3ʹ,

PPARδ (#2) 5ʹ-GCATGTCACACAACGCTATCC-3ʹ,

PPARδ (#3) 5ʹ-GCTGGCCTCTATCGTCAACAA-3ʹ,

ERO1A (#1) 5ʹ-GGGCTTTATCCAAAGTGTTAC-3ʹ,

ERO1A (#2) 5ʹ-GCATTTGAGTGCAAGATATCT-3ʹ,

and ERO1A (#3) 5ʹ-GCCGTGTCCTTTCTGGAATGA-3ʹ. The lentiviruses were transfected into CRC cells and selected in medium with 2 µg/mL puromycin. The expression of PPARδ and ERO1A in transfected cells was validated by Western blot assays.



Western Blot Analysis

Total cellular proteins were extracted using lysis buffer containing phenylmethylsulfonyl fluoride (PMSF) and phosphatase inhibitor. One hundred micrograms of protein were separated by SDS-PAGE and transferred onto PVDF membranes according to the method described previously. The blots were blocked for 1 h by 5% skimmed milk in TBST and incubated with various primary antibodies, including anti-PPARδ (SC-74517, CST) and anti-ERO1A (3264, CST), at 4°C overnight. Next, the blots were incubated for 1 h at room temperature with appropriate secondary antibodies (CST, MA, USA). The protein bands were visualized using a chemiluminescence kit (Beyotime Biotechnology, China).



Preparation of Conditioned Medium (CM) and ELISA

The selected CRC-PPARδ-knockdown stable cells and CRC control cells were cultured for 72 h in 6-well plates. Thereafter, the supernatants were harvested and centrifuged at 3500 rpm for 5 min and then kept at -80°C until it was used as tumor cell-conditioned medium. VEGFA derived from tumor in the medium was measured by enzyme-linked immunosorbent assay (ELISA). The VEGFA concentration was measured with an ELISA Kit (Ab119566, Abcam, UK) according to the procedure described by the manufacturer.



HUVEC Tube Formation Assay

Matrigel (ECM625, Merck Millipore, USA) was thawed on ice overnight, dispensed onto 96-well plates (50 μL/well) and polymerized at 37°C for 1 h. HUVECs (2×104 cells/well) were seeded onto the Matrigel layer and cultured in HUVEC culture medium or tumor cell-conditioned medium that was collected earlier at a 1:1 ratio. Tube formation was observed after 7 hours’ incubation at 37°C, and imaging was performed by an inverted microscope (Olympus Corporation, Tokyo, Japan). The results, including the number of tube nodes (the intersection among 3 or more tubes) in a 100× field, were analyzed by using ImageJ software.



Matrigel Plug Assay and Immunofluorescence (IF)

BALB/c nude mice (4 weeks old, Male) were purchased from the National Laboratory Animal Center (Beijing, China) and housed in SPF conditions. All animal care and handling procedures followed the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All animal experiments were approved by the Animal Care and Use Committee of West China Hospital, Sichuan University. In brief, mice were subcutaneously injected with control and PPARδ-knockdown HCT116 cells (5×106) resuspended in 500 µL of solution containing 80% growth factor-reduced Matrigel (356231, Corning, USA). Seven days later, mice were sacrificed, and Matrigel plugs were then dissected and stored at -80°C. Subsequently, plugs were embedded with optimal cutting temperature (OCT) compound (Miles, Elkhart, IN), cryostat sectioned, and incubated with anti-CD31 antibody. After that, the tissue sections were incubated in 5% BSA away from light with secondary fluorescent antibody (Invitrogen, 594 nm) at room temperature for 1 h. Finally, the nuclei were counterstained with DAPI (Thermo, MA, USA) for 30 min. Fluorescence microscope was used to visualized the fluorescence images (Olympus Corporation, Tokyo, Japan).



In Vivo Tumor Xenograft Study

BALB/c nude mice (4 weeks of age, Male) were purchased from the National Laboratory Animal Center (Beijing, China). 3×106 cells (HCT116 control cells and HCT116-PPARδ-knockdown cells) resuspended in 200 μL of PBS were injected into the right flanks of mice subcutaneously. Every 5 days, tumor volume was measured with a caliper and calculated with the following formula: Volume (mm3) = length × width2/2. 25 days after injection, all mice were sacrificed. Tumors were weighed and fixed with formalin. Tumor IHC staining and MVD were performed as described before.



Protein Identification and Quantification by LC-MS/MS

Control or PPARδ-knockdown HCT116 cells were collected and sonicated on ice in lysis buffer (8 M urea, 1% protease inhibitor cocktail) with a high-intensity ultrasonic processor (Scientz). The supernatant was then harvested, and the concentration of protein was evaluated by a BCA kit following the instructions of manufacturer. After trypsin digestion and labelled by tandem mass tag/isobaric tag for relative and absolute quantitation (TMT/iTRAQ), the tryptic peptides were isolated with an EASY-nLC 1000 UPLC system. Then the peptides were subjected to NSI source followed by tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo Fisher Scientific, USA) coupled online to the UPLC. Next, the acquired MS/MS data were analyzed with the MaxQuant search engine (v.1.5.2.8). Finally, Tandem mass spectra were then searched against the human UniProt database which was concatenated with a reverse decoy database. The minimum score for modified peptides was set at > 40, and FDR was adjusted to < 1%.



Bioinformatics Analysis of Differentially Expressed Proteins

A 1.2-fold increase or decrease in protein expression indicated significant differences between the groups. Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were carried out on the basis of Fisher’s exact test after identifying corresponding gene symbols or gene IDs by InterProScan.



ChIP-Seq Assay

DNA samples were collected from the control and PPARδ-knockdown HCT116 cells and prepared for Illumina sequencing on Illumina HiSeq 4000 following the protocol of HiSeq 3000/4000 SBS Kit (300 cycles). Then the sequencing images were produced by the sequencing platform. The image analysis and base calling were conducted with Off-Line Basecaller software (OLB V1.8). Statistical significance of ChIP-enriched regions were determined by comparisons of the IP with input samples or compared with a Poisson background model using a p-value threshold of 10-4.



Statistical Analysis

Data are represented as the means ± SDs. Statistical analysis and graphs were performed with SPSS 20.0 and GraphPad Prism 7 software. Comparisons between the two groups was analyzed by Student’s t-test. All experiments were performed in triplicate. P-values less than 0.05 were considered to be significant difference.




Results


PPARδ Expression Is Inversely Correlated With Angiogenesis in Human CRC Tissues

Previously, PPARδ was detected mainly in the cytoplasm of epithelial cells, and its expression was increased in cancer tissues compared to normal mucosa (25). To explore the effect of PPARδ on angiogenesis, the expression of PPARδ and CD31, a surface marker of neovascular endothelial cells, was examined by IHC staining of 120 CRC tissues. Then, MVD was calculated. As a survival analysis was included in our previous study, we did not perform a survival analysis in this study (25).

By IHC, we found that high expression of PPARδ was associated with early-stage disease, while low PPARδ expression was related to advanced-stage disease (Figure 1A). This result was consistent with our previous study (24). Moreover, we found increased MVD in CRC tissues with lower PPARδ expression (Figure 1B).




Figure 1 | PPARδ expression is inversely correlated with angiogenesis in human CRC tissues. (A) Immunohistochemical staining of PPARδ protein in tumor tissues and paired normal tissues were evaluated (scale: 200 μm). (B) PPARδ expression level and MVD (CD31-positive cells) in tumor tissues (scale: 200 μm). (C) The correlation between the expression of PPARδ and MVD in 120 CRC patients was analyzed (P = 0.0002). Data represent the mean ± SD.



Inverse relation between the expression of PPARδ and MVD was analyzed using Spearman’s correlation analysis (r = -0.275, P < 0.01, Figure 1C). All together, these result imply that PPARδ may inhibit the angiogenesis of CRC.



Knockdown of PPARδ Stimulates VEGFA Expression in CRC Cells and Promotes HUVEC Angiogenesis

VEGFA, as a major proangiogenic factor, plays a crucial role in tumor angiogenesis (26). Our previous studies showed that knockdown of PPARδ promoted VEGFA expression in CRC cells in vivo (27). We first used lentiviral transfection to establish PPARδ-knockdown HCT116 cells to explore the effect of PPARδ on the secretion of VEGFA in CRC cells. Initially, we measured PPARδ expression in 6 different CRC cell lines. As presented in Figure 2A, PPARδ was particularly high in HCT116 cells; hence, PPARδ-shRNA was transduced in HCT116 cells to knock down PPARδ, while a negative control virus was transduced in control cells. Western blotting was used to assessed the knockdown efficiency of all the stably transfected cells. As presented in Figure 2B, the strongest efficiency of knockdown was showed in shRNA#3 and it was used for the next study. As VEGFA is a secreted protein, we evaluated VEGFA levels in HCT116 cell-conditioned medium by an ELISA kit following the manufacturer’s instructions and found that knockdown of PPARδ caused significantly higher secretion of VEGFA in conditioned medium than those in PPARδ control cell-conditioned medium (Figure 2C).




Figure 2 | Knockdown of PPARδ promotes HUVEC tube formation through VEGFA. (A) Western blot analysis of PPARδ expression in five different CRC cell lines. (B) Verification of PPARδ knockdown in HCT116 cells by Western blot analysis. (C) VEGFA secretion in conditioned medium of HCT116 cells was examined by ELISA. (D) HUVEC tube formation images in the two groups. The number of tubes shows the angiogenesis ability in all groups. Scale bars, 50 μm (magnification, 400×), *P ≤ 0.05.



Next, to in vitro evaluate the effect of PPARδ on angiogenesis, a tube formation assay was developed with HUVECs. First, tumor cell-conditioned medium was accumulated from HCT116 cells and mixed it to the culture medium of HUVECs. Compared with in the presence of control cell-conditioned medium, more capillary-like structures were established in the presence of conditioned medium from the PPARδ-knockdown group (Figure 2D).

These results revealed that knockdown of PPARδ may promote tube formation in HUVECs through a mechanism that promotes the secretion of VEGFA.



Knockdown of PPARδ Promoted In Vivo Tumor Angiogenesis

We applied the HCT116-PPARδ-knockdown and HCT116-NC cells to establish a nude mice subcutaneous xenograft tumor model. Four- to six-week-old BALB/c nude mice received subcutaneous implantations of HCT116 cells in the right flank. We detected the tumor formation and measured the tumor weight in the two groups.

As expected, the tumor size was increased in PPARδ-knockdown mice when compared with that in control mice(Figure 3A). The average tumor volume was significantly higher in PPARδ-knockdown mice than that in HCT116-NC mice (Figure 3A). This was consistent with our previous observations in a nude mice xenograft tumor model (27).




Figure 3 | Knockdown of PPARδ promotes nude mice tumor growth and angiogenesis. (A) Representative images of tumor-bearing mice and tumor masses. Tumor growth curves were generated. Xenografts’ volumes were measured every 5 days in a 25-day period. (B) Representative IHC staining images of CD31 in subcutaneous tumors of nude mice. Scale bars, 200 μm (magnification, 100×). Average tumor weight and microvessels’ number in each group. Data represent the mean ± SD, *P < 0.05.



Next, to identify the effect of PPARδ on tumor angiogenesis, the tumor sections were stained for CD31, the microvessel marker. The results showed that vessels stained by CD31were more plentiful in the HCT116-PPARδ knockdown groups than in the HCT116-NC group (P < 0.01, Figure 3B).



Knockdown of PPARδ Promoted In Vivo Angiogenesis in Matrigel Plugs

To further verify the in vivo effects of PPARδ on angiogenesis, an Matrigel plug assay was performed to examine the newly formed vasculature in the transplanted gel plugs (Supplementary Figures 1, 2). HCT116-PPARδ-knockdown or HCT116-NC cells in Matrigel were subcutaneously injected into nude mice. The plugs were harvested 7 days later and assayed for immunofluorescence staining and capillary formation. Staining for CD31 showed that vessel density was higher in PPARδ-knockdown HCT116 cell tumors than in control tumors (Figure 4A, B). These results advocated the inhibitory effect of PPARδ on angiogenesis in vivo.




Figure 4 | Knockdown of PPARδ enhances angiogenesis as evaluated by a Matrigel plug assay in vivo. (A) Representative images of CD31 immunofluorescence staining. Cells stained with both DAPI- and CD31 represent endothelial cells. Scale bar, 50 µm. (B) Statistical summary of vessel density analysis. The density of CD31-positive cells in the PPARδ-knockdown group was significantly increased compared to the control group (k; mm 2; **P < 0.01; Student’s t-test).





Identification of ERO1A as a Target Gene of PPARδ in the Regulation of VEGFA Secretion by Mass Spectrometry Analysis and ChIP-Seq

To investigate the molecular mechanisms underlying the angiogenic effect of PPARδ, we seeked for the PPARδ downstream target gene with LC-MS/MS to identify differentially expressed proteins reacting to PPARδ knockdown. 56 proteins were found differentially expressed(fold change ≥ 1.2 and p-value ≤ 0.05) between the control and PPARδ-knockdown HCT116 cells (30 upregulated and 26 downregulated). These proteins are described in detail in Figure 3C. The changes between the two groups was evaluated using K-means clustering heatmaps and a volcano plot, as shown in Figure 5A, B.




Figure 5 | Identification of ERO1A as a direct target gene by mass spectrometry analysis and ChIP-Seq. (A) Volcano plot showing differentially expressed proteins between the knockdown and control groups. The upregulated and downregulated proteins (P < 0.05 for both) are shown in red and blue, respectively. Gray represents no significant change in the expression level. (B) Differentially expressed proteins’ subcellular localization. (C) Functional categorization by Gene Ontology (GO) analysis of the differentially expressed proteins between knockdown and control cells. The GO terms among the three main categories of GO classification (biological process, cellular component and molecular function) are revealed. The x axis represents the number of proteins in a particular GO term within the main category. (D) ChIP analysis shows that PPARδ as a transcription factor binds to the intron sites of ERO1A (Gene ID number: 014584) which are highlighted with the red rectangle in the lower panel. The tracks below the lower panel are for the annotations of the chromosomal region of ERO1A. Exon is indicated in purple arrow while Intro in green arrow. The black arrow presents the Transcriptional orientation. Numbers below the black arrow denote chromosomal positions in ERO1A. The binding sites are located between chr14_53106632_53162649.



GO analysis was used to investigate the functional significance of the 56 altered proteins (Figure 5C). Among the differentially expressed proteins, heparan sulfate proteoglycan (HSPG) affects the function of the VEGFA-VEGFR2 axis, mainly activating downstream genes (32), and endoplasmic reticulum oxidoreductase 1 alpha (ERO1A) can promote VEGFA production as a key adaptive response under hypoxia (33). Therefore, ERO1A was selected for further research as it was predicted to be targeted by PPARδ and reported to have an effect on promoting the expression of VEGFA.

Next, we examined the direct interaction between PPARδ and ERO1A by ChIP-seq analyses in PPARδ-knockdown HCT116 cells. As PPARδ is a transcription factor, it can increase and decrease target genes’ transcription via binding with peroxisome proliferator response elements (PPREs) of target genes, which can also be influenced by chromatin structure, nucleosome localization, and the expression/presence of corepressors, coactivators, and enzymes (34). The results showed that PPARδ-binding motifs were located within ERO1A introns, suggesting that PPARδ may directly repress ERO1A expression (Figure 5D).

Together, these results indicated that ERO1A may be the target gene of PPARδ in the regulation of VEGFA expression in CRC.

The GO terms among the three main categories of GO classification (biological process, cellular component and molecular function) are revealed. The x axis means the number of proteins in a particular GO term within the main category. In addition, ChIP analysis shows PPARδ-binding sequences in the introns of ERO1A.



Knockdown of PPARδ Promotes VEGFA Expression via ERO1A

To confirm whether ERO1A involved the effect of PPARδ on the expression of VEGFA in CRC cells, HCT116 cells with knockdown of both ERO1A and PPARδ through lentiviral transfection were established. The knockdown of both genes was validated by Western blot analyses (Figure 6A). Then, WB was used to explore the effects of PPARδ knockdown on ERO1A and VEGFA expression. As shown in Figure 6B, ERO1A expression level was increased in the PPARδ-knockdown HCT116 cells compared with the negative control cells. Moreover, knockdown of PPARδ resulted in a rise in the expression levels of VEGFA, (Figure 6B). In addition, co-depletion of both PPARδ and ERO1A enhanced the levels of VEGFA compared to depletion of ERO1A alone (Figure 6B). These results suggested that the effects of PPARδ on the expression levels of VEGFA depended on ERO1A.




Figure 6 | Knockdown of PPARδ promotes VEGFA expression via ERO1A. (A) Verification of PPARδ and ERO1A codepletion as measured by Western blot analysis. (B) The expression of ERO1A and VEGFA in CRC cells as detected by Western blot analysis. (C) VEGFA secretion in conditioned medium of HCT116 cells overexpressing both PPARδ and ERO1A as detected by ELISA. (D) HUVEC tube formation images in the four groups. The number of tubes shows the angiogenesis ability in all groups. Scale bars, 50 μm (magnification, 400×). The results represent the means ± SD from three separate experiments, *P < 0.05, **P < 0.01.



Next, we examined VEGFA levels by ELISA in conditioned medium after 72 h of cell culture. The supernatants of knockdown cells were harvested, centrifuged, and assessed with a human VEGFA ELISA kit. As shown in Figure 6C, depletion of ERO1A significantly decreased the secretion of VEGFA in HCT116 cells, while knockdown of PPARδ significantly enhanced the expression of VEGFA. Knockdown of both PPARδ and ERO1A restored the expression of VEGFA close to that in control cells, when compared with knockdown of PPARδ alone. Meanwhile, to determine the changes of angiogenesis in vitro, a tube formation assay was developed with HUVECs. After accumulation of tumor cell-conditioned medium from HCT116 cells with knockdown of ERO1A, PPARδ and the both genes, the tumor cell-conditioned medium was mixed to that of HUVECs. Compared with in the presence of control cell-conditioned medium, less capillary-like structures was established in the presence of conditioned medium from the ERO1A-knockdown group while more capillary-like structures were established in that from the PPARδ-knockdown group and subsequently from the knockdown of both ERO1A and PPARδ group(Figure 6D). Altogether, these results indicated that PPARδ regulated the secretion of VEGFA in HCT116 cells by targeting ERO1A.




Discussion

Our recent study implicated PPARδ as a player in the angiogenesis of CRC. However, its exact effect and underlying mechanisms remain unidentified.in this study we demonstrated a significant inverse correlation with MVD in human CRC samples. We identified that knockdown of PPARδ promoted CRC angiogenesis both in vitro and in vivo. Moreover, mechanistic studies showed that knockdown of PPARδ induced angiogenesis by upregulating VEGFA via ERO1A in CRC cells. All together, these findings indicate that PPARδ plays an inhibitory role in CRC angiogenesis, which is one of the mechanisms of suppressing the development of CRC. These results are consistent with those of our earlier reports which also show that PPARδ suppresses CRC carcinogenesis. In accordance with our findings, previous studies have shown that PPARδ inhibited vascular smooth muscle cell proliferation and migration and that PPARδ suppresses angiogenesis in a VEGFR2-dependent manner in human endothelial cells (35, 36). To our knowledge, this is the first study to demonstrate the inhibitory role of PPARδ in CRC angiogenesis.

In contrast with its antiangiogenic effects in CRC, PPARδ has been reported to exert a proangiogenic role in many other tumors. Lung carcinoma was impaired in PPARδ-/- mice, which showed diminished blood flow and an abundance of hyperplastic microvascular structures (37). PPARδ activation can stimulate the expression of VEGFA in breast cancer and prostate cancer (38). This implies that PPARδ may play distinct or even opposite roles depending on the tumor type and environmental context. Similarly, many genes have been reported with context-dependent roles in cancers to either promote or inhibit tumorigenesis. Tumor suppressor candidate 3 (TUSC3) inhibited tumorigenesis in ovarian cancer, prostate cancer, glioblastoma and pancreatic cancer but enhanced cancer progression in head and neck cancer and CRC (39). Toll-like receptors (including TLC1, 2, 3, 4, 5, 7, and 9) have been reported to have both antitumor and protumor effects (40). NOTCH signaling can act as a tumor suppressor or an oncogene in glioma (41). It is difficult to explain such discrepancy; one possible explanation could be the intratumoral heterogeneity (42). It was hypothesized that PPARδ has a dual regulatory role in the angiogenesis of different carcinomas. Given this, further researches are still needed to unravel the effect of PPARδ on tumor angiogenesis.

Further, we performed proteomics to explore the antiangiogenic mechanism of PPARδ in human CRC cells. We found that among the 56 differentially expressed proteins identified in PPARδ-knockdown HCT116 cells, ERO1A and HSPG are related to VEGFA-mediated angiogenesis based on GO and KEGG enrichment analyses. Next, ChIP-seq analyses revealed that PPARδ protein colocalized with ERO1A but not with HSPG via protein-chromatin interactions. On the basis of these findings, we speculated that ERO1A could be a target. ERO1A is an oxidase that is contained in endoplasmic reticulum and has an effect on the construction of disulfide bonds in cell-surface and secreted proteins (43). It has been reported as an oncogene in CRC (44) and identified as a poor prognostic factor in several cancers (45–47). Previous studies have stated that tumor angiogenesis was promoted by ERO1A via regulating the expression of VEGFA (32, 47, 48). To verify the speculation, we investigated the impact of the coregulation of PPARδ and ERO1A on the expression of VEGFA in HCT116 cells. As predicted, depletion of both PPARδ and ERO1A reversed the effect on VEGFA expression in HCT116 cells mediated by PPARδ depletion alone, suggesting that ERO1A might be involved in PPARδ-regulated expression of VEGFA. Thus, we concluded that the regulatory effect of PPARδ on VEGFA expression was achieved through regulation of ERO1A.

Expression of the key pro-angiogenic factor VEGFA is regulated by hypoxia, growth factors and cytokines, and besides these, mang oncogenes and tumor suppressor genes have been implicated in the regulation of VEGF expression (49–51). The possible regulatory mechanisms of VEGFA in colorectal cancer is shown in the Supplementary Table 2. Recognition of the various regulators of VEGFA has developed therapeutic strategies for combination therapy with anti-VEGFA agents to overcome the primary or acquired resistance to antiangiogenic drugs. Anyhow, the frequency of objective responses in patients treated with anti-VEGFA agents alone is modest (8–10). Therefore, our results provide a rational for the combination therapy of PPARδ enhancers with bevacizumab in mCRC to achieve the higher frequency of tumor regressions and optimal clinical benefit.

The main limitation of this study is that the endothelial area was quantified with one marker: CD31. Capillaries should be identified by more than one way to validate our results in further investigations.

In conclusion, our study showed that knockdown of PPARδ could promote angiogenesis through interaction with ERO1A, subsequently increasing the expression of VEGFA. These discoveries support the notion that activation of the PPARδ/ERO1A signaling pathway might be a novel and potential target for antiangiogenic therapy in mCRC.
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Purpose

Digestive system carcinoma is one of the most devastating diseases worldwide. Lack of valid clinicopathological parameters as prognostic factors needs more accurate and effective biomarkers for high-confidence prognosis that guide decision-making for optimal treatment of digestive system carcinoma. The aim of the present study was to establish a novel model to improve prognosis prediction of digestive system carcinoma, with a particular interest in transcription factors (TFs).



Materials and Methods

A TF-related prognosis model of digestive system carcinoma with data from TCGA database successively were processed by univariate and multivariate Cox regression analyses. Then, for evaluating the prognostic prediction value of the model, ROC curve and survival analysis were performed by external data from GEO database. Furthermore, we verified the expression of TFs expression by qPCR in digestive system carcinoma tissue. Finally, we constructed a TF clinical characteristics nomogram to furtherly predict digestive system carcinoma patient survival probability with TCGA database.



Results

By Cox regression analysis, a panel of 17 TFs (NFIC, YBX2, ZBTB47, ZNF367, CREB3L3, HEYL, FOXD1, TIGD1, SNAI1, HSF4, CENPA, ETS2, FOXM1, ETV4, MYBL2, FOXQ1, ZNF589) was identified to present with powerful predictive performance for overall survival of digestive system carcinoma patients based on TCGA database. A nomogram that integrates TFs was established, allowing efficient prediction of survival probabilities and displaying higher clinical utility.



Conclusion

The 17-TF panel is an independent prognostic factor for digestive system carcinoma, and 17 TFs based nomogram might provide implication an effective approach for digestive system carcinoma patient management and treatment.





Keywords: digestive system carcinoma, prognosis, transcription factor, overall survival, bioinformatics



Introduction

Digestive system carcinoma, including esophageal, gastric, colon, liver, and pancreatic cancers, is one of the most common malignancies in the world. It is the third leading cause of cancer-related death worldwide and is notorious for its poor prognosis, especially in colon cancer. Despite surgical interventions and other treatments, such as targeted therapy and immunotherapy, 5-year survival rates are not good (1). Prognostic assessment has important clinical significance in guiding the selection of the best treatment plan for patients with digestive system carcinoma. Although clinical outcomes in patients with digestive tract tumors are primarily related to risk factors, including TNM stage, metastasis, and tumor size, these currently used evaluation measures do not provide accurate and individualized prognostic information to facilitate effective treatment selection. Therefore, it is important to study effective prognostic predictors that influence overall survival (OS), and we should pay more attention to digestive system carcinoma and it is urgent to develop new methods to treat gastrointestinal digestive system carcinoma.

Transcription factor (TF) is an important component of transcription regulation. TF is a kind of DNA binding protein, which can bind to specific DNA sequence and then affect the genetic information from DNA transcription to RNA. In recent years, with the development of chip and high-throughput sequencing technology and the rapid development of bioinformatics, a large number of transcription factor databases have been generated, which are very important for gene transcriptional regulation and TF-related molecular biology research. With the in-depth study of the gene expression mechanism, studies have confirmed that the imbalance of TF is an important pathological basis for the occurrence of cancer (2). In this paper, TCGA databases (training cohorts) were used to search for transcription factors related to tumor prognosis and establish a prediction model. Then, GEO databases (validation cohorts) were used for validation. Our results suggest that transcription factors are important factors affecting the prognosis of cancer patients and may be potential targets for the treatment of digestive system cancer.



Materials and Methods


Data Download and Preprocessing

The TCGA-esophagus cancer dataset consisted of the RNA-seq data of 160 esophageal cancer tissue and 11 adjacent normal samples, and related clinical characteristics were downloaded from the TCGA database. The TCGA-gastric cancer dataset consisted of the RNA-seq data of 381gastric cancer tissue, and 32 adjacent normal samples and related clinical characteristics were downloaded from the TCGA database. The TCGA-colon cancer dataset consisted of the RNA-seq data of 482 colon cancer tissue, and 42 adjacent normal samples and related clinical characteristics were downloaded from the TCGA database. The TCGA-liver cancer dataset consisted of the RNA-seq data of 374 liver cancer tissue, and 50 adjacent normal samples and related clinical characteristics were downloaded from the TCGA database. The TCGA-pancreatic cancer dataset consisted of the RNA-seq data of 178 pancreatic cancer tissue, and four adjacent normal samples and related clinical characteristics were downloaded from the TCGA database. GSE53624 (esophagus cancer dataset), GSE84433 (gastric cancer dataset), GSE40967(colon cancer dataset), GSE10143 (liver cancer dataset), and GSE57495 (pancreatic cancer dataset), which contained the gene expression data with clinical characteristics, were downloaded from the GEO database (http://ncbi.nlm.nih.gov/geo/), respectively. The raw data were preprocessed with the following criteria: (1) the genes were excluded if the FPKM value (Fragments per Kilobase Million) was zero in more than half of the samples; (2) genes with missing expression values in more than 30% of samples were removed; (3) the invariant genes (i.e., same expression value across all samples) and low-variation genes were filtered; (4) samples without related clinical data or overall survival (OS) <30 days were removed. The TCGA datasets were enrolled as a training group, and the GEO datasets were regarded as the external validation cohorts. As the data were open-access, therefore, the ethical approval by an ethics committee was not required.



Differentially Expressed TFs Identification

DETFs identification: The R package of “DESeq2” was used to calculate the DEGs of the cancer and normal tissue [FDR (false discovery rate) <0.05 and |log2FC (fold change)| >1].



Statistical Analysis

R software (version 4.0.2) and SPSS software (version 22.0) were used to complete all the statistic work. OS was calculated by the KM method, and the differences between the groups were compared by using the log-rank test. Cox proportional hazard model was used to analyze the significant transcription factors affecting OS. P < 0.05 was considered statistically significant.



Risk Model Construction and Validation

The expression data of the transcription factors associated with prognosis in the training cohorts (TGCA datasets) were used in constructing a risk score model. External validation cohorts (GEO datasets) were then used to verify the reliability of the risk score model. The risk score of each sample was calculated based on formula. Then, the samples were divided into high-risk and low-risk groups by the risk score median. The risk score distribution was plotted by the R package of “time ROC (receiver operating characteristic)”. A log-rank test was used in comparing the survival difference between the two groups. The overall survival (OS) of each group was performed using the Kaplan–Meier (KM) survival curve.



Gene Set Enrichment Analysis

GSEA enrichment in the TCGA datasets were conducted for the analysis of the significantly enriched pathways in the transcription factors associated with prognosis. c2.cp.kegg.v7.2 symbols were selected for our analysis, which included the KEGG pathways database.



Sample Collection

Cancer tissues and adjacent tissues were collected from 150 patients. The study was approved by the Ethics Committee of Eastern Hepatobiliary Surgery Hospital. Informed consent was obtained from all patients before surgery for using their data in the research.



Quantitative Reverse Transcription Polymerase Chain Reaction

Cell total RNA was extracted using Trizol reagent (Invitrogen, USA) following the manufacturer’s instructions. The quantity and quality of extracted RNA were assessed by the spectrophotometric (Dojindo Laboratories, Kumamoto, Japan) determination of absorbance ratio (A260/A280). Then, the prepared RNA was reversely transcribed into cDNA using reverse transcriptase (Invitrogen, USA) and random primers. One microliter of synthesized cDNA was used in each qPCR reaction. SYBR Green-based qRT-PCR was subsequently executed on ABI PRISM 7300HT Sequence Detection System (Applied Biosystems, USA). β-Actin was used as a control for normalization. Primers used in RT-PCR were as Table 1.


Table 1 | Primer sequences of 17 TFs associated with digestive system tumor prognosis.





Bioinformatics Analysis

GO and KEGG functional enrichment analyses were conducted based on the target genes.




Results


Identified Differentially Expressed TFs Between Digestive System Carcinoma Tissues and Adjacent Normal Tissues

This study was conducted according to the flow chart shown in Figure 1. We found 99, 167, 146, 120, and 9 differential TFs in normal paracancer samples and tumor samples of esophageal cancer, gastric cancer, colon cancer, liver cancer, and pancreatic cancer, respectively, by analyzing the TCGA database. After intersection with the GEO database, we found 94, 167, 141, 52, and 9 common differential TFs in the normal paracancer samples and tumor samples of esophageal cancer, gastric cancer, colon cancer, liver cancer, and pancreatic cancer, respectively (Figures 2A, B and Supporting Figures S1A, B).




Figure 1 | Whole procedure for analyzing TFs in digestive system carcinoma.






Figure 2 | Differential TFs between cancer tissue and paracancer tissue. (A, B) Heatmap (A) and Volcano plot (B) of the differential TFs in the cancer tissue and paracancer tissue of TCGA database.





Identified OS-Related TFs in DETFs

In esophageal cancer, OS-related TFs NFIC, YBX2, and ZBTB47 were obtained by univariate and multivariate Cox regression analyses (Figure 3A). In gastric cancer, OS-related TFs ZNF367, CREB3L3, HEYL, and MYB were obtained by univariate Cox regression analysis. ZNF367, CREB3L3, and HEYL were obtained by multivariate Cox regression analysis (Figure 3B). In colon cancer, OS-related TFs FOXD1, TIGD1, SNAI1, and HSF4 were obtained by univariate and multivariate Cox regression analyses (Figure 3C). In liver cancer, OS-related TFs CENPA, HMGA1, ETS2, FOXO1 KLF9, AR, FOXM1, ETV4, MYBL2, ZIC2 were obtained by univariate Cox regression analysis. CENPA, ETS2, FOXM1, ETV4, MYBL2 were obtained by multivariate Cox regression analysis (Supporting Figure S2A). In pancreatic cancer, OS-related TFs SPDEF, FOXQ1, ZNF589 were obtained by univariate Cox regression analysis. FOXQ1 and ZNF589 were obtained by multivariate Cox regression analysis (Supporting Figure S2B).




Figure 3 | The construction of TFs signature and the evaluation of its independent prognostic value. (A–C) Forest plot of the univariate Cox regression analysis with TFs in esophageal cancer, gastric cancer, and colon cancer. (D–I) Forest plots of the univariate (D–F) and multivariate (G–I) Cox regression analysis with clinical features and risk score in TCGA cancer cohorts.



A prognostic risk score for each patient was calculated based on the mRNA expression levels of the OS-related TFs and the coefficients from univariate and multivariate Cox regression analyses. We performed univariate and multivariate Cox regression analyses to evaluate the prognostic value of the risk score. The forest plot was utilized to show the clinical features such as age, gender, and the tumor TNM stage in the nomogram, as shown in Figures 3D–I and Supporting Figures S2C–E. As shown in Figures 3D–F and Supporting Figures S2C, D, the hazard ratio of risk score, which was performed by univariate Cox regression analysis, is around 1.687, 1.902, 1.809, 1.977, 1.921. As shown in Figures 3G–I, the risk score, performed by multivariate Cox regression analysis, is around 1.852, 2.050, 1.588. Our data analysis shows that risk score is an independent risk factor for the prognosis of esophageal cancer, gastric cancer, and colon cancer.



Construct TF-Related Prognostic Model of Digestive System Carcinoma

The patients were divided into a low-risk group and a high-risk group, according to the median value of the risk scores in the TCGA training cohorts. The gene-expression profiles of the prognostic risk genes between the high-risk group and low-risk group are displayed in the heatmap in Figures 4A–C and Supporting Figures S3A, B. The distribution of the risk scores and the correlation between the risk scores and survival data are illustrated in scatterplots (Figures 4D–F and Supporting Figures S3C, D). K-M survival analysis revealed a significantly higher survival probability in the low-risk group (p < 0.05) (Figures 4G–I and Supporting Figures S3E, F). Patients with high-risk scores were associated with significantly worse OS, thereby suggesting that the high-risk score was an adverse prognostic factor.




Figure 4 | Heatmap, characteristics of the risk score, and Kaplan-Meier analysis of the OS-related TFs in training cohorts (TCGA database). (A–C) Heatmap of the gene-expression profiles of OS-related TFs in training cohorts: (A) esophageal cancer, (B) gastric cancer, (C) colon cancer. (D–F) The distributions of the risk score, survival time, and status of patients in training cohorts: (D) esophageal cancer, (E) gastric cancer, (F) colon cancer. (G–I) Kaplan-Meier curves of OS-related TFs in training cohorts: (G) esophageal cancer, (H) gastric cancer, (I) colon cancer.





Validate TF-Related Prognostic Model of Digestive System Carcinoma

The robustness of the risk model was further assessed with external datasets using the GEO datasets of GSE53624 (esophagus cancer data), GSE84433 (gastric cancer data), GSE40967 (colon cancer date), GSE10143 (liver cancer date), and GSE57495 (pancreatic cancer date), respectively. The gene-expression profiles of the validation cohorts are visualized in Figures 5A–C and Supporting Figures S4A, B. The distribution of the risk scores and the correlation between the risk scores and survival data of validation cohorts are illustrated in Figures 5D–F and Supporting Figures S4C, D. The K-M survival curves revealed a higher survival probability of the low-risk group (p <0.05) in validation cohorts (Figures 5G–I and Supporting Figures S4E, F). Similar results that high-risk score was related to worse OS were obtained in validation cohorts. The model had a relatively high distinguishing ability of prognosis and could identify the high-risk group patients with worse survival results in validation cohorts.




Figure 5 | Heatmap, characteristics of the risk score, and Kaplan-Meier analysis of the OS-related TFs in validation cohorts (GEO database). (A–C) Heatmap of the gene-expression profiles of OS-related TFs in validation cohorts: (A) esophageal cancer, (B) gastric cancer, (C) colon cancer. (D–F) The distributions of the risk score, survival time, and status of patients in validation cohorts: (D) esophageal cancer, (E) gastric cancer, (F) colon cancer. (G–I) Kaplan-Meier curves of OS-related TFs in validation cohorts: (G) esophageal cancer, (H) gastric cancer, (I) colon cancer.





Exploration of Signaling Pathways

Gene set enrichment analysis (GSEA) has an advantage in exploring the involved signaling pathways. GSEA revealed that the genes in the high-risk group of TCGA cohorts were significantly enriched in selenoamino acid metabolism, peroxisome, histidine metabolism (esophageal cancer); neuroactive ligand receptor interaction, vascular smooth muscle contraction, melanogenesis (gastric cancer); glycosaminoglycan biosynthesis chondroitin sulfate, notch signaling pathway, ABC transporters (colon cancer). In contrast, the low-risk group genes were significantly enriched in pathways such as neuroactive ligand receptor interaction, regulation of actin cytoskeleton, focal adhesion (esophageal cancer); cell cycle, nucleotide excision repair, pyrimidine metabolism (gastric cancer); valine leucine and isoleucine degradation, peroxisome, fatty acid metabolism (colon cancer) (Figures 6A–C).The results of OS-related TFs enrichment analysis for liver cancer and pancreatic cancer are shown in Supporting Figures S5A, B and Table 2.


Table 2 | The result of KEGG enrichment analysis of high-risk group and low-risk group in liver cancer and pancreatic cancer.






Figure 6 | Enrichment plot of the OS-related TFs between the high-risk and low-risk groups using GSEA. (A–C) The enriched gene sets in KEGG collection in esophagus cancer sample (A), gastric cancer sample (B), and colon cancer sample (C) with high risk score and low risk score.





Nomogram Construction

TCGA training cohort was used to screen the prognostic risk factors. The risk score, existing the inducement to digestive system carcinoma, age, gender, T stage, N stage, M stage were found to be risk factors for OS after the univariable and Cox regression analyses. Then, a nomogram model with a C-index value of 0.763 (95% CI=0.693–0.831) in esophageal cancer, 0.658 (95% CI=0.607–0.708) in gastric cancer, 0.785 (95% CI=0.729–0.843) in colon cancer, 0.738 (95% CI=0.683–0.793) in liver cancer, 0.644 (95% CI=0.545–0.742) in pancreatic cancer, containing the above clinical features and risk score was constructed, as shown in Figures 7A–C and Supporting Figures S6A, B.




Figure 7 | Prognostic capacity evaluation and nomogram analysis of panel of OS-TFs of digestive system carcinoma patients. (A–C) Nomogram predicting the OS in digestive system carcinoma patients containing the risk score: (A) esophageal cancer, (B) gastric cancer, (C) colon cancer. (D–F) ROC curves and AUC for 1-, 3-, and 5-year survival of the nomogram: (D) esophageal cancer, (E) gastric cancer, (F) colon cancer. (G–I) Calibration curve of 3-year survival in the nomogram and ideal model: (G) esophageal cancer, (H) gastric cancer, (I) colon cancer.



Furthermore, the score for each patient was calculated according to the nomogram, and the prediction accuracy of the nomogram was assessed using the ROC curve. The AUCs of the nomogram model are shown in Figures 7D–F and Supporting Figures S6C, D. Figures 7G–I and Supporting Figures S6E, F show the calibration curve between the nomogram and the ideal model. Results show that the model was consistent with the ideal model, indicating that the accuracy of our model was relatively high.



Validated OS-Related TFs Between Digestive System Carcinoma Tissues and Adjacent Normal Tissues

To validate whether NFIC, ZBTB47, SNAI1 are lowly expressed and YBX2, ZNF367, CREB3L3, HEYL, FOXD1, TIGD1, HSF4 are highly expressed in cancer tissues, we experimentally validated OS-related TFs expression in the tissues of 30 esophageal cancer patients, 30 gastric cancer patients, and 30 colon cancer patients. The results of qRT-PCR suggested that NFIC, ZBTB47, SNAI1 are lowly expressed and YBX2, ZNF367, CREB3L3, HEYL, FOXD1, TIGD1, HSF4 are highly expressed in cancer tissues (Figures 8A–J). The expressions of liver cancer and pancreatic cancer OS-related TFs in cancer tissues and adjacent normal tissues are shown in Supporting Figures S7A–G.




Figure 8 | The results of qRT-PCR in OS-related TFs. (A–C) YBX2 was highly expressed and NFIC and ZBTB47 were lowly expressed in esophageal cancer tissues. (D–F) ZNF367, CREB3L3, and HEYL were highly expressed in gastric cancer tissues. (G–J) FOXD1, TIGD1, and HSF4 were highly expressed and SNAI1 was lowly expressed in colon cancer tissues. ***p < 0.001.





Functional Enrichment Analysis of the Target Genes of OS-Related TFs

The target genes of OS-related TFs were predicted using the CHEA, Encode, Jaspar Motifmap, Transfac, Trusting transcription factor databases. The results are shown in Supplementary Table 1. The GO and KEGG enrichment analysis of the target genes was performed. The results showed that the target genes of OS-related TFs were mainly enriched in rRNA transcription, transcription by RNA polymerase III, ncRNA transcription (esophageal cancer); prostatic bud formation, regulation of epithelial cell proliferation involved in prostate gland development, cellular response to testosterone stimulus (gastric cancer); positive regulation of cell adhesion, regulation of cell−cell adhesion, positive regulation of establishment of protein localization (colon cancer) (Figures 9A–C) and pathways related to the herpes simplex virus 1 infection, amyotrophic lateral sclerosis, salmonella infection (esophageal cancer); oocyte meiosis (gastric cancer); PI3K−Akt signaling pathway, human papillomavirus infection, cytokine−cytokine receptor interaction (colon cancer) (Figures 9D–F). The results of target genes of OS-related TFs enrichment analysis for liver cancer and pancreatic cancer are shown in Supporting Figures S8A–D.




Figure 9 | Functional enrichment analysis of the target genes of OS-related TFs. (A–C) GO enrichment analysis results, showing only the first 20 terms in esophagus cancer (A), gastric cancer (B), and colon cancer (C). (D–F) KEGG pathway enrichment analysis results, showing only the first 20 pathways in esophagus cancer (D), gastric cancer, (E), and colon cancer (F). Gene Ratio refers to the ratio of the number of genes enriched in the term/pathway to the total number of genes in the term/pathway.






Discussion

The prognosis of digestive system carcinoma patients usually is not good, because the majority of digestive system carcinoma patients have been in an advanced stage when they are diagnosed. Even if advanced digestive system carcinoma patients receive chemotherapy or molecular-targeted drug therapy, the effect is usually poor. With the development of tumor molecular biology, prognostic markers that reflect tumor progression at the molecular level may help to achieve more accurate individualized survival prediction and treatment (3). Recently, molecular prognostic markers have drawn more and more attention of researchers in the survival prediction of digestive system carcinoma (4). We can use them to dynamically detect disease progression or changes in the prognosis of tumor patients. Moreover, compared with a single one marker, a panel of molecular markers will significantly increase the accuracy in reflecting the prognosis of digestive system carcinoma (5).

In the human genome, there are more than 35,000 genes expressed differently in different tissues and at different times. TF plays an important role in the regulation of gene expression and is also a target of signal transduction pathway. More and more researchers begin to study TFs. They think that TFs may be the target of diagnosis and treatment of human diseases. The combination of bioinformatics and molecular biology, that is, the combination of “dry” and “wet” experiments, has become the necessary means to solve various biological problems and has made good progress. TF-related database plays an important role in life science research, which is also the fundamental reason for the frequent development and use of TF-related database in recent years (6).

The results of our study indicate that NFIC, YBX2, ZBTB47 were closely related to the prognosis of esophageal cancer. H. Wang illustrated that the importance of miR-550a-3/NFIC in the regulation of esophageal squamous cell cancer cells growth and metastasis, which could contribute to developing novel targets for early diagnosis or neoteric therapeutic target for esophageal squamous cell cancer (7). G. Xu found that LBX2-AS1 upregulated by NFIC promoted gastric cancer progression via targeting miR-491-5p/ZNF703 (8). F. Chen’s research indicated that LINC00958 regulated miR-627-5p/YBX2 axis to facilitate cell proliferation and migration in oral squamous cell carcinoma (9). X. Niu found that LncRNA HOXA11-AS promotes oral squamous cell carcinoma progression by sponging miR-98-5p to upregulate YBX2 expression (10). M. Tan found that the expression of ZBTB47 was different in familial pancreatic cancer predisposed individuals, sporadic pancreatic cancer patients, and normal donor pancreatic tissue (11).

The results of our study indicate that ZNF367, CREB3L3, HEYL were closely related to the prognosis of gastric cancer. Several members of the zinc finger protein family have been recently shown to have a role in cancer initiation and progression. Jain showed that ZNF367 is overexpressed in adrenocortical carcinoma, malignant pheochromocytoma, paraganglioma, and thyroid cancer as compared to normal tissue and benign tumors. H. Zeng’s study indicated that ZNF367-induced transcriptional activation of KIF15 accelerates the progression of breast cancer (12), and X. Wu found that ZNF 367 promotes metastasis by inhibiting the Hippo pathway in breast cancer (13). However, some studies have shown that ZNF367 plays a tumor-suppressive role in tumors. The research results show that ZNF367 inhibits cellular proliferation, invasion, migration, and adhesion to extracellular proteins in vitro and in vivo (14). Dewaele illustrated that EWSR1-CREB3L3 gene fusion is related to a mesenteric sclerosing epithelioid fibrosarcoma (15). H. Liu et al. not only identified the close relationship between HEYL and tumor microenvironment phenotype but also emphasized the crucial importance of HEYL, which could be identified as a candidate biomarker to evaluate prognostic risk and therapeutic effect in gastric cancer (16).

The results of our study indicate that FOXD1, TIGD1, SNAI1, HSF4 were closely related to the prognosis of colon cancer. P. Quintero-Ronderos showed that molecular, structural, and functional aspects of FOXD1 are presented in light of physiological and pathogenic conditions, including its role in human disease etiology, such as cancer and recurrent pregnancy loss (17). L. Yin illustrated that TIGD1, a gene of unknown function, involves cell-cycle progression and correlates with poor prognosis in human cancer (18). D. Li’s analysis revealed that SNAI1 mRNA expression may potentially be a negative prognostic factor in breast cancer (19). J. Qi’s research indicated SNAI1 promotes the development of hepatocellular carcinoma (HCC) through the enhancement of proliferation and inhibition of apoptosis (20). Y. Yang found that high HSF4 expression is an independent indicator of poor overall survival and recurrence-free survival in patients with primary colorectal cancer (21).

The results of our study indicate that CENPA, ETS2, MYBL2, FOXM1, ETV4 were closely related to the prognosis of HCC. Y. Zhang’s study revealed that CENPA mRNA were upregulated in HCC patients with alpha-fetoprotein (AFP) elevation, advanced TNM stage, larger tumor size, advanced AJCC stage, advanced pathology grade, and vascular invasion. A Cox regression model including CENPA could predict OS in HCC patients effectively. CENPA might be an oncogenic factor in the development of HCC patients (22). According to literature reports, ETS2 can not only promote the development of tumors but also inhibit the development of tumors. M. Kabbout’s findings pointed to a tumor suppressor role for ETS2 in human non-small-cell lung cancer (NSCLC) pathogenesis through inhibition of the MET proto-oncogene (23). Y. L. Liao’s data indicated that ETS2 plays a key role in controlling the expression of miR-196b, and miR-196b may mediate the tumor suppressor effects of ETS2 (24). But X. Liu opined that ETS2 functions as an oncogene and plays a key role in the progression of hypopharyngeal cancer (25). L. Y. found that ETS2 knockdown inhibits tumorigenesis in esophageal squamous cell carcinoma in vivo and in vitro (26). G. W. Zhang revealed that downregulation of ETS2 inhibits the invasion and metastasis of renal cell carcinoma cells by inducing EMT via the PI3K/Akt signaling pathway (27). J. Zhu illustrated that MicroRNA-146b overexpression promotes human bladder cancer invasion via enhancing ETS2-mediated mmp2 mRNA transcription (28). J. Munera revealed that ETS2 could regulate colonic stem cells and sensitivity to tumorigenesis (29). Z. Guan found that high MYBL2 expression and transcription regulatory activity is associated with poor overall survival in patients with HCC (30). J. Dai’s research indicated that overexpression of FOXM1 was to the disadvantage of the prognosis for majority of solid tumor and therefore can be used as an evaluation index of prognosis (31). E. Kim revealed that capicua inhibited the progression of HCC by controlling the ETV4-MMP1 axis (32). Q. X.’s study indicated that PBK overexpression promotes metastasis of HCC via activating ETV4-uPAR signaling pathway (33).

The results of our study indicate that FOXQ1 and ZNF589 were closely related to the prognosis of pancreatic cancer. Forkhead Box Q1 (FOXQ1) is a member of the Forkhead Box protein family, which is a transcription factor with the function of regulating cell differentiation. In recent years, more and more studies have shown that FOXQ1 is significantly correlated with the pathogenesis of tumors. In many studies, upregulation of FOXQ1 expression has been reported in breast, colorectal, pancreatic, bladder, and ovarian cancers, as well as glioma, among other tumor types (34). ZNF589 is rarely reported in tumors. Oleksiewicz revealed that TRIM28 employs KRAB-ZNFs to evoke epigenetic silencing of its target differentiation genes via H3K9me3 and DNA methylation (35).

In summary, we analyzed the prognostic TFs in digestive system carcinoma based on the TCGA database, and then established a prognostic prediction model, which was verified successfully using the GEO database. TFs may affect the clinical prognosis of patients through different regulatory mechanisms. The above-mentioned literature suggests that proper regulation of TFs can benefit patients with digestive system carcinoma. Prognostic TFs in risk score models may provide new ideas for exploring therapeutic targets for digestive system carcinoma. Identification of appropriate TFs as therapeutic targets with further verification to ensure the clinical efficacy and safety on digestive system carcinoma patients would be a promising strategy in future studies. However, the molecular mechanism of TFs and the role of related signal transduction pathways in digestive system carcinoma remain unclear, which requires further research and exploration (6).
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Supplementary Figure 1 | Differential TFs between cancer tissue and paracancer tissue. (A, B) Heatmap (A) and Volcano plot (B) of the differential TFs in cancer tissue and paracancer tissue of TCGA database.

Supplementary Figure 2 | The construction of TFs signature and the evaluation of its independent prognostic value. (A, B) Forest plot of the univariate Cox regression analysis with TFs in liver cancer and pancreatic cancer. (C, D) Forest plots of the univariate Cox regression analysis with clinical features and risk score in TCGA cancer cohorts.

Supplementary Figure 3 | Heatmap, characteristics of the risk score, and Kaplan-Meier analysis of the OS-related TFs in training cohorts (TCGA database). (A, B) Heatmap of the gene-expression profiles of OS-related TFs in training cohorts: (A) liver cancer, (B) pancreatic cancer. (C, D) The distributions of the risk score, survival time, and status of patients in training cohorts: (C) liver cancer, (D) pancreatic cancer. (E, F) Kaplan-Meier curves of OS-related TFs in training cohorts: (E) liver cancer, (F) pancreatic cancer.

Supplementary Figure 4 | Heatmap, characteristics of the risk score, and Kaplan-Meier analysis of the OS-related TFs in validation cohorts (GEO database). (A, B) Heatmap of the gene-expression profiles of OS-related TFs in validation cohorts: (A) liver cancer, (B) pancreatic cancer. (C, D) The distributions of the risk score, survival time, and status of patients in validation cohorts: (C) liver cancer, (D) pancreatic cancer. (E, F) Kaplan-Meier curves of OS-related TFs in validation cohorts: (E) liver cancer, (F) pancreatic cancer.

Supplementary Figure 5 | Enrichment plot of the OS-related TFs between the high-risk and low-risk groups using GSEA. (A, B) The enriched gene sets in KEGG collection in liver cancer sample (A) and pancreatic cancer sample (B) with high risk score and low risk score.

Supplementary Figure 6 | Prognostic capacity evaluation and nomogram analysis of panel of OS-TFs of digestive system carcinoma patients. (A, B) Nomogram predicting the OS in digestive system carcinoma patients containing the risk score: (A) liver cancer, (B) pancreatic cancer. (C) ROC curves and AUC for 1-, 3, and 5-year survival of the nomogram in liver cancer. (D) ROC curves and AUC for 1-, 2, and 3-year survival of the nomogram in pancreatic cancer. (E, F) Calibration curve of 3-year survival in the nomogram and ideal model: (E) liver cancer, (F) pancreatic cancer.

Supplementary Figure 7 | The results of qRT-PCR in OS-related TFs. (A–E) CENPA, MYBL2, FOXM1, and ETV4 were highly expressed and ETS2 were lowly expressed in liver cancer tissues. (F, G) FOXQ1 and ZNF589 were highly expressed in pancreatic cancer tissues.

Supplementary Figure 8 | Functional enrichment analysis of the target genes of OS-related TFs. (A, B) GO enrichment analysis results, showing only the first 20 terms in liver cancer (A) and pancreatic cancer (B). (C, D) KEGG pathway enrichment analysis results, showing only the first 20 pathways in liver cancer (C) and pancreatic cancer (D). Gene Ratio refers to the ratio of the number of genes enriched in the term/pathway to the total number of genes in the term/pathway.
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Background

The overall survival (OS) of patients diagnosed with colon cancer (CC) varied greatly, so did the patients with the same tumor stage. We aimed to design a nomogram that is capable of predicting OS in resected left-sided colon cancers (LSCC) and right-sided colon cancers (RSCC), and thus to stratify patients into different risk groups, respectively.



Methods

Records from a retrospective cohort of 577 patients with complete information were used to construct the nomogram. Univariate and multivariate analyses screened risk factors associated with overall survival. The performance of the nomogram was evaluated with concordance index (c-index), calibration plots, and decision curve analyses for discrimination, accuracy, calibration ability, and clinical net benefits, respectively, which was further compared with the American Joint Committee on Cancer (AJCC) 8th tumor-node-metastasis (TNM) classification. Risk stratification based on nomogram scores was performed with recursive partitioning analysis.



Results

The LSCC nomogram incorporated carbohydrate antigen 12-5 (CA12-5), age and log odds of positive lymph nodes (LODDS), and RSCC nomogram enrolled tumor stroma percentage (TSP), age and LODDS. Compared with the TNM classification, the LSCC and RSCC nomograms both had a statistically higher C-index (0.837, 95% CI: 0.827–0.846 and 0.780, 95% CI 0.773–0.787, respectively) and more clinical net benefits, respectively. Calibration plots revealed no deviations from reference lines. All results were reproducible in the validation cohort.



Conclusions

An original predictive nomogram was constructed and validated for OS in patients with CC after surgery, which had facilitated physicians to appraise the individual survival of postoperative patients accurately and to identify high-risk patients who were in need of more aggressive treatment and follow-up strategies.





Keywords: tumor-stroma percentage, nomogram, colon cancer, location, prognosis



Background

Colon cancer (CC) is among the most common malignancies in the gastrointestinal tract, with an estimated annual incidence of 1.09 million cases and 551,268 death cases worldwide (1). Despite more tumor biology characteristics and potential prognostic factors were found, prognosis prediction of primary CC mainly depended on tumor-node-metastasis (TNM) status in the diagnosis (2, 3). TNM staging system is a common criterion, as recommended by the American Joint Committee on Cancer (AJCC), to predict the outcomes of CC patients by evaluating tumor size (T), regional lymph-node involvement (N), as well as the presence of distant metastases (M) (4). Due to heterogeneity of CC and its incompetence in assessing the metastatic potential of CC, TNM system is not capable of predicting outcomes of all CC, thus which cause survival paradox (5, 6). For example, patients with positive lymph nodes (N+) were classified into stage III, regardless of T stage, while patients with early T stage and N+ obtained better outcomes than patients with high T stages and negative lymph nodes (N−) (6). Namely, relying solely on the TNM stage was not enough to predict prognosis and determine treatment strategy of CC patients, which might have caused under- or overtreatment (7). Thus, there is ever-increasing need to identify novel robust prediction tools alongside current TNM stages.

Exactly, to remedy the deficiency of the TNM classification system, accumulating prognostic markers including other clinical, pathological parameters and diverse genes have been explored, verified, and applied in clinical practice (8). Recent evidence suggested tumor stroma percentage (TSP) and log odds of positive lymph nodes (LODDS) were practicable determinants in several solid tumors including colorectal cancer and gastric cancer (9, 10). TSP was a straightforward measure that can be assessed by microscopic inspection of hematoxylin and eosin (H&E)-stained tissue sections (9). TSP was defined as the proportion of stroma in the entire tumor tissue, and yielded prognostic information in colorectal cancer in recent studies (9, 11). LODDS was recently validated as an independent prognostic factor in colorectal cancer (CRC), which played a decisive role in prognostic assessment regardless of lymph node status and count (10).

Right-sided colon cancers (RSCC) were commonly found in the cecum, ascending colon, hepatic flexure, and/or transverse colon, while left-sided cancers (LSCC) were in the splenic flexure, descending colon, and/or sigmoid colon (12). Studies verified that RSCC and LSCC were differed in embryonic origin, anatomy, physiology, pathological type, and molecular biology. It thus concluded that RSCC and LSCC were recognized as two distinct entities in general (13–16). Nomogram, a simple statistical prediction tool, which contains multiple variables and achieves a high prediction accuracy in a specific event, has shown a more effective prognosis ability than traditional TNM staging systems in multiple types of cancers (17). However, previous nomograms were based on analysis of cohorts which mixed RSCC and LSCC together (18), lacking specific nomograms that respectively predicted the prognosis of RSCC and LSCC.

In this study, we investigated the clinical significance of TSP and LODDS in RSCC and LSCC, respectively, and validated their prognostic value. In addition, we systemically and comprehensively constructed two novel nomograms for RSCC and LSCC to avail clinicians of a more precisely survival rate and customizable treatment decisions.



Materials and Methods


Patients and Data Collection

This retrospective analysis was conducted in accordance with the Declaration of Helsinki. The study’s protocol was approved by the Clinical Research Ethics Committee of Shanghai General Hospital. Due to the retrospective nature of this study and anonymous use of patients’ data, informed consent was not required.

In the present study, a total of 1,079 colon cancer cases diagnosed pathologically were enrolled from Shanghai General Hospital between January 2014 and December 2018. All patients had received laparoscopic colectomy. The flow chart of case inclusion and exclusion is shown in Figure 1. The detailed inclusion criteria were shown as follows: (1) patients who underwent laparoscopic colectomy as initial treatment and did not receive any preoperative treatment; (2) patients had pathology-confirmed CC diagnosis; (3) patients with complete clinicopathological and follow-up data. In addition, patients were excluded if they met the following exclusion criteria: (1) Absence of important clinicopathological factors, such as TSP and LODDS. (2) Incomplete survival information (survival months and survival status). TNM stage was evaluated according to the 8th edition of AJCC TNM classification. Demographic and clinicopathological data, including age, gender, TNM stage, positive lymph node, LODDS, tumor location, tumor size, Ki-67, carbohydrate antigen 72-4 (CA72-4), carcinoembryonic antigen (CEA), carbohydrate antigen 19-9 (CA19-9), carbohydrate antigen 50 (CA50), carbohydrate antigen 12-5 (CA12-5), TSP, caudal type homeobox 2 (CDX2), mutL homolog 1 (MLH1), mutS homolog 2 (MSH2), ERCC excision repair 1 (ERCC1), non-metastatic protein 23 (NM23), cytochrome c oxidase subunit II (COX2), hepatocyte growth factor receptor (c-MET), survival months, and survival status were retrieved. The details about primary antibodies in immunohistochemical (IHC) stains are as follows: Ki-67 (clone GT209429/11; Gene Tech, China; dilution 1:200, retrieval solution—pH 8), CDX2 (clone GT201929; Gene Tech, China; dilution 1:100, retrieval solution—pH 8), MLH1 (clone GT230429/11; Gene Tech, China; dilution 1:200, retrieval solution—pH 8), MSH2 (clone GT231021/29/11; Gene Tech, China; dilution 1:100, retrieval solution—pH 8), ERCC1 (clone GT215529; Gene Tech, China; dilution 1:200, retrieval solution—pH 8), NM23 (clone GT202621/29; Gene Tech, China; dilution 1:400, retrieval solution—pH 6), COX2 (clone GT211329; Gene Tech, China; dilution 1:200, retrieval solution—pH 8), and c-MET (clone Ab51067; Abcam, UK; dilution 1:250, retrieval solution—pH 6). All CC patients were advised to receive regular follow-ups after radical surgery according to clinical guidelines. Patients were generally followed up every 3 months in the first 2 years and every 6 months thereafter 3 to 5 years. Overall survival (OS) was defined as the time interval between the date of operation and the date of the death from any cause. For patients alive, the last follow-up date was July 2019.




Figure 1 | Flowchart of CC patients in our study.





Construction and Validation of the Nomogram

Enrolled colon cancer patients from our database were identified and randomly divided into the training set of 462 patients and the internal validation set of 115 patients through a random number list generated by the R function “createFolds” to ensure that outcome events were distributed randomly between the two cohorts. The classification of categorical variables was determined by their clinical significance, which had been divided before the construction of the nomogram. In the training set, twenty characteristics were investigated by Kaplan-Meier curves and log-rank tests, and independent prognostic factors related to OS were identified by univariate and multivariate Cox regression analyses. Meanwhile, the impact of independent prognostic factors on OS were measured by hazard ratio (HR). Based on the significant factors, predictive nomograms for predicting OS were constructed by R software version 2.13.2 (http://www.r-project.org/).

Nomogram validation included discrimination and calibration curves. First, discrimination performance of the proposed nomogram was evaluated by concordance index (C-index), which value greater than 0.750 was considered to represent the relatively great concordance between the predicted and the observed responses (19). Second, calibration curves were performed by comparing the nomogram predicted OS probability with corresponding actual survival OS probability through the Kaplan-Meier method. In addition, decision curve analysis (DCA) and the receiver operating characteristic (ROC) curve were both applied in this study. DCA was used as a novel method to assess the nomogram’s ability in visualizing the clinical outcomes and evaluating the risk of adverse outcomes of individuals (20). ROC curve was used to compare the discriminative power of the proposed nomogram with the 8th AJCC TNM classification. All analyses were performed using SPSS version 20 (IBM, Armonk, NY, USA) and R version 2.13.2 via the design and survival packages. A P value of <0.05 was considered as significant.



Assessment of the TSP

The deepest point of tumor invasion of the H&E-stained sections of surgical biopsies were used to assess TSP. First, scanning of tumor sections was carried out using the automatic digital slice scanning system (KF-PRO series) at objective magnification ×10, and visualization was performed by the digital slice reading software K-Viewer (Konfoong Biotech, NB, China, 1.5.3.1). Given that there was some heterogeneity in assessment of TSP among biopsy sections, a representative region with the most invasive tumor margin was selected at objective magnification ×4 as previously described (9). Then, a single field of representative region presented with tumor cell in all borders of image were further chosen to assess TSP at objective magnification ×40. Whereas, biopsy sections that contained necrosis or mucin in representative region were excluded for the scoring. Subsequently, a machine algorithm based on MATLAB were used to calculate percentage of stroma of the visible field. Our previous study confirmed that assessment of TSP based on machine algorithm was more accurate than that based on artificial visualization (21). In this study, a TSP ≤50% of tumor area was categorized as low TSP, while a TSP >50% of tumor area was regarded as high TSP.



Definitions of LODDS

LODDS was defined as the loge [(positive nodes + 0.5)/(negative nodes + 0.5)], namely, the log of the ratio between the number of positive lymph nodes and the number of negative lymph nodes (22). X-tile (Yale University, 3.6.1) was also performed to calculate the cutoff value for LODDS group. In terms of the discovery cohort and the validation cohort, LODDS was classified into three categories including ≤ −0.9138, −0.9138 to −0.2373 and > −0.2373.



Statistical Analysis

Demographics and clinical characteristics were summarized using the average and standard deviation for continuous variables while deploying frequency and percentages for categorical variables. Continuous variables with normal distribution were compared using the Student’s t test, or the Mann-Whitney U test was used for variables with abnormal distribution. OS curves were generated by using Kaplan-Meier survival analysis, and the differences in survival distributions were performed using the log-rank test. The Cox proportional hazards model was used to determine the hazard ratio (HR) of possible risk factors and OS. Variables were converted to classify variables for univariable analysis, and the factors that showed significant associations with survival in the univariate analyses were subsequently included in the multivariate Cox regression model to identify independent prognostic factors through backward selection. All statistical analyses were performed by SPSS version 24 (IBM, Armonk, NY, USA) and R version 2.13.2 (https://www.r-project.org). Significance was set as P <0.05 in a two-sided test.




Results


Demographics and Clinical Characteristics of CC Patients

Based on inclusion and exclusion criteria, a total of 577 patients with colon cancer were retrospectively collected from the institutional database, including 261 patients with LSCC and 316 patients with RSCC. The demographics and clinicopathological characteristics of the entire training and validation cohorts of LSCC and RSCC were listed in Table 1, respectively.


Table 1 | Demographics and clinical characteristics of CC patients.



In the entire group, 56.67% of patients were male, and 87% of patients were ≥60 years at diagnosis. Most patients had an adenocarcinoma histological type and moderately differentiated tumors. It was T3, T4a, and T4b tumors that accounted for 19.06, 67.59, and 0.02% of all cases, respectively. There was no significant difference between the training and validation cohorts in demographic and clinical characteristics.



Univariate and Multivariate Analyses of Risk Factors Associated With Overall Survival

In the training cohort in LSCC, univariate analyses by Kaplan-Meier curves and log-rank tests showed that age, TNM stage, N stage, positive nodes, LODDS, and CA125 were associated with overall survival. Meanwhile, univariate analysis also showed that age, TNM stage, T stage, N stage, positive nodes, LODDS, CA724, CEA, CA199, and TSP were associated with overall survival in the training cohort of RSCC (Table 2).


Table 2 | Univariate analyses of risk factors associated with overall survival.



Multivariate analysis showed that only age, LODDS, and CA125 were independent risk factors for overall survival in patients with LSCC, and age, LODDS, and TSP were independent risk factors for overall survival in patients with RSCC (Tables 3, 4).


Table 3 | Multivariate Cox regression analyses of risk factors associated with overall survival in LSCC.




Table 4 | Multivariate Cox regression analyses of risk factors associated with overall survival in RSCC.





Construction and Validation of the Nomogram

Based on the multivariate Cox regression analysis results, age, LODDS, and CA125 were defined as independent prognostic factors in LSCC, and these were integrated to develop the nomogram of LSCC (Figures 2A–C). Similarly, age, LODDS, and TSP were integrated to construct nomogram of RSCC (Figures 2D–F).




Figure 2 | Construction and validation of the nomogram. (A) The nomogram to predict 3-year and 5-year survival probability for patients with LSCC. (B, C) The calibration curves of 3- and 5-year survival probability in LSCC patients. (D) The nomogram to predict 3-year and 5-year survival probability for patients with RSCC. (E, F) The calibration curves of 3- and 5-year survival probability in RSCC patients.



According to the nomogram of LSCC, LODDS had the greatest influence on the prognosis of LSCC, followed by CA125. While in the nomogram of RSCC, LODDS and TSP played crucial roles in the prognosis of RSCC. The total score based on individual scores of those eight parameters and a particular probability of 3- and 5-year OS could be worked out by clinicians.

To confirm that the corresponding nomograms prediction model had higher efficacy in predicting the prognosis of LSCC and RSCC patients than TNM classification, we compared C-index among training cohort, validation cohort, and whole cohort in LSCC and RSCC, respectively. In LSCC nomogram, the C-indexes in the training and validation groups were 0.837, 0.942, and 0.837 and 0.790, 0.821, and 0.780, respectively, compared with C-indexes of 0.756, 0.768, and 0.747 and 0.631, 0.624, and 0.629, respectively, based on TNM classification (Tables 5 and 6), which showed that the simple-to-use nomogram was expected to be more accurate than TNM stage. In addition, calibration curves for the nomogram showed no deviations from the reference line, which meant a high degree of reliability (23) (Figure 2).


Table 5 | Comparison between nomogram and TNM classification in LSCC.




Table 6 | Comparison between nomogram and TNM classification in RSCC.





Risk Stratification Based on the Nomogram

The cutoff values were given out by dividing all patients in the training and whole cohorts into two subgroups based on the total score, in which each group represented a distinct prognosis in LSCC nomogram and RSCC nomogram, respectively. The Kaplan-Meier survival curves were subsequently delineated and shown in Figure 3. In the training and whole cohorts of LSCC, Kaplan-Meier survival curve analysis showed the two groups had statistically different prognosis in both train cohort and whole cohorts. As for the nomogram of RSCC, in the training and whole cohorts of RSCC, Kaplan-Meier survival curve analysis also showed the two groups had statistically different prognosis in both train cohort and whole cohorts.




Figure 3 | Kaplan-Meier survival curves of risk groups stratified based on the nomogram for LSCC training set (A) and whole set (B). Kaplan-Meier survival curves of risk groups stratified based on the nomogram for RSCC training set (C) and whole set (D).





Clinical Value of the Nomogram Compared With 8th AJCC TMN

DCA is a novel method for evaluating alternative prognostic strategies, which has advantages over area under curve (AUC) (24). DCA curves for the novel nomogram of LSCC and RSCC and TNM classification in the training, validation, and the entire groups are presented in Figure 4, respectively. Compared with TNM classification, DCA of the nomogram had higher net benefits, which indicated that the nomogram had better clinical utility than TNM classification.




Figure 4 | Decision curve analysis (DCA) to assess the clinical usefulness of the nomogram and TNM stage in the training set (A), validation set (B), and whole set of LSCC (C). And DCA in the training set (D), validation set (E), and whole set of RSCC (F).





Development of Webserver for Easy Access of Nomogram

An online version of our nomogram (Figure 5) can be accessed at https://colon-cancer-prediction-tool.shinyapps.io/nomogram_for_colon_cancer/, to assist researchers and clinicians. Predicted survival probability across time can be easily determined by inputting clinical features and reading output figures and tables generated by the webserver.




Figure 5 | Development of webserver for easy access of nomogram (https://colon-cancer-prediction-tool.shinyapps.io/nomogram_for_colon_cancer/).






Discussion

In the present study, we developed and validated personalized nomograms incorporating age, CA125, LODDS, and TSP to predict the OS probability for LSCC patients and RSCC patients after radical resection, respectively. The nomograms had exhibited more competitive capability of discrimination and calibration in both of the training and validation cohorts. From the point of clinical application, DCA analysis revealed it had promising clinical applicability, and C-index analysis demonstrated nomograms had superior prognostication performance compared to the 8th AJCC TNM classification (0.837 vs. 0.747, and 0.780 vs. 0.629). Thus, the constructed nomograms were able to provide a feasible and customized tool to inform patients about their long-term prognoses and help clinicians to make more individual treatment decisions.

Radical resection was considered to be the only curative approach for CC patients (25). Many patients could obtain 5-year survival rate range from 60 to 79%, revealing the prognostic heterogeneity associated with this disease (26). In regard to prognostic heterogeneity, recent study demonstrated that colon cancer side should be acknowledged as a criterion for prognosis (14). Thus, we established different nomograms based on colon cancer side to deliver more customized prognosis prediction. Besides, it was found that the more the proportion of tumor stroma had increased, so much the poorer survival in patients with solid tumor including colon cancer (27, 28). In spite of nomograms for survival prediction of colon cancer patients were proposed previously (29, 30), the nomogram adopting TSP as an independent prognostic factor is firstly brought forward by our group as far as we are concerned. Interestingly, our results showed TSP was higher in RSCC compared to LSCC, and univariate and multivariate analyses further demonstrated TSP acted as an independent prognostic factor in RSCC. Indeed, given that the present threshold of 50% TSP was consistent with previous studies, these results suggested that this simple, rapid assessment of the tumor stroma using machine algorithm might improve prognostic prediction in CC patients (9, 10, 31). Despite recognition of the importance of the TSP in prognostic prediction, its differences in LSCC and RSCC have yet to be fully investigated. First, from a clinical standpoint, RSCC patients are more likely to exhibit advanced tumor stage and show poor prognosis and overall survival, which is consistent with poor prognosis of higher TSP (14). Second, from a biological viewpoint, the capacity of RSCC to detoxify carcinogens is weaker than that of LSCC, owing to the fact that stroma, a target of carcinogens, modulates the growth and oncogenic potential of adjacent epithelium (32, 33).

To date, there are several established nomograms that are capable of predicting the survival after radical resection for CC patients (20, 29, 34–38). Some researches reported that the prognosis of CC was obviously connected with factors involving age, sex, and tumor size, while others showed the prognosis of CC was irrelevant to the above factors (20, 34, 35). Mo et al. recently constructed and validated prognostic nomograms incorporating demographic information, clinicopathological features, and distant metastasis status to predict OS in CRC patients, with AUCs of 0.764, 0.762, and 0.745 in 1-, 3-, 5-year OS, respectively (20). Sjoquist et al. conducted the ARCAD nomogram project to develop a nomogram to predict OS in advanced CRC patients who received first-line systemic therapy. Final nomograms were well calibrated and internally and externally valid, with a high predictive performance (C=0.68) (29). Besides traditional indicators, recent studies incorporated novel prognostic factors including tumor deposits, CpG sites, and autophagy signature genes into nomograms, respectively, which also showed the potential to assess CRC patient prognosis (36–38). Simultaneously, almost all of them were focused on CRC patients of all sides (LSCC, RSCC, and rectal cancer). However, multiple studies reported biological and survival differences between right- and left-sided colon cancer, which might release a signal corresponding nomogram for RSCC and LSCC patients was called for separate and further research (12–16, 39).

Tumors arising on the right side of the colon, in fact, were seemed to follow different molecular pathways of oncogenesis with LSCC (40). RSCCs were more commonly diploid and characterized by mucinous histology, high microsatellite instability, CpG island methylation, and BRAF mutation. Conversely, LSCCs were found to have frequent p53 and KRAS mutations (13, 40). Apart from intrinsic biological differences (i.e., higher rate of BRAF mutant cases) related to a more aggressive clinical behavior, several other factors including surgical technique and sensitivity to chemotherapy should be taken into account to explain the different outcomes in LSCC and RSCC (14, 40). Petrelli F et al. demonstrated that tumor location had a critical role in determining CC prognosis, being a surrogate of different and poor biology (14). Shida D et al. conducted a nationwide multicenter retrospective study and found RSCC patients had worse OS comparing to LSCC patients (39). Consistent with previous studies, our research also showed LSCC patients had better survival benefits than RSCC patients. As a result, we developed and validated corresponding nomograms for LSCC and RSCC patients, to achieve better personalized prediction.

Although some nomograms have been developed to predict individual survival probabilities for patients with CRC, most nomograms were focused on general factors including age, sex, usual hematological indexes, and common clinicopathological characteristics (20, 34, 35). Whereas, there are some unique points including TSP and LODDS in our nomograms. To achieve the best of comprehensiveness and comprehensibility in the nomograms is inevitable and elusive goal for researchers. However, the applicable target of our nomogram is relatively comprehensive and individualized, involving LSCC and RSCC, respectively. Additionally, improved accuracy of nomograms sometimes comes at the cost of increased complexity of the nomogram (41). Our nomograms are concise, with only three predictive factors both in LSCC and RSCC nomograms, yet remain accurate. All the clinical parameters needed for our nomograms are available after surgical resection and routine pathologic examination, without adding any further burden to patients.

Though our nomograms demonstrated satisfactory performance in predicting individual survival probability for patients with CC after surgery resection, our study did have several limitations. First, our data were of limited size and derived from data collected at a single institution, and the follow-up missing patients were relatively large, which limited the generalizability and applicable scope of the nomograms. Secondly, our nomograms were mainly based on pathological outcomes; therefore, it is inapplicable to evaluate non-surgical patients. Third, although the model still worked well in our internal cohort, which was intended for relatively strict validation, multi-institutional, prospective validation would provide more convincing evidence.



Conclusion

In summary, we have established and validated original predictive nomograms for the survival of patients with LSCC and RSCC after surgery respectively, providing individualized outcome predictions with good accuracy, reliability, availability, and applicability. These convenient nomograms could be helpful to clinicians and patients in the treatment decision-making process.
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Gastric cancer (GC) is one of the deadliest cancers, and long noncoding RNAs (lncRNAs) have been reported to be the important regulators during the occurrence and development of GC. The present study identified a novel and functional lncRNA in GC, named NR038975, which was confirmed to be markedly upregulated in the Gene Expression Profiling Interactive Analysis (GEPIA) dataset and our independent cohort of GC tissues. We firstly characterized the full-length sequence and subcellular location of NR038975 in GC cells. Our data demonstrated that upregulated NR038975 expression was significantly related to lymph node metastasis and TNM stage. In addition, knockdown of NR038975 inhibited GC cell proliferation, migration, invasion, and clonogenicity and vice versa. Mechanistically, RNA pull-down and mass spectrometry assays identified the NR038975-binding proteins and NF90/NF45 complex, and the binding was also confirmed by RNA immunoprecipitation and confocal experiments. We further demonstrated that genetic deficiency of NR038975 abrogated the interaction between NF45 and NF90. Moreover, NF90 increased the stability of NR038975. Thus, NR038975-NF90/NF45 will be an important combinational target of GC. Finally, we detected NR038975 in serum exosomes and serum of GC patients. Our results indicated that NR038975 was a biomarker for gastric tumorigenesis. The current study demonstrated that NR038975 is a novel lncRNA that is clinically and functionally engaged in GC progression and might be a novel diagnostic marker and potential therapeutic target.
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Introduction

Gastric cancer (GC) is one of the most common cancers and has the third highest death rate in the world (1). The incidence of GC displays widespread geographical differences, in which China exhibits a higher incidence rate of GC than other countries (2, 3). Advanced GC patients usually have a poor prognosis because of the lack of specific biomarkers for early diagnosis and effective treatments (4, 5). Recent studies have revealed potential targets for drug treatment; however, the specific mechanisms of GC still require further exploration and improved comprehension (6–8).

Long noncoding RNAs (lncRNAs) are a category of noncoding transcripts larger than 200 nucleotides in length. Multiple studies have demonstrated that lncRNAs participate in tumor development (9, 10). Previous evidence has shown that lncRNAs control diverse biological processes, such as migration, proliferation, cell cycle, and apoptosis. Moreover, lncRNAs are commonly differentially expressed in numerous human diseases, including cancers (11–13). The molecular mechanisms of lncRNAs on biological functions are diverse and confusing and include serving as microRNA (miRNA) sponges (14, 15), acting as scaffolds to regulate protein–DNA or protein–protein interactions (16, 17), and serving as decoys to bind to proteins (18, 19). These results demonstrate that lncRNAs significantly regulate tumor progression and could be used as potential therapeutic targets. LncRNAs are specifically expressed in certain tissues and cells (20) and could develop into therapeutic targets or diagnostic biomarkers for specific tissues. Furthermore, several lncRNAs act as cis-regulatory elements for neighboring genes because of their location in the nucleus (21); hence, targeting lncRNAs could regulate certain gene loci (12). Taken together, these results inspire the study of lncRNAs in the treatment of cancer.

RNA-binding proteins (RBPs) are crucial regulators of gene expression (22). NF90 and NF45 are encoded by the ILF3 and ILF2 genes, respectively, and combined into a complex via DZF (domain associated with zinc fingers) (23). NF90 and NF45 are ubiquitously expressed in human tissues and are increased in diverse cancers, including GC (24–28). Knockdown of NF90 or NF45 was shown to disturb the biological function of various cell lines (29). NF90 contains arginine-glycine-rich (RGG/RG) regions and two double-stranded RNA-binding motifs (dsRBMs) to bind certain nucleic acids (30, 31). NF90 can regulate the stability of numerous transcripts, such as Tau, interleukin (IL)-2, MyoD, and vascular endothelial growth factor (VEGF) (32–34). Therefore, NF90 and NF45 are developing as prospective therapeutic targets in several diseases, especially in cancer.

In this study, we identified a novel lncRNA, NR038975, and characterized its full-length sequence and subcellular location in GC cells. Furthermore, we explored the biological functions of NR038975 in GC cells and its underlying mechanisms. The results indicated that NR038975 was a novel lncRNA in GC progression. From the perspective of mechanism, NR038975 directly binds to NF45 and NF90 to promote the stability of the NF45/NF90 complex. Moreover, we detected the NR038975 expression in serum and serum exosomes. Overall, this study proposed insights on the biological roles and mechanisms of NR038975 in GC and further uncovered a novel diagnostic marker and therapeutic target in GC.



Materials and Methods


Clinical Specimens

Fresh GC tissues and adjacent normal gastric tissues in GC patients were collected at the Fourth Hospital of Hebei Medical University between 2015 and 2018 (n = 84). Informed consent was obtained from all patients for the use of the samples, and approval was obtained from the ethics committee of the Fourth Hospital of Hebei Medical University. All of the samples were diagnosed by 2–3 experienced pathologists. The inclusion criteria were primary GC at stages I–IV, and patients received surgery as the initial treatment.



Cell Culture and Transfection

The GC cell lines AGS, MGC-803, and BGC-823 were obtained from the Shanghai Institute for Biological Sciences. The SGC-7901 cell line was acquired from GeneChem (Shanghai, China). The immortalized normal gastric epithelial cell line GES-1 was purchased from Procell Life Science & Technology (Wuhan, China). All of the cell lines were cultured in RPMI 1640 (Gibco, USA) supplemented with 10% fetal calf serum (BI, Israel) and penicillin and streptomycin (Invitrogen, USA) and incubated at 37°C with 5% CO2. Cells were transfected with the overexpression plasmid or vector (Generay, Shanghai, China). The vector was a negative control, and its structure was pCDH-CMV-MCS-EF1-CD511B-1 lentivector, as shown in Supplementary Material. The cells were transiently knocked down with small interfering RNA (siRNA; GenePharma, Shanghai, China).



RNA Isolation and Quantitative Real-Time PCR

Total RNA of cells or tissues was extracted using TRIzol solution (Invitrogen, USA). Reverse transcription reactions were performed with reverse transcriptase (Promega, USA) according to the manufacturer’s instruction. Real-time PCR was conducted with SYBR Green PCR Kit (Promega, USA) in a Real-time PCR System (Bio-Rad, USA), and the gene-specific primers are shown in Supplementary Table S1. Relative expression levels of genes were calculated using the 2-ΔΔCt method.



5′ and 3′ Rapid Amplification of cDNA Ends Analysis

To obtain the sequence of full-length lncRNA NR038975, 3′ rapid amplification of cDNA ends (RACE) and 5′ RACE analyses were performed using the GeneRacer™ Kit (Invitrogen) according to the manufacturer’s instructions. The specific primers are shown in the Supplementary Table S1.



Cell Proliferation Assay

The proliferation of GC cells was measured in real time using the xCELLigence Real-Time Cell Analyzer (RTCA)-MP system (Acea Bioscience/Roche Applied Science). First, 100 μl of complete RPMI 1640 medium was added to each well of E-Plate 96 (Roche Applied Science) for equilibration. Then, 2 × 103 cells in 100 μl of complete RPMI 1640 medium were added to each well. The E-Plate 96 was locked in the RTCA-MP device and continually cultured at 37°C with 5% CO2. The cell index directly reflects cellular proliferation.



Migration and Invasion Assays

The cell migration assay was performed using 24-well Transwell filters (Corning Costar, USA). Here, 1 × 105 SGC-7901 cells or MGC-803 cells in 0.2-ml serum-free medium were seeded in the upper chamber, while 0.6 ml of medium with 20% fetal bovine serum (FBS) was added to the lower chamber. After incubating for 15–16 h, the cells migrating through the filter were fixed with methanol, stained with crystal violet, and counted with a microscope in five randomly selected fields.

For the cell invasion assay, the transwell chambers were precoated with 200 μg/ml Matrigel (Beyotime Biotechnology, China) and incubated overnight. Here, 1 × 105 SGC-7901 cells or MGC-803 cells in 0.2 ml serum-free medium were seeded in the upper chamber, while 0.6 ml of medium with 20% FBS was added to the lower chamber. After incubating for 20–22 h, the cells invading through the filter were fixed with methanol, stained with crystal violet, and counted with a microscope in five randomly selected fields. Data were obtained from three independent experiments.



Clone Assay

To investigate the clonogenicity ability of the cells, 1 × 103 cells with and without NR038975 knockdown and transfected with either NR038975 or vector were seeded into six-well plates and incubated for 10 days with medium changed every 3–4 days. Colonies were fixed with methanol for 10 min, stained with crystal violet, and observed and counted under a microscope.



RNA Pull-Down Assay

Full-length sense and antisense NR038975 or its fragments were linearized with the corresponding restriction enzymes BamHI or EcoRI and transcribed in vitro with the Biotin-RNA Labeling Mix (Roche Diagnostics, USA). After obtaining whole lysates from MGC-803 cells, pull-down assays were performed, as described in a previous article (35). Then, the pulled down proteins were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by silver staining or immunoblotting assay. Protein bands were excised and identified by in-gel trypsin digestion followed by mass spectrometry (Capitalbio Corporation).



RNA Immunoprecipitation

RNA immunoprecipitation (RIP) assays were performed using the Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Merck Millipore) according to the manufacturer’s instructions. Then, the coprecipitated RNAs were quantified through quantitative RT-PCR. The primers used for detecting NR038975 are shown in Supplementary Table S1.



Protein Immunoprecipitation

GC cells with stable knockdown of NR038975 were harvested and lysed in immunoprecipitation (IP) buffer (20 mM Tris, 1.5 mM MgCl2, 100 mM NaCl, 20 mM KCl, and 1% NP40, pH 7.6) with protease inhibitors (Roche). Lysates were placed on ice for 30 min, mixed every 10 min, and then cleared by centrifugation at maximum speed for 15 min at 4°C. Antibodies (Abs) for immunoprecipitation (2 µg NF90 and 2 µg normal rabbit IgG) were incubated with lysates for 8 h at 4°C with rotation. Protein G Dyna beads were added for 6 h at 4°C with rotation. Immunoprecipitates were washed six times with IP buffer and were used for Western blot.



Western Blot Analysis

Transfected cells were lysed with lysis buffer containing protease inhibitors (Roche) at 4°C. Proteins were quantified using a bicinchoninic acid (BCA) protein assay kit (Thermo). Protein extracts were separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% nonfat dry milk in TBS buffer for 1 h at room temperature and then incubated with antibodies at 4°C overnight. After washing with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-mouse IgG or anti-rabbit IgG secondary antibody, and bands were detected using ChemiDoc™ XRS+ (Bio-Rad, USA) and ImageQuant™ LAS 4000 (GE Healthcare Life Sciences, USA). GAPDH was used as a loading control. The primary antibodies were NF45 (ab154791), NF90 (19887-1-AP), E-cad (sc-7870), N-cad (sc-7939), MMP9 (3852s), vimentin (sc-32322), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 10494-1-AP).



Animal Experiments

Four-week-old male BALB/C-nude mice were purchased from Vital River Laboratory Animal Technology, Beijing. To evaluate the effect of NR038975 in vivo, the animals were divided into the following two groups: SGC-7901 stably transfected with NR038975 shRNA and SGC-7901 control. All mice were subcutaneously injected in the left backside region with 1.5 × 106 NR038975-knockdown SGC-7901 cells and the right backside region with 1.5 × 106 control SGC-7901 cells. After 2 weeks, the tumor volumes were measured (V = 0.5 × length × width2) every 3 days. All the mice were sacrificed 4 weeks after inoculation, and tumors were excised, measured, weighed, and photographed.



Statistical Analysis

Statistical analyses were performed using the SPSS 13.0 software. All data were obtained from three independent experiments, and each experiment was measured in triplicate. Quantitative data are presented as the mean ± standard deviation and were analyzed using the Student’s t-test or one-way ANOVA. Categorical data were expressed using proportions and compared with the chi-square test. A p value less than 0.05 was considered statistically significant (*p value <0.05), and all statistical tests were two-tailed.




Results


Identification of the Novel Gastric Cancer-Associated LncRNA NR038975

Based on our previous lncRNA/messenger RNA (mRNA) microarray analysis of GC-associated lncRNAs (GSE95667) (36), which contains four pairs of GC tissues and normal tissues, lncRNA NR038975 was significantly upregulated in GC tissues compared with normal tissues (Figure 1A). In addition, we found that NR038975 was highly expressed in GC tissues compared with normal tissues in the Gene Expression Profiling Interactive Analysis (GEPIA) dataset (Figure 1B). We then detected the NR038975 expression in our independent cohort including 84 paired freshly frozen GC tissues and para-cancer tissues. NR038975 was remarkably overexpressed in GC tissues and showed a positive correlation with patient tumor size, TNM stage, and lymph node metastasis (Figure 1C and Table 1; p < 0.05). Furthermore, we quantified the NR038975 expression in the immortalized gastric epithelial cell line GES-1 and four GC cell lines. Significantly, high expression of NR038975 was found in the GC cell lines compared with GES-1 cells (Figure 1D). Our findings demonstrated that NR038975 might function as an oncogenic lncRNA in GC development.




Figure 1 | Identified the novel gastric cancer-associated long noncoding RNA (lncRNA) NR038975. (A) The expression of lncRNA NR038975 in the lncRNA/messenger RNA (mRNA) microarray analysis. (B) Relative expression of NR038975 in gastric cancer (GC) and normal tissues in Gene Expression Profiling Interactive Analysis (GEPIA). (C) NR038975 expression was analyzed by qRT-PCR in GC samples and para-cancer tissues (n = 84). Statistical analysis was performed using t-test. The horizontal line indicates the median value. *p < 0.05. (D) NR038975 expression was analyzed by RT and qRT-PCR in GC cells and gastric normal epithelial cells. (E) Rapid amplification of cDNA ends (RACE) analysis of NR038975 transcripts resulted in two RNA variants (V1:716 bp and V2:643 bp), and full-length (FL) V1 and V2 were obtained by RT-PCR. (F) Sequence analysis of 5′ RACE of NR038975. (G) Sequence analysis of 3′ RACE of NR038975. (H) NR038975 folds in a stable stem-loop structure. (I) NR038975 lacks the potential to encode any recognizable protein domains. (J, K) The effect of SNHG5 expression level on clinical prognosis was analyzed by Kaplan–Meier survival analysis using patient overall survival (OS) data in our sample cohort (J) and TCGA data (K). **p < 0.01, ***p < 0.001.




Table 1 | Correlation between NR038975 expression and clinicopathologic features in 80 GC patients.



To determine the full-length transcript of NR038975, 5′ RACE and 3′ RACE were performed according to the manufacturer’s instructions (Figures 1E–G). As a result, we identified the following two NR038975 variants: one was 643 bp and the other was 716 bp, and they shared the same 5′ and 3′ ends. Interestingly, the expression of longer variant appeared to be more abundant in cells and thus became the focus of our further functional analysis (Figure 1E). In addition, we revealed that NR038975 formed a stable stem-loop structure by conducting theoretical RNA structure analysis (http://rna.tbi.univie.ac.at/) (Figure 1H). It was identified as an lncRNA rather than a protein-coding transcript based on a BLASTX analysis from the NCBI and ATGpr (http://atgpr.dbcls.jp/) websites (Figure 1I). Moreover, Kaplan–Meier survival analysis was conducted to determine the correlation of NR038975 expression with survival. The results demonstrated that higher NR038975 expression in patients was correlated with shorter survival, which could be confirmed in our sample cohort (Figure 1J) and The Cancer Genome Atlas (TCGA) dataset (Figure 1K). Taken together, these results firstly established that NR038975 was a novel lncRNA in GC cells and might be important in GC occurrence and development.



LncRNA NR038975 Promotes the Proliferation, Migration, Invasion, and Clonogenicity of Gastric Cancer Cells

We next investigated the biological function of NR038975 in GC cells. Because NR038975 was expressed at high levels and was easily transfected into SGC-7901 and MGC-803 cells, these cell lines were chosen for functional experiments (Figure 1D). First, we transiently transfected SGC-7901 and MGC-803 cells with NR038975 siRNAs or control. The NR038975 expression level was remarkably decreased in SGC-7901 and MGC-803 cells compared to that of the control group (Figure 2A). Furthermore, cell growth and transwell assays demonstrated that downregulation of NR038975 inhibited the proliferation (Figure 2B), migration (Figure 2C), and invasion (Figure 2D) of GC cells. In addition, NR038975-knockdown GC cells showed a decreased clonogenicity ability (Figure 2E). We further overexpressed NR038975 in SGC-7901 and MGC-803 cells with plasmids, and the expression level was significantly increased (Figure 2F). In contrast, overexpression of NR038975 promoted GC cell proliferation, migration, invasion, and clonogenicity (Figures 2G–J). Altogether, these results clearly demonstrated that NR038975 played a vital role in GC cell proliferation, migration, invasion, and clonogenicity.




Figure 2 | Inhibition of NR038975 reduced the proliferation, migration, invasion, and clonogenicity of gastric cancer (GC) cells. (A) The expression of NR038975 was detected by qRT-PCR in SGC-7901 cells and MGC-803 cells transfected with the small interfering RNA (siRNA) for 24 h, *p < 0.05. (B) Proliferation of GC cells with NR038975 knockdown was assessed by Real-Time Cell Analyzer (RTCA) system. (C, D) The effect of NR038975 knockdown on the migration and invasion of GC cells was investigated using the Transwell and Matrigel assay, respectively. Average counts were collected from five random microscopic fields, *p < 0.05. (E) Knocking down NR038975 inhibited the clonogenicity of GC cells; the number of colonies was calculated and plotted on a histogram, *p < 0.05. (F) The expression of NR038975 was detected by qRT-PCR in SGC-7901 and MGC-803 cells transfected with the plasmid for 24 h, *p < 0.05. (G) Proliferation of GC cells with NR038975 overexpression was assessed by RTCA system. (H, I) The effect of NR038975 overexpression on the migration and invasion of GC cells was investigated using the Transwell and Matrigel assay, respectively, *p < 0.05. (J) The effect of NR038975 overexpression on the clonogenicity of GC cells, *p < 0.05, **p < 0.01, ***p < 0.001.





LncRNA NR038975 Promotes Gastric Cancer Growth In Vivo

To evaluate the effect of NR038975 on GC development in vivo, SGC-7901 cells with stable knockdown of NR038975 were subcutaneously injected into nude mice (n = 8) (Figures 3A, B). Tumor volumes were measured every 3 days. Mice were sacrificed after 26 days, and tumors were excised to calculate their volume and weight. As shown in Figures 3C, D, tumors in the SGC-7901 with NR038975-shRNA group were significantly smaller in size and weight than those in the control group. Taken together, lncRNA NR038975 could also promote GC cell growth in vivo.




Figure 3 | Knocking down NR038975 inhibits gastric cancer (GC) cell growth in vivo. (A) The stable and low expression of NR038975 was detected in SGC-7901 GC cells using immunofluorescence microscopy and real-time PCR after transfection with a lentivirus harboring the full-length human NR038975 sequence. (B) The growth of sh-NC-SGC-7901 cells and sh-NR038975-SGC-7901 cells that were injected subcutaneously into nude mice (n = 8). (C) Growth curves for the xenograft NR038975-knockdown tumors, *p < 0.05. (D) Tumor weights of the xenograft NR038975-knockdown tumors were measured, *p < 0.05, **p < 0.01.





LncRNA NR038975 Interacts With the RNA-Binding Protein NF90/NF45

To explore the underlying regulatory mechanism of NR038975, we transfected MGC-803 cells with NR038975 siRNA or control and then performed RNA transcriptome sequencing. The data were submitted to the Sequence Read Archive (SRA), and the accession number is PRJNA669071. In which, 3,149 genes were significantly changed (|fold change| >1.5). Gene Ontology (GO) analysis revealed that the differentially expressed genes were enriched in cancer proliferation- and migration-related terms (Figure 4A). Then, we examined the expression of migration- and invasion-related proteins matrix metalloproteinase (MMP)9, vimentin, N-cadherin, and E-cadherin in NR038975 knockdown and overexpressed GC cells (Figure 4B).




Figure 4 | Long noncoding RNA (lncRNA) NR038975 binds to NF90 and NF45. (A) Gene Ontology analysis for all genes with altered expression after knockdown of NR038975. (B) Western blotting analysis of vimentin, N-cadherin, E-cadherin, and matrix metalloproteinase (MMP)9 in NR038975 knockdown and overexpressed gastric cancer (GC) cells. (C) Fluorescence in situ hybridization (FISH) of cells was performed using an NR038975 probe (green). The nuclei were counterstained using 4',6-diamidino-2-phenylindole (DAPI) (blue) (scale bar: 30 μm). (D) Expression levels of NR038975 in cytoplasm and nucleus of GC cells. (E) Silver staining of biotinylated NR038975-associated proteins. Specific bands were excised and analyzed through mass spectrometry. (F) Western blot analysis of the specific association of NF90 and NF45 with NR038975 from RNA pull-down assay. (G) Specific association of NR038975 with NF90 and NF45 proteins is performed by competition assay. Gradient concentrations of unlabeled NR038975 were added to compete with biotin-labeled NR038975 in interacting with NF90 and NF45. (H) RNA immunoprecipitation (RIP) assays were performed using NF90 or NF45 antibodies. Specific primers were used to detect NR038975, and RIP enrichment was determined relative to an input control. (I) Schematics of the full-length and deletion fragments of NR038975 used for the precipitation of NF90 and NF45 from MGC-803 cell lysates. Associated NF90 and NF45 proteins were detected by Western blotting. (J) MGC-803 and SGC-7901 cells were seeded on glass coverslips in 24-well plates and then fixed with 4% paraformaldehyde. NR038975 probes (green) and a fluorescence-conjugated antibody against NF90 (red) were used for combined application of RNA-FISH and immunofluorescence. Cell nucleus was stained with DAPI (blue). *p < 0.05, **p < 0.01.



To further investigate the mechanism of NR038975, we studied its cellular localization. We designed NR038975 probes and used RNA-fluorescence in situ hybridization (FISH) to demonstrate that NR038975 was located in both the cytoplasm and nucleus (Figure 4C). We also isolated the cytoplasmic and nuclear fractions of MGC-803 and SGC-7901 and conducted real-time PCR (Figure 4D). We found that NR038975 was located in the cytoplasm and nucleus almost equally, further confirming the above result.

An increasing number of studies have revealed that lncRNAs may function by physically interacting with specific proteins; therefore, RNA pull-down assay was performed to identify NR038975-interacting proteins. Biotinylated sense or antisense NR038975 was incubated with MGC-803 cell lysate, pulled down with streptavidin, and analyzed by SDS-PAGE and silver staining (Figure 4E). Among the identified proteins, NF45/ILF2 was the most enriched NR038975-binding partner. Meanwhile, NF90/ILF3, which was dimerized with NF45 to form a complex, was also identified. Furthermore, NF45 and NF90 were both detected in NR038975-specific pull-down cell lysates by Western blotting (Figure 4F).

To confirm the specific interaction between NF90/NF45 and NR038975, competition assay was performed by adding a gradient concentration of non-biotinylated NR038975. The interaction between biotinylated NR038975 and NF90/NF45 was competed by non-biotinylated NR038975 in a dose-dependent manner (Figure 4G). Moreover, we validated the interaction between NR038975 and NF90/NF45 by RIP. We detected a significant enrichment of NR038975 using NF90 and NF45 antibodies (Figure 4H). In addition, we performed deletion-mapping analysis to identify which region of NR038975 is required for NF90/NF45 binding. We found that transcripts containing 1-350nt exhibited the strongest binding to NF90/NF45 (Figure 4I). Furthermore, confocal microscopy was used to investigate the colocalization of NR038975 and NF90. We found that NR038975 and NF90 were located in the nucleus together (Figure 4J). Altogether, the RNA pull-down, RIP, deletion mapping, and colocalization assays demonstrated a direct interaction between NR038975 and NF90/NF45.



LncRNA NR038975 Is a Molecular Linker Between NF45 and NF90, and NF90 Enhances NR038975 Stability in Gastric Cancer Cells

Subsequently, we attempted to explore the functional relevance of the interaction between NR038975 and NF90/NF45. The results of the present study demonstrated that downregulation of NR038975 had no effect on the expression of NF90 and NF45 (Figure 5A). However, downregulation of NF90 significantly decreased the expression of NF45 and the RNA levels of NR038975 in MGC-803 and SGC-7901 cells (Figures 5B, C). To confirm the above findings, we treated GC cells with the RNA synthesis inhibitor actinomycin D and harvested RNAs at 0, 4, 8, and 12 h. We found that NR038975 degraded more quickly in the NF90 knockdown group than in the control group (Figure 5D), illustrating that NF90 specifically regulated the stability of NR038975 in GC cells.




Figure 5 | Long noncoding RNA (lncRNA) NR038975 directly links NF45 and NF90. (A) NF90 and NF45 expression levels were measured through Western blotting after knockdown or overexpression of NR038975. (B) NF90 and NF45 expression levels were measured through Western blotting after knockdown of NF90. (C) NR038975 expression level was measured by real-time PCR after knockdown of NF90, *p < 0.05. (D) The half-life of NR038975 after treatment with 5 μg/ml actinomycin D for indicated times, with NF90 knockdown in MGC-803 and SGC-7901 cells, *p < 0.05. (E) Immunoprecipitation assay was performed to detect the interaction between NF90 and NF45 in NR038975-stably knockdown MGC-803 and SGC-7901 cells, **p < 0.01.



In addition, NR038975 specifically binds NF90 and NF45 in GC cells, and NF90 and NF45 interact with each other. However, downregulation of NR038975 had no effect on the expression of NF90 and NF45. We speculated that NR038975 is important for NF90 and NF45 complex interactions. To verify this hypothesis, we performed an IP assay using NF90 antibody in MGC-803 and SGC-7901 cells stably transfected with NR038975 shRNA or control and found that NR038975 knockdown led to a significant decrease in the interaction of NF90/NF45 (Figure 5E). Taken together, we are the first to find that NR038975 directly linked NF45 and NF90, which regulated the function of the NF45/NF90 complex.



LncRNA NR038975 Functions Through Its Interaction With NF90

To determine the function of NF90 in GC, we knocked down NF90 expression in SGC-7901 and MGC-803 cells. The results revealed that downregulation of NF90 remarkably inhibited the growth and clonogenicity of GC cells (Figures 6A, B), which demonstrated that NF90 could promote the development of GC.




Figure 6 | Long noncoding RNA (lncRNA) NR038975 functions through its interaction with NF90. (A) Proliferation of MGC-803 and SGC-7901 cells with knocked down NF90 was assessed by Real-Time Cell Analyzer (RTCA) system. (B) The effect of NF90 knockdown on colony formation in gastric cancer cells was investigated. (C) NF90 expression level was measured through Western blotting after overexpression of NF90. (D–F) Overexpression of NF90 reversed the NR038975 knockdown-reduced growth (D), migration (E), and colony formation (F) of MGC-803 and SGC-7901 cells. *p < 0.05, **p < 0.01, and ***p < 0.001.



Furthermore, to explore whether the NR038975-mediated biological function in GC cells depended on its binding with NF90, we constructed MGC-803 and SGC-7901 cells with an NF90 overexpression plasmid (Figure 6C). The results demonstrated that downregulation of NR038975 inhibited the proliferation, migration, and clonogenicity of GC cells, which were rescued by overexpression of NF90 (Figures 6D–F). Collectively, these results illustrated that the mechanism by which NR038975 operates in GC cells is partly attributed to the NR038975/NF90/NF45 association complex.



NR038975 Expression Is Elevated in the Plasma and Plasma Exosomes of Gastric Cancer Patients

Recent studies have shown that lncRNAs could also be secreted into the blood and serve as diagnostic markers in cancer development. We attempted to determine whether NR038975 can be secreted by GC cells through exosomes and serve as a noninvasive biomarker for GC. Thus, we extracted exosomes from the culture supernatant of GC cell lines. The morphology and size distribution of exosomes were verified by transmission electron microscopy (TEM) and nanoparticle tracking analysis (NTA). We found that the exosomes were typical lipid bilayer membrane-encapsulated nanoparticles (Figure 7A) and had a predominant size of 50–150 nm (Figure 7B). In addition, the exosome marker proteins Alix, CD9, heat shock protein (HSP)90, and cluster of differentiation (CD)63 were detected in both cell lysate and exosomes; however, calnexin was only detected in the cell lysate (Figure 7C). Then, we measured NR038975 in GC cell-derived exosomes using RT-PCR and qPCR. The results showed that NR038975 was highly expressed in GC cell-derived exosomes but weakly expressed in exosomes of GES-1 cells (Figure 7D), illustrating that NR038975 could be secreted by GC cells.




Figure 7 | NR038975 exists in gastric cancer (GC) cell-derived exosomes and is upregulated in the serum of GC patients. (A) Representative TEM images of exosomes secreted by AGS cells. (B) Nanoparticle tracking analysis (NTA) of the size distributions and numbers of exosomes derived from AGS cells. (C) The markers of exosomes were detected by Western blot. (D) NR038975 expression in exosomes isolated from four GC cell lines and one immortalized normal gastric epithelial cell line (GES1) was detected by RT-PCR and qPCR. (E) NR038975 expression levels in serum of GC patients and healthy controls. (F) Receiver operating characteristic (ROC) curves for the diagnostic value of serum NR038975 in GC. (G) NR038975 expression levels in serum exosomes of GC patients and healthy controls. (H) ROC curves for the diagnostic value of serum exosomal NR038975 in GC. *p < 0.05, **p < 0.01, ***p < 0.001.



Furthermore, we tested NR038975 expression in plasma samples (47 healthy controls and 86 GC patients) and used receiver operating characteristic (ROC) curve to analyze the diagnostic value of NR038975 as a biomarker for GC. We found that NR038975 expression was upregulated in the plasma of GC patients compared to healthy controls (Figure 7E), and the area under the ROC curve (AUC) was 0.702 (Figure 7F). We also isolated exosomes from the samples (20 healthy controls and 20 GC patients) and detected the expression levels of NR038975, which was increased in GC patients compared to healthy controls (Figure 7G). The AUC was 0.715 (Figure 7H). Altogether, the results suggested that NR038975 can be secreted by the exosomes of GC cells and might be a diagnostic marker for GC.




Discussion

GC is one of the most common causes of cancer-related death worldwide. GC pathogenesis includes many mutations in tumor suppressor genes and amplifications of oncogenes (37–39). An increasing number of studies have revealed that lncRNA expression profile is considerably dysregulated in GC, and certain lncRNAs, such as TINCR, FENDRR, and GAPLINC, are related to tumorigenesis (40–42). Although dysregulation of specific lncRNAs in gastric tumorigenesis is a recognized phenomenon, the functional mechanisms of most lncRNAs remain debatable in human GC. A growing number of underlying mechanisms of lncRNAs involved in GC could pave the way for novel therapies to overcome the disease.

In the present study, we first found that NR038975 was upregulated in GC tissues. The biological functions and specific mechanism of NR038975 in GC development have never been illuminated. We revealed that the NR038975 expression level was significantly related to TNM stage. These results also showed that NR038975 dramatically promoted GC cell proliferation, migration, invasion, and clonogenicity. NR038975 directly binds to NF45 and NF90, which not only increases the stability of NR038975 but also increases the stability of NF45/NF90 complex, so as to promote GC proliferation and migration. Moreover, NR038975 could be secreted to serum exosome as a diagnostic marker (Figure 8).




Figure 8 | A schematic model of long noncoding RNA (lncRNA) NR038975 functions in gastric carcinogenesis. NR038975 directly binds to NF45 and NF90, which not only increases the stability of NR038975 but also increases the stability of NF45/NF90 complex, so as to promote gastric cancer proliferation and migration. Moreover, NR038975 could be secreted to serum exosome as a diagnostic marker.



A growing number of lncRNAs have been reported to promote the progression of GC. For example, lncRNA GClnc1 acts as a modular scaffold of the WDR5 and KAT2A complexes to specify the histone modification pattern to promote gastric carcinogenesis (43). H19 and uc0011sz serve as novel biomarkers for the diagnosis of GC (44, 45). In our previous study, we identified the lncRNA GALNT5 uaRNA, which is highly expressed in GC. We found that GALNT5 uaRNA promoted GC progression through its interaction with HSP90 and decreased ubiquitination of protein kinase B (AKT) and inhibitor of nuclear factor kappa-B kinase (IKK) (36). Here, our study demonstrated that NR038975 could promote GC development. Knockdown of NR038975 in GC cells decreased tumor cell proliferation, migration, invasion, and clonogenicity in vitro and diminished tumor cell proliferation in vivo. In addition, transcriptome analysis also revealed that the main cellular functions targeted by NR038975 knockdown were related to oncogenesis, providing molecular insights into the role of NR038975 in tumor development. Further studies are required to verify how NR038975 regulates tumor progression at the transcriptional level.

Mechanistic studies about lncRNA–protein interactions have illustrated that lncRNAs could act as molecular scaffolds to link or gather several proteins and concertedly regulate gene expression (46). In this article, we performed an RNA pull-down assay followed by mass spectrometry analysis and found that NF45 and NF90 were the most enriched NR038975-binding proteins. Our results identified NR038975 as a novel binding partner for NF90 and NF45 that enhanced the interaction between NF90 and NF45. Studies have revealed that the NF90/NF45 complex serves as a multifunctional stimulator that integrates different steps of gene expression to accelerate the rapid response of inducible genes. The NF90/NF45 complex plays important roles in viral replication and RNA metabolism to regulate gene expression and mRNA stability (47, 48). In addition, NF90 and NF45 occupy the c-fos gene enhancer/promoter region and function as transcriptional coactivators (49). Nourreddine et al. (50) implied that the NF90/NF45 complex plays crucial roles in mitosis by competing with the staufen-mediated mRNA decay (SMD) machinery for a common set of mRNAs. Taken together, the NF90/NF45 complex is a multifunctional factor in the development of diseases, and lncRNA NR038975 promotes GC tumorigenesis by binding to NF90/NF45 and increasing the stability of the NF90/NF45 complex.

On the other hand, NF90 is a specific RNA-binding protein that leads to mRNA translation, stabilization, or degradation (33, 47). NF90 was reported to increase VEGF mRNA stability by combining with human antigen R (HuR) and heterogeneous nuclear ribonucleoprotein L (hnRNP L) (33) or regulate IL-2 mRNA stability by competing with destabilizing proteins (51). Furthermore, NF90 could be induced to degrade lncRNA-LET and then affect hypoxia-inducible factor (HIF)-1α expression (52). NF90 can also form a specific complex with VEGFA mRNA to promote its translation (53). In our study, we showed that knockdown of NF90 decreased the expression of NR038975. Thus, NR038975 was stabilized by binding to NF90. Therefore, the results suggested that upregulated levels of NF90 expression share a strong correlation with GC progression and development, while postulations have been made highlighting its ability as a potential therapeutic target in cancer.

LncRNAs not only are involved in tumorigenesis but also act as novel noninvasive biomarkers in patients, especially in body fluids (54). Exosomes contain various contents, including lncRNAs, which can be absorbed by adjacent cells and influence the function of recipient cells (55–57). LncRNA PCAT1 was reported to be highly expressed in esophageal squamous cell carcinoma (ESCC) cell-derived exosomes and ESCC patient serum and to enhance cell proliferation by sponging miR-326 (58). LncRNA UFC1 was upregulated in non-small cell lung cancer (NSCLC) tissues, serum exosomes, and serum, which promoted NSCLC by decreasing phosphatase and tensin homolog deleted on chromosome ten (PTEN) expression (59). Moreover, lncUEGC1 is identified to be significantly upregulated in plasma exosomes of early-stage GC patients and has better diagnostic accuracy (60). In this study, we showed that NR038975 was highly expressed in exosomes from GC cells and the serum of GC patients, indicating its potential role as a GC biomarker.

In conclusion, we demonstrated that NR038975 is significantly upregulated in tumor tissues and serum and serum exosomes of GC patients. Mechanistically, we identified the NF90/NF45 complex as a functional NR038975-binding partner, providing an alternative strategy for drug development by targeting the NR038975–NF45/NF90 interaction. These novel findings make NR038975 a promising diagnostic marker and therapeutic target in GC.
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Background and Purpose

This study aims to develop a risk model to predict esophageal fistula in esophageal cancer (EC) patients by learning from both clinical data and computerized tomography (CT) radiomic features.



Materials and Methods

In this retrospective study, computerized tomography (CT) images and clinical data of 186 esophageal fistula patients and 372 controls (1:2 matched by the diagnosis time of EC, sex, marriage, and race) were collected. All patients had esophageal cancer and did not receive esophageal surgery. 70% patients were assigned into training set randomly and 30% into validation set. We firstly use a novel attentional convolutional neural network for radiographic descriptor extraction from nine views of planes of contextual CT, segmented tumor and neighboring structures. Then clinical factors including general, diagnostic, pathologic, therapeutic and hematological parameters are fed into neural network for high-level latent representation. The radiographic descriptors and latent clinical factor representations are finally associated by a fully connected layer for patient level risk prediction using SoftMax classifier.



Results

512 deep radiographic features and 32 clinical features were extracted. The integrative deep learning model achieved C-index of 0.901, sensitivity of 0.835, and specificity of 0.918 on validation set with superior performance than non-integrative model using CT imaging alone (C-index = 0.857) or clinical data alone (C-index = 0.780).



Conclusion

The integration of radiomic descriptors from CT and clinical data significantly improved the esophageal fistula prediction. We suggest that this model has the potential to support individualized stratification and treatment planning for EC patients.





Keywords: esophageal cancer, esophageal fistula, radiomics, deep learning, prediction model



Introduction

EC is the 8th most common tumor worldwide (1), and nearly half of the cases are found in China (2). Patients with EC achieve improved prognosis with recent advance in radiotherapy, chemotherapy and immunotherapy (3). However, the treatment outcome of patients who developed esophageal fistula, a severe complication of EC, is still well below satisfaction and expectation. Perforation may lead to prolonged infection, poor nutrition, sepsis, and even massive hemorrhage, which can considerably affect survival. It is reported that the median post-fistula survival time of EC patients with esophageal fistula was approximately 3.63 months (4). Therefore, predicting esophageal fistula before treatment is highly desirable to improve prognosis in EC patients.

Previous studies on esophageal fistula mostly focused on clinical parameters, using the logistics regression analysis to establish predictive models (5–7). Such researches cannot effectively handle the complex relationship between esophageal fistula and numerous risk factors in the real world, and the predictive efficacy cannot meet the needs. Moreover, the importance of CT imaging has never been reported. The radiographic features contained in CT images, such as tumor texture features, tumor size, and other morphological information, are important potential biomarker (8). Previous research reported its application in predicting the survival (8), lymph node metastasis (9) and treatment response (10) in EC patients. Combining CT imaging and clinical features can more accurately predict esophageal fistula.

Deep learning methods can identify non-linear relationships between different types of parameters, and have been explored in large data analysis (11) and medical images diagnosis (12). However, there is no deep learning study involving esophageal fistula.

In this study, we developed a deep learning model of esophageal fistula for EC patients. Our model automatically extracted the information in the CT imaging and integrated the clinical features. In addition, the attention map was drawn to visualize the neural network based on CT images.



Materials and Methods


Patients

This retrospective study was approved by the local review board. For this type of study, formal informed consent was not required, and all collected data was kept confidential and anonymous. EC patients who developed esophageal fistula in Shandong Cancer Hospital from July 2014 to August 2019 were retrospectively enrolled as the case group. Patients who were clearly described with esophageal fistula or perforation in CT, esophagogram or endoscopy systems were collected. Because anastomotic fistula is a special type of esophageal fistula closely related to surgical methods and surgical techniques, our study did not involve anastomotic fistula after esophagus surgery. We only study the esophageal fistula caused by tumor itself and treatment. The inclusion criteria included: 1) patients diagnosed as EC pathologically with the World Health Organization (WHO) criteria; 2) availability of general, diagnostic and therapeutic data; 3) availability of contrast-enhanced CT imaging before treatment; 4) diagnosed as esophageal fistula by either endoscopy, CT or contrast radiography of the upper gastrointestinal tract. Exclusion criteria were: 1) patients treated by esophageal surgery; 2) the fistula developed due to medical injure or trauma; 3) concomitant with another carcinoma. By such, there are 186 eligible patients. At the same time, we collected a control group of 372 patients, 1:2 matched with the case group by the diagnosis time of EC, sex, marriage, and race. Patients in the control group followed the same inclusion and exclusion criteria as above but didn’t develop esophageal fistula. The included patients were divided into training set (n = 390) and validation set (n = 168) randomly. Specifically, We applied the method of simple randomization to separate the whole dataset into training and validation sets using random numbers generated by the computer.



Clinical Data Collection

We collected data from medical records using a standardized questionnaire about general, diagnostic, therapeutic and esophageal fistula data. Specifically, general parameters include gender, age at initial diagnosis, Eastern Cooperative Oncology Group performance status (ECOG PS) score, Body Mass Index (BMI), history of smoking, history of drinking, history of hypertension, history of diabetes, history of coronary heart disease and eating obstruction. Diagnostic parameters include tumor stage (T4), node stage (N2-3), stage, tumor site, longitudinal length of lesions, pathological and general type. Therapeutic parameters consist of chemotherapy, radiotherapy, target therapy and serum albumin and cholesterol. Esophageal fistula parameters include fistula type and therapy of fistula. The details are given in Table 1.


Table 1 | Characteristics of patients.





Image Acquisition

All patients underwent esophagoscopy, esophagogram and contrast-enhanced CT scan of neck, chest, and abdomen before treatment. We collected pre-treatment CT imaging and diagnostic CT of esophageal fistula. Intravenous contrast enhancement was used for all patients. The CT-scans were acquired by SOMATOM Definition AS (Siemens Healthineers) using a tube voltage of 120 kVp, a tube current of 200 mAs, a detector of 64×0.625 mm and a beam pitch of 1.5. Esophageal tumor boundaries on all 558 pre-treatment CT imaging were manually delineated with reference to esophagoscopy, barium meal or PET-CT in mediastinal window twice using 3D-Slicer by two experienced radiologists separately to reduce the deviation. For patients with satellite tumors, only the primary tumor or the tumor that caused esophageal fistula was appreciated.



Deep Learning Neural Network

To extract radiographic features from CT, we developed an attentional multi-view multi-scale CNN model (AMM-CNN). The inputs of the network were nine views of panels where there are patches of contextual CT, segmented tumor and neighboring structures in each view. To extract nine views and patches, CT images were firstly resampled to a voxel size of 1×1×1 mm3. A 200×200×200 mm3 cube was defined as located at the center of manually segmented tumor volume. We used its transverse, sagittal, coronal and six diagonal planes as nine views (Figure 1). The contextual patch was defined as a 2D slice in a view from the CT cube, which represented the contextual information of the tumor and its neighboring environment. The tumor patch was extracted from the cube of the segmented tumor volume, providing an explicit shape of tumor and boundary information. To generate anatomical surrounding patch, the pixels inside the tumor were set as zero on contextual patch.




Figure 1 | The nine views of planes we extracted. The nine views included transverse, sagittal, coronal and six diagonal planes.



Clinical records were fed into a neural network for high-level representation extraction. Finally, the radiographic features and clinal factor representation are associated with a fully connected layer for patient-level risk prediction using SoftMax classifier.



Performance Evaluation

The performance of the proposed risk prediction model was validated by comparing it with the risk prediction model using CT images alone and clinical records data alone.

Evaluation measures included C-index, sensitivity, and specificity. Given true positive (TP), false negative (FN), true negative (TN), and false positive (FP) numbers, sensitivity and specificity are obtained as sensitivity  = TP/ (TP+FN), specificity = TN/ (TN+FP).




Results


Patient Characteristics

691 patients developed esophageal fistula during the study period. 413 had complete pre-treatment CT imaging. All perforations were developed at the location where the tumor invaded the esophagus. After excluding 227 patients with postoperative anastomotic fistulas who had surgical operations, 186 patients were finally enrolled in the case group. 372 controls never received esophageal operation matching the case cases. The detailed workflow is given in Figure 2. During the cross-validation process, in each round, all the patients were divided into a training set (randomly selected 130 pairs of positive patients and the controls) and a testing set (remaining 56 pairs of positive and controls) randomly.




Figure 2 | The overall workflow of patients. We retrospectively screened 22738 patients, and finally 186 were enrolled in the case group and 372 in the control group. All patients were randomly divided into 70% (training set) and 30% (validation set). Key words esophageal fistula or perforation, and esophageal cancer were set in the imaging system. After excluding duplicate patients, a total of 691 patients with esophageal fistula were collected. Then, patients with lack of diagnostic CT (n=278) and with postoperative anastomotic leakage (n=227) were excluded. Finally, 186 esophageal fistula patients were enrolled.



Among all 558 eligible patients, 468 (83.9%) are male and 90 (16.1%) are female. The median age is 61 (range 41-85) in the case group and 64 (range 37-89) in the control group separately. Patients with squamous carcinoma predominated account for 93.2% where most of them had stage III EC (52.2%) with T3 (63.6%) or N1 (40.1%) disease. Before developing perforation, the proportions of patients who received chemotherapy or radiotherapy were 71.5% and 54.3% respectively, while 45.7% of patients received both of them, and 12.4% received concurrent chemoradiotherapy. Besides, 37 (19.9%) patients developed esophageal fistula before treatment. The median interval time from baseline CT to the diagnosis of esophageal fistula was 5 days (3-9 days). The interval time between the development of esophageal fistula and the diagnosis of esophageal cancer ranged from 3 to 1401 days with a median value of 72 days. The median survival time after esophageal fistula is 2.9 months.

In the case group, 90 patients (48.4%) had fistula formation to the trachea or bronchus, 91 patients (48.9%) had fistula formation to the mediastinum, and two patients (1.1%) and one patient (0.5%) had fistula formation to the pleural cavity and the arteria, respectively. Two patients developed two kinds of fistula simultaneously. After the development of fistula, most patients received nutritional support. Meanwhile, some of the patients accepted nutrient canal (34.9%), esophageal stent (31.7%), gastrostomy (7.5%), and radical resection (0.5%). Conservative treatment represents only intravenous nutrition, without nutrition tubes or gastrostomy. Of all 558 patients, no patient was placed with stent before treatment or received intraluminal radiotherapy. The esophageal fistula characteristics are listed in Table 2.


Table 2 | Esophageal fistula characteristics of the patients.





Correlation Between Clinical Data and the Esophageal Fistula

In univariate logistic regression analysis, there are significant differences between patients with and without fistula in age, ECOG PS score, serum albumin, T4 stage, N stage, stage, longitudinal length of lesions, general type, and treatment-related parameters. All significant factors were further included in the multiple regression analysis. Age, ECOG PS score, serum albumin, T4 stage, N stage, general type, chemotherapy, total dose of radiotherapy, and radiotherapy range (metastatic lymph nodes) are independent risk factors for esophageal fistula. The detailed results are shown in Table 3.


Table 3 | Univariate and multivariate logistic regression analysis of clinical characteristics in the training set.





Deep Learning Prediction Model Implementation

The detailed architecture of AMM-CNN is given in Figure 3. AMM-CNN adopts the architecture of AlexNet (13) for image feature extraction and has an attentional fusion module to adaptively integrate multi-view multi-level image features. Given contextual CT, tumors, and surrounding tissues from 9 views, AMM-CNN generates 512 radiographic features. 20 clinical representations were learnt by the NN from input clinical records.




Figure 3 | The proposed risk prediction model (A) Given an input CT and segmented tumor, 9 views of planes are extracted. Contextual CT, tumor and anatomical surrounding patches of each view are sent to a Multi-view Multi-scale CNN model for radiographic feature extraction. For the input clinical records, an artificial neural network (ANN) is used to extract clinical factor representations. Finally, radiographic and clinical features are fused by a fully connected layer for esophageal fistula prediction. Architecture of Multi-view Multi-scale CNN is given in (B). Contextual CT, tumor and anatomical surrounding patches extracted from each view are sent to (C) attentional multi-scale CNN. Multi-scale features are extracted from the second, third and fourth blocks in the CNN, and adaptively fused by attention blocks.



To improve the learning effectiveness, data augmentation was performed, including pixel shifting and rotation for the training set. As there were imbalanced positive and negative cases, shifting operations of -10, -5, 0, + 5, +10 pixels along the x and y-axis and rotations of -10, +10 degrees were performed for positive cases, resulting in 9750 positive samples. For negative training cases, 9360 negative samples were obtained after shifting operations of -5, 0, + 5, +10 along x and -5, 0, + 5 along y-axis, and rotations of -10, +10 degrees.

Combining clinical features and CT imaging, deep learning achieved a C-index of 0.921 in the internal validation and 0.901 in the external validation, which outperformed CT imaging alone (internal validation: 0.902; external validation: 0.857) and clinical data alone (internal validation: 0.855; external validation: 0.780). The sensitivity was 0.835, and specificity was 0.918. The integrative model produced higher predictive performance than models using single modality data. For the clinical characteristics, the C-index obtained by deep learning is 0.780, which is better than the traditional logistics regression model (internal validation: 0.823, external validation: 0.734).



Interpretability of the Model

To study the interpretability of the model, we draw the attention map to explain the focus of the neural network on CT images. As shown in Figure 4, hotter areas of the attention map represent the tissues predicted by the algorithm that has a higher impact on the formation of esophageal fistula. Our results show that there were usually two locations that receive more attention. One is the border of the tumor, and the other is the hypoechoic area inside the tumor. The visual interpretation further proved the effectiveness of the model.




Figure 4 | Visualization of attention maps of six patient examples. The attention heatmap shows the risk model’s focus on esophageal fistula prediction. The hotter areas indicate that the tissues have greater impact on esophageal fistula formation. As shown, the tumor boundaries and the hypoechoic area inside the tumor are more concerned.






Discussion

Esophageal fistula is a fatal complication of EC. Therefore, a risk prediction model integrating CT imaging and clinical features is worth investigation. In this study, we used the deep learning method to comprehensively analyze the influence of various parameters on the esophageal fistula, including clinical parameters such as stage, treatment, and CT imaging. Deep learning models can directly learn patient characteristics from raw data or imaging without feature selection or design (14). Therefore, more complete data can be included for analysis. To our knowledge, this is the first deep learning model that uses different types of parameters for esophageal fistula prediction.

The prediction performance of integrative deep learning model is better than that of a single parameter model (C-index: 0.901 vs 0.857, 0.780). Because deep learning algorithms can integrate clinical parameters and CT images well. Deep learning is very suitable for the analysis of multi-domain parameters, such as the fusion of histopathological images and genomic data (15). The integrative model contains more information than a single model and can achieve better prediction performance.

Deep learning model is also superior than traditional logistics regression. The first reason is that intuitive tumor information can be obtained from CT imaging, including the tumor size, density and invasion degree of surrounding tissues, which are all related to the esophageal fistula. The second reason is that the nomogram was established in previous studies to predict esophageal fistula (16). However, the nomogram was developed based on logistics regression analysis, which couldn’t capture the nonlinear relationship between risk factors and esophageal fistula, and the number of risk factors included was relatively small. Therefore, the performance of this nomogram is limited. Our prediction model provides an end-to-end data-driven trainable approach to learn the mapping from input images to output risk grades. The mapping serves as a feature extractor, which is automatically learned during the training process. As a result, the extractor is more general and adjustable when compared with explicitly defined hand-crafted features in previous research (17). In addition, a large volume of training data and deep learning technique equips our model the ability to extract more in-depth features and underlying image information. Therefore, deep learning models are expected to replace logistics regression analysis.

Deep learning has a certain interpretability for the image analysis (18). This study shows that the tumor boundaries and the hypoechoic area inside the tumor have the greatest predictive significance for esophageal fistula. The tumor boundaries are adjacent to the normal tissue, which can represent the status of tumor invasion. The hypoechoic area inside the tumor is related to the tumor growth rate and malignancy. This proves that our model is reasonable.

Clinicians can use this model to evaluate esophageal fistula risk before or during treatment. For high-risk patients, the dose of chemotherapy or radiotherapy can be appropriately reduced with enhanced nutritional support. In addition, the examination should also be taken more frequently. Although it is generally believed that one of the adverse reactions of radiotherapy is esophageal fistula, some studies believe that radiotherapy can promote the healing of esophageal fistula, and further research on the frequency and dose of radiotherapy is needed.

This study has several limitations. First, deep learning has poor interpretability of clinical parameters, and it is difficult to analyze which clinical parameters have a greater impact on the esophageal fistula. Second, the study is a single-center study. Data from other regions and centers are required for further validation.



Conclusion

In this study, we developed a deep learning model to integrate CT imaging and clinical information for esophageal fistula prediction in EC patients. We suggest this study and the developed model can facilitate individualized treatment, leading to maximized therapeutic gain.
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Background

The INVICTUS trial assessed the efficacy and safety of ripretinib compared with placebo in the management of advanced gastrointestinal stromal tumors.



Method

We used a Markov model with three health states: progression-free disease, progression disease and death. We parameterized the model from time-to-event data (progression-free survival, overall survival) of ripretinib and placebo arms in the INVICTUS trial and extrapolated to a patient’s lifetime horizon. Estimates of health state utilities and costs were based on clinical trial data and the published literature. The outcomes of this model were measured in quality-adjusted life-years (QALYs), costs, and incremental cost-effectiveness ratios (ICERs). Uncertainty was tested via univariate and probabilistic sensitivity analyses.



Results

The base-case model projected improved outcomes (by 0.29 QALYs) and additional costs (by $70,251) and yielded an ICER of $244,010/QALY gained for ripretinib versus placebo. The results were most sensitive to progression rates, the price of ripretinib, and health state utilities. The ICER was most sensitive to overall survival. When overall survival in the placebo group was lower, the ICER dropped to $127,399/QALY. The ICER dropped to $150,000/QALY when the monthly cost of ripretinib decreased to $14,057. Probabilistic sensitivity analyses revealed that ripretinib was the cost-effective therapy in 41.1% of simulations at the willingness-to-pay (WTP) threshold of $150,000.



Conclusion

As the fourth- or further-line therapy in advanced gastrointestinal stromal tumors, ripretinib is not cost-effective in the US. Ripretinib would achieve its cost-effectiveness with a price discount of 56% given the present effectiveness.





Keywords: gastrointestinal stromal tumor, resistant, ripretinib, cost-effectiveness, fourth-line or further



Introduction

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal neoplasms of the digestive tract and can be located in the stomach (60%), small intestine (30%), duodenum (4-5%), rectum (4%), colon and appendix (1-2%), and esophagus (<1%), and rarely as apparent primary extra gastrointestinal tumors in the vicinity of the stomach or intestines (1). Approximately 95% of GISTs contain pathogenic mutations in one of two tyrosine kinase receptor genes: KIT and PDGFRA (2).

Imatinib mesilate, an oral tyrosine inhibitor with activity against KIT and PDGFRA (3), remains the standard first-line therapy for patients with metastatic or unresectable GIST. However, in the extended follow-up of the pivotal B2222 study, 5% of patients showed primary resistance within the first two months (4), and second or acquired resistance developed after a median of approximately 2 years of treatment with imatinib (5). In the setting of imatinib failure, another TKI sunitinib malate with selectivity for KIT and PDGFRA (6) brought a mean time-to-progression of approximately 7 months (7), resulting in approval of sunitinib as the second-line therapy. Then, third-line regorafenib (8) showed significant improvement in progression-free survival (PFS) compared with placebo (4.8 months versus 0.9 months) for patients with previous failure of at least imatinib and sunitinib. The progression mechanism is mainly summarized by the development of secondary resistance mutations in the ATP binding domain or activation loop of KIT/PDGFRA (9).

Ripretinib acts as a novel type II tyrosine switch control inhibitor to broadly inhibit drug-resistant mutations in KIT and PDGFRA (10). In the INVICTUS trial (11), the median overall survival(OS) was 15.1 months in the ripretinib group versus 6.6 months in the placebo group (HR 0.36, 95% CI 0.21-0.62). Ripretinib had an acceptable safety profile, with mainly low-grade and controllable adverse effects. The US Food and Drug Administration first granted ripretinib (QINLOCK) approval for adult patients with advanced GIST who have received prior treatment with ≥ 3 kinase inhibitors on 15 May 2020 (12). The advent of ripretinib indicates a major advance for the therapy of advanced GIST. Likewise, it is potential to tremendously add costs and influence health care budgets. This increased expenses must be weighed against the long-term benefits to make an informed decision targeting this disease in clinical practice.

As the cost of imatinib eventually declines with the availability of generic imatinib, and the reported monthly ripretinib treatment cost of $32,000, a thorough evaluation of whether the increased clinical benefit outweighs the cost is warranted (13). In this analysis, we aimed to project the potential cost-effectiveness of fourth-line (or more) ripretinib for patients with advanced GIST from the perspective of the US payer.



Methods


Model Structure

We developed a Markov model through clinical data from the INVICTUS randomized clinical trial containing three mutually exclusive health states: progression-free disease, progression disease, and death (Figure 1A). This model compared two strategies for treating patients with advanced GIST: (1) ripretinib plus best supportive care (BSC) and (2) BSC. A discount rate of 3% per annum was used for costs and health benefits, and a half-cycle correction was included. As many US-based cost-effectiveness analyses focus on the payer’s decision regarding the coverage and reimbursement of health care (14), this analysis took the payer’s perspective.




Figure 1 | Model construction, survival data, and fitted survival data. CI, confidence interval. (A) Model diagram; (B) fitted overall survival; (C) fitted progression-free survival.





Clinical Data, Costs and Quality of Life

Eligible patients had progression on at least imatinib, sunitinib, and regorafenib, or documented intolerance to any of these therapies despite dose modifications, then they were assigned to receive either oral ripretinib 150 mg plus BSC once a day or BSC for 28-day cycles (11). Individual patient data on PFS and OS within the treatment arm were extracted using GetData Graph Digitizer (http://getdata-graph-digitizer.com/). Event time distributions were estimated using the flexible parametric Weibull model for the tail in both immediate and delayed ripretinib arms. The fitted survival curves are shown in Figures 1B, C.

The main input parameters are shown in Table 1. The costs related to healthcare services were inflated to 2021 values based on the US Consumer Price Index (15). For the progression-free status, we included drug price, cost for adverse management and supportive care. According to Redbook, the list price of ripretinib was $32,000 per 30 doses (16). The cost for BSC was $3,382.47 per month (17). The cost for the management of adverse events was $421.2, and the cost for computed tomography was $1,365.39 per time (17). Total costs for grade 3 to 5 complications were calculated using the frequency for each adverse event multiplied by the cost of adverse effects per event. For costs of progressive disease, we calculated the cost of BSC in the ripretinib group, while for the alternative delayed treatment group, we included the cost of BSC and added the cost of ripretinib for the proportion (29 of 44) that crossed over to ripretinib in the INVICTUS trial (11). The trial survival data indicated placebo patients who crossed over after progression gained survival benefits, in terms of both PFS and OS, which are reflected in the Kaplan-Meier curves (11).


Table 1 | Input data for the Markov model in patients with gastrointestinal stromal carcinoma.



In terms of health-related quality-of-life measures, the utilities of progression-free disease and progression disease were estimated according to published utilities equal to 0.767 for progression-free disease and 0.647 for progression disease (18).



Sensitivity Analyses

One-way sensitivity analyses are shown in tornado diagrams within the appropriate ranges. Probabilistic sensitivity analysis using 10,000 Monte Carlo simulations was performed to further address the uncertainty of the results, using gamma distributions for cost parameters, beta distributions for utilities, and normal distributions for Weibull survival parameters (19, 20).



Cost-Threshold Analysis

A cost-threshold analysis was performed to determine the cost of ripretinib at which it would become cost-effective as a fourth- or further-line therapy.



Statistical Analyses

The Markov model was developed with TreeAge Pro (Williamstown, MA), and additional statistical analyses were conducted with R version 3.6.3. The outcomes of this model were measured in quality-adjusted life-years (QALYs), costs, and incremental cost-effectiveness ratio (ICER). The proposed treatment is deemed “cost-effective” if the ICER is below a willingness-to-pay (WTP) threshold of $150,000 (21–23).




Results


Base-Case Analysis

In the base-case scenario, placebo generated a total cost of $189,854 and a total 0.52 QALYs, while ripretinib generated a total cost of $260,105 and a total 0.81 QALYs, with an ICER of $244,010 per QALY in the patients with advanced GIST (Table 2). The cost-effectiveness results without rounding were shown in Supplementary Table.


Table 2 | Results for estimated costs and consequences.





Sensitivity Analyses

One-way deterministic sensitivity analyses revealed that the most influential variables that altered the cost-effectiveness of the strategies were PFS progression rates, the price of ripretinib, OS progression and health state utilities (Figure 2). The lower limit of ICER was most sensitive to Weibull OS gamma in the placebo group. When the weibull gamma relating to the OS in the placebo group became lower (0.89911) indicating faster mortality in the placebo group, the ICER dropped to $127,399/QALY. One-way sensitivity analysis on monthly cost of ripretinib found that the ICER was $160,178/QALY and $143,412/QALY if the price of ripretinib was decreased to $16,000 (50% off the price) or $12,800 (60% off the price) per month, respectively (Table 3).




Figure 2 | Tornado analysis demonstrating results from one-way sensitivity analysis. Kaplan-Meier, KM; QALY, quality-adjusted life-year; OS, overall survival; PFS, progression-free survival.




Table 3 | One-way sensitivity analysis on monthly cost of ripretinib.



The cost-effectiveness acceptability curves revealed that ripretinib was the cost-effective therapy in 41.1% of 10,000 simulations given the present price of ripretinib at the cost-effectiveness threshold of $150,000/QALY (Figure 3). Moreover, ripretinib reached a 48.5% probability of being cost-effective at the WTP threshold of $200,000/QALY.




Figure 3 | Cost-effectiveness acceptability curves of ripretinib versus placebo across a range of cost-effectiveness ratios.





Cost-Threshold Analysis

In the threshold analysis for ripretinib to be cost-effective compared with placebo based on the WTP level of $150,000, the listed price of ripretinib would have to be reduced by 56% to $14,057 per month (approximately $468.6 per dose).




Discussion

The approval of fourth- or further-line ripretinib for GIST offers an effective treatment alternative to forestall progression. We found immediate ripretinib therapy generated 0.29 QALYs at an incremental cost of $70,251, for an ICER of $244,010 per QALY compared with placebo in the patients with advanced gastrointestinal stromal carcinoma. Ripretinib could become cost-effective ($150,000/QALY) by reducing the price by approximately 56% from its current price of $32,000 per month.

Since ripretinib was approved recently (12), modeling studies like this one can combine the latest data to give informative evaluations (24) in the absence of trial-based cost-effectiveness analyses. Current cost-effective analyses of GIST in US or non-US countries are relatively limited, with only a few studies exploring the cost-effectiveness of previously approved tyrosine kinase inhibitors. Based on the US data, imatinib mesylate therapy for unresectable GIST (total cost: $416,255 over 10-year horizon) increased 1.90 QALYs at a marginal cost of $74,369, producing an ICER of $38,723 per QALY (25). From the perspective of the national health payer in Mexico, high-dose imatinib as second-line treatment had a mean cost of $35,225, whereas sunitinib had a mean cost of $17,805 (26). In the setting of Germany, regorafenib treatment (total cost: €22,102) provided 0.42 QALYs versus imatinib rechallenge (total cost: €13,329) over a lifetime horizon, which produced an ICER of €21,127 per QALY gained (18). According to the perspective of the Spanish National Health System, sunitinib (total cost: €23,259) as second-line treatment projected to have 1.00 QALYs in metastatic and/or unresectable GIST, while BSC (total cost: €1,622) has 0.55 QALYs, with the ICERs of €49,090 per QALY (27). In this analysis, the total cost of the fourth-line ripretinib was $260,105 over a lifetime horizon, higher than reported costs of most frontier therapies except imatinib, which could be attributed to the long-term survival brought by ripretinib and continuous treatment until the course of the disease progresses. Overall, the accumulated cost of treatment over the duration of therapy poses a heavy burden on GIST patients who advance to late stages.

Our study is the first cost-effectiveness analysis of ripretinib, designated orphan drug for the fourth- or further-line treatment in GIST. The conclusion in this analysis that it yields substantial health gains but is not cost-effective reflects the high price of ripretinib therapy. The current challenge faced by patients is lack of appropriate access to these orphan drugs while acquiring value from drug spending (28). We determine that ripretinib in GIST patients could be cost-effective from the perspective of a US payer with approximately 56% discounts in the cost of ripretinib. Potential measures or modifications such as putting ripretinib into more frontier-line (9) treatment and selecting patient based precise molecular typing-oriented strategy could further enhance its cost-effectiveness in GIST. Likewise, if the WTP raised to $250,000 for this ultra-rare disease with heavily pre-treated GIST, the cost-effectiveness of ripretinib may be achieved.

In a complex era where new anticancer drugs are constantly updated and fall short, the efficacy of ripretinib was commendably shown in a phase III clinical trial. Pharmaceutical companies make tremendous investments in high-risk research and development where it is difficult to find drugs that arouse clinical effects. Those efforts and cooperation of large teams and companies require the profits to guarantee the innovative investment and also to promote the vigorous development of novel drugs. Once a new medicine enters the market after approval, there are multiple aspects and benefits to be considered. However, the magnitude of clinical benefits and WTP of payers in the market should be judged, based on those benefits. Governments, policymakers and/or medical insurance companies should evaluate cost-effectiveness to understand the value and efficacy of drugs and determine reasonable coverage and discounts to ensure therapies have value.

Some limitations in this study should be noted. First, this conclusion can be comparable in countries with similar prices and treatment patterns. Given the large variability in drug costs between countries, it is necessary to use area-specific cost parameters to understand area-specific value (29). Second, the total cost in the placebo group could be higher than that in the real world because we took the crossover cost into account, which is closely related to the actual survival benefit in placebo patients. Third, the PFS and OS transition probabilities from the INVICTUS trial are uncertain. Fourth, the intangible costs are hard to be measured and the utilities were referred to previously published literature. However, these parameters were varied in deterministic sensitivity analysis. Fifth, the costs of anti-tumor drugs may decrease when generics and biosimilars come into the market or discount pricing is applied (30). Finally, we did not include the prior first through third-line treatment, because the INVICTUS trial was designed to evaluate fourth-line and beyond therapy with unknown information of the individual patients’ prior specific treatment pattern and therapeutic effects. Future cost-effectiveness analysis was expected to further assess the several potential treatment sequences rather than just comparing ripretinib with placebo in the fourth or further-line management.

In conclusion, we found that ripretinib as the fourth-line or further-line therapy for the patients in GIST was not cost-effective compared with placebo. Across the variances in the parametric distributions, the ICERs for ripretinib compared with placebo remained greater than $150,000 per QALY in most scenarios. Tornado analysis showed that the price of ripretinib was a modifiable factor that could make ripretinib cost-effective.
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Background

Gastric cancer (GC) is a prevalent cancer with high mortality and strong invasiveness, and the entire regulatory networks of GC is still unclear.



Objective

The aim of this study was to explore the specific mechanism of the effect of nucleolar protein 6 (NOL6) on the proliferation and apoptosis of GC cells.



Methods

The human gastric adenocarcinoma cell line HGC-27 and AGS were cultured. qRT-PCR was used to verify the expression level of NOL6 in GC cells; MTT and EdU were used to test cell proliferation; TUNEL staining and Flow cytometry were used to detect cell apoptosis; The downstream genes and pathways following NOL6 knockdown were explored through the microarray assay and ingenuity pathway analysis, and the downstream genes were finally verified by qRT-PCR and Western blotting. The xenograft mice were used to investigate the effect of NOL6 on GC in vivo.



Results

TCGA data analysis showed that NOL6 expression level was higher in GC cells than adjacent normal cells. Over-expression of NOL6 increased proliferation and colony formation, and inhibited the apoptotic rate in AGS and HGC-27 cells, while NOL6 knockdown induced the opposite effects. Through microarray assay and IPA analysis, NOL6-related downstream genes and critical signaling pathways were found. And we verified the relationship between downstream genes and GC. Additionally, NOL6 knockdown could decrease the weight and volume of tumor in the mice.



Conclusion

NOL6 knockdown could inhibit cell proliferation and induce cell apoptosis of GC, suggesting that NOL6 may serve as a potential therapeutic target for treating GC.





Keywords: NOL6, gastric cancer, proliferation, apoptosis, TP53I



Introduction

Gastric cancer(GC)is a highly malignant tumor of the digestive system (1, 2). GC is the fifth most common cancer and the third leading cause of cancer death worldwide, with a 30% overall five-year survival rate (3–5). Adenocarcinoma is the most common pathological type of GC, accounting for more than 95% of all malignant cases (3, 6). Previous studies demonstrated that treatment of GC at early stage was effective, with 5-year survival rate of 90% (7, 8). However, most of the diagnosed patients are already in advanced stages of the disease, with lymphatic and distant metastasis, and the prognosis and postoperative survival are poor (9). Therefore, the molecular mechanism and potential biomarkers of GC must be further explored, providing effective targets for treating GC (10, 11).

In recent years, the pathogenesis and molecular mechanism of GC have been further studied. Although many genes (K-ras, HER2, PTK2, PIK3CA) have been confirmed to be involved in the development of GC, the gene networks of GC are still not thoroughly studied and many genes have not been elucidated (12–15). NOL6 is located at chromosome 9p13, spanned 11434 bps, and it is consisted of 26 relatively short exons and 25 introns (16). NOL6 is known as a protein coding gene, which encodes a nucleolar RNA-associated protein (NRAP) (16, 17). Nucleolus is the site of rRNA gene storage, rRNA synthesis processing, and assembly of ribosomal subunits (18, 19). Current studies indicated that NRAP was distributed on the inner surface of the chromosome and was involved in the transport of rRNA transcripts during mitosis in ribosomal organisms (16, 20, 21). Previously, only one study reported an abnormally high expression of NOL6 in prostate cancer, and overexpression of NOL6 promotes proliferation and inhibits apoptosis of prostate cancer cell (22). Although the role of NRAP in cell mitosis is strongly validated, the mechanism by which NOL6 gene acts on cell remains unclear.

Therefore, in this study, we explored the roles of NOL6 on the GC in vitro and in vivo. We hypothesized that NOL6 may be an oncogene in GC. Knockdown of NOL6 could inhibit the proliferation and promote apoptosis in GC. And the specific mechanism was explored by the gene sequencing and cell/molecular biology methods.



Results


NOL6 Gene Was Highly Expressed in Gastric Cancer Cells

At the beginning of the study, we downloaded gastric cancer data from TCGA database to explore differentially expressed genes in gastric cancer. After processing and analyzing the downloaded RNAseq and RNAseqv2 paired sample data, we obtained the differentially expressed genes in gastric cancer (Figure 1A). Candidate genes were then further screened and randomly condensed before NOL6 was finally selected as the target gene for further analysis. Results suggested that NOL6 was highly expressed in tumor tissue compare to para-tumor tissue (Figure 1B). Then, we compared the expression of NOL6 in gastric cancer at different pathological stages, and found that the TNM stage of gastric cancer was correlated with the expression of NOL6 (Figure 1C). Finally, survival analysis showed that the overall survival (OS) of gastric cancer patients with NOL6 overexpression was worse than that of the control group (Figure 1D).




Figure 1 | NOL6 gene was highly expressed in gastric cancer cells. (A) Differentially expressed genes generated by DEGseq package in ‘R’. The red points indicated the statistically significant differentially expressed genes in gastric cancer; logFC: log-fold-changes between each pair of RNA samples; logCPM: log2 counts-per-million. (B) NOL6 expression was observed obviously higher in gastric cancer tissues than that in adjacent normal tissues. (C) The NOL6 expression in the tissues from different clinical pathological stage was evaluated by qRT-PCR. (D) The gene expression of NOL6 in six cell lines (GES-1, SGC-7901, MKN45, HGC-27, BGC-823 and AGS) 7(*p < 0.05, **p < 0.01, ***p < 0.001).





NOL6 Gene Was Highly Expressed in AGS and HGC-27 Cells

In order to accurately explore the role of the NOL6 gene in the development of gastric cancer, we require the cell line with a higher level of NOL6 gene expression to perform the experiment. The expression of NOL6 gene in six cell lines (GES-1, SGC-7901, MKN45, HGC-27, BGC-823 and AGS) was measured by qRT-PCR, and the results suggested that the gene expression in AGS and HGC-27 was higher than others, indicating that the AGS and HGC-27 cell lines were ideal cell models for further experiments.



Over-Expression of NOL6 Increased Proliferation and Colony Formation of AGS and HGC-27 Cells

Next, we designed NOL6 over-expression plasmid to over- express NOL6 in AGS and HGC-27. The qRT-PCR results showed that the mRNA levels in NOL6 OE transfected cells were significantly higher than control cells (Figure 2A). And MTT, EdU and colony formation assay were used to detect the viability and proliferation of the AGS and HGC-27 cells. The results showed that the viability and proliferation were significantly increased in the AGS and HGC-27 cells of NOL6 OE transfected group (Figures 2B, D). In addition, the number of colony in NOL6 OE transfected group was markedly increased compared with control group (Figure 2C).




Figure 2 | Over-expression of NOL6 increased proliferation and colony formation of AGS and HGC cells. (A) Effect of NOL6 OE on the gene expression of NOL6 in the AGS and HGC cells. (B) Effect of NOL6 OE on the viability of the AGS and HGC cells was evaluated by MTT assay. (C) Effect of NOL6 OE on the number of colonies in the AGS and HGC cells was detected by colony formation assay. (D) Effect of NOL6 OE on the proliferation of the AGS and HGC cells was assessed by EDU staining. (*p < 0.05, **p < 0.01, v.s.si-nc).





Over-Expression of Inhibited the Apoptosis of AGS and HGC-27 Cells

Flow cytometry has been applied to evaluate cell apoptosis after NOL6 over-expression. Flow cytometry confirmed that the apoptosis rate was lower in NOL6 OE transfected group than that in the control group (Figures 3A, B).




Figure 3 | Over-expression of NOL6 decreased the apoptosis of AGS and HGC cells. (A, B) Flow cytometry was performed to measure the apoptosis rate of AGS and HGC cells. (**p < 0.01 v.s.si-nc).





NOL6 Knockdown Suppressed Proliferation and Colony Formation of AGS and HGC-27 Cells

Next, we designed si-NOL6 to knock down the expression of NOL6 in AGS and HGC-27 with si-nc as control. The qRT-PCR results showed that the mRNA levels in the si-NOL6 1# and si-NOL6 2# transfected cells were significantly lower than those in the si-nc transfected cells (Figure 4A). And MTT, EdU and colony formation assay were used to detect the viability and proliferation of the AGS and HGC-27 cells. The results showed that the viability and proliferation were significantly decreased in the AGS and HGC-27 cells of si-NOL6 transfected group (Figures 4B, D). In addition, the number of colony in si-NOL6 transfected group was remarkable increased compared with the si-nc transfected group (Figure 4C).




Figure 4 | NOL6 knockdown suppressed proliferation and colony formation of AGS and HGC cells. (A) Effect of si-NOL6 1# and si-NOL6 2# on the gene expression of NOL6 in the AGS and HGC cells. (B) Effect of si-NOL6 on the viability of the AGS and HGC cells was evaluated by MTT assay. (C) Effect of si-NOL6 on the number of colonies in the AGS and HGC cells was detected by colony formation assay. (D) Effect of si-NOL6 on the proliferation of the AGS and HGC cells was assessed by EDU staining. (*p < 0.05, **p < 0.01, ***p < 0.001 v.s.si-nc).





NOL6 Knockdown Promoted the Apoptosis of AGS and HGC-27 Cells

The TUNEL staining and flow cytometry were applied to evaluate cell apoptosis after NOL6 knockdown. Flow cytometry confirmed that the apoptosis rate was higher in si-NOL6 transfected group than that in the si-nc transfected group (Figures 5A, B). TUNEL staining also showed that the number of apoptotic cells in si-NOL6 group was significantly increased compared with the si-nc group. (Figure 5C).




Figure 5 | NOL6 knockdown promoted the apoptosis of AGS and HGC cells. (A, B) Flow cytometry was performed to measure the apoptosis rate of AGS and HGC cells. (C) The apoptosis of AGS and HGC cells by the TUNEL staining. (**p < 0.01, v.s.si-nc).





NOL6-Releated Critical Pathways Involved in Tumor Progression

Microarray assay was carried out to detect downstream genes after NOL6 knockdown, and 978 differentially expressed genes were detected in the NOL6 knockdown group, among which 581 were up-regulated and 397 were down-regulated (|Fold Change| >1.5, P-value<0.05). (Figure 6A). The downstream critical pathways were analyzed by ingenuity pathway analysis (IPA). The enrichment of differential genes in classical signaling pathways were shown in the canonical pathway histogram and the top 15 pathways were listed, among which Aryl Hydrocarbon Receptor (AHR) Signaling was the most significantly inhibited and Interferon Signaling was the most obviously activated pathway (Figure 6B). The enrichment of differential genes in disease and function classification was shown in the disease and function histogram (Figure 6C). The gene interaction network showed the interaction between downstream molecules after NOL6 expression silencing (Figure 6A). TP53I3, CDK4, PARP1, CDK2 CHEK1 and MCM7 were analyzed and deemed as downstream genes, which was associated with the gene interaction network following NOL6 knockdown (Figure 6D). These genes were selected for further analysis.




Figure 6 | Microarray assay and IPA analysis following NOL6 knockdown. (A) The clusters diagram showed the differentially expressed genes after NOL6 inhibited. The red plots indicated the up-regulated genes, while the green plots indicated the down-regulated genes. (B) Top 15 classical signaling pathways following NOL6 knockdown were list in the canonical pathway histogram. All signaling pathways were sorted by –Log(P-value), the orange histogram represented apparently activated and the blue histogram represented apparently inhibited. (C) Gene enrichment of disease and function following NOL6 knockdown. All diseases and functions are sorted by -log (p-value). (D) The gene interaction network shows the interaction between downstream molecules after NOL6 silencing. The red plots represented up-regulated genes, the green plots represented down-regulated genes, and the intensity of the color indicates degree of variation. Solid lines represent direct interaction, whereas dotted line represent indirect interaction.





NOL6 Knockdown Up-Regulated TP53I3 Expression and Down-Regulated CDK4 and MCM7 Expression

The expression levels of TP53I3, CDK4 and MCM7 were determined by qRT-PCR and western blotting assay. The qRT-PCR results illustrated that TP53I3 mRNA expression was up-regulated and the CDK4 and MCM7 mRNA expressions were down-regulated following NOL6 knockdown (Figure 7A). And western blotting experiment also confirmed that TP53I3 was up-regulated and CDK, MCM7 were significantly down-regulated on protein following NOL6 knockdown (Figures 7B, C).




Figure 7 | Expression changes of downstream genes following NOL6 knockdown. (A) Effect of si-NOL6 on the gene expression of TP53I3, CDK4, PARP1, CDK2, CHEK1 and MCM7 in the AGS cells was detected by qRT-PCR. (B, C) Effect of si-NOL6 on the protein expression of TP53I3, CDK4, PARP1, CDK2, CHEK1 and MCM7 in the AGS cells was evaluated by western blot. (*p < 0.05, **p < 0.01, ***p < 0.001 v.s. si-nc).





OE-CDK4, OE-MCM7 and si-TP53I3 Could Reverse the Effect of NOL6 on Proliferation and Apoptosis of AGS and HGC-27 Cells

Moreover, we designed OE-CDK4 and OE-MCM7 to promote the expression of CDK4 and MCM7 in AGS and HGC-27 cells with vector as control. And we also designed si-TP53I3 to inhibit the expression of TP53I3 with si-nc as control. The qRT-PCR results confirmed that OE-CDK4 and OE-MCM7 transfection could effectively promote the expression of CDK4 and MCM7 genes, and si-TP53I3 transfection could effectively inhibit the expression of TP53I3 gene in AGS and HGC-27 cells (Figure 8A).




Figure 8 | Effect of CDK4, MCM7 and si-TP53I3 on proliferation and apoptosis in NOL6 knockdown AGS and HGC-27 cells. (A) Effect of CDK4, MCM7 and si-TP53I3 transfection on the gene expression of CDK4, MCM7 and TP53I3 in the AGS and HGC-27 cells. (B) Effect of CDK4, MCM7 and si-TP53I3 on the viability of the NOL6 knockdown AGS and HGC cells. (C) Effect of CDK4, MCM7 and si-TP53I3 on the number of colonies in the NOL6 knockdown AGS and HGC cells. (D) Effect of CDK4, MCM7 and si-TP53I3 on the proliferation of the NOL6 knockdown AGS and HGC cells. (E) Effect of CDK4, MCM7 and si-TP53I3 on the apoptosis of the NOL6 knockdown AGS and HGC cells. (*p < 0.05, **p < 0.01, ***p < 0.001).



Then we measured the effects of OE-CDK4, OE-MCM7 and si-TP53I3 on the proliferation and apoptosis in AGS and HGC-27 cells. The MTT, EdU and colony formation assay showed that OE-CDK4, OE-MCM7 and si-TP53I3 could significantly increase the proliferation and inhibited the apoptosis in AGS and HGC-27 cells (Figures 8B–E).



NOL6 Silencing Could Inhibit the Tumor Growth of GC In Vivo

Finally, we further conducted animal experiments to explore the effect of NOL6 inhibition on tumor growth. Results showed that inhibition of NOL6 can significantly decrease the volume and weight of the tumor compared with the sh-nc group (Figures 9A–C). Moreover, knockdown of NOL6 increased the expression of TP53I3, and decreased the expression of CDK4 and MCM7(Figure 9D).




Figure 9 | Effect of NOL6 silencing on the growth of tumor in the nude mice. (A) The image of the tumor. (B) Effect of sh-NOL6 on the volume of the tumors in the mice. (C) Effect of NOL6 silencing on the weight of the tumors in the mice. (D) Expressions of TP53I3, CDK4 and MCM7 in different groups (*p < 0.05, **p < 0.01, ***p < 0.001 v.s. sh-nc.).






Discussion

Tumor biogenesis is a complex progress involving multiple genes, and HOXC10 (22), UFM1 (23), EGR1 (24), MDGA2 (25), and CLDN18 (26) have been proved to be biomarkers of GC, but the pathogenesis and mechanism of GC have not been clarified. It is necessary for us to further study the pathogenesis and mechanism of GC in order to obtain new ideas for diagnosis and treatment of GC.

Previous reports had shown that increased ribosomes biogenesis could regulate the mRNA and protein biogenesis and promote cell growth and tumor biogenesis (27). Benjamin Albert et al. further proved that NOL6, a nucleolar protein gene, stimulated cell growth and colony formation by regulating Ifh1 (28). However, the mechanism of NOL6 in promoting cell growth and tumor biogenesis had not been clarified. This was the first time that NOL6 had been identified as a regulatory factor in the development of GC. In this study, we downloaded the RNAseq and RNAseqv2 paired sample data from TCGA database, and found that NOL6 expression in GC cells was higher than that in adjacent tissues, and the pathological TNM stage was proved to be significantly relate to the expression of NOL6. The results suggested that NOL6 was involved in the progression of GC. Moreover, NOL6 over-expression could increase cell proliferation, colony formation, and inhibit cell apoptosis, while NOL6 knockdown could suppress cell proliferation, decrease the ability of colony formation, and induce cell apoptosis. What’s more, we found that the weight and volume of the tumor in the si-NOL6 mice were significantly decreased, which was consist with our results in vitro. Therefore, we believed that NOL6 was closely related to the occurrence and development of GC.

With the development of technology, sequencing can analyze the relationship between genes and diseases from a macro perspective. In this study, microarray and IPA analysis were conducted to explore the possible downstream targets after NOL6 was knocked down, which suggested that TP53I3, CDK4 and MCM7 were involved in the NOL6 network. The results of qRT-PCR and WB showed that after NOL6 inhibition, the expression of TP53I3 was up-regulated, and the expression of CDK4 and MCM7 was down-regulated, which was not only consistent with the results of microarray assay and IPA, but also confirm their reliability. CDK4, a member of the d-type cyclin family, which can interacted with AHR to form a complex and has been implicated in the phosphorylation of retinoblastoma gene product (Rb) and plays an important role in the G1 to S phase progression of the cell cycle (29, 30). In addition, CDK4 has been shown to participate in processes outside the regulation of the cell cycle leading to tumor development, including cell senescence, gene repair and metabolism (31). Currently, the CDK4 inhibitor Palbociclib has been used in the clinical treatment of breast cancer with a longer progression-free survival (PFS) than that in the control group (32). In addition, studies has shown that genes such as RN181, KLF16 and PCAF were involved in the progress of gastric cancer by regulating CDK4 levels (33–35). MCM7, as a highly conserved protein in eukaryotes, belongs to the minichromosome maintenance (MCM) protein family and shares sequence homology with MCM2-6, which contains DNA helicase activity and involved in the core process of DNA replication (36). The Rb fragment can specifically bind to MCM7 to inhibit the ATPase activity of MCM7, leading to the inhibition of DNA replication and blocking cell cycle in G1 phase, whereas CDK4 can also react with MCM7 to dissociate the Rb and MCM7 complex and promote the cell cycle into S phase (37). It has been reported that MCM7 is highly expressed in hepatocellular carcinoma, prostate cancer, esophageal cancer, lung cancer, etc. (38–41). Low MCM7 level can inhibit the proliferation and invasion of gastric adenocarcinoma cells, and high expression of MCM7 is associated with short survival, which can effectively predict prognosis, indicating that MCM7 is a potential biomarker and target for gastric adenocarcinoma (42). TP53I3, also known as the tumor protein p53 inducible protein 3, is encoded by the downstream gene of P53 and is thought to participate in the p53 mediated transcription process (43). The association between TP53I3 and P53 is that TP53I3 promote the ubiquitylation of p53 and affect the level of p53 protein, TP53I3 knockdown could accelerate the degradation of p53 and inhibit cells apoptosis (44). Studies had found that the expression of TP53I3 was generally decreased in gastric cancer tissues, and the up-regulation of TP53I3 inhibited the proliferation of tumor cells and induced apoptosis (45). The results had revealed that NOL6 knockdown affect CDK4, MCM7 and TP53I3 expression. On the other hand, TP53I3 knockdown, CDK4 and MCM7 over-expression also can reverse the effect of si-NOL6 on the proliferation and apoptosis in GC. These results further confirmed that NOL6 regulates the proliferation and apoptosis of gastric cancer cells via regulating TP53I3, CDK4 and MCM7.



Conclusion

In summary, we first demonstrated that NOL6 can regulate the oncogenic behaviors of gastric cancer cells by down-regulating TP53I3 and up-regulating CDK4, MCM7. The results of current work indicated that NOL6 may become a new therapeutic target for the treatment of GC and provide basis for the further development of new targeting drugs for GC.



Methods and Materials


The Cancer Genome Atlas (TCGA) and Survival Analysis

TCGA database was used to obtain the differential expressed genes and the filter was used to reveal and download the desired dataset. The cancer type was set to stomach, the program was set to TCGA-STAD, and the data type was set to RNA-Seq. Among the 443 available data samples, 32 pairs RNAseq and RNAseqv2 paired samples with pathological information were selected and analyzed for the next experiment. For the gene symbol that reads >50, the Trimmed Mean of M-values (TMM) was used for data normalization and the biological coefficient of variation (BCV) was used for quality control. Then the differential expressed genes were further screened by the following criteria: i) Remove genes that have been reported to have functional and clinical relevance; ii) Remove transmembrane protein genes; iii) Remove genes with unclear annotation; iv) Remove genes with >100 papers in Pubmed; v) Remove genes that have had previous results. In order to clearly explore the relationship between NOL6 expression and GC, we analyzed the expression levels of NOL6 in tumor tissues and adjacent tissues, and explored the differences in the expression of NOL6 in different pathological stages through data downloaded from TCGA. KM Plot, an online survival analysis website (https://kmplot.com/), was used to further analyze the NOL6 expression level and the survival of gastric cancer patients. The sequencing data were uploaded to GEO database(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE193606).



Cell Culture

The human gastric adenocarcinoma cell line HGC-27 and AGS were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM medium containing fetal bovine serum at 37°C in an atmosphere of 5% CO2.



Real-Time Quantitative PCR (qRT-PCR)

The TRIzol(Shanghai Pufei Biotech Co., Ltd)was used to extract and purify the total RNA from cells according to the manufacture’s instruction, the cDNA was synthesized by using the MMLV kit (Promega). The NOL6 primers (forward primer:TGAGGCACGGCTGTCTATGAT, reverse primer: GGAGATGCAGGACATGGTC) was purchased from Guangzhou RiboBio Co.,LTD, and GAPDH (forward primer: TGACTTCAACAGCGACACCCA, reverse primer: CACCCTGTTGCTGTAGCCAAA) was set as the internal control group. The gene expression was detected by using the SYBR Master Mixture Kit (TAKARA) in Real-Time PCR platform LightCycler480 (Roche), and the reaction conditions were: 95°C for 30s and followed by 40 cycles of 95°C for 5s, 60°C for 30s and dissociation at 95°C for 15s, 60°C for 30, 95°C for 15s. The relative gene expression level (NOL6/GAPDH) in experimental cells and control cells was compared and the data was finally processed using the 2-ΔΔCt method. The NOL6 expression in GES-1, SGC-7901, MKN45, HGC-27, BGC-823 and AGS was detected using qRT-PCR to pick the ideal cell line with a higher level of NOL6 for the next experiment. And the expression level of the target gene in si-NOL6 and si-nc transfected cells and changes of downstream genes TP53I3 (Forward Primer: GGAGGACCGGAAAACCTCTAC, Reverse Primer: CCTCAAGTCCCAAAATGTTGCT), CDK4 (forward primer: GGGGACCTAGAGCAACTTACT, reverse primer: CAGCGCAGTCCTTCCAAAT), MCM7 (forward primer: CCTACCAGCCGATCCAGTCT, reverse primer: CCTCCTGAGCGGTTGGTTT), PARP1 (forward primer: ACAGCCTGTACCACCCTCC, reverse primer: AGCACCTGGTGATTTGGCATC) and CDK2 (forward primer: TGTTTAACGACTTTGGACCGC, reverse primer: CCATCTCCTCTATGACTGACAGC) after NOL6 knockdown were also verified by qRT-PCR.



Cell Transfection

NOL6 over-expression plasmids (NOL6 OE), Negative control si-nc, vector and NOL6 knockdown plasmids (si-NOL6), TP53I3 knockdown plasmids (si-TP53I3), CDK4 overexpression plasmids (OE-CDK4) and MCM7 overexpression plasmids (OE-MCM7) were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). The AGS and HGC-27 cells were cultured in F12+10%FBS medium for 24h until the cell confluence reached 80%.Then the cells in logarithmic growth phase were chosen to be digested by pancreatin, inoculated into 6-well culture plates and added with appropriate amount of virus for infection. After transfection, the cells were further cultured 72 h for further analysis.



Western Blot

After washing cells with PBS solution twice, the cells were lysed with RIPA buffer (Beyotime Biotechnology) for 20 min to get total protein, and the concentration was adjusted to 2 μg/μl using BCA Protein Assay Kit (Beyotime Biotechnology). The proteins were separated by 10% SDS-PAGE solution and were transferred to the PVDF membrane (Millipore) by transfer electrophoresis at 4°C in TBST overnight. Then the PVDF membrane was incubated with the rabbit anti-NOL6 polyclonal antibody (1:400 dilution; no. ab50875; Abcam Trading Co. Ltd., Shanghai) at 4°C for 2h., and washed with TBST for 4 time (8min/time). The incubation product was further incubated with secondary antibody (Goat anti-mouse IgG-HRP:1:2000 dilution; no. sc-2005; Santa-Cruz Biotechnology) for 1.5h, and washed with TBST for 4 time (8 min/time). The condition of target proteins on the membrane were detected by X-ray after reaction with Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific Inc.) in darkness for 5min. Finally, the quantitative detection of western blot was carried out through ImageJ (version 1.48V)



MTT Assay

Logarithmic phase AGS and HGC-27 cells were treated with trypsin, and resuspended in complete medium to obtain cell suspensions, then the cells were seeded into a 96-well plate and cultured at 37˚C in an atmosphere of 5% CO2, with the cell concentration adjusted to 2000 cells/well. Since the day after inoculation, 20 μL 5 mg/mL MTT (Genview) was added to each well for 4h, then the supernatant was completely aspirated and discarded, then 100μL DMSO (Shanghai Shiyi Chemicals Reagent Co., Ltd., Shanghai, China) was added to each well and oscillate for 2-5 min. An enzyme mark instrument (Tecan infinite) was used to measure the optical density (OD) at 490 nm. Every experiment repeated three times.



Colony Formation Assay

After lentivirus transfection, logarithmic phase AGS and HGC-27 cells were re-suspended into cell suspension and counted. The transfected cells were inoculated in the 6-well plate with the concentration of 1000 cells/well, and 3 multiple holes were set for each experiment. The inoculated cells were further cultured in the incubator at 37°C, 5% CO2 for 2 weeks, during which the culture medium was changed and the cell status was observed every 3 days. After 14 days, the cell colonies were photographed with fluorescence microscope (Olympus). Then the PBS were used to wash the cells once, 4% paraformaldehyde were added to fix cells, the GIEMSA were used to stain the cells, and the cells were washed with ddH2O for several times and were dried in the final. Condition of colony formation was photographed and the colony number was counted for each group.



5-Ethynyl-2-Deoxyuridine (EdU) Assay

Logarithmic phase AGS and HGC-27 cells were treated with trypsin, and resuspended in complete medium to obtain cell suspensions, then the cells were seeded into a 96-well plate and cultured at 37°C in an atmosphere of 5% CO2, with the cell concentration adjusted to 2000 cells/well. The proliferation of the cells were determined using a Cell-Light EdU DNA Cell Proliferation Kit (RiboBio, Guangzhou, China) according to the instructions of the manufacturer.



Annexin V-APC Single Staining Flow Cytometry

Flow cytometry was performed to detect cell apoptosis. The transfected cells were cultured on a 6-well plate until the cells covered more than 70% of the well, then apoptosis kit was used to detect apoptosis. Briefly, the cells were digested with trypsin to obtain the cell suspension, and collected with the cell supernatant in a 5ml centrifuge tube. After centrifuging for 5 min, precipitated cells were collected and centrifugated again for 3 min. Then 200 uL 1×binding buffer and 10 um Annexin V-APC staining was added, and the cell apoptosis was detected by flow cytometry (Millipore) after 15 min at room temperature in dark.



TUNEL Staining

Apoptosis of AGS and HGC-27 cells were observed by TUNEL staining. The transfected cells were cultured on a 6-well plate until the cells covered more than 70% of the well. Then discarded the culture medium. The cells were fixed with 4% formaldehyde for 15 min and dehydrated with 50%, 75%, 95% and 100% ethanol for 5 min. Then washed twice with phosphate buffer solution and treated with 0.5% Triton X-100 for 20 min. At last, added TUNEL working solution and incubated at 37°C for 1 h. The apoptotic cells were detected by fluorescence microscope



Microarray Assay Analysis

Downstream gene effects after NOL6 knockdown were analyzed by GeneChip PrimeView Human Gene Expression Array (Affymetrix; No. 901838; Thermo6). Trizol reagents was used to extract the total RNA, the NanoDrop 2000 (Thermo) and Agilent 2100 Bioanalyzer (Aglient) were used to evaluate and control the total RNA quality, and the qualified samples were subjected to microarray assay. The GeneChip 3’IVT Express Kit (Affymetrix) was employ for the preparation of amplified RNA (aRNA), including: single DNA template synthesis, double-stranded DNA template synthesis and reverse transcription in vitro. GeneChip Hybridization Oven 645 (Affymetrix) was applied to hybridize fragmented aRNA and GeneChip and GeneChip Fluidics Station 450 (Affymetrix) was used for gene washing. At last, GeneChip Scanner 3000 was used to scan the chip array to gain raw data and images. Genes with significant differences after NOL6 knockdown were selected from the chip analysis results: |Fold Change| must be greater than 1.5, and the p-value should be less than 0.05.



Ingenuity Pathway Analysis (IPA)

IPA was used to analyze the dataset of differential expressed genes obtained from the gene microarray chip, including the chip probe number and the Fold Chang value. Analysis of ‘Classic Pathway’ and ‘Disease and Function’ following NOL6 knockdown were performed based on multiple public databases through IPA. The enrichment of Pathway and Disease and Function Classification were sorted by -log (p-value) and the activation or inhibition of the molecule was represented by Z-score. The gene interaction network was also analyzed using IPA.



Animal Experiments

The nude BALC mice (18 ± 2g) were purchased from Animal center of Nanjing Medical University. The AGS cells were cultured in medium for 24h until the cell confluence reached 80%. The cells in logarithmic growth phase were chosen to be digested by pancreatin, inoculated into 6-well culture plates and added with sh-nc and sh-NOL6 for infection. The mice were randomly divided into sh-nc group and sh-NOL6 group, six in each group. The AGS cells (2×108 cells/mL) were injected subcutaneously into the mice. Vernier caliper was used to measure the long diameter (L) and short diameter (S) of tumor once a week, and the volume (V) was calculated by the following formula: V=0.5×L×W2. Four weeks later, the mice were anesthetized by intraperitoneal injection of 3% pentobarbital (160 mg/kg) and killed. The tumor weight was measured.



Statistical Analysis

The experimental data were demonstrated as mean ± standard deviation (SD), and the statistical significance of the differences between groups was examined by the Student’s t-test; expression of NOL6 and pathological stage of tumor was analyzed by Mann-Whitney U test. All data was processed by Microsoft Office Excel 2007, and charts were drawn with GraphPad prism (Version 8.0.2). P-value less than 0.05 were considered statistically significant.
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Variable

Sex

Male

Female

Race

White

Black

Other

Age at diagnosis

20-49

50-64

65-79

Year of diagnosis
2000-2004

2005-2009

2010-2011

Grade

Well-differentiated; Grade |
Moderately differentiated; Grade Il
Poorly differentiated; Grade Il
Undifferentiated; anaplastic; Grade IV
site

Right colon

Left colon

Rectum

Stage

Distant

Localized

Regional

Surgery

No

Yes

Radiotherapy
No/Unknown

Yes

Chemotherapy
No/Unknown

Yes

CA, classical adenocarcinoma; MA, mucinous adenocarcinoma; SRCC, signet-ring cell carcinoma.

cA
n = 188,975 (%)

108,474 (54.76)
85,501 (45.24)

150,007 (79.38)
22,318 (11.81)
16,650 (8.81)

25,950 (13.73)
74,184 (39.26)
88,841 (47.01)

79212 (41.92)
79,165 (41.89)
30,608 (16.2)

18,992 (10.05)

138,567 (73.33)

29,446 (15.58)
1,970 (1.04)

67,977 (35.97)
61,537 (32.56)
50,461 (31.47)

29,070 (15.38)
79,540 (42.09)
80,365 (42.53)

8,485 (4.49)
180,490 (95.51)

157,957 (83.59)
31,018(16.41)

104,420 (65.26)
84,555 (44.74)

MA
n =18,002 (%)

9,484 (52.42)
8,608 (47.58)

14,696 (81.23)
2,187 (12.09)
1,200 (6.68)

2,812 (16.54)
6,277 (34.69)
9,003 (49.76)

8,885 (49.11)
6,907 (38.18)
2,300 (12.71)

2,044 (113)
11,929 (65.94)
3,781 (209)
338 (1.87)

10,339 (57.15)
4,100 (22.66)
3,653 (20.19)

3,177 (17.56)
5,179 (28.63)
9,736 (53.81)

304 (1.68)
17,788 (98.32)

15,402 (85.13)
2,690 (14.87)

8,852 (18.93)
9,240 (51.07)

SRcC
n=1,814 (%)

1,001 (65.18)
813(44.82)

1,481 (81.64)
167 (9.21)
166 (9.15)

475 (26.19)
633 (34.9)
706 (38.92)

795 (43.89)
743 (40.96)
276 (15.21)

17 (0.94)
133 (7.33)
1,515 (83.52)
149 821)

1,016 (66.01)
338 (18.63)
460 (25.36)

551 (30.87)
207 (11.41)
1,056 (58.21)

121 (6.67)
1,693 (93.33)

1,426 (78.61)
388 (21.89)

584 (32.19)
1,230 (67.81)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
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Sex

Male

Female

Race

White

Black

Other

Age at diagnosis
20-49

50-64

65-79

Year of diagnosis
2000-2004
2005-2009
2010-2011
Grade

Site
Right colon
Left colon
Rectum
stage
Distant
Localized
Regional

Obs

14,679
9,597

19,895
2,704
1,677

1,630
8,501
14,145

12,571
9,273
2,432

2,821

17,926

3,322
207

9,528
8,115
6,633

1,145
13,212
9919

CA

SIR

1.10°
1.20"

1.10*
122
1.46°

1.90%
1.16*
1.07*

1.07*
119"
1.33°

1.10*
113"
1.18"
1.30"

118"
1.15%
1.08*

1.08*
1.14%
1.14%

95% CI

1.08-1.11
1.18-1.22

1.00-1.12
1.18-1.27
1.39-1.63

1.81-2
1.14-1.19
1.05-1.09

1.05-1.08
1.17-1.22
1.28-1.39

1.06-1.14
1.11-1.15
1.14-1.22
1.13-1.49

1.16-1.2
1.18-1.18
1.03-1.08

1.02-1.15
1.12-1.15
1.12-1.16

Obs

1,342
1,119

2,062
276
123

220
760
1,481

1,477
805
179

320
1,683
421
37

1514
568
3719

150
1,065
1,246

MA

SIR

115"
137"

2
137"
1.64*

264"
1.26%
1.18%

1.23*
124"
1.38*

1.22%
124"
1.26%
1.45"

1.26"
131%
11

126"
1.29"
1217

95% ClI

1.09-1.22
1.3-1.46

1.16-1.27
1.22-1.56
1.36-1.96

23-3.01
1.17-1.35
1.09-1.21

1.17-1.3
1.16-1.33
1.19-1.6

1.09-1.36

1.19-1.3

1.14-1.38
1.02-2

1.2-1.33
12-1.42
0.99-1.22

1.06-1.48
1.21-1.37
1.14-1.28

Obs

88

134
17
10

35
50
7%

87

14

16
133
10

109
25
27

18
44
104

SRCC

SIR

1.49°
1.48"

1.38"
264"
2.19°

5.33"
1.48°
11

1.46°
1.50"
154

1.28
148
1.50
135

1.65*
1.47
127

1.38
1.45°
1510

95% Cl

1.2-1.82
1.16-1.87

1.15-1.63
1.48-4.06
1.05-4.03

3.71-7.41
1.1-1.95
0.88-1.39

1.17-1.8
1.14-1.93
0.84-2.58

0.15-4.62
0.84-2.4

1.26-1.77
0.65-2.48

1.27-1.87
0.95-2.17
0.83-1.84

0.73-2.36
1.05-1.94
1.24-1.83

CA, classical adenocarcinoma; MA, mucinous adenocarcinoma; SRCC, signet-ring cell carcinoma; Obs, observed events; SIR, standard incidence ratio; Cl, confidence interval; P <

0.05 (compared with general population).
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Events

All sites

All sites excluding
non-melanoma skin

All solid tumors

Oral cavity and pharynx
Esophagus

Stomach
Smallintestine

Colon and rectum
Liver

Gallbladder
Pancreas

Larynx

Lung and bronchus
Bones and joints
Soft tissue including heart
Melanoma of the skin
Breast

Cervix uteri

Corpus uteri

Uterus, NOS

Ovary

Vagina

Prostate

Urinary bladder
Kidney

Renal pelvis

Ureter

Eye and orbit

Brain and other nervous system
Thyroid

Lymphoma

Myeloma

Leukemia

Obs

16,449
15,364

14,000
357
196
330
190

2,760
229

34
466
110

2410

81
528
1,364
42
361

96

2,301
861
443

35

22

1
119
285
506
222
376

Surgery only
SR

115"
1.18*

1.18"
147
1.26*
1.36"
291"
207"
1.05
0.89
1.09
1.01
143"
051
1.08
0.90"
0.99
o]
131"
0.96
0.69"
071
0.97
1.06
1.08
0.99
0.97
0.54*
0.9
1.52%
0.83*
1
097

Treatment for colorectal cancer

95% CI

1.43-1.17
1.13-1.17

1.16-1.2
1.05-1.29
1.09-1.45
1.22-1.52
251-3.36
1.99-2.15
0.92-1.2
0.62-1.25
1-1.2
0.83-1.22
1.08-1.17
0.19-1.1
0.86-1.35
0.82-0.98
0.93-1.04
0.72-1.35
1.18-1.45
0.44-1.82
0.56-0.84
0.29-1.47
0.93-1.01
0.99-1.13
0.98-1.19
0.69-1.38
0.61-1.47
0.27-0.97
0.76-1.08
1.33-1.73
0.76-0.9
0.87-1.14
0.87-1.07

Surgery combined with chemotherapy

Obs

5,561
5,530

5,116
a3
53
98
131

1116

159
a4
770

26
178

808
278
175
13
13
3
41
134
187
a7
110

SIR

147°
147"

1217
0.83
1
1.19
5.62"
2.45"
0.84
07
1.11
113
1.06
2,07
0.99
0.87
0.90"
1.03
1.68"
171
0.89
1.66
0.96
1.08
1.47*
1.16
1.84
0.42
0.86
1.96"
0.89
0.62"
0.85

95% Cl

1.14-1.2
1.14-1.2

1.18-1.24
0.67-1.01
0.75-13
0.97-1.45
4.7-6.67
231-26
0.65-1.07
0.32-1.33
0.95-13
0.82-1.51
0.99-1.14
0.94-3.92
0.65-1.45
0.75-1.01
0.82-0.98
0.63-1.6
1.36-1.82
0.63-3.72
0.66-1.18
0.61-3.62
0.9-1.08
0.96-1.22
1-1.36
0.62-1.99
0.98-3.14
0.09-1.22
0.61-1.16
1.64-2.32
0.77-1.03
0.45-0.82
0.7-1.08

0.445
0.463

0.286
0.031%
0.29
0.444
0011*
0.009*
0.237
0.621
0.894
0.68
0319
0.059
0.781
0.809
0.185
0.93
0.193
0474
0.28
0.299
0.849
0.83
0.553
0.735
0.243
0.733
0.836
0.158
0.544
0.019*
0.392

CA, classical adenocarcinoma; Obs, observed events; SIR, standard incidence ratio; Cl, confidence interval; *P < 0.05 (compared with general population). *P < 0.05. P-values
comparing SIRs for colorectal CA survivors who received surgery only vs. surgery combined with chemotherapy were calculated using Poisson regression.
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Events

All sites

All sites excluding
non-melanoma skin

All solid tumors

Oral cavity and pharynx
Esophagus

Stomach
SmallIntestine

Colon and rectum
Liver

Gallbladder
Pancreas

Larynx

Lung and bronchus
Bones and joints
Soft tissue including heart
Melanoma of the skin
Breast

Cervix uteri

Corpus uteri

Uterus, NOS

Ovary

Vagina

Prostate

Urinary bladder
Kidney

Renal pelvis

Ureter

Eye and orbit

Brain and other nervous system
Thyroid

Lymphoma

Myeloma

Leukemia

Obs

3,253
3,236

2,951
74
a7
57
30

680
55
7
81
21
504
4
19
113
239
9
72
0
24
2
459
189
89
8
4
o
2
47
101
37
85

Surgery only
SIR

113"
1.13°

1.16*
1.08
1.38*
1.12
221*
245"
1.14
093
0.92
0.88
1.13%
1.54
1.18
0.88
0.86"
1.03
127
0
0.87
1.07
0.86"
1.08
1
1.08
0.84
0.00*
0.86
1.34
077
0.82
1.03

Treatment for rectal cancer

95% Cl

1.4-1.17
1.09-1.17

1.12-1.21
0.85-1.36
1.02-1.84
0.85-1.45
1.49-3.16
227-2.64
0.86-1.49
0.37-1.91
0.73-1.15
0.54-1.34
1.03-1.23
0.42-3.95
0.71-1.85
0.71-1.03
0.76-0.97
0.47-1.96
0.99-1.6
0-2.12
0.56-1.29
0.13-3.88
0.78-0.94
0.93-1.25
0.8-1.23
0.47-2.13
0.23-2.14
0-0.82
0.56-1.27
0.98-1.78
0.63-0.94
0.58-1.13
0.83-1.28

Obs.

213
213

2o

rPooOoNM-O-aNMNBORB~0~N=REFEown

Surgery combined with radiotherapy

SIR

1.1
11

112
0.86
0.86
0.58
4.40°
174"
0.61
0
0.69
0
1.70"
11.48"
0
161
133
178
2.02
0
058
8.65
0.26"
1.01
05
4.08
31
0
051
0.89
1.04
0.98
073

95% CI

0.96-1.26
0.96-1.27

0.97-1.28
0.23-2.21
0.1-3.09
0.07-2.08
1.2-11.27
1.2-2.45
0.07-2.2
0-7.49
0.19-1.76
0-22
1.26-2.23
1.39-41.48
0-3.43
0.88-2.7
0.85-2
0.05-9.93
0.81-4.17
0-33.98
0.01-3.24
0.22-48.21
0.13-0.48
0.52-1.76
0.1-1.46
0.49-14.65
0.08-17.36
0-12.41
0.01-2.87
0.11-3.2
0.47-1.97
0.2-2.87
0.2-1.87

0.782
0.821

0.742
0.745
0.625
0.459
0.547
0.262
0.488
0.428
0.657
0.151
0.085
0.343
0.201
0.156
0.18
0.747
0.486
0.999
0.764
0.445
<0.001#
0.869
0.321
0.385
0.508
0.999
0.678
0.677
0554
0.83
0.602

CA, classical adenocarcinoma; Obs, observed events; SIR, standard incidence ratio; Cl, confidence interval; *P < 0.05 (compared with general population). *P < 0.05. P-values

comparing SIRs for rectal CA survivors who received surgery only vs. surgery combined with radiotherapy were calculated using Poisson regression.
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No.ofcases  Positive (%)  Negative (%)  P-value

Normal 75 28(37.3%) 47 62.7%) ‘P < 0,05
Tumor 75 68 (90.7%) 7(9.3%)

Normal group vs. tumor group (*P < 0.05).
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both esophageal- mediastinum and esophageal- vascular fistula
Therapy of fistula
nutrient canal
esophageal stent
conservative treatment
gastrostomy
radical resection
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Characteristics Training set Validation set

Case group Control group Case group Control group
(n=130) (%) (M=260)(%) (n=56)(%) (n=112) (%)

1. General parameters Age (years)
<60 54 (40.8) 76 (29.2) 30 (53.6) 26 (23.2)
260 76 (59.2) 184 (70.8) 26 (46.4) 86 (76.8)
ECOG PS
0 51(39.2) 163 (62.7) 18 (32.1) 67 (59.8)
1 63 (48.5) 83 (31.9) 32 (57.1) 41 (36.6)
2 10(7.7) 12 (4.6) 3(5.4) 4(3.6)
3 6(4.6) 2(0.8) 3(5.4) 0
BMI (kg/m?)
<185 18 (13.8) 31 (11.9) 8(14.3) 9(8.0
18.5-23.9 75 (57.7) 143 (55.0) 33 (58.9) 64 (57.1)
24-27.9 30 (23.1) 63 (24.2) 14 (25.0) 29 (25.9)
>28 7 (65.4) 23 (8.8) 1(1.8) 10 (8.9)
History of Smoking
yes 81 (62.3) 164 (63.1) 36 (64.3) 68 (60.7)
no 49 (37.7) 96 (36.9) 20 (35.7) 44 (39.3)
history of drinking
yes 74 (56.9) 130 (50.0) 36 (64.3) 57 (50.9)
no 56 (43.1) 130 (50.0) 20 (35.7) 55 (49.1)
History of hypertension
yes 29 (22.3) 64 (24.6) 13 (23.2) 30 (26.8)
no 101 (77.7) 196 (75.4) 43 (76.8) 82 (73.2)
History of diabetes
yes 1292 23 (8.8) 3(5.4) 5(4.5)
no 118 (90.8) 237 (91.2) 53 (95.6) 107 (95.5)
History of coronary heart disease
yes 4(3.1) 19 (7.3) 2(3.6) 76.3)
no 126 (96.9) 241 (92.7) 54 (96.4) 105 (93.8)
Eating obstruction
yes 111 (85.4) 224 (86.2) 52 (92.9) 92 (82.1)
no 19 (14.6) 36 (13.9) 4(7.1) 20 (17.9)
Serum albumin (g/L)
>35 114 (87.7) 253 (97.3) 48 (85.7) 110 (98.2)
<35 16 (12.3) 7@7) 8(14.3) 2(1.8)
Serum cholesterol (mmol/L)
>4.40 79 (60.8) 178 (68.5) 38 (67.9) 76 (67.9)
<4.40 51(39.2) 82 (31.5) 18 (32.1) 36 (32.1)
2. Diagnostic parameters T stage
T1-3 84 (64.6) 225 (86.5) 35 (62.5) 92 (82.1)
T4 46 (35.4) 35 (13.5) 21(37.5) 20 (17.9)
N stage
NO-1 59 (45.4) 155 (59.6) 15 (26.8) 72 (64.9)
N2-3 71 (54.6) 105 (40.4) 41(73.2) 40 (35.7)
Stage
| stage 0 2(0.8) 0 1(0.9)
I stage 10 (7.7) 36 (13.8) 2(3.6) 18 (16.1)
Il stage 75 (57.7) 149 (67.3) 24 (42.9) 61 (54.5)
IV stage 45 (34.6) 73 (28.1) 30 (53.6) 32 (28.6)
Tumor site
proximal esophagus 40 (30.8) 70 (26.9) 15 (26.8) 21(18.8)
middle esophagus 44 (33.8) 74 (28.5) 20 (35.7) 38 (33.9)
distal esophagus 46 (35.4) 116 (44.6) 21 (37.5) 53 (47.3)
Longitudinal length of lesions(cm), mean + SD 6.64 + 2.41 593 +3.23 7.23+2.99 5.41 £ 2.64
Pathological type
squamous carcinoma 125 (96.2) 240 (92.3) 52 (92.9) 108 (92.0)
adenocarcinoma 1(0.8 9(3.5) 1(1.8) 3(2.7)
neuroendocrine carcinoma 323 9(3.5) 3 (56.4) 3(2.7)
adenosquamous carcinoma 1(0.8) 2(0.8) 0 3(2.7)
General type
medullary type 51(39.2) 142 (54.6) 26 (46.4) 58 (51.8)
mushroom type 34(26.2) 46 (17.7) 8(14.3) 25 (22.3)
ulcerative type 36 (27.7) 55 (21.2) 11 (19.6) 19 (17.0)
constrictive type 7(5.4) 10 3.8 8(14.3) 5(4.5)
cavity type 2(1.5) 7(2.7) 3(56.4) 5(4.5)
3. Therapeutic parameters Chemotherapy
yes 91 (70.0) 229 (88.1) 45 (80.4) 93 (83.0)
no 39(30.0) 31 (11.9) 11 (19.6) 19 (17.0)
Taxol chemotherapy
yes 76 (58.5) 175 (67.3) 35 (62.5) 65 (58.0)
no 54 (41.5) 85 (32.7) 21 (37.5) 47 (42.0)
Chemotherapy
0 line 39 (30.0) 31 (11.9) 11 (19.6) 19 (17.0)
1 line 69 (53.1) 168 (64.6) 31 (55.4) 75 (67.0)
2 line 19 (14.6) 46 (17.7) 11 (19.6) 15 (13.4)
3 line and more 3(2.3) 15 (5.8) 3(5.4) 3.7
Radiotherapy
yes 74 (56.9) 177 (68.1) 29 (51.8) 82 (73.2)
no 56 (43.1) 83 (31.9) 27 (48.2) 30 (26.8)
Concurrent radiochemotherapy
yes 17 (18.1) 47 (18.1) 6(10.7) 25(22.3)
no 113 (86.9) 213 (81.9) 50 (89.3) 87 (77.7)
Re-radiotherapy
yes 3(2.3) 2(0.8 3(5.4) 2(1.8
no 127 @7.7) 258 (99.2) 53 (94.6) 110 (98.2)
Fraction of radiation (patients who received radiotherapy)
<30 58 (78.4) 126 (71.2) 22 (75.9) 54 (65.9)
>30 16 (21.6) 51(28.8) 7 (24.1) 28 (34.1)
Total dose (patients who finished the radiotherapy)
>60Gy 25(33.8) 91 (51.4) 9(31.0) 48 (58.5)
>50 <60Gy 29(39.2) 64 (36.2) 14 (48.3) 23 (28.0)
<50Gy 20 (27.0) 22 (12.4) 6(20.7) 11 (13.4)
Average single dose (patients who received radiotherapy)
<1.8 29 (39.2) 56 (31.3) 9(31.0) 24 (29.3)
>1.8 45 (60.8) 121 (68.4) 20 (69.0) 58 (70.7)
Radiotherapy technology (patients who received radiotherapy)
general radiotherapy 1(1.4) 0 0 0
3DCRT 24 (32.4) 38 (21.5) 8(27.6) 12 (14.6)
IMRT 49 (66.2) 139 (78.5) 21 (72.4) 69 (85.3)
Radiotherapy range (esophagus)
yes 73 (56.2) 175 (67.9) 29 (51.8) 82 (73.2)
no 57 (43.8) 85 (32.7) 27 (48.2) 30 (26.8)
Radiotherapy range (metastatic lymph nodes)
yes 58 (44.6) 144 (55.4) 22 (39.3) 57 (50.9)
no 72 (55.4) 116 (44.6) 34 (60.7) 55 (49.1)
Radiotherapy area (lymphatic drainage area)
yes 40(30.8) 101 (38.8) 15 (26.8) 45 (40.2)
no 90 (69.2) 1569 (61.2) 41 (73.2) 67 (59.8)
Target therapy
yes 8(6.2) 17 (6.5) 4(7.1) 9(8.0)

no 122 (93.8) 243 (93.5) 52 (92.9) 103 (92.0)






OPS/images/fonc.2021.688706/fonc-11-688706-g004.jpg
Attention map €] Attention map






OPS/images/fonc.2021.626961/fonc-11-626961-g005.jpg





OPS/images/fonc.2021.626961/fonc-11-626961-g006.jpg
]

stbsiatiintii

1.4
F






OPS/images/fonc.2021.626961/fonc-11-626961-g001.jpg
7
4

microenvironment

Immune

*

Decision curve analysis

Clinical impact curve

Cindexes

aining cohort






OPS/images/fonc.2021.626961/fonc-11-626961-g002.jpg
o5 peoceor ors P00 s prooons
s . R — Py
ap—
3 3 = hghmRNASi 5 - ighmRNASH
2 — honnRuas § igh
H nigh : é
He fw E
H : H
. ot of
[ R I S S
Voar ver Your
oS Pe000t B e 00671 P=00031
100- == lowmRNASI P<0.0001
H — oA -
i F
HE 20s
H £
02
o0
MSIH MO WSS
c
N o & e e
o
075 ors
3 ,
Zoso $w
L 1
025 0zs
o6,
ors
0
i fos
€ €
0z 025






OPS/images/fonc.2021.626961/fonc-11-626961-g003.jpg





OPS/images/fonc.2021.626961/fonc-11-626961-g004.jpg
0

09

08

o7

08

Cluster Dendrogram

o)

Megroon

Wepsion

werel

Meurguose

gy

Module-trait rlationships.

o5

-0





OPS/images/fonc-11-648706/fonc-11-648706-g004.gif





OPS/images/fonc-11-648706/fonc-11-648706-g005.gif





OPS/images/fonc-11-648706/fonc-11-648706-t001.jpg
A B Neither ANotB BNotA Both p-value Tendency

MET MYC 347 25 30 10 <0.001 Co-occurrence
MET HK2 362 31 15 4 0.067  Co-occurrence

cBioPortal for cancer genomics was used to analysis the trendency of MET, HK2, and
MYC in gastric cancer tissues.
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Variance Ripretinib Placebo
Cost ($)

Cost for PF state 234,808 9,505
Cost for PD state 25,297 180,349
Total cost 260,105 189,854
Incremental cost 70,251

Effectiveness (QALYs)

Effectiveness for PF state 0.41 0.13
Effectiveness for PD state 0.40 0.39
Total effectiveness 0.81 0.52
Incremental effectiveness 0.29

Incremental cost-effectiveness ratio ($/QALY) 244,010

PF, progression-free; PD, progression disease; QALY, quality-adjusted life-year.
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Variable Ripretinib Placebo
Monthly Costs ($)

Repretinib 32,000 0

Best supportive care 3,382.47 3,382.47
Adverse events per occurrence 421.2 421.2
Computed tomography per time 1,365.39 1,365.39
Utility

PF 0.767 0.767

PD 0.647 0.647
Death 0 0
Weibull OS model

intercept 2782163 2250612
log_scale -0.4285523 0.00098579
gamma 1.535033646 0.999014696
lambda 0.013971806 0.105568583
Weibull PFS model

intercept 2.074947 0.830945
log_scale -0.09223515 -0.6655104
gamma 1.096622663 1.945483243
lambda 0.102752314 0.19857477

PF, progression-free; PD, progression disease; OS, overall survival: PFS, progression-free survival.
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Characteristics  TCGA training GsE66229 GSE15459

cohort validation cohortvalidation cohor
=375 (n=300)
Sex
Fomalo 134 101 67
Mo 21 190 124
Unknown o o 9
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Ave 201 148 %
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TCGA cohort(alcohol-related HCC) GEO cohort(GSE59259)
68 patients, 117 samples(68 tumor tissues and 8 patients, 16 samples(8 tumor tissues and 8
49 normal tissues ) cancer-ree surrounding liver tissues )
Differential expression analysis Differential expression analyss
2894 DEGs 1564 DEGss

intersection

GO and KEGG analysis

424 DEGs

PPI network

1 consturctioin

MCODE&cytoHubba

53 hub genes. GO and KEGG analysis

LASSO&COX

analysis Validation of 2 gene expression

in alcohol-related HCC and
entire HCC

Prognostic model

s Kaplan-Meier curve

and ROC analysis

signature
Validation of clinical value
and stratified analysis
CIBERSORT
TME analysis

Stratified and
correlation analysis

between high and low
risk groups.
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Variables Univariate Cox analysis Multivariate Cox analysis

HR (95% CI) P-value HR (95% CI) P-value
Age (> 60 vs. < 60 years) 1.78 (1.09-2.77) 0.020* 2.30 (1.42-3.70) <0.001*
Gender (male vs. female) 1.08 (0.74-1.56) 0678 0.82 (0.56-1.20) 0.305
T stage (T3 & T4 vs. T1 & T2) 3.08 (1.50-6.33) 0.002" 1.93 (0.92-4.03) 0.082
N stage (N1 & N2 vs. NO) 2,82 (1.93-4.14) < 0,001 0.46 (0.17-1.26) 0.129
M stage (M1 & MX vs, MO) 2.86 (1.98-4.15) <0.0017* 1.94 (1.28-2.93) 0.002+
Stage (Il + IV vs. | + 1) 3.2 (2.18-4.77) < 0,001 5.62 (1.91-16.46) 0.002"
FENDRR (high vs. low) 0.60 (0.41-0.88) 0.009* 0.59 (0.40-0.88) 0.009*

= = indicate significance at p < 0.01 and p < 0.001, respectively.
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Variables All patients (n = 597) Low expression (n = 299) High expression (n = 298) p-value

Gender 0.054
Female 277 (46.4%) 127 (42.5%) 150 (50.3%)
Male 320 (53.6%) 172 (57.5%) 148 (49.7%)

Age (years) 0.378
<60 170 (28.5%) 90 (30.1%) 80 (26.8%)
>60 427 (71.5%) 209 (69.9%) 218 (73.2%)

Pathologic stage 0.011*
| 108 (18.1%) 42 (14.0%) 66 (22.1%)
I 225 (37.7%) 128 (42.8%) 97 (32.6%)
n 177 (29.6%) 82 (27.5%) 95 (31.9%)
L\ 87 (14.6%) 47 (15.7%) 40 (13.4%)

T 0.005**
T 19 (3.2%) 12 (4.0%) 7 (2.3%)
T2 105 (17.6%) 39 (13.0%) 66 (22.1%)
T3 408 (68.3%) 207 (69.2%) 201 (67.4%)
T4 65 (10.9%) 41 (13.8%) 24 (8.2%)

N 0.547
NO 342 (57.3%) 176 (58.9%) 166 (55.7%)
N1 145 (24.3%) 73 (24.4%) 72 (24.2%)
N2 110 (18.4%) 50 (16.7%) 60 (20.1%)

M 0.089
MO 453 (75.9%) 218 (72.9%) 235 (78.9%)
M1&MX 144 (24.1%) 81 (27.1%) 63 (21.1%)

**indlicate significance at p < 0.05 and p < 0.01, respectively.
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Cost of ripretinib per Total Cost, Effectiveness, Incremental cost, $ Incremental effectiveness, ICER, $/QALY

month, $ $ QALYs (compared with placebo) QALYs (compared with
(compared with placebo) placebo)

3,200 76,754 0.81 26,807 029 93,113

(90% discount)

6,400 97,127 0.81 31,634 0.29 109,879

(80% discount)

9,600 117,499 0.81 36,461 0.29 126,645

(70% discount)

12,800 137,871 0.81 41,288 0.29 143,412

(60% discount)

16,000 168,244 0.81 46,115 0.29 160,178

(50% discount)

19,200 178,616 0.81 50,942 0.29 176,944

(40% discount)

22,400 198,988 0.81 55,769 0.29 193,711

(30% discount)

25,600 219,361 0.81 60,596 0.29 210,477

(20% discount)

28,800 239,733 0.81 65,424 0.29 227,243

(10% discount)

32,000" 260,105 0.81 70,251 0.29 244,010

ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life-year; WTP, wilingness-to-pay.
*Current price.
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1000 C-C aromatic ring stretching Phenylalanine
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1445 CH, bending Collagen, phospholipids
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Gastric Cancer (n = 109)

Normal (n = 104)

Stage | (n = 35) Stage Il (n = 14) Stage Ill (n = 35) Stage IV (n = 25)
Age 55.00 + 12.353 55.71 +10.194 55.77 + 12.932 59.44 + 9.904 55.18 + 7.500
Gender
Male 22 (62.9%) 12 (85.7%) 27 (77.1%) 21 (84.0%) 54 (51.9%)
Female 13 (37.1%) 2 (14.3%) 8 (22.9%) 4 (16.0%) 50 (48.1%)
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Clinical characteristics Total %
TCGA (alcohol-related HCC) 68 100
Survival status Survival 55 809
Death 18 19.1
Age =60 years 41 60.3
<60 years 27 39.7
Gender Male 54 79.4
Female 14 206
Stage | 30 441
I 16 235
U} 21 309
v 1 i Ko
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Variables Fisher’s exact probability test® Logistic regression analysis®

PCSK9Q1+Q2+Q3 PCSK9Q4 p value odds ratio 95% Cl p value
Sex Male 52 18 0.784
Female 15 6
Age >65 41 12 0.348
<65 26 12
Location Upper 11 3 0.753
Lower 56 21
Tumor depth T 23 6 0.454
T2-T4 44 18
Lymph node status NO 26 15 0.057 0.489 0.163-1.470 0.202
N1 Ea 9
SCC-Ag(ng/mi)® >1.5 21 10 0.305 1.390 0.449-4.280 0.569
<15 45 12
p53-Abs(U/mi)® >1.30 13 4 1.000
<1.30 52 20
PD-L1 (pg/mli) >65.6 9 10 0.006 5.010 1.5630-16.40 0.008
<65.6 52 12

NO, no lymph node metastasis; N1, lymph node metastasis exist; SCC-Ag, squamous cell carcinoma antigen; Abs, antibodies; Cl, confidence interval.
UFisher’s exact probability test; °Logistic regression analysis; °Loss value.
Bold indicates a P-value of less than 0.05.
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Univariate Multivariate analysis

analysis
p value® Hazard 95% CI )
ratio value®
Sex 0.046 0.745 0.327-1.698  0.484
Male/Female
Age 0.425
>65/<65
Location 0.284
Upper/Lower
Tumor depth <0.001 4117 1.799-9.418 <0.001
T2-4/T0-1
Lymph node metastasis <0.001
N+/N-
SCC-Ag(ng/ml) 0.066 1.139 0.615-2.109  0.678
>1.5/<1.5
p53-Abs(U/ml) 0.063
>1.30/<1.30
PCSK9-Ab 0.128 2.336 0.189-0.971  0.042
Q1Q2Q3 vs. Q4
PD-L1 0.684
>65.6/<65.6

N-, no lymph node metastasis; N+, lymph node metastasis exist; SCC-Ag, squamous cell
carcinoma antigen; Abs, antibodies; PD-L1, programmed cell death ligand 1; Cl,
confidence interval; ®Log-rank test; °Cox proportional hazard model.

Bold indicates a P-value of less than 0.05.
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Parameter

Age (years)
<60
>60
Gender
male
female
Tumor size (cm)
<5
>5
Lymph node metastasis
No
Yes
CGrade
-l
n
Stage
-l
l-iv

32
38

39
31

43
or

24
46

43
27

22
48

NUDT21 expression [n (%)]
Negative
11 (34.4)
14 (36.8)

13(33.3)
12(38.7)

20 (46.5)
5(18.5)

3(54.2)
12 (26.1)

18(41.9)
7(25.9)

13 (69.1)
12 (25.0)

Positive

0.830

0.641

0.017

0.020

0.176

0.006

0.046

0.217

5.661

5.416

1.834

7.636
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Affymetrx data of primary and liver-metastasis
colorectal cancer downloaded from four GEO series

KEGG annotation based on Gene Common DEGS idntied by
Set Enrichment Anaysis (GSEA) RobustRankAggr method
Ly L
Survival analysis from Protinprotein Gene ontlogy
‘primary tumor interactions (PPI) 00 pathesy (60) function
patents in TCGA network annotation

colorectal cancer

associated hub genes

Transcripton factor Potental drug
(TF)prediction and
gene correlation

Cell proliferation
‘and migration assays.
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Division ratio Acc (%) Se (%) Sp (%)

8:2 91.4 96.1 87.4
7:3 88.6 94.7 83.1
6:4 89.5 95.5 83.6

(Training set: Test set=8:2, 7:3, 6:4).

PPV (%)

87.2
84.1
85.7

NPV (%)

96.4
94.2
94.9





OPS/images/fonc.2021.665176/table3.jpg
1D-CNN (%) RF (%) SVM (%) KNN (%)
Acc 88.6 2.8 915 88.9
Se 04.7 94.7 88.9 %26
Sp 83.1 90.8 943 85.0
PPV 84.1 914 942 86.5
NPV 94.2 943 89.1 91.7

(Acc, Accuracy; Se, Sensitivity; Sp, Specificity; PPV, Positive Predictive Value; NPV,
Negative Predictive Value).
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TMEM16A mRNA expression (qPCR)

n  Negative Positive P

KRAS (codon 12/13) MT 29 6 23 0.593%
WT 38 10 28

NRAS (codon12/13/59/61/117/46)  MT 1 0 1 1.000°
wWT 66 16 50

BRAF (condon 600) MT 1 0 1.000°
WT 66 16 50

MT means mutant type. WT means wild type.
2Chi-square test.

PFisher’s exact test.

Bold values means P < 0.05, which indicate the statistically significantly difference.
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80

TMEM16A protein expression (IHC)
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Missing
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Missing
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Negative
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Positive rate>90%
Positive rate 50-90%
Positive rate <50%
Negative

Missing

Positive rate>90%
Positive rate 80-90%
Positive rate 70-80%
Positive rate 60-70%
Positive rate <60%
Missing

Positive

Vessel positive
Negative

Missing

Positive

Partially positive
Negative

Missing

Positive

Partially positive
Negative

Missing

Positive

Partially positive
Negative

Missing

Positive

Negative

Missing
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18
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25
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TMEM16A mRNA expression (qPCR)

Positive

49
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21
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1
15
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3~ o
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~o g ~-aNB~-NG 00

P

0.565%

1.000%

0.134°

0.353°

0.907°

0.210°

0.502°

0.047°

0.598°

1.000*

75

76

34
22
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brd
26

34
18
14
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28
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TMEM16A protein expression (IHC)

Positive

o+ s 2 0nxrz3o00NRo N

cssgozimwooss oo

N
3

Negative

1
55

3
55

3

2%
18
18
4
21
8
12
15
3
28
11
10
4
5
1
7
10
19
23
49
6
1
3
5

P

0.4742

0.5612

0.928°

0.025"

0.206°

0.396°

0.758°

0.468°

0.758°

0474

aChi-square test or Fisher's exact test if appropriate.

®Mann-Whitney test.

Bold values means P < 0.05, which indicate the statistically significantly difference.
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Variables Univariate analysis Mativariate analysis

HR (95% C1) pvalue HR (95% C) P value
FB-4 fowigh) 254122:528) oor 465107429 o0a
Genckr 154098249 006
Ago (:70/70) 244(1.67357) oot 466108200 Lras
M (225/<25) 062037-1.05) 000
AsA 000"
NRS <001
Crarson score. <00t
Preious sugery 1.33086:2.08) 020
Preious abdomina surgary. 138081:2.32) 023
HB Z10091/<100 9A) 1.46094-2.32) 009
ALBIE35/<35 9) 043028064) <00
Hepatic diseases 1.44050.3.49) o042
Tumor st <001 1496 <oor
Upper 1
Midde 001059182 o913
Low 200087254 o148
Woced 11.020159699) <oor
Laparoscopyc surgery 037023061) <00
Surgica procedire (SG/T0) 316(2.15-461) <00 550118694 oore
Combined resecton 316(1.74570) <00
Type of econsiuction <00t 589 0053
RovrenY. 1
81 001045236 0504
Bl 219081438 0139
Surgal datons. 1.060.74-1.54) o7
Tstage 7.06(0.16-11.98) <001
N stage <001
™M stago <00 5277 <oor
' 1
1 872146659 <oor
" 4004(437-16.40) <001
Histologic type. 0690581.35) o067
Postoperatve compications <001 524106200 0022

1R hazar 12 G, condonco norval:FIB-4, Fross-4; B, bocy mass o ASA, Amarican Sociy of anosthesibbgss; NRS, Moo sk Scrosing: HB, Pomogloo: AL,
abumi: G, subotal astectomy: T, folal gastectomy.
'Statisticaly sioniScent (P < 0.05).
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Gender

Male

Female

Age at surgery (year)
<60

>60

Tumor location
Colon

Rectal

Histological type
Adenocarcinoma
Mucinous adenocarcinoma
Signet-ring cell carcinoma
Differentiation

Well

Moderate

Poor

TNM stage

[

v

T

™

T2

3

T4

aChi-square test.
bFisher’s exact test.
©Mann-Whitney test.

Bold values means P < 0.05, which indicate the statistically significantly difference.
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TMEM16A mRNA expression (qPCR)

Negative
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38
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31
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21
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P

0.993°
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0.643*
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0.047¢
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25

33
47

32
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©

51
27

TMEM16A protein expression (IHC)

Negative

40

27
32
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15
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0.764°
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TMEM16A mRNA expression TMEM16A protein expression

n Percentage n Percentage
Negative 16 239 59 738
Low 27 403 16 200
Medium 20 298 5 62
High 4 60 0 00
Total 67 1000 80 1000
TMEM16A protein expression
Evaluable () Negative Positive P

TMEM16A mRNA expression Negative 14 11(37%) 3(17%) 0.196

Positive 34 19 (63%) 15 (83%)
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Variables Overall High FIB-4 index Low FIB-4 index p-Value

Mean = D (%) Mean = SD (%) Mean = D (%)
) =61
Age.y 613121072 5221235 <0001
Gendir 017
Mo 259 42689
Fomalo 134 24.1) 115232 1961.1)
M, kg’ 22432301 22432301 22492306 078
8 (gU) 1212822205 122.41 221,08 11642273 0006
ALB (o1) 38192442 38142439 3860 2 465 044
PLT (10%01) 26562 2 82.40 2083227070 245,492 10133 0008
At 189621473 18372 1283 287722500 <0001
ST 2278+ 1002 2028299 19.18.29.60 059
B4 1852098 1772091 0652012 <0001
sA <0001
2 460627) 403614 s79a.44)
23 %07.3) o20186) 650
Crarson score 007
o 262507) 230 39639
12 252045 21467) 21344
36 210 21142) 106
NRS 010
2 3617) 20261.0) a1672)
34 172209 153309) 19681.1)
56 g 408.1) 108
Surgical history 050
No 43797) 02092 51836
Yes 113203) 103208) 10(16.4)
Abdominal sxgery histry 031
No. asar) 428655 56018
Yes 72029 670138 562
Precpective dabetes 088
N 402685 407633 55002
Yes 6115 s817) 608
Hypertenson 009
N 413749 w2039 51836
Yes 14325 133269) 10(16.4)
Hepatic diseases 1
[ 534060) 475060, 5096
Yes 2260 2060 23
Laparoscogic surgery 1
No 410737) %5037 45038
Yes 146263 120263 16262)
Surgica pocedire 005
6 as621) 200606) 45038
6 21179 19539:4) 16262)
Type of econsiuction 010
&1 220096 19560, 25610,
81 910164 77056) 14230
Roureny. 205(44.1) 22351 22061
Combined resecton o6t
No sor@12) 45009 57034
Yes 4988 50.1) 466
Surgica duraions (min) 20392+ 5361 20413+ 5365 094
Hitologc type. 04
Undferentated 148266) 12026.1) 1901.1)
Dferentated 408734) 36739 42659
Tumor sto 062
Upper 7308, 8129 o148
Middo 11200 101204) 10(164)
Low 31631 310626 a167:2)
Woced 2188 2060) 106
Tstago 004

12 205(36.9) 190(38.4) 15(24.6)
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miRNA

hsa-miR-122-5p

hsa-miR-142-5p

Small Molecule

Arsenic Trioxide
1,2,6-Tri-O-galloyl-beta-D-glucopyranose
Microcystin-LR

MG132

Bortezomib

Cisplatin and 5-Fluorouracil

Doxorubicin

Vitamin E

Enoxacin

Triptolide
Cisplatin
Progesterone
Topotecan

| MIRNA expression was repressed by the listed small molecule.
+ mIRNA expression was uprequlated by the listed small molecule.

Regulation

P i T S SR P D

- o -





OPS/images/fonc.2021.670129/fonc-11-670129-g006.jpg
Envichment Score

Envichment Score

Envchment Score






OPS/images/fonc-11-652262/fonc-11-652262-t001.jpg
TMEM16A mRNA expression (GPCR) TMEM16A protein expression (IHC)

Characteristics  Colon cancer (1= 21) Rectal cancer (1 =46)  Total (1=67)  Colon cancer (1= 32) Rectal cancer (= 48)  Total (n = 80)

n (%) n (%) n (%) n (%) n (%) n (%)
Age at surgery (years)

Mean  SD 62.14 £ 11.13 61.95 1099 61.85 + 1087 6231+ 10.14 6194 % 10.35 61.86 % 10.27
Median 63 (range, 44-79) 63 (range, 37-83) 63 (range, 37-83) 63 (range, 44-79) 635 (range, 37-83) 63 (range, 37-83)
<60 9(42.9) 20(43.5) 29(43.3) 10(31.2) 23(47.9) 33(41.3)
260 12(57.1) 26 (56.5) 38(56.7) 22(68.8) 25 (52.1) 47 (58.7)
Gender

Male 14(66.7) 32 (69.6) 46 (68.7) 21(65.6) 34 (70.8) 55 (68.8)
Female 7(333) 14 (30.4) 21(31.3) 11(34.4) 14 (29.2) 25(31.2)
Histological grade

1 0(0.0) 7(15.2) 7(10.4) 1@3.1) 6(125) 788)

Il 13(61.9) 12 (26.1) 25(37.3) 20 (62.5) 16 (33.9) 36 (45)

i 7(333) 27 68.7) 34(50.7) 10(31.9) 26 (54.2) 36 (45)

v 1(4.8) 0(0.0) 1(1.5) 1@.1) 0(0.0) 1012
Differentiation grade

Well 0(0.0) 122 1(1.5) 0(0.0) 2(4.2) 2(25)
Medium 13(61.9) 32 (69.6) 45(67.2) 19 (59.4) 32(66.7) 51(63.8)
Poor 8(38.1) 13 (282) 21313 13 (40.6) 14 (29.1) 27(33.7)
Lymphnode metastasis

NO 13(61.9) 19 41.9) 32(47.8) 21(65.6) 22(45.8) 43(53.7)
N1 5(3.8) 11(23.9) 16 (239) 8(25.0) 11 (229) 19 (23.8)

N2 3(14.3) 16 (34.8) 19 (283) 3(9.4) 15(31.9) 18 (22.5)
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Discovery Validation Cancer-free
cohort cohort individuals
N (total =20) N (total = 107) N (total = 51)

Age Years + SD 62+13 65+ 11 58 +7
Gender male 13 (65%) 74 (69%) 23
female 7 (35%) 33 (31%) 28
Stage®® | 2 (10%) 5(5 %) -
1 8 (40%) 34 (35 %)
il 9 (45%) 51 (52 %)
v 1(5%) 8 (8 %)
Grade? 1 2 (10%) 7 (7%) -
2 16 (80%) 79 (77%)
5 2 (10%) 16 (16%)
Survival dead 4 (20%) 14 (15%) -
status®
alive 16 (80%) 79 (85%)
Presence of a Yes 1 (5%) 12 (13%) -
local No 19 (95%) 80 (87%)
recurrence®
Surgery Yes 20 (100%) 105 (98%) -
No 0 (0%) 2 (2%)
Neoadjuvant Yes 10 (50%) 46 (62%) =
therapy? No 10 (50%) 28 (38%)
Adjuvant Yes 11 (61%) 42 (57%) -
therapy®
No 7 (39%) 32 (43%)

*Numbers may not add up to 100% of available subjects because of missing data.
bStaging was based on pathological staging according to the tumor-node-metastasis
(TNM) system Union for International Cancer Control (UICC).
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Features Cases CRP/MCV P
Low (<0.06) High (>0.06)

Age [year, mean (SD)] 2471 57.20 (12.67) 59.02 (13.16) 0.001
BMI [kg/m?, mean (SD)] 2471 22.10 (3.04) 21.96 (3.25) 0.281
CEA [ng/ml, mean(SD)] 2471 14.91 (56.21) 31.91(108.92) <0.001
CRP [mg/L, mean(SD)] 2471 2.28 (1.43) 26.43 (34.61) <0.001
MCV [fl, mean(SD)] 2471 86.57 (9.93) 81.56 (12.17) <0.001
CRP/MCV [107"°mg/L?, mean(SD)] 2471 0.03 (0.02) 0.33 (0.44) <0.001

BMI, body mass index; CEA, carcinoembryonic antigen.
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@

Gender(Male vs. Female)

Agelyears; <60 vs. >60)

Location (colon vs. rectum)

Tumor size (T1/T2/T3/T4)

Histological type®

Differentiation (Wel/Moderate/Poor)
EGFR (Positive/Weakly positive /Negative)
CD34 (Positive/Vessel positive/Negative)
Ki67>

mutant p53 protein®

MLH1¢

MSH6?

MSH2¢

KRAS (Wild type vs. Mutant type)
TMEM16A mRNA (Negative vs. Positive)
TMEM16A protein (Negative vs. Positive)

®)

Gender (Male vs. Female)

Tumor size (T1/T2/T3/T4)

Histological type®

CD34 (Positive/Vessel positive/Negative)
Ki67>

mutant p53 protein®

TMEM16A mRNA (Negative vs. Positive)
Location (colon vs. rectum)
Differentiation(Well/Moderate/Poor)
MSH6?

TMEM16A protein (Negative vs. Positive)

OR

0.32
0.81
231
3.34
3.46
192
1.36
2.32
0.66
1.54
1.61
1.9
1.90
1.33
3.14

OR

0.18
2.66
11.32
3.39
0.67
1.98
16.38

TMEM16A mRNA expression

95% Cl

0.11-0.95
0.31-2.14
0.80-6.65
0.93-12.30
0.78-15.42
0.70-6.27
0.78-2.38
1.10-4.89
0.41-1.05
1.05-2.28
0.46-5.59
0.63-6.29
0.40-9.05
0.63-3.33
0.95-10.39

TMEM16A mRNA expression

95% Cl

0.03-1.07
0.41-17.39
0.66-193.53
1.13-10.21
0.27-1.69
1.05-3.78
1.91-140.27

0.04
0.68
0.12
0.07
0.10
0.21
0.28
0.03
0.08
0.03
0.46
0.24
0.42
0.64
0.06

0.08
0.31
0.09
0.03
0.39
0.04
0.01

Unitivariate

OR

054
0.70
226
2.06
3.47
2.38
1.36
3.16
1.19
1.69
213
3.43

0.85

0.48

Multivariate

OR

1.50
3.66

2.03

423
872
6.26
0.43

LNM, lymph node metastasis; OR, odds ratio; 95% CI, 95% confidence interval; p-value of the logistic regression model.
@ Adenocarcinoma/Mucinous adenocarcinoma/Signet-ring cell carcinoma.
bPositive rate=90%/Positive rate 80-90%/Positive rate 70-80%/Positive rate 60-70%/Positive rate <60%.
Positive rate>90%/Positive rate 50-90% /Positive rate <50%.

dPositive/Partially positive/Negative.

Bold values means P < 0.05, which indicate the statistically significantly difference.

TMEM16A protein expression
95% Cl p
0.21-1.44 0.22
029-1.74 043
0.90-5.69 008
0.74-5.74 017
0.96-12.63 0.06
0.98-5.82 0.06
0.78-2.39 028
1.47-6.76 001
083-1.70 036
1.15-2.48 001
062-7.39 023
0.78-15.11 0.10
1.00
0.34-2.08 071
0.17-1.37 017
TMEM16A protein expression
95% Cl p
0.11-20.16 076
1.30-10.80 0.01
1.08-3.80 0.03
0.65-27.36 0.13
1.27-50.82 0.03
0.13-208.09 035
0.08-2.48 035
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Factor NCPs n=1893 CPs n=1398 2

HP(+) 1421 1048 0.846
HP(++) 262 183
HP(+++) 210 167
The ¥ test for the degree of Hp infection and CPs, CRC.
Factor NCRC n=3253 CRC n=38 ©
HP(+) 2442 27 0.715
HP(++) 440 5

HP(+++) 371 6

P value

0.0655

P value
0.6995
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Immunohistochemistry

P53

Ki-67

misplaced ribonuclear proteins

<5%
6%~25%
26%~50%
51%~75%
<75%
<30%
=>30%
normal
missing

HP-negative (n=268)

154 (57.5%)
69 (25.7%)
30 (11.2%)
4(1.5%)
11 (4.1%)
60 (22.4%)
208 (77.6%)
251 (93.6%)
17 (6.4%)

HP-positive (n=107)

60 (56.1%)
26 (24.3%)
12 (11.2%)

97 (90.7%)
10 (9.3%)

11.048

0.348

1.032

P value

0.026*

0.556

0.31

*P <« 0.05.
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Factor HP (negative)  HP (positive) x P
n=3609 n=1360 value

diameter>10 mm 503 224 5.075 0.024*

diameter<10 mm 3106 1136

number>2 1480 619 8.221

number <2 2129 741 0.004**

“*D - 0.01.
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Group

Hp-negative
Hp-positive
Total

The x2 test for the effect of Hp, Gender and Age on CPs and CRC

Factor

Hp

negative
positive

NCP
n=7968
6075
1893

CPs (%)

3609 (37.0%)
1360 (41.3%)
4969 (38.1%)

CPs
n=4969
3609
1360

CRC
n=100
62
38

29.850

CRC (%)

62 (0.64%)
38 (1.15%)
100 (0.77%)

P
value
0.000**

“*D - 0.01.
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Group

CPs

CRC

The 12 test for the effect of Gender, Age on CPs and CRC

Factor NCP n=7968

Gender Male 3552 (44.6%)
Female 4416 (55.4%)

Age (year) <45 2824 (35.4%)
>45 5144 (64.6%)

Numbers (male/female)

4969 (2897/2072)
100 (61/39)

CPs n=4969
2897 (68.3%)
2072 (41.7%)
760 (15.3%)
4209 (84.7%)

CRC n=100
61 (61.0%)
39 (39.0%)
6 (6.0%)
94 (94.0%)

Age mean = SD

235.50

645.97

50.6 + 11.11
61.3£10.8

P value
0.000*

0.000™

D - 0.01.
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Group Numbers (male/female) Age Mean = SD

Hp-negative 9746 (4773/4973) 470+128

Hp-positive 3291 (1737/1554) 50.7 £ 120

Total 130837 (6510/6527) 518+ 126

The %2 test for the effect of HP and Gender

Factor Hp (negative) n=9746 Hp (positive) n=3291 xz P value

Gender Male 4773 (49.0%) 1737 (52.8%) 14.258 0.000**
Female 4973 (51%) 1554 (47 2%)

D - 0.01.
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Variables

Univariate analysis

Multivariate analysis

HR (95%Cl) p-value HR (95% CI) p-value
PTTG3P expression 1.758 (1.085-2.850) <0.01 1.712 (1.053-2.782) <0.01
Tumor size 1.650 (1.086-2.508) <0.01 1.923 (1.276-2.898) <0.01
Differentiation 1.724 (1.183-2.511) <0.01 1.724 (1.183-2.511) <0.01
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Variable

Age (years)

<60

>60

Gender

Male

Female

Tumor size (cm)
<5

>5

Tumor invasion depth
T1-2

13-4

Lymph node metastasis
NO

N1-2

Vessel invasion
Yes

No
Differentiation
Well

Moderate

Poor

PTTG3P expression

Total (n = 120)

52
68

56
64

81
39

95
25

40
80

65
55

38
62
20

High expression

27
32

30
29

47
16

53
12

25
36

49
20

20
46
13

Low expression

26
35

28
33

37
24

43
20

20
39

20
31

18
16
7

p-value

0.86

0.74

0.02

0.28

0.09

0.06

0.01
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Features Cases CRP/MCYV ratio 2 P

Low (<0.0.6) High (>0.06)

Total 2471 1468 (69.4%) 1003 (40.6%)

Sex (%) 13.09 <0.001
Male 1500 (60.7) 848 (34.3) 652 (26.4)
Female 971 (39.3) 620 (25.1) 351 (14.2)

Location (%)
Rectum 1250 (50.6) 873 (35.3) 377 (25.9) 11414 <0.001
Colon 1221 (49.4) 595 (24.1) 626 (25.3)
Right 583 (23.6) 239 (9.7) 344 (13.9) 107.29 <0.001
Left 1888 (76.4) 1229 (49.7) 659 (26.7)

Differentiation (%) 27.05 <0.001
G1 222 (9.0) 130 (5.3) 92 (4.7)
G2 1576 (63.8) 993 (40.2) 583 (23.6)
a3 673 (27.2) 345 (14.0) 328 (13.2)

T stage (%) 2817 <0.001
Tis+T1-2 401(16.2) 286 (11.6) 115 (4.7)
T3-4 2070 (83.8) 1182 (47.8) 888 (35.9)

N stage (%) 0.45 0.50
NO 1362 (55.1) 801 (32.4) 561 (22.7)
N1-2 1109 (44.9) 667 (27.0) 442 (17.9)

M stage (%) 19.16 <0.001
Mo 2095 (84.8) 1283 (51.9) 812 (31.9)
M1-2 376 (15.2) 185 (7.5) 191 (7.7)

TNM stage (%) 53.76 <0.001
0 stage 23(0.9) 14 (0.6) 9(0.4)
| stage 287 (11.6) 213 (8.6) 74 (3.0)
Il stage 938 (38) 520 (21.0) 418 (16.9)
Ill stage 847 (34.3) 536 (21.7) 311 (12.6)
IV stage 376 (15.2) 185 (7.5) 191 (7.7)

KRAS mutation (%) 0.48 0.49
Wild 323 (13.1) 186 (7.5) 137 (6.5)
Mutated 171 (6.9) 104 (4.2) 67 2.7)
NA 1977 (80) 1178 (47.7) 799 (32.3)

Microsatellite status (%) 33.67 <0.001
Msl| 101 (4.1) 38 (1.5) 63 (2.5)
MSs 1000 (40.5) 667 (27.0) 333 (13.5)
NA 1870 (55.4) 763 (30.9) 607 (24.6)

Neoadjuvant chemotherapy (%) 0.24 0.62
YES 308 (12.5) 179 (7.2) 129 (5.2)
NO 2163 (87.5) 1289 (52.2) 874 (35.4)

Postoperative chemotherapy (%) 0.084 0.77
YES 1408 (57.0) 840 (34.0) 568 (23.0)
NO 1063 (43.0) 628 (25.4) 435 (17.6)

CRP/MCYV, divided C-reactive protein by mean corpuscular volume; MMR, mismatch repair; MSI, microsatellite instability; MSS, microsatellite stability.
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Variables

%

Age
<65
>65
Gender
Female
Male
Location
Stomach
Colon
Rectum
Stage
=
v
T stage
T1-T3
T4
N stage
Stomach
NO
N1-N3
Colorectal
NO
N1-N2
Differentiation
Poor
Well
Metastatic sites
0
1
2/3
NLR
<3.21
>3.21
CTCs
<1

>1

37
35

23
49

28
25
19

50
22

31
41

20

18
26

29
43

26
28
18

50
22

20
52

51.4
48.6

31.9
68.1

38.9
34.7
26.4

69.4
30.6

43.1
56.9

141
27.8

25
36.1

40.3
59.7

36.1
38.9
25

69.4
30.6

27.8
72.2
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Database Gene symbol logz2FC p-value

GSE21510 CDK1 1.84 3.75E-12
CDK2 0.37 8.43E-11
CDK4 225 1.10E-19
CDK6 0.60 7.00E-06
GSE24514 CDK1 1.51 1.09E-10
CDK2 0.41 2.23E-06
CDK4 1.35 1.64E-11
CDK6 0.20 6.87E-3
GSE8671 CDK1 173 1.64E-23
CDK2 0.87 5.47E-12
CDK4 1.10 1.24E-27
CDKé 0.43 7.06E-07

log-FC, log.(fold change).
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KEGG Name CDK1 CDK2 CDK4 CDK6
1: Basal cell carcinoma 0.0005 0.0015 0.0010 0.0065
2: Cell cycle 0.0000 0.0000 0.0000 0.0000
3: Colorectal cancer 0.0235 0.0243 0.0322 0.0270
4: DNA replication 0.0020 0.0016 0.0018 0.0022
Fatty acid metabolism 0.0232 0.0205 0.0197 0.0201
Glycosaminoglycan biosynthesis chondroitin sulfate 0.0203 0.0171 0.0288 0.0349

: Hedgehog signaling pathway 0.0296 0.0224 0.0326 0.0404
8: NOD like receptor signaling pathway 0.0291 0.0292 0.0327 0.0345
9: P53 signaling pathway 0.0001 0.0001 0.0002 0.0004
10: Protein export 0.0014 0.0015 0.0006 0.0009
11: RNA degradation 0.0000 0.0000 0.0000 0.0000
12: Neuroactive ligand receptor interaction 0.0610 0.0540 0.0690 0.0420
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Variables

Derivation cohort
Nomogram

TNM stage
Validation cohort
Nomogram

TNM stage

Whole cohort
Nomogram

TNM stage

C-index

0.79

0.631

0.821
0.624

0.78
0.629

95% CI

0.781-0.799
0.622-0.640

0.798-0.844
0.590-0.658

0.773-0.787
0.622-0.636

P value

<0.001

<0.001

<0.001
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Variables C-index 95% CI P value
Derivation cohort 0.005

Nomogram 0.837 0.826-0.848

TNM stage 0.756 0.744-0.767

Validation cohort <0.001

Nomogram 0.942 0.922-0.962

TNM stage 0.768 0.746-0.790

Whole cohort <0.001

Nomogram 0.837 0.827-0.846

TNM stage 0.747 0.737-0.756
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Variable HR 95% P value
TSP 2919 1.59-5.358 0.001
Age >67 4.906 2.319-10.378 0
LODDS

(-0.9138)-(-0.2373) 2.475 1.098-5.581 0.029
>-0.2373 11.204 5.288-23.735 0
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Variables

CA125 >35 U/ml
Age >67

LODDS
(-0.9138)-(-0.2373)
>-0.2373

HR

5.561
3.317

4.484
11.868

95% Cl

1.633-20.17
1.257-8.751

1.691-14.693
3.865-36.537

P value

0.009
0.015

0.004
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Variables

Age
<67
>67
Grade

1}
pTNM

Positive lymph node
0

>0
LODDS
<-0.9138
<-0.2373
>-0.2373
Tumor size
<5 cm

>5 cm
Ki-67

(+, <25)
(++, <50)
(+++, <75)
(++++, <100)
NA
CA724
Negative
Positive
CEA
Negative
Positive
CA199
Negative
Positive
CA50
Negative
Positive
CA125
Negative
Positive
TSP
<50%
>50%
CDX2
Negative
Positive
MLH1
Negative
Positive
MSH2
Negative
Positive
ERCC1
Negative
Positive
NM23
Negative
Positive
o) ¢]
Negative
Positive
c-MET
Negative
Positive

Lscc RsCC
0S% 95% Cl P value 0S8% 95% ClI P value
0.008 0
96.10 92.35-100 87.93 81.77-94.56
85.33 78.26-93.05 735 66.16-81.65
0.309 0.098
100 100-100 82.6 68.22-100
90.74 86.23-95.49 83.35 77.75-89.35
89.23 78.13-100 67.79 55.48-82.84
0 0.002
92.43 82.47-100 100 100-100
99.17 97.57-100 84.72 78.48-91.44
80.98( 72.44-90.53 70.71 61.82-80.88
/ i/ i
0 0
97.61 94.87-100 88 82.7-93.64
81.45 73.07-90.79 68.05 59.04-78.43
0 0
96.84 93.71-100 88.85 84.29-93.65
87.3 77.96-97.75 64.62 49.52-84.33
57.93 38.98-86.1 30.13 15.15-59.93
0.422 0.738
93.63 89.54-97-91 79.92 73.2-87.26
86.79 78.86-95.51 80.47 73.09-88.59
0.896 0.603
100 100-100 75 49.61-100
86.4 76.52-97.54 73.35 62.32-86.35
94.17 89.31-99.3 79.76 70.7-89.98
89.85 82.08-98.36 81.86 73.17-91.59
0.386 0.039
94.69 90.82-98.73 83.44 77.23-90.14
85.58 73.39-99.79 83.35 72.45-95.89
048 0
94.66 90.13-99.43 89.77 84.1-95.81
88.43 80.82-96.75 68.44 57.98-80.8
0.357 0.001
93.75 89.99-97.67 85.43 79.67-91.6
74.87 53.13-100 62.79 47.74-82.57
0.759 0275
93.47 88.10-99.17 83.61 74.91-93.31
84 66.62-100 77.89 63.5-95.54
0.002 0.164
93.91 88.72-99.41 84.63 76.73-93.34
58.33 30-100 751 57.63-97.86
0.508 0.004
92.11 87.72-96.71 84.33 78.69-90.38
90.05 82.71-98.03 70.56 60.85-81.83
0.109 0.585
85.71 63.34-100 79.06 62.7-99.69
93.41 89.72-97.25 79.57 73.9-85.68
0.98 0.678
86.88 71.35-100 85.26 74.99-96.92
92.03 87.94-96.31 79.51 73.44-86.08
0.744 0.998
100 100-100 89.64 76.95-100
89.96 85.31-94.85 79.23 73.45-85.46
0.502 07
) 77.77-100 77.59 63.15-95.31
90.24 85.32-95.44 82.24 76.66-88.24
0.91 0.068
83.33 64.7-100 71.79 51.77-99.57
91.84 87.15-96.8 80.43 74.51-86.83
0.408 0613
96 88.62-100 78.75 62.2-99.7
90.4 84.25-97 83.58 77.47-90.06
0.78 0.694
91.85 85.26-98.96 82.58 74.69-91.31
88.74 81.28-96.88 76.32 67.55-86.22
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Characteristic Lscc RSCC
Whole population Training cohort Validation cohort P value ‘Whole population Training cohort Validation cohort P value
Age 65.7 £ 11.1 65.90 + 11.09 64.67 £ 11.04 0.476 67.2+12.5 67.42 + 12.45 66.29 + 12.75 0.522
Grade 0.886 0.474
| 22 (8.4%) 17 (8.1%) 5(9.6%) 26 (8.2%) 19 (7.5%) 7(11.1%)
I 206 (78.5%) 165 (78.9%) 40 (76.9%) 227 (71.8%) 181 (71.5%) 46 (73%)
1 34 (13%) 27 (12.9%) 7 (13.5%) 63 (19.9%) 53 (20.9%) 10 (15.9%)
pTNM 0.777 0.472
] 37 (14.2%) 30 (14.4%) 7 (18.5%) 23 (7.3%) 20 (7.9%) 3(4.8%)
1 121 (46.4%) 101 (48.3%) 20 (38.5%) 172 (54.4%) 142 (56.1%) 30 (47.6%)
1l 100 (38.3%) 76 (36.3%) 24 (46.2%) 118 (37.3%) 88 (34.8%) 30 (47.6%)
v 3(1.1%) 2 (1%) 1(1.9%) 3(0.9%) 3(1.2%) 0(0)
Positive lymph node 1.50 + 2.94 1.38+£276 1.98 + 3.57 0.187 215+ 5.59 2.19+6.03 1.97 +3.35 0.779
LODDS 0.218 0.087
178 (68.2%) 147 (70.3%) 31 (59.6%) 240 (75.9%) 196 (77.5%) 44 (69.8%)
61(23.4%) 44 (21.1%) 17 (32.7%) 47 (14.9%) 32 (12.6%) 15 (23.8%)
>-0.2373 22 (8.4%) 18 (8.6%) 4(7.7%) 29 (9.2%) 25 (9.9%) 4(6.3%)
Tumor size (cm) 3.99 + 6.66 3.89 +7.40 4.36 + 1.59 0.655 523214 532+2.20 4.89 +1.89 0.16
Ki-67 0.268 0.047
(+, <25) 5 (1.9%) 2 (1%) 3(5.8%) 10 (3.2%) 6 (2.4%) 4(6.3%)
(++, <50) 54 (20.7%) 44 (21.1%) 10 (19.2%) 66 (20.9%) 53 (20.9%) 13 (20.6%)
(+++, <75) 92 (35.2%) 72 (34.4%) 20 (38.5%) 108 (34.2%) 80 (31.6%) 28 (44.4%)
(++++, <100) 87 (33.3%) 72 (34.4%) 15 (28.8%) 101 (32%) 89 (35.2%) 12 (19%)
NA 23 (8.8%) 19 (9.1%) 4(7.7%) 31 (9.8%) 25 (9.9%) 6(9.5%)
CA724 0.433 0.269
Negative 164 (62.8%) 129 (61.7%) 35 (67.3%) 192 (60.8%) 151 (59.7%) 41 (65.1%)
Positive 29 (11.1%) 22 (10.5%) 7 (13.5%) 51(16.1%) 45 (17.8%) 6(9.5%)
N/A 68 (26.1%) 58 (27.8%) 10 (19.2%) 73 (23.1%) 57 (22.5%) 16 (25.4%)
CEA 0.612 0.947
Negative 124 (47.5%) 96 (45.9%) 28 (53.8%) 160 (50.6%) 129 (51%) 31 (49.2%)
Positive 83 (31.8%) 69 (33%) 14 (26.9%) 94 (29.7%) 75 (29.6%) 19 (30.2%)
N/A 54 (20.7%) 44/(21.1%) 10 (19.2%) 62 (19.6%) 49 (19.4%) 13 (20.6%)
CA199 0.801 0.893
Negative 186 (71.3%) 148 (70.8%) 38 (73.1%) 207 (65.5%) 167 (66%) 40 (63.5%)
Positive 17 (6.5%) 13 (6.2%) 4(7.7%) 45 (14.2%) 36 (14.2%) 9(14.3%)
N/A 58 (22.2%) 48 (23%) 10 (19.2%) 64 (20.3%) 50 (19.8%) 14 (22.2%)
CA50 0.177 0.807
Negative 77 (29.5%) 56 (26.8%) 21 (40.4%) 99 (31.3%) 77 (30.4%) 22 (34.9%)
Positive 15 (5.7%) 13 (6.2%) 2 (3.8%) 29 (9.2%) 24.(9.5%) 5(7.9%)
N/A 169 (64.8%) 140 (67%) 29 (55.8%) 188 (59.5%) 152 (60.1%) 36 (57.1%)
CA125 0.138 0.324
Negative 94 (36%) 71 (34%) 23 (44.2%) 115 (36.4%) 89 (35.2%) 26 (41.3%)
Positive 9 (3.4%) 6 (2.9%) 3 (5.8%) 23 (7.3%) 21 (8.3%) 2(3.2%)
N/A 158 (60.5%) 132 (63.2%) 26 (50%) 178 (56.3%) 143 (56.5%) 35 (55.6%)
TSP 0.49 0.879
<50% 188 (72%) 148 (70.8%) 40 (76.9%) 222 (70.3%) 177 (70%) 45 (71.4%)
>50% 73 (28%) 61(29.2%) 12 (23.1%) 94 (29.7%) 76 (30%) 18 (28.6%)
CDX2 0.807 0.547
Negative 7 @.7%) 5 (2.4%) 2(3.8%) 20 (6.3%) 18 (7.1%) 2(32%)
Positive 222 (85.1%) 178 (85.2%) 44 (84.6%) 265 (83.9%) 211 (83.4%) 54 (85.7%)
NA 32 (12.3%) 26 (12.4%) 6(11.5%) 31 (9.8%) 24 (9.5%) 7(11.1%)
MLH1 0.536 0.618
Negative 17 (6.5%) 14 (6.7%) 3 (5.8%) 44 (13.9%) 37 (14.6%) 7(11.1%)
Positive 219 (83.9%) 177 (84.7%) 42 (80.8%) 244 (77.2%) 192 (75.9%) 52 (82.5%)
NA 25 (9.6%) 18 (8.6%) 7 (13.5%) 28 (8.9%) 24 (9.5%) 4 (6.3%)
MSH2 0.141 0.778
Negative 12 (4.6%) 12 (5.7%) 0(0%) 22 (7%) 19 (7.5%) 3 (4.8%)
Positive 223 (85.4%) 178 (85.2%) 45 (86.5%) 264 (83.5%) 209 (82.6%) 55 (87.3%)
NA 26 (10%) 19 (9.1%) 7 (13.5%) 30 (9.5%) 25 (9.9%) 5(7.9%)
ERCC1 042 0.445
Negative 25 (9.6%) 22 (10.5%) 3(5.8%) 33 (10.4%) 25 (9.9%) 8(12.7%)
Positive 175 (67%) 141 (67.5%) 34 (65.4%) 221 (69.9%) 175 (69.2%) 46 (73%)
NA 61(23.4%) 46 (22%) 15 (28.8%) 62 (19.6%) 53 (20.9%) 9(14.3%)
NM23 0.08 0317
Negative 12 (4.6%) 7 (3.3%) 5 (9.6%) 15 (4.7%) 12 (4.7%) 3 (4.8%)
Positive 165 (63.2%) 137 (65.6%) 28 (53.8%) 218 (69%) 170 (67.2%) 48 (76.2%)
NA 84 (32.2%) 65 (31.1%) 19 (36.5%) 83 (26.3%) 71 (28.1%) 12 (19%)
Ccox2 0.948 0114
Negative 27 (10.3%) 21 (10%) 6(11.5%) 20 (6.3%) 19 (7.5%) 1(1.6%)
Positive 132 (50.6%) 106 (50.7%) 26 (50%) 182 (57.6%) 140 (55.3%) 42 (66.7%)
NA 102 (39.1%) 82 (39.2%) 20 (38.5%) 114 (36.1%) 94 (37.2%) 20 (31.7%)
c-MET 0.639 0.249
Negative 62 (23.8%) 48 (23%) 14 (26.9%) 82 (25.9%) 61 (24.1%) 21 (33.3%)
Positive 110 (42.1%) 91 (43.5%) 19 (36.5%) 138 (43.7%) 111 (43.9%) 27 (42.9%)
NA 89 (34.1%) 70 (33.5%) 19 (36.5%) 96 (30.4%) 81 (32%) 15 (23.8%)
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Varieties n Univariate analysis Multivariate analysis

HR 95% CI P HR 95% ClI P
Age (<60 or >60 years) 57/78 1.084 0.696-1.687 0.722
Gender (Male/Female) 77/58 0.876 0.561-1.366 0.559
Tumor size (<5 or >5 cm) 59/76 0.654 0.418-1.023 0.063
Depth of tumor invasion (T1-2/T3-4) 25/110 0.223 0.102-0.487 <0.001* 0.350 0.154-0.794 0.012*
Lymph node metastasis (negative/positive) 66/69 0.179 0.108-0.298 <0.001* 9.250 1.892->9.000 0.006*
Degree of differentiation (well or poor) 111/24 0.461 0.270-0.787 0.005* 0.639 0.365-1.118 0.117
Venous invasion (negative/positive) 96/39 0.374 0.236-0.595 <0.001* 0.618 0.374-1.022 0.061
Neural invasion (negative/positive) 91/44 0.544 0.346-0.856 0.008* 0.880 0.541-1.431 0.607
TNM staging (I-lI/11I-1V) 64/71 0.157 0.093-0.264 <0.001* 0.029 0.006-0.149 <0.001*
FGF1 expression (negative/positive) 56/79 0.188 0.107-0.332 <0.001* 0.204 0.113-0.371 <0.001*

*0 <« 0.05.
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Variables

Age (years)
<60
>60
Gender
Male
Female
Tumor size (cm)
<5
>5
Depth of tumor invasion
T1-2
T3-4
Lymph node metastasis
No
Yes
Degree of differentiation
Well
Poor
Venous invasion
Negative
Positive
Neural invasion
Negative
Positive
Tumor budding degree
Low
High
TNM staging
-l
l-Iv

*P < 0.05

Negative
19
37

32
24

27
29

14
42

36
20

48
8

44
12

42
14

36
20

36
20

FGF1

Positive

38

41

45
34

32
47

11
68

30
49

63
16

52
27

49
30

29
50

28
51

P value

0.100

0.983

0.374

0.103

0.003*

0.372

0.107

0.113

0.002*

0.001*
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Nomogram For Colon Cancer @ LSCC @ RSCC

CA125: Survival plot Predicted Survival Numerical Summary Model Summary

> 35 U/ml - Call:

coxph(formula = Surv(os_months, status) ~ cal25.normPos + age_group_medianl +
lodds_3_levell + lodds_3_level2, data = data_train_loc_one)

Age:
> 67 years old - n= 209, number of events= 21
coef exp(coef) se(coef) z Pr(>|z|)
LODDS: cal25.normPos 57157 5.5607 ©.6574 2.610 ©.00906 **
age_group_medianl 1.1991 3.3172 ©.4949 2.423 0.01540 *
>-0.2373 > lodds_3_levell 1.6063  4.9845 ©.5516 2.912 ©.09359 **
lodds_3_level2 2.4738 11.8680 ©.5737 4.312 1.62e-05 ***

Signif. codes: © “***> 9.001 ‘**’ @.01 ‘*’ ©.05 ‘.” 0.1 <’ 1

exp(coef) exp(-coef) lower .95 upper .95

cal25.normPos 5.561 9.17983 %533 20.170
age_group_medianl 3.317 9.30146 il 2/ 8.751
lodds_3_levell 4.984 9.20062 1.691 14.693
lodds_3_level2 11.868 0.08426 3.855 36.537

Concordance= 0.837 (se = 0.041 )

Likelihood ratio test= 32.5 on 4 df, p=2e-06
Wald test 31.63 on 4 df, p=2e-06
Score (logrank) test = 49 on 4 df, p=6e-10
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Patients with colorectal cancer in Shanghai General Hospital from 2014 to 2018 (n=2055)

Survival information missing (n=976)

Patients with colorectal cancer had survival information (n=1079)

Exclusion

1. Rectal cancer (n=436)

2. TSR unknown (n=46)

3. Clinicopathological data unknown (n=20)

Eligible patients with colon cancer (n=577)

LSCC (n=261) RSCC (n=316)
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gene

Forward Sequence

Reverse Sequence

CENPA
ETS2
MYBL2
FOXM1
ETv4
FOXQ1
ZNF589
NFIC
YBX2
ZBTB47
ZNF367
CREB3L3
HEYL
FOXD1
TIGD1
SNAI1
HSF4

GGCGGAGACAAGGTTGGCTAAA
ACTCCGCCAACTGTGAATTGCC
CACCAGAAACGAGCCTGCCTTA
TCTGCCAATGGCAAGGTCTCCT
AGGAACAGACGGACTTCGCCTA
CCTACTCGTACATCGCGCTCAT
TGGCTGTGCTTTTCACTGAGGC
TGGCGGCGATTACTACACTTCG
GATGTCGTGGAAGGAGAGAAGG
CAATGGTGCGGCAAGGACTTCA
GGACAGCTCAAAACACATCAGCG
GAAGCCTCTGTGACCATAGACC
TGGAGAAAGCCGAGGTCTTGCA
GATCTGTGAGTTCATCAGCGGC
TCATTGACGAAGGTGGCTACACT
TGCCCTCAAGATGCACATCCGA
GGACCAGTTTCCTCGTAAGCGA

GGCTTGCCAATTGAAGTCCACAC
CCACTGGCATACCTGTTGCTCA
CTCAGGTCACACCAAGCATCAG
CTGGATTCGGTCGTTTCTGCTG
CTGGGAATGGTCGCAGAGGTTT
TCGTTGAGCGAAAGGTTGTGGC
AAGGGCAGGTATGGACTTCTGG
GGCTGTTGAATGGTGACTTGTCC
GATGAATCGGCGGGACTTACGT
CTGGTGAAGCTCTTGCCACAGA
TTCGGACAGTGGCGGTTTGCAT
GGAGGTCTTTCACGGTGAGATTG
ACCTGATGACCTCAGTGAGGCA
TGACGAAGCAGTCGTTGAGCGA
GCTTTGAAGCCAGGCACTGACT
GGGACAGGAGAAGGGCTTCTC
CTCACCACCTTCCGAAAACCGT
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Gene symbol Full name Coef HR P value
HDAC1 Histone Deacetylase 1 0.293754 1.341454 0.127148
BIRC5 Baculoviral IAP Repeat Containing 5 0.140659 1.151032 0.125742
SPP1 Secreted Phosphoprotein 1 0.083312 1.086881 0.011504
STC2 Stanniocalcin 2 0.245657 1.278461 0.020805
NREAT Nuclear Receptor Subfamily 6 Group A Member 1 0.404582 1.498676 0.039342
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Characteristic Cases LINC01410 expression xz value P-value
Low (%) High (%)

Gender 0.133 0.715

Male 34 18 (38.3) 16 (32.7)

Female 62 29 (61.7) 33 (67.3)

Age 2.037 0.154

<60 35 21 (44.7) 14 (28.6)

>60 61 26 (55.3) 35 (71.4)

Tumor site 4.707 0.963

Gallbladder neck 34 16 (34.0) 18 (36.7)

Gallbladder body 22 11 (23.4) 11 (22.4)

Gallbladder fundus 40 20 (42.6) 20 (40.9)

Tumor size 10.672 0.001

<3.cm 42 29 (61.7) 13 (26.5)

>3 cm 54 18 (38.3) 36 (73.5)

Pathological stage 24.666 <0.001

I 38 31 (66.0) 7(14.3)

- 58 16 (34.0) 42 (85.7)

Vascular invasion 0 1

No 43 21 (44.7) 22 (44.9)

Yes 53 26 (55.3) 27 (55.1)

Lymph node invasion 16.633 <0.001

No 46 33 (70.2) 13 (26.5)

Yes 50 14 (29.8) 36 (73.5)
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Variables NTRKS fusion negative  ANA-based NTRKs  RNA-based NTRKs RNA-based NTRKs p1value p2value  p3 value

(=806 fusion positive  classical fusion  sub-classical fusion
n=13) =5 (0=6)

Gender(Male/Female) 761330 76 2 2 0779 0408 1000

Agelmean) 61.4422-89) 3.0838-78) 6260878 30152-75) 1000 100 1000

Tumor Location

feturight) ses1221 103 2 50 1000 012 0188

Tumor maximum 2650.1-90) 23208-80) 26808-60) 21308-80) 0% osrs  08%

dimension (cm)

Histological grade o706 o875 o2

Adonocarcinoma 765 3 5 6

Mucinous adenocarcinoma » o o o

High Grade neoplasia 5 o o o

Pattern of growth o2 oo 0178

Ulcerous. 529 7 3 3

Pushing 20 4 1 2

infitrative 7 1 1 o

Pushing- ulcorous 0 1 o 1

Diftrentiation o000 ooor  os

High/Medium/Low 15/600/188 g s oar2

AJCC stage 8th Ed 0280 o495 0926

vwan 847285140532 ) w10 1280

T Stage 21642758 127100 a0 s os2 o0 087

N Stage (No/Nu/N;) ar2s5/148 oo 500 330 012 00% 0477

M Stage(Mo/M,) 75131 130 50 60 1000 1000 1000

MMR status 0001 0000 Oded

PMMR/GMMR 2179 76 os 1

KRAS status o744 1000 1000

WT/Mutation 278 2 an B

NRAS status 007 003 1000

WT/Mutation 024 2 an 60

BRAF status 1000 1000 1000

WT/Mutation 7081 130 50 60

KRAS/BRAF/NRAS status. 1000 059 1000

WT/Mutation 61100 103 w2 1

o1 raprosots ifronce compared NTRK fusion nogativo i AN s NTFK fsion grugs:
52 epresons ifrence compared NTRK fusion pogtive wih RNA-basect NTRK clsscal s,
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EC patients
(n=22738)

Patients whose keywords contained esophageal
fistula or perforation after searching the
diagnosis report in CT, esophagogram or

Patients developed endoscopy systems

esophageal fistula

(n=691)
Excluded for lack of

pre-treatment CT

imaging (n=278
ging ( ) Patients developed

esophageal fistula
(n=413)
Excluded for developing
anastomotic fistula after
surgery (n=227)
Case group
Patients developed 1:2 matched with case group
esophageal fistula by the diagnosis time of EC,
(n=186) sex, marriage, and race

|

Control group

Patients without
esophageal fistula
(n=372)

Validation set:
56 cases and 112 controls

Training set: 130 cases
and 260 controls
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Parameter No. of hsa_circ_0007507 hsa_circ_0007507 P-value

patients (high) (low)
Sex
Male 61 45 16 0.828
Female 39 28 11
Age (years)
<60 23 18 5 0.517
>60 v 55 22
Tumor size
<5 57 38 19 0.1
>5 43 35 8
Differentiation grade
Well- 57 40 17 0.464
moderate
Poor- 43 33 10
undifferentiation
T stage
T1-T2 53 31 18 0.032*
T3-T4 47 42 9
Lymph node status
Positive 38 23 15 0.028*
Negative 62 50 12
TNM stage
=l 40 22 1 0.003**
-V 60 51 10
Nerve/vascular invasion
Positive 46 37 9 0.122
Negative 54 36 18

Statistical analyses were carried out using Pearson 22 test.
Indicated statistical significance (*p < 0.05, **p < 0.01).
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SEN,% SPE,% ACCU,% PPV,% NPV,%
hsa_circ_0007507 0.73 (73/100) 0.85 (68/80) 0.78 (141/180) 0.86 (73/85) 0.72 (68/95)
CEA 0.71 (71/100) 0.61 (49/80) 067 (120/180) 0.70 (71/102) 0.63 (49/78)
CA199 0.58 (58/100) 0.55 (44/80) 057 (102/180) 0.62 (58/94) 0.51 (44/86)
hsa_circ_0007507+CEA 0.75 (75/100) 0.85 (68/80) 0.79 (143/180) 0.86 (75/87) 0.73 (68/99)
hsa_circ_0007507+CA199 0.82 (82/100) 0.78 (62/80) 0.80 (144/180) 0.82 (82/100) 0.78 (62/80)
hsa_circ_0007507+CEA+CA199 0.81 (81/100) 0.83 (66/80) 0.82 (147/180) 0.85 (81/95) 0.78 (66/85)

SEN, sensitivity; SPE, specificity; ACCU, overall accuracy; PPV, positive predictive value; NPV, negative predictive value.
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Feature

Age

<60

>60

Gender

Male

Female
Tumor size
<6

>5

TNM stage
Nl

I, v
Differentiation
Well, moderate
Poor

T stage

T1, T2

T3, T4
Lymph node metastasis
Absent
Present

NR038975

Low

14
13

13
14

12
15

12
15

13
14

High

23

30

44

24

29

44

14

39

46

10
43

Chi-square

0.514

0.029

4.529

8.715

2.650

7.486

p value

0.473

0.864

0.033*

0.003*

0.104

0.002*

0.006%

“These values have statistically significant differences.

GC, gastric cancer.
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Variables DFS os

HR 95% ClI P value HR 95% CI P value
Age 1.305 0.516-3.301 0.573 0.548 0.199-1.511 0.245
Gender 0.511 0.196-1.332 0.169 0.559 0.200-1.560 0.267
Location 0.687 0.258-1.834 0.454 0.688 0.241-1.965 0.485
TNM stage 1.692 0.572-5.008 0.342 2.382 0.787-7.208 0.124
T stage 2117 0.957-4.682 0.064 2.940 1.224-7.063 0.016*
N stage 0.654 0.163-2.799 0.568 8.891 0.959-82.455 0.054
Metastatic sites 3.228 1.806-7.977 0.011* 0.728 0.246-2.154 0.566
NLR 3.425 1.223-9.593 0.019* 3.384 1.066-10.741 0.039*
CTC 2.841 0.594-13.598 0.191 4.800 0.562-41.009 0.152

*P < 0.05: HR, Hazard ratio: Cl, Confidence interval: DFS, Disease-free survival: OS, overall survival.
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Variables

Age
<65
>65
Gender
Female
Male
Location
Stomach
Colon
Rectum
TNM stage
]
L\
T stage
T1-T3
T4
N stage
Stomach
NO
N1-N3
Colorectum
NO
N1-N2
Metastasis sites
0
1
2/3
Visceral metastasis
Yes
No
Differentiation
Poor
Well
NLR
<3.21
>3.21
CTC
<1
>1

DFS

HR 95% CI P value
1.014 0.493-2.083 0.971
1.005 0.467-2.162 0.989
0.813 0.511-1.293 0.382
6.202 2.959-13.001 <0.001*
5.688 2.169-14.916 <0.001*
8.798 1.096-70.566 0.041*
4.468 1.279-15.607 0.019*
5.960 3.194-11.124 <0.001*
7.719 3.509-16.978 <0.001*
0.764 0.372-1.570 0.462
6.561 3.126-13.774 <0.001*
7.422 1.766-31.202 0.001*

os

HR

0.832

0.899

6.986

6.311

6.34

12.68

4.191

4.222

0.606

7.214

14.186

95% Cl

0.377-1.836

0.475-2.516

0.549-1.471

3.004-16.249

2.169-18.477

0.788-51.009

1.665-96.568

2.263-7.764

1.890-9.433

0.279-1.317

3.173-16.401

1.904-105.697

P value

0.649

0.843

0.672

<0.001*

<0.001*

0.083

0.014*

<0.001*

<0.001*

0.201

<0.001*

0.001*

*P < 0.05: HR, Hazard ratio: Cl, Confidence interval: DFS, Disease-free survival: OS, overall survival.
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Variables NLR < 3.21 NLR > 3.21 P value CTC<1 CTC>1 P value

N =50 (%) N =22 (%) N =20 (%) N =52 (%)
Age 0.722 0.501
<65 25 (50) 12 (54.5) 9 (45) 28 (53.8)
>65 25 (50) 10 (45.5) 11 (65) 24 (46.2)
Gender 0.165 0.73
Female 19 (38) 4(18.2) 7 (35) 16 (30.8)
Male 31(62) 18 (81.8) 13 (65) 36 (69.2)
Location 0.896 0.246
Stomach 19 (38) 9 (40.9) 7(35) 21 (40.4)
Colon 17 (34) 8(36.4) 5 (25) 20 (38.5)
Rectum 14 (28) 5(22.7) 8 (40) 11 (21.1)
TNM stage <0.001* 0.001*
5] 42 (84) 8(36.4) 20 (100) 30 (57.7)
v 8(16) 14 (63.6) 000 22 (42.8)
T stage 0.021* 0.004*
T1-T3 26 (52) 5(22.7) 14 (70) 17 (32.7)
T4 24 (48) 17 (77.9) 6 (30) 35 (67.9)
N stage
Stomach 0.337 NA
NO 7(36.8) 1(11.1) 2(28.6) 6 (28.6)
N1-N3 12 (63.2) 8(88.9) 5(71.4) 15 (71.4)
Colorectum 0.01* 0.071
NO 17 (54.8) 1(7.7) 8(61.5) 10 (32.3)
N1-N2 14 (45.2) 12 (92.3) 5(38.5) 21 (67.7)
Differentiation 0.265 0.056
Poor 18 (36) 11 (50) 4(20) 25 (48.1)
Well 32 (64) 11 (50) 16 (80) 27 (51.9)
Metastatic sites <0.001* 0.006*
0 22 (44) 3(13.6) 11 (55 14 (26.9)
1 22 (44) 7(31.8) 9 (45) 20 (38.5)
2/3 6(12) 12 (54.6) 0() 18 (34.6)
Visceral metastasis 0.001* 0.007*
Yes 5(10) 10 (45.5) 00 15 (28.8)
No 45 (90) 12 (54.5) 20 (100) 37 (71.2)

*P < 0.05; NA, not applicable.
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Characteristics the number of Odds Ratio P
patients involved (OR) value

T stage (T2&T38T4 vs. T1) 368 1.06(1.02-1.10)  0.002

N stage (N1 vs. NO) 256 0.89(0.68-1.07) 0.326

M stage (M1 vs. MO) 270 1.06(0.93-1.16)  0.283

Pathologic stage (Stage lI& 347 1.05(1.02-1.09)  0.005

Stage IlII& Stage IV vs. Stage I)

Histologic grade (G3&G4 vs. 366 1.08(1.04-1.12) <0.001

G18&G2)

Residual tumor (R1&R2 vs. RO) 342 1.03(0.96-1.08)  0.358

Child-Pugh grade (B&C vs. A) 239 0.98(0.90-1.05)  0.654

Adjacent hepatic tissue 234 1.06(1.02-1.11)  0.010

inflammation (Mild& Severe vs.

None)

Vascular invasion (Yes vs. No) 315 1.05(1.02-1.10)  0.007

Tumor status (With tumor vs. 352 1.03(1.00-1.07)  0.053

Tumor free)

TP53 status (Mut vs. WT) 358 1.03(1.00-1.07)  0.062

Gender (Male vs. Female) 371 1.00(0.96-1.03) 0.786

Race (Asian& Black or African 359 1.07(1.04-1.12)  <0.001

American vs. White)

Age (>60 vs. <=60) 370 0.98(0.95-1.01)  0.191

278 1.04(1.00-1.08)  0.027

AFP (ng/ml) (>400 vs. <=400)
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Name Sequence (5’-3))
CDK6-forward GGATCTCTGGAGTGTTGGCT
CDK6-reverse TGGTTGGGCAGATTTTGAATGA
POLA2-forward TCTTCGGCCTAGACTGCGA
POLA2-reverse CTATGCCTGGCTTTCGATAATCT
RSAD2-forward TGGGTGCTTACACCTGCTG
RSAD2-reverse GAAGTGATAGTTGACGCTGGTT
miR-5197-forward GTGCAATGGCACAAACTCAT
miR-5197-reverse GTGCAATGGCACAAACTCAT

miR-5197-stem loop primer

B-actin-forward
B-actin-reverse
U6-forward
UB-reverse

GTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACTCAAGA
CCTGGCACCCAGCACAATG
GGGCCGGACTCGTCATACT
CTCGCTTCGGCAGCACA
AACGCTTCACGAATTTGCGT
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Variable Low AOC1 AOCT P value

expression  expression
Gender, n (%) ootz
Mae 31619 8029
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Tumor Site, n (%) o001
Rectum 446) 16208)

Left e 2651 27(35.1)

Right sde 14(189) 34a2)
Histology, n (%) 0532
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T-stage,n (%) 0227
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2 8108 701)
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Liver metastasis, n (%) <0001
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GO analyses: BP, MF, and CC

597 COADIREAD samples (TCGA) KEGG pathway enrichment analyses
299 FENDRR low expression Gene-set enrichment analysis (GSEA)
298 FENDRR high expression
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Difference analysis.
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Gonstruction and vaiidation of a clinical prediction model

57 normal samples (TCGA) Protein-protein interaction (PP1) network construction

| [CeRNA network: mRNA-mIRNA-IncRNA interactions
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Variable Patients
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Age [yr, median (1QR)] 660 (550760
Follow up [mo, median (1QR)] 7.0(17.0-71.0
Tumor Site, n (%)

Rectum 30(199)
Left sde 53,05.1)
Right side 68(450)
Histology, n (%)

Wel diferentiated 1509
Moderatel dierentated 108715
Pooty dferentiated 28(185)
T-stage, n (%)

bl 203
3 1509
™ 51638
A 850
N-stage, n (%)

No 76(60.4)
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Cancer stage, n (%)
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v 209
Serum albumin, n (%)

28591 125 (626)
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Hemoglobin, n (%)

21090 106 702)
<1091 45098)
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Low expression 74049
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ImmuneGene
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NRAS
CDK4
PSMD2
BIRC5
1SG20L2
CDK4
BIRC5
NRAS
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Cor

0.585473503
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NRGAT

SPP1

STC2

Immune Cell

resting memory CD4" T cells
activated memory CD4* T cells
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helper follicular T cells
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helper follicular T cells
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Characteristics low SLC2A3 high SLC2A3 P value

No. (%) No. (%)

Age (years) 0.428
Mean year 64 mean 65 mean
<60 69 (53.1) 61 (46.9)
>60 120 (48.8) 126 (51.2)

Sex 0.295
Male 99 (47.8) 108 (62.2)
Female 90 (53.3) 79 (46.7)

T classification 0.007
T 9(90) 1(10)
T2 36 (63.2) 21(36.8)
T3 121 (46.9) 137 (63.1)
T4 22 (44.9) 27 (65.1)

N classification 0.004
NO 118 (67.3) 88 (42.7)
N1 44 (44.4) 55 (55.6)
N2 27 (39.7) 41 (60.3)

M classification 0.483
MO 132 (51.8) 123 (48.2)
M1 55 (47.8) 60 (52.2)

TNM stage 0.01
| 37 (64.9) 20 (35.1)
Il 71 (52.2) 65 (47.8)
1} 47 (41.6) 66 (58.4)
v 24 (46.2) 28 (53.8)

MS| statue 0.026
MSS 136 (53.5) 118 (46.5)
MSI-L 28 (44.4) 35 (55.6)
MSI-H 20 (37.7) 33 (62.3)

Histological type 0.043
adenocarcinoma 172 (52.3) 167 (47.7)
mucinous adenocarcinoma 15 (35.7) 27 (64.3)

Venous invasion 0.17
absent 130 (52.4) 118 (47.6)
present 33 (43.4) 43 (56.6)

Lymphatic invasion 0.001
absent 127 (65.7) 101 (44.3)

present 36 (35.3) 66 (64.7)
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Gene symbol Coefficient® HR HR HR P-value®
(95% Low) (95% High)

BATF 0.258 1.288 1.088 1.526 0.008
PHYHIPL 0.147 1.168 1.046 1.282 0.005
PNPLA4 -0.183 0.833 0.691 1.003 0.053
RBP1 -0.172 0.842 0.732 0.968 0.015

Derived from the multivariable Cox regression analysis in the training set.
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Characteristics Groups Patients
Total (N = 722) Training set (N = 367) Testing set (N = 355)
No. % No. % No. %

Age at diagnosis

Median 65.3 64.4 63.7

Range 21.0-97.0 31.0-90.0 21.0-94.0

<65 years 354 49.0 172 46.9 182 51.3

>65 years 368 51.0 195 53.1 173 48.7
Gender

Male 394 54.6 199 54.2 195 54.9

Female 328 45.4 168 45.8 160 451
TNM stage

I 86 1.9 55 16.0 31 8.7

Il 216 29.9 141 38.4 75 211

I 208 28.8 17 31.9 N 256

\2 212 29.4 54 14.7 158 445
Vital status

Living 458 63.4 287 78.2 171 48.2

Dead 264 36.6 80 21.8 184 51.8
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DEGs Gene symbol

Up HPX, CDH2, VN, IGFBP1, CP, HP, ORM2, APOA2, TF, HRG, PLG,
SERPINAS, ITIH2, SERPINC1, FGA, F2, GC
Down SPARCLT
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Characteristics

T stage

T

T2

T3&T4

N stage

NO

N1

M stage

MO

M1

Pathologic stage
Stage |

Stage Il

Stage IlI&Stage IV
Histologic grade
G1

G2

G48G3

N (%)

181 (49)
93 (25)
93 (25)

252 (98)
42

266 (99)
4(1)

171 (49)
85 (25)
90 (26)

55 (15)
177 (48)
133 (36)

HR (95% ClI)

1.555(0.869-2.782)
1.868(0.850-4.105)
2.348(1.304-4.227)

1.927(1.222-3.038)

2.546(1.589-4.081)

1.556(0.847-2.859)
1.554(0.686-3.520)
2.479(1,303-4.644)

2.089(0.816-5.349)
1.418(0.842-2.390)
2.407(1.198-4.837)

P value

0.187
0.120
0.004

0.005

<0.001

0.154
0.291
0.005

0.125
0.189
0.014
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DEGs Gene symbol

Up HP, CRP, CYP2E1, ORM2, SERPINA3, FGL1, IGFBP1, FGA, F2, GC,
APOA2, PLG, HPX, TF, CP, SERPINC1, C4BPA, AADAC, UGT2B4,
FMQO3, ASGR2, F5, SLC2A2, SERPINAS, CYP3A4, ITIH2, VTN, HABP2,
CDH2, VNN1, HRG

Down CTSK, FOXF1, SPARCL1, FBLN1
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Characteristics

T stage (T1 vs. T2&T3&T4)

N stage (NO vs. N1)

M stage (MO vs. M1)

Histologic grade (G1&G2 vs. G4&G3)
Vascular invasion (No vs. Yes)
Residual tumor (RO vs. R1&R2)
Albumin(g/dl) (<3.5 vs. >=3.5)
AFP(ng/mi) (<=400 vs. >400)

TP53 status (WT vs. Mut)
Child-Pugh grade (A vs. B&C)

Race (Asian&Black or African American vs.
White)

Adjacent hepatic tissue inflammation (None vs.

Mild&Severe)

Age (<=60 vs. >60)

Gender (Female vs. Male)
Prothrombin time (<=4 vs. >4)
METTL18 (High vs. Low)

Total
(N)

367
256
270
365
314
341
296
277
357
238
358

233

370
370
293
370

HR (95% CI) Univariate
analysis

0.474(0.330-0.681)
0.499(0.122-2.037)
0.248(0.078-0.789)
0.893(0.623-1.281)
0.742(0.490-1.124)
0.637(0.322-1.258)
1.085(0.665-1.771)
0.947(0.579-1.548)
0.697(0.473-1.029)
0.619(0.305-1.254)
0.803(0.559-1.158)

0.815(0.501-1.325)

0.802(0.565-1.136)
1.225(0.860-1.746)
0.752(0.496-1.140)
1.870(1.309-2.671)

P value Univariate
analysis

<0.001
0.333
0.018
0.539
0.159
0.194
0.743
0.827
0.069
0.183
0.235

0.409

0.214
0.260
0.179
<0.001

HR (95% CI) Multivariate
analysis

0.427(0.264-0.689)

0.368(0.113-1.201)

0.778(0.478-1.267)

2.485(1.523-4.053)

P value Multivariate
analysis

<0.001

0.098

0.313

<0.001
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Variables

Univariable analysis
Age
=65 years vs <65 years
Sex
Male vs female
TNM stage
MV vs [+ 11
Four genes signature
High risk vs low risk
Multivariable analysis
Age
265 years vs<65 years
Sex
Male vs female
TNM stage
MN+HVvs T+ 1l
Four genes signature
High risk vs low risk

HR

2170

1.449

2.765

2.351

2.355

1.123

3.201

2.221

Training set (N = 367)

Lower

1.328

0.923

1.741

1.472

1421

0.712

2.049

1.382

Upper

3.647

2274

4.391

3.755

3.903

1771

5.286

3.571

0.002

0.107

0.000

0.000

0.001

0.618

0.000

0.001

HR

0.938

0.958

4.251

1.963

1.270

0.942

3.967

1.436

Testing set (N = 355)

Lower

0.702

0.717

2.742

1.456

0.942

0.702

2.508

1.051

Upper

1.253

1.282

6.591

2.647

1.712

1.264

6.274

1.962

0.664

0.774

0.000

0.000

0.117

0.690

0.000

0.023





